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Preface to the second Edition

Dear Reader,

| am proud to introduce the second edition of Bridging Theory Into Practice (BTiP), the
Fundamentals of Power Semiconductors for Automotive Applications. This book is the second
edition of our first book in a series to be developed by the Infineon Technologies Automotive,
Industrial and Multimarket (AIM) Group. The series began with the 2006 publication of the first
edition of Bridging Theory Into Practice (BTiP), the Fundamentals of Power Semiconductors for
Automotive Applications. If you've already read the first edition, then you know that the BTiP
methodology assists an engineer in bridging the gap between theoretical concepts learned in the
classroom and real world electronics design within automotive and industrial applications.

BTIP is a practical methodology that is developed from the knowledge and many years of hands
on application experience of Infineon engineers. It continues to be implemented and expanded
upon by the Infineon AIM team. Because of the success within Infineon, we couldn't help but
recognize the value that the BTiP methodology could bring to a broader audience. We are very
proud of the praise and acceptance attained by the first edition of the book. Now, in this second
edition, we build upon the basic BTiP concepts and offer our readers in-depth chapters on
switching voltage regulators and motor control for automotive applications as well as
enhancements to the ESD, EOS and quality/reliability. All fourteen chapters of this edition, when
taken together, follow a step-by-step approach to the understanding of automotive power
electronics. But because each chapter can stand alone, a more advanced reader can jump directly
to a chapter of particular interest. You'll find that we've also enhanced this edition with a detailed
glossary, making it an excellent desktop reference.

The BTiP methodology also includes a classroom training element. In fact, this book is the
companion to our training course on automotive power semiconductor applications. The trainings
are held in fourteen short courses or in a combined four day, high intensity workshop. All trainings
are given by experienced Infineon engineers. Automotive OEM's and major transportation
electronics suppliers have benefited from our workshops. Please contact your local sales office if
you are interested in scheduling a workshop or visit the BTiP web site (www.infineon.com/btip).

I'd like to take this opportunity to thank some individual Infineon AIM team members who have
made significant contributions of time and effort to Bridging Theory Into Practice (BTiP), the
Fundamentals of Power Semiconductors for Automotive Applications. In particular, | would like to
recognize the efforts of Bob Beier, Frank Heinrichs, Brian Hemphill, Gunther Krall, Richard Kraus,
Keng Ly, Ray Notarantonio, Elvira Palmeda, Chris Spielman, Keith Toby and Shawn Williams. An
enormous thank you goes to Mark Budnik, Assistant Professor of Electrical Engineering at
Valparaiso University and Tom Pattantyus of Applied Electronic Concepts Co. for their expertise
and leadership in writing and editing. This book would not have been possible if it hadn't been for
Mark's ability to understand the BTiP initial concept and move our vision to reality. Once our hard
work had produced an initial product, it was Tom's knowledge and editing skills that took it to the
next level. They both deserve our deepest gratitude. Finally, it is the support of Infineon
management and the dedicated efforts of the entire Infineon AIM team that made this book
possible.

Your comments on this book and suggestions for future publications are important to us. Please
feel free to send us an email at btip@infineon.com.

Sincerely,

Shawn P. Slusser

Vice President
North America Automotive Business
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1. RLC Load Characteristics and Modeling

In this first chapter, we will be examining the
two basic passive electrical components:
capacitors, and inductors. With these simple
components, engineers can develop electrical
models of various loads to simplify system
design and analysis.

Next, we will examine capacitive electrical
components. We will explore the fundamental
physical and electrical properties of
capacitors. We will then conduct several
“experiments” in order to develop a more
intuitive feel of how capacitors operate. This
will allow us to mathematically describe the
operation of capacitors in electrical circuits.
Finally, we will examine two simple resistor and
capacitor circuits.

This process will be repeated for inductive
electrical components.

We will close Chapter 1 with two examples of
modeling loads in electrical circuits with
resistors, capacitors, and inductors.

1"



1. RLC Load Characteristics and Modeling

1.1 Introduction to Capacitors and Resistor
Capacitor Networks

So, what is a capacitor?

A capacitor is an object with the ability to store
electrical charge. They usually consist of
multiple conductive, electrically isolated
parallel plates. The material between the
parallel plates is called the dielectric material.
This material is an electrical insulator. It does
not allow current to flow through it.

m Physical object with the ability to store electric charge
(i.e. “electric voltage”)

m Consists of two - electrically isolated — metal electrodes,
typically two conductive parallel plates

= |s mostly used to store energy or for filtering purposes

= The isolating material — the dielectric — defines the type
of capacitor: e.g. tantalum or ceramic capacitor

L.
T

Capacitors

m Circuit symbol:

Figure 1.1

In Figure 1.2, we see a drawing of an example
parallel plate capacitor. The area of each of the
parallel plates is “A”, with a distance “d”
separating the two plates. As the area of the
parallel plates increases, the capacitor is able
to hold more charge. We say that its
capacitance increases. If the distance between
the plates increases, however, the structure
will be able to hold less charge, and its
capacitance is said to decrease. Therefore, the
larger area and/or smaller the separation the
larger the value of capacitors is which enables
them to store the more electrical charge
between the plates.

m The capacitance of a parallel plate capacitor is
proportional to:
A
C = Capacitance C~—
A = Area of each parallel plate d
d = Distance between parallel plates

m Larger value capacitors have
larger plate areas and less d
spacing between plates

= They can store more energy
(and are more expensive) A

Figure 1.2 Capacitors: Physical Properties
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The capacitance of this parallel plate structure
is also a function of the dielectric material
between the plates. The insulating dielectric
material has a characteristic  called
“permittivity”. This is defined as the ability to
store charge (energy) in the presence of an
electrical field. If the dielectric material has a
relatively high permittivity, it can store more
energy than a dielectric material with a low
permittivity. Therefore, capacitors, that can
store the highest amount of charge, have high
permittivity dielectric materials.

Figure 1.3 shows us how the capacitance of a
parallel plate structure is calculated.
Capacitance is measured in units of Farads (F).

F=Axs/V=C/V

where C in this formula stands for charge (unit
is Coulomb or Axs) Therefore, a 1 Farad
capacitor can store 1 Coulomb of charge at
1V.

m The capacitance of a parallel plate capacitor is given by:
eA

Units of: F=A-s/V ~d

€ = Permittivity = €;.€,

Units of: As/V-m=F/m

€, = Permittivity of vacuum = 8.854 x 102 d

Units of: As/V-m=F/m

€, = Relative permittivity = 1 (free air)

Units of: (dimensionless) A

C = Capacitance C=

Permittivity": the ability of a dielectric to store electrical
potential energy under the influence of
an electric field

1) Webster’s 9" edition

Figure 1.3 Capacitors: Physical Properties

Now, let us look at a hypothetical parallel plate
capacitor. The dielectric material between the
parallel plates is free air:

e = (1)(8.854 x 102 F/m)

Our hypothetical area is 1m? and the
separation between the plates is 1 mm. This
results in a capacitance value of 8.854 x 10° F.

Based on this example you can probably see
that capacitance values at or above 1F are
rather special. Therefore, capacitors are



1.1 Introduction to Capacitors and Resistor Capacitor Networks

usually specified in values of microFarads,
nanoFarads, or picoFarads.

= Capacitance of a free air (€, = 1) parallel plate capacitor
with the dimensions of A=1m2and d =1 mm is:

oo oA (1)(8.854 x 102 F/m)(1 m?)

d 1x10%m

=8.854x 10°F

n Typically, capacitance values in the 1 F range are unlikely

= Capacitances typically range
from microFarads to picoFarads

1 microFarad =1 uF = 10°F
1 nanoFarad =1nF =10°F

1 picoFarad =1pF =10"2F

Figure 1.4 Relative Size of Capacitance

Now, let us examine in more detail the
electrical properties of capacitors. On the last
page, we showed that 1 Farad is equivalent to
1 Coulomb per Volt:

1 Farad = 1 Coulomb / Volt

Rearranging the equation, we get:

1 Coulomb = (1 Farad)(1 Volt)

This implies that the amount of charge (in
Coulombs, symbol C) that a capacitor can

store is equal to its capacitance [C] times the
voltage [V] across the capacitor:

Q=CV

Note: Itis rather unfortunate that the symbol of
both charge and capacitance is “C”.

Let us look at another hypothetical example.
Imagine a capacitor that has 8 C of charge
stored on it. The voltage across the capacitor
is found to be 16 V. This allows us to calculate
the capacitance:

C=Q/vV

C=8C/16V=05F

= The stored electrical charge Q in a capacitor is
proportional to the voltage V across the capacitor:
Q-~V

= The proportional factor between stored electrical
charge and voltage difference is the capacitance value
of the capacitor: Q = C V

(+

V=16V Q =8 A's = 8 Coulombs

C=QN=8A-s/16V = 0.5 Farad (F)
Unit [C]=A-s/V=F

Figure 1.5 Capacitors: Electrical
Properties

Now, let us look at what happens when
multiple capacitors are used in a circuit. There

are two basic configurations: parallel
capacitors and serial capacitors (see
Figure 1.6).

In a parallel capacitor configuration, we are
effectively increasing the area of the top and
bottom parallel plates. Therefore, since the
capacitance is a linear function of the plate
area, capacitors in parallel add their
capacitance.

When capacitors are in series, however, things
are not quite as simple. If current flows through
the two series capacitors, the same amount of
charge (Q) will be deposited on each capacitor.
Now if V; is the voltage across capacitor C;:

V,=Q/C,
V,=Q/C,
V=V, +V,

Parallel capacitors

: CZ L]
LT T e e
L et

Ceaunvatent

Serial capacitors

Ceauvaient =C; + G, Ceauvaent G G

Figure 1.6 Parallel and Serial Capacitance

13



1. RLC Load Characteristics and Modeling

Substituting for V,; and V,:
V=(Q/Cy)+(Q/Cy

Now, let us compare this to a different
capacitor, CequyaLent-

V=Q/ CEQUIVALENT

Setting the two voltage equations equal to
each other, we find:

Q/ Cequvatent = (Q/Cy) +(Q/ Cy)
Finally, we can divide both sides by Q to find:
1/ Cequvaent=17/C1+1/GC,

Let us now look at our first capacitor
“experiment.” In Figure 1.7, we show an ideal
current source is connected directly to a
capacitor by a switch. (An ideal current source
will supply a defined amount of current into the
circuit, regardless of how much voltage is
required to do so.)

m An ideal current source is connected to a capacitor

The constant current
causes the voltage
to rise across the
capacitor.

loeaL

v,

lpeaL

o t
Figure 1.7 Capacitor Experiment #1

The switch is closed at time tyy. We then
monitor the current through the capacitor, and
the voltage across the capacitor. From the
Figure 1.7, we see that the current is a step
function. Before tgy, there is an open circuit
and no current flows. After ty,, the capacitor
current (Ig) is immediately equal to the ideal
current source (lpga)- There is no impediment
to the current flow. At tyy, there is no voltage
across the capacitor. As the constant current
flows through the capacitor, we note that the
voltage across the capacitor (V) increases
linearly.

14

In our second experiment, we examine what
happens after the ideal current source is
disconnected from the capacitor (see
Figure 1.8). At tyq, the switch is opened, and
the current through the capacitor falls to 0 A.
When this occurs, the capacitor voltage (which
was linearly increasing with the current) stops
increasing and remains constant at its togr
value.

= An ideal current source is disconnected from a capacitor

If the constant current
source is removed,
the voltage across the
capacitor remains

Al constant.

lipEar

loear

Figure 1.8 Capacitor Experiment #2

Next, we examine what happens when we
change the magnitude of the ideal current
source. In the Figure 1.9, we show how the
voltage across the capacitor (V) increases for
the first ideal current source value (I,).

= An ideal current source is connected to a capacitor

C The rate of voltage
change is proportional
to the current.

v,

Figure 1.9 Capacitor Experiment #3

Next, we increase the magnitude of the ideal
current source to I, (see Figure 1.10). We
notice that the voltage across the capacitor
(Vgp) is still linearly increasing, but it is
increasing at a faster rate. The rate of change
of Vi depends on the magnitude of current (I¢).
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= A variable ideal current source is connected to a capacitor

lipeac C The rate of voltage
change is proportional

to the current

VIt memmemcececemaeaas
s f ] o
c2 -7,
' -
- c2
| o=
Iy -
-
= Vet
ton t

Figure 1.10 Capacitor Experiment #3a

Now an ideal voltage source is connected to a
capacitor through a resistor at toy. (An ideal
voltage source will supply a defined voltage
bias to a circuit, regardless of how much
current is required to do so, similar to a car
battery) The results are shown in the
Figure 1.11.

Let us consider the voltage across the
capacitor (V) first. Before toy, the ideal voltage
source is disconnected from the capacitor, so
there is no voltage drop across the capacitor.
Immediately at toy, Vg is 0 V. Itis only after tyy
that the voltage across the capacitor begins to
exponentially increase. After a long time
period, V. is nearly equal to Vipgy, -

= A voltage source is connected to a capacitor through a resistor

The peak current

v in the capacitor is
IDEAL

limited by the
resistor.
Al
I
Vioga/R |10 V. The voltage across
Vioear G the capacitor will
reach Vipen

ton t
Figure 1.11 Capacitor Experiment #4
Now, let us look at the current flowing through
the capacitor (Ig). At toy, Ve is 0 V, and the ideal
voltage source is able to deliver the initial

current equal to:

Ico =Vipea / R

As V. increases, however, the current sourced
by the ideal voltage source exponentially
decays. Eventually, when V is equal to Vpga,
lcis O A.

Next, let us consider what happens if we look
at making the resistor variable.

= A voltage source is connected through a variable resistor

+
Vioear <t> Vo ——¢C

Figure 1.12 Capacitor Experiment #5

First, we let the resistor be equal to R;. This is
the benchmark resistance used for
comparison in experiment five. We see in the
Figure 1.13 how the capacitor current (Ig4) is
initially Vipea / Ry. As Vgq approaches Vipea,
Ic4 decays to 0 A (#5a).

= A voltage source is connected through a variable resistor

Vipear

Vioea
Ry

ton t
Figure 1.13 Capacitor Experiment #5a

Next, we change the value of the resistor. We
let the resistance be R,, where R, is less than
R (see Figure 1.14).

15



1. RLC Load Characteristics and Modeling

= A voltage source is connected through a variable resistor

V,
Vioear
R,

Vioear
R, | VIDEAL
Capacitors are
charged faster
through smaller
resistors

ton t

Figure 1.14 Capacitor Experiment #5b

We first note that since R, < Ry, lco (VipeaL / Ro)
is greater than I, at toy. Next, we see that the
capacitor voltage, V., is increasing to Vs
more quickly than in V4. This results in a more
rapid decay of the capacitor current. It can be
stated that a given capacitor is charged faster
through a smaller resistor.

Now we examine what happens when the
resistance is changed a final time (#5c). Let
R; > Ry. As expected, I3 (VipgaL / Ra) is less
than 4. Also, V5 takes longer to reach Viggp,
and |g; decays more slowly. A given capacitors
is charged more slowly through a larger
resistor.

m A voltage source is connected through a variable resistor

Al Vioea

R [Tl Vo

Capacitors are
charged faster
through smaller
resistors

Vioear

ton t

Figure 1.15 Capacitor Experiment #5c

Finally, we conduct our last experiment (#6) on
our capacitor circuits, this time with a constant
resistance, R. This time, we connect the ideal
voltage source to the capacitor through R at
time equal to zero seconds, and we examine
V¢ vs. time.
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= The rise time of the capacitor’s voltage is monitored:

Ve

Vioear

0.63V pea

0 tc t
Figure 1.16 Capacitor Experiment #6
As expected, V; eventually reaches Vpga .
What we also notice, however, is that at time
equal to tg:
ts=RC
the voltage across the capacitor is
approximately 63% of Vg, . For example, for
Vipear=1V,R=1kQand C=1mF:
to=(1x10° Q)1 x10°F)=1s
One second after the 1V ideal voltage source
is connected, the voltage across the capacitor
is approximately 0.63 V. This is true for all
values of V|pea, R, and C. For example:
Vipea, =2V, R=10kQ, C =1 pF:
to=(1x10*Q)(1 x10°F)=0.01s
Voat0.01s=0.63(2V)=1.26V
Vg=12V,R=37Q, C =22 pF:
to = (37 Q)22 x 10% F) = 0.814 ms
V;at0.814 ms=0.63(12V)=7.56 V
Therefore, t; is an important value for resistor
and capacitor circuits. It is called the “time
constant” of RC circuits. Note, sometimes, t;
is written as t or 1.
If we continue to examine the voltage across
the capacitor for time beyond t;, we notice

additional characteristics of RC circuits. For
example:
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att=t;, Vg=0.63Vpga.
att=2t;, Vg=0.87Vpga.
att=3t;, Vg=0.95Vpea
att=4dt,, Vo= 0.98Vpes
att=5ts, Vo=0.99Vea

u The rise time of the capacitor voltage is monitored
t=t; V=063V
t=2t; V=087V
t=38t; Vo=0.95V
t=4t; V;=0.98V
t=56t; Vo=099V -

a
ﬂ
(¢)
—_—
<

Normalized outputs: V. / V, I / (V/R)

1.0
ol ]
0s V., /V
2ort N1/
2 06
'go.s / —Ve
S 04 I/ =k
S 03
z 05 / N1,/ (V/R)
Vi L]
: S
0 1 2 3 4 5

t/tg

Figure 1.17 Capacitor Experiment #6a

The values of time constant for resistor
capacitor circuits are important parameters for
design and in analysis.

For example, at 3t; after the voltage source is
connected, the designer knows that the
capacitor will reach 95% of the source voltage
(or final value). Likewise, at 5t., the capacitor
will have reached 99% of its final value. The
1te, 3t;, and 5t; times are often used to
approximate how long it takes to charge a
capacitor.

Note, for those interested in a more
mathematical description, the voltage across
the capacitor and the capacitor current in this
circuit is actually given by:

Ve = Vipeal1 - exp(-t / 1o)]

lc = (Vipea / R).[exp(-t / tc)]

Finally, we can look at developing the
mathematical relationship between the current

flowing through the capacitor and the voltage
across the capacitor. Current (l) is defined as
the amount of charge (Q) that flows in a given
amount of time (t):

I=Q/t
Therefore, if we look at the change in charge
(AQ) in a given amount of time (At), we can

calculate the average current flowing during
time At:

i=AQ/ At

If we let the change in charge and the change
in time be very small, we consider this to be a
derivative:

i=dq/dt forvery small At

This can be rearranged:

dg=idt

This means the change in the charge (dq) is

given by the current (charge per second) times
the change in time (dt).

= Current is defined as the amount of charge which is
transferred in a certain period of time: | = Q/t

d
i=—q or

dq=i-dt 1
a q )

Figure 1.18 Development of Mathematical
Capacitor Model: I vs. V¢

Next, we recall the definition of capacitance:
c=Q/v

Because C is a constant, we expect that for a
small change in the capacitor charge (AQ),
there will be a small change in the voltage
across the capacitor (AV):

C=AQ/AV

Again, letting AQ and AV be very small:
C=dq/dv

which can be rearranged:

dg=Cdv

17



1. RLC Load Characteristics and Modeling

m Current is defined as the amount of charge which is
transferred in a certain period of time: 1= Q/t
. _dq .
i=— or dqg=i-dt 1
o 1)

m Capacitance is defined as the stored charge on a
capacitor vs. the voltage across the capacitor, C=Q/V
C=d—CI or dgq=C-dv 2
dv
Figure 1.19 Development of Mathematical
Capacitor Model: I vs. V¢

Now we have two equations for dqg. If we set
them equal, we have:

idt=dgq=dg=Cdv

Rearranging yields the fundamental capacitor
equation:

i=Cdv/dt

m Current is defined as the amount of charge which is
transferred in a certain period of time: |=Q / t
-
dt
m Capacitance is defined as the stored charge on a
capacitor vs. the voltage across the capacitor, C=Q/V

dq

or dg=i-dt (1)

C=— or dg=C-dv @)
dv
m Setting (2) equal to (1) results in:
i-dt=C-dv or i= LY
dt

Figure 1.20 Development of Mathematical
Capacitor Model: I; vs. V¢

Therefore, the current flowing through a
capacitor is equal to its capacitance times rate
at which the voltage across the capacitor is
changing.

Now, let us see the two basic ways that
capacitors are used in resistor capacitor
circuits. First, the capacitor can be in series
with the signal path. The signal of interest must
pass through the capacitor (see Figure 1.21 on
the left). Second, the capacitor can be from the
signal path to ground (see Figure 1.21 on the
right).

18

= In general, there are two basic options for capacitor
placement:

C in Series with Signal Path C from Signal Path to Ground
o .—?T
VIN VOUT VIN C Vou'r

Figure 1.21 Capacitor & Resistor Networks
Let us first look at how these two circuits

operate when a constant voltage is applied to
the signal path through a switch.

C in Series with Signal Path

C
Vour — Vour
o R | +
* Ve I—l R Vo
Vin Vin CT '

= Initially a DC voltage is applied at the signal input IN

C from Signal Path to Ground

= Current passes through the capacitor and the voltage
across the capacitor increases

Figure 1.22 Capacitor & Resistor Networks

In both cases, current flows through the
capacitor, and the voltage across the capacitor
(V) starts to increase.

Eventually, the voltage across the capacitor is
equal to the input voltage (Vs = V). At that
point, the current flowing through the capacitor
has fallen to 0 A.

C in Series with Signal Path C from Signal Path to Ground

= Initially a DC voltage is applied at the signal input IN

m Current passes through the capacitor and the voltage
across the capacitor increases

= When the voltage across the capacitor is equal to
the input voltage the current stops

Figure 1.23 Capacitor & Resistor Networks

In the final state (I = 0) if the capacitor is in
series with the signal path (see Figure 1.24 on
the left), no current is flowing through the
resistor. Therefore, Vo, is at 0 V. All of the
voltage drop is across the capacitor.
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If the capacitor is from the signal path to
ground (see Figure 1.24 on the right), Vo7 is
equal to V| (the voltage across the capacitor).

C in Series with Signal Path ~ C from Signal Path to Ground

n Initially a DC voltage is applied at the signal input IN

= Current passes through the capacitor and the voltage
across the capacitor increases

= When the voltage across the capacitor is equal to
the input voltage the current stops

n Depending on the capacitor’s placement,
the Vour =0V or Vour = Viy

Figure 1.24 Capacitor & Resistor Networks

Now, let us look at a circuit with a capacitor in
series with the signal path more closely (see
Figure 1.25). At time t;, the input voltage is
applied to the series capacitor and resistor.
The node at voltage Vy immediately goes to
V\y- The voltage across the capacitor (V) starts
at 0V, and the initial current is V,y/R.
However, as the capacitor is charged, V. starts
to increase, the current and output voltage
decay to 0 A and 0V, respectively.

t, t,

Figure 1.25 Capacitance in Series with
Signal Path

Next, we see what happens when the input
voltage is switched off at time t,, and the
voltage at Vy is immediately pulled to ground
(i.e. Vy = 0).

Figure 1.26 Capacitance in Series with
Signal Path

The capacitor starts to discharge to ground.
Current flows from the capacitor to ground,
through node Vg, through the resistor and
back to the capacitor. The current flows in the
direction opposite to the charging current, so
we consider it to be negative.

In the Figure 1.26, we also see that the output
voltage falls below 0V because the positive
capacitor terminal is grounded, the discharge
current to ground which then flows through the
resistor R, thus the output voltage Vg7 is
forced below 0 V:

Vour=-1R=-V(t=1).

At time t,, the output voltage Vqr is equal to
Vin-

As the capacitor discharges, voltage across
the capacitor starts to fall. Therefore, both the
current and V;;r again “decay” to 0 Aand 0V,
respectively.

Next, let us look at a circuit with a capacitor
from the signal path to ground. The input
voltage is again applied to the circuit at time t,.
As before, the voltage at node Vy immediately
goes to V. Since the voltage across the
capacitor (V) is initially 0 V, the current again
starts at V| / R. As the capacitor is charged,
V¢ increases toward V, resulting in the
current decaying to 0 A.
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Figure 1.27 Capacitance from Signal Path
to Ground

Now, let us see what happens when the Vy
voltage is switched to ground at time t,. Vy is
pulled immediately to 0 V.

N

t t

Figure 1.28 Capacitance from Signal Path
to Ground

This allows the capacitor to begin discharging.
Current flows from the capacitor, to node Vg,
through the resistor, to node Vy, to ground, and
back to the capacitor. This current flow is in the
opposite direction of the original current, so it is
considered to be negative. V. at time t, was
Vi\» so the current is initially V| /R. Vgyr is
equal to V;, so as the capacitor starts to
discharge, the output voltage decays. This
results in the current also decaying to 0 A.

Next, let us see what happens when an AC
signal is applied to a resistor capacitor circuit.
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= What happens when an AC input signal is applied?

C in Series with Signal Path C from Signal Path to Ground

vW.PV—t{C R \:7 V.N-Fw . CLI \:)

Figure 1.29 RC Networks - AC Signals

First, we need to introduce two new terms:
reactance and impedance. Capacitors behave
like frequency dependent resistors:

IXol = 1/ (2rfC)

Reactance: the measure of the “AC resistance”
of a capacitor or an inductor (see later) defining
both the magnitude of the AC resistance and the
phase shift of the circuit element.

m Act like frequency dependent resistor (capacitive
reactance, X)

’
Xe oo —
°7fc

n Instead of reactance, impedance (Z) used for circuit
elements

= Impedance": The apparent opposition in an electrical
circuit to the flow of alternating current that is analogous
to the actual electrical resistance to a direct current

1) acc. to Webster’s 9" edition

Figure 1.30 Capacitors and AC Signals

Impedance: the measure of the AC resistance
of a circuit that contains resistor(s), capacitor(s)
and inductor(s) in some combination.

In the “IXl vs. frequency” figure, we illustrate
how magnitude of the capacitor’s reactance,
[Xcl, varies with the frequency of the AC signal.
[Xcl is proportional to the inverse of the
frequency.

Real life capacitors also have parasitic resistors
but in most cases their effect is negligible. In this
section only the reactance (Xg) is considered.
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= Act like frequency dependent resistor (capacitive
reactance, X;)

Xo ot —
°71ic

= Instead of reactance, impedance (Z) used for circuit
elements

= Impedance”: The apparent opposition in an electrical
circuit to the flow of alternating current that is analogous
to the actual electrical resistance to a direct current

= The impedance of a circuit element represents its
resistive and/or reactive components

= Besides the magnitude dependency between voltage
and current the impedance Z gives also information
about the phase shift between the two

Figure 1.31 Capacitors and AC Signals

Therefore, for DC conditions (0 Hz), the
impedance is infinite. But, as an AC signal’s
frequency increases, the capacitor’s
impedance magnitude falls.

7
Xl o0 —
Xl \ %%

AN
~__,

frequency ——»

Figure 1.32 Ideal Capacitor’s Reactance
IXcl vs. Frequency

Now, let us look at the phase differential (¢)
between the voltage across a capacitor (V)
and the current flowing through a capacitor
(Io). That is, Vi pax @nd I yax do not occur at the
same point in time.

In Figure 1.33, we show two curves, the
voltage across the capacitor (peak value of
Ve pear)s @nd the current through the capacitor
(I pear)- We note that the peak AC current is
equal to the peak AC voltage divided by the
magnitude of the capacitor’s impedance:

IAC,Max = VAC,peak/ IXCI

We see that I; “leads” V by 90°:

When | is at its positive peak value, Vs is 0 V.

When | decreases to 0 A, V is at its positive
peak value.

When | further decreases to its negative peak
value, V; becomes to 0 V.

When | increases to 0V, V, attains its most
negative value.

VC‘Max iC,Max = VC‘Max / \ch

VARV SN

NV

¢ =+1/2 =+90° = The current leads the voltage

Figure 1.33 Capacitors and AC Signals

For the mathematically inclined, we note this
behavior is predicted by our earlier derivation
of the mathematical capacitor model:

i=C (dv/dt)

If we let the voltage across the capacitor to be
a sinusoid as in the above figure:

v(t) = chpeaksin(Zrcft),

and noting that the derivative of the sine
function is the cosine function, we can see that
the current through the capacitor will be:

i(t) = C.d [V¢ pearsin(2nft)] / dt

i(t) = 2nfC.V( pearCOS(2rf)

In summary, capacitors act as frequency
dependent  resistors.  Their  reactance
determines the relationship between the

voltage across the capacitor and the current
flowing through the capacitor.
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C in Series with Signal Path C from Signal Path to Ground

.—{ Vour .—:'T.R Vour
V\Nl%‘t C R V\NFU»t CL

= The capacitor acts as a frequency dependent resistor
= |t determines the current magnitude at a given voltage

m It causes a 90 degree phase shift between the capacitor
current and voltage across the capacitor

Figure 1.34 RC Networks - AC Signals

The magnitude of the capacitor’s reactance is
proportional to the reciprocal of applied AC
signal’s frequency:

Xcl=17@2nfC)=1/wC, = 2xf
AC signals pass through the capacitor. Direct

current (DC) signals are blocked by the
capacitor.

C in Series with Signal Path

o—{ Vour .—%’T Vour
Vi Foq C R Viy Fg‘

C from Signal Path to Ground

t (6]

KA

m For high frequency signals:
— The capacitor is low impedance
— Signals can pass the capacitor Xl o %
m For low frequency signals:
— The capacitor is high impedance

— Signals are blocked by the capacitor
Figure 1.35 RC Networks - AC Signals

This is illustrated in Figure 1.36. First, we see a
resistor capacitor circuit in a “high pass”
configuration with. We see that for a low
frequency input signal, the output is
significantly  attenuated  (Vout max / Vinmax
=1.6 V/5V). At the highest frequency shown,
the output is not significantly attenuated
Voutmax / Vinmax = 4.5V /5 V).
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Vour iy 6
] 4
ve ¢ R 2y
o
-2
-4
1 5
1Zgl o0 —
) Vour 6
4
OUT/INyy 2
— Lowf 0.32 9
-~ Mediumf 0.76 82
-- High f 0.90 =
-6

Figure 1.36 C in Series with Signal Path
High Pass Configuration

Next, we see a resistor capacitor circuit in a
“low pass” configuration with. For a high
frequency input signal, the output is
significantly  attenuated  (Vourmax / Vinmax =
1.95V/5V). At the lowest frequency shown,
the output is not significantly attenuated

Vourmax / Vinmax = 4.8V /5 V).

VOUT VIN
AT -0 \
I LT
U I i
1 4
e E Vour 6
4 )\ A
Iy Ong/éNMAX o /\ /(\ JAY Q 5 N I
-~ Mediumf 0.74 of \9rm\\/m;\/u ij "
- Highf 039 4

Figure 1.37 C from Signal Path to Ground
Low Pass Configuration

So, let us re-view a few points before we close
our introduction to capacitors.

They are electrical components that are
typically used in one of two different
configurations: in series with the signal path or
from the signal path to ground.

When a DC voltage is applied to a capacitor,
they will allow current to pass only until they
are fully charged. Afterwards, they stop all
future DC current flow.
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C in Series with Signal Path C from Signal Path to Ground

0—{ Vo .—%'T‘ o

Viy C R v, ©

— 1.

m Capacitors will allow current to flow only until they
are charged

Connected to DC voltages:

= Once charged, they block future current flow

For AC signals:

n Capacitors act similar to frequency dependent resistors
= Low impedance at high frequencies

= High impedance at low frequencies

Figure 1.38 Capacitor & Resistor Networks
Summary

For AC signals, capacitors behave like
frequency dependent resistors. At low
frequencies, they are very effective in
attenuating the current flow. At high
frequencies, they are very effective in passing
current flow.

1.2 Introduction to Inductors and Resistor-
Inductor Networks

So, what is an inductor?

An inductor is an object having the ability to
store a magnetic field while current flows
through it. An inductor consists of a length of
conductive wire, wrapped in a coil around a
core material. The core material usually defines
the type of inductor coil (for example, an air
core inductor or a ferrite core inductor).

= Physical object which can store a magnetic field
(electric current)

= Consists of a conductive wire

un Wire is typically a tightly wound coil around a center core
(toroid)

= Usually used for energy conversion and for filtering
purposes

= The inductor type is usually defined by its core material
(for example, air coil or ferrite coil inductors)
u Circuit symbol

or L

Figure 1.39 Inductors

Figure 1.40 illustrates a toroid wrapped
inductor. Let the cross-section area of the

toroid be “A”, the number of turns of wire
wrapped around the toroid “N” and the
circumference of the toroid “¢”. If the number
of turns, N, of the wrapped coils increases, or
the cross section area of the toroid increases,
the inductor can store additional energy (but
may be more expensive). If the same number
of turns are wrapped more tightly around a
toroid of shorter circumference the inductance
also increases.

= The inductance of a toroid, for instance, is given by:

L = Inductance
N = Number of turns of the coil
A = Coil cross section

(' = Average field length

= Larger value inductors have more turns and bigger cross
section in less volume. They can store more energy
(and are more expensive).

Figure 1.40 Inductors: Physical Properties

The inductance of this toroid structure is also a
function of the core material. The core material
has a characteristics called permeability ().
This is defined as the relative ability of a
magnetizable material to affect the magnetic
flux of a magnetic field. Materials with a high
permeability are used to make inductors with
higher inductance. Figure 1.41 shows how the
inductance of a toroid structure is calculated.
Inductance is measured in units of Henrys (H).

L = Inductance UN2A
Units of: H = Vs/A b=
N = Number of turns of the coil '
A = Coil cross section
Units of: m?
/= Average field length
Units of: m
p = Permeability = pou,
Units of: H/m = Vs/Am
H, = Permeability of free space = 41107
Units of: H/m = Vs/Am
Y, = Relative permeability

Permeability": the property of amagnetizable substance that
determines the degree in which it modifies
the magnetic flux in the region occupied by it
in a magnetic field

1) acc. to Webster’s 9t edition

Figure 1.41 Inductance of a Toroid
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Now, let us look at a hypothetical toroid
inductor. The core material is free air:

Ho = (1)(4n107 H/m)

Our hypothetical toroid cross section area is
5cm?, the circumference of the toroid is
10cm, and there are 100 turns wrapped
around the toroid. This results in an inductance
value of 6.28 x 10 H.

Based on this example, inductance values at
or above 1 H are less common in electronic
circuits. Inductor values less than 1H are
usually specified in values of milliHenries (mH),
microHenries (UH), or nanoHenries (nH).

= Inductance of a free air toroid (y, = 1)
with the cross section of A = 5 cm?, average field
length of / =10 cm, and N = 100 turns is

1)(47107 H/m)(100)° (6 x 10 m?
L - W A100( ) _628x10°H
10x102m

= Inductors in the pH range are used in switching regulators
= Small Relays usually have mH values of inductance

= Inductors in general typically range from a few Henries (H)
to micro Henries (uH):

1 microHenry =1 uH = 10°H
=1mH=10%H
=1H

1 milliHenry

1 Henry

Figure 1.42 Relative Size of Inductance

Next, let us look at the electrical properties of
inductors. When current flows through N
tightly wrapped turns a magnetic field is
created inside the core. The magnetic field or
coil flux (y) in the core is proportional to the
current () flowing through the coils. The
proportionality factor is the inductance (L).

y=LI
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= The change of magnetic field or coil flux (y) in an
inductor is proportional to the change of electric
current (I) flowing through the inductor’s windings: y ~ |

= The proportional factor between coil flux and
current is given by the inductance of the coil: y = L |

m e

Figure 1.43 Inductors: Electrical Properties

Usually, the magnetic field is described with
magnetic flux (®), created by the current
flowing through a single turn. The magnetic
field (magnetic flux) increases linearly with the
number of windings (N). Therefore, it is often
called the coil flux (y), where:

y=N®

Let us look at a simple example. We source 2 A
of current through a coil. The observed
magnetic flux caused by the current is:

y=1Vs

This means that the inductor has an

inductance of:
L=wy/I

L=1Vs/2A=05H

= The change of magnetic field or coil flux (y) in an
inductor is proportional to the change of electric
current (I) flowing through the inductor’s windings: v ~ |

n The proportional factor between coil flux and
current is given by the inductance of the coil: y =L |

j—
1=2A

L=wy/l=1Vs/2A=0.5 Henry (H)
Unit [L] = Vs/A=H

y(=Na)
y=1Vs

Figure 1.44 Inductors: Electrical Properties

Now, let us look at what happens when
multiple inductors are used in a circuit. There
are two basic configurations: serially
connected inductors and parallel inductors
(see Figure 1.45).
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In a serial inductor configuration, the net
inductance that current must flow through is
increased. Therefore, the inductors in series
add their inductances.

When the inductors are in parallel, however,
they add like parallel resistors:

1/L=(1/L)+(1/Ly)

Serial Inductors Parallel Inductors

Ly L L,
> L
L, \ L
1 1 1
L=L+L, T:T+E
1

Figure 1.45 Serial and Parallel Inductance

Let us now look at Inductor Experiment #1. It
consists of an ideal voltage source being
connected directly to an ideal inductor by a
switch.

= An ideal voltage source is connected to an inductor

The constant voltage
causes the current
to increase through
the inductor.

tON
Figure 1.46 Inductor Experiment #1

The switch is closed at time toy. We then
monitor the current through the inductor, and
the voltage across the inductor. From the
Figure 1.46, we see that the voltage is a step
function. Before tqy, there is no voltage across
the inductor. After ty, the inductor voltage (V)
is equal to the ideal voltage source (Vipga ) The
current (I) begins to flow through the inductor,
increasing linearly.

In Inductor Experiment #2, we examine what
happens after the ideal voltage source is

disconnected from the inductor
Figure 1.47) and the inductor is shorted.

(see

At tors, the switch is opened and V| is shorted
to 0 V. When this occurs, the inductor current
which was linearly increasing levels off and will
theoretically remain constant at its t, value.

= An ideal voltage source is disconnected to an inductor

If the constant voltage
source is removed
and the inductor is
shorted the current
through the inductor
Vo remains constant.

vV, 1

Vioear

-
ton torr t

Figure 1.47 Inductor Experiment #2

Next (Inductor Experiment #3), we examine
what happens when the magnitude of the ideal
voltage source is changed. Figure 1.48
illustrates how the current through the inductor
(I4) increases in response to the first ideal
voltage source value (V ;).

= An ideal voltage source is connected to an inductor

The rate of current
L change is proportional
to the voltage

Figure 1.48 Inductor Experiment #3

Next in Inductor Experiment #3a, we increase
the magnitude of the ideal voltage source to
Vi, (see Figure 1.49). We notice that the
current through the inductor (1.,) is still linearly
increasing, but at a faster rate.
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= An ideal voltage source is connected to an inductor

The rate of current
change is proportional
to the voltage

Figure 1.49 Inductor Experiment #3a

Next (Inductor Experiment #4), let us consider
what happens when an ideal voltage source is
connected to an inductor through a resistor at
ton- The results are shown in Figure 1.50. Let
us consider the voltage across the inductor (V|)
first. Before tqy, the ideal voltage source is
disconnected from the inductor, so there is no
voltage drop across the inductor. Immediately
at ton, VL = Vipear- It is only after toy that the
voltage across the inductor begins to slowly
decrease. After an extended time interval V| is
almost equal to O V.

At toy, the inductor acts like an open circuit
and I, =0A. With exponentially increasing
current, V_ falls as the voltage across the
resistor increases. Eventually, when V_falls to
0V and the final value of | is:

I = VIDEAL/ R

= A voltage source is connected to an inductor through a resistor

The peak voltage
across the inductor

is Vipea
V The current through
IDEAL \ the inductor will
Vi /R I, reach Vipey /R
ton !

Figure 1.50 Inductor Experiment #4

Next (Inductor Experiment #5), let us consider
what happens if we make the resistor variable.
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= A voltage source is connected through a variable resistor

Vioear

Figure 1.51 Inductor Experiment #5

First, we let the resistor be equal to R;. It is
shown in Figure 1.52 how the inductor voltage
(Vi) is initially Vipga - R; is the benchmark
resistance we will use for comparison in
Experiments #5a-cAs V , approaches 0V, | 4
increases to Vipea / Ry.

= A voltage source is connected through a variable resistor

Viogar -

Vioea/Ry Iy

ton t
Figure 1.52 Inductor Experiment #5a
Next (Experiment #5b), we change the value of

the resistor. We let the resistance be R,, where
R, is less than R, (see Figure 1.53).

= A voltage source is connected through a variable resistor

Vil The smaller the
resistor, the longer
it takes the current IDEAL
to become steady
Vioea/Ro S
Viogar [ o= -
-
VIDEAL/R1 ‘\ ’ - |L1
A
/ & ~V.Lz
Vi S~ea ~——
ton t

Figure 1.53 Inductor Experiment #5b
We first note that at time tgy:

Vi1 =Viz = VipgaL
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However, V , decays to 0 V more slowly than
V4. This means it takes | , longer to reach its
maximum value, Vipea / Ro.

In Experiment #5c it is examined what
happens when the resistance is changed once
more. Let R; > R;. As expected, at tyy:

Vi1 = Vis = Vipgar

This time, V5 decays to 0 V more quickly than
Vi4. This means it takes |5 less time to
approach its final value, Vipga, / Rs.

= A voltage source is connected through a variable resistor

V, 1t The smaller the

resistor, the longer

it takes the current  VioeaL
to become steady

Vioear
Vioea /Ry \ Ity
Vipear/Rg | = G lis
S Vi
Vias o

Figure 1.54 Inductor Experiment #5¢

The last experiment (Experiments #6, #6a) with
inductor circuits a constant resistance, R is
used. The ideal voltage source is connected to
the inductor through R. Starting at t = 0 as the
time changes the inductor voltage V_ is
examined.

As expected, V| eventually decays 0 V. What
we also notice, however, is that at time equal
to ta:

to=L/R

the voltage across the inductor has fallen
approximately 63%. For example:

= The rise time of the capacitor’s voltage is monitored:

Vi

Vi Vioeau
IDEAL

0.37Vipea fo..

Figure 1.55 Inductor Experiment #6
Vipea=1V,R=1kQand L =1 mH:
to=(1x10%H)/(1x10°Q) =1 ps

One microsecond after the 1V ideal voltage
source is connected, the voltage across the
inductor is approximately 0.37 V. This is true
for all values of V|pga, R, and L. For example:
Vipea,=2V,R=10kQ, L=1 pH:
to=(1x10%H)/ (1 x 10* Q) = 100 ps

VipeaL @t 100 ps = 0.37 2 V) =0.74 V

Vipeau =12V, R=37Q, L =22 pH:

tc = (22 x 108 H) / (37 Q) = 595 ns

VipeaL @t 595 ns =0.37 (12V) = 4.44V
Therefore, t; is also an important value for
resistor and inductor circuits and it is called the
“time constant” of RL circuits.

Note, sometimes, t; is written as t or 1.

If we continue to examine the voltage across
the inductor for time beyond t;, we notice

additional characteristics of RL circuits. For
example:

att=ts, V. =0.37VpgaL
att=2tg, V,_=0.13Vpea
att=3t;, V| =0.05Vpea
att=4t;, V| =0.02V|pea.
att=>5t;, V| =0.01V|pga
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Because these values hold constant for all
resistor-inductor circuits, designers often have
to consider them in their design and analysis of
circuits.

m The rise time of the capacitor’s voltage is monitored:
Vi

VIDEAL
0.37Vipear

0.13Vipea
0.05V pga.

0 te 2t, 3.1C t
Figure 1.56 Inductor Experiment #6a

For example, at 3t after the voltage source is
connected, the designer knows that the
voltage across the inductor will have fallen
95% from its maximum value. Likewise, at 5tG,
the inductor voltage will have fallen 99% from
its maximum value. The 1t;, 3t;, and 5t times
are often used to approximate how long the
decay process will take.

Note, for those interested in a more
mathematical description, the value of the
voltage across the inductor and the inductor
current are given by:

VL = Vipealexp(-t / t)]

I = (Vipear / R)-[1 - exp(-t/ to)]

Finally, the mathematical relationship between
the current flowing through the inductor (I,) and

the voltage across the inductor (V) is
developed.

The self induced coil voltage in an alternating
magnetic field is given by:

Ving() =-N d¢ / dt = - dy / dt

m The self induced coil voltage when exposed to an
alternating magnetic field is proportional to the
change of coil flux vs. time:

Figure 1.57 Development of Mathematical
Inductor Model: I vs. V,
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The voltage across the inductor, V|, is always
directly opposed to the self-induced voltage,
Vind'

Vi = -Vigy(t) = dy / dt
Rearranging yields:
dy =V_dt

We also recall that the coil flux is proportional
to the inductor current (I)):

y=I L
Taking the derivative:

dy /dt=Ldl /dt

n The self induced coil voltage when exposed
to an alternating magnetic field is proportional
to the change of coil flux vs. time:

= The voltage v applied across an inductor is always directly
opposed to the self induced voltage v;,4:
V = -V,,q = Nd¢/dt = dy/dt (=> dy = vdt)

do _dy
V=-V,g=N—=— or dy=vdt 1)
T dt dt o §

= The inductance is defined as coil flux vs. coil current,
L =y /|, differentially expressed as:

d
L=d—‘_" or dy =Ldi @
I

Figure 1.58 Development of Mathematical
Inductor Model: I vs. V,

If we set the dy equations equal to each other,
we obtain the relationship between the voltage
across the inductor and the current through
the inductor:

v dt=dy=dy=Ldi
Vo=Ldl /dt
Therefore, the voltage across the inductor is

equal to its inductance times rate of change of
inductor current.
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do dy

= = N = =2 =vdt 1

V=-Vig ot at or dy=vd (1)
d

L:d—‘i" or dy=Ldi ©

= Setting (1) equal to (2), the voltage -current relation for an
inductor equals can be found:
di

v=L—
dt

Figure 1.59 Development of Mathematical
Inductor Model: I vs. V,

There are the two basic ways that inductors
are used in resistor-inductor voltage divider
circuits.

First, the inductor can be in series with the
signal path (see Figure 1.60, left circuit).
Second, the inductor can be from the signal
path to ground (see Figure 1.60 right circuit).

Let us first look at how these two circuits
operate when a constant amplitude step
voltage is applied to the signal path through a
switch. In both cases, the voltage across the
inductor is initially Vi and I_ is 0A. As I_
increases, the voltage across the resistor
increases and across V| decreases.

L in Series with Signal Path L from Signal Path to Ground

— 1o
VOUT —_— + VOUT

Vi i

*————o

= Initially a DC voltage is applied at the signal input IN

= A voltage occurs across the inductor and the current
through the inductor increases

Figure 1.60 Inductor & Resistor Networks

Eventually, the voltage across the inductor falls
to 0 V. The (final) value of the current flowing
through the inductor is approaching its
maximum of V, / R.

L in Series with Signal Path L from Signal Path to Ground
R

e I e
VOUT —_— VOUT

Vin l L II 0+V
PR R

n Initially a DC voltage is applied at the signal input V,

= A voltage occurs across the inductor and the current
through the inductor increases

= When the current through the inductor is at its
maximum and remains constant, the voltage across
the inductor equals zero

Figure 1.61 Inductor & Resistor Networks

If the inductor is in series with the signal path
(see Figure 1.62 on the left), there is no voltage
drop across the inductor, therefore Vg, is
equal to V) in the steady state. All the voltage
drop is across the resistor.

If the inductor is from the signal path to ground
(see Figure 1.62 on the right), Voyr is equal to
0V, because there is again no voltage drop
across the inductor in the steady state.

L in Series with Signal Path L from Signal Path to Ground
—e0oV

+
Jov
—e

m Initially a DC voltage is applied at the signal input IN

= A voltage occurs across the inductor and the current
through the inductor increases

= When the current through the inductor is at its
maximum and remains constant, the voltage across
the inductor equals zero

= Depending on the inductor’s placement, Vg r = Vi
orVoyr =0V

Figure 1.62 Inductor & Resistor Networks

Now, let us look at a circuit with an inductor in
series with the signal path more closely (see
Figure 1.63). At time t;, the input voltage is
applied to the series inductor and resistor. The
node voltage at Vy immediately becomes V.
The inductor current starts at 0 A, and begins
to increase. Since the Vgoy,r=I1R, Vgur
increases until:

I=Vy/R
VOUT=(VIN/R) R=VIN
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1. RLC Load Characteristics and Modeling

Figure 1.63 Inductance in Series with
Signal Path

Next, we see what happens when the inductor
is switched to ground (Vy = 0) at time t,.

t t

Figure 1.64 Inductance in Series with
Signal Path

The self induced negative voltage (Vgyr)
appears across the inductor which causes in
the current to decay to 0 A. As the current
decays, Vg1 also decaysto 0 V.

Next, let us look at the circuit with an inductor
from the signal path to ground. The input
voltage is again applied to the circuit at time t,.
As before, the voltage at node Vy is
immediately equal to V. The voltage across
the inductor is again initially V and 1=0A.
The voltage across the inductor decays, and
current is increasing to V\ / R.
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Figure 1.65 Inductance from Signal Path to
Ground

Now, let us see what happens when the
resistor is switched to ground at time t,. Vy is
immediately equal to 0V. This allows the
inductor to begin discharging.

Current continues in the same direction, from
the inductor, to ground, to node Vjy, through
the resistor, to node Vg1, and back to the
inductor. Since the current flows in the same
direction, it is positive, but decays to 0 A.

Initially Vo1 now falls below ground potential,
as the inductor discharges:

IR+Voyr=0V
Vour=-IR(@tt=1t)
Therefore, the output voltage immediately

changes to -V att =t, and decays to 0V as
the current decreases.

I t

Figure 1.66 Inductance from Signal Path to
Ground



1.2 Introduction to Inductors and Resistor-Inductor Networks

What happens when an AC (sine wave) signal
is applied to a resistor-inductor circuit?

= What happens when an AC input signal is applied?
L in Series with Signal Path L from Signal Path to Ground

L Vour R Vour

V‘NPv‘t R 2 V,NFU‘t Llr ?
————

Figure 1.67 RL Networks - AC Signals

First, we need to introduce two new terms:
reactance (X_). Inductors behave like
frequency dependent resistors:

IX,| = 2nflL

The absolute value of the reactance of an
inductor indicates that the inductor behaves
like a frequency dependent resistance.

= Act like frequency dependent resistor (inductive
reactance, X,)

X afL

= Instead of reactance, impedance (Z) used
for circuit elements

= Impedance: The apparent opposition in an electrical
circuit to the flow of alternating current that is analogous
to the actual electrical resistance to a direct current

Figure 1.68 Inductors and AC Signals

The reactance specifically addresses the
response an of ideal inductor to an AC signal.
A non-ideal inductor always has, at least in
theory, a series resistor (i.e. winding
resistance) thus the coil impedance includes
both the resistive and reactive behaviors. The
reactance of an inductor actually consists of
two types of information. First, the magnitude
(absolute value) of the reactance determines
the frequency dependent magnitude of the
equivalent resistance of the inductor. Second,
the reactance also indicates (will be shown
how) that there is a 90° leading phase
differential between the voltage across the
inductor and the current through the inductor.

m Act like frequency dependent resistor (inductive
reactance, X,)
X ofL

m Instead of reactance, impedance (2) used
for circuit elements

= Impedance: The apparent opposition in an electrical
circuit to the flow of alternating current that is analogous
to the actual electrical resistance to a direct current

= The impedance of a circuit element represents its
resistive and/or reactive components

m Besides the magnitude dependency between voltage
and current the impedance Z gives also information
about the phase shift between the two

Figure 1.69 Inductors and AC Signals

In Figure 1.70, we illustrate how magnitude of
the inductor’s reactance, IX|, varies vs. the
frequency of the AC signal. IX/| is directly
proportional to the frequency. Therefore, for
DC conditions (0 Hz), the ideal inductor looks
like a short circuit. But, in an AC circuit as the
signal’s frequency increases, the magnitude of
the inductor’s reactance increases.

X, oL

X

frequency ——»

Figure 1.70 Inductor’s Reactance
Magnitude IX, | vs. Frequency

Now, let us look at the phase differential (¢)
between the voltage across an inductor (V)
and the current flowing through an inductor (I).

In Figure 1.71, we show two curves, the
voltage across the inductor (V|), and the
current through the inductor (I). We note that
the peak value of the AC current is equal to the
peak value of the AC voltage divided by the
magnitude of the inductor’s impedance:

IL,peak = VL,peak / IXL|

Note, V| jea @nd I peq do not occur at the
same point in time. In fact, the current lags
behind the voltage by 90°.

When | is at its positive peak value, V is 0 V.
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1. RLC Load Characteristics and Modeling

When |, becomes 0 A, V_is at its negative peak value.

When | reaches its negative peak value, V|
increases to 0 V.

When | increases to 0 A, V_ increases to its
positive peak value.

/'\iL‘Max =V vax/ IZLI/\

" / \
™/ /.
\\//
\ )~

N/

\_/T

N/ =

¢ =-1/2=-90" = The current lags the voltage
Figure 1.71 Inductors and AC Signals
For the mathematically inclined, we note this
behavior is predicted by our earlier derivation
of the mathematical inductor model:
v ~di/dt
If the inductor current is a sinusoid:

iL () = I_yaSin(2rft)

We can see that the voltage across the
inductor will be:

v () = Ld [l yaxsin@nft)] / dt

v () = 2rfL I y.c08@nft)

In summary, inductors act as frequency
dependent resistors. The reactance provides
the relationship between the voltage across

the inductor and the current flowing through
the inductor.

L in Series with Signal Path L from Signal Path to Ground

T Vour ’—%'74' Vour
Vo i R Wi Uy
oL o

m The inductor acts as a frequency dependent resistor

m |t determines the current magnitude at a given voltage
m It causes a 90 degree phase shift between
the inductor current and voltage across the inductor

Figure 1.72 RL Networks - AC Signals
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The magnitude of the inductor’s reactance is
directly proportional to the applied AC signal’s
frequency:

L in Series with Signal Path L from Signal Path to Ground

L Vour ® :IR —® Vour
Vin t R Vin t L
e e

= For low frequency signals:

— The inductor is low impedance
— Signals can pass the inductor IX,| = ofL
= For high frequency signals:

— The inductor is high impedance

— Signals are blocked by the inductor

Figure 1.73 RC Networks - AC Signals

This is illustrated in Figure 1.74. First, we see a
resistor-inductor circuit in a “low pass”
configuration. We see that for a high frequency
input signal, the output is significantly
attenuated (Vourpeak / Vinpeak = 1-9V/ 5 V). At
the lowest frequency shown, the output is not
significantly attenuated (Voyrpeak / Vinpeak =
48V/5V).

L Vour
"y N
Vi R NUZANAVA NI AR
O N
0 |\ 'MQI\ /’Idlzl, 01\?(?\% \‘0;05
Yy \}‘¢'le <\
X = afl .
Vour 6
Lo N
SN 1 P ANFATAN AN AY
— Low f 0.96 L o 00h S 0B/ WoF qlos
—=- Medium f 0.76 o ™ N
——Highf 038 &

Figure 1.74 L in Series with Signal Path
Low Pass Configuration

Next, we see a resistor-inductor circuit in a
“high pass” configuration. For a low frequency
input signal, the output is significantly
attenuated (Vourpeak / Vinpeak = 1-6 V/ 5 V). At
the highest frequency shown, the output is not
significantly attenuated (Vourpeax / Vinpea) =
46V/5V).
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o—F . ] Vy 6
s v S W i Y
Vi L] AR VN A
At T N VT Y
| —— L]0 081 Tode ) onsN\gok Tops
SN AN
VR
-6
X, = ol Vo ©
4 ,\ o~ A N
2N\ 4\ I../\,“‘ 1 /M
OUT/INyyax "T'\"l;‘i\.i\ AR
— Lowf 032 L]0} Mo} b2 ] s
T 1 U 1
——-Mediumf 074 ] N W
——Highf 092 -6

Figure 1.75 L from Signal Path to Ground
High Pass Configuration

So, let us review a few points before we close
our introduction to inductors.

Inductors-resistors are used, as voltage
dividers, in one of two different configurations:
the inductor is in series with the signal path or
it is in the signal path to ground.

When a DC voltage is applied to an inductor, it
initially blocks current. As the inductor current
increases, the voltage across the inductor falls,
eventually to 0V, while the inductor current
approaches the final value.

For AC signals, inductors behave like
frequency dependent resistors. At high
frequencies, they are very effective in blocking
current flow. At low frequencies they represent
low impedance to the current flow.

L from Signal Path to Ground
1o

L R
Vi Rl Voor Vi ol

L in Series with Signal Path

Vour

Connected to DC voltages:

= The voltage across an inductor changes as current increases
= The voltage across inductor is 0 V when current is constant
For AC signals:

= Inductors act similar to frequency dependent resistors

= Low impedance at low frequencies

= High impedance at high frequencies

Figure 1.76 Inductor & Resistor Networks
Summary

Finally, for reference, we compare the
characteristics of electrical and magnetic
relations. Notice the symmetry between the
two phenomena:

Electrical Terms and Symbols Units
Electrical Field Strength E |[VM
Charge Q |AS
Current: | =dQ/dtor AQ/ At |1 A
(rate of change of charge)

Capacitance: C=Q/V C |ASNV
Permittivity of Vacuum €y |AS/VM
€, =8.854x 107"

Energy Stored in a Capacitor: |E |VAS
E=CV2/2 J
Constant Current (I) V=I1t/C
Charging a Capacitor

Magnetic Terms and Symbols Units
Magnetic Field Strength H [A/M
Coil Flux (= N*®) vy | VS
Voltage = -N(d® / dt) = vV |V
-NA® / At (negative rate of
change of flux times the
number of turns)

Inductance: L=y /| L |[VS/A
Permeability of Vacuum: Mo | VS/AM
Mo = 4m107

EnergyStoredinanInductor: E |VAS
E=LI2/2 J
Constant Voltage (V) I=Vt/L
Charging an Inductor
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1. RLC Load Characteristics and Modeling

1.3 Example Load Model:
Turning on an Incandescent Lamp

Let us conduct another experiment. In
Figure 1.77, you see a plot from an
oscilloscope and an inset picture of an simple
electrical circuit. In the circuit, a 14V ideal
voltage source is connected to an
incandescent light bulb.

= Turn on an incandescent light bulb and measure the current
m Result:

~56A

~ 600 mA

MAD O Chd 2 Y

Figure 1.77 Lamp Experiment

At toy, the voltage source is connected to the
light bulb. The current through the light bulb
surges to 5.6 A. Then, the current decays
slowly, over a period of about 50 ms to a
steady-state value of 600 mA.

The question is, can we electrically model this
type of behavior with a simple circuit
composed of resistors, capacitors, and
inductors? We start by assuming the lamp load
is a simple black box: we don’t know anything
of what is inside:

1av()

600 MA vt
|

ton

(SETRT

Figure 1.78 Developing a RC Load Model
for an Incandescent Light Bulb

First, we consider the steady state case. If the
voltage source is connected to the lamp,
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eventually (~50 ms) the load current settles at
600 mA. Therefore, we model part of the lamp
electrically as a resistor:

Ry=V/I

R;=14V/06A=233Q

14V R,
e e T
‘IIL
A
600 mA st
t‘o Wi

: V. 14V

Ao L gL

I T 06A

R, =233Q

Figure 1.79 Developing a RC Load Model
for an Incandescent Light Bulb

Next, we note that the lamp’s behavior initially
appears capacitive. The load current starts
high, but decays similarly to how a series
resistor-capacitor is charged. Therefore, we
place a capacitor and resistor in parallel to the
first 23.3 Q resistor. (We note that a resistor is
in series with the blocking capacitor because
the current at tyy is limited by something to
5.6 A)

233Q
14V

L —— T

| = l,exp[-t/RC]

Figure 1.80 Developing a RC Load Model
for an Incandescent Light Bulb

How do we calculate the value of the second
resistor? At tyy, the voltage across the
capacitor is 0 V. (Therefore, we can consider it



1.3 Example Load Model: Turning on an Incandescent Lamp

a short circuit at tyy). The start of the surge
current is totally determined by the parallel
equivalent resistance of R, and the 23.3 Q
resistor.

REQUIVALENT =V/I

Requvaent =14 V/ 5.6 A
Reauivacent = 2.5 Q

1/ Requivatent = (1/Ry) + (1/Ry)
1/R=(1/25Q)-(1/23.3Q)
1/R,=0.357 Q"

R,=2.80Q

23.3Q

v
2830 R =
R,=2.80Q

A D

Figure 1.81 Developing a RC Load Model
for an Incandescent Light Bulb

Finally, we calculate the value of the series
capacitor. The current decay in the series
capacitor circuit is given by:

I = lgexp[-t/ tc]

where t; = R;C. We approximate the value of
the capacitance by noting that the current
value decays approximately 63% in about
10 ms (tc = 10 ms).

10 ms =t; = R,C ~ (2.8 Q)(C)

So, the value of the capacitor is approximately:

C=10ms/2.8Q

C=3.6mF

Current falls 63%
in about 10 ms
""" C 2330
5.6 A b 14V
‘[ 28Q
\
IR
600 mA =t
| MO s
tON
R,C=10ms
C =10 ms/2.80 Q
C=3.6mF

Figure 1.82 Developing a RC Load Model
for an Incandescent Light Bulb

To verify our values, we build the lamp model
using Ry, R, and C and compare the its
performance to that of the lamp circuit. Below
we show the lamp model (inset) together with
the simulated bulb current. You can see that the
simulation results are in very good agreement
with the incandescent bulb’s performance.

Input Current (A)

0 50 100 150 200 250 300 350
Time (ms)

Figure 1.83 Simulation of Lamp RC Model

We will add a few comments to the lamp
behavior. When an incandescent bulb is initially
turned on, the filament is cold and has a low
resistance (about 2.5Q in our example).
However, as the bulb warms up, the resistance
of the filament increases dramatically (to 23.3 Q
in our example). On the other hand, if a bulb is
turned-off briefly and then turned back on
quickly, the filament does not cool sufficiently
to allow the filament resistance to drop back to
25Q. The resistance in series with the
capacitor is a function of the lamp filament
temperature. If we wanted to continue to refine
our electrical model of the incandescent bulb,
we would need to perform additional tests.
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1. RLC Load Characteristics and Modeling

m The model for this lamps is represented
by the network below

m When a lamp initially turns on, the filament is cold
and has a relatively low resistance BUT as the filament
warms up, the resistance increases dramatically

1

3.6 mF

23.3Q
2.80Q

f(m

Figure 1.84 A RC Load Model for
Incandescent Light Bulbs

1.4 Example Load Model:
Switching a Relay

In Figure 1.85, we show an example of an
electrical model of a relay connected to an
ideal voltage source by a switch. Relays are
modeled as a low value resistor in series with
an inductor.

Vaatery
£
Can

i

m To the right a “high side”
switching application is shown

= The switch itself is modeled as a
simple mechanical switch

= The relay can be modeled
as a low ohmic resistor
and inductor connected in series

Relay oV,

<

Figure 1.85 Switching a Relay

Let the ideal voltage source Vgu, be
connected to the relay. When the switch is
closed, the common nodes of Vg and V,
immediately will be at Vg,yer, O the current
flow is zero. However, as the blocking voltage
of the inductor decays, V| falls to 0 V. The relay
current is given by

IL=(Vg-V)/R—>0.
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S I:IL Y
open Closex . B
E time atery

W £
S
time
\a @time
+

IL=(Va-V)/R

.

time Ve

<+
E

JIL

time

Figure 1.86 Switching On a Relay

The process of turning off a relay, however, is
slightly more complicated. When the switch is
opened, the relay current has to become 0 A.

S]::
closed open time VEaltsry
. =]
time i?—ST?(
time +
Ve —®
+
K
time - -
<

Figure 1.87 Switching Off a Relay

However, from out mathematical inductor
model:

Vo =Ldi/dt

So, if the current becomes zero

instantaneously that would imply infinite di / dt
slope resulting in an inductive voltage surge of
infinity (at least in theory).

There will be a voltage drop across the
inductor caused by the rapid, decreasing
current change Since the change in current is
decreasing it causes a large negative V| pulse.
The result of the large voltage pulse is contact
arcing and that will provide a path for the
inductive and decaying current through the
arc.



1.4 Example Load Model: Switching a Relay

S
closed open .
time

I

time %7 l
I, cannot go to S
zero instantaneously!
v V, goes far below ground
+

L to gefl the current down
time
(v = L*di/dt)
Vi —®
A ForV <0V, +
Vo<OVR-0 oy,
time = =
( e

Figure 1.88 Switching Off a Relay (2)

In summary when arcing occurs a current path
develops while maintaining a large voltage
drop across the contact.

Vaattery

N R
I f—! ,_~Arcing ==
time %7

I, cannot go to S
zero instantaneously!
V, V, goes far below ground

to get the current down

— tiE

ForV <0V,
Vp <0V (R~0) lIL

——— —time -
<

Val

<
s
-<+‘

S

Figure 1.89 Switching Off a Relay (3)

The large negative voltage spike and
accompanying arcing can damage sensitive
semiconductor components. To minimize this
problem, circuit designers will often place a
power diode parallel to the relay. The diode will
“clamp” node voltage Vg to approximately
0.7 V below ground. When Vg falls to 0.7 V,
current will flow through the diode (Ip) and Vg
will stay at that level while current is flowing.

S I: pe
closed open . V,
time Bateny

time

Figure 1.90 Switching Off a Relay
no Arcing (1)

So, now when the switch is opened, a
recirculation current path exists for the relay.
Current flows from the inductor, to ground,
through the diode, to node Vg, through the
resistor, to node V|, and back through the
inductor.

S

[aosed @00 ] Vo
I | rl
= i &

| Diode turns on and 8

° takes over the current
————————————time

time

o

time

Figure 1.91 Switching Off a Relay
no Arcing (2)

If the resistance of the relay is relatively small
(approximately 0 Q3), Vg and V| will be at -0.7 V
when the switch is opened. With a constant
voltage across inductor, the inductor
recirculation current will decay in a linear
fashion but much slower:

di/dt=-0.7V/L
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Comed o e Vo
Iy

‘:>_. time
ID

'_B_» time

v, FR~0Q,V, ~-V,

> time

Vi FR~0Q, Vy~-V,

1 g~ time

Figure 1.92 Switching Off a Relay
no Arcing (#3)

Sometimes, the designer will want to prevent a
large negative voltage spike when the relay is
turned off, but may also want the recirculation
current to decay more quickly. This can be
accomplished by adding additional
recirculation diodes (three in the Figure 1.93).

oo oo |
closed open e VBall o

1 F]

lo

time
VL
time I o Ve
lD
Vg v,
time 1 d o

Figure 1.93 Switching Off a Relay
no Arcing (#4)

More recirculation diodes will speed up the
decay of the current:

di/dt=-21V/L,
see the graphs #4 and #5. The dashed lines

represent the shorter decay cycle for the three
diode implementation.
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closed open T VBanery
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ID[_ time

v, fR~0Q,V, ~-8V,
time |, V,
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Va IR ~0Q, Vg ~ -3V, IL Vi
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Figure 1.94 Switching Off a Relay
no Arcing (#5)



2. Introduction to Semiconductors

In this chapter, we will be introducing the
subject of semiconductor materials.

We begin the chapter by looking at three broad
categories of materials: conductors, insulators,
and semiconductors. We will examine
similarities and differences in these three
broad categories.

Next, we will explain the two fundamental
types of semiconductor materials, n-type
semiconductors and p-type semiconductors.
This will allow us to introduce the simplest of
all semiconductor devices, the diode.

Building upon our understanding of diodes, we
will examine two types of transistors: bipolar
junction transistors (BJTs) and metal-oxide-
semiconductor  field effect transistors
(MOSFETSs). The physical structure of the two
transistor types will be described. Finally, we
will close the chapter with a basic explanation
of how the transistors work.

39



2. Introduction to Semiconductors

2.1 What is a Semiconductor?

We begin by exploring what makes a
semiconductor different from conductors and
insulators.

Crystals are solid materials composed of
atoms arranged in a uniform repeating pattern.
When carbon atoms are arranged in a
crystalline structure, a diamond is formed. In a
diamond crystal, each carbon atom is bonded
to four other carbon atoms. Each of these four
carbon atoms are in turn connected to an
additional four carbon atoms. This is repeated
throughout the entire crystalline diamond.

Silicon atoms can form uniform crystalline
structures just like carbon:

m A crystal is a solid composed of atoms in a single,
UNIFIED array

= Notice each silicon atom is “connected” to its four
nearest neighboring silicon atoms

Figure 2.1 Silicon Crystal Structure

So, why does this occur?

At the center of an atom you will find a
(relatively) large nucleus. This nucleus has a
positive charge. Around the positively charged
nucleus, small negative electrons “orbit”. The
positive charge of the nucleus is balanced by
the identical (but opposite) electron charge. If a
nucleus has a positive charge of six, it has six
negatively charged electrons. These electrons
are arranged in shells, or layers. Many atoms,
including carbon and silicon, like to have eight
electrons in their outer shell (or outer orbit).

Carbon and silicon atoms, however, only have
four electrons in their outer shells Figure 2.2.

Therefore, these atoms like to share electrons
with each other.
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= Many atoms (including silicon) like to have EIGHT
electrons in their outer “orbit”

= But, silicon only has FOUR outer electrons

= Solution: Silicon atoms share electrons with each other
Figure 2.2 Sharing Electrons
What does this look like?

Figure 2.3 is a two dimensional representation
of a silicon crystal.

Let’s look first at the silicon atom in the middle
(light grey). The four light grey dots represent
the four electrons in the medium grey silicon
atom’s outer shell. As we said before, silicon
atoms prefer to have eight electrons in their
outer shell. Therefore, they “bond” with other
silicon atoms (medium grey). Each medium
grey silicon atom shares one of its electrons
with a neighboring (i.e. dark) silicon atom. This
gives the light grey silicon atom eight electrons
in its outer shell (four of its own, and four are
shared).

Each of the medium grey silicon atoms also
wants eight electrons in their outer shells. They
already have four of their own electrons, and
they share one of the light grey silicon atoms
electrons. Therefore, each of the medium grey
silicon atoms needs three more electrons in
their outer shell to be happy. Therefore, they
bond with three other silicon atoms (dark grey).

:5i:8iSi:SiSisSiiSisSiSiSieSi:
S| S| Sl SI Sl Sl Sl S| S| Sl SI-
Sl Sl Sl Sl Sl Sl S| S| Sl S| SI-
Sl SI S| S| Sl SI-SI Sl Sl S| SI-
Sl Sl Sl Sl Sl Sl Sl Sl Sl S| S|.
Sl Sl Sl Sl Sl Sl Sl Sl Sl Sl Sl-
:Si:SisSiSiSizSiiSizSiSisSi:Sic

Figure 2.3 Silicon Atoms Sharing
Electrons in a Crystal



2.1 What is a Semiconductor?

This process is repeated throughout the entire
silicon crystal. Each silicon atom in the crystal
has eight electrons in their outer shell (four of
their own, and four they share with other silicon
atoms).

Now, let us turn our attention to what can
make a silicon crystal a semiconducting
material.

Insulators (such as glass) do not conduct
electricity very well. They have a very large
electrical resistance. Conductors (like metal)
do conduct electricity. They have a very small
electrical resistance.

Semiconductors can be thought of as a third
type of material. In a pure form,
semiconductors act like insulators. They have
a very large resistance and are poor
conductors of electricity. However, the
semiconductor can become very conductive
(with very low resistance) when small amounts
of differing atoms are added to it.

= A conductor is a material which “conducts” electricity
easily (such as metals)

= An insulator is a material which is a very poor conductor
of electricity (such as glass)

= A semiconductor (silicon) is a material which acts like
an insulator, but behaves like a conductor when it is
combined with other materials

Figure 2.4 Semiconductor Silicon

The addition of certain atoms (such as
phosphorous or boron) to the silicon, however,
does not change the overall charge of the
crystal. The crystal remains overall charge
neutral.

A phosphorous atom can be viewed as a
nucleus with five positive charges and five
negatively charged electrons in its outer shell.
Boron, on the other hand, has a nucleus with a
positive charge of three and three negatively
charged electrons in its outer shell.

= Adding Phosphorous to silicon creates a semiconductor
with additional mobile Negative charges (electrons)

Phosphorous Phosphorous added

PN to Silicon

Plus 1 Mobile Electron (-)

Figure 2.5 N-Type Silicon Charge
Neutrality

= Adding boron to silicon creates a semiconductor with
additional mobile Positive charges (absence of electrons)

Boron added to Silicon

Boron

Plus 1 Mobile Hole (+)

Figure 2.6 P-Type Silicon Charge
Neutrality

Figure 2.5 and Figure 2.6 illustrate the effects
of phosphorous and boron on silicon.

Figure 2.7 shows two blocks of silicon which
are in close proximity to, but not in contact
with each other.

Boron Phosphorous

Figure 2.7 Boron and Phosphorous Atoms
in a “Sea of Silicon”
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The left side block contains boron atoms in a
silicon crystal. This results in an absence of
electrons (which can be thought of as positive
mobile charges called holes) which are free to
float throughout the sea of silicon atoms. The
left side is a p-type semiconductor. The right
side block contains phosphorous atoms in a
silicon crystal. This results in negative mobile
electrons which are free to float throughout the
sea of silicon atoms. The right side is a n-type
semiconductor.

Now, we will ignore the boron atoms and
phosphorous atoms and look only at the
positive mobile holes and negative mobile
electrons. Next, we bring the two
semiconductor blocks into contact. What do
you thing will happen? ------- Diffusion!
Remember diffusion is a process where
materials tend to move from an area of high
concentration to areas of lower concentration.

Boron Phosphorous
00000000 e
0000000 0000060
00000000 1
00000 0OOOeee
00000000 1
00000 0OCOeee
00000000 1
0000000 0000000
00000000 (—1-]

Figure 2.8 Boron and Phosphorous Mobile
Charge in a Sea of Silicon

Let us look first at the p-type silicon block on
the left side of Figure 2.8. There is a high
concentration of positively charged mobile
holes floating in the sea of silicon. Some of
these holes diffuse to the n-type silicon block
on the right where there is a low concentration
of mobile holes.
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Figure 2.9 Boron Mobile Charge in a Sea

of Silicon
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Figure 2.10 Boron and Phosphorous Mobile
Charge in a Sea of Silicon

As we said before, n-type and p-type
semiconductors are neutrally charged.
Therefore, because some of the positive holes
have moved to the right, they leave behind a
net negative charge.

Next, we look at the n-type silicon block on the
right side of Figure2.8. There is a large
concentration of negatively charged mobile
electrons floating in the sea of silicon. Some of
these electrons diffuse to the p-type silicon
block on the left where there is a low
concentration of mobile electrons.

Since some of the negative mobile electrons
have moved to the left, they leave behind a net
positive charge.
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Boron Phosphorous
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Figure 2.11 Boron and Phosphorous Mobile
Charge in a Sea of Silicon

Let us look at the state of charges when we
look at both sides together.

Boron Phosphorous
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Figure 2.12 Boron and Phosphorous Mobile
Charge in a Sea of Silicon

After the diffusion has started, the left hand
side remains primarily a p-type
semiconductor, but there is a thin strip with a
negative charge near the junction between the
two semiconductor types.

The right hand side remains primarily a n-type
semiconductor, but there is a thin strip with a
positive charge near the junction between the
two semiconductor types.

The positive mobile holes on the left continue
to try to diffuse to the right. As they cross the
junction, however, they are repelled by the
positive stationary charge that remains after
the mobile electrons diffused to the left.
Therefore, no more positive mobile holes
diffuse to the n-type silicon.

The negative mobile electrons on the right
continue to try to diffuse to the left. As they

cross the junction, however, they are repelled
by the negative stationary charge that remains
after the mobile holes diffused to the right.
Therefore, no more negative mobile electrons
diffuse to the p-type silicon. An equilibrium is
achieved between the mobile charges trying to
diffuse in one direction and being repelled in
the opposite direction by the net opposite
charge. The thin strip between the n-type and
p-type regions has very few mobile carriers
and is often referred to as the “space charge”
region or “depletion” region.

2.2 What is a Diode?

When p-type silicon and n-type silicon are in
contact, they create a diode. Let us look at this
in a simple circuit.

Here the p-type semiconductor and n-type
semiconductors are again shown. The
negative region in the p-type semiconductor
and the positive region in the n-type
semiconductor have been created by diffusion
and the resulting equilibrium reached.

The remaining positive mobile holes in the p-
type silicon try to diffuse to the right, but they
are repulsed by the positive layer at the silicon
junction (often called the pn junction).

The remaining negative mobile electrons in the
n-type silicon try to diffuse to the left, but they
are repulsed by the negative layer at the silicon
junction (often called the pn junction).

The positive and negative areas at the pn
junction create an intrinsic (or “built-in”)
potential difference across the pn junction. For
silicon this voltage is approximately 700 mV at
room temperature.

= Before the forward bias is applied...

Holes ) ( Electrons

P N

COOOOO
000000
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000000
000000

"Built In Voltage" ~ 0.7 V

Figure 2.13 Diode under Forward Bias
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Now, we examine what happens when a
forward bias is applied to the semiconductor.
(We call it forward bias when the positive
voltage is applied to the p-type semiconductor
block.)

Notice the applied bias is in the opposite
direction of the built-in voltage at the pn
junction. When voltage sources are in series
they add. Consequently, applying a forward
bias to the semiconductor serves to reduce the
magnitude of the built-in voltage and
stationary charge at the junction. Thus as the
forward bias is increased, more mobile holes
and mobile electrons are able to cross the pn
junction in larger number without being
repelled.

m As the forward bias is applied, it overcomes the built in
voltage and current can flow...

+ P N
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"Built In Voltage" ~ 0.0 V
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Figure 2.14 Diode under Forward Bias

These carriers cause a current to flow through
the semiconductor. As the forward bias is
increased, the current through the pn junction
will also increase.

m As the forward bias is applied, it overcomes the built in
voltage and current can flow...

+ = -

N
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Figure 2.15 Diode under Forward Bias

In an idealized pn junction diode, the current
flow vs. applied voltage would look like this:
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m As the forward bias is applied, it overcomes the built in
voltage and current can flow...

Current (I)

~0.7
Voltage (V)

Figure 2.16 Diode under Forward Bias

The current, as a function of the V forward
voltage, is exponential in reality instead of
piece-wise linear (as illustrated in Figure 2.16).

| = Ioe(Vq/kT—1)
| is the current through the pn junction
V s the voltage across the pn junction

l, is a reference current for the pn
junction. It varies based upon the
size of the pn junction,
the amount and type of n-type and
p-type dopants and other factors.

g is the electron charge (1.6 x 107'° C)

k is the Boltzman’s constant
(1.38 x 1022 J/K)

T is the temperature of the pn junction
in Kelvin (or absolute) degrees

Let us now look at what happens when the
applied bias is reversed (reverse bias).

Before the reverse bias is applied, the pn
junction is electrically neutral:

¢ the remaining positive mobile holes in the
p-type silicon try to diffuse to the right, but
they are repulsed by the positive layer at
the silicon junction (often called the pn
junction);
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e the remaining negative mobile electrons in
the n-type silicon try to diffuse to the left,
but they are repulsed by the negative layer
at the silicon junction;

e the positive and negative areas at the pn
junction create an intrinsic (or built-in)
voltage across the pn junction.

n Before the reverse bias is applied...
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Figure 2.17 Diode under Reverse Bias

Now, let us see what happens when a reverse
bias is applied to the semiconductor. (We call it
reverse bias when the positive voltage is
applied to the n-type semiconductor block.)

Notice the applied bias is in the same direction
as the built-in voltage at the pn junction. When
voltage sources are in series they add.
Therefore, applying a reverse bias to the
semiconductor serves to increase the
magnitude of the built-in voltage and the
stationary charge at the junction.

Positive mobile holes in the p-type
semiconductor are drawn to the negative
charge on the left side of the semiconductor
block. Negative mobile electrons in the n-type
semiconductor are drawn to the positive
charge on the right side of the semiconductor
block. This serves to increase the amount of
charge at the pn junction.

As the reverse bias is increased, fewer mobile
holes and mobile electrons are able to cross
the pn junction.

This results in a very, very small current across
the pn junction for reverse bias conditions.

= As reverse bias is applied...

Holes ) (  Electrons

P N +

Negative
Positive

"Built In Voltage" ~ 1.7 V
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Figure 2.18 Diode under Reverse Bias

In summary, a diode consists of a p-type
semiconductor in contact with an n-type
semiconductor. At the junction of the two
types is a layer of positive and negative
charges created by the diffusion of mobile
holes and electrons across the junction.

When a forward bias is applied, current
through the diode grows exponentially with the
bias. The electrical symbol for the diode shows
the direction of the forward current flow by the
solid arrow.

When a reverse bias is applied, very, very little

current flows through the diode. The electrical
symbol for the diode shows the blocking

direction by a black line.
|
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Figure 2.19 Ideal Diode Current-Voltage
(I-V) Characteristics

Figure 2.20 shows the ideal (piece-wise linear)
current-voltage characteristic compared to the

actual exponential characteristic.

Although we have purposely not dealt with the
mathematics behind the exponential nature of
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current flow, the reader should have some
intuitive feeling why current flows in one
direction across a diode and not in the other
direction due to the basic charge principles
and built in voltage at the pn junction that we
introduced in this section.

Current (1)

Actual

Voltage (V)

Figure 2.20 Actual Diode Current-Voltage
(I-V) Characteristics

Next, we briefly mention that temperature does
affect the actual exponential nature of the
current flow.

Generally with semiconductors, increasing
temperature allows charge to flow more freely
through the semiconductor material.

Thus, for the forward voltage region one can
see, for a given current level, the voltage
decreases with increasing temperature (easier
flow of charge).

Also, for the reverse voltage region, at a given
reverse voltage, the leakage current flow is
greater with increasing temperature (again,
easier flow of charge at higher temperature).

o

+125°C 4 4 -40°C

Current (l)

Voltage (V)
0.7

+125°C

Figure 2.21 Diode I-V Temperature
Characteristics
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2.3 What is a Bipolar Junction Transistor?

In Figure 2.22 we show three semiconductor
types in contact with each other. The middle
section is a p-type with mobile holes. The left
and right sections are n-type with mobile
electrons.

= Formed by back-to-back n-type and p-type
semiconductor regions

0000
0000

<

Figure 2.22 Bipolar Junction Transistor

(BJT)

Positive

P-type region is very narrow

Because of the structure of this bipolar junction
transistor (BJT), it is often referred to as an
NPN BJT.

PNP BJT'’s are also used. They use a n-type
semiconductor for the middle section and p-
type semiconductor in the left and right
sections.

Notice the two layers of positive and negative
charge on either side of the middle section
(basically two diode junctions back to back).
The center region between these charge layers
is very, very, very narrow. We will see why this
is important shortly.

Finally, we note that there is an electrical
connection to each of the three sections.

In Figure 2.23 an NPN BJT is shown, with each
of its sections labeled. The thin center section
is called the base which is usually labeled “B”
on a transistor diagram. Think of it as the base
of operations or the control center of the
transistor.

The bottom n-type section is the emitter. This
is the source of electrons flowing through the
transistor. This terminal is labeled “E” on a
transistor diagram.

Finally, the top n-type section is the collector.
Electrons in the transistor current will flow from
the emitter, through the transistor, and end up
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at the collector. The label of this terminal is “C”
on a transistor diagram. Note that the direction
of current is opposite to the electron flow.

Collector (will collect electrons)

Base

(of operations,
i.e. the
control center)

Emitter (will emit electrons)

Figure 2.23 NPN Bipolar Junction
Transistor (BJT)

Let us now look at the operation of an NPN
BJT. We begin by showing the back-to-back
diode structure inherent in the NPN BJT.

Let the base and emitter be shorted together.
We will see that this effectively “turns off” the
NPN BJT. A battery is connected between the
collector and the emitter the collector is at a
“high“ potential (positive), while the emitter
(and the base) are grounded (negative).

Collector

Current tries to flow

Vootector > Vaase

Reverse S
Biased
No Current

v Flows

Negative
Positive
XXX

N

Emitter

Figure 2.24 NPN Bipolar Junction
Transistor (BJT)

We notice that the upper diode, formed by the
pn junction between the collector and base, is
reverse biased. The voltage applied to the n-

type section is greater than the voltage applied
to the p-type section. Therefore, when current
tries to flow from the battery, it runs into the
reverse biased diode, and no current can flow
through the transistor.

Now we will take a look at what happens when
we also apply a voltage to the base of the NPN
BJT.

By applying a positive voltage at the base with
respect to the emitter, the bottom diode is
forward biased. Mobile electrons can move
from the emitter into the base and mobile holes
can move from the base into the emitter.
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XXX
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Emitter

Figure 2.25 NPN Bipolar Junction
Transistor (BJT)

Once current begins to flow between base and
emitter, an excessive number of electrons
congregate in the base region. This is achieved
by design since the emitter is doped with a
very high concentration of n-type material
(much higher than the p-type dopant in the
base region).

Since there is a very high concentration of
electrons in the base region (and remember we
said the base region is physically very thin by
design), a large number of electrons will now
be able to overcome the built-in base-collector
voltage and flow to the collector. The positive
voltage at the collector is attracting the
electrons and causing them to flow across the
built in voltage at the base-collector region.

The current flow from collector to emitter can
be quite large compared to the base to emitter
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current flow. Thus, the base current can be
viewed as an input signal that causes a current
path to open or close from emitter to collector.

Collector

We now have an

excessively large Electrons near
number of electrons N base-collector
in the base. interface are
pulled across
LX) e Creating a
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Figure 2.26 NPN Bipolar Junction
Transistor (BJT)

The electrical symbol for the NPN BJT is
shown in Figure 2.27:

Collector (will collect electrons)

C
Base
(of operations,
i.e. the
control center)
E

Emitter (will emit electrons)

Figure 2.27 NPN Bipolar Junction
Transistor (BJT)

The symbol represents a three terminal device
(collector, base, and emitter). The arrow is
always between the base and emitter, showing
the direction of the controlling current flow
(standard conventions define the direction for
positive current flow - not electron flow). Again,
when the transistor is on, current will flow from
the collector to the emitter.
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2.4 Whatis a MOSFET?

To understand how a MOSFET transistor
works, we will go through the fabrication steps
used in manufacturing to build one. The
building of an n-channel MOSFET (also called
an nMOSFET or an NMOS transistor) is
illustrated. To build a p-channel transistor,
simply change all the references from p-type to
n-type and vice versa.

We begin with a block of p-type
semiconductor  (called the  substrate).
Remember, this is silicon with a p-type dopant
(boron for example) added. The result is a large
number of positive mobile holes in the
substrate.

“Sea of Silicon with Mobile Holes”

P-Type Silicon Substrate

Figure 2.28 N-Channel MOSFET
Cross Section (NMOS)

Next, a layer of glass (SiO, or silicon dioxide) is
grown on top of the substrate by subjecting it
to very high temperatures. Early in the
presentation we noted that glass (SiO,) was an
excellent insulator. This is an important aspect
of the operation of the MOSFET.

Two holes are then etched in the glass with
acid, exposing the p-type substrate.

SiO, (An Excellent Insulator)

P-Type Silicon Substrate

Figure 2.29 N-Channel MOSFET
Cross Section (NMOS)
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N-type dopants (phosphorous for example) are
then injected into the substrate through the
holes in the glass.

A sufficient amount of n-type material is added
to change the area below the holes from p-
type silicon to n-type silicon.

N-Type Silicon
“Sea of Silicon with Mobile Electrons”

N
Q
IO

N-Type Si

P-Type Silicon Substrate

Figure 2.30 N-Channel MOSFET
Cross Section (NMOS)

Metal (usually Aluminum) is then deposited across
the top of the glass and semiconductor block.

Then some of the metal is etched away with
acid to isolate the contacts.

Metal Contacts

P-Type Silicon Substrate

Figure 2.31 N-Channel MOSFET
Cross Section (NMOS)

Two of the metal contacts are directly
connected to the n-type silicon areas in the
semiconductor block.

Referring to Figure 2.32: the contact on the left
we have labeled “Source”. This is where the
electrons in the transistor current will originate
from. Often, this is marked as “S” in electrical
diagrams. The contact on the right we have
labeled “Drain”. This is where the electrons in

the transistor current will congregate to. Often,
this is shown as “D” in electrical diagrams. The
electrode “G” is the gate or control electrode.
The illustrated MOSFET is source-, and drain-
wise symmetric.

There is a third contact labeled “Gate” (symbol
is G). The gate is not electrically connected to
the silicon substrate but it is isolated by the
insulating glass layer. One can think of this
contact as the door between the source and
the drain. Like the BJT base, the gate is the
contact which controls the state of conduction
of the MOSFET.

Electrons
will come out
out here

| Drain |

Electrons
will come
from here

“Gate” (or Door)
between
source and drain

| Gate |

| Source |

P-Type Silicon Substrate

Figure 2.32 N-Channel MOSFET
Cross Section (NMOS)

Finally, we show the n-channel MOSFET
structure and the circuit symbol used to
represent the n-channel MOSFET in electrical
schematics.

|Source| | Gate | | Drain |

N-Type Si

N-Type Si

P-Type Silicon Substrate

Figure 2.33 N-Channel MOSFET
Cross Section (NMOS)
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Unlike the BJT, there are several different
versions of the MOSFET figure used in
schematics that vary considerably, but all of
them have two lines representing the gate
(where the BJT has only one). The space
between the lines indicate the insulating layer
found in all MOSFETSs between the gate and the
silicon substrate.

To understand the operation of the n-channel
MOSFET, we first show the negative mobile
electrons in the n-type silicon and the positive
mobile holes in the p-type silicon.

Next, we point out that the two n-type regions in
the p-type substrate again form two back-to-
back diodes similar to the BJT.

| Source | | Gate |

o K i
+++ N-Type Si &

P-Type Silicon Substrate

Back-to-Back Diodes
Figure 2.34 N-Channel MOSFET Biasing

Let us see how these back-to-back diodes
prevent current from flowing when the
MOSFET is off. First, we apply a positive
voltage between the drain and source of the
MOSFET (drain is positive). The right diode,
however, is reverse biased because the n-type
silicon is at a higher voltage than the p-type
and current does not flow.
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No Current Flows

P-Type Silicon Substrate

Figure 2.35 N-Channel MOSFET Biasing

Now, let us consider what happens in a real
MOSFET. Above 0 degrees Kelvin (absolute
zero), there are actually a very small number of
negative mobile electrons in the p-type silicon.
They may be outnumbered 1,000,000 to 1 by
the positive mobile holes, but some small
amount of electrons are there.

= Above 0 degK, a few mobile electrons will exist in
the substrate

| Source | | Gate |
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P-Type Silicon Substrate

Diodes Still Exist

Figure 2.36 N-Channel MOSFET
Mobile Carriers

The electrons, however are distributed
randomly throughout the p-type substrate.
Therefore, the diodes still exist and block the
current.

Now we look at a MOSFET when it is turned
on. The voltage is still applied between the
drain and source. If, in addition, a positive
voltage is applied to the gate it charges the top
of the insulating glass positively. Since the
glass is an excellent insulator, the gate stays
positively charged.
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The positive charge on the gate serves two
purposes. First, it repels the positive mobile
holes in the p-type substrate away from the
gate. Secondly, it attracts the negative mobile
electrons in the p-type substrate toward the
gate.

| Source | | Gate >0V |

H
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OOO0 SOt dddadddd Tdd
P-Type Silicon Substrate

Figure 2.37 N-Channel MOSFET Biasing

After this happens, the silicon directly below
the gate is filled with negative mobile electrons
and very few positive mobile holes. This cause
an n-type conducting channel to form in the
MOSFET between the source and the drain
directly below the gate.

Electrons now have a path to flow freely from
the source to the drain by-passing the back-
to-back diodes. As a result, the MOSFET is on
and current is allowed to flow from drain to
source.

Current
Flows

| Source | | Gate >0V |

| Drain |
++++++++++++++

N-Type Si

N-Type Si

P-Type Silicon Substrate

Figure 2.38 N-Channel MOSFET Biasing

However, if the charge on the gate is removed
(by grounding the gate), the mobile electrons
and holes will diffuse away from their high

concentrations to areas of low concentration.
When this occurs, the conducting n-channel
underneath the gate disappears and the
MOSFET will turn off.

|Source| | Gate | | Drain |

O D OO
o e e e e e e e

P-Type Silicon Substrate

Figure 2.39 N-Channel MOSFET
after Turn Off
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3. Transistors and Integrated Circuits

In this chapter, we will be continuing our
investigation into semiconductor devices from
the previous chapter.

We will begin with a more in-depth analysis
into the operation of bipolar junction
transistors (BJTs) and metal-oxide-
semiconductor  field effect transistors
(MOSFETs). While we will examine each of the
two transistors separately, we will cover the
same four topics for each:

1) Regions of Operation

2) Control Mechanism (Current or Voltage)

3) Equations and Models

4) Simple Circuits Using the Transistors
Next, we will look briefly into how many
transistors can be manufactured in an
integrated circuit. From here, we will introduce
Moore’s Law, which predicts the rate (and

limits) of  continued integration in
semiconductor components.
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3.1 Bipolar Junction Transistors

We begin by looking at bipolar junction
transistors (BJTs). First, we will examine the
regions (modes) of operation in BJTs. Next, we
will see what is meant when a BJT is called a
“current controlled” device. We will briefly
touch upon the models and equations
designers use when implementing a BJT
circuit. This will be followed by a detailed
examination of a simple circuit using a BJT.

The regions of operation in a BJT refer to the
inherent voltage and current waveforms of the
transistor at different voltage and current bias
points.

In Figure 3.1, the left side shows the basic
structure of a NPN BJT. Two diodes are
connected back-to-back with the base in
between. Additionally, we could examine a
PNP BJT, but that is for another day.

The BJT is typically said to be in one of four
regions of operation based upon the base-
emitter voltage difference (Vgg) and the base-
collector voltage difference (Vg().

If Vge < 0 and Vg < 0, then the BJT is said to
be in the cut-off region. The transistor is turned
off.

If Vge > 0 and Vg < 0, then the BJT is said to
be in the active region. The transistor is turned
partially on, but it is still possible to increase
the current flow through the transistor.

If Vge > 0 and Vg > 0, then the BJT is said to
be in the saturation region. The transistor is
fully turned on.

If Vgg < 0 and Ve > 0, then the BJT is said to
be in the inverted region. The transistor is
turned on like in the active region, but the
collector and emitter have been switched.
(Note that based upon non-symmetrical
fabrication techniques, some BJTs will not
perform as well in the inverted region as they
would in the active region.)
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Collector Vee
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Device Device
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Cut-Off Inverted
Device Device On
Off Upside Down
Emitter
Figure 3.1 Bipolar Regions of Operation

Now, let us look at how the BJT’s inputs
control the transistor.

First, the NPN BJT needs to sink a base
current to turn on. For Iz = 0 and for very small
base currents, the BJT can be considered to
be off. Several curves are shown for different
base currents (lz=i to 5*i in Figure 3.2).
Notice that as the NPN BJT sinks additional
base current, its collector current increases
almost linearly.

The second input is the collector-emitter
voltage difference (Vg). For low values of Vg,
the NPN BJT is in the saturation region. The
current flowing through the BJT (IC) increases
almost linearly with voltage across the BJT
(Vce)- Hence, in the saturation region, the BJT
is acting like a resistor.

However, as the voltage across the transistor
continues to increase, the BJT loses its ability
to source additional collector current. At that
point, the increase in the collector current halts
and it remains constant for further increases in
Vce- This is the active region. In the active
region, the BJT is acting like a current source.

Saturation

Collector  I¢

I

Active

Base

Emitter Vee

Cut-Off
lg=0

Figure 3.2 Bipolar Regions of Operation
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Next, we will look at how the base current
controls the operation of BJTs. As was
mentioned in the previous chapter, the base
can be thought of as “base of operations.”

As we saw in Figure 3.2, the collector current
(Ic) is dependent upon the current the BJT
base sinks (Ig).

For the active region this is true regardless of
the collector-emitter voltage difference (V).
Even if Ve is very high, I will be very small for
small values of 5.

BJT bias circuits are designed and
implemented to provide the desired amount of
current to the base of the BJT.

The circuit bias and expected operating point
will be negatively affected if the base current is
outside of its expected value.

Therefore, BJTs are called current controlled
devices.

Saturation

n For a specific bias
configuration (Vg),
the collector current
is determined by the
base current

n Circuits with bipolar
transistors are
designed to provide
the required amount
of base current

v,
Cut-off
lg=0

Figure 3.3 Bipolar Transistors are
“Current Controlled” Devices

When the BJT is acting as a current source in
the active mode, the ideal collector current will
be constant regardless of collector-emitter

voltage (V).

Saturation
My =5i

= In ACTIVE mode,
the collector current
is almost constant
for a given base
current

G}

Active

Vee

Cut-Off
Is=0

Figure 3.4 Bipolar Transistor Gain (j3)

The ratio of the BJT’s collector current to base
current is known as the BJT’s gain. It is
denoted as f, but is sometimes spelled out
(BETA).

| Saturation
ilg=5i

= The BJT gain (B) in

active mode is Active
defined as:

B=Ic/lg

= Sometimes, the gain
is also given as:

Nee=lg/1g

Figure 3.5 Bipolar Transistor Gain (£)

Note, that the value of B appears to be
constant across all input values of Iz and V.

In practice, there is some variation in . Figure 3.6
shows how the gain changes for collector currents
ranging from 10 pA to 100 mA. At 25 °C, B varies
from about 240 -290 across three orders of
magnitude (up to 10 mA). For high current levels,
however, non-idealities can cause the gain to drop
significantly (approximately 180 for I = 100 mA).
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= The BJT gain is somewhat independent of the collector current:

1000 I I
800 At room temperature, B ranges —]
600 from 240 - 290 across
500 i
200 3 orders of magnitude
B 300
200 25°C N
100,
0.01 mA 0.1 mA 1mA 10 mA 100 mA

Collector Current
Figure 3.6 Bipolar Transistor Gain (j3)

In addition, you will also shortly see that § is a
strong function of temperature. At 1 mA, the gain
can double over a 150 °C temperature range.
Therefore, a bipolar circuit optimized to operate
at 125 °C may not function as well at -40 °C.

As long as the BJT remains biased in the active
region, the ideal collector current will linearly
change with the base current.

Figure 3.7 shows how the collector current of a
BJT biased in the active region changes when
the base current is changed.

However, the ratio between I and Iz will ideally
be B under all conditions.

= In the ACTIVE mode, fluctuations in base current result in
amplified fluctuations in collector current

Base Current

'

Current

» time

Figure 3.7 Bipolar Transistor Gain (f})

= In the ACTIVE mode, fluctuations in base current result in
amplified fluctuations in collector current

[

Current

Figure 3.8 Bipolar Transistor Gain (f})
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Next we look at a commonly used BJT model
and its defining equations.

In 1954, the Ebers-Moll BJT model was
proposed. It is still the most commonly used
BJT model today.

As we noted before, NPN BJTs can be
represented as two diodes. Ebers and Moll
modeled the BJT as two back-to-back diodes
each in parallel with a current source.

We won’t go into any more detail here other
than to say that these equations (or some
derivative form) are still used today in many
circuit simulation software programs.

Collector

Collector

k

419 =]

Emitter Emitter

Figure 3.9 Bipolar Junction Transistor
Ebers-Moll Model (1954)

Previously, we mentioned that § varies with
temperature. We need to look at this more
closely to understand one of the problems
inherent in circuits using BJTs.

Note, the B of a BJT increases as the
temperature increases. This can lead to a
problem called “thermal run away”.

= As temperature increases, the gain of the BJT increases
1000

—H HHA—
700 } i H B about doubles
over temperature
5001 100°c 10
5 — 1
300 - H [N
Ny
200 |- 25°C n
b =] - ™
100 -50 °C
0.01 mA 0.1 mA 1mA 10 mA 100 mA

Figure 3.10 Bipolar Junction Transistor
Performance vs. Temperature
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Thermal run away can occur when the BJT’s is
affected by excessive power dissipation or
ambient temperature.

Care must be taken to ensure that the ambient
and operating conditions of the BJT do not
lead to a destructive case of thermal run away.

= Since the gain of the transistor increases
with temperature, THERMAL RUN AWAY can occur

1. As the temperature increases, the gain increases
2. As the gain increases, the collector current increases
3. As the collector current increases, more power
is dissipated
4. As more power is dissipated, the temperature increases
5. Go back to step 1

= As thermal run away begins, it can move the BJT away
from the expected operating bias point

= Eventually, if the temperature of the device increases
above the maximum rated junction temperature
(T juncrionmax)s the bipolar transistor can be
damaged or destroyed

Figure 3.11 Bipolar Junction Transistor
Performance vs. Temperature

Alternatively, a small resistor can be placed in
series with BJT’s emitter. As the current
increases through the transistor, this will cause
the emitter voltage to increase. Therefore, the
base to emitter voltage (Vge = Vgase - Vemirrer)
will decrease. Thus, there will be a negative
feedback effect to reduce the current flowing
through the transistor and prevent thermal
runaway.

Earlier, we showed this basic graph which

shows the BJT’s collector current to be flat in
the active region.

= Original Ideal Curve

|. Saturation
C

Active

Figure 3.12 Bipolar Junction Transistor
Deviations from Ideal Curves

Ideally, the BJT acts as a current source and its
collector current is independent of its
collector-emitter voltage.

In reality, however, the collector current does
increase slightly in the active region as Vg
increases.

This is known as the Early effect. It is due to
changes in the charge layer widths at the pn
junctions within the BJT.

m Early Effect — Gain () increases
with Collector Emitter Voltage

|, Saturation
C

Active

Figure 3.13 Bipolar Junction Transistor
Deviations from Ideal Curves

If Ve continues to increase, however, the BJT
will enter collector-emitter breakdown.

When the collector-emitter voltage

approaches Vg, the collector current will
climb dramatically.

= Above V¢, , the BJT does not function as expected...

lo Saturation

Active

Iy =0

V,
Vezo °E

Figure 3.14 Bipolar Junction Transistor
Deviations from Ideal Curves

The collector emitter breakdown itself does not
damage the BJT. However, if the transistor is
heated by the excess power dissipation
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beyond the maximum specified junction
temperature during the break-down, damage
may occur.

Finally, we will examine a simple circuit which
utilizes a bipolar junction transistor.

Figure 3.15 shows a simple circuit which uses
a NPN bipolar transistor as a low side driver.
The 5 V power supply is on the high side of the
4 Q resistive load, and the transistor is on the
low side of the 4 Q resistive load. Since the 4 Q
resistor is between the collector and a power
supply, it is often called the collector resistor,
or Re.

5V
4Q
Collector
30Q 3
ase
B =100
1Y Emitter

Figure 3.15 Bipolar Transistor Biasing

We begin our analysis of the circuit by
remembering that the voltage drop across the
NPN base-emitter junction is about 0.7 V.
Therefore, about 0.3 V will be dropped across
the 30 Q resistor, resulting in a base current of
10 mA. Since the 30 Q resistor is between the
base and a power supply, it is often called the
base resistor, or Rg.

5V
4Q
(1V-0.7V)
lg=——————=10mA
B 300 Collector
30Q
Base
B =100

IB
1V

~0.7V

Emitter

Figure 3.16 Bipolar Transistor Biasing
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If we assume that the NPN device operates in
the active region and B =100, the resulting
collector current is:

I =Bl = (100)(10 mA) = 1000 mA = 1 A

5V
4Q
(1V-07V) Coll
lg=————" ' —10mA ollector
*~ 300 " |le=Bre=14
S0 Base
— B =100
lB
v Emitter
~0.7V

Figure 3.17 Bipolar Transistor Biasing

Therefore, we can calculate the voltage at the
collector of the NPN bipolar transistor:

Ve=5V-Rgls
=5V-(4Q{A=5V-4V
=1V
5V
4Q )AV:IR:4V
(1V-0.7V) V=1V
e Collector llc=ﬁcla=1A
30Q
— Base B=100
llg \
1Y Emitter

~0.7V

Figure 3.18 Bipolar Transistor Biasing

Next, we examine how this NPN bipolar
transistor circuit can operate as an amplifier.

Let us look at what happens when a very small
signal (1 mVpp) is added to the base signal.
First, we remember what the circuit values
were prior to the additional 1 mVpp base signal
from Figure 3.18.
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5V

m Operating as an amplifier:

40Q

Vo=1V
l|0=[3|5=1A

1 mVpp Collector

B =100
—
Iz =10 mA

Emitter
~0.7V

Figure 3.19 Bipolar Transistor Biasing

Now, we insert the 1 mVpp power supply into
our original circuit.

The 1 mVpp signal is superimposed upon the
1V power supply originally connected to the
NPN bipolar transistor’s base resistor. Since
we have already determined that 0.7 V would
be dropped across the transistor's base-
emitter junction, the additional 1 mVpp signal
is dropped across the 30 Q base resistor.

This results in an additional 33 pApp of base
current injected into the NPN bipolar
transistor’s base.

ig =1mVpp /30 Q=33 pApp

5V

= Operating as an amplifier:

40
iz =1mVpp /30 Q = 33 pApp

1 mVpp i 300

Figure 3.20 Bipolar Transistor Biasing

This results in an additional 3.3 mApp of
collector current:

ic =P ig =(100)(33 pApp) = 3.3 MApp

5V

= Operating as an amplifier:

4Q
iz =1 mVpp /30 Q = 33 pApp

Collector Ve=1V
1 mVp ic = 3.3 mA 1IC:BIB:1A
i 30Q
B =100
1Y Emitter

Figure 3.21 Bipolar Transistor Biasing

The small signal collector current then results
in a small signal voltage signal on the
transistor’s collector as the 3.3 mApp of
current is dropped across the 4 Q collector
resistor:

Ve =Rgic = (4 Q)(8.3 mA) = 13.3 mVpp

5V

= Operating as an amplifier:

4Q Ve = 13.3 mVpp

ig=1mVpp/30 Q=383 pApp  Collector Ye=1Y

p— i =3.3 mA llc:ﬁIB:1A
P 300

B =100

Emitter

Figure 3.22 Bipolar Transistor Biasing

So, we started with a small 1 mVpp ripple. The
output of the circuit is an amplified 13.3 mVpp
ripple. We say the circuit gain is:

Ay = Vaan = Vour / Vin
=13.3 mVpp /1 mVpp
=13.3

Where the gain is often denoted as “A”, and
the subscript “V” refers to a gain in voltage.

It may not be intuitively obvious, but the gain of
this circuit is actually -13.3 (when the input
1 mVpp signal is at its maximum, the output
13.3 mVpp signal is at its minimum).
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5V

m Operating as an amplifier:

Figure 3.23 Bipolar Transistor Biasing

When the 1 mVpp signal is at +0.5 mV, the
base current increases by:

ig=Vg/Rg=0.5mV/30Q=16.5pA

The additional 16.5 pA of base current causes
the collector current to increase:

ic = B ig = (100)(16.5 pA) = 1.65 mA

The increased collector current results in a
larger voltage being dropped across the 4 Q
collector resistor, and the collector voltage
goes down:

Vg = -Rg i = (4 Q)(1.65 mA) = -6.6 mV

Therefore, when vy is at its maximum, v is at
its minimum. Likewise, when vg is at its
minimum, v is at its maximum. Therefore, this
circuit is an inverting amplifier, and we denote
its gain as:

A, =-13.3

(Non-inverting gain would mean the maximum
input voltage results in the maximum output
voltage.)

As we noted before, the characteristics of
transistors can and will vary from the typical
value through manufacturing, temperature, or
other factors.

Let us look at the same bipolar circuit, but
consider the implications of varying just two of
the circuits parameters: the transistor current
gain (B) and the transistor base-emitter turn-on
voltage (Vgg). For this simple example, we will
consider the other parameters to be ideal.
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5V

n Operating as an amplifier:

Brmax = 200
By, =100
Brin =50
v Vggma = 0.8V
Veeyp =0.7V Emitter
Veemn =0.5V

Figure 3.24 Bipolar Transistor Biasing
Worst Case Analysis

Figure 3.25 shows a summary of the worst
case analysis of the bipolar circuit for
variations in the transistor’s base-emitter
voltage and dc current gain.

From before, for the typical values (8 = 100 and
Vge = 0.7V), we have a collector voltage of
1.00V superimposed with a 13.3mV
sinusoidal signal.

If the dc current gain is 50, we see on the top
row of the table that the collector voltage now
varies from 1.67 V to 3.67 V, each time with a
6.67 mV superimposed sinusoidal signal.
Reducing the dc current gain from 100 to 50
reduces the magnitude of the superimposed
sinusoidal signal by 50%. In addition, varying
the base-emitter voltage of the transistor
causes the dc collector voltage to now vary
from 1.67 V to 3.67 V.

If the dc current gain, however, were to remain
at 100, and the base-emitter voltage is
increased to 0.8V, the superimposed
sinusoidal signal magnitude remains at
13.3 mV. However, it is now superimposed
upon a collector dc voltage of 2.33 V.

For the remaining conditions, the table shows
that the circuit fails. That is, the circuit will not
behave as it was expected to. This failure
could be catastrophic and lead to irreparable
damage.



3.2 Metal-Oxide-Semiconductor Field Effect Transistors

Collector Vie
Voltage 05V 07V 0.8V
5 | 167V 3.00V 367V
+6.67mV | +6.67mV | £6.67 mV
Gircuit 1.00V 233V
B 100 pyis £133mV | +133mV
Circuit Circuit Circuit
200 | Fajls Fails Fails

Figure 3.25 Bipolar Transistor Biasing
Worst Case Analysis

3.2 Metal-Oxide-Semiconductor Field
Effect Transistors

Next, we will look at Metal-Oxide-
Semiconductor Field Effect Transistors
(MOSFETSs). We begin again by looking at their
regions of operation.

Figure 3.26 shows a basic n-channel MOSFET
(NMOS) device. It has three terminals: Gate,
Drain and Source.

In an NMOS, positive current (Ip) flows from the

Drain to the Source. The amount of current is
controlled by Vgg:

Vas = Va - Vs = Vaare - Vsource

Drain Ip
Ik
Above
(Super)
GaL{ Threshold
Sub-Threshold
Region
VGS

Source Vinvesnoa (V1)

Figure 3.26 MOSFET Two Basic Regions of
Operation

When Vgg is less than the NMOS threshold
voltage (Vgs<Vy), the NMOS is in the
subthreshold region. For most applications,
the MOSFET can be considered off.

When Vg is greater than the NMOS threshold
voltage (Vgs>V4), the NMOS is in the
superthreshold region. The NMOS is on and
can begin conducting a significant amount of
current.

When the NMOS is in the superthreshold
region, its operation can be broken into two
more regions, linear region and saturation
region. To differentiate between the two
regions, let us look at how the NMOS’s inputs
control the transistor.

Linear Region
Drain |y

I

:Vss =5V gaturation Region

,'VGS:3V
—

Gate

Vos = Vs - Vr

Sub-threshold Vos
Region

Source

Vs =0V

Figure 3.27 MOSFET Super Threshold
Regions of Operation

First, we need the NMOS to turn on. Therefore,
Vgs > V1. Several curves are shown for
different levels of Vgg (OV to 5V in
Figure 3.27). Notice, Vgg is not the only
variable to determine if the transistor is in the
linear region or saturation region.

The second input is the drain-source voltage
difference (Vpg). For low values of Vpg, the
NMOS is in the linear region. The current
flowing through the NMOS (Ip) increases
almost linearly with voltage across the NMOS
(Vpg)- Hence, in the linear region, the NMOS is
acting like a resistor.

However, as the voltage across the transistor
continues to increase, the NMOS loses its
ability to source additional drain current. At
that point, the increase in Iy halts and it
remains constant for further increases in Vpg.
This is the saturation region. In the saturation
region, the NMOS is acting like a current
source.

The line that divides the superthreshold region
into the linear and saturation regions is:
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Vps =Vas - Vr

If Vpg is less than Vgg - V4, the NMOS is in the
linear region, and the transistor acts as a
resistor.

If Vg is greater than Vgg - V;, the NMOS is in
the saturation region, and the transistor acts as
a current source.

Next, we will look at how the gate voltage
controls the operation of a MOSFET. As we
saw in the last graph, the drain current (Ip) is
dependent upon the gate-source voltage
difference (Vgg). This is true regardless of the
drain-source voltage difference (Vpg). Even if
Vps is very high, Iy will be very small for small
values of Vgg.

= For a specific bias
configuration (Vps)
the drain current is
determined by the
gate-source voltage

Io

m Circuits with
MOSFETs are
designed to provide
the required amount
of gate voltage

Ve =0V

Figure 3.28 MOSFETSs are “Voltage
Controlled” Devices

MOSFET biasing circuits are designed and
implemented to provide the desired amount of
gate voltage to the MOSFET. The bias circuit
and device can be negatively affected if the
gate voltage is outside of its expected value.

Therefore, MOSFETs are called voltage
controlled devices.

Recall that bipolar junction transistors were
current controlled devices, and we introduced
the transistor’s gain () as the ratio of the
collector current to base current:

B=lo/ls

Since MOSFETs are voltage controlled
devices, we don’t use the same concept of
current gain. Rather, we speak of a MOSFET’s
transconductance (g,,,):
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Om = Alp/ AVgs

Rearranging the equation, we find that the
transconductance is approximately the
reciprocal of the transistor's small signal
resistance:

AVgs m = Alp
AVgs = (1/.gp) Alp ~ (1) Alp

On~1/r

From the MOSFET’s transconductance, you
can determine how much the drain current will
change based upon a change in the MOSFET’s
gate-source voltage difference:

Alp = (@m)(AVgs)

= The MOSFET gain (B)
in active mode is NOT |,
defined as:

= Rather, we speak of a
MOSFET's
tranconductance:

O =Alp/ AVgg

Ve =0V

Figure 3.29 MOSFET Transconductance (g,,)

Next, we will briefly look at the equations and
models for MOSFETSs.

There are many different models that are used
for MOSFET circuits. This slide lists four of the
most common models in order of increasing
complexity and accuracy.

The model most engineering students learn is
the square law model. While it no longer
accurately represents modern transistors, it
still provides a simple introduction to the key
device parameters that affect a MOSFET.

The bulk charge theory and more complex
models take into account additional device
parameters and intricacies that are ignored by
the square law model.
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= Square Law Model
— Simple, easy for hand calculations
- Inaccurate for modern devices
= Bulk Charge Theory
— Moderately complex for hand calculations
— Inaccurate for modern devices
m Charge Sheet Model
— Complex
— Almost as accurate as the exact charge model
= Exact Charge Model
— Very complex
— Very accurate for older and modern devices

Figure 3.30 MOSFET Equations and
Models

m Linear Region
I = (M€ ox / o)W / D[(Vas = Vo)Vps - Vps/2]
= Saturation Region
I = (Mo / 2t )W / L)Ves = Vo)
Figure 3.31 MOSFET Square Law Model
The parameters in the equations are:
p  Carrier Mobility in Silicon

€., Permittivity of Silicon Dioxide

ox

t Gate Silicon Dioxide Thickness

OX

W Transistor Channel Width
L  Transistor Channel Length

Finally, we examine how MOSFETs can be
used to build a simple logic circuit, an inverting
gate.

First, in digital logic circuits, MOSFETs always
acts as switches.

In an NMOS transistor, the switch is off when
Vgs = 0 V. In an NMOS transistor, the switch is
on when Vgg>1V.

Switch is Off Switch is On
Veae =0V Vaate = Vorain
Voran =5V Vorain =5V
Veate =0V Veate =5V Iovain
Vsouce =0V Vsouce =0V

Figure 3.32 n-Channel MOSFET (NMOS)
Acting as a Switch

In a PMOS transistor, the switch is off when
Vsg = 0 V. In an PMOS transistor, the switch is
on when Vg > 1V.

Switch is Off Switch is On
Vaate = Vsource Voae =0V
Vsource =5 V Vsource =5V
Veae =5V Veae =0V Iprain
Voran =0V Vorain =0V

Figure 3.33 p-Channel MOSFET (PMOS)
Acting as a Switch

Figure 3.34 is a simple inverter circuit. It uses
one PMOS and one NMOS transistor.

It has a single input and a single output.
Since the inverter is a digital logic circuit, the
input and output can only take one of two

values (HIGH/LOW, YES/NO, 1/0, etc.).

It has a single power connection (+5 V here)
and a single ground connection (0 V).

Figure 3.34 Complementary MOSFET
“CMOS?” Inverter

63



3. Transistors and Integrated Circuits

Let’s see what happens when the input is 0V
(input is LOW, or input is “NO”).

Recall that this means that there is no positive
charge on the NMOS gate to attract electrons
into the channel between the source and drain.

Since there is no channel, the NMOS switch
does not turn on. It remains off.

5V
In=0V—— Out
With Ve =0V,
. a NMOS transistor
Switch OFF does not form
a channel
oV

Figure 3.35 Complementary MOSFET
“CMOS” Inverter

With a 0V input, the gate of the PMOS
transistoris at 0 V.

Recall that this means that there is a “negative”
charge on the PMOS gate. This repels
electrons in the PMOS transistor, and a
channel is formed between the source and
drain.

Since there is a channel, the PMOS switch
does turn on.

5V

With Ve =0V,
a PMOS transistor
does form a channel

Switch ON

In=0V—y oOut
With Ve =0V,
) a NMOS transistor
Switch OFF does not form

a channel

oV

Figure 3.36 Complementary MOSFET
“CMOS?” Inverter

With the PMOS on, current tries to flow from
the 5V supply. The current flows through the
PMOS transistor with very little voltage drop
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(we can picture the PMOS transistor here as an
ideal switch).

5V
With Vgge =0V,
Switch ON a PMOS transistor
4# does form a channel
Current tries to flow

In=0V—— Out
With Ve =0V,
a NMOS transistor
Switch OFF does not form
achannel

oV

Figure 3.37 Complementary MOSFET
“CMOS” Inverter

However, current cannot flow through the
switched off NMOS transistor. Therefore, the
potential at the output remains 5 V. This value
is the inverse of the input value:

Input Output
oV 5V
LOW HIGH

5V

a PMOS transistor
does form a channel

Switch ON

| With Ve =0V,

Current tries to flow

In=0V — Out=5V
With Vg =0V,
a NMOS transistor
Switch OFF does not form

a channel

oV

Figure 3.38 Complementary MOSFET
“CMOS” Inverter

Now let us consider what happens when the
input is raised to 5 V. With a 5 V input, the gate
of the NMOS transistor is at 5 V.

Recall that this means that there is a positive
charge on the PMOS gate. It does not repel
electrons in the channel between the source
and drain, and no channel forms.

Since there is no channel, the PMOS switch
does not turn on. It remains off.
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5V
With Ve =5V,
Switch OFF a PMOS transistor
does not form
a channel
In=5V— Out
oV

Figure 3.39 Complementary MOSFET
“CMOS” Inverter

With a 5V input, the gate of the NMOS
transistor is at 5 V. Recall that this means that
there is a positive charge on the NMOS gate.
This attracts electrons into the NMOS
transistor channel, and a channel is formed
between the source and the drain. Since there
is a channel, the NMOS switch does turn on.

5V

With Ve =5V,

a PMOS transistor
does not form

a channel

Out

Switch OFF

In=5V—

With Ve =5V,
Swi tchﬁ a NMOS transistor

does form a channel

oV

Figure 3.40 Complementary MOSFET
“CMOS” Inverter

With the PMOS turned off and the NMOS
turned on, current tries to flow from the output
to 0 V. If we again picture the NMOS transistor
as an ideal switch, the output will goto 0 V.

This value is the inverse of the input value:

Input  Output
5V oV
HIGH LOW

5V

With Ve =5V,

a PMOS transistor
does not form
achannel

Switch OFF

In=5V—j Out
With Vaye =5 V,
SWitOhON‘{ does form a channel
Current flows

a NMOS transistor
oV

Figure 3.41 Complementary MOSFET
“CMOS” Inverter

Therefore, a NMOS and PMOS transistor can
be used to implement a simple digital logic
gate, an inverter.

5V |in |NMOS |PMOS |Out

oV |Off On 5V

5V [On Off oV

4{

oV

Figure 3.42 Complementary MOSFET
“CMOS?” Inverter

= Logic functions are often less susceptible to variations in
device characteristics and operating conditions than
analog functions

= Both semiconductor component and system variations,
however, can impact the CMOS logic performance:

- Junction Temperature

- System Voltage

— Input Voltage Levels

— Timing

— Transistor Threshold Voltages

— Capacitances

Figure 3.43 CMOS Inverter Worst Case
Analysis

The performance of advanced logic
components (such as microcontrollers, micro-
processors, and DSPs) is affected by these
and additional parameters.
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3.3 Integrated Circuits

Next, we will briefly introduce the topic of
integrated circuits.

“Integrated circuit” is the term used for a
semiconductor device which integrates more
than one active semiconductor component
(diode or transistor). Some integrated circuits
only contain a few transistors. Others can
contain hundreds of millions of transistors.

One very simple integrated circuit is the
MOSFET digital inverter we just introduced.
Figure 3.44 shows the cross section of an
integrated circuit implementing the inverter.
You can clearly see the labeled input and
output, the power (+5V), and ground (0V)
connections. The PMOS is on the right, in the
n-well. The NMOS is on the left.

= Multiple devices can be placed on a single semiconductor die

m This allows the design and manufacture of integrated circuits
oV 5V

I Output I
I

p-type substrate

Figure 3.44 Integrated Circuits

As simple as the digital inverter may appear, it
still is rather complex.

Figure 3.45 shows us a cross section of the
single NMOS transistor. It looks simple, right?

Figure 3.45 Parasitic Resistances and
Capacitances
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Figure 3.45 shows many of the parasitic
resistive and capacitive elements in the NMOS
transistor. It does not include any of the
parasitic elements existing between the NMOS
and PMOS transistors in the digital inverter, or
the parasitics in the interconnect between the
digital inverter silicon die and the outside
world.

Integrated circuits are incredibly complex
devices when you consider you might find
millions (or billions!) of these transistors in a
single semiconductor component.

3.4 Moore’s Law

We will close our introduction to transistors
and integrated circuits with a word about
Moore’s Law.

In 1965, Gordon Moore wrote an article for
“Electronics” magazine. The not so scientific
name of the article was:

“Cramming more components onto integrated
circuits”

Basically, Moore illustrated that for several
years, the number of transistors and diodes in
integrated circuits had been doubling every
year. He predicted this trend would continue (if
not increase) in the short term.

= Gordon E. Moore
“Cramming more components onto integrated circuits”,
Electronics, Volume 38, Number 8, April 19, 1965.

= “The complexity for minimum component costs has
increased at a rate of roughly a factor of two per year...
Certainly over the short term this rate can be expected
to continue, if not increase.”

Figure 3.46 Moore’s Law

Figure 3.47 is based on one of the graphs in
Moore’s paper.

It is interesting that the continued integration of
functions into increasingly complex integrated
circuits was predicted back in 1965 when an
integrated circuit with sixty-four transistors
was state-of-the-art!
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Figure 3.47 Moore’s Law

One of the lesser quoted parts of Moore’s
landmark paper, however, discusses the trend
to over-integrate functionality.

“Clearly, we will be able to build such component-
crammed equipment. Next, we ask under what
circumstances we should do it. The total cost of making
a particular system function must be minimized...."

"It may prove to be more economical to build large
systems out of smaller functions, which are separately
packaged and interconnected.”

Figure 3.48 Moore’s Law Day of Reckoning

Our final figure in this chapter is also from one
of the graphs in Moore’s paper.

Basically, Figure 3.49 predicts that the ability
to integrate transistors and functionality in an
integrated  circuit  will outpace the
costeffectiveness of integrating transistors and
functionality in the integrated circuit.

This is something all electrical and computer
engineers should keep in mind.
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Figure 3.49 Moore’s Law Day of Reckoning
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4. Introduction to Power Dissipation and Thermal Resistance

In this chapter, we will be examining the
factors that influence a semiconductor
component’s temperature: power dissipation
and thermal resistance.

We will begin by examining the concept of
electrical power. Afterwards, we will define the
term semiconductor junction temperature. We
will see why the junction temperature is an
important variable in any electronic system
using semiconductor components.

Next, we will define thermal resistance and see
how different packages vary in cooling
effectiveness of a semiconductor component.
We will then explicitly draw several analogs
between electrical and thermal parameters
and electrical and thermal circuits.

After a short introduction to semiconductor
thermal specifications and brief description of
heatsinks, we will close the chapter with
several example thermal calculations.
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4. Introduction to Power Dissipation and Thermal Resistance

4.1 What is Power?

In its most general sense, work is defined as
the application of power for an amount of time.

So, if we apply power for an amount of time,
we can determine the amount of work we are
performing.

The units of work are Joules, and the units of
power are Watts.

Thus, 1 Joule = 1 Watt * sec

Work is the result of a power applied for a given amount of time

Work = Power * Time

Figure 4.1 What is Power?

In the electrical realm, power is the product of
voltage and current:

P=V*lI

m Electrically, power is a product of a voltage and a current:
Power = Voltage * Current
P=V*l|

m For example, a battery that can deliver 10 Aat 12V
can supply 120 W of power:

P=12V*10A=120W

Figure 4.2 What is Power?

In the example, the battery is a source of
power. It can be applied for a given amount of
time to perform work (for example, to turn on a
light).

This equation is almost always used to
determine the amount of power that a battery
or a power source can deliver. So, if a power
supply for an electronics module can deliver
0.8 Aat5V, it can deliver:

PoeLver =V " |
=(5V)(0.8 A)
=4V*A=4W

If a battery is a source of power, a lamp can be
viewed as a consumer of power.
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u If a battery can provide 120 W of power, the battery load
must consume 120 W of power

120 W
Supplied

120 W
Consumed

= Some of the power put into the battery load is absorbed
and dissipated as heat

m From Ohm’s Law (V = IR), the power dissipated as heat in
aload is given by:

P=V*I=(R)*l= R
Figure 4.3 What is Power?

In this example, the battery is capable of
supplying 120 W (or 10 A of current at 12 V).

When this battery is connected to the 120 W
lamp, the lamp will sink the 10 A of current
supplied by the battery, with the entire 12V
dropped across the lamp. Remember that
P =V *I. Therefore, the lamp would dissipate
(consume) all 120 W delivered by the battery
(assuming there was no loss in the wiring from
the battery to the lamp).

Instead of always looking at Power as the
product of Voltage and Current, it is
sometimes easier to use an equivalent
equation. By Ohm’s Law, V=I*R.
Substituting this back into our original
equation, we have:

P=V*I=(*R)*I=1*1"R=12R, or
P=V*I=V*(V/R)=V2/R

These equations are used to calculate the
power supplied to, or dissipated in a load. If
the resistance of the load (R oap) is known, and
the current through the load (I oxp) can be
calculated or measured, it is simple to
determine the power dissipated in the load:

2
PLOAD = (ILOAD) RLOAD

So, if the lamp has a load resistance of 1.2 Q,
and the load current is 10 A:

PLoap = (10 A%(1.2 )
=120 A?Q
=120W



4.2 What is Junction Temperature?

There are only two electrical equations you will
need to rely upon for the remainder of this
chapter as shown in Figure 4.4:

= The important things you must remember here:
P=VI
P=1’R
Figure 4.4 Electrical Power

4.2 What is Junction Temperature?

The term “junction temperature” at first might
be a little confusing. It is more appropriate to
use the term “semiconductor temperature”
instead. We are speaking here of the
temperature of the semiconductor die itself.
When semiconductor devices were first
fabricated, they were very simple. The junction
referred to the interface between regions of the
semiconductor die, and people started using
the term junction temperature. Now,
semiconductor devices can have thousands
and even millions of different junctions, but we
still use the phrase “junction temperature” to
refer to the temperature of the semiconductor
die.

= Junction temperature is the temperature of the silicon
die in an integrated circuit

<

Leadframe
Silicon di

Junction
Temperature

PC Board

Figure 4.5 Junction Temperature

Just remember that the term “junction
temperature” refers specifically to the
temperature of the semiconductor device and
is often referred to as T ncrion OF Ty-

The semiconductor die is usually attached to a
relatively large (or relatively massive) lead
frame, also known as a “case”. The
semiconductor die and lead frame are then

enclosed inside a package which is mounted
on a PC board.

= This is not the same as the case (or package)
temperature or the ambient (or air) temperature

5 Ambient
g2 T t
Gren E 5 emperature
i c
Temperature § g
8 =
=® Junction

Temperature

PC Board

Figure 4.6 Ambient & Case Temperature

In case of power semiconductors some part of
the lead frame, however, is usually exposed by
the package to help electrically and thermally
connect the semiconductor die to the outside
world. The temperature of the lead frame (or
case) is usually referred to as the case
temperature (also known as Tgage O Tg).

The temperature of the air surrounding the
package is also important in thermal
calculations. It is usually referred to as the
ambient air temperature, Taygient OF Ta-

In the next several figures, we are going to
show the progression of how heat moves
within a semiconductor device when it
dissipates power.

m First, the system is off (no power is being dissipated)

= The ambient, package case, and silicon die junction
temperatures are in thermal equilibrium

Tambient = Tcase = -I—Juncncn

5 Ambient
oo
Case B Temperature
<
Temperature | & | &
8|S
3 =
o Junction
Temperature

PC Board

Figure 4.7 Junction, Case, and Ambient
Temperatures

Initially, we assume the system is off. The
semiconductor device is not connected to a
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4. Introduction to Power Dissipation and Thermal Resistance

power source and is not dissipating any
power.

Since no power is being dissipated by the
device, all three temperatures (ambient, case,
and junction) are equal and the system is in
thermal equilibrium.

At some point, the system is turned on and the
semiconductor die is electrically connected to
a power source. From our earlier discussions,
we know that power is now being dissipated
within the semiconductor device as heat. This
causes the semiconductor die temperature

(Tyuncrion) to increase.

m Next, the system is turned on

m The silicon die heats up due to the absorbed power
being dissipated as heat

Tambient = Tcase < Tjuncticn

5 Ambient
G % 2 Temperature
Temperature | & S
< B
ol =
- Junction
Temperature

PC Board

Figure 4.8 Junction, Case, and Ambient
Temperatures

1) The semiconductor die generates heat
when it dissipates (loses) power.

Since this has “just happened” we can assume
that for some length of time, the case or
package temperature (Tase) is still at or near
to the ambient air temperature (T pygenT)-

Some time later the hot semiconductor die
begins to warm up the lead frame. Since the
lead frame is only absorbing heat, its
temperature will always be less than the
semiconductor device which is generating
heat. Therefore, Tgase < Tyuncrion When power
is applied.
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=» Some of the heat is transferred to the package (case)
= The case heats up, but not as much as the silicon die

Tambient < Tease < Tjunction

5 Ambient
0l o
Case £+ 5 Temperature
S
Temperature | 5
© -2
4=
=2 Junction
Temperature

PC Board

Figure 4.9 Junction, Case, and Ambient
Temperatures

2) The lead frame absorbs some of the heat
from the semiconductor die and begins to
warm up.

After the lead frame begins to absorb heat
from the semiconductor die, the ambient air
begins to absorb heat from the lead frame
(case).

= From the package (case), some of the heat is
transferred to the ambient air

= The air heats up, but not as much as the case

Tambient,original < Tambient < Tcase < Tjunction

Ambient
o O
Case £ |5 Temperature
*} ©
Temperature L& | &
gL
3 |a ’
Junction
Temperature

PC Board

Figure 4.10 Junction, Case, and Ambient
Temperatures

3) The ambient air absorbs some of the heat
from the lead frame and begins to warm

up.

This rise in the ambient air temperature may
not be great, but it nevertheless will occur.

So, when a semiconductor device is turned on:

TaoriainaL < Ta < Tease < Tyuncrion

This relationship is important and easy to
remember. Since the semiconductor die is the
component generating the heat, it is the



4.3 What is Thermal Resistance?

warmest. Close to the semiconductor die, the
lead frame is also fairly warm. Farther away
from the semiconductor die, the ambient air is
warmer than when at the start, but cooler than
the lead frame.

We now understand the relative temperature
levels of a semiconductor device, but why is
this all important?

Well, semiconductor suppliers design and
manufacture their components to be used
within an expected operating temperature
range. When the semiconductor component is
within this temperature range, they will perform
within the specified operating limits.

Outside of this temperature, however, the
supplier does not guarantee the
semiconductor component will work properly,
or even at all.

In Figure 4.11, the specified operating junction
temperature (T)) range is -40 °C to +150 °C.
Therefore, for a desired performance, the
system designer  must ensure  the
semiconductor component is never subjected
to temperatures below -40 °C (also -40 F) or
above 150 °C (302 F).

= Semiconductor devices are specified by their
manufacturers at a maximum temperature range:

Maximum Ratings

Parameter Symbol | Values Unit

-40 ... +150 | °C

Operating temperature range | T;

= Above this temperature (150 °C in the example), the device
may not work as well, or it may stop working completely

u Therefore, it is necessary to keep the junction temperature
below the maximum rated operating temperature

Figure 4.11 Why is Junction Temperature
Important?

Usually, it is not difficult to keep the junction
temperature above -40°C, since most
modules themselves are not expected to
perform at temperatures below -40 °C.

The upper temperature limit, however, does
need to be carefully examined. If the ambient
environment of a semiconductor component is
already hot (for example, 125 °C), the junction
temperature of the semiconductor die is only

allowed to increase by 25 °C when power is
dissipated.

System designers must ensure that heat can
be drawn quickly away from the
semiconductor die to the lead frame and
ambient environment to minimize the junction
temperature increase. This is a function of how
well the system conducts heat.

4.3 What is Thermal Resistance?

Thermal resistance is a measure of the ability
of an object to block heat-flow. Sometimes, it

is easier to think in terms of thermal
conductance, the inverse of thermal
resistance.

Objects that have high thermal conductance
are very good conductors of heat (aluminum is
such a material). It has a high thermal
conductance and a low thermal resistance.

Objects that have a low thermal conductance
are very poor conductors of heat (plastic or
quartz, for example) will also have high thermal
resistance.

The total thermal resistance of the entire
semiconductor system determines how much
the junction temperature of a semiconductor
will increase by once it is turned on and begins
to dissipate power.

Let us begin by looking at an example where
the thermal resistance of the semiconductor
system is very low. This means that the
semiconductor system has high thermal
conductance.

m If the thermal resistance is LOW, heat flows easily
from an integrated circuit to the ambient air

Tambient = Tjuncl\on

Junction
Temperature

Ambient
Temperature

Figure 4.12 Why is Thermal Resistance
Important?

Silicon die

73



4. Introduction to Power Dissipation and Thermal Resistance

Once the semiconductor die begins to heat up,
the heat is quickly absorbed by the lead frame.
As we said before, the lead frame is relatively
large and massive compared to the
semiconductor die. The lead frame is said to
have a large thermal mass compared to the
semiconductor die.

Once the lead frame begins to warm up, the
heat flows to the ambient environment. The
ambient environment has even a larger thermal
mass (i.e. storage capability of heat energy)
than the lead frame.

Thermal mass is any mass of matter that
absorbs and retains (stores) heat (energy).

The heat generated within the small
semiconductor die is shared by the large lead
frame and the larger ambient environment
resulting in a small increase in T yncTion:

Imagine if a small piece of metal (0.1” x 0.1”)
was subjected to a small amount of heat. The
small piece of metal might increase its
temperature by 100 °C. However, if the small
piece of metal were soldered to a larger piece
of metal (for instance a silver dollar), the larger
mass of the silver dollar would absorb the heat
energy from the 0.1” x 0.1” piece of metal. The
net result is that the “system” of the coin and
metal fragment would have a much smaller
combined increase in temperature (perhaps
10 °C). Finally, imagine that the silver dollar is
soldered to an even larger piece of metal (an
anvil). The net result of the metal fragment /
coin / anvil system might only be a 1°C
temperature rise.

Now, let us begin by looking at an example
where the thermal resistance of the
semiconductor system is high. This means that
the semiconductor system has low thermal
conductance.

Once the semiconductor die begins to heat up,
the heat is not absorbed well by the lead frame
and the heat conductance between lead frame
and ambient is even worse. Therefore, the heat
generated within the small semiconductor die
is NOT shared by the large lead frame and the
larger ambient environment and there is a large
increase in T ncTion-
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u If the thermal resistance is HIGH, heat does not flow
well from an integrated circuit to the ambient air

Tambient << Tjunction

Junction

Ambient Temperature

Temperature

PC Board

Figure 4.13 Why is Thermal Resistance
Important?

Leadirame
Silicon die

Imagine again if a small piece of metal
(0.1” x 0.1”) was subjected to a small amount
of heat. The small piece of metal might
increase in temperature by 100 °C. However, if
the small piece of metal were set upon a piece
of plastic, very little of the heat from the metal
fragment would be absorbed by the plastic.
The net result might be that temperature of the
small metal piece increases by 98 °C.

If a semiconductor system has a “good” or
acceptable thermal resistance to the ambient it
will  maintain the semiconductor die
temperature (T yncrion) Within the specified
operating temperature range. Recall that if the
semiconductor temperature is outside its
operating range, it may not operate as
specified.

The longevity of the semiconductor
component is also effected by the junction
temperature. By keeping the junction
temperature below the specified maximum,
the long term failure rate of the semiconductor
die is minimized and the possibility of
damaging the plastic encapsulation package is
also eliminated.

In summary, a “good” thermal resistance will:
= Lower the integrated circuit’s junction temperature

n Keep the integrated circuit functioning at a specified
(guaranteed) operating temperature

= Minimize the semiconductor long term failure rate

= Minimize problems associated with the glassification
of plastic epoxy packages

Figure 4.14 Why is Thermal Resistance
Important?



4.4 Electrical vs. Thermal Parameters

4.4 Electrical vs. Thermal Parameters

At the beginning of this chapter, we have
assumed that the reader has a knowledge of
simple resistive electrical circuits. Let us briefly
review the fundamentals that are needed to
understand our simple thermal calculations
based on analog DC electrical circuits.

Thermal Parameters

_—
+ %
JE—

Electrical Parameters

+
\ R |

V=IR
R = Resistance (Q)
V = Potential Difference (V)
| = Current (A)

Figure 4.15 Electrical & Thermal
Parameters

Ohm’s Law states that the voltage drop across
an conductor is equal to the product of the
current intensity and the electrical resistance
of the conductor:

V=I*R

Shifting the frame of reference from the
electrical world to the thermal world is all that
is needed to develop the “thermal Ohm’s

”

Law”.

In the thermal world, we also use he thermal
resistance (Ry, or sometimes R, i.e. the
reciprocal of thermal conductivity.

Electrical Parameters Thermal Parameters

+ +
% R=1 R

V=IR
R = Resistance (Q)
V = Potential Difference (V)
| = Current (A)

R;, = Thermal Resistance (°C/W)

Figure 4.16 Electrical & Thermal
Parameters

The thermal resistance
electrical resistance:

is analogous to

HIGH thermal resistance means the
object does not conduct heat well

LOW thermal resistance means the
object does conduct heat well

In the electrical world, voltage is viewed as a
potential difference. We talk about the “voltage
drop” across a resistive load.

In the same manner, in the thermal world, we
talk about a temperature difference (or
temperature drop), AT, across an object.

Think about a house window on a cold winter
day. It may be 25 °C (77 F), inside but -10 °C
(14 F) outside. There is a large temperature
difference (AT) across the window.

Temperature difference is analogous to voltage
difference.

Electrical Parameters Thermal Parameters

+
Vv R |

V=IR
R = Resistance (Q)
V = Potential Difference (V)
| = Current (A)

Ry, = Thermal Resistance (°C/W)
AT = Temperature Difference (°C)

Figure 4.17 Electrical & Thermal
Parameters

Finally, in the electrical world, we have current.
Current flows through a resistive object from a
high voltage to a low voltage. In the thermal
world, however, we don’t talk about current.
Rather, we talk about power flow.

Heat flows from a place of high temperature to
a place of low temperature. Imagine a pot of
water is placed on a hot stove burner. Heat
flows from the burner to the pot. Power flows
from the burner to the pot. Now the pot can
transfer power (heat) to the water and make it
boil.

Power flow in thermal calculations is analogous
to current flow.
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Electrical Parameters Thermal Parameters

V=IR
R = Resistance (Q)
V = Potential Difference (V)
| = Current (A)

R;, = Thermal Resistance (°C/W)
AT = Temperature Difference (°C)
P, = Power Dissipated (W)

Figure 4.18 Electrical & Thermal
Parameters

While the first two analogies were readily
apparent, the third (current - power) might be a
little more difficult to grasp. Just remember
that in an electrical circuit:

Current flows through a resistive object
from a high voltage to a low voltage:

I=V/R

And in a thermal circuit:
Power flows through a resistive object
from a high temperature to a low

temperature:

Pp=AT/R,,

Electrical Parameters Thermal Parameters

Po

_— —_—
+ +
v R=>11 AT R,

V=IR AT =Py Ry,
R = Resistance (Q2) R;, = Thermal Resistance (K/W)
V = Potential Difference (V) AT = Temperature Difference (K)
| = Current (A) Py, = Power Dissipated (W)
Figure 4.19 Electrical & Thermal
Parameters

So, before we perform our first thermal

calculation, let us briefly look at the topic of
electrical and thermal resistances.
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Electrical Resistance Thermal Resistance

.1l
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R

Figure 4.20 Electrical Resistance vs.
Thermal Resistance

Let’'s recall that current flows through a
conductor from high potential to low potential
(battery + to conductor to battery -).

The electrical resistance of an object is a
function of the dimensions of the object and a
material parameter, the electrical conductivity.

Electrical Resistance Thermal Resistance

+ Iﬂ 2

v ﬁ Jd

5 R
V = Voltage
| = Current
a=Area
d = Thickness
% = Electrical Conductivity
R = Resistance (Q)

RSO
ay

Figure 4.21 Electrical Resistance vs.
Thermal Resistance

Electrical conductivity is a parameter of a given
material. Regardless of the size or shape of a
conductor, its electrical conductivity does not
change and high electrical conductivity
materials are good conductors of electric
current.

The dimensions that determine the resistance
of an object are its thickness (or depth) and
cross section area. Let’s look at thickness first.

The current caused by a constant voltage
applied across the resistive object of a given
area is directly proportional to its thickness.

The current caused by a constant voltage
applied across the resistive object of a given
thickness is inversely proportional to its area.



4.4 Electrical vs. Thermal Parameters

Remember that power flows through a
thermally resistive object from a high
temperature to a low temperature.

Electrical Resistance Thermal Resistance

+ Iﬂ + Po ﬂ
v
- R - Ry

V = Voltage

| = Current

a=Area

d = Thickness

% = Electrical Conductivity

R = Resistance (Q)

d

Rl
ay

Figure 4.22 Electrical Resistance vs.
Thermal Resistance

In our electrical - thermal resistance analogy:

AVoltage - ATemperature
Current - Power

Area - Area
Thickness - Thickness

Electrical Conductivity - Thermal Conductivity

Electrical Resistance Thermal Resistance

. Iﬂ a . PDﬁ a
T R S Rin

V = Voltage Difference AT = Temperature Difference

| = Current P, = Power Dissipated
a = Area a=Area
d = Thickness d = Thickness

% = Electrical Conductivity
R = Resistance (Q)

=8
ay

Ay, = Thermal Conductivity

R

Figure 4.23 Electrical Resistance vs.
Thermal Resistance

Like electrical conductivity, the thermal
conductivity is a material parameter.
Regardless of the size or shape of an object,
it’s thermal conductivity does not change. A
material with a high thermal conductivity is a
good conductor of heat and, conversely, a

material with a low thermal conductivity is a
poor conductor of heat. Note that most
materials that are good conductors of heat are
also good conductors of electricity.

The thermal resistance of the object is directly
proportional to its thickness. This means if the
thickness of a thermally resistive object is
increased and the same temperature
difference is applied to it, the power flowing
through the object will decrease. Likewise, if
the thickness of a resistive object is decreased
and the same temperature difference is
applied to it, the power flowing through the
object will increase.

Like electrical resistance, the thermal
resistance is inversely proportional to the cross
section area of the object. This can be
illustrated by comparing the heat (power) loss
through two identical windows;. twice as much
power will be lost through two windows as
through one window.

Electrical Resistance Thermal Resistance

+ Iﬂ a + PDB 2

v ﬁ ﬁ} d AT 5 g

: X R - }\'th Rm

V = Voltage Difference AT = Temperature Difference

| = Current P, = Power Dissipated

a=Area a=Area

d = Thickness

% = Electrical Conductivity Ay, = Thermal Conductivity

R = Resistance (Q) R;, = Thermal Resistance (°C/W)
d d

=H P = aky,

d = Thickness

R

Figure 4.24 Electrical Resistance vs.
Thermal Resistance

Let us look at our first thermal calculation. It is
a little abstract, but we need to start
somewhere. We will solve the same problem in
both electrical and thermal realms and will see
that the problems are remarkably similar.
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Electrical Circuits Thermal Circuits

_
+
AV R |

I1=10A
R=1Q
V=IR

AV =(10A(1Q) =10V
10 V Potential Difference

Figure 4.25 Electrical Circuits vs. Thermal
Circuits

In the electrical problem, we have a resistive
object with an electrical resistance of 1 Q and
10 A of current is flowing through the resistor.

Now, it is simple to determine the voltage
(potential) difference across the resistive
object by applying Ohm’s Law:

V=I1*R
=(10A)*(1Q)
=10 A*Q
=10 V potential difference

In the thermal problem, we begin with the
analogous starting information. The thermally
resistive object has a thermal resistance of
1 °C/W.
R -> Ry,

The power flowing through the thermally
resistive object is 10 W.

I->Pp

Electrical Circuits Thermal Circuits

+ +

AV R | AT Ry, Py
1=10A P,=10W
R=1Q Ry, =1°C/W
AV =1R

AV=(10A)(1 Q) =10V
10 V Potential Difference

Figure 4.26 Electrical Circuits vs. Thermal
Circuits
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Using the relationship we established before,
we can now determine the temperature
difference across the thermally resistive
object:

Electrical Circuits Thermal Circuits

+ +

AV R | AT Riy Py
1=10A Pp=10W
R=1Q Ry =1 °C/W
AV =IR AT =P,R,,

AV =(10A)(1 Q) =10V
10 V Potential Difference

AT = (10 W)(1 °C/W) = 10 °C

10 °C Temperature Difference

Figure 4.27 Electrical Circuits vs. Thermal

Circuits
AT =Py * Ry,
=(10W)* (1 °C/W)
=10 W *1°C/W
=10°C
Therefore, there is a 10°C temperature

difference across the thermally resistance
object, or V -> AT.

We might have foreseen this answer. First, the
starting values were identical for the analogous
parameters. Second, the units of thermal
resistance might have given this away. In
Figure 4.27, the units of thermal resistance are
given as “degrees Centigrade per Watt” (or

°C/W).

This means that the thermal resistance will
cause a 1 °C temperature difference for every
1W of power which flows through the
thermally resistive object. Therefore, the 10 W
of power causes 10 °C temperature difference.

The same analysis can be performed in the
electrical realm if the units of resistance are not
expressed as Ohms, but rather as “Volts per
Amps” (V/A).

| =10A

R=1Q0=1VA

AV=1*R
=(10A)* (1 V/A)
=10A*V/A
=10V



4.5 Thermal Specifications

This example may seem ftrivial and abstract,
but the intent is to show how the technique of
solving electrical problems can also be applied
to solving problems in the thermal domain.

4.5 Thermal Specifications

Consider the specific parameters of
semiconductor devices (found in datasheets)
which are important in thermal calculations.

First, the maximum junction temperature has
already been mentioned. In Figure 4.28 the
junction temperature of the semiconductor
component must be 150 °C or less to maintain
specified operation.

Ratings at T, = 25 °C unless otherwise specified

Parameter ‘ Symbol ‘ Values ‘ Unit

[-40..+150 |

Operating temperature range ‘ T

Thermal Cl isti /
Parameter and Conditions Symbol Values Unit
Min. | Typ. | Max.
Thermal resistance chip - ca;(e{'/ Rinic = = 1.1 KW
junction - ambient (free ajf): | Ry,a - 80 |-

Maximum Junction Temperature
Tmax = 150 °C

Figure 4.28 Thermal Specifications
Datasheet Parameters

After the maximum operating temperature is
determined, the next important thermal
specification is the thermal resistance.

Thermal resistance can be specified in a
number of different ways. While this initially
may be frustrating, it will allow an experienced
designers to optimize their designs for the
expected load and power dissipation
conditions.

Maximum Ratings at T, = 25 °C unless otherwise specified

Parameter ‘ Symbol ‘ Values ‘ Unit
Operating temperature range ‘ T ‘ -40 ... +150 ‘ °C
Thermal Characteristics

Parameter and Conditions Symbol Values Unit

Thermal resistance
junction - ambient (free air): | Ry 2

chip - case: | Ry,c - - 11 |KW
80 |-

Thermal Resistance Junction to Ambient
Ryun = 80 K/W = 80 °C/W

Figure 4.29 Thermal Specifications
Datasheet Parameters

K stands for Kelvin (or absolute) degree.
K and °C are interchangeable when applied to
temperature differences.

In  Figure 4.29, the highlighted thermal
resistance is Ry, 4 (junction-to-ambient) in free
air. The Ryya Value represents the entire
thermal resistance from the semiconductor
die, through the lead frame and package, to
the open air. It is the sum of the partial thermal
resistances:

R

thjunction-to-ambient
= R'(hjunt:tion-to-case + Rthcase-to-ambient

= Rinuc *+ Rinca = Rinua

Next, notice the comment “free air.” This is the
worst case thermal resistance of the
semiconductor component. This number may
be significantly improved by using a heatsink
(we will address this possibility shortly).

The value of the junction-to-ambient free air
thermal resistance is 80 K/W. This means that
for every 1 W of power that is dissipated by the
semiconductor component, the junction
temperature will rise 80 K over the ambient.

In  Figure 4.30, the highlighted thermal
resistance is Ry, ¢ (junction-to-case). The value
listed is 1.1 K/W. This means that for every 1 W
of power dissipated in the semiconductor
component, the temperature of the junction
will be 1.1 K higher than the case. Note, Ry, ¢ is
a term in our previous equations:

Rinia = Rinic + Rinca
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4. Introduction to Power Dissipation and Thermal Resistance

So, if we know Ry, and Ry, (worst case), the
only thing we have left is Ry,ca (Worst case).

Ratings at T; = 25 °C unless otherwise

Parameter ‘ Symbol ‘ Values ‘ Unit

Operating temperature range ‘ T ‘ -40 ... +150 °C

Termal Characteristics

Parameter and Conditions Symbol Values Unit
Min. | Typ. | Max.

Termal resistance chip - case: | Ry,c
junction - amb\enf(free air): | Ryya

Thermal Resistance Junction to Case
Rino = 1.1 KW = 1.1 °C/W

Figure 4.30 Thermal Specifications
Datasheet Parameters

But, if Ry, s is 80 K/W, why is Ry, ,c so much
smaller? To answer this question, let us first
look at how a semiconductor component is
manufactured.

The semiconductor die is first attached to the
lead frame with a “die attach” material. The die
attach and the lead frame are both
manufactured of very low thermal resistance
material — meaning they conduct heat very,
very well.

= In a integrated circuit package, the silicon die is attached
to a leadframe” which is usually electrically grounded

Silicon Die
Die Attach Material

‘ Leadframe (Case) ‘

= The die attach material and leadframe (often copper) are both
low thermal resistance materials, and conduct heat very well

Figure 4.31 Ry, ¢ vs- Rya
What is the Package Case?

Before, we said that lead frame and case are
often used interchangeably. This is only
partially true. The lead frame is the object that
the semiconductor die is attached to.

The case is the portion of the lead frame which
is exposed to ambient by the encapsulated
package and provides the most thermally
conductive point between the ambient air and
the semiconductor die.

80

= The “case” is the most thermally conductive point of the
integrated circuit package — where the leadframe is exposed:

o =
o .
N\ /

Figure 4.32 Ry, ,c vS. Ryua
What is the Package Case?

So, let us look at the temperature difference
between the silicon junction and the case:

P, =15W
Rinyo = 1.1 °C/W

AT =Pp " Ryyc
= (1.5W) * (1.1 °C/W)
=1.65°C

This is what we expect. For every 1 W of power
dissipated within the semiconductor die, there
will be a 1.1°C temperature difference
between the junction and the case.

m Recall: AT =P, Ry,

Silicon Die (Junction) Rinc

1.1 °C/W

AT
Die Attach Material

Leadframe (Case)

AT =Py Ry = (1.5 W) (1.1 °C/W)
AT=T Tonee = 1.65 °C

junction — ! case

Figure 4.33 Ry, c vS. Rina
Case Temperature Difference

Figures 4.33 and 4.35 are good illustrations of
why the temperature difference from junction-
to-case is so small compared to the
temperature difference from case-to-ambient.



4.6 Heatsinks

= Unlike metal, air is a relatively poor conductor of heat
= Imagine a pot is being heated on the stove

u If you are very close to the pot, you can tell it is hot

= |f you touch the pot, you get burned

m There is a large temperature difference from the pot to
the air immediately next to the pot

m Therefore, there is a large thermal resistance involved
in heat leaving metal and going into the air

Figure 4.34 Ry, c vs- Ry

Every time there is a thermally resistive
interface between materials, we expect a
larger temperature difference between the
materials. This problem is significantly reduced
for the junction-to-case interface especially if
the semiconductor die is soldered to the lead
frame.

Before, it has been mentioned that the
datasheet example specifies Ry, 4 and Ry, ¢, SO
it should be possible to determine Ry,c, and
the temperature difference from case-to-
ambient and even junction-to-ambient.

Rinca = Rinua = Rin
=80°C/W-1.1 °C/W
=78.9 °C/W

Therefore, the expected temperature
difference between the case and the ambient
air temperature for every 1 W dissipated within
the semiconductor die is 78.9°C and the
temperature difference between the junction
and the ambient air temperature for every 1 W
dissipated within the semiconductor die is
80 °C.

If 1.5 W is dissipated within the semiconductor
die, there will be a 118.35°C temperature
difference between the ambient air and the
case. Combining this with the temperature
difference from the junction to the case
(1.65 °C), 120 °C temperature difference is
expected between the semiconductor die and
the ambient air.

m Recall: AT =P, Ry,

Py=15W

Silicon Die (Junction) R

1.1 °C/W

AT

Die Attach Material

Leadframe (Case)

Rinca = Rinua = Rinsc
Rinca = 80 °C/W - 1.1 °C/W
Rinca = 78.9 °C/W

AT = Py Ryoa = (1.5 W)(78.9 °C/W) = 118.35 °C
Figure 4.35 Ry, c vS. Ryua

From the last calculation the maximum
ambient temperature can be determined so,
that die temperature is not greater than 150 °C:

Tamax = T max = AT UNGTION-TO-AMBIENT
=150°C-120°C
=30°C

Or, in a slightly more explicit manner:

TA,MAX = TJ,MAX - RthJA *Pp=
=150 °C - (80 °C/W)(1.5 W)
=150°C-120°C
=30°C

= In Summary:

AT junction-case = 1.65 °C
AT ase-aAmbient = 118.35 °C
AT, = 1.65°C +118.35 °C = 120 °C

Junction-Ambi

= In practice, a 120 °C temperature difference is
unrealistic

= A heatsink can be used to reduce the case-to-ambient
thermal resistance and the temperature difference

Figure 4.36 Ry, c vs. Rina
This leads us into the topic of heatsinks.
4.6 Heatsinks

Heatsinks can be used to reduce the thermal
resistance from the case-to-ambient (Ry,ca)-

Since power (heat) escapes to the ambient air
primarily  from the surface of the
semiconductor case (exposed lead frame),
increasing the area of the case will reduce the
Rinca value.

81



4. Introduction to Power Dissipation and Thermal Resistance

Another way to lower the Ry, ¢, value, however,
would be to use a heatsink. A heatsink is an
metallic object which attaches to the
semiconductor case (with a very low thermally
resistant path) to effectively increase the
surface area of the case.

In the previous example the thermal
resistance, Ry,ca, is 80 °C/W. Theoretically, if
the case surface area could be doubled or
quadrupled, the Ry,c4 value would decrease to
40 °C/W or 20 °C/W, respectively.

In general, the larger the surface area, the
lower the Ry,ca Of a heatsink. In practice the
thermal resistance is not strictly inversely
proportional to the surface area of the
heatsink. Still, larger heatsink surface areas will
result in lower values of thermal resistance
case-to-ambient (Ry,ca)-

= Since heat escapes from the surface of the case, increasing
the case surface area will reduce Ry,ca

= To a first order, this is similar to using parallel istors

Silicon Die (Junction)
Die Attach Material
Die Attach Material

Silicon Die (Junction)

Die Attach Material
Leadframe (Case)
Silicon Die (Junction)
Leadframe (Case)
Leadframe (Case)

4 x Case Area
Rinca ~ 20 °C/W

2 x Case Area
Rycn ~ 40 °C/W

Original Case Area
Rycn ~ 80 °C/W

Figure 4.37 Heatsinks

Figure 4.38 shows an example of three
different ways to heatsink a TO252 DPAK
package to a standard FR-4 board using a
1 oz. copper layer (fire retardant epoxy board
with 1 oz. copper evenly spread over 1 square-
foot).

In the top right example, the case of the TO252
DPAK package is soldered to the PCB copper
directly beneath the package. No additional
board space is made available for heatsinking
(0Omm? of additional board area for
heatsinking). From the graph, this results in a
Rina Value of about 144 °C/W.

Note how the thermal resistance can be
decreased by increasing the amount of
heatsinking. In the middle layout, an additional
300 mm.? (about 0.5 in?) of board space is also
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connected thermally and electrically to the
TO252 DPAK package. By dedicating the
additional 300 mm? of board space, the
designer is able to reduce thermal resistance
almost by 50% (78 °C/W). Finally, in the left
example, 600 mm? of board space are
dedicated to heatsinking, resulting in a thermal
resistance of 54.7 °C/W.

Note that the slope of the line decreases as the
area of the heatsink increases.

m o,

FR-4 PCB
1 oz Copper

100 200 300 400

Figure 4.38 Surface Mount Heatsinks
(TO252 DPAK)

4.7 Example DC Thermal Calculations

Let us now look at some simple DC thermal
calculations.

Here are the relevant thermal characteristics
from a semiconductor datasheet.

The maximum operating temperature is
150 °C.

The thermal resistance Ry, n is 55 K/W
assuming the device is mounted on a FR-4
PCB with an additional copper heatsinking
area of 6 cm? (using a 70 pm copper thickness
or double sided 1 oz. board). Note:

6 cm? = 600 mm? = 0.93 in? = approx. = 1 in?

The next semiconductor device that we will
examine is an electrical switch. The
ELECTRICAL RESISTANCE of the
semiconductor switch is Rpg,, = 24 mQ (worst
case).



4.7 Example DC Thermal Calculations

Maximum Ratings at T, = 25 °C unless otherwise specified

Parameter ‘ Symbol ‘ Values ‘ Unit
Operating temperature range ‘ T ‘ -40 ... +150 °C
Thermal Characteristics

Parameter and Conditions Symbol Values Unit

Min. | Typ. | Max.
Thermal resistance chip - case: | Ry,c - - 11 |[KW
junction - ambient (free air): | Ry,ja - 80 |-
SMD version, device on PCB® - 45 |55

6) Device on 50 mm * 50 mm * 1.5 mm epoxy PCB FR4 with 6 cm?
(one layer, 70 um thick) copper area for V,,, connection.
PCB is vertical without blown air.

Load Switching C ilities and Cl istics

Parameter and Conditions Symbol Values Unit
Min. | Typ. | Max.

On-state resistance (pin 3 to pin 1, 5)

Vep=5.5V, 1 =7.5A T=25°C|Ron 10 [14 |[mQ

T,=150°C = 18 |24
V=12V, |, =75A T=25°C = 8 10
T,=150 °C - 14 |18

Figure 4.39 DC Thermal Calculation
MOSFET or Driver

The maximum ambient temperature of the
application is 85 °C.

The current flowing through the switch is 5 A.

The power dissipated in the switch can be
calculated:

P=V"*

* * |

;-

*

o)

=

(
|2

=(5A2* (24 mQ)
0.

o
=

From the datasheet, the thermal resistance
with 6 cm?® of board space dedicated to
heatsinking is:

Ra = 55 °C/W

= Conditions: T, yient = 85 °C, lig =5 A
m Power Dissipation

Py = PR = (5 A2(24 mQ) = 0.6 W

= Thermal Resistance (with 6 cm? Copper)
Ry = 55 °C/W

= Junction Temperature

Tiunction = Tambient + Pp Rinsa
Tiunction = 85 °C + (0.6 W)(55 °C/W) = 118 °C

Figure 4.40 DC Thermal Calculation
MOSFET or Driver

Therefore, the junction temperature can be
calculated as:

Tyuncrion = Tameient + AT amBiENT-duNCTION
= Tameient + Pp ™ Rinua
=85 °C + (0.6 W) * (55 °C/W)
Touncrion = 118 °C

Let’s see if this makes sense. The thermal
resistance  from  junction-to-ambient is
55 °C/W. Therefore, for every 1 W of power
dissipated in the semiconductor device, there
will be a 55 °C temperature difference between
the semiconductor die and the ambient air. For
0.6 W of power, however, there is only a 33 °C
(0.6 W *55°C/W) temperature difference
between the semiconductor die and the
ambient air. Based upon an ambient air
temperature of 85 °C, this results in a junction
temperature of 118 °C.

» Conditions: T, =85°C, lpa=5A

ambient

= Power Dissipation
Pp=I2R = (5 A%(24 mQ) = 0.6 W
= Thermal Resistance (with 6 cm? Copper)

Rinua = 55 °C/W
= Junction Temperature

Tiunction = Tambient + Pp Rinsa

Tiunction = 85 °C + (0.6 W)(55 °C/W) = 118 °C

Figure 4.41 DC Thermal Calculation
MOSFET or Driver
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4. Introduction to Power Dissipation and Thermal Resistance

Another simple DC thermal calculation is
applied to a linear voltage regulator.

Here are the relevant thermal characteristics
from a semiconductor datasheet for a voltage
regulator.

The maximum operating temperature is 150 °C.

The thermal resistance Ry, s is again 55 K/W
(°C/W) assuming the device is mounted on a
FR-4 PCB with an additional copper
heatsinking area of 6cm? (using a 70 um

copper thickness). Recall that
6 cm? =approx. 1 in?.
Maximum Ratings at T; = 25 °C unless otherwise specified
Parameter ‘ Symbol ‘ Values ‘ Unit
Operating temperature range ‘ T ‘ -40 ... +150 ‘ °C
Termal Characteristics
Parameter and Conditions Symbol Values Unit
Min. | Typ. | Max.
Thermal resistance chip - case: | Ryc - 1.1 |[KW

junction - ambient (free air): | Ry,;s - 80 |-
SMD version, device on PCB® = 45 |55

6) Device on 50 mm * 50 mm * 1.5 mm epoxy PCB FR4 with 6 cm?
(one layer, 70 pm thick) copper area for V,,, connection.
PCB is vertical without blown air.

Figure 4.42 DC Thermal Calculation
Voltage Regulator

The maximum ambient temperature of the
application is 85 °C.

The voltage regulator must supply 0.1 A of
current at 5V. The input to the voltage
regulator is 14 V.

The power dissipated in the
transistor can be approximated as:

regulator

P =Vogror " lour
= (VIN - VOUT) * (IOUT)

= (14V-5V)0.1 A
= (9 V)(0.1A)

=0.9 VA

=09W

From the datasheet, the thermal resistance

with 6 cm?® of board space dedicated to
heatsinking is:
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Rinua = 55 °C/W

Therefore, the junction temperature can be
calculated as:

TJUNCTION = TAMBIENT + ATAMBIENT-.JUNCTION

_ .
= Tamsient + Po ™ Rinua

=85°C + (0.9 W) * (55 °C/W)
=134.5°C

or there wil be a 09x55=49.5°C
temperature rise over the 85°C ambient
temperature.

= Conditions: Typgen = 85 °C, Viy = 14V, Voyr = 5V,
lour = 100 MA

n Power Dissipation
Pp=VI1=(14V-5V)(100 mA) =0.9 W
= Thermal Resistance (with 6 cm? Copper)

Ripua = 55 °C/W
= Junction Temperature

Tiunction = Tambient + Po Rinua
T yreton = 85 °C + (0.9 W)(55 °C/W) = 134.5 °C

junction

Figure 4.43 DC Thermal Calculation
Voltage Regulator



5. Advanced Power Dissipation and Dynamic Thermal Analysis

In this chapter, we will be examining more of
the advanced concepts related to power
dissipation and thermal analysis in
semiconductor devices.

First, we will examine the corollary between
electrical parameters (voltage difference,
current, electrical resistance and electrical
capacitance) and thermal parameters
(temperature difference, dissipated power,
thermal resistance, and thermal capacitance).

Those parameters are dependent upon the
physical properties of materials. This will lead
us into developing the RC models that can be
used for thermal analysis. Based on this
information, we will introduce the Z;, diagram,
and how it is used.

After the introduction of the Z,, diagram, we
will perform a couple transient thermal
calculations.  We will close Chapter 5 by
introducing the concept of analyzing complex
power waveforms by applying the
superposition principle.
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5. Advanced Power Dissipation and Dynamic Thermal Analysis

5.1 Electrical and Thermal Parameters

A review is first presented of the analogy
between electrical and thermal parameters. It
is assumed everyone is very familiar with
parameters in the electrical domain.

George Simon Ohm discovered the linear
relationship between current flowing through a
resistor causing a voltage drop across it. The
voltage difference across a resistor is equal to
the current through a resistor multiplied by its
electrical resistance, or

V=I.R

In the thermal domain, Ohm’s law can be
written as:

AT = Pp Ry,

The temperature difference across an object is
equal to the power dissipated in the object
multiplied by its thermal resistance.

Electrical resistance in the electrical domain
corresponds to thermal resistance in the
thermal domain.

Voltage difference (potential) in the electrical
domain analogous to temperature difference in
the thermal domain, while current in the
electrical domain corresponds to dissipated
power in the thermal domain.

Electrical Parameters Thermal Parameters

+ +
AV R AT R, ‘ Py

V=IR AT =Py Ry,

R = Electrical Resistance () Ry, = Thermal Resistance (°C/W)
V = Potential Difference (V) AT = Temperature Difference (°C)
| = Current (A) P, = Power Dissipated (W)

Electrical vs. Thermal DC
Parameters

Figure 5.1

The equations defining electrical resistance
and thermal resistance are also very similar.

The electrical resistance of any conducting
matter is proportional to its thickness and
inversely proportional to its area and an
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electrical property of the matter — its electrical
conductivity. The electrical conductivity is a
constant for a given type of material.

As the thickness of an object increases, the
electrical resistance of the object increases
(additional series resistance increases total
resistance).

With increasing cross sectional area of the
object its electrical resistance decreases
(additional parallel resistance decreases total
resistance).

There is a complete analogy in the thermal
domain.

The thermal resistance of any material is
proportional to its thickness and inversely
proportional to its cross sectional area and a
physical property - its thermal conductivity.
The thermal conductivity is a constant for a
given type of material.

As the thickness of an object increases, the
thermal resistance of the object increases
(additional series resistance increases total
resistance).

As the cross sectional area of an object
increases, the thermal resistance of the object
decreases (additional parallel resistance
decreases total resistance).

In general, materials that have “good” (high)

electrical conductivity also have “good” (high)
thermal conductivity.

Thermal Resistance

¥ Pnﬁ a

AT i’é}d

- 7 -
d

Electrical Resistance

+ |ﬂ a
viﬁd
- R

R=— Rm =
ay aky
| = Current Py, = Power Dissipated
a=Area a=Area
d = Thickness d = Thickness

% = Electrical Conductivity
R = Electrical Resistance (Q)

Ay, = Thermal Conductivity
Ry, = Thermal Resistance (°C/W)

Figure 5.2 Electrical Resistance vs.
Thermal Resistance



5.1 Electrical and Thermal Parameters

Usually the units of thermal resistance are
given as “C/W” (centigrade/Watt).
Sometimes, the units are also given as “K/W”
(degrees Kelvin/Watt). The values, however,
remain the same. That is, a thermal resistance
of 10°C/W is the same as 10 K/W. A 1K

change is the same as 1°C change in

temperature and they can be used
interchangeably.

For example:

AT =Pp*Ry,=(10W) * (1 °C/W) =10 °C

There is a 10 °C temperature difference across
the object.

AT=Pp* Ry, =(10W) * (1 K/W) =10 K
There is a 10 K temperature difference across
the object.

Electrical Circuits Thermal Circuits

+ +
AV R I AT R, Po
I=10A Po=10W
R=1Q Ry =1°C/W
AV=1R AT =Py Ry,
AV=(10A)1 Q)=10V AT = (10 W)(1 “C/W) = 10 °C

10 V Potential Difference 10 °C Temperature Difference
Figure 5.3 Electrical Circuits vs. Thermal
Circuits

Just like resistance, capacitance is found in
both electrical and thermal domains. An
electrically capacitive object has the ability to
store electrical energy. A thermally capacitive
object has the ability to store thermal energy.

Electrical Parameters Thermal Parameters

1 - !
T AT Pyt T Cy,
c-Q_t Gy = E - Pot
vV Vv AT AT
dV dT
i = Poft) = Cogy

C = Capacitance
(Farads = A sec/V)

Gy, = Thermal Capacitance
(Joules/°C = Watts-sec/°C)

Figure 5.4 Electrical vs. Thermal
Parameters

In the electrical domain, capacitance (C) is
defined as the ratio of charge on the capacitive
object (Q) and the voltage (V) across the
capacitive object. In other words, if a given
charge Q is held in a capacitor causing a V
voltage difference across the capacitor, the
object’s electrical capacitance is given by
Q/V.

Energy must be dissipated in any material to
raise its temperature. The thermal capacitance
is given by the ratio of energy dissipated in the
object and the temperature increase.

Another way of defining energy is that it is the
product of power and time. Therefore, if a
certain level of power is dissipated in an object
for a given amount of time, and the
temperature of the object increases by AT,
then the thermal capacitance of the object is
Ppt / AT. For example, if 10 W is applied to an
object for 1 second, and the temperature rise
of the object was 10 °C, then the thermal
capacitance of the object would be 1 W-s/°C
(note that 1 W-s = 1 J[oule)). If a second object,
however, had a thermal capacitance ten times
higher (10 J/°C), and the same energy was

applied (10 W for 1 second), then the
temperature increase would only be 1 °C:
AT =Py *t/Cy,
=(10 W) * (1 sec)/ (10 J/°C)
=1°C

An object with a larger thermal capacitance (or
thermal mass) is more resistant to temperature
changes for a given amount of energy.
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5.2 Thermal RC Networks

Based upon our understanding of the similarity
of thermal parameters and electrical
parameters, we can model thermal systems as
a network of thermal resistances and thermal
capacitances.

Figure 5.5 shows the cross section of a
MOSFET. Starting at the bottom of the
MOSFET is the metal (often copper) lead-
frame. The leadframe is attached to the silicon
substrate (n* material) by a die attach material.
The leadframe also serves as the drain contact
for the MOSFET.

Example
Silicon Wafer
Cross Section

n* Poly.-Si p* Well

Cini - Ripe
i A Silicon
sz - Hmz
- Die Attach

cm B Rm

Metal
Leadframe
Leadframe

Figure 5.5 Thermal Resistance &
Capacitance

On top of the silicon substrate is the silicon
epitaxial (also called epi) layer (n~ material). At
the top of the epi layer is a p* well. This is the
source connection for the MOSFET. The
interface between the well and the epi layer is
called the transistor’s “junction”. Finally, a n*
layer is added to the top of the p* well to help
form an ohmic (non-rectifying) contact for the
source. Elsewhere above the epi layer is a thin
layer of silicon dioxide and finally a n* layer of
polycrystalline (or poly) silicon to form the
MOSFET’s gate.

The first thermal resistive and capacitive
elements are found at the MOSFET junction,
between the p* well and the n™-type silicon.
The second thermal resistive and capacitive
elements are at the interface of the n* type
silicon and the solder/die attach. The third
thermal resistive and capacitive elements are
at the interface of the solder/die attach and the
leadframe.
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The MOSFET cross section can be
represented as a thermal circuit. At the
junction, power is being dissipated:

Pp=12R

The power has to “flow” out to the ambient
environment. This elevates the junction
temperature higher than the ambient
temperature:

AT = Tuncrion — Tamsient

Remember the correlation between the
electrical domain and the thermal domain:

Thermal Domain
AT =Pp Ry,

Electrical Domain
V=IR

Rin Rine Rins

T

junction

Po—

Chip

——Cun Co Cia
. T —‘7

<

Tambient

Temperature ~ Voltage

Power ~ Current
Figure 5.6 Thermal RC Network - Internal

Usually the power semiconductor devices are
not just “hanging around” in ambient
environment by themselves. Heatsinks are
often used to lower the overall impedance of
the system. In the past, for leaded devices,
“real” mechanical heatsinks would be attached
to the semiconductor components with very

low thermal resistance and high thermal
capacitance to lower the overall system
impedance.

Automotive modules with surface mount
designs, however, usually are just using
copper surface area on their circuit boards.
This is not as good a heatsink as the real
mechanical devices. The copper on the board
will have larger thermal resistance and lower
thermal capacitance than its mechanical
counterparts. Sometimes, heat pipes are used
from one side of the board, down to the other
side, and out to a mechanical metal plate to



5.2 Thermal RC Networks

significantly lower the thermal resistance and
increase the thermal capacitance.

The first stage of external thermal resistance
and thermal capacitance components is
determined by the physical properties of the
interface between the semiconductor device
and the heatsink (the shaded area). This
interface could be solder, glue, or insulating
pads. Each interface has unique thermal
characteristics. The final stage of thermal
resistance and thermal capacitance depends
on the physical properties of the heatsink itself.

T Ry R Rig | Teee Rinterace Rheatsin
B W

Chip — ==

AT Cm C1T C¢T Clmsrlans Theﬂ‘sink

%7 Heatsink

T

ambient

Temperature ~ Voltage

Power ~ Current

Figure 5.7 Thermal RC Network - Total

Envisioning this network as an electrical circuit
(recall that dissipated power is the “current”
and the temperature difference is the
“voltage”), it is apparent how the current
(power) will start to flow.

T Rt Riz  Rig | Tome

junction

P—

Chip

AT 01;7 Cthz Cth3 T
L
%\7 \
.

ambient

Heatsink

With temperature analogous to voltage, AT
Is determined by the Py and the RC network

Figure 5.8 Junction Temperature
Calculations

You can visualize (in the time domain) how the
voltage difference (temperature difference) will
increase as the current (power) flows through
the network over time.

First, the current (power) will flow through Cy;.
As it becomes charged up, current (power) will
flow through Ry, and Cy,,. This will create a
voltage (temperature) difference between
Tyuncrion @nd Taygent- When Gy, is charged
up, current (power) will flow through Ry, Ry,
and Cy;. This will create a larger voltage
(temperature) difference between T ncrion
and Tpygent- This continues until all the
thermal capacitors are charged up and the
current (power) is flowing through the entire
series resistance with a maximum voltage
(temperature) difference between T ncrion
and Tavgient-

The maximum junction temperature that a
device can withstand is always specified in the
datasheet. Usually, for power devices, the
maximum operating junction temperature is
150 °C. Special power devices may have
higher maximum junction temperatures.

Many semiconductor components that are not
intended for automotive applications have a
maximum specified junction temperature of
125 °C or even less.

Rii  Rue  Rug | T,

|

Heatsink

ambient
The maximum junction temperature
is specified in the absolute maximum
section of the data sheet (T, ,.,)

Figure 5.9 Junction Temperature
Calculations

In the datasheet, a value for Ry, is typically
given for DC conditions. It does not include the
thermal capacitor elements and it consists of
the sum of the Ry, elements between junction
and case.
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| AT, |

ic

T Rt Rie  Ris | Teee

junction

P,—

Chip = =

AT CthTi sz Cms T
\

%7 Heatsink

Tambient

The device junction-to-case thermal resistance (Ry,,c) is
specified in the datasheet and determines AT ..
Rinyc is usually valid for steady state thermal conditions.

Figure 5.10 Junction Temperature
Calculations

The heatsink determines the rise in
temperature from the case to the ambient. This
temperature difference, AT;,, can be very large
if the thermal resistance of the heatsink is high.
The heatsink can have large effect on the
junction temperature when power is dissipated
in the semiconductor device.

In addition to selecting a heatsink, the method
of attaching the heatsink to the semiconductor
device also needs to be specified: grease, pad,
etc. Each interface has an associated thermal
resistance and capacitance.

T Rut Rrz  Ris | Tome

junction

] ]

Chip = =

T | CaT CrT G IS
| |

%7 Heatsink

T

ambient

The external case-to-ambient thermal resistance,
(Rinca) is determined by the heatsink. This determines
the temperature change from the case to the ambient.

Figure 5.11 Junction Temperature
Calculations

Remember, datasheets usually only specify

steady state conditions and include only the
resistive elements of the above network.
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T Rt Rtz Rins | Tome

junction

Chip
AT

%7 Heatsink

T

ambient

Under steady state conditions, power and temperature
reach constant levels, the thermal capacitors are fully
“charged” and may be removed from the circuit model.

Figure 5.12 Steady State (DC) Junction
Temperature Calculations

The next example deals with a DC switch
circuit (the switch is always on).

The switch is specified by its resistance when
it is on (Rpge, = 24 MQ). The current flowing
through the switch is 5 A. Therefore, 0.6 W is
dissipated in the switch when it is on.

The thermal resistance, Ry, specified in this
example is 55 °C/W. This means that for every
1 W dissipated in the switch, the junction
temperature will increase 55 °C above the
ambient temperature. The temperature
increase caused by 0.6 W dissipation is 33 °C.

Therefore, for an ambient temperature of
85°C, the junction is heated to 118 °C
temperature when the switch is left on.

n Power Dissipation
Pp = lps? Roson = (5 A2(24 mQ) = 0.6 W
= Thermal Resistance

Rinua = 55 °C/W DC Calculations

are relatively
simple

= Junction Temperature

Tiunction = Tambient + Po Rinua
Tiunction = 85 °C + (0.6 W)(55 °C/W)
Tiunction = 85 °C + 33 °C =118 °C
Figure 5.13 Steady State (DC) Junction
Temperature Calculation

For transient conditions, the situation looks
much more complicated. The network of series
thermal resistances and thermal shunt
capacitances now form a complex network with



5.2 Thermal RC Networks

a thermal impedance which can be specified in
the frequency domain (Z(jo)).

T Rt Rz Ris Tome
=i W
Chip f— —
AT Cim CuT C1T T
\
%7 Zyiw) = ? Heatsink
Tambient Zuft) =7

Figure 5.14 Dynamic (AC) Junction
Temperature Calculation

2, (o) =

j©Ciy +

Rin +

R Ry R Tease

T

junction

Chip
AT

Tv Heatsink

ambient

Thermal capacitance now in
parallel with thermal resistance

Figure 5.16 Simplified Dynamic (AC)
Thermal RC Network

Remember, components R’ and C’ are
mathematical abstractions resulting from the
parallel to series transformation.

joCy +

Rua +
joCy +
Ris +

7
1

j0Cipg + ..o + Run

Figure 5.15 Dynamic (AC) Junction
Temperature Calculation

Calculating the thermal impedance becomes a
very complex problem. This is even more the
case as the model becomes more realistic and
additional layers of thermal resistance and
capacitance are added.

What can we do to simplify this?

One often used method is a parallel to series
transformation. The network can be made
much more manageable if the shunt capacitors
are changed into series capacitors. This will
lead us to a simpler thermal impedance
calculation.

Previously, the R and C components referred
to physical properties of various layers in a
semiconductor device. But, all lumped
together, these new R’ and C’ components
provide the same thermal impedance as the
previous network.

One of the reasons we do this parallel to series
transformation is that each parallel RC
combination impedance can be calculated
simply (and separately) in both the frequency
domain and in the time domain.

T Ry Ry Rig Tease
Chip C,, C., C

AT tht th2 th3

% Heatsink
T

ambient

The new RC component values of the simplified network are
obtained by mathematical transformations. They do NOT
refer to any physical layer. Together, they describe the overall
thermal behavior and performance of the device and heatsink.

Figure 5.17 Simplified Dynamic (AC)
Thermal RC Network

The frequency domain transfer function and

the time domain response of the temperature
of a single RC circuit to a step function power
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input pulse of Py magnitude is illustrated in
Figure 5.18:

T Ry Ry Rig Tease

junction

Chip G

s s
Cz Clg

Heatsink
Tamb\em
Frequency Z,,(W) = I
i " 1 .
Domain A + WGy,
i
Time

-t
Domain 0 = Pa R {1 B exD[Rm,\Cm,\H

Figure 5.18 Dynamic (AC) Junction
Temperature Calculation

To get the dynamic change in temperature
from a power dissipation step function input,
the Z,, transfer characteristics must be
established. The T;(t)/P4 ratio is traditionally
known Z s or junction to ambient thermal
impedance.

To get the total thermal impedance (Z;), one
simply sums the impedances of each R’C’ pair.
This value of Z, multiplied by the power
dissipation will result in the temperature
difference at any given point in time.

5.3 Understanding the Z,, Diagram

Even though this method of calculating Z, is
simpler than analyzing the actual thermal RC
network, the analysis must still be performed
with a electrical circuit modeling program or a
complex spreadsheet. For a very quick and
simple method, this is probably still too
complex - unless you already have all of the
model information programmed into your
spreadsheet or modeling software.

The tool usually used for quick calculations is
the Z,, diagram. The Z,;, diagram is developed
by first building a custom test set-up for each
device.

Specific power dissipation pulses are created

in the semiconductor device for defined
lengths of time and changes in the junction
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temperature are monitored (often with an
infrared thermometer). The temperature rises
more for stronger pulses (more power) or
longer pulses (more time). Remembering that
power multiplied by time is energy, more
energy dissipated in the device means a larger
junction temperature increase.

n Create test set-up for integrated circuit package types

m Power is generated in the integrated circuit for defined
lengths of time

m The resulting temperature rise is measured

= A thermal impedance (Z,) diagram is generated

Figure 5.19 Development of the Z,,
Diagram

After these measurements are made, a graph
of the thermal impedance can be created in the
time domain based upon pulse time and duty
cycle.

This graph is called a Z,, diagram.

10°
°C/W

Zinsn

Duty Cycle
50%

tpulse

Figure 5.20 Z, Diagram for the TO263
Package

On the x-axis is the time duration of the pulse
(from 10 ps to 1000 s). The vertical axis is the
thermal impedance (junction to ambient).
Several different curves are shown on the
graph - each corresponding to a different
power pulse duty cycle. For a given pulse
length and duty cycle, a Z, . value can be
readily obtained.



5.3 Understanding the Z;, Diagram

A general trend in the graph is apparent. First,
as the length of the pulse increases, the
thermal impedance increases. This is due to
the fact that the thermal “charge” in the
thermal capacitors is increasing, and the
network becoming more resistive.

Also, as the duty cycle is increased, the
thermal impedance is increased. Note, that for
each of the curves on the Z,, diagram EXCEPT
for the single pulse case, each power pulse
train of various duty cycles is assumed to
continue for infinite length of time.

In case of an ongoing pulse train the junction
temperature will rise during each power pulse
and it will fall between pulses. If the
temperature does not fall to its initial value
during the off time, it will rise higher each
subsequent time the pulse is applied, and fall
not quite as far each time the pulse is turned
off, until the temperature reaches an
asymptotic limit set by the corresponding Zy, ja
value from Figure 5.20.

10°

Single Pulse
°C/W
Zyn o] PO
T 10'
10° B
t;mlse
10"
%
i \ale Puls
RIE SR A ’ i
o2 LI AR A A T T
10° 10° 10" 10" s 10°

— tuse

Figure 5.21 Z, Diagram for the TO263
Package

The line corresponding to a single power pulse
dissipated in the semiconductor device is
shown with a bold line. For very short pulses
(for example, 100 ps), the thermal impedance is
very low (0.03 °C/W). Z,, 4 is low because the
junction temperature will rise very little if such a
short pulse is applied due to the charging of the
thermal capacitors. The system is “absorbing”
the heat. As the pulse width is increased, the
curves start to saturate. At a pulse width of
infinite time (the thermal capacitors have been
charged with as much thermal energy as they
can handle) the Z, diagram lines would

saturate at the DC thermal resistance, Ryyja-
So, for this package, the Ry, value is about
50 °C/W.

As more heatsinking is added, the curve moves
to the right — longer pulses are required to
generate the same junction temperature
increase. The reverse is also true. If the amount
of heatsinking is diminished, shorter pulses are
required to generate the same junction
temperature increase.

Sometimes, Z,, diagrams are given for junction
to case values (Z;,,c). Then, the engineer must
determine the thermal characteristics of the
application specific heatsink.

The Z,, diagram can also be used to find the
thermal impedance for periodic events. The
highlighted curve in Figure 5.22 is for the 50%
duty cycle case. Notice how large the thermal
impedance is for even very low duty cycle,
repetitive pulses. This is because the pulse
train is considered a continuous process and
measurements are taken when the thermal
system reaches steady state conditions. A
higher Z . value is observed than when a
single pulse of the same width and amplitude
heats the thermal system.

Periodic event:

il

t

pulse}

T

Duty Cycle:
D = touke

T
D =50%

Figure 5.22 Z, Diagram for the TO263
Package

Z,, diagrams for four different packages are
presented. The differences between the
different diagrams are very noticeable. Let us
take a look at two of the diagrams (measured
with TO252 and SO8 packages).
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The TO252 package is rather large and also
has a large heatsink within the package. Look
at the Z,,, for 600 mm? of copper heatsink
with a single power pulse of 1 second. It has a
thermal impedance of about 4 °C/W.
Therefore, if a 1 W pulse is applied to a device
in a TO252 package for 1 second, the junction
temperature will be 4°C higher than the
ambient temperature. Most of the power has
been “absorbed” by the thermal capacitors
and only a small junction temperature increase
is seen.

Thermal Impedance Junction to Ambient Zy,, vs.
Single Pulse Time t; (zero airflow)

K/w
ZIhJA 7
T 70
60
50 Footprinl <
- 300 m N
600 mm* (N} A
30 N
7
20 /
/1
10 Zal
0 =t
10° 10° 10" 10° 10' 10° s 10°
— =t

Figure 5.23 Z, Diagram for the P-TO263-5-1
Package (t, = 1's, Zy,jo =2 °C/W)

Thermal Impedance Junction to Ambient Zy,, vs.
Single Pulse Time t, (zero airflow)

Zinia

T120

Footprint
80 300 mm® N P
2
60 600 mm* N/l /1
7 //"
40 A
20 1 :5:
——
0 Il
10° 10° 10" 10° 10’ 10° s 10°

Figure 5.24 Z, Diagram for the P-TO252-3-1
Package (t,=1s, Zy, ), =4 °C/W)
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Compare this to a rather small SO8 package
which has no true integrated heatsink. Look
again at the Z,,, for 600 mm? of copper
heatsink when a single pulse of 1 second is
applied. The diagram shows a thermal
impedance of about 65 °C/W. Therefore, if a
1 W pulse is applied to a device in a SO8
package for 1 second, the junction
temperature will be 65 °C higher than the
ambient temperature. Very little of the power
has been “absorbed” by the thermal
capacitors, and that is why the junction
temperature increase is large.

Thermal Impedance Junction to Ambient Zy,, vs.
Single Pulse Time tp (zero airflow)
0

K/wW
ZthJA l/
T 120 Footprint /
300 mm* Ly
100 600 mm? (
80 /
74 A
60 7 &
40 A ~
T
20 =i
0 3 2 = 0 1 2 3
10° 10° 10" 10 10 10 s 10
—t

Figure 5.25 Z, Diagram for the SOT223
Package (t, =1, Zy, , =30 °C/W)

Thermal Impedance Junction to Ambient Zy, vs.
Single Pulse Time t;, (zero airflow)

K/W Footprint
Zoon 300 mm? P
600 mm® i =
140 il )it
iy
120 el
100 ’
80
60
40
20 Vd
0 [
10° 10° 10" 10° 10’ 10° s 10°

Figure 5.26 Z,, Diagram for the SO8
Package (t, =15, Zy, s =65 °C/W)



5.4 Example Transient Thermal Calculations

5.4 Example Transient Thermal
Calculations

Let us say that a single pulse of 400 W is
applied to a semiconductor component in a
TO263 package for 200 pys at 25 °C starting
temperature.

Po
[« touse —] tuse = 200 pis
400 W
Tiunction(®)
Toeak
Tpeak =?
25°C

Figure 5.27 Single Pulse in a TO263
Package

While the power is being applied, the junction
temperature will continue to rise. It will reach a
peak value when the pulse ends. From this
point, the junction will begin cooling as the
thermal capacitors discharge their thermal
energy until the junction temperature again
reaches the ambient (25 °C in this example).

The problem is to determine what the peak
junction temperature is. We need to verify that
the peak temperature remains below the
absolute maximum junction temperature
specified in the datasheet.

To solve this problem, we examine the single
pulse line for 200 us = 2 x 10* s in the Z,
diagram for a TO263 package which will
indicate a thermal impedance of about
0.083 °C/W.

Duty Cycle i
50%

touee = 2107 s
Zyn = 0.083 °C/W

= touse

Figure 5.28 Single Pulse in a TO263
Package

The solution now becomes very simple.

With a thermal impedance of 0.083 °C/W, the
junction temperature will rise 0.083 °C for
every Watt of power dissipated in the device or
33.2 °C with 400 W power dissipation.

Therefore, according to the Z, diagram, the
peak junction temperature will be

25°C +33.2°C=58°C

Normally, we think of 400 W as being a very
large number.

The 400 W, however, is applied for only a very
short time (200 ps). Therefore, the junction
temperature peak remains below a maximum
junction temperature of 150 °C by a large
safety margin.

= Power Dissipation
Py =400 W

= Thermal Resistance
Z,.,=0.083 °C/W

thia
= Junction Temperature

Tiunction,peak = Tambient + Po Zinja
Tiunction peak = 25 °C + (400 W)(0.083 °C/W)

il
T, =25°C+33°C=58°C

junction,peak

Figure 5.29 Single Pulse in a TO263
Package

For comparison, Figure 5.30 shows the results

of a Saber computer simulation. The
simulation shows a 30 °C junction temperature
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increase when a 400W power pulse is
dissipated for 200 ps. Comparing this to the
38.2 °C increase from our simple Z,, diagram
calculation, we can see that sufficiently
accurate calculations can be made very
quickly using the Z,, diagram.

55 400
rcl ILae
50 +

- 300

451
. - 250
Tiunction,peak = 55 °C

40 + - 200

-1
- 50

e L Pomax = 400 W 7o
-+ 50

25 T T T T T T
0 100 200 300 400 500 600 700 Time [us]

Figure 5.30 Single Pulse - TO263 Package
Saber Simulation

For our final example, let us examine the
impact of a 50% duty cycle pulse train
dissipated in a TO263 package. The pulse
width remains 200 ps (so the period is 400 ps).

As the first power pulse is applied, the junction
temperature starts to increase. When the
thermal pulse is terminated the junction
temperature cools slightly. As the second
pulse is applied, the junction temperature rises
again. When the pulse end the junction cools
slightly. This process continues until the
junction temperature asymptotically reaches a
limit.

The problem is to determine what the peak
junction temperature is when the equilibrium
temperature is reached. We need to verify that
the peak temperature remains below the
absolute maximum junction temperature
specified in the datasheet.
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Ppt  touse =200 ps
1.44 W+
toero = 400 is
Tiunction(®)
Tpeak T
Tpeak =?
25°C

Figure 5.31 50% Duty Cycle in a TO263
Package

To solve this problem reference is made again
to the Z,, diagram for a TO263 package.

First find the 50% duty cycle line for a pulse
width of 200 ps = 2 x 10 s. We can read from
the graph a thermal impedance of about
23 °C/W. Knowing that value the rest of the
solution is simple.

toueo = 200 1S
Z &l

Figure 5.32 50% Duty Cycle in a TO263
Package

With a thermal impedance of 23 °C/W, the
junction temperature will rise 23 °C for every
Watt of power dissipated in the device. Letting
the amplitude of the power pulse be 1.44 W
the AT is 33.1 °C and the final temperature is
58 °C.



5.5 Complex Waveforms and Superposition

n Power Dissipation

Pp=1.44 W

= Thermal Resistance
Zyn =23 °C/W

= Junction Temperature
Tiunction = Tambient + P Zinua
T, =25 °C + (1.44 W)(23 °C/W)

junction
T, =25°C+33°C=58"°C

junction

Figure 5.33 50% Duty Cycle in a TO263
Package

Note that in the previous example
(Figure 5.29), the junction temperature peaked
at 58 °C when 400 W was applied once to the
device. This time, a relatively small power
(1.44 W) is applied, but at a 50% duty cycle for
an “infinite” length of time. The peak junction
temperature saturates at the same value as for
the single 400 W pulse.

5.5 Complex Waveforms and
Superposition

Thermal calculations can be extended to more
complex power waveforms with the help of the
principle of super position. The method will be
illustrated with the case of calculating the
power dissipation when the MOSFET is
switched on.

With reference to the oscillograms, at 10 ys the
gate of an NMOSFET is pulled high which
initiates the turn-on sequence.

The drain current (I5g) starts to rise and the
voltage across the MOSFET, (Vpg) begins to
fall. The product of the rising current flowing
through the MOSFET and the falling voltage
across the MOSFET is the power dissipated in
the MOSFET. This causes a considerable
power loss spike every time a MOSFET is
switched on.

:_l R - | 1.Viygoes HI
-2 i
1 2. |pg increases
4P e 3. Vs decreases
i 4. P ogs spikes
2. los
| 3. Vos
Toov WMTodus Th F x4
s

Figure 5.34 Complex Pulse-Superposition
MOSFET Turn On

The impulse like trace clearly shows the power
dissipation waveform which, in this case, is
more complex than those we have previously
analyzed. We will show that the junction
temperature increase during the power loss
spike can be approximated by superimposing
several rectangular power pulses (both
positive and negative).

1. V)y goes HI
2. lpg increases

3. Vg decreases

4. P oss spikes

3. Vpg

00
0w

W T0.00s TR 7 Y
2
Wath1 ™ 25.0mvv 0.0us

Figure 5.35 Complex Pulse-Superposition
MOSFET Turn On

The method of constructing the approximating
power pulses is shown next.

The first pulse begins at 20 ps (10 ps after the
MOSFET input goes HI) and lasts until 50 ps.
The first power pulse will result in an increase
in the junction temperature of the MOSFET.
This first pulse covers most of the area of the
power loss spike, but we can get a more
accurate junction temperature calculation by
using additional superpositioned power
pulses.
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Pulse 1:
tsrarr 20 ps
tsrop 50 Hs

Vos

L U L AL L L
ni z.iov
Math1” 23.0mvv  16.0ps

Figure 5.36 Complex Pulse-Superposition
MOSFET Turn On

The second pulse begins at 25 ps and also
lasts until 50 pys. The second pulse will also
result in an increase in the junction
temperature of the MOSFET. The addition of
the second pulse allows us to cover the peak
of the power loss spike, but it also presents us
with a new problem. The energy loss
represented by the first two pulses will provide
an approximation for the power dissipation
greater than the actual power spike.

The concept of negative power pulses is
introduced to correct for the positive errors
caused by the positive pulse rectangles.

Pulse 1:
tsranr 20 pS
tsrop 50 ps

Pulse 2:

tsrant 25 S
Vos tsrop 50 piS

R T e

¥ 5o

Math1 WV 10.0ps

Figure 5.37 Complex Pulse-Superposition
MOSFET Turn On

The third pulse starts at 40 ys and also lasts to
50 ps. The third pulse is a negative pulse
removing energy from the approximated power
dissipation spike comprising of areas 1 and 2.
Therefore, the third pulse will result in a
superpositioned decrease in the junction
temperature of the MOSFET.
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Pulse 1:
tsranr 20 ps
tsrop S0 pis
Pulse 2:

tsranr 25 ps
tsrop 50 s

Vos

Pulse 3 (neg):

tsrarr 40 ps
tsrop 50 ps

L
h3 2.0V
wathi* 23 pmvv 1naps

Figure 5.38 Complex Pulse-Superposition
MOSFET Turn On

Finally, the fourth power pulse starts at 45 ps
and lasts to 50 us. Like the third pulse, the
fourth pulse removes energy from the power
dissipation spike. This again results in a
superpositioned decrease in the junction
temperature of the MOSFET.

Pulse 1:
tsrarr 20 ps
tsrop 50 s
Pulse 2:

tsrarr 25 s
tsrop S0 pis

v 1 Pulse 3 (neg):
3 DS ]
2 i 1 tsranr 40 ps
s et —sxy  tsop D0 US

10.ap5

SRR S

Math1 " 2

Pulse 4 (neg):
tarr 45 Us
tsrop 50 s

Figure 5.39 Complex Pulse-Superposition
MOSFET Turn On

The resulting power loss approximation closely
resembles the actual power loss spike.

If additional power pulses were used to more
accurately model the actual power loss, the
resulting junction temperature increase
approximation would be more accurate.

We can now “build up” the junction
temperature increase by using the power of
superposition.

Figure 5.40 illustrates the superposition of the
power pulses from Figure 5.39. The time scale
is shifted so that the first power pulse will start
att=0ps.



5.5 Complex Waveforms and Superposition

Att=5ps:

touises =5 Hs
tpuises = teuises = teuisea = 0

‘t‘=5us

Power

Time

I ATy (5 ps) = Zy, (6 uS) * Ppyise

A,

Figure 5.40 Complex Pulse-Superposition
MOSFET Turn On

We note that for the first 5 ps, only pulse 1 is
active pulses 2-4 have not begun yet.
Therefore, the junction temperature increase at
5 ps is only a function of pulse 1. The thermal
impedance (Z;,) can be read from a Z,,, diagram
single pulse curve with a duration of 5 ps.

We note that from 5 ps to 20 ps, pulse 1 and
pulse 2 are occurring. Pulse 3 and pulse 4 have
not begun. Therefore, the junction temperature
increase at 20 s is only a function of pulse 1 and
pulse 2. The junction temperature increase at
20 us is the superposition of the junction
temperature increase due to pulse 1 and pulse 2.

Att=20ps:

toyses = 20 bs
toyise2 = 15 bs
thuises = thuisea = 0

Power

Time

ATy, (20 ps) = Zy, (20 pis) * Ppy;se ¢
+Zy, (15 ps) * Peyige,

Figure 5.41 Complex Pulse MOSFET
Turn On

The thermal impedance of pulse 1 can be read
from a Z,, diagram single pulse curve with a
duration of 20 ps.

The thermal impedance of pulse 2 can also be
read from a Z,, diagram single pulse curve with
a duration of 15 ps.

We note that from 20 ys to 25 ps, pulse 1,
pulse 2, and pulse 3 are occurring. Pulse 4 has
not begun. Therefore, the junction temperature

increase at 25 ps is only a function of pulse 1,
pulse 2, and pulse 3. The junction temperature
increase at 25 us is the superposition of the
junction temperature increase due to pulse 1,
pulse 2, and pulse 3.

t=25ps Att=25ps:

tpuses =25 Us
tpuise2 =20 Us
tpuises =5 Hs
tpuisea =0

-—— RS

Power

T Time
I

ATy (25 ps) = Zy, (25 pis) * Pryise 4
+Z;, (20 ps) * Ppyse,
| = Z, (5 1) " Pryises

Figure 5.42 Complex Pulse-Superposition
MOSFET Turn On

The thermal impedance of pulse 1 can be read
from a Z,, diagram single pulse curve with a
duration of 25 ps.

The thermal impedance of pulse 2 can be read
from a Z,, diagram single pulse curve with a
duration of 20 ps.

The thermal impedance of pulse 3 can be read
from a Z,, diagram single pulse curve with a
duration of 5 ps. Because pulse 3 is a negative
power pulse (we are taking power out of the
system), pulse 3 results in a junction
temperature decrease and the
Zy(5 us) * Ppy s 3 Value is subtracted from the
net junction temperature increase.

We note that from 25 ps to 30 ps, pulse 1,
pulse 2, pulse 3, and pulse 4 are acting
together.Therefore, the junction temperature
increase at 30 ps is caused by all four pulses.
The junction temperature increase at 30 ps is
the superposition of the junction temperature
increase due to pulse 1, pulse 2, pulse 3, and
pulse 4.

99



5. Advanced Power Dissipation and Dynamic Thermal Analysis

t=380ps Att=30ps:

toyises = 30 ps
touises = 25 Us
touses =10 ps
touisea =S HS

Power

! Time
I

ATy, (30 ps) = Zy, (30 pis) * Ppyise 4
+Zy, (25 ps) * Pyige,
= Zy, (10 ps) * Ppyises

: = Zy, (5 18) *Peyises

Figure 5.43 Complex Pulse-Superposition
MOSFET Turn On

The thermal impedance of pulse 1 can be read
from a Z;, diagram single pulse curve with a
duration of 30 ps.

The thermal impedance of pulse 2 can be read
from a Z,, diagram single pulse curve with a
duration of 25 ps.

The thermal impedance of pulse 3 can be read
from a Z,, diagram single pulse curve with a
duration of 10 ps. Because pulse 3 is a
negative power pulse (we are taking power out
of the system), pulse 3 results in a junction
temperature decrease and the
Zy, (10 ps) * Ppy e value is subtracted from
the net junction temperature increase.

The thermal impedance of pulse 4 can be read
from a Z,, diagram single pulse curve with a
duration of 5 ps. Because pulse 4 is a negative
power pulse (we are taking power out of the
system), pulse 4 results in a junction
temperature decrease and the
Zy, (5 s) * Ppy s 4 Value is subtracted from the
net junction temperature increase.

Finally, we can go back to the power
dissipation curve and illustrate the junction
temperature at each of the four points we
calculated:

100

Pulse 1:
tsrarr 20 ps
tsrop 50 s

Pulse 2:

tsrarr 25 Us
tsrop 50 s

Pulse 3 (neg):
! tsranr 40 Us
s et sxv tsop SO WS

wWo 10.0ps

TV
h3 .o v
Wath1” 23.0m

Pulse 4 (neg):

tsranr 45 ps
tsrop S0 pis

Figure 5.44 Complex Pulse-Superposition
MOSFET Turn On

ATy (B us) = Zy, (5 us) ™ Ppyiseq

ATy, (20 ps) = Zy, (20 ps) * Ppy seq
+ Zin(15 ps) * Ppyise

AT,5 (25 us) = Zy, (25 ps) * Ppy sk 1
+ Zy, (20 ps) * Ppyise2
- Zy, (518) " Ppyises

AT, (30 ps) = Zy, (30 ps) * Ppy s 1
+ Zyy, (25 ps) * Ppyise
- Zy (10 ps) * Ppyises
- Zy (5 us) " Ppyisea



6. MOSFETSs, High Side Drivers, and Low Side Drivers

In this chapter, we will examine the Metal
Oxide Semiconductor Field Effect Transistor
(MOSFET) in two different types of circuits —
high and low side drivers.

We begin the chapter with a quick review of
MOSFET basics. This will be followed by an
introduction to various driver topologies, and
how the MOSFET can be used as a solid state
electronic switch. We will briefly touch on the
topics of protected high side and low side
drivers.

The method of selecting MOSFETSs for driver
applications will then be presented. We will
show how the on-state resistance (Rpg,,) of a
MOSFET is determined for both static and
switching applications.

Finally, we will examine in detail two special
MOSFET driver applications. Technical issues
associated with driving both capacitive and
inductive loads will be discussed and how
using a protected MOSFET driver can help to
mitigate some of these challenges.
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6. MOSFETSs, High Side Drivers, and Low Side Drivers

6.1 MOSFET Review

“MOSFET” is an acronym for “Metal Oxide
Semiconductor Field Effect Transistor”. The
gate of the MOSFET is either “metal” or a
polycrystalline silicon material which behaves
like a metallic material. (In original MOSFET
designs, the gate was metal.) Silicon dioxide
(“Oxide”) is used to insulate the gate from the
underlying semiconductor. It is in the
underlying semiconductor that various “n-
type” and “p-type” dopants are used to form
the “Field Effect Transistor”. (It is the “Electric
Field” created by the gate-to-source bias
voltage which actually turns the MOSFET on
and off.)

Vertical Power MOSFET
Integrated Circuit Process
(n-channel)

Vertical Power MOSFET
Transistor Process
(n-channel)

Gate Drain Gate

Source 3 Source
l l lSource Source

n+ n+

p* p*

s

n+ P~

Drain l

Groundl

Metal Oxide Semiconductor
Field Effect Transistor

Figure 6.1

Here, we show two vertical power MOSFET
cross sections. On the left is a power MOSFET
from a process optimized for individual power
transistors. The MOSFET on the right is from a
power integrated circuit process which allows
for isolation between various circuit
components which allows for integration of
other components.

The reader is advised to review Chapters 2 and
3 to refresh his or her knowledge of the basic
physics of MOSFETSs and their basic operating
characteristics.
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In a low side driver configuration, the switch is
located between the load and ground.

The n-channel MOSFET is on the “low” side of
the load - it is a “low side switch”.

14V

Current flows and
the switch turns on
(the load is driven)

loro Load  yith the MOSFET

turned on the drain
/ is nearly at ground
potential: V, ~ 0V

The switch is
between the
load and ground

MOSFET

Switch

\/GS14V—|

To turn on the LSD the
gate is pulled positive

Figure 6.2 Low Side Drive (LSD)
Configuration

To turn on the LSD, we apply a positive voltage
to the MOSFET gate. When the MOSFET is
turned on, the voltage at the transistor drain is
usually quite low or nearly at ground potential
(because the resistance of the switch is
significantly lower than the resistance of the
load). The high gate-to-source voltage
(Vgg =14 V) and low drain-to-source voltage
(Vpg ~ 0V) place the MOSFET in the linear
region of operation.

Current can now flow through the load and the
MOSFET switch, and the load is “turned on”.

Loads can also be driven on the high side. This
means that the MOSFET switch is now
connected between the supply voltage and the
load - the switch is on the “high” side of the
load.
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14V
MOSFET
Switch The switch is between
the load and supply
Vg=14V _| (or on the high side
of the load)
Vgs ~ 3V — Vg~ 11V

The low value of Vgg Load l'LOAD
translates into a small

| oap (saturation region)

Figure 6.3 High Side Drive (HSD)
Configuration

The following description of the operation of
the high side driver configuration is based on
the Infineon IPD14N06S2-80 (55 V / 80 mQ)
N-channel MOSFET (see the Iy vs. Vpg
characteristics in Figure 6.4).

60 7
50
10V /
40
/[ 7V
Z 4 /| T \
= ' 6.5V
——
20 /{// G‘Vf
VW a ;
% el 55V
. 5V
0 1 2 3 4 5
Vos [V]
Figure 6.4

Initially, the gate is connected to Vgar =14V
(or the drain and gate voltages are equal:
Vp =Vg). If the resistive load is 1.8 Q the
voltage drop across the load is9 V at I, =5 A.
At that current the drain to source voltage, Vpg
and the gate to source voltage, Vgg are equal at
5.0 V (this was approximated using a load line
of 1.8 Q on the above characteristics). The
device is operating in the saturation region.

The power dissipation in the MOSFET switch is
equal to P =5V x5 A =25 W! This amount of
power dissipated in the switch is very wasteful
and would require careful and intense cooling.

The problem can be solved by using gate
voltages greater than the drain voltage (i.e.
greater than Vg,y) in order to bias the device in
the linear region.

Taking the Vgar=14V case, assume that
Vg=24V. If Vg~ Vg,r, the load current is
approximately I, =1y ~7.8 A. The gate to
source voltage, Vgg is 10 V which is more than
enough to insure operation in the linear region.
The MOSFET is fully enhanced and the Rpg,,
is approximately 80 mQ.

The power dissipation in this case is given by:
P = Ip2 x Rpgon = 7.82x 0.08 = 4.8 W

The dissipation in this case is only 19.2% of
the previous one!

14V
MOSFET
Switch The switch is between
the load and supply
Ve=28V —| (or on the high side
of the load)
Vgs ~ 14V — Vg~ 14V

If the gate is pulled
to a much higher

potential than the drain
the high value of Vg Load lLoan
translates into a large

I onp (linear region)

Figure 6.5 High Side Drive (HSD)
Configuration

So, the fundamental difference in high side
drive applications is that a voltage higher than
the drain voltage needs to be applied to the
MOSFET gate. The gate voltage is higher than
in a low side application.

The decision to use a high side driver or low

side driver usually is made by a vehicle OEM
during the architectural decision phase. More
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6. MOSFETSs, High Side Drivers, and Low Side Drivers

than ten years ago, it was common to use low
side drive configurations because the switch
itself is simpler and less expensive.

In a Low Side Drive configuration:

+ More robust PCB with simple ground
+ Simpler, lower price driver
- 2 wires in system
- Short to ground can destroy load
- Possible load corrosion (connected to Vgyppy) —|
- Heavy ground return current to power
control module

In a High Side Drive configuration:

+ 1 wire from module to load _I
+ Short to ground can not destroy load

+ Load corrosion unlikely (connected to GND)

- Less robust with distributed ground

- More complex, higher price driver

Figure 6.6 Low Side Drivers vs.
High Side Drivers

While high side drivers have become more
commonplace over the last several years, low
side drivers still offer important advantages:

1) Low side drivers are simpler to implement
than high side drivers. This may result in a
lower price than a comparable high side
driver.

2) Low side drivers do not use a distributed
ground like high side drivers. Rather, the
ground for all the low side drivers is
common to the module ground. This can
simplify the electrical design of the printed
circuit board.

The final drive configuration presented briefly
is the H-Bridge drive. The name is descriptive
of the circuit topology (see Figure 6.7). Usually,
H-Bridge drivers are used to drive motors in
two directions (clockwise and counter-
clockwise).
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14V 14V The load is placed

in the middle of a
|—CCW “H”configuration

cw —|

Load

cow —]| - cw

Figure 6.7 H-Bridge Configuration

The motor may have to drive the load in one
direction, CW, (for example, to open a window
on a car door), then the “CW” legs of the H-
Bridge are turned on by raising the voltage at
the “CW” inputs. Current will now flow through
the motor from the left to the right which will
cause the motor to turn in one direction (CW).

14V 14V

|j700w
To turn the load on

Load in one direction,
= CWis “cw is pulled high
CW,s <28V,
CWs <14V

The load is placed
in the middle of a

CWis “H”configuration

ccw J‘

Figure 6.8 H-Bridge Configuration

If we want to drive the motor in the other
direction, CCW, the gate voltages will be
raised at the “CCW?” inputs. Current will now
flow through the motor from the right to the
left. This causes the motor to work in the CCW
direction.

14V 14V

|—28v

|j70w

The load is placed
in the middle of a
“H”configuration

CWJ'

14v—

To turn the load on
in one direction,
“CW” is pulled high
To turn on in the
other direction,
“CCW?” is pulled high

Load

Figure 6.9 H-Bridge Configuration

Each high side switch (right or left) is always
used with the opposite low side switch (left or
right). The name H-Bride configuration comes
from the resemblance of the circuit to the
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capital letter “H”. Each high side / low side
switch pair is one leg of the “H” and the motor
is the crossing between the legs.

In the H-bridge circuit higher gate voltage must
be applied to the high side drive MOSFET
switches to turn them on in the linear region in
order to maximize current flow through the
motor and to reduce the power dissipation.

Here are a few words about the types of loads
MOSFET high side drivers and low side drivers
control.

All real loads have some resistive, inductive,
and capacitive elements. The load model will
incorporate the various RLC elements for use
in driver design and selection.

It is easy to design for resistive loads.

Loads with significant inductive or capacitive
components, however, can add design
complexities. We will examine these issues in
the second half of this chapter.

All real loads are inherently complex:
m Resistive:
— Heaters (seats, mirrors, etc.)
= Inductive:
— Motors
— Relays
= Capacitive and capacitive like:
— Lamps (in-rush currents)

— Capacitance banks
(distributed power supplies such as airbag
squib driver power supplies)

Figure 6.10 MOSFET Loads
6.3 Protected Drivers

As a precursor to our future discussions, we
will introduce briefly here the concept of
protected MOSFET drivers.

For example, Infineon Technologies
Corporation manufactures a line of protected
high side drivers entitled PROFETs (PROtected
Field Effect Transistors). A PROFET is a
standard MOSFET with additional features that

have been integrated to enhance its
performance in high side drive applications.

Over Reverse
Voltage Battery
Protection Protection

gl
.

Short Circuit

Protection PROFET

Integrated
Charge Pump

Diagnostics

Over
Temperature
Protection

o] ¢

Figure 6.11 PROFETs = PROtected FETs

First, a charge pump is included in the
PROFET. As mentioned before, the charge
pump circuit boosts the supply voltage. This
boosted voltage is then applied to the
MOSFET gate when it is turned on to ensure
the MOSFET operates in the linear region
during hi-side drive operation.

In addition, several protection features are
included in the PROFET. For example, the
short circuit protection can protect the
MOSFET if a short to ground occurs. The over
voltage protection ensures the MOSFET will
not be damaged during load dump transients
or other high voltage events (assuming the
transient pulse energy is within specified
limits). The reverse battery protection keeps
the PROFET safe if the battery polarity is
reversed (current may flow, but the device will
not be damaged). The current limit feature
limits the maximum current which the MOSFET
high side switch can source. This again helps
to protect the switch from short to ground
conditions. The over temperature protection is
enabled if the temperature of the MOSFET
junction reaches unsafe levels, the switch is

turned off stopping the current flow
completely.
Finally, diagnostics are included so the

PROFET can provide feedback to a
microcontroller if a fault condition is detected.

Figure 6.12 is a block diagram of a typical

PROFET incorporating the features previously
mentioned. Notice the vertical, n-channel
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6. MOSFETSs, High Side Drivers, and Low Side Drivers

MOSFET and its integrated body diode (the
body diode is created by junction of the p*
wells at the source and the n-type drain). A
vertical MOSFET is used because of its low

F{DSon'

Gate
Protection

Current
Limit

[
Voltage
Source

Overvoltage
Protection

L

Limit for
unclamped
ind. loads

Charge pump
Level shifter
Rectifier

Temperature
Sensor

Load

Signal GND

Load GND

Figure 6.12 PROFET - Block Diagram

Surrounding the vertical power MOSFET (the
switch) are the various functional and
protection blocks implemented in logic
circuitry (illustrated in Figure 6.12). In addition,
ESD protection on the logic input (IN) and
integrated diagnostic feedback (ST) pins are
provided.

Infineon  Technologies Corporation also
manufactures a line of protected low side
drivers called HITFETs (Highly Integrated
Temperature protected Field Effect
Transistors). A HITFET is a standard MOSFET
with additional features that have been
integrated to enhance its performance in low
side drive applications.

Several protection features are included in the
HITFET. For example, the short circuit
protection can protect the device if a short to
Veatrery OCcurs. The over voltage protection
ensures the HITFET will not be damaged
during load dump transients or other high
voltage events (again  within  energy
limitations). The current limitation feature limits
e.g. the maximum current which the HITFET
low side switch can source. This again helps to
protect the switch from short to battery
conditions. The over temperature protection is
enabled if the temperature of the device
reaches unsafe levels, turning off the switch
and stopping the current flow completely.
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Figure 6.13 HITFET - Block Diagram

6.4 Selecting the Correct Ryg,,
Static Operation

Next, we will look at how to select the correct
MOSFET Rpsg,,, for power applications.

The determination of Rpg,, is a function of
electrical parameters (such as load current)

and also system parameters (including
ambient temperature and available
heatsinking).

Here is a short review of the power equations
used in thermal calculations for static
operating conditions. (The reader is reminded
that Chapters 4 and 5 provide more detailed
description of the thermal calculations.)

= Power Dissipation (switch applications in linear region)
Py = & Roson
= Thermal Impedance

Zinop = Zipgo + Zinca

= Junction Temperature

Tiunction = Tambient + Po Zinsa
= For static operation Z, , = Ry,ja

Figure 6.14 Basic Power Equations

The power dissipated in a resistive switch is
the product of the on-state resistance of the
switch and the square of the current flowing
through the switch:

Pp=1?R
Pswirchmax = (Iload,max)z(maXRDSon)

Next, the complete thermal impedance of a
system (Zy,a) is the sum of the thermal
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impedance of the device (junction-to-case or
Zyyc) and the thermal impedance of the
heatsink (case-to-ambient or Z, ;).

Zinan = Zingc + Zinoa

Once the dissipated power in the switch and
its thermal impedance are known, the junction
temperature of the switch can be determined
from Ohm’s Law applied to the thermal
domain.

The junction temperature must be limited so
that it never exceeds the maximum operating
temperature specified in the datasheet (usually
150 °C max).

Tjunction = Tambient + PD ZthJA

Finally, for steady state operation, the thermal
impedance is equal to the thermal resistance:

Zinsa = Ringa

If the equations are rearranged, solutions can
be obtained for either the maximum load
current (for a given Rpg,,), or the maximum
allowed Rpg,, (for a given load current):

= Rearranging, the equations yield:

- Tambwen(

nua Roson

T

junction

=T

2
load” Zinua

ambient

Figure 6.15 Rpg,, Equations

Many parameters affect the Rpg,, selection:

= Typically, the following parameters are set by the device:

Tiunctionmax = Usually 150 °C
Roson - Function of the silicon die and package
Zyic - Function of the package type (and die size)

= Typically, the following parameters are set by the application:
Tamvient - Usually 85 °C, 105 °C, or 125 °C
|oad - Function of the load resistance
Zion - Function of the external heatsink

Figure 6.16 Parameters Affecting
Rpson Selection

The first group of three entries are set by the
choice of the MOSFET switch:

1) Maximum Junction Temperature. For most
power devices, this is 150 °C.

2) MOSFET Switch Resistance from Drain to
Source (Rpgon) When the switch is ON. This
is a function of the area of the silicon die,
the process used to fabricate the MOSFET,
and, to a lesser extent, the type of
package.

3) Thermal Impedance from junction to the
Package Heatsink. This is primarily a
function of the package type. However,
there is also a dependence upon the size of
the silicon die inside the package. A larger
silicon die has a greater surface area to
dissipate power resulting in a slightly lower

ZthJC'

Maximum Ratings at T, = 25 °C unless otherwise specified

Parameter ‘ Symbol ‘ Values ‘ Unit
Operating temperature range ‘ T ‘ -40 ... +150 ‘ °C
Thermal Characteristics

Parameter and Conditions Symbol Values Unit

Min. | Typ. | Max.

Thermal resistance chip - case: | Ry,c - - 11 |KWwW
junction - ambient (free air): | Ry 2 = 80 |-
SMD version, device on PCB® = 45 |55

6) Device on 50 mm * 50 mm * 1.5 mm epoxy PCB FR4 with 6 cm?
(one layer, 70 um thick) copper area for V,,, connection.
PCB is vertical without blown air.

Load Switching C: ilities and Cl

Parameter and Conditions Symbol Values Unit

Min. | Typ. | Max.

On-state resistance (pin 3 to pin 1, 5)

Vip=55V,1,=7.5A  T,=25°C|Ry |- |10 [14 [mQ
T,=150 °C - |18 |24

Vip =12V, =7.5A T,=25°C - |8 |10
T' =150 °C - 14 18

Figure 6.17 Datasheet Parameters
Affecting Rpg,,, Selection

The first three parameters (T ,ctionmaxs Rpson
and Z,,c) can be found in the datasheet (see
Figure 6.17).

First, we look at the maximum operating
junction temperature. In this example, the
MOSFET driver is specified to operate
normally as long as the junction temperature
remains at or below 150 °C. This is usually
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6. MOSFETSs, High Side Drivers, and Low Side Drivers

found in the maximum ratings section of the
datasheet.

The second parameter to be found in the
datasheet is the thermal resistance (recall that
for steady state operations the thermal
resistance is equal to thermal impedance). In
the example, the junction-to-case (or chip-to-
case) thermal resistance is listed as 1.1 K/'W
(see the thermal characteristics portion of the
datasheet). In this example, the units are
“degrees Kelvin per Watt” or “K/W”. Since 1 K
temperature change is equivalent to a 1°C
temperature change, the units “K/W” and
“°C/W” are interchangeable when applied to
temperature changes.

Note that the datasheet also identifies the
thermal resistance under specific system
conditions. First, if the MOSFET driver were in
free air (@ worst case condition), the thermal
resistance junction-to-ambient is typically
80 K/W (or 80 °C/W). Next, if the high side
driver were mounted on a PCB with 6 cm?
(about 1in? of copper board area for
heatsinking, the typical thermal resistance
junction-to-ambient is lowered to 45 K/W (or

45 °C/W).

The final parameter in the datasheet is the on
state resistance of the switch between the
MOSFET drain and source. In this example, the
Rbson 18 specified for four different conditions.
Note that the extreme case conditions (low
battery voltage and high temperature) has the
worst case on-state resistance (24 mQ).

Knowing where to find these parameters in a
datasheet, let us look at a few sample
calculations.

In our first example, it is assumed that the
maximum ambient temperature of the
electronic module is 85°C with a battery
voltage of 14 V.
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14V

—_

Tampien: = 85 °C
RDSOH
SOT223 Package

Zyun = 82 °C/W

To find |, initially assume

Roson ~ 0 Q
load § R=3Q
Voar 14V
lows= =——=——=467A
"R =30

4

Figure 6.18 Rpg,, Selection Example
Calculation

In addition, a SOT223 package is selected
which has a thermal resistance (junction-to-
ambient) of 82 °C/W. (We will look at this
number more closely later in this chapter.)

For the load current calculation, we assume
that the Rpgon <<Riag=3Q and thus
Rpson ~ 0 ©; then the load current calculated
by Ohm’s Law is 4.67 A.

From the load current, we can determine the
maximum allowed Rpg,-

We know from the datasheet that the
maximum junction temperature is 150 °C. This
limits the maximum Rpg,, to 36 mQ
(significantly smaller than our 3 Q load).

14V
Rpson €aN Now be calculated for
different T;cionmax
R < Tjuncilcn,max - Tamblen(
DSon =
ILoad2 Z1hJA
o 1CC__ o0
o R=30 (4.67 A)"(82 °C/W)
125 °C - 85 °
Ryey < —122°C-85C__ o) 10

(4.67 AY(82 °C/W)

Figure 6.19 Rpg,, Selection Example
Calculation

Let us reflect on what this means. Given an
ambient temperature of 85 °C, if a MOSFET
driver is used with Rpg,, =36 mQ to switch
4.67 A current in a system with a thermal
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resistance of 82°C/W, the junction
temperature will rise to 150 °C. A lower value
of Rpson (@ More expensive device) will result in
a lower junction temperature. This is often
done for safety and for providing headroom in
a design.

For example, if the maximum desired junction
temperature were only 125 °C, the MOSFET
would have to have a lower Rpg,, (22 mQ). This
will require a larger die and a more expensive
device.

Where did the 82 °C/W value of thermal
resistance come from? In a previous chapter, a
fair amount of material was allotted to thermal
resistance graphs. The thermal resistance
graph for the SOT223 package is shown in
Figure 6.20. The graph provides the junction-
to-case thermal resistance (Ry,,,) for a SOT223
package as the copper board space heatsink
is varied from 0 mm? to 600 mm? (6 cm? or
about 1in?).

We arbitrarily chose, in the example, a value of
82 K/W (82 °C/W) corresponding to a SOT223
package mounted on a PCB with about 3 cm?
(about 0.5in? of board space dedicated to
copper heatsinking.

180 T

RV 4164.3 % | |
T 140 \\\ -
120 \ =82 °c!/w
100 N
S0 & 58,
04 100 200 300 400 500 mm? 600
—> A

Figure 6.20 SOT223 Heatsink

We can also consider cases with other
packages and heatsinks which may have
better (or worse) junction-to-ambient thermal
resistances. One example is the TO263
package (commonly referred to as D>-PAK).

85 T
R 78.4 =l
hiA
HISS @
T 70 —
65
60
55 52.4
50 N
45
40 Larger Package
a5 Larger Heatsink ~—*Q_9/
100 200 300 400 500 mm? 600
— %A

Figure 6.21 TO263 Heatsink

From the graph it is clear that the thermal
resistance of the TO263 package is less than
that of the SOT223 package for a given copper
PCB heatsink area.

For example, with 600 mm? of copper board
space heatsink, the thermal resistance
(junction-to-ambient) of the TO263 package
drops to 39 °C/W.

How this can impact the Rpg,, calculation in
the previous example.

Recalling: T, pient = 85 °C
loag =4.67A

For a maximum junction temperature of

150 °C, the maximum allowed Rpg,, = 76 mQ.

Selecting some safety margin with a 125 °C
limit, the new maximum Rpg,, = 47 mQ.

14V a

Rinua = 39 °C/W with 1 in® heatsink

Rpson €aN Now be calculated for

different Ty ciionmax

o s 10°C=85C__
(4.67 A)*(39 °C/W)

lioa R=3Q

Rogey & —122°0-85°C_ 02 “85°C _ 470

(4.67 A)*(39 °C/W)

Figure 6.22 Rpg,, Selection Example
Calculation

Note that with the use of larger packages
(generally more expensive), the maximum
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Rpson bECOMES larger (less expensive MOSFET
silicon die).

As you use larger heatsinks (more expensive
board design), the maximum Ryg,, becomes
larger (less expensive MOSFET silicon die).

As you use a narrower safety margin (higher
operating temperature), the maximum Rpg,,
becomes larger (less expensive MOSFET
silicon die).

Package and | Rpg,, at Rpson at
IRl Tinctonmax = 125 °C | Tiuncionmex = 150 °C
SOT223 (0.5 in?) 22 mQ 36 mQ
TO263 (1 in?) 47 mQ 76 mQ

Figure 6.23 Rpg,, vs. Package and Heatsink

In our simple examples, the range of maximum
allowable Rpg,, is

22 mQ < Rpgyn < 76 MQ, or 3.46 ratio of upper
limit to lower limit!

This gives an idea of the performance/cost
trade-offs that are inherent in the selection of
the MOSFET’s Rpgon-

For reference, the thermal resistance curves
for several different packages are included.

As mentioned before, the thermal resistance
generally decreases as the package (case) size

increases:

The SO-8 package has a higher thermal
resistance than the...

SOT223 package which has a higher thermal
resistance than the...

TO252 package which has a higher thermal
resistance than the...

TO263 package.
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Figure 6.24 Ry, , for SO-8 Package
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Figure 6.25 Ry, , for SOT223 Package
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Figure 6.26 Ry, , for TO252 Package
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Figure 6.27 Ry, , for TO263 Package
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6.5 Selecting the Correct Ryg,, Dynamic
Operation and the Impact of
Switching Losses

The switching losses that occur in a FET driver
switch are examined next when the MOSFET is
turned on, turned off, or repeatedly toggled on
and off (also known as Pulse Width Modulation
or PWM).

Any time the operating state of a
semiconductor switch is changed, the turn on
and off processes occur within a finite time.
The voltage across the MOSFET and the
current through the MOSFET do not
instantaneously change: it takes time to fully
turn on or off the transistor.

During the time of a turn-on transition,
switching losses occur as the current through
the MOSFET increases causing a voltage drop
across the load that decreases the voltage
across the MOSFET. During the transition the
transient power dissipation in the switch will
reach a maximum value.

1.0
//
0.8 — |
06 /IDS/ILDJG
V4N
0.4
£ |
02 Py \Y\\
0 ‘ ——
0 0.2 0.4 06 0.8 1.0
Time

All values normalized

Figure 6.28 Impact of Approximate FET
Switching Loss

A real life example of a switching application is
a 6 mQ high side driver used to turn on a 60 W
light bulb load (analogous to a head lamp
bulb).

The load current through the high side driver
and the bulb is shown here. It takes about
200 ps for the high side driver to completely
turn on (and for current to reach its maximum
value) as shown by Figure 6.29.

Channel 2 Amp

6.58 T T
6.00 —
’/ ol 6 mQ HSD
5.00 , Vi = 135V
4.00 Load = 60 W bulb
I D=0.5, =100 Hz
3.00 Current response
approximately

2.00 piece-wise linear

0 | [ ]

0 50 100 150 200 250 300 350 400

Time

Figure 6.29 PROFET Switching Loss Lamp
Turn-On

The current response for this high side driver
(an Infineon PROFET device) is approximately
piece wise linear. Initially, the current increases
rapidly. After about 40 ps, and for the next
160 ps, the rate of current rise decreases.
During these two periods the current is
approximately linear functions of time. This
fact will come into play in the equations to be
introduced shortly. The turn-on/off
characteristics are determined by the gate
drive circuitry contained within the hi-side
driver.

A warm light bulb can be considered as a
resistive load (more about cold light bulbs
momentarily).

If the current through the MOSFET and the
voltage across the MOSFET are piece wise
linear, then an approximation for switching
losses can be made as:

Vps = Voltage transition across the MOSFET
Ips = Current transition through the MOSFET
Pswirch Loss.ave = (1/8)(Vps)(Ips)

P oss = Power Loss During Turn On

tswiren = Time to Turn MOSFET On

ESWITCH Loss = (PSWITCH LOSS,AVE)(tSWITCH)
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» For a resistive load (with a piecewise linear current and
voltage response), the approximate FET switching loss is:

Pioss ~ (0.125)(Vps Is)
Eioss = (Pose)(tswiten)

Figure 6.30 Approximate FET
Switching Loss

These equations are for a single “turn-on”
event. Every time the MOSFET is turned on, it
will incur these losses. The equations are also
useful to calculate the switching losses for our
60 W lamp load example (assuming a warm
bulb). The approximate average power lost in
the switch is 11.1 W (or 11.1 Joules per
second). Since the approximate switching time
is 205 ps, the energy loss is 2.28 mJ every time
the switch is turned on.

» Approximate Switching Energy Loss
V, =135V
[ =6.58 A
Piossapprox = (0-125)(Vyppiy loaa)
=(0.125)(13.5 V/)(6.58 A) = 11.1 W
towitch =250 ps - 45 ps = 205 ps

supply

Eloss‘appmx = (tsw\(ch)(Ploss‘appmx)
= (205 ps)(11.1 W) =2.28 mJ

Figure 6.31 PROFET Switching Loss:
Lamp Turn-On

When the current through the MOSFET and
bulb is turned off the current as a function of
time is shown in Figure 6.32. The current
change in this case is approximately linear (in
the turn-on case the current change was piece
wise linear).
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Figure 6.32 PROFET Switching Loss:
Lamp Turn-Off

Using the same equations, the switching
losses in the MOSFET can be calculated for
the turn-off event.

= Approximate Switching Energy Loss
Vb =135V
lioad =6.58 A
Piossapprox = (0-125)(Vip lioa)
=(0.125)(13.5 V/)(6.58 A) = 11.1 W
towiton =205ps - 190 uys = 15 ps

Eloss,appmx = (tswncn)(Ploss,appmx)
= (15 ps)(11.1 W) = 0.17 mJ

Figure 6.33 PROFET Switching Loss:
Lamp Turn-Off

Notice that the average power loss in the
switch during turn off is the same as the power
loss during turn on. However, since the
switching duration is significantly shorter
(15ps vs. 205ps), much less energy is
dissipated in the MOSFET when the switch is
turned off.

The sum of the switching energy loss of the
MOSFET during a turn-on/turn-off switching
event is approximately 2.45 mJ.
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= Approximate Switching Energy Loss

Ejoss onapprox = 2-28 mJ (turn-on)
Ejoss off.approx = 0-17 mJ (turn-off)
Essapprox = 2:28mJ +0.17 mJ =2.45mJ  (total)
Eloss actual measurement =229mJ (total)

%Error
%Error

=(2.45mJ -2.29 mJ)/2.29 mJ
=7.0%

Figure 6.34 PROFET Switching Loss:
Lamp Turning On and Off

The result is only 7% higher than the actual
energy loss of the system (measured by an
oscilloscope). It shows that for quick
calculations, the “One Eighth Rule” is a
reasonable approximation for piece wise linear
V(t) and I(t) functions:

PLoss = (1/8)(Vps)(Ips)

ELoss = (PLoss)(tswircr)

So, now we can look at the total power
dissipation in a MOSFET when it is being used
in a PWM application (rapidly being turned on
and off).

= The power dissipated in a PWM application is given by:

Pp = Pgyitching + Pon

Pauitehing = (Fewitehing) (Ploss-on trum-on + Ploss-off trum-of)
Ploss-oft = (0-125)(Vouppiy lioad)

Piosson = (0-125)(Voyppy lioad)

[ = (I\oad)z(RDSOr\)(tpu\se'cn)(stmchmg)

T]ummcn = Tambient + Po Rinua

D = (tpulse'on)(stNchmg) = (tpu\se—ur\) / (TPenod)

Figure 6.35 Rpg,, Calculations for PWM
Applications

You do not need to memorize these equations,
they are here for your reference. With time and
practice, however, you will become more
familiar with them.

In a PWM application both switching losses
and conductive (on) losses occur:

Pp = Pswitching + Pon

Here, the total switching power loss is given by
the product of the switching frequency and the
sum of the energy loss during a turn on and a
turn off cycle:

i * *
Pswitching - (FSW)(Ploss-on tturn—on + Ploss-off tturn-off)

The switching power loss equations are the
“One Eighth Rule” we previously introduced.
The power loss when the MOSFET is on is
determined by the product of the power and
the Duty Cycle (the product of the time that the
MOSFET is on and the pulse repetition rate):

P, = (2 R)(Duty Cycle)

Pon = (IZ F{)(tpulse-on * Fsw)

In Figure 6.36 is the equation for the maximum
allowed on state resistance of the MOSFET
accounting for both switching and conductive
losses. There are two portions on the right
hand side of the equation. The first term is
determined by the static operating losses
(load® D), the second term is based upon the
switching losses (1/8VIFg,;).

Each term incorporates the appropriate power
and energy loss.

Again, this is not an equation you need to
memorize (engineers often just enter this
equation into a spreadsheet). In fact, rather
than going through all the math, we thought it
would be more informative to simply look at
how the different parameters affect the Rpgg,
selection.

Tiunction ~ Tambient : Fwicting Vsupply load @t i )
‘turn-on ‘turn-off/
R < R!NA 8
'DSon,max = . ’b
'Load

41 Rpson (FET more expensive) 'P Ropson (FET less expensive)

O G A
N T N
D Rox V R
ANl Vo,
/N D (Duty Cycle) ¥ D (Duty Gycle)
P Bz \ Ferng
Increases Jv Decreases
T Vont switching SRy switching
I B losses v tum-on losses
D i Vb

Figure 6.36 Rpg,, Calculations for
PWM Applications
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The following is a quick example of how the
equation can be used to determine the
maximum allowable Rpg,, of a MOSFET.

The high side switch is being pulse width
modulated (PWM operating mode) driving a
2.05 Q load. The steady state load current is:

d = Vsupply / RIv:)ad
=135V /2.05Q=6.57 A

IIoa

The switching parameters (Pyss, tium-ons trurn-offs
Fowitchingg DUty Cycle) are from our previous
examples.

The package of choice is a TO252 package
with 1in? of copper board space for heat
sinking.

This allows the use of max. Rpg,, = 45 mQ.

Using the same equations, the switching
losses in the MOSFET can be calculated.

So, now we can look at the total power
dissipation in a MOSFET when it is being used
in a PWM application.

Tanertmae = 85 °C
135V Tiunctonmax = 150 °C
loaa =6.57 A
Pioss =11AW
tum-on =155 ps.
_| tymer =30 1S
Fowtnng = 100 Hz
Duty Cycle = 50%

Riua = 55 °C/W (TO252 + 1in?)
2050 150°C-85°C_(100 HA13.5V)6.57 A) (155 . 50 ps)
55 K/W 8
Roson <
(6.57 A?(0.5)
o5on < 45 MQ

Figure 6.37 Rpg,, Selection
Example Calculation

6.6 Capacitive Load In-Rush Current

The final two sections in this module examine
the operation of MOSFET drivers in
applications where the load is not purely
resistive. These loads generally fall into two
categories, capacitive loads and inductive
loads. First we will look at capacitive loads and
the precautions that need to be taken when
switching a capacitive load.
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The model shown here is for a light bulb. The
RC network will exhibit a large in-rush current
when it is initially turned on. This model is also
in Chapter 1 (RLC Loads) where the derivation
of the component values is shown in detail.

= Lamps and RC networks can experience significant
“in-rush” current when they are initially turned on

= When a lamp initially turns on, the filament is cold,
and has a relatively low resistance

» As the filament warms up, the resistance increases
dramatically (often by an order of magnitude)

23.2Q
3.6 mF
W
I

2.80Q

Out

Figure 6.38 Capacitive Load
In-Rush Current

The model represents the resistance of the
warm filament (23.2 Q) and the impedance of
the cold filament (2.8 Q in series with the
3.6 mF capacitor). The charging of the
capacitor models the warming up of the
filament.

The in-rush current vs. time function for a light
bulb load is shown in Figure 6.39. The
waveform is an actual oscilloscope trace of the
current flowing through an initially cold light
bulb. The time-base in the waveform is
40 ms/division.

The current peaks very quickly at
approximately 5.5 A. As the filament warms
(for about 80 ms) its resistance increases, and
the load current reaches its steady state value
of approximately 0.6 A.
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=» Lamps and RC networks can experience significant
“in-rush” current when they are initially turned on

= The in-rush current may be 10 times the static (DC)
current

556A ———

|
600 mA —»:_J;\h‘-—-

Figure 6.39 Capacitive Load
In-Rush Current

WG G Chd 7 T
1. B

When the load resistance is lower than
expected and the in-rush current exceeds the
maximum current limit, PROFETs and HITFETs
may go into a protective current limiting mode.
When turning on capacitive loads, like lamps,
drivers should be selected such that their
current limit value is greater than the peak in-
rush current.

The value of the high side driver’s current limit
can be found in the datasheet. The device
shown below limits the maximum current at
70 A (minimum at Tj;neion = 150 °C) to 140 A
(maximum at Tj;neion = -40 °C). It is generally
NOT recommended to force a protected driver
into current limit operation during switching of
the “normal/nominal” application load.

Protected drivers are not designed for
extended/continuous operation under fault
(extreme operating) conditions (such as
current limiting). During current limiting, the
driver will transition from the linear region of
operation to the saturation region and begin to
act as a current source, effectively clamping
(or limiting) the sourced current to a
predetermined value.

In the saturation region, however, the power
dissipated (and hence junction temperature) in
the protected driver can increase dramatically
due to the increasing voltage (Vpg) across the
MOSFET. Therefore, care must be taken to
keep in-rush current levels below the device’s
current limit threshold.

Parameter and Conditions Symbol Values Unit
atT,=25°C,V,, =12V
| 0 L Min. | Typ. | Max.
unless otherwise specified ! ye. %
Protection F ions '
Short circuit current limit
(Tab to pin 1, 5)'¥
Short circuit current limit at
Vo =6V T =-40°C |lgsq |- |110 |140 |A
T=25°C - |05 |-
T,= +150 °C 70 |90 |-

Figure 6.40 Standard Current Limiting

Here is an example of the how the in-rush
current of a load can impact the junction
temperature of a high side driver.

In this example, the voltage across the driver
(Vpg) rapidly decreases. During the time the
lamp current rapidly increases to about 27 A
and then begins to decrease as the lamp
filament heats up. These are actual scope
traces of a 50 mQ hi-side driver turning on a
27 W incandescent bulb (Figure 6.41).

[Fok fuin | = Tilg?
' T
[if— e ; VN
| i Chd Max
| . : 27,24
1 b
| .. ; vog

| SR : -

18 jan_2007
172327

Vps - Drain-source voltage

Vs - Sense signal

I, - 27 W lamp in rush current

Driver Pyiss = Vi * lioad
Figure 6.41 Lamp In-Rush Current Example

The actual in-rush power is also shown as a
scope trace by multiplying the drain-source
voltage and load current. In order to be able to
use a Zy, diagram to help estimate the transient
temperature rise during in-rush, the average
power during in-rush must be modeled by a
rectangular power pulse. For this example we
will estimate the average in-rush power as a
rectangular pulse of 30W lasting for
approximately 3 msec. The time duration of
3 msec is somewhat arbitrarily chosen but
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here it is used as the point where the in-rush
current has decayed to half of its peak value.

Now that the in-rush power is modeled as a
rectangular pulse it is valid to use the Z,
diagram of the driver in order to estimate the
transient temperature rise during current in-
rush. Since we are looking at a single in-rush
current event, we will look at the single pulse
line (Figure 6.42).

For a pulse width of 3ms, the thermal
impedance of our high side driver is ~2.0 °C/W.

s 10*

10° 10° 10*10°4107 107 10° 10' 10°
~3 msec

—»tp

Figure 6.42 Z, ,, Chart for Lamp In-Rush
Current Example

Now, we can calculate the junction
temperature increase of the high side driver
during the in-rush current event.

= Approximate junction temperature increase
(using Z,, diagram and estimated rectangular
average in-rush power)

tin-rush = 3 msec
Zypia =2.0°C/W
Piossave =30 W (estimated from oscilloscope)
ATAunctn)n = Zipya Pross
= (2.0 °C/W)(30 W) = 60 °C

Figure 6.43 Lamp In-Rush Current
Example Calculations

_ *
Tjunction - Tambient + ZthJA PIoss

_ *
Tjunction - Tambient = ZthJA Ploss
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ATjum:tion= ZthJA * Ploss
=2.0°C/W*30W =60 °C

Increasing the transient junction temperature
by 60 °C during the in-rush current event is
normally considered a somewhat marginal
design for long term reliability of the MOSFET
driver.

Studies for FET drivers with aluminum
metallization have shown that transient
temperature increases in the range of

approximately 60 °C or higher can cause
degradation of the metallization and affect the
long term reliability of the device. It is generally
recommended to keep the transient junction
temperature increase to less than 60 °C during
in-rush events from capacitive loads.

6.7 Switching Off an Inductive Load

Finally, we will look at inductive loads and the
precautions that need to be taken when
turning off an inductive load.

First let’s take quick review of Lenz’s Law:

= With inductive loads (for example coils and valves),
additional switching losses can occur during turn off.

= According to Lenz’s Law:

The electromotive force (voltage) and the induced
current in an inductor are in a direction as to tend to
oppose the change that produced them.

= Therefore at turn off, the voltage at the output of the
high side driver becomes negative to oppose the
decreasing inductor current.

Figure 6.44 Switching OFF an
Inductive Load

Briefly, it means that the current through an
inductor can not be changed instantaneously.
To turn off an inductive load, the current must
decay over some time to 0 A.

Instantaneous change of current through the
inductor would require very large voltage
transients. The voltage across the inductor will
tend to reverse the polarity of voltage that has
created the current initially.

This may cause stresses when driving
inductors with a high side or low side driver.
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Here’s an example of what will happen to a
protected MOSFET when an inductive load is
switched off.

Initially, the high side driver is turned on by
increasing the input voltage.

Note that in a protected MOSFET, the input will
not actually be tied to the MOSFET gate.
Rather, it signals the internal circuitry to apply
the gate voltage.

The output voltage quickly reaches its steady
state value and the load current increases
through the inductor (Figure 6.45).

After some time the load current in the inductor
reaches its final value (due to its resistance).

= Eventually, |_reaches it’s DC value

L——
WA

Figure 6.45 Switching OFF an
Inductive Load

Next, the switch is turned off by lowering the
input voltage.

» At some point, the FET is turned off

Vo

L—
A

Figure 6.46 Switching OFF an
Inductive Load

At this time, the switch turns off, and the
MOSFET attempts to stop sourcing current.
According to Lenz’s Law, however, the current
flowing through an inductor cannot be
instantaneously changed. The inductor will
discharge in some finite time in response to a
reversed polarity voltage pulse acting across it.

As the load current is being reduced, (V) will
become negative (as the polarity across the
inductor flips). For most protected FETS, there
are integrated clamping circuits that will only
allow the output voltage to go so far negative
and then the clamping circuit will turn the FET
back-on to essentially clamp the output
voltage at a designed level (Figure 6.47).

If the high side driver did not clamp the output
voltage, Voyr would continue to fall below
ground until it reached the avalanche
breakdown of the MOSFET. At this point, an
avalanche current would flow from the battery
through the MOSFET to the inductor until the
inductor current decayed to OA. This
avalanche process itself is not destructive
although it may cause excessive power
dissipation, which can permanently damage
the high side driver (more on this in a few
pages).

= Vour goes below GND. The zener eventually conducts
and supplies gate charge to turn on the FET, clamping
Vour at a “safe” voltage.

Vin Von

Voney

N

Figure 6.47 Switching OFF an
Inductive Load

Once the current discharges to 0 A and all the
inductive energy is dissipated, Vqo,r will go
back to 0V and the turn-off process of the
inductive load is complete.
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Notice that substantial power will be
dissipated in the MOSFET during the turn-off
of the inductive load current.

Pp = VON(CL) I
Voniey = Voo - Vour during clamping
We need to ensure the power dissipated

during the turn-off process is limited to a safe
value (Figure 6.48).

s When I -> 0 A, Vg will return to GND potential

Voniey

Figure 6.48 Switching OFF an
Inductive Load

As stated before, if the diode clamp was not
integrated in the protected MOSFET, Vg,
would continue to fall below ground until the
MOSFET went into avalanche breakdown. This
is shown in Figure 6.49.

u If Vo r was not clamped, it’s magnitude would
increase to the point of the MOSFET avalanche
breakdown voltage

L

Figure 6.49 Safely Clamping Vot
for Inductive Loads

A MOSFET which turns itself on via a feedback
clamping circuit can normally absorb more
energy than one which undergoes avalanche
breakdown. Recall that the energy stored in
the inductor is E=1/2*L* |p2_ This energy
must be dissipated when the FET is turned off.
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Also recall that the power dissipated in the
FET is Pger = Vpg * Ip. By turning the FET on,
Vbs = Von(cry» Which is designed to be < Vpgay)-
The power dissipated in the device during the
inductive switch-off event is therefore
reduced.

Thus, a FET operated in the on-state can
typically handle more energy than when
operated in the avalanche mode, and the
protected FET can handle more energy during
inductive turn off compared to a standard FET
operated in avalanche mode (Figure 6.50).

= Clamping Vo, to a safe value (below avalanche)
increases the maximum energy which can be
dissipated in the driver during turn off

10000

3
z

Profet with active voltage limiting
[——

1000

Avalanche

o
S

/
J
T

Absorbable Inductor Energy

o

5 10 15 20 25 30 mm? 40

Silicon Area

Figure 6.50 Clamping Vo1 Increases the
Maximum Inductor Energy

In our high side driver datasheets, you will see
two important specifications for turning off
inductive loads.

At the top of Figure 6.51, in the Maximum
Ratings section, an example is given of the
maximum amount of energy the high side
driver can safely dissipate during a worst case
load condition. In this example, a high side
driver with a starting junction temperature of
150 °C sourcing 20 A of current can safely
absorb an additional 0.3 J of energy during the
turn-off of an inductive load.

The bottom half of the figure states the
specification of the clamping voltage that was
introduced a few pages back. The clamping
voltage is equal to the supply voltage minus
the negative output inductor voltage at which
the MOSFET has turned on and 40 mA of
current is flowing:



6.7 Switching Off an Inductive Load

VON(CL) = VSUPPLY - VOUT
= Vpra - Vsource
= Vpg at Ipg = 40 mA (test condition)

In this particular device, the clamping voltage
is typically 42 V. This means for a 14 V battery
voltage, Vo will typically clamp at -28 V.

= The maximum safe inductive energy which can be
dissipated in the FET is found in the maximum
ratings section:

Maximum Ratings at T = 25 °C unless otherwise specified

Parameter Symbol | Values | Unit

Inductive load switch-off energy dissipation *

single pulse (= 0.3 J
IL=20A, Vyy =12V T,=150°C

= The clamping voltage is in the electrical characteristics:

Values Unit
Typ.

Parameter and Conditions
at T =25°C, Vy, =12V
unless otherwise specified

Symbol

Min. Max.

Protection Functions '?

Output clamp

(inductive load switch off) '
at Voyr = Vi, - Voney (€-9. OVervoltage) | Voyey |39 |42 |- Vv
I, = 40 mA

Figure 6.51 Maximum Safe Inductor Energy

In addition to the specified electrical values the
datasheets also include a graph illustrating the
maximum load inductance for a typical high
side driver device (Figure 6.52).

First notice that the graph has been developed
for the worst case conditions (Tjynetion = 150 °C
and 0 Q resistance of the inductor). The graph
specifies the largest inductor value a typical
high side driver can safely turn off based upon
the steady state operating current.

Please note that this graph is for a single turn-
off event of the inductor, and should not be
used for repetitive or PWM applications. We
will address PWM driving of an inductive load
momentarily.

100 St
mH " Maximum load
inductance for a
N single switch off

— -

100

0.

T,=150°C

Riow =00
0.01 =

Figure 6.52 Energy Absorbed When
Turning Off an Inductive Load

As stated before, when the MOSFET turns off
an inductive load, energy will be absorbed by
the MOSFET. Some of the energy stored in the
inductor is, however, dissipated in form of self
heating within the parasitic resistance of the
inductor and is not absorbed by the MOSFET.

There is additional energy dissipated in the
driver during inductive load turn-off due to the
current flowing from the battery to the
MOSFET (Figure 6.53).

= The energy absorbed by the high side driver when an
inductive load is turned off (E,.,) is equal to:

Eioss = Esuppiy + EL - B

Where:
E is the energy delivered to the MOSFET from
the battery
E, s the energy delivered to the MOSFET from the
inductance (E_~ L 1,°/2)
Er s the energy dissipated by the inductor due to
internal self-heating

supply

Figure 6.53 Energy Absorbed When
Turning Off an Inductive Load

The total energy absorbed by the protected
FET can be found by solving a differential
equation. The solution can be approximated as
shown in Figure 6.54. It is important to verify
with inductive loads whether the E, ¢ value is
less than the specified maximum absorbable
energy, Eas wax (0.3 J in the previous datasheet
example).
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= This becomes a differential equation:

Eioss = Esuppiy + Einoucrance = Eesn = jVomcu it dt

= The solution to this equation can be approximated
forR >0Q

LI IR,
Ejes = TRLL (VSUPPLV + ‘VOUTlCL)‘) In [1 w m]

Figure 6.54 Energy Absorbed When
Turning Off an Inductive Load

What will happen if the dissipation is too large
when inductive load currents are turned off?

It is important to remember that Electrical Over
Stress (EOS) conditions can be created when
the dissipated energy is in excess of the
datasheet ratings.

The large amount of dissipated energy creates
“hot spots” on the silicon die melting the
interconnect metallization, damaging the
silicon and may permanently damage the
MOSFET (Figure 6.55).

» Protected FET die after the maximum dissipated energy
is exceeded due to switching off an inductive load

Figure 6.55 What Can Go Wrong?

Special precaution must be taken when
repeatedly turning off an inductive load (as in a
PWM application).

In a PWM application, every time the current to
inductive load is turned off (perhaps 100 times
per second or more) the amount of energy
previously determined (E,. ) is being absorbed
by the MOSFET at each cycle. For most
applications this may exceed what even a
protected FET can handle.
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Therefore, one customary practice is to place a
fast recirculation diode in parallel to the
inductor. This diode clamps the inductor
voltage slightly below ground and serves to
recirculate the inductor’s current during the
turn-off phase of a PWM cycle.

Safety does not come without a price: limiting
the fly-back to a single diode drop will slow
the current decay and thus take longer to turn
off the inductive load (Figure 6.56).

Load

Note: Generally, inductive loads are not PWM driven
due to the repetitive clamping energy / power.

Figure 6.56 Driving a FET with a PWM Input

Finally, we will look at an example of turning off
an inductive load with a high side driver and
calculate the energy absorbed by the
MOSFET.

Initially, the high side driver is switched off by
lowering the input voltage. Again, the input
pin is not directly connected to the gate of
the high side drive MOSFET (Figure 6.57).

Vin l

MOSFET is turned off

V., =12V

supply

Vour

L =630 pH

Figure 6.57 Turning Off an Inductive Load
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When the MOSFET is initially turned off, V1 is
clamped (Figure 6.57):

Vout = Vsuppry - Vaz =12V -42V=-30V
So, in this example we have 42 V across the

MOSFET (Voy) as the inductor current decays
from 9.5 Ato 0 A.

Vour = Vauppy = Vaz v
Vor=12V-42V=-30V 'N[:I
Vaz ~ Vos = Von
Von V=42V
v Vappy = 12V Vi = 12V

Figure 6.58 Turning Off an Inductive Load

We can calculate the time it takes for the
inductor current to decay. Recall the equation
for the voltage across a lossless inductor
(V_ =L di/dt). We can rearrange this equation
to determine the amount of time required for
the inductor current to completely decay.

dt=Ldi/V,
tstop decay ~ tstan decay = L* (IL,MIN - IL,MA)() / VOUT
tyr=L"(OA- IL,MAX) /oyt

torr = - L* (IL,MAX) / VOUT
=-(630 pH) * (9.5 A) / (-30 V) = 200 ps

Vour = clamped to -30 V v
N
Vag =12V m
Vou |_ V=42V
Vi Von Voppy = 12V

Vour IL‘l di/dt = Vour / L
—

L =630 pH
L=95A

G Vs

ty = (630 pH)(©.5 A) /30 V
o = 200 ps

Figure 6.59 Turning Off an Inductive Load

Finally, the power loss in the high side driver is
the product of the decaying inductor current
(I) and the MOSFET drain-to-source voltage
(Von) (Figure 6.60).

The power loss when the load current first
begins to decay is equal to:

_ *
Ploss,initial - VON,initiaI IL,initial

=(42V) (9.5 A) = 399 W

The power loss when the load current has
decayed to 0 A is equal to:

Ploss,final = VON,finaI * IL,finaI =@2V)Q0A=0W
With an average power loss of:

P

loss,average = VON,average * I
= (VON,average) * (IL,MAX / 2)
=(42V)*©9.5A/2)
=199.5W ~ 200 W

L,average

Therefore, energy absorbed by the MOSFET
during the turn-off of the inductive load is:

Eioss = Ploss ™ torf = (200 W) * (200 ps) = 40 mJ

Area under the P, curve Viy
is the dissipated energy

Vou V=42V
supply = 12v
S._.

V, =12V

supply

VON
di/dt = Voyr / L

to4 = 200 ps
Eioss

VOUT

:

L =630 uH
IL=9.5A

Piossag = Vaz “ lLmax /2 = (42 V)(9.5 A) / 2

Plossavg = 200 W
Ejoss = (Prose)(tor) = 40 mJ

Figure 6.60 Turning Off an Inductive Load

So far, we have examined what happens when
using a high side driver to turn off an inductive
load.

We now briefly turn our attention to the
problems that can occur when a low side
driver is used to turn off an inductive load.

This time, however, we will see that instead of

a negative voltage spike at the output, the use
of a low side driver will result in a positive
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voltage spike at the output when an inductive
load is turned off (Figure 6.61).

= MOSFETSs and HITFETSs can also be used to drive inductive
loads in a low side configuration

= The low side configuration, however, results in a positive
voltage spike at the output

VSUPPLY VSUPPLY
Negative
Voltage Positive
Vi Spike Voltage
l Spike
VOUT l

Vour

Vin

Figure 6.61 Low Side Drivers and
Inductive Loads

Here’s an example of what will happen to a
protected MOSFET when a low side driver
turns off an inductive load (Figure 6.61).

Initially, the low side driver is turned on by
increasing the input voltage. Note that in a
protected MOSFET, this input voltage will not
actually be tied to the MOSFET gate. Rather, it
signals the internal circuitry to apply the
appropriate gate voltage.

The output voltage quickly reaches its steady
state value and the load current increases
through the inductor (Figure 6.62).

After some time, the load current in the
inductor reaches its final value.

= Initially, the MOSFET is turned on and |, reaches

it's DC value
VSUPPLV v
IN
o l Vour D
VOUT
IL
VIN

Figure 6.62 Switching an Inductive Load
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Next, the switch is turned off by lowering the
input voltage.

At this time the switch begins to quickly turn
the current off. The reducing current will self-
induce a reverse voltage across the inductor
(according to Lenz’s Law) that drives the
output voltage to be more positive than Vg pp v
(Figure 6.63).

When Vg, reaches the Zener clamping
voltage, the MOSFET will begin to turn back on
creating a path for the reducing inductive
current. Vg avp Will last as long as the current is
greater than 0 A (Figure 6.64).

Since Voyr = Voawe + Vo Vour is held steady
(i.e. clamped) at Vg avpe + V7
where V; = FET Threshold Voltage.

If the low side driver did not turn itself on, V1
would continue to increase until it reached the
avalanche breakdown of the MOSFET. At this
point, an avalanche current would flow from
the battery through the inductor and through
the MOSFET until the inductor current
decayed to 0 A. This avalanche process itself
is not destructive; however, it causes
excessive power dissipation which may
permanently damage the low side driver.

u Vour goes above Vg pp y as the inductor current goes to 0 A

\
SUPPLY Vi

L l Vour |
VOUT

A

Figure 6.63 Switching an Inductive Load

Once the current discharges to 0 A and all the
inductor energy is dissipated, Vg will return
to Vguppy @nd the inductive load turn-off
process is complete.

In the case of low-side drivers a large amount
of power will be dissipated in the MOSFET
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during the current turn-off while driving
inductive loads.

During turn-off the dissipated power is equal
to:

_ *
PD - VOUT IL

and it must be ensured that the power
dissipated during the turn-off process is
limited to a safe value.

= When | =0 A, Vg returns back to Vgepy

VsupeLy Vin
IL l VOUT
Vour —,I_j
v, I
IN

Figure 6.64 Switching an Inductive Load
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7. Protected High Side Drivers

In this chapter, we will be introducing the
concept of “protected” MOSFET high side
drivers (PROFETS).

We will start with a quick review of MOSFETSs,
and quickly transition to how a protected
MOSFET high side driver differs from standard
transistors. This will lead us into an
introduction to the various types of protection
that are available in protected high side
drivers. We will also describe the various
diagnostic options available in protected
MOSFET high side drivers.

We will then discuss how a protected MOSFET
high side driver can be easily implemented in
an application. We will also examine what EMI
issues may arise and how they can be
minimized. We will also identify how the
functionality of the protected MOSFET high
side driver can be improved with the addition
of a few external components. Finally, we will
end the chapter with a review of the questions
a system designer should ask when
implementing a protected MOSFET high side
driver in their application.

A note to the reader:

the power transistor in all high side drivers
is an n-channel MOSFET. The figures do not
show the arrows that usually symbolize the
polarity of the MOSFET.
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7. Protected High Side Drivers

7.1 Whatis a Protected MOSFET High Side
Driver?

MOSFET is an acronym for “Metal Oxide
Semiconductor Field Effect Transistor”. The
gate of the MOSFET is either metallic or
polycrystalline silicon material which behaves
like a metallic material. (In original MOSFET
designs, the gate was metal.) Silicon dioxide
(Oxide) is used to separate the gate from the
underlying semiconductor. It is in the
underlying semiconductor that various n-type
and p-type dopants are used to form the “Field
Effect Transistor”. (It is the “Field” from the
gate down to the semiconductor which
actually turns the MOSFET on and off.)

In switching applications, we will operate the
MOSFET either in the off state (the switch is
opened) or in the linear region (the switch is
closed with a finite resistance). In switching
applications we usually do not use the
MOSFET in the saturation region.

In a high side drive configuration, a MOSFET
switch is connected between the supply
voltage and the load - the switch is on the
“high” side of the load (Figure 7.1).

The switch is on the “HIGH”
Switch side of the load

14V _| To turn on the HSD,
XSV~ 11V the MOSFET gate is pulled high

Vs ~ 3V
l ILOAD

Load The result is a large drain-source
voltage drop (saturation region)

MosFeT 14V

The source voltage will rise
until Vg balances with
the required load current

Figure 7.1 High Side Drive (HSD)

Configuration

To turn on the MOSFET, we will again apply a
positive voltage to the gate of the MOSFET in
an attempt to enhance the channel and allow
current to flow through the load. A
fundamental property of the MOSFET comes
into play here. The maximum voltage a
MOSFET can pass to its source is at least one
threshold voltage drop (about 1 V) below the
applied gate volt. With a load connected, the
gate-source voltage will be slightly larger,
enough to support the required load current:
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Vgs=Vg-Vg=14V-11V=3V

The fact that the drain and gate voltage are
equal means that the MOSFET is in the
saturation region and will act as a current
source (Figure 7.1).

For a given load resistor the load current must
be found for equal drain and gate voltage.

RL X I = Vgar - Vg = Vgs = Vg

From MOSFET datasheets the load current I
can graphically be found that satisfies the
equation. The dissipation is calculated by
equation: P =1, x Vpg.

This type of biasing is not desirable for
switching applications, because the MOSFET
drain-to-source voltage is relatively high and
thus the power dissipation in the device is high.

To remedy this situation, we actually pull the
MOSFET gate to a higher voltage which will
ensure linear MOSFET operation even at
I. =Vgar / R, load current. This is done with
either a charge pump circuit (the circuit will be
reviewed later in this chapter).

The switch is on the “HIGH”
Switch side of the load

28V _| If the MOSFET gate is pulled
to a higher voltage...
N Vo~ 14V )
Vs ~ 14V The source voltage is now
ll approximately Vg5,
LOAD
The high value of Vg
Load translates into a small
drain-source voltage
drop (linear region)

MOSFET 14V

Figure 7.2 High Side Drive (HSD)
Configuration

When we apply the higher voltage to the gate,
two things change from our previous example.
First, the source voltage of the MOSFET rises
from a lower voltage to almost Vg, meaning
that a very small voltage is dropped across the
MOSFET switch. Second, even at the full load
current the power dissipation is greatly
reduced in the MOSFET (Figure 7.2).

So, the fundamental difference in high side
drive applications is that a higher voltage
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needs to be applied to the MOSFET gate than
in a low side application.

This leads us to a family of devices called in
Infineon product listings as PROtected Field
Effect Transistors (PROFETS).

What exactly is a PROFET? The power
component of a PROFET is a standard n-
channel power MOSFET and additional, low
power integrated features have been added to
improve its performance and protection in high
side drive applications (Figure 7.3).

The PROFET performance is improved with the
charge pump. As mentioned before, the
charge pump circuit boosts the battery
voltage. This boosted voltage is then applied
to the MOSFET gate when it is turned on to
ensure the MOSFET operates in the linear
region.

In addition, several protection features are
included in the PROFET. These features
ensure the transistor will not be damaged if
one or more of the operating conditions of the
high side switch are improper.

For example, the short circuit protection can
protect the MOSFET if a short to ground
occurs.

The over voltage protection ensures the
MOSFET will not be damaged during load
dump transients or other high voltage events.
The reverse battery protection keeps the
PROFET safe if the battery polarity is reversed
(current may flow, but the device or the load
will not be damaged). The current limit feature
limits the maximum current which the MOSFET
high side switch can source. This again helps
to protect the switch from short to ground
conditions. The over temperature protection is
enabled if the temperature of the MOSFET
reaches unsafe levels, turning off the switch
and stopping the current flow completely.

Finally, diagnostics are included so the
PROFET can provide feedback to a
microcontroller if any fault condition is present.

Reverse
Battery
Protection

-~

,/7 v
Integrated / vg)l\tlaeg;e
Charge Pump, \Protection/
—
\ Over

P —
Temperature

Short Circuit
Protection

Protection PROFET|

Diagnostics

BCH: B
jul

Figure 7.3 PROFETs = PROtected FETs

Figure 7.4 is a die photograph and a block
diagram of a typical voltage controlled
PROFET incorporating the features we
mentioned. Notice the vertical, n-channel
MOSFET and its integrated body diode (the
body diode is created by junction of the p*
wells at the source and the n-type drain). A
vertical MOSFET is used to minimize the
switch’s Rpggp.

Surrounding the vertical power MOSFET (the
switch) are the various functional blocks and
protection circuitry implemented in CMOS
technology (mentioned earlier). The ESD protection
provided on the logic input and the diagnostic
feedback pin of the PROFET are also visible.

T
Overvoltage
Protection

[
Voltage
Source

Current
Limit

Gate
Protection

Vioge

Limit for
unclamped
ind. loads

Charge pump
Level shifter
Rectifier

Temperature
Sensor

Signal GND

Load GND

Overvoltage
Protection
Power Stage

Temperature
Sensor

Current Charge Overvoltage
Control Pump Logic

Power Output
Stage Protection
Logic

Overvoltage ESD
Protection

Figure 7.4 Voltage Controlled PROFET
Block Diagram and Die View
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In addition to voltage controlled PROFETs,
Infineon also offers a line of current controlled
PROFETs. Note that a current controlled
PROFET requires one less pin than a voltage
controlled device (no ground pin is required for
the current controlled PROFET (Figure 7.5).

The construction and functional blocks of a
current controlled PROFET are very similar to
those of a voltage controlled PROFET, with the
main difference being the input signal.

Overvoltage | [ Current Gate |
Protection Limit Protection

Limit for
unclamped
ind. loads

Charge Pump
Level Shifter
Rectifier

Output
Voltage
Detection

Temperature
Sensor

Logic GND Load GND

Figure 7.5 Current Controlled PROFET
Block Diagram

7.2 Protection Features

Standard MOSFETs are often considered
“rugged” devices. They are physically large,
single transistor components manufactured in
a rather simple fabrication process. However,
they are unprotected components - meaning
that if the device is subjected to a fault
condition, the MOSFET is often not able to
protect itself or its load.

Protected
= PROFETs

= Achieved through design
and utilization of more
advanced integrated
circuit technologies

= Available CMOS, DMOS
and Bipolar devices allow
for the integration of ESD
protection, active clamping,
current limit, temperature
sensing, etc.

Rugged
= MOSFETs

= Achieved through
process & manufacturing
technology

= Protection Not Built in

= Protection Built in

Figure 7.6 Rugged vs. Protected

128

PROFETs improve upon MOSFET devices by
incorporating additional protection circuitry
implemented in a fabrication process offering
CMOS and DMOS components. Therefore, if
the PROFET is subjected to a faulty operating
condition, the PROFET can protect itself and
its load (Figure 7.6).

The following is a list of the available protection
features in Infineon’s PROFET portfolio. Many
of these may be familiar to you, some are
unique to the PROFET family (Figure 7.7).

n Electrostatic Discharge (ESD) Protection

= Overvoltage / Load Dump Protection

= Overvoltage Shut Down Protection and Restart
= Undervoltage Shut Down Protection and Restart
= Reverse Battery Protection

n Reversave™ Battery Protection

= Inductive and Overvoltage Output Clamp Protection
= Thermal Shutdown Protection

= Current Limit Protection

u Short Circuit Shut Down Protection

= Inversave™ Inverse Current Protection

m Loss of Ground Protection

n Loss of Supply Voltage Protection

Figure 7.7 PROtected FET (PROFET)
Protection Features

We now will briefly examine each of these
protection features. Before describing
PROFET protection features, let us briefly
review the block diagram of a typical voltage
controlled PROFET (Figure 7.8).

T
Overvoltage
Protection

[
Voltage
Source

Current
Limit

Gate
Protection

Vioge

Limit for
unclamped
ind. loads

Charge Pump
Level Shifter
Rectifier

Temperature
Sensor

Signal GND

Load GND

Figure 7.8 Block Diagram Including
Protection Features

In the block diagram, we can see that many of
the protection features are shown in their own
functional blocks (ESD, over voltage
protection, current limiting).  Additional
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protection circuits use one or more of the
“sensing” functional blocks (current sense,
temperature sensor). Finally, there are those
protection circuits that are operating “behind
the scenes” and are not readily apparent from
such a high level functional diagram.

First, we will look at the PROFET input
electrostatic discharge (ESD) protection.
Figure 7.9 is an example of the ESD protection
specification from a PROFET datasheet. Note
that the conditions for the ESD test are shown
(@ human body model test is identified in the
example).

Under standard operating voltages, when the
IN signal is raised, the zener diode remains off.
The signal is then processed by a Schmitt
trigger before it actually reaches the control
portion of the PROFET. The Schmitt trigger,
however, has a high input impedance, so only
a small amount of current flows into the device.

When the IN signal exceeds the standard
operating voltages, the ESD zener diode turns
on pulling current through resistor R,. This
holds the cathode of the zener diode at a safe
(clamped) level and protects the Schmitt
trigger and the remainder of the PROFET
device. Under these conditions, the resistor,
R, limits the current flowing through the ESD
zener diode to a safe level:

I|N = (VIN - Vz) / RI

A pull down current source is included to
ensure that the device remains off when the
input is floating.

Maximum Ratings at T, = 25 °C unless otherwise specified

Parameter

Electrostatic discharge capability (ESD) | Vesp 3.0 kv
(Human Body Mode)

acc. ESD assn. std. $5.1-1993;
R=1.5kQ; C =100 pF

Symbol | Values | Unit

! ESD-zD, /N

-

|
|
|
|
l

Figure 7.9 ESD Protection

Next, PROFETs are protected if the supply
voltage is increased beyond the standard
operating conditions (over voltage protection).

Figure 7.10 illustrates the over voltage
protection method and a detail from a PROFET
datasheet is also shown. In the example, the
minimum voltage at which the PROFET’s over
voltage protection is activated is 62 V.

The circuit shows how the over voltage
protection is functionally implemented. For
standard supply voltages:

Vo < Vaz,

and the zener diode is not active. However, as
the supply voltage increases, it will eventually
turn on the zener diode, clamping the supply
voltage at the specified value, and protecting
the logic portion of the PROFET. Note, that the
external resistor, Rgyp, is used to limit the
current in the zener diode during over voltage
events. The voltage drop on Rgyp is added to
V2 when the over voltage limits are calculated.
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7. Protected High Side Drivers

Parameter and Conditions
atT;=-40 ... +150 °C, Vp, = 12... 42V,
unless otherwise specified

Symbol Values Unit

Min. [ Typ. | Max.

Overvoltage protection Viopz) | 62 " -
_— —— - —_——— =V,
PROFET ’7#
1
R
IN | —— 1
—
STI Logic N Va
—1—1
R
o | N N l !
1 Var GND |
RGNDQ
Signal GND

Figure 7.10 Over Voltage Protection

Some PROFETSs, in addition to the internal
clamping protection, turn themselves off if the
supply voltage exceeds the over voltage
threshold. This also protects the load from
seeing too high a voltage. In Figure 7.11, an
example of the over voltage shutdown
specification from a PROFET datasheet is
shown. In this example, the supply voltage
range in which the PROFET will turn itself off is
34 V (minimum) to 42 V (maximum).

To prevent a PROFET from oscillating between
the normal and shutdown modes, hysteresis is
included on the over voltage shutdown. In this
example, the typical value of the hysteresis is
0.7 V. For example, if a PROFET’s over voltage
shut down protection was activated at 36V,
the PROFET would typically turn itself back on
when the supply voltage fell to 35.3 V.

The final specification shown in this over
voltage shutdown example is the over voltage
restart. This specification defines the supply
voltage at which the PROFET is guaranteed to
turn itself back on after going into over voltage
shutdown. So, regardless of whether the
PROFET entered over voltage shutdown at
34 Vor42V, itis guaranteed to turn itself back
on when the supply voltage falls to 33 V.
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Parameter and Conditions
atT;=25°C, Vyp = 135V,
unless otherwise specified
Operating Parameters
Overvoltage shutdown T, =-40 ... +150 °C | Vi |34 |- |42 |V
Overvoltage hysteresis T; = -40 ... +150 °C | AVyy e | — 0.7 (-
T,=-40 ... +150 °C | AViory |33 |- |- |V

Symbol Values Unit

<

Overvoltage restart

Figure 7.11 Over Voltage Shutdown
Protection and Restart

Similar to over voltage shutdown, under
voltage shutdown will turn off a PROFET if the
supply voltage falls below a minimum
threshold. Without this protection the
operation of logic blocks may become
unpredictable and the charge pump may not
be able to supply sufficient gate voltage drive
as the supply voltage falls.

In Figure 7.12, an example of the under voltage
shutdown specification from a PROFET
datasheet is shown. The operating supply
voltage range in which this particular PROFET
will operate properly is 5.5 V (minimum) to 38 V
(maximum). As the supply voltage is being
turned off, under 5.5V, the charge pump will
turn itself off at some voltage, but before the
control logic is shut down. Between 2.5 V and
3.5V the logic will turn itself off. Note that the
turn off voltage of the charge pump will always
be higher than that of the logic.

When the supply is first turned on from an off
state the logic may come alive between 2.5V
and 3.5V but the charge pump stays off until
the supply voltage reaches the typical value of
4.0 V. The charge pump will definitely turn on
(in the extreme case) if the supply is 5.5 V.

This method of under voltage protection will
prevent a PROFET from oscillating into and out
of under voltage protection operating mode
and it will also minimize the hazards of losing
control over the power switch.

The method of protection is not the same for
all PROFET devices. There are differences
between newer and older designs as well as
voltage controlled and current controlled
devices.

The user is strongly advised to pay attention to
datasheet details and study the available
Application Notes.
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Parameter and Conditions
atT =25°C, Vy, =12V,
unless otherwise specified

Symbol Values Unit
Min. | Typ. | Max.

Operating Parameters

Operating voltage (V= 0) T,=-40... 150 °C|Viyey |55 |- |38 |V
Undervoltage shutdown Vonw |- |25 |35 |V
Undervoltage restart of charge pump Voo |- |4 |55 |V

Figure 7.12 Under Voltage Shutdown
Protection and Restart

For passenger vehicles the load dump pulse
amplitude is 60 V above the battery voltage
and the pulse duration between the amplitude
levels of 10% - 10% of the peak amplitude is
150 ms. The internal impedance of the load
dump source (Rg) is 0.5 Q (ISO 7637-2).

PROFETSs don’t necessarily shut down during
load dump conditions but if the PROFET has
over voltage shut down feature the appropriate
shut down limits will apply.

If the PROFET only has over voltage protection
the protection levels will depend on the load
resistor value (see Figure 7.13). The over
voltage protection levels are determined by the
Zener-diode voltage and the value chosen for
Renp (see Figure 7.10 and Figure 7.14). If the
load dump amplitude is insufficient to activate
the over voltage Zener-diode or initiate a shut
down there won’t be any protection at all i.e.
the part is robust enough to handle the stress.

Maximum Ratings at T; = 25 °C unless otherwise specified

Parameter Symbol | Value | Unit
Load dump protection Vi gagpump = Va + Vs | Vicaddump A%

R =2 Q, t; =400 ms, V, = low or high,

V,=135V

R =185Q 735

R =27Q 88.5

m The rated load dump voltage is a function of the generator
impedance (Rg) and the load resistance (R,)

m As R; and R, increase, less energy is dissipated in the
PROFET, and the maximum allowable load dump voltage
increases

Figure 7.13 Load Dump Protection

PROFETs can also be protected against
reverse battery conditions.

In Figure 7.14 there is an example of the
reverse battery protection specification from a
PROFET datasheet. In this example, the
maximum reverse battery voltage the PROFET
can withstand is 52 V.

The circuit in Figure 7.14 illustrates how the
reverse battery protection is implemented. If
the supply voltage and ground connections are
reversed, current will flow from the signal
ground, through the current limiting resistor
(Rgnp)s through a diode, to the supply voltage
connection.

Note that the PROFET is not actually
functioning during the reverse battery
condition, therefore the over temperature
protection circuitry is not functional.

Symbol Values Unit
Min. | Typ. | Max.|

Parameter and Conditions
atT)=-40 ... +150 °C, Vy, = 12.... 42V,
unless otherwise specified

Reverse Battery

Reverse battery ¥ Ve |- |- [s2 v
Drain-source diode voltage (Vour > Ves) Vou |- |600 = [mVv
T =150 °C

4) The over temperature protection is not active during reverse current operation!

+5V

| === || e

1 Diode
e — = —— L=
GND
RGND
Signal GND Power GND

The PROFET will requires a 150  resistor in the GND connection to limit the
reverse supply current.

Figure 7.14 Reverse Battery Protection

It is also necessary to limit the reverse battery
current through the PROFET’s load and
MOSFET body diode. It is very likely that the
power dissipated in the body diode of the
PROFET will be higher than the what the
PROFET dissipates during normal operation:

For example, in normal operation:

Vo =14V
R, =1.990
Rpson= 0.01 Q

= Vi / (RL + Rpgon)
=14V/(1.99Q+0.01Q)=7A

ILOAD

PPROFET = ||_0AD2 RDSOn =(7 A)2(0-01 Q)
=049 W
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The same calculations can be made for reverse
battery conditions:

Voiope =06V

= (Vbb - VDIODE) / I:zL
=(14V-0.6V)/1.99Q=6.73 A

ILOAD

Perorer = Voiooe lLoan = (0-6 V)(6.73 A)
=4.04 W

As the over temperature protection circuitry is
not active during reverse battery conditions it
is necessary to provide adequate heat sinking
so, that the maximum junction temperature is
not exceeded (Figure 7.15).

Symbol Values Unit
Min. | Typ. | Max.
Reverse Battery

Reverse battery ¥ [V [- [- Je2 v
Von 600 |- ‘mv

Parameter and Conditions
atT,=-40 ... +150 °C, V,, = 12.... 42V,
unless otherwise specified

Drain-source diode voltage (Vour > Vye)
T,= 150 °C

4) The temperature protection is not active during reverse current operation!
+5V

—_——————— -,
1 S——
Ror R Logic
i, A 4
sT!
Q1
| ZS ZS Power
Inverse
1 Diode
s — e —Jd o =
GND
RGND RL
Signal GND Power GND

The reverse load current through the intrinsic drain-source diode has to be limited by
load. Power dissipation is higher compared to normal operating
conditions due to the voltage drop across the drain-source diode.

Figure 7.15 Reverse Battery Protection

Sometimes, it is not practical to implement a
heatsink large enough to protect a PROFET
during reverse battery conditions. Therefore,
Infineon has developed a line of PROFETs with
ReverSave™ protection feature (Figure 7.16).

When current flows from the signal ground to
the supply voltage connection, voltage is
dropped across the resistor, R,. This voltage
is sufficient to partially turn on just the
MOSFET within the PROFET and significantly
reduce the power dissipation during reverse
battery conditions. (The intrinsic MOSFET
body diode will not turn on unless the voltage
across the MOSFET approaches 600 mV).
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In this example with ReverSave™ protection:

=75A
=13 mQ (maximum)

ILOAD
I:{DSon

Perorer = lLoap” Roson = (7.5 A)(13 mQ)
=0.731 W

Vs =l 0ap X Rpson = 97.5 mV << 600 mV
Without ReverSave™ protection:

Vpiope ~ 600 mV

PPROFET = VDIODE ILOAD = (0.6 V)(7.5A)
5W

Parameter and Conditions Symbol Values Unit
atT,=25°C, V,, =12V,
unless otherwise specified Min. | Typ. | Max.
Reverse battery voltage Ve |- |- [16 |v
On-state resistance
Vip=-8V,Viy=0, I, =-75A,
Rs=1kQ,
T,=25°C | Rowew |~ |95 [18 |mQ
Integrated resistor in Vi, line Ry - |100 [150 [@
r__-_-___-_l Vi
——— —
1 Ry
llx & B |
! 1
L
IN1 1 OUT
Logic e
Ry Transistor

D
QRIS RLQ
Signal GND Power GND

In PROFETSs with ReverSave™ protection, the MOSFET is turned on by
the voltage drop across the resistor Ry,.

With the MOSFET conducting the reverse load current (instead of the intrinsic
diode), the power dissipation is greatly reduced under reverse battery conditions.

Figure 7.16 ReverSave™ Reverse Battery
Protection

PROFETs are also protected when inductive
loads are turned off by clamping the on voltage
to a safe value (Voy = Vyp - Vour)-

When the PROFET turns off the current in an
inductive load, the MOSFET starts reducing
the source current. However, the current
flowing through an inductor cannot be
changed instantaneously. The reducing
inductor current will cause V1 to go negative
as the polarity across the inductor reverses. In
a PROFET, the MOSFET gate is tied to the
source when V) is low. Therefore, as the
source is pulled below ground, the MOSFET
gate is also pulled below ground. At the
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specified drain-to-source voltage (Voy), the
clamping diode will hold the gate voltage
constant at a negative value (Figure 7.17).
When that happens Vq; continues to fall a
small amount to turn the MOSFET on, thus
opening a path for the decaying inductor
current to ground. Vg will be clamped at a
negative voltage limit and remains at that level
as long as the current > 0. (Refer to Chapter 1
and Chapter 6).

If the diode clamp was not integrated in the
protected MOSFET, then at turning off the
inductive load Vgyr would continue to fall
below ground until the MOSFET went into
avalanche breakdown. During avalanche
breakdown, the inductor current would still
decay, but voltage across the MOSFET would
be larger than in the clamped case causing
significant power dissipation within the
MOSFET. The higher voltage drop is due to the
fact that not the total drain surface is
conducting but only the portions where
avalanching is taking place. Therefore, if Vo1
is clamped to a safe negative value, no
avalanche break down occurs and the power
dissipated in the MOSFET is kept below
manageable and predictable levels.

Parameter and Conditions Symbol Values Unit
atT)=25°C, V= 12V,

unless otherwise specified Min. | Typ. | Max.
Output clamp (inductive load switch off) ™ | Voye, (39 (42 |- v

at Vgur = Vi - Vo (€:9- overvoltage)

I, =40 mA

V,

Z
3

Figure 7.17 Inductive and Over Voltage
Output Clamp Protection

PROFETSs can be protected from a variety of
problems with thermal shutdown. The PROFET
is guaranteed to operate within the
specification limits up to T;=150°C. The
minimum temperature at which the PROFET
can enter into thermal shutdown is 150 °C.
Above 150 °C (175 °C typical), however, the

thermal shutdown will protect the PROFET by
turning the device completely off.

To prevent a PROFET from oscillating into and
out of the thermal shutdown mode, the thermal
shutdown logic operates with hysteresis. In
this example, the typical value of the hysteresis
is 10 K. Therefore, if a PROFET’s thermal
shutdown was activated at 155°C the
PROFET would typically turn itself back on
when the junction temperature fell to 145 °C.
(Recall that a 1 K temperature differential is
equivalent to a 1 °C differential.)

Figure 7.18 also shows a series of waveforms
showing the operation of a PROFET with
thermal shutdown protection:

Parameter and Conditions Symbol Values Unit
atT =25 °C, Vyp = 12V,

unless otherwise specified Min. | Typ. | Max.
Thermal overload trip temperature Ty 150 (175 |- °C
Thermal hysteresis AT, - 10 |- K

Input
Voltage I_
Load 4
Current | | |
t f »

| |
Junction | | |
Temperature | — — —

Figure 7.18 Thermal Shutdown Protection

Time: A Input Voltage:
Junction Temperature: < T
PROFET Status: On

High

Time: B Input Voltage:
Junction Temperature: > T;;
PROFET Status: Off

High

Time: C  Input Voltage:
Junction Temperature: < T
PROFET Status: On

High

Time: D Input Voltage:
Junction Temperature: > T
PROFET Status: Off

High

Time: E Input Voltage: Low
Junction Temperature: Falls below T;;
PROFET Status: Off
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Time: F Input Voltage:
Junction Temperature: < T
PROFET Status: On

High

PROFETs can be protected against over
current conditions in a number of different
ways. First, PROFETs have a protection
feature called current limiting.

With current limit protection, a PROFET can
limit the maximum current delivered to a load.
Therefore, if the load resistance is less than
expected (0 Q with a direct short to ground),
the PROFET will modify the MOSFET gate
voltage to ensure that its source current does
not exceed the specified limited current value.

In this example, two different current limit
specifications are shown for a particular
PROFET. First, an initial peak current limit
value is provided:

IL(SCp) ~ ILOAD (Short Circuit, peak)

Next, the repetitive current limit value is given:

ILscn ~ LoAD (short Gircut, repetitive)

Note that the initial peak current limit value is
higher than the repetitive value.

An example of the load current in a PROFET in
current limit is shown at the lower half of the
Figure 7.19. When the PROFET is initially
turned on, the device immediately goes into
current  limit (I =l scy)- The PROFET
immediately begins to further limit the current it
sources until | ¢, is reached while the junction
temperature is increasing. When lgcy is
reached the waveform shows that the PROFET
goes into thermal shutdown as the thermal
overload trip temperature is exceeded. Finally,
the waveform shows the PROFET toggling
between over temperature shutdown and
current limit operation.
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Parameter and Conditions Symbol Values Unit
atT;=-40 ... +150 °C, Vy,, = 12.... 42V,

unless otherwise specified Min. | Typ. | Max.
Initial peak short circuit current limit | I A
T,=-40°C, Vi = 20V, t,, = 150 ps - - [e
T=25°C - |5 |-

T,= 150 °C R .

T = -40 ... +150 °C, Vi, > 40 V. - |5 |-
Repetitive short circuit current limit e

Ti=Te

Vo < 40V - s |-

Vyp > 40V - a5 |-

_— lusen)

IL
‘ _—lusen
|
! »
T
|

Figure 7.19 Current Limit Protection

In addition to current limiting, some PROFETs
can be protected against an over current
condition by short circuit detection.

An example of the short circuit protection
specification from a PROFET datasheet is
shown. Instead of specifying the maximum
current, the short circuit shutdown detection
voltage, Vonscy is specified. Figure 7.20
shows the short circuit shutdown detection

voltage is measured across the power
MOSFET:
Parameter and Conditions Symbol Values Unit
atT =25°C, Vy, =12V,
unless otherwise specified Min. | Typ. | Max.
Short circuit shut down detection Vonse) |25 [35 |45 [V
voltage (pin 3 to pins 1, 5)
r-—-—-—-—-—-—-—-—- 38Tab

Voltage
Source

Rup
Overvoltage || Current Gate
Protection Limit | |Protection

Limit for
unclamped
ind. loads.

Charge Pump
Level Shifter
Rectifier

Output
Voltage
Detection

Temperature
Sensor
PROFET®

Load

Figure 7.20 Short Circuit Shutdown
Protection

VON(SC) = Vbb - VOUT

Recall that Vg is the product of the load
current and the Rpg,, of the PROFET:

Von = lLoap Roson
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Therefore, when the load current increases,
the voltage across the PROFET increases.
When it exceeds Voysc) (4.5 V maximum), the
PROFET turns itself off. The PROFET may be
in current limit by that time, meaning the
MOSFET is in the saturation mode, not in the
linear mode.

PROFETs with short circuit protection have a
delay built into the short circuit shutdown
circuit.

The first specification is for the initial turn-on of
the PROFET (after input current positive slope
in case of a current controlled device). For the
initial turn on of the PROFET, if Voy > Vonscoy
the short circuit shutdown will typically wait
650 ps following the device turn-on before
shutting down the PROFET. This delay allows
the PROFET to completely turn on and not
mistake a transient in-rush load current
behavior with a true short circuit. The figure at
the lower left of Figure 7.21 shows a PROFET
shutting down after tygc) expires.

The second specification is applicable for any
time after the initial turn on of the PROFET.
Under such circumstances, the short circuit
shutdown delay is typically only 2 ps. The
figure at the lower right of Figure 7.21 shows a
PROFET shutting down after tygc, expires.
Initially, the PROFET is off and Vg is equal to
the supply voltage (output is grounded). Next,
the PROFET is turned on. Some time later, the
load current (and V) begin to rise. 2 ps after
Von > Vonscy the short  circuit  shutdown
protection turns off the PROFET. Depending
upon the external impedance (inductance), the
load current and Vg will vary until reaching
their respective steady state values (I, =0 A
and Vgy = Vi)

Parameter and Conditions Symbol Values Unit
atT =25°C, Vy, =12V,

unless otherwise specified Min. | Typ. | Max.
Short circuit shutdown delay after input tyscy | 350 |650 | 1200 [ps

positive slope Voy > Voysc, T = 40 ... +150 °C
min. value valid only if input ,.off-signal*

time exceeds 30 ps

Short circuit shutdown delay during on [rrm— . E — s
condition ¥

Vo > Vonse

lusca l*" % depending on the
let  external impedance

i

1Viyp. |

Figure 7.21 Short Circuit Shutdown
Protection

Some PROFETs can be operated in
Inversave™ mode to protect against inverse
current (current flowing into the PROFET from
the output if the output voltage is higher than
Vio)-

The first specification listed is the on state
resistance of the PROFET when the device is
operated in inverse current mode (10 mQ
maximum).

Next, the maximum transient inverse load
current specification is given (45 A maximum).
Finally, the intrinsic body diode voltage in
inverse current mode is provided (600 mV
typical at 150 °C).

In inverse current mode, when the PROFET is
turned off, the power dissipation of the
PROFET is determined by the voltage drop
across, and the current through the body
diode. For example:

Inverse = 10 A

PPROFET = VDIODE IINVEFKSE
= (0.6 V)(10 A
=6W
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When the PROFET is turned on, however, the
power dissipation in the device is significantly
reduced since the channel is activated and
stays on during inverse mode (Figure 7.22):

RDSon(inverse) =10 mQ

= IIN\/ERSE2 RDSon(inverse)
= (10 A(10 mQ)
=1W

PF‘ROFET

Parameter and Conditions Symbol Values Unit
atT)=25°C, Vyy =12V,
unless otherwise specified Min. | Typ. | Max.
On-state resistance
Vo =12V, | =-7.5A T,=25°C:|Royey |~ |8 |10 |mQ
Maximum transient inverse load current | -l
T,=25°C: = = 45 |A
Drain-source diode voltage (+Vour > +Vey) | Voy |~ |08 |- |V
IL=-75A, ly=0,T;= 150 °C
Voo
-l
o
IN PROFET OUT
IS o
Yl e
Vin 5
! Vis Ris

Devices with Inversave™ can be operated in inverse current mode.
When the device is off, only the intrinsic diode conducts with high power dissipation.
When device on, MOSFET turns on for lower power dissipation.

Figure 7.22 Inversave™ Inverse Current
Protection

PROFETSs can also be protected against a loss
of ground.

If the PROFET ground is lost, the input
voltages (V,, and V,y) can still be referenced to
ground through the load resistance. This will
allow the PROFET to protect the system by
turning off the load (Figure 7.23).

This situation can occur if the PROFET is part
of an electronic control module separate from
the load it is driving, for example a fuel pump.
If the electronic control module were to lose its
ground connection (perhaps through a vehicle
crash), this would allow the PROFET to safely
turn off the fuel pump.

136

= With Loss of Ground Protection, Vi, Vy, Vsr are still
referenced to ground through the output

= This ensures the device will be safely shut off if
the ground pin is opened

V,
— IN bb

PROFET OUT

GND

i

Figure 7.23 Loss of Ground Protection

Voo | Vin ‘st

The final protection feature available in
PROFETs is protection from loss of supply
voltage (Figure 7.24). Suppose a PROFET is
driving an inductive load when the PROFET is
suddenly disconnected from the supply
voltage. The inductive current must find a path
to recirculate and decay to zero. Some
PROFETs (mostly monolithic devices) are
protected against this situation by allowing the
inductive load current to recirculate through
the ground pin of the PROFET.

n All PROFETS are protected against a loss of supply
voltage for non-inductive loads

= Most PROFETS are also protected against a loss of
supply voltage for inductive loads by handling
the recirculation current through the GND pin

P—
Vour goes
negative
high N Vo \
—
PROFET [OUT
Voo i LIPS

Figure 7.24 Loss of Supply Voltage
Protection

7.3 Diagnostic Features

PROFETSs have one of two types of diagnostic
feedback, digital or analog.

In a PROFET with digital feedback, the status
of the device is reported as a voltage on a
status line.
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In a PROFET with analog feedback, the device
status is reported as a variable current flowing
out of a status pin (Figure 7.25).

While the analog feedback does require an
external resistor to convert the current into a
voltage, it can provide additional information
regarding the operation of the PROFET.

| Charge P
Level Sh

| IN Rectif
+ | Eso [ |rogic| ——
STATUSl

GND

Logic GND

Figure 7.25 PROFET Diagnostic Feedback
Digital vs. Analog

Next, we see a simple functional diagram of a
voltage controlled PROFET with digital
(voltage) diagnostic feedback. The status pin is
typically an open drain transistor, requiring an
external pull-up. The error state may be high or
low, depending on the device (Figure 7.25).

There are various fault conditions that the
PROFET might report both in the ON state and
the OFF state, again depending on the device.

In the ON state, all PROFETSs will report an over
temperature condition. There are types that
also report an overload (current limit), while
other types will report an open load fault based
on a current threshold (Figure 7.26).

In the OFF state, some devices will indicate an
open load, via a comparator at the output pin
(more detail on the detection method follows).

Why are some conditions only reported when
the device is on or off? Because some error
conditions will look like valid operating
conditions when the PROFET is either on or
off. This method is also helpful to distinguish
between shorted output and open load
conditions.

For example, consider what happens when the
output is shorted to V.. When the device is on,
the output of the PROFET is expected to be

near to the supply voltage under normal
operations. The device cannot differentiate
between an output shorted to V., and a normal
operation when the PROFET is on. Only when
the PROFET is turned off and the output
voltage is still at the supply voltage will the
device be able to identify that a problem exists
(such a problem, by the way, may damage the
load).

m The type of fault is determined by a diagnostic truth table

Input | Output | Status

Normal Operation

Short Circuit to GND

Short Circutt to Vg,

Overcurrent

Overtemperature

Trjzrlzr|zr|zr|zr
Txjrrlzr|z ez
(o b e Ll o o (o

Open Load

Figure 7.26 Digital Diagnostic Feedback

On the left part of Figure 7.27, we see a simple
functional block diagram of a current
controlled PROFET with analog (current)
diagnostic feedback.

liswy is the status (or sense) leakage current
sourced by the PROFET when the PROFET is
turned off and the output current is 0 A. This
current is about 0.1 pA.

Under normal operation, the magnitude of |g
sourced by the PROFET is proportional to the
load current (this is elaborated on the next
page). After the device is turned on, if the
PROFET determines that there is a fault (over-
current, short to ground, or over-temperature),
it will change the status current lgeay 1, tO
about 5 mA (see the truth table in Figure 7.27).

If the PROFET is turned on and the output is
shorted to V,,, the load current (and Il,g) will
depend on the resistance of the short to V.

Finally, if the PROFET is turned on and the

output is open, the status current will change
from 0.1 pA to ligy ) (approximately 1 pA).
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m The type of fault is determined by a diagnostic truth
table AND a sense ratio parameter

Input Output | Current
14V Current | Voltage | Is

Normal L L T
Operation H H__ | nominal
Overcurrent L L sy

H H hs pauit
Short Circuit L L sy
to Ground H L s pavir
Overtemperature | L L sy

H L hs pauit
Short Circuit L H sy
10 Vi, H H | <nominal
Open Load L Z [

H H hswsy

Figure 7.27 Analog Diagnostic Feedback

As mentioned previously, under normal
operation, when the PROFET is sourcing a
load current, the magnitude of Ig is
proportional to | op (Figure 7.28).

The proportionality constant is defined as:

Kius = lLoap / lis

Therefore, for a given load current and
proportionality constant the feedback current
is given by:

lis = lLoap / Kius

= Under normal
operation, | is
proportional to 3 1
the output current ]

m Kys =1, /1s ~ 10 000 21

» For example: 1
L =25A 14
s ~ 2.5 MA I

[mﬁ] s s im

1 jim

b HE i
0T " 10 20 30 40 Al

Iy

Figure 7.28 Analog Load Current Feedback
Via ;g Current

For the load current range greater than Iy,
the proportionality constant is quite accurate.
Figure 7.28 is typical to a 30 A PROFET.

For very low load currents the PROFET is not
expected to normally operate and, as a result,
the proportionality constant is not as accurate
(see Figure 7.29).
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= The accuracy of | g improves with
increasing output current

20000 1
Ky 150001
(WA [
10000 -
5000
r [A] I
lnnonnonon i non. o F
0o 5 10 20 30 40

Figure 7.29 |5 Current Sense Ratio

The response at the status pin (STATUS) of a
digital (voltage) feedback PROFET is delayed
with respect to the input.

The analog (current) feedback status current
(Ig) of a PROFET is also delayed with respect
to the input.

The shaded areas of the I_ and Ig vs. time
waveforms in Figure 7.30 illustrate the times
when the status feedback (l,5 here) is not valid.
Three different delay times are illustrated:

tsongs) - delay of status current validity when
PROFET is turning on

tycqs) - delay of status current validity when
PROFET is on and load current is changing

tsorrgs) - delay of status current validity when
PROFET is turning off

= The Status signal is not valid during a settling time after
turn-on, turn-off, or after change of load current

= This is true of PROFETs with analog or digital
diagnostic feedback

Figure 7.30 Status Signal Setting Time
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PROFETs employ one of three methods to
detect an open load condition (defined as: the
output of the PROFET is disconnected from
the load and its potential is floating).

Three Different PROFET strategies

= Open load detection via Sense pin on HiC (High Current)
PROFETs and some PROFETs

= Open load detection while PROFET is turned on
(for some PROFETs---mostly older types)

m Open load detection while PROFET is turned off
(for most PROFETs---mainly newer types)

Figure 7.31 Open Load Detection

Some PROFETSs sense an open load condition
simply by monitoring the status current, .
When the PROFET load is open, the load
current will be 0 A. Theoretically, the sense
current would also be 0 A (Figure 7.32):

ls=1loap/ Kius=0A/Kys=0A

In practice, the example PROFET guarantees
that under such load conditions, the status
current will remain below 1 pA (due to internal
leakage currents).

Parameter and Conditions | Symbol Values Unit
atT,=25°C, Vyy = 12V,

unless otherwise specified Min. | Typ. | Max.
Current sense offset current, | Iy, - 0.1 |1 pA
Vyu=0,1 <0

Under an open load condition, the PROFET will maintain |,
below 1 pA (maximum).

Logic Current
Unit Sense |

'
|
| ON»—+
'
|
'
|

Figure 7.32 Open Load Detection-
Via Sense Pin

Many of the older PROFETs detect an open
load by measuring the voltage across the
MOSFET when the device is on (Figure 7.33).

For example, if the load was completely open,
Vour would equal V., and no voltage is

dropped across the MOSFET (Voy=0V).
Then, an open load would be detected.

This method also allows for the detection of
abnormally low output currents (with
abnormally low values of Vg)).

Parameter and Conditions,
each of the four channels

atT;=25°C, Vip =12V, Min. | Typ. | Max.
unless otherwise specified

Symbol Values Unit

Open load detection current, (on-condition)

T=150°c:|" |20 |- |s00 |™

Internal output pull down
(OUT to GND), Vi =5V T, = -40 ... +150 °C: | R, 4 |10 |30 |ka

An open load is detected if the PROFET is on and the voltage across the MOSFET is
Von < Roson oy

——-—-— oV

ON %J

Logic Open Load
L ;
Unit Detection |

Figure 7.33 Open Load Detection-
PROFET On

Some PROFETSs can also detect an open load
condition even when the device is turned off.
An external resistor (Rgyy) is connected across
the MOSFET. This creates a pull up to the
supply voltage when the PROFET’s MOSFET
is turned off and the load is open (Figure 7.34).

In this example, the PROFET will detect and
report an open load when the voltage at the
output is more than 3.2 V (typical) during off
state. This allows the user to select a large
value for Rgyy and to prevent the load from
turning on when the PROFET is turned off.
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Parameter and Conditions, Symbol Values Unit
each of the four channels
atT,=-40... +150 °C, V, =9 ... 16V, Min. | Typ. | Max.

unless otherwise specified
Open load detection voltage

Vouroy |2 |32 |44 |V

Using an external resistor, an open load is identified if the
PROFET is turned off and V> 3.2 V (typ)

Unit Detection

rr—————-—" . Vo
| | []per
| OFF ! Vour
i Logic Open Load !
I I

I Signal GND

Figure 7.34 Open Load Detection-
PROFET Off

7.4 EMI/ EMC Considerations

Now we will examine how the use of a PROFET
can reduce the electromagnetic emissions
from a high side driver application.

The circuit in Figure 7.35 is similar to
Figure 7.2. It illustrates how a high side driver
can source significant current by using a gate
voltage (25 V) higher than the supply voltage
(14 V).

How do we get the higher gate voltage?

 Recall, the gate of the 14V
> MOSFET
N- Channel MOSFET S O.S
witch

must be at a voltage
higher than the
transistor’s source to
turn the MOSFET on:

m With Vg pp v being the
highest voltage in the
system, where does
Vgare cOme from? Load

Figure 7.35 MOSFET High Side Drive

Figure 7.36 is a functional schematic diagram
of the circuit used in modern charge pumps. It
does, however, give adequate insight into the
operation of the charge pump for our review
here.

When Switch A and Switch B are both open,

current flows from Vg pp y to Vot through the
two diodes, D, and Dg, to Cg. Therefore:
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Verp = Vsuppiy - Voa - Vos
For example:
Vewp ~ 14V -1V-1V=12V

(Often, in charge pump circuits, the diode drop
is taken to be 1V for simplicity).

= A charge pump is used to raise (pump) the gate voltage
to an acceptable level to turn on the MOSFET

VsuppLy

Switch B

Switch Al

Figure 7.36 Charge Pump Gate Voltage

m
I
O
(@]
S
2
3

When Switch A is closed, capacitor C, begins
to charge (Figure 7.37).

Following the closure of Switch A, the
capacitor is completely charged, and the
voltage across the capacitor is:

Vea = Vsuppry - Voa
Vop~14V-1V =13V
= Initially, Switch A is closed, and C, is charged to

VSUPPLV - VDA

m Voip = Vsupery = Voa - Vos < Vea

VSUPPLV =14V

Switch B

Switch A

Figure 7.37 Charge Pump Gate Voltage

After C, is completely charged, Switch A is
opened and Switch B is closed (Figure 7.38).
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As capacitor C, is being discharged through
diode Dg into capacitor Cg the output voltage
(Voup) starts to increase. Charge then is
transferred from capacitor C, to capacitor Cg.

Remember, initially C, has 13 V across it. It is
acting as a small 13 V battery at the beginning
of the charge transfer.

Since the negative terminal of capacitor C, is
step-forced to Vg pp vy its positive terminal will
also step to

initial Voa = Vsyppry = Voa + VsuppLy =
=2 Vgyppry - Voa

Current flows from Vgpp y through capacitor
(pseudo battery) C, and diode Dg into
capacitor Cg until Ve + Vpg = Vg, because
the capacitance of C, and Cg are equal by
assumption.

All the voltage stored on C, have been added
to what has been the initial voltage on Cg.
Using the earlier numerical values:

Vgg = 12 Vinitial Vg, = 13 V, new Vg = 25 V

The net result is 25V at the output of the
charge pump, our desired gate voltage.

Notice that all through the pumping process
(Switch B is closed) diode D, is reversed
biased.

After the completion of charge transfer Switch
B is opened and Switch A is closed. This
allows capacitor C, to be recharged to 13V
while capacitor Cg sources the necessary
output current. (Diode Dy is reverse biased at
this time, isolating capacitor Cg from capacitor
Ca.) When C, is again fully charged, Switch A is
opened and Switch B is closed and the
process repeats. Note that voltage values in
the above description are valid if C, = Cg.

m C,acts like a battery in series with Vgypp ¢

Final pumped
Vsupery = 14V V.25V
Initial switched Reverse
V-27Vv / Biased /
D D,
Switch B Vere
T CAj Cq Initial
Vg~ 12V
Switch A \
Initial Ve, ~ 13 V

Figure 7.38 Charge Pump Gate Voltage

Switching high voltages and large currents,
however, can lead to a new problem:
electromagnetic emissions due to the fast
switching on and off of the charge pump
capacitors (charge/discharge currents).

» Now, the High Side Drive 14v
4 MOSFET
MOSFET can be turned on Svatsch
= The turning on and off of
Switch A and Switch B, 25V —|
however, leads to a new \» Ve~ 14V
problem... Ve ~ 11V s~
l lLOAD
Load

Figure 7.39 MOSFET High Side Drive

Figure 7.40 shows the electromagnetic
emissions vs. frequency for an older charge
pump design.

Various electromagnetic emission
classifications (dashed lines) are shown for
reference. In  addition, an example
specification from an original equipment
manufacturer is shown (bold line).

Several points can be seen where the
electromagnetic emissions exceed the allowed
values.

Note, the discontinuity in the electromagnetic
emissions at 30 MHz is due to the automated
test system changing the resolution bandwidth
on the spectrum analyzer. This in turn causes a
change in the noise floor.
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Charge pumps

M _~ can cause harmonic
80 T[T emissions
e oI BNt
2 .
360 A
oMY IF , UKW
=
40 in
M Pt .
20
0
01 10 10 100 1000

Frequency (MHz)

Figure 7.40 Charge Pump Electromagnetic
Interference (EMI)

Figure 7.41 shows the electromagnetic
emissions vs. frequency for an improved
charge pump found in newer PROFETSs.

With the new charge pump design, emissions
can be reduced significantly.

LTI T 1T

Lw|

100 Newer, improved design |11
— reduces emissions
- MW 20 - 30 dB
80 EELES |
TN MY Kw
$ 60—y e
TR T UKW
—
40 =
N | i~
20 'hw
0
0.1 1.0 10 100 1000

Frequency (MHz)

Figure 7.41 PROFET’s Improved Charge
Pump Reduces (EMI)

If additional suppression of electromagnetic
emissions is required, external components
can be added. In Figure 7.42, the reduced
emission for a protected high side driver are
shown with an additional resistor and
capacitor.

142

Continuous charge pump emission

120
100 —2
T M
80 -
—_— TN .
. KW
360
1IN
40
L N
20
ik —ESGS5 (DB)
Mo iimhw e
o L
0.1 1.0 10 100 1000

Figure 7.42 Charge Pump Filter Solutions
for EMI Reductions

In Figure 7.43, another example of reducing
electromagnetic emissions with external
components is shown. Here, a larger capacitor
is used.

Continuous charge pump emission

120
100 =
M
80 o
—— N Y
> KW
Z 60
o -4
Hrit—
40
o |
20 ] —ESG5 (DB)
Wuﬂ e
0 [
0.1 1.0 10 100 1000

f/MHz

Figure 7.43 Charge Pump Filter Solutions
for EMI Reductions

In addition to the charge pump, another source
of electromagnetic emissions in protected high
side drivers can be just the turning the driver
on and off. When this turn-on and turn-off
process is repeated, it is often called pulse
width modulation (PWM).

PWM operation can be characterized by a
number of different parameters. First, is
frequency (f). This is the number of times that
the turn-on and turn-off is repeated in each
second.

Next is period (P). This is the length of time
required to complete a cycle:
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1) Turn-on
2) Time the driver is on
3) Turn-off
4) Time the driver is off

Note, the period is the reciprocal of the
frequency: P =1 /1.

Finally, duty cycle (D) is the percentage of the
period that the driver is on.

Example: let us assume that a driver is being
switched on and off 100 times per second with
negligible turn-on and turn-off transition times.
Each time the driver is turned on, it stays on for
2 ms before it is turned off for 8 ms.

Frequency (f) = 100 Hz
Period (P) =1/100 Hz =10 ms

Duty Cycle =2 ms /(8 ms + 2 ms) = 20%

= Frequency (frequency domain)
What is the rate of repetition of a waveform

= Duty cycle (Time domain)
What percentage of the period is the ON time
| Period |
Iy —//
TON TOFF
Frequency = 1/ Period

Period = Ty + Tore
Duty Cycle = Toy / (Ton + Torr)

T T T T T 1
To T T, Ty Ty

Figure 7.44 PWM Definitions

PWM operation causes increases in the
electro-magnetic emission spectra because of
the impulsive changes in the driver load
current and output voltage.

Many protected high side drivers are used in
relatively slow switching applications (below
100 Hz) resulting in an increase of the emission
spectra below approximately 1 MHz.

To reduce the emitted energy protected high
side drivers “shape” the output current

waveforms edges at the beginning and end of
the turn-on and turn-off process. The shaping
of the transients reduces the electro-magnetic
emission levels while still maintaining a slew
rate at which the switching power losses are
acceptable.

Figure 7.46, Example of Edge Shaping,
illustrates the idea. Compromising between
switching power loss and electromagnetic
emissions, designers will determine an
optimum slew rate which is characterized by
the speed the output falls from its 90% value to
its 10% value.

= Another source of emissions can be PWM operation

= The slew rate and shape of the output voltage
and current waveforms cause an increase
in the emission spectra

m For slow switching applications (below 100 Hz)
this results in an increase of the emission spectra
below approximately 1 MHz

= Edge shaping allows reduction of emission levels while
maintaining a slew rate which still allows for acceptable
switching power loss

Figure 7.45 EMI/EMC Emissions Due to
Turn-On and Turn-Off

To provide the maximum theoretical reduction
in electromagnetic emissions, the signal prior
to the transition and immediately after the
transition will exhibit a  sinusoidal
characteristics  (light grey waveform -
theoretical ideal). If no edge shaping is
performed on the signal, there is a significant
change in the slope of the signal turn-on and
turn-off (dark gray waveform - slew control
only). However, by implementing edge shaping
(dashed black line), the instantaneous change
in the signal’s slope is dramatically reduced,
decreasing the electromagnetic emissions.

Slew control only | 100%
5 K Edge shaping |
90%

Theoretical ideal

~

Slew rate control

1E. 10%

Lo

0%

Edge shaping

Figure 7.46 Example of Edge Shaping
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The next several figures illustrate how the
implementation of edge shaping reduces the
electromagnetic emissions. In Figure 7.47 we
see the emission spectra for a first generation
protected high side driver which only
implements a certain form of slew rate control.

=5 A, f, = 100 Hz, resistive load

100 aupeL

= Gen 1

100

Noise
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—_

80
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Figure 7.47 EMC Improvements in High
Current PROFETs

In Figure 7.48 we see the emission spectra for
a second generation protected high side driver
which still only implements slew rate control.
This time, however, the turn-off is slower,
reducing emissions at the cost of higher
switching power losses.

120 Veurpiy = 135V, liggg = 5 A, f, = 100 Hz, resistive load
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100 Gen 2
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Figure 7.48 EMC Improvements in High
Current PROFETs

Figure 7.49, is the emission spectra for a third
generation protected high side driver. In
addition to slew rate control, this device also
features edge shaping circuitry to reduce the
electromagnetic emissions at turn-off.
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Figure 7.49 EMC Improvements in High
Current PROFETs

Figure 7.50, is the final emission spectra for a
fourth generation protected high side driver. In
addition to slew rate control, it also features
edge shaping circuitry to reduce the
electromagnetic emissions at turn-off and
turn-off.

Vaorty = 135 V, liguy = 5 A, T, = 100 Hz, resistive load
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Figure 7.50 EMC Improvements in High
Current PROFETs

7.5 System Implementation

We will now identify the external components
used in PROFET high side drive circuits.

Figure 7.51 shows a voltage controlled, digital
feedback PROFET. To protect the PROFET’s
logic functional block against over voltage
conditions, several external resistors may be
required.

Renp limits current through DAZ
Rsr protects the microcontroller input pin
R may be required to protect

the microcontroller output pin
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Appropriate values of the resistors can be
found in each PROFET datasheet.

Signal GND

Figure 7.51 Over Voltage Protection of
Logic Functional Block

Figure 7.52 shows a voltage controlled, digital
feedback PROFET. To protect it from reverse
battery conditions, external resistors may be
required.

Renp limits current through the logic
Zener-diode

Rgr  protects the microcontroller input pin

R may be required to protect
microcontroller output pin

R,  limits the current through the power
inverse diode

Recommended values of the resistors can be
found in each PROFET datasheet.

5V
—_——_———— . — - Y,
. 1
R R Logic
m EUES o PR VAN
st! 10UT
1
Rer | Power
ZS ZS Inverse
1 Diode
g |
GND
Reno R
Signal GND Power GND

Figure 7.52 Reverse Battery Protection

Warning: the power dissipation during reverse
battery conditions can be significantly higher
than during normal operation. Let us take a
look at an example:

VsuppLy = 15V
Ry =R+ Rpgon=5Q

IL:VSUPPLY/RL
[, =15V/5Q=3A

For a MOSFET with an Rpg,, of 100 mQ, the
normal operating mode power dissipation is:

P,=1PR
Pp = (3 A)?(100 mQ)
Po=09W

Under reverse battery conditions, the reverse
current does not flow through a standard
MOSFET channel. Rather, the path is through
the power MOSFET’s intrinsic body diode.
Therefore, the power dissipation during
reverse battery conditions is approximately
given as:

Pp.reverse = V I =V ((15-07) / (5-0.1)

Pp reverse = (0-7 V)(2.92 A)
Pp reverse = 2.04 W

In order to significantly reduce the power
dissipation of a protected high side driver
under reverse battery conditions, the MOSFET
should be turned-on and divert the reversed
load current through its channel.

= Power dissipation during reverse battery can be
higher than normal operation due to conduction
of load current through the FET body diode

= For example:

— 3 Aload with 100 mQ Rpg,, MOSFET in normal
mode gives 0.9 W

— 3 Aload thru body diode in reverse battery
gives 2.1 W (3 A*0.7 V)

m This leads us to a feature where the MOSFET channel
can be turned on during reverse battery
operation---ReverSave™

Figure 7.53 Reverse Battery Power
Dissipation

Figure 7.54 shows a current controlled, analog
feedback PROFET. About 100 mA of current
must flow through Ry, (from the IN or STATUS
pins) to turn on the MOSFET in inverse mode.
Currents above 100 mA in R,, may create
excessive power dissipation. Rg will limit the
current flowing into the current sense pin and
through the R,,.
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7. Protected High Side Drivers

When using a PROFET with ReverSave™
reverse battery protection, it may be necessary
to use a resistor (Ry) to limit the current
through R,,,, depending on the reverse voltage
specification. Appropriate values of the
resistors can be found in each PROFET

datasheet.
———— e e
( —1 o
.r - Ren
1
A A
1 Power

RISQ
Signal GND

Figure 7.54 ReverSave™ Reverse Battery
Protection Circuity

Power GND

Figure 7.55 shows a current controlled, analog
feedback PROFET.

Under large over-voltage (or load dump)
conditions (more than 67V, typical), the
voltage dropped across the sense resistor R g
may exceed the safe operating input voltage of
a microcontroller 1/0 pin.

Therefore, the Ig pin can be clamped by an
external diode to V, s if necessary.

&R

Ry _
R‘Sg 2z \l
SignalGNDl
Figure 7.55 IS Pin Over Voltage Protection
7.6 Frequently Asked Questions
Finally, we will look at the questions the

designers of any system must ask (and
answer) when designing with high side drivers.
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= How many channels?
= What is the load current?
u s the load capacitive and what is the in-rush current?

= Is the load inductive, if yes, what is the inductance
and what is the fly-back energy during switch-off?

u Will the load be driven on/off or PWM?
What is PWM frequency?

= What is ambient temperature?
= What type of package surface mount or through-hole?

n If surface mount, how much copper area for V,, / tab
connection?

n If through-hole, what type of heatsink will be provided
for package?

= What diagnostics are needed?

= What application extremes will the device / system be
subjected to (reverse battery, load dump,
overvoltage,etc.)?

Figure 7.56 PROFET Selection:
Customer Questions

Figure 7.56 lists the questions a system
designer needs to answer to select an
appropriate PROFET high side driver.

Many of these questions are self explanatory,
but we will address a few in more detail in the
remainder of this chapter.

One of the key parameters of a system when
choosing a PROFET high side driver is the
expected load current. It is important to know
the typical load current, the maximum load
current, and how long the PROFET may need
to source the maximum load current.

= What is the maximum load current?
= When does the maximum occur?
= What is the typical load current?

= Alternative Question:
What is the load resistance?

= Alternative Question:
If the load is a lamp, what is it's wattage?

= Recall, the load current is fundamental
in determining an appropriate PROFET R, value

Figure 7.57 What is the Load Current?

Some times the load current is not directly
available. Rather, the characteristics of the
load (its resistance or wattage) or the types of
the load are given. From these characteristics,
the load current can be determined. Based
upon these questions, an appropriate Rpgg,
value can be determined (Figure 7.57).
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m Recall, the in rush current for lamps and RC networks may be
an order of magnitude higher than the steady state current

55A —

|
500 mA 1J N

T
10.0mve

Figure 7.58 Is the Load Capacitive?
What is the In-rush Current?

The in-rush current for a light bulb load is
shown graphically in Figure 7.58. This is an
actual oscilloscope trace of the current flowing
through an initially cold filament of a light bulb.
The time step in the waveform is
40 ms/division.

The current peaks almost immediately at
approximately 5.5 A. As the filament warms (in
about 80 ms), its resistance increases and the
load current reaches its steady state value. It is
important that the maximum current limit value
of the chosen PROFET is above the peak load
current value (5.5 A) to prevent the PROFET to
operate in current limiting mode.

Caution has to be taken when designing any
high side driver circuit with an inductive load.
While MOSFETs and PROFETs are specified
for a maximum load inductance to sustain the
turn off energy dissipation, PROFETs have
additional circuitry to increase their robustness
(e.g. reliability).

= FETs are rated for the max absorbable energy when
turning off inductive loads

Maximum Ratings at T, = 25 °C unless otherwise specified

Parameter Symbol | Values | Unit

Inductive load switch-off energy dissipation® | E,g 0.3 J
single pulse I, =20 A, V,,, =12V T;=150 °C:

Energy stored in load inductance:

£ % L2

While demagnetizing load inductnce, the energy
dissipated in PROFET is

Eps = Eup + EL - Er = Vo - iL(t) dt,

with an approximate solution for R, > 0 Q:

I-L IL-R.
— \ Inf1
2 RL ( % +‘ OUT‘CL") n[ * ‘VOUT(CL)‘

Eas =

Figure 7.59 What is Load Inductance or
Energy During Turn-Off?

PROFETs that are simply turned on or off the
turn-on, turn-off transient power dissipations
are negligible compared to the steady state on
dissipation. If the load is driven by a pulse
width modulated (PWM) signal, however,
switching losses during the switching
transitions must be considered. This is
particularly true of lighting applications. The
duty cycle and PWM frequency are important
to know when selecting any high side driver.

Figure 7.60 illustrates the typical automobile
loads driven by PROFET-s. Inductive load(s) is
(are) relay(s) driven ON and OFF most likely in
non-periodic fashion.

The majority of the loads are lamp loads used
both in ON-OFF and PWM modes. The in-rush
current amplitude in lamps with warmed up
filaments and driven in PWM mode is small to
insignificant depending on the PWM repetition
rate and the average filament temperature. In
general PWM lamp drive is used to control the
lamp voltage so, that the bulb life is
lengthened.
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m PROFETS are often used in applications where the load is pulse width modulated —

especially lighting applications
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Figure 7.60 Will the Load be On/Off or PWM? What is PWM Frequency?

The maximum ambient temperature is also
important when selecting a PROFET Rpg,, and
determining the heat sinking requirements.
Higher ambient temperatures will require lower
Rpson Values and/or additional heatsinking.

= Minimum ambient temperatures is usually -40 °C

m Maximum ambient temperature ranges from 85 °C to
125 °C for most applications:
85 °C for most non-powertrain applications
105 °C for some in-dashboard applications
125 °C for most powertrain applications

Figure 7.61 What is the Ambient

Temperature?
Traditional control module manufacturing
allowed for the wuse of through hole

components, rather than restricting a system
designer to surface mount devices.
Heatsinking options are limited with surface
mount components. In modern modules
surface mount components are preferred
which are cooled either by increased Cu-foil
surface or heat piping.
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= Many applications require all surface mount components

= Surface mount components typically only have excess
copper board space heatsinks

= Through-hole components can have large heatsinks for
improved power dissipation

Figure 7.62 What Type of Package?
Surface Mount or
Through-hole?

The thermal resistance of four different surface
mount PROFET packages are presented in
Figure 7.63:

The graphs are based upon the size of the
board space heatsink (copper area).
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= Engineers must trade-off the cost and size of the heatsink vs. the Ryg,, (@and hence, the cost) of the PROFET
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Figure 7.63 If Surface Mount - How Much Board Area is Available for Heatsinks?

Finally, with everything else being equal, there
is a cost difference between PROFETs: those
with advanced diagnostics will be more
expensive than the ones without diagnostics.

= No diagnostics
n General Status (Error Flag)
= General Status and Current Feedback

Figure 7.64 What PROFET Diagnostics are
Available?
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8. Protected Low Side Drivers

In this chapter, we introduce the concept of
“protected” MOSFET low side drivers
(HITFETS).

The chapter starts with a quick definition of
low-side switches and the description of the
differences between protected MOSFET low
side drivers and standard transistors. This
leads into an introduction to the various types
of protection that are available in protected low
side drivers. A discussion of the various
diagnostic options available in protected
MOSFET low side drivers is also included.

The easy application of protected MOSFET
low side drivers is demonstrated. We will
examine what Electromagnetic Interference
(EMI) issues may arise and how they can be
minimized. Suggestions are provided how the
functionality of the protected MOSFET low
side driver can be improved with the addition
of a few external components. The chapter
ends with a review of the questions a system
designer should ask when implementing a
protected MOSFET low side driver in an
application.
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8.1 What is a Protected MOSFET Low Side
Driver?

In a low side driver configuration, a MOSFET
switch is connected between the load and

ground — the switch is on the “low” side of the
load (Figure 8.1).

14V

Load
l Load

«— Vy~04V

5Vt010V—'

Low Side Drive (LSD)
Configuration

Figure 8.1

The reader is advised at this point to review
Chapter 2, 3,6 and 7.

The fundamental difference between low side
and high side drivers is that the latter does
require the boosted gate voltage.

Like protected high side drivers, protected low
side drivers are available to simplify system
designs. For example, the High Integration,
Temperature protected Field Effect Transistor
(HITFET), is a standard MOSFET with
additional features that have been integrated
to improve its performance and protection in
low side driver applications (Figure 8.2).

Short Circuit
Over Voltage Protection
Protection ‘
\ [ /

MOSFET|

X
Diagnostics " \ T Over
Requires external JJ -7 empera_ture
components Protection

Figure 8.2 HITFET = High Integration
Temperature Protected FET
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Figure 8.3 and Figure 8.4 show a die layout
and a block diagram of a typical HITFET.
Notice the vertical, n-channel MOSFET and its
integrated body diode (the body diode is
created by junction of the p* wells at the
source and the n-type drain). Vertical MOSFET
is used to minimize the Rpg,, of the MOSFET
switch.

Figure 8.3 HITFET Die Lay-out
Vsuppy
Over Volt
Pratection” o LR
Input dv/dt
( Limitation (

ESD- TemO:ar\ture Snent
Protection P Limitation

Protection

Source

HITFET
Tab Connection

Figure 8.4 High Integration Temperature
Protected FET

Left of the vertical power MOSFET (Figure 8.3)
are the various functional blocks and
protection circuits implemented in CMOS
technology, including the ESD protection
provided on the logic input (Figure 8.4).

8.2 Protection Features

Standard MOSFET-s are often considered
“rugged” devices. They are physically large,
single transistor components manufactured in
a rather simple fabrication process. However,
they are unprotected components - meaning
that if the device is subjected to severe fault
conditions, the MOSFET is often not able to
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protect itself or its load from catastrophic
failures.

HITFET-s improve upon MOSFET devices by
incorporating additional protection circuits
implemented in a fabrication process offering
CMOS and DMOS (Double Diffused MOS)
components. Therefore, if the HITFET is
subjected to a fault condition, the device can
protect itself and its load.

The following is a list of the available protection
features in Infineon’s HITFET portfolio
(Figure 8.5). Next, we will briefly examine each
of these protection features.

n Electrostatic Discharge (ESD) Protection

m Load Dump Tolerant

= Inductive and Over voltage Output Clamp Protection
= Current Limit Protection

= Thermal Shutdown Protection

Figure 8.5 HITFET Protection Features

First the HITFET input electrostatic discharge
(ESD) protection is considered. Figure 8.6 is an
example of the ESD protection specification
from a HITFET datasheet. Note, the conditions
for the ESD test are shown (a human body
model test is identified in the example).

Maximum Ratings at T, = 25 °C, Unless Otherwise Specified

Parameter Symbol | Values | Unit

Elecrostatic discharge voltage (Human | Vegp 4000 |V
Body Model)

according to MIL STD 883D, method
3015.7 and EOS/ESD assn. standard
S5.1 - 1993

i ESD structure

Source !

ESD structures (Zener) are not designed to conduct continuous
DC current

Figure 8.6 ESD Protection

Next, HITFET-s are also protected against
transient over voltages during load dump
events up to a certain energy level. Figure 8.7
is an example of the load dump protection
specification from a HITFET datasheet. In this

example, values are shown for the load dump
protection with a resistive load.

As the load resistance increases, more of the
energy in the load dump is dissipated in the
load itself and less energy is dissipated in the
HITFET. This allows HITFET-s with larger
resistive loads to withstand higher load dump
voltage transients.

Vi Vear | Vio" Load | Pulse Pulse
Para- Type "
meters !
V=0V | 185V |Vgr+ [Ri= [teyse= Exponential
and Vpuise = | 4.5 Q | 400 ms + DC offset
V=10V 65V Ryr=292

1) Pulse generator set up as per ISO-7637-1
2) Internal impedance of pulse generator

Figure 8.7 Load Dump Protection
(BTS3134D)

HITFET-s are also protected when inductive
loads are turned off by clamping the drain-
source voltage (Vpg) to a safe value (see
Chapter 1). Without the integrated diode clamp
in the protected MOSFET, the inductive turn-
off transient, Vg would continue to increase
until the MOSFET went into avalanche
breakdown. The avalanche process itself is not
necessarily destructive.

In avalanche mode excessive power
dissipation may occur which can permanently
damage the low side driver. During avalanche
breakdown, the inductor current would still
decay, but the large voltage across the
MOSFET will result in significant power being
dissipated within the MOSFET. Therefore, if
Vps is clamped to a safe value, the power
dissipated in the MOSFET can be limited to a
predictable level.

When Vpg increases as a result of turning the
current-off that flows in an inductive load, the
inductive switch-off transient causes Vpg to
increase to the specified voltage, Vpgz, then
the clamping diode will pull the gate voltage
positively so, that the HITFET is turned on
again providing a current path for the current
stored in the inductive load (Figure 8.8). The
HITFET stays turned on until the current
decays to 0 A (see Chapter 1).
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Static Characteristics

Drain source | Vpsazy |60 (= |75 |V |l =10mA
clamp voltage T,=-40... +150 °C
Ind 40 Over voltage
nductive and Over -
LOAD condition usually

Voltage Output Clamp

occurs in the
presence of

an inductive
switching action

Inductive and Over Voltage
Clamp

Figure 8.8

HITFETs can be protected from a variety of
problems with thermal shutdown protection.
The thermal shutdown of a HITFET may begin
at 150 °C. The HITFET is guaranteed to
operate normally up to 150 °C. Above 150 °C
(175 °C typically), however, the thermal
shutdown will protect the HITFET by turning
the device completely off (Figure 8.9).

To prevent a HITFET from oscillating into and
out of thermal shutdown, hysteresis is included
on the thermal shutdown. In this example, the
typical value of the hysteresis is 10K
Therefore, if a HITFET’s thermal shutdown was
activated at 155 °C, the HITFET would typically
turn itself back on when the junction
temperature fell to 145 °C (Figure 8.9). Note
that 1 K temperature differential is equal to a
1 °C differential).

Figure 8.9 also shows a series of waveforms
showing the operation of a HITFET with
thermal shutdown protection:

Time: A Input Voltage: High
Junction Temperature: < T;
HITFET Status: On

Time: B Input Voltage: High
Junction Temperature: > Tj
HITFET Status: Off

Time: C Input Voltage: High

Junction Temperature: < T;
HITFET Status: On
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Time: D Input Voltage: High
Junction Temperature: > Tj
HITFET Status: Off

Time: E Input Voltage: High
Junction Temperature: < T;
HITFET Status: On

Time: F Input Voltage: High

Junction Temperature: < T
HITFET Status: On

Electrical Characteristics

Parameter Symbol Values Unit
at T, = 25 °C unless otherwise specified Min. | Typ. | Max.
Thermal overload trip temperature Ty 150 (175 |- °C
Thermal hysteresis ? AT, = 10 |- K

Input
Voltage

Load
Current

—

Upper thermal

Junction 1
b / hysteresis lmit

A ) F

Lower thermal hysteresis limit

Time
Figure 8.9 Thermal Shutdown Protection

HITFET-s also have a protection feature called
current limiting.

With current limit protection, a HITFET can limit
the maximum current delivered to a load.
Therefore, if the load resistance is less than
expected (0 Q with a direct short to Vgppy),
the HITFET will ensure that its sourced current
does not exceed the specified limited current
value (Figure 8.10).

In this example, the minimum current limit
specified is 1 A. This means the HITFET is able
to supply at least 1 A before it begins to limit
the drain current. However, if an application
requires 1.1 A load current under worst case
conditions, this HITFET would not work. Some
devices may limit the current to 1 A before the
1.1 A worst case load current is reached.

The maximum current limit in the example
HITFET specification is 1.9 A. This device will
not allow load currents of more than 1.9 A. It
will limit the load current below or at the 1.9 A
maximum threshold.
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Parameter and Conditions Symbol Values Unit
at T = 25, V,, = 12 V unless otherwise Min. | Typ. | Max.
specified

Current Limit Dy, 1 15 (1.9 (A
V=10V, Vps =12V

Mmoo

Time

Figure 8.10 Current Limit Protection

Some HITFET-s have an additional thermal
shutdown feature. If they go into thermal
shutdown, they will not automatically restart
themselves once their junction temperature
has cooled. The thermal shut-down protection
is said to latch off this type of HITFET.

This is a desirable feature for many
applications. Repeated over temperature
conditions can potentially damage an
integrated circuit (this is why testing for
thermal cycling during  semiconductor
component qualification is needed).

If a short circuit condition were to occur, the
part would heat up, go into thermal protection
mode and shutdown. Without the latched-off
protection the protected low side driver would
endlessly turn itself off and on again as
determined by the thermal hysteresis band in
its internal control circuit. This would continue
for as long as the fault condition existed, or
untii a controling component (ike a
microcontroller) turned off the low side driver.

Figure 8.11 is a block diagram of a HITFET with
a latching-off thermal shutdown protection
circuit.

Over Short
Temperature Circuit
Protection | | Protection
Current
Limitation
[ Source |3
HITFET T—d

Figure 8.11 Thermal Latch

Example waveforms are shown in Figure 8.12.
Note that the input current of the HITFET
increases when it is latched off. This can be
used to poll the HITFETs operation (more
about that in subsequent pages).

Input V) is
driven high

i

t_| Input current reflects
In latch current
Consumption
_I\Z‘
t

Current is switched
off when latch engages

! Silicon temperature
drops when current
Is switched off

t

Figure 8.12 Thermal Shutdown Latch
Behavior

8.3 Diagnostic Features

HITFET-s do not have a diagnostic feedback
pin or STATUS output. Rather, diagnostic
feedback can be obtained by monitoring the
operation of the HITFET with the addition of a
few external components (Figure 8.13).
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= HITFETSs do not contain internal structures that are
specifically intended for diagnostic feedback

= Diagnostic feedback can be obtained by using external
Components in conjunction with:

— Drain - high current output pin - true conductive state of
device can be estimated by monitoring the drain voltage

— I,y - input drive bias can be detected and evaluated
against over current or thermal shutdown bias current -
this method requires that input current be evaluated.

= NOTE: Care must be taken so as not to significantly
reduce the available V,, voltage

Figure 8.13 HITFET Diagnostic Feedback

There are two different ways. Either the voltage
on the drain of the HITFET or the input current
flowing into the input pin of the HITFET are
monitored to determine if the low side driver is
functioning as expected.

A circuit for monitoring the drain voltage of the
HITFET is shown in Figure 8.14. Attenuation of
Vps is needed in most cases because the
maximum input voltage of a microcontroller
port is usually less than the drain voltage of the
HITFET.

This method is simple to implement, but it
takes up one analog-to-digital microcontroller
input channel.

= Diagnostic feedback is sensed at the drain and applied
to a microprocessor Analog to Digital Input.

» Advantage
Low cost diagnostic and fault correction
= Disadvantages --

Slower than integrated solution
Uses one A/D channel per sensed drain

Veart

Micro

Drive

A/D IN

Y

Figure 8.14 HITFET Diagnostic Feedback:
Drain Voltage Sensing

Attenuator

External Drain Sense

The other way to obtain diagnostic feedback
on a HITFET is to monitor the input current (see
Figure 8.15). Previously, it was shown that the
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input current increases significantly when a
HITFET is in fault mode. If a resistor is placed
in series with the input of the HITFET’, an
analog-to-digital converter input can be used
to monitor the voltage drop across the resistor.

D
I/Diag

S
HITFET

Micro-
processor

GND

Figure 8.15 HITFET Diagnostic Feedback
I,y Current Monitor

8.4 EMI/ EMC Considerations

The use of a HITFET can reduce the
electromagnetic emissions from a low side
driver as discussed next.

When a low side driver is turned on and off, it
can result in significant electromagnetic
emissions. Before looking at  the
electromagnetic emissions let us consider
some of the parameters of low side drivers.

When the turn-on and turn-off process is
repeated, it is often called pulse width
modulation (PWM). PWM operation is
characterized by different parameters. One
such parameter is the repetition frequency (f),
or the number of times per second that the
driver is turned on and off. The reciprocal of f is
the period (P). The period consists of the
following parts:

1) Turn-on time (transition from off to on)
2) Time the driver is on
3) Turn-off time (transition from on to off)
4) Time the driver is off

Finally, duty cycle (D) is the percentage of the
period that the driver is on.
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For example, let us assume that a driver is
being switched on and off 100 times per
second (Figure 8.16). We will assume that the
turn-on and turn-off times are negligible. Each
time that the driver is turned on, it stays on for
8 ms before it is turned off for 2 ms.

Frequency (f) = 100 Hz
Period (P) = 1/100 Hz = 10 ms
Duty Cycle =8 ms /(8 ms + 2 ms) = 80%

= Frequency - (frequency domain) What is the rate of repetition
of a waveform?

= Duty cycle - (Time domain) What is the amount of time spent
on with respect to the amount of time spent off?
k Period 4
! —/
TON TOFF

Frequency = 1/ Period

Period = Toy + Tore
Duty Cycle = Toy / (Toy + Tore)

Figure 8.16 PWM Definitions

Every time a low side driver turns on or off, it
generates electromagnetic emissions. When a
driver is used in PWM applications it may have
serious repercussions.

The emissions are dependent on how fast the
low side driver turns-on and turns-off. If the
turn-on and turn-off are very fast, the
emissions are more intense. Therefore,
HITFET-s slow down the rate of their turn-on
and turn-off. This feature reduces the
electromagnetic emissions in HITFET low side
driver applications compared to traditional
MOSFET drivers.

Figure 8.17, is an example of the slew rate
control exhibited by HITFET low side drivers. It
lists both the time and slew rate values for
turn-on and turn-off and also the maximum
allowed drain-to-source voltage (Vpg) slew
rate.

Dynamic characteristics Param Min. | Nom.| Max. | Units
Turn-On time Vint090% Iy | Toy - 10 10 Hs

R =22Q, V=010 10V, V,, =12V

Turn-Off time Viyto 10% Iy | Tore - 10 20 Hs

R =22Q,Vy=10t00V,V,, =12V

Slew rate On 70% 10 50% Vi, | -dVo/dton| - |4 |10 |ps
R.=22Q,V=0t0 10V, Vy, =12V

Slew rate Off 50% t0 70% Vi, | dVog/dtoee |- (4 |10 |ps

R =22Q,V=10to 0V, V,, =12V

Figure 8.17 HITFET Turn-On / Turn-Off
Slew Rate Controlled

For reference, Figure 8.18 illustrates the terms
used in the turn-on and turn-off times and slew
rate specifications.

100
90—
Turn-Off Turn-On
B 70 70
S 9
= “elChangs ‘ Slew Rate Test Interval ‘
3 of 50
2; Drain
>3 Voltage
Rise Fall
10 Time —» le—Time —»\
. Interval Interval
|

I T T T T
10 20 10 20

Time (ps)

Figure 8.18 HITFET Turn-On / Turn-Off
Slew Rate Control

An example of a HITFET’s electromagnetic
emission spectra (with slew rate control) is
shown in Figure 8.19. Note the discontinuity in
the graph of electromagnetic emissions at
30 MHz caused by the automated test system
changing the resolution bandwidth on the
spectrum analyzer. This in turn causes a
change in the noise floor.
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Measurement at Out
THI §

f/MHz

Figure 8.19 Typical HITFET Radiated
Emissions Evaluation

8.5 System Implementation

The external components used in HITFET low
side driver circuits are identified next.

We begin with the problem of reverse battery
faults. When a HITFET is subjected to a reverse
battery condition, current flows from the
source pin, through the intrinsic body diode,
through the drain pin, and into the load. The
MOSFET (and its thermal protection) is off
during reverse battery conditions and the low
resistance channel does not conduct. This can
lead to higher levels of power dissipation than
in normal (forward) operating modes. The
reverse battery current is limited only by the
HITFET’s load.

m Reverse load current through the intrinsic drain
diode in series with the load

= Power dissipation is Higher compared to normal
operating conditions due to the voltage drop across
the drain to source diode

= Source diode current is limited by the load

J! Battery -
—1

Figure 8.20 Reverse Battery Tolerance

Consider the following example. Recall the
basic DC thermal equation:

TJ,Max - TA,Max = PD,Max RthJA
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For forward operation, the dissipated power is
given by:

_ 2
PD - ILoad RDSon

Inserting into the DC thermal equation and
solving for | ,,q max results in:

ILoad,Max = ((TJ,Max - TA,Max) / (RDSon * RthJA))1/2

For the following values:

Tyvax =150°C
Tamax =95°C
Roson = 0.068 Q
Rpya =55 °C/W

VBattery =14V

The maximum forward operating current is:
ILoad,Max =3.8A

With a maximum allowed current, the
maximum (normal operation) load resistance
can be calculated:

V=IR

14V = (3.8 A)R aqmin + 0.068 Q)

Rioad min = 3-6 Q

For reverse operation, the load current flows

through the intrinsic body diode. The power
dissipation in the HITFET is given by:

Pb = Vioge IL
Substituting into the DC thermal equation:
IL,Max = (TJ,Max - TA,Max) / (Rinua Viode)

With a diode voltage of 0.7 V, the maximum
reverse battery current for this HITFET
example is:

I max =14 A
With a maximum allowed current, the
maximum load resistance for reverse bias

conditions can be calculated (Figure 8.20):

V=IR
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VBattery = Vpiode * lLoad RLoad

14V=07V+(1.4A) R
RLoad,Min =950

Therefore, if the HITFET is to survive and
protect its load during reverse bias, a larger
heatsink (lower Ry ) or a larger load
resistance is required. In summary, when
designing for reverse battery conditions, the
power dissipated in the intrinsic body diode
will dominate the HITFET thermal design.

Another advantage of the HITFET protected
low side drivers is that they can be used in high
side driver applications. Let us look at how this
works.

Figure 8.21 is an example of a high side drive
application using an ordinary power MOSFET
switch that is placed between the power
connection (14 V here) and the load.

Vp =V,
oA AT The switch is on the

“High Side” of the load

To turn on the HSD the
gate is pulled to the drain

MOSFET
Switch

Vo = Vear
The maximum voltage at

4 v the MOSFET source is:
s
9n RL
Vg = - V) =
V s = (Vear - V1) T+ R,
R Vas = Vear - Vs

Vas = Vear - Vs

P Vs Ly,
sw T HL GS

Assuming:
Ro=1Q Vgr=14V,V; =1V,
gr, = 110 Siemens

[Vo=12.88V, Ves = 1.12V, P = 1443 W |

Figure 8.21 High Side Drive (HSD)
Configuration

As before, to turn MOSFET on in the high side
drive configuration, the gate voltage is pulled
high. The source voltage will determine the
load (or drain current ID) current:

Ib=Vs/R..

The load current approximately is given by

Ip = (Vgs - V) * gm.

If the maximum gate voltage is Vgar,

maxVgg = Vgar - Vs.

Eliminating I, from the equations yields:

Vas = Vps = (Vear -V1)"gm "R/ (1 + gm " R)).

In this case Vg is much greater than Iy * Rpgon
resulting in increased dissipation.

Letting Vgar =14V, R =1 Q, gm =110 Q™
Vgs = Vps = 1.12 V (based on BTS3160D).
lp=Vg/R =12.88/1=12.88 A,
Po=Vgs“lp=1.12*12.88=14.4 W

The dissipation is unacceptably high. It can be
reduced by boosting the gate voltage

MOSFET 14V The switch is on the “High side”

Switch of the load.
28V If the MOSFET gate is pulled
to a higher voltage...
v :E’ Vs~ 14V The source voltage will
G approximate: Vg ~ 14 V
l lioag The higher value of Vg
translates into a larger value
Load of I oap (linear region)

Figure 8.22 High Side Drive (HSD)
Configuration

When a higher voltage is applied to the gate,
like 28 V, two things change from our previous
example. First, the MOSFET is fully enhanced
(Vgs >> V5), the source voltage of the MOSFET
rises to almost 14 V (Vg,y) — meaning that the
voltage drop across the MOSFET switch is
smaller. Second the dissipation in the MOSFET
is greatly reduced. The source voltage is given
by:

Vs = Vgar * R/ (R + Roson)-

Since Vp = Vgar

Vbs = Vear * Roson / (RL + Rpsen)
Given R. =1 Q, and Rpg,, = 10 mQ
Vpg =0.14 VI << 1,12V

Vg = Vgar - Vpg = 14 - 1.12 = 13.86,
Ip = 13.86 A

Pp=0.14*13.86 =1.94 W.
So, the fundamental difference in high side

drive applications is that a higher voltage
needs to be applied to the MOSFET gate than
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in a low side application. An example of how
this can be accomplished is shown in
Figure 8.23.

Advantage:
= Custom edge control (EMC)
Disadvantage:

n Complexity
External Circuit [m]

Battery
+12V)

Battery

Driver /
Micro-
controller

B3
Conclusion: jL
Profet may be better =

Figure 8.23 Source Follower

A voltage boosting circuit is used to increase
the gate voltage above the supply voltage. A
logic level signal from the microcontroller is
then “shifted” to the new voltage range. A low
signal (0 V) from the microcontroller remains
0V, but a high signal (for example, 5V) is
shifted to the boosted gate voltage. This
voltage is then applied to the HITFET gate.

The advantage of this topology is that the
designer can implement any external boost
circuit, thus customizing the turn-on and turn-
off speeds to control the electromagnetic
emissions. It does, however, require additional
design work. For such applications, an
integrated high side drive component may be
more attractive.

The final topic in this Chapter is the various
edge shaping options available for use in any
low side driver application to reduce the
electromagnetic emissions. As mentioned in
Section 8.4, one source of electromagnetic
emissions in low side driver applications can
be turning the driver on and off during PWM
operations.

Electromagnetic emissions are stimulated by
the rate of change of drain current allowed by
the switching device. Typically, quicker
switching edges result in greater emissions. If
the turn-on and turn-off are very fast, the
emissions are worse. Therefore, HITFET-s
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slow down the rate of their turn-on and turn-
off. The edge control reduces the
electromagnetic emissions in HITFET low side
driver applications compared to traditional
MOSFET drivers. The electromagnetic
emissions can be further reduced with the
addition of external components.

First, we begin by noting that the turn-on and
turn-off times can only be increased by the
addition of the external components. The
minimum HITFET slew rate is set internally
(reducing harmful emissions), and it cannot
further be reduced by adding external
components. This option also allows for the
implementation of symmetric or asymmetric
turn-on and turn-off times. It may be necessary
to turn a load off quickly, but the turn-on
process can be relatively slow. This can be
accomplished with external components while
still providing a reduction in electromagnetic
emissions. Finally, we must note that
increasing the turn-on and turn-off times will, in
turn, increase HITFET’s switching losses.
Therefore, additional care must be taken when
performing the thermal analysis.

= Edge rise and fall time can only be increased by
the addition of external components

= Slew rate can not be made faster by the addition
of external components

= Potentially can modify EMC characteristics (Electro
Magnetic emissions)

= Allows for symmetrical or asymmetrical adjustment
to rise and fall times as well as slew rate modification

= Additional power is consumed by changing transition
times (operation in linear region)

Figure 8.24 HITFET Edge Shaping

There are two ways to externally increase the
turn-on and turn-off times:

1) Addition of a low pass filter to the HITFET
input

2) Addition of a drain-to-gate feedback
(Miller) capacitor

We will begin with the R-C low pass filter.
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= Advantages
— Simple in terms of calculating RC values
— Is effective at controlling rise and fall time of the device

= Disadvantage
— Adding a low pass filter to the input
— Will insert a turn on delay and a turn off delay
(dead time) which may modify the intent of PWM
applications

Figure 8.25 HITFET Edge Shaping:
Simple Low Pass Filter

There are several advantages for using an R-C
low pass filter to perform the edge shaping
(see Figure 8.26). It very effectively controls the
HITFET rise and fall times, and it is simple to
implement once the required R and C values
are calculated. The associated disadvantages
are rather straightforward. The addition of the
low pass filter to the input will add a small
delay to the turn-on and turn-off of the device
in addition to decreasing the slew rate of the
HITFET in PWM applications.

= External components
can be added to a
HITFET to modify rise Toad g
and fall time and slew [ipeTes

rate.
HITFET

R_Series

Driver / Micro-\‘
controller

C_Shunt S

T 1

Figure 8.26 HITFET Edge Shaping:
Simple Low Pass Filter

e (T;ﬁ

Controller

Figure 8.27 shows the effect of a simple low
pass filter upon the HITFET’s input voltage and
drain voltage. Three curves are shown (for
1 nF, 100 nF, and 200 nF capacitors). As the
capacitance is increased, the slew rate of the
HITFET input and drain voltage is decreased,
reducing the electromagnetic emissions.

5.064 V

Input Voltage

4.000 V

2.000V—

VoY Ve

12V

8V Drain Voltage

4V

SEL>>

T T
2.0ms 2.5 ms 3.0 ms

Figure 8.27 HITFET Edge Shaping:
Simple Low Pass Filter

The second method of performing edge
shaping in HITFET applications is with the
addition of an external Miller capacitor. This
solution is also effective in controlling the turn-
on and turn-off times of the protected low side
driver. In addition, it eliminates the turn-on and
turn-off delay introduced with the simple low
pass filter solution.

However, the calculations involved in selecting
the correct Miller capacitance are slightly more
complex. The designer must also now
consider the load characteristics (resistance)
when determining the optimum resistor and
capacitor values.

= Advantages
- Is effective at controlling rise and fall time of the
device
- Does not insert a significant turn-on or turn-off delay

= Disadvantage
— Calculation of the RC components is more
complicated
— Must now also consider the resistance of the load

Figure 8.28 HITFET Edge Shaping:
Miller Capacitor

A HITFET application with Miller capacitor
edge shaping is shown in Figure 8.29.
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External Miller

; Load

Capacitor \ Impedanceg
|
/1

R_Series
(R
Driver / Micro- Gate |
controller Controller
| E—
HITFET

Figure 8.29 HITFET Edge Shaping:
Miller Capacitor

In Figure 8.30 and Figure 8.31, we respectively
show two examples of the use of Miller
capacitors (25nF and 50nF) to perform edge
shaping in a HITFET application during turn-on
and turn-off. The example illustrates an
additional difference when a Miller capacitor is
added to perform the edge shaping. Unlike the
simple low pass filter solution, using a Miller
capacitor introduces an asymmetry in the turn-
on and turn-off waveforms.

10.79 V
25 X
8.00 V 1n Drain Voltage
S 50n
4.00 V-
SEL>>
Vo o v Vet
12.0V
8.0V
Gate Voltage
. K
0V— T
2.0ms 2.4 ms

= < v V(R6:2)

Figure 8.30 HITFET Edge Shaping:
Miller Capacitor - Turn-On
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T Drain Voltage

Gate Voltage

1n‘Jf 20 50n

T T
4.0 ms 4.4 ms

T
4.8 ms

Figure 8.31 HITFET Edge Shaping:
Miller Capacitor - Turn-Off

Often, the HITFET input will be driven directly
by a microcontroller. In such applications, the
HITFET input does not require additional
protection. However, if the input is being
driven by a non-regulated supply or from an
off-board signal, additional precautions may
be required.

Input current increases dramatically if the input
is taken 0.2V (or more) below ground. The
same is true if the input voltage is pulled 10.0 V
(or more) above the source voltage.

= Input protection usually not needed if driven directly from
a microprocessor

= Input protection is needed in cases were drive is sourced
from a non regulated or out boarded signal source

Test Condition Parameter | Limit Unit
Continuous input current | Iy mA
-02V<sVy<iov self limited
Vi<-0.2VorV,y>10V lhyl <2

Figure 8.32 HITFET Input Protection

HITFET-s are intended to be driven by a 5V
(nominal) signal. In any event, the input voltage
must not exceed the specified absolute
maximum (typically 10 V) or absolute minimum
(usually -0.3V). In addition, the maximum
allowed HITFET input current is 2 mA. This
must be limited externally during fault
conditions.
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m The HITFET input drive circuitry must provide adequate
voltage to the gate (4.5 V or more) and must not exceed
the maximum allowable input voltage (typically 10 V).

= The maximum specified current allowed to sink or
source from the HITFET in pin is 2.0 mA. Current up to
2 mA may be required to operate internal HITFET input
protection circuitry.

Figure 8.33 HITFET Input Protection

It is possible, however, to increase the HITFET
input voltage above the 5V nominal value.
Doing so will further enhance the drain-source
conduction channel. This in turn will decrease
the resistance of the HITFET switch and allow
for a higher load current.

= HITFETs comply to a specification which uses a
nominal 5 V,, drive voltage as a specified
operating point.

n Further device enhancement - lower Ry, and
higher output current may be achieved by operating
the device at a higher V,, voltage (10 V).

Figure 8.34 HITFET 5V vs. 10 V Operation

This is shown graphically in Figure 8.35.

- L

b A

T Additional
Current Due
to Full Channel

12

10
/ Enhancement
8 < >
/ ~
6
4 Additional
/ Typical transfer characteristics: Input Voltage
2 Range

Io = f(Vin), Vos = 12V, Tyqen = 25 °C

0 [ Y I I |

1 2 3 4 5 6 7 8 VvV 10
— Vyy

Additional V,y /

required fully
enhance device

Figure 8.35 HITFET 5V vs. 10 V Operation
8.6 Frequently Asked Questions

In Figure 8.36 and Figure 8.37 the questions
are listed that a system designer needs to
answer to select an appropriate protected low
side driver.

Many of these questions are self explanatory,
but we will address a few in more detail in the
remaining pages of this chapter.

= What is the load current?
m s the load capacitive and what is the inrush current?

m s the load inductive and the inductance and/or energy
during turn-off?

= Will load be on/off or PWM? What is PWM frequency
(load states)?

m What is the ambient temperature?

= Can a HITFET be operated as a high side switch

Figure 8.36 Frequently Asked Questions

= What happens if ground (drain leg) opens
= What type of package - surface mount or through-hole?

m |f surface mount, how much copper area for V,, / tab
connection?

= How is inductive energy evaluated and controlled
by the HITFET

n If through-hole, what type of heat sink will be provided
for package?

= What diagnostics are needed?

= What application extremes will the device / system be
subjected to (reverse battery, load dump, over voltage
etc.)?

Figure 8.37 Frequently Asked Questions

One of the key parameters of a system when
choosing a HITFET protected low side driver is
the expected load current. It is important to
know the typical load current, the maximum
load current, and how long the HITFET may
need to source the maximum load current.

Some times the load current is not immediately
available. Rather, the characteristics of the
load (its resistance or wattage) are given. From
these characteristics, the load current can be
determined. Based upon these questions, an
appropriate Rpg,, value can be determined.

= What is the maximum load current?

= When does the maximum occur?

m What is the typical load current?

= Alternative Question: What is the load resistance?

m Alternative Question: If the load is a lamp, what is it's
wattage?

= Recall, the load current is fundamental in determining
the Rps,, value

Figure 8.38 What is the Load Current?
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The in-rush current for a light bulb load is
shown graphically in (Figure 8.39). An actual
oscilloscope plot of the current flowing
through an initially cold light bulb is shown in
Figure 8.39. The time scale in the waveform is
40 ms/division. The current peaks almost
immediately at approximately 5.5 A. As the
filament warms (about 80 ms), however, its
resistance increases, and the load current
reaches a static value. It is important that the
peak value (5.5 A) is below the low limit of the
maximum current value of the chosen HITFET
and does not cause the HITFET to go into
current limiting.

m Recall, the in-rush current for lamps and RC networks
may be an order of magnitude higher than the steady
state current

55A —

\
\
500 mA — Mo
b

HE 1o.omva

Figure 8.39 Is the Load Capacitive?
What is the In-rush Current?

In addition, caution has to be taken when
designing any low side driver circuit with
inductive loads. While MOSFET-s and HITFET-s
are specified for a maximum load inductance
(or turn off energy dissipation), HITFET-s have
additional circuitry to boost their robustness.

= MOSFETs are rated for the max absorbable energy when turning off
inductive loads

Maximum Ratings at T, = 25 °C unless otherwise specified

Parameter Symbol | Values | Unit

Inductive load swich-off energy dissipation® | E,g 0.3 J
single pulse I, =20 A, V,, = 12V T, =150 °C:

Va )of1,.2
E= —L i
Vc\ +Vb2( 2

Where:
L = load inductance

The equations relate the energy
absorption capability regarding a
Single pulse

I« = short circuit load current
V,, = over voltage clip voltage of HITFET
Vya = supply voltage

Is the Load Inductive? Inductance
and/or Energy During Turn-Off?

Figure 8.40
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The maximum ambient temperature is also
important when determining the appropriate
HITFET Rps,, and heatsinking requirements.
Higher ambient temperatures will require lower
Rpbson Values and/or additional heatsinking.

= Minimum ambient temperatures is usually -40 °C

= Maximum ambient temperature ranges from 85 °C to
125 °C for most applications:
85 °C for most non-powertrain applications
105 °C for some in-dashboard applications
125 °C for most powertrain applications

Figure 8.41 What is the Ambient
Temperature?

Traditional control module manufacturing
allowed for the wuse of through-hole
components, rather than restricting a system
designer to surface mount devices.
Heatsinking options are limited for system
designers working with surface mount
components.

= Many applications require all surface mount components

= Surface mount components typically only have excess
copper board space heatsinks

= Through-hole components can have large heatsinks for
improved power dissipation

Figure 8.42 What Type of Package?
Surface Mount or Through-hole?

In Figure 8.43, we see an example of the
thermal resistance of four different HITFET
packages based upon the size of the board
space heatsink.
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= Engineers must trade-off the cost and size of the heatsink vs. the Ry, (@and hence, the cost) of the HITFET

o0 85 I I 180
_ | KW
Rinua Runrpez = 71.8 KW Rina 1543 Rins-pine = 16.5 K/W —
170
764 \
I 160 — I 140 N
120 120 AN
140 22 AN
130 100 =
B 812
80 (—
110 —— SO8 SO'I|'223 g8
100 | 60
0 100 200 300 400 500 mm2600 0 100 200 800 400 500 mm2 600
—A —>A
160 I I 85 I I
KW KW
Ria L R = 1.8 KW ——] Rinsa @'4 U— I
75 N Riyo = 1.3 KIW ——
I 120 I o N
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100 \\ 60
55 50.4
~
80 .
7?\ 50
60 [— P-TO252 45— P-TO263
| 54.7 40 I
40 35
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Figure 8.43 If Surface Mount - How Much Board Area is Available for Heatsinks?
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9. Introduction to Linear Regulators

In this chapter, a review of electric power and
the concept of voltage regulation are
presented. First, some fundamental power
concepts will be reviewed and answers to the
simple question, “What is a linear regulator?”
will be sought. Once fundamental concepts
are clarified a general explanation will follow of
how a linear regulator operates.

The basic concepts and operation of a linear
regulator are illustrated in a simple functional
diagram. This functional diagram is analyzed in
more depth to show what makes up a linear
regulator and how a linear regulator operates.
After the analysis of the various functional
blocks, there are two sections covering some
key characteristics and auxiliary functions. The
last section of the chapter briefly explains the
theory behind control loop stability and applies
this theory to linear regulator stability.
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9.1 Definition of Power and Basic
Concepts Linear Regulators

9.1.1 Power

Let’s begin by looking at what power is. Power
is the rate of change of energy with respect to
time. Since energy can be measured in joules,
then power can be expressed as the amount of
joules changing per second or watts. Electrical
power is the product of an electrical current
and voltage. Electrical current is measured in
amperes or coulombs per second. Electrical
voltage is measured in volts or joules per
coulomb. By multiplying voltage and current
the remaining units are joules per second or
watts (Figure 9.1). For example if a light bulb is
connected to a 10 V battery and the current
through the lamp load is 1 ampere (A), then the
light bulb is consuming 10 watts (10 V x 1 A) of
power.

= Definition of Electric Power:
Power = Voltage x Current

m Power is the rate of change of energy with respect to time
expressed in Joules per second or Watts

Power = Voltage x Current Example:
P=VxlI Given Voltage and Current
[ Energy (J) ] {Charge (C)] V=10Y
= x| ——— _
Charge (C)) | Time (s) ISR
5 ) Calculate Power:
ner
= [i] P=10Vx1A
Time (s)
P=10W (J/s)
Figure 9.1 Electrical Power Review

9.1.2 Fundamental Concepts of Voltage
Regulators

Many applications have loads where the
required voltage differs from the source
voltage. For example, in an automobile the
typical source of energy is supplied by a 12V
battery, while a microcontroller in a car radio
only needs 5V. In applications where the
source and load voltages are different, a power
supply is often connected between them. A
power supply is a device that converts a
source voltage into a desired load voltage. The
name power supply is a misnomer because it
is converting rather than supplying energy.
Hence a more accurate name for a power
supply is the power converter (see Figure 9.2).
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Undesired Desired

Energy Energy
Source (RO Load
Supply

= A power supply is a device that converts energy
from a source into a desired form of energy for a load

m Electrical power supplies typically convert voltage
m Examples of electrical power conversion:

— Car Battery (12V) = Microcontroller (5 V)

— AA Battery (1.5V)  — LED Flashlight (16 V)

— Wall Outlet (110 Vac) = Battery Charger (5 V)

Figure 9.2 Power Supply Definition

Real power supplies require some power to
operate and the converted output power is
less than the input power. By definition, the
efficiency in real power supplies is less than
100%. Efficiency is the ratio of output power to
input power. Output power is the power
delivered to a load while the input power is the
power supplied to the power supply.

Figure 9.3 illustrates the point. If a power
supply is drawing 1 A of current from a 12V
source the input power to the power supply is:

Pn=VxI=(12V)x(1A)

Pn=12W

Next, the power supply is delivering 2 A of
current to a load at 5V, the power supply’s
output power is:

Pour=VxI=(6V)x@2A)

Pour=10W

Although the power supply is delivering more
current (2 A) than it consumes (1 A) it is still
delivering less power (10 W) than it receives
(12 W). The efficiency (n) of a power supply is
calculated by taking the ratio of output power
to input power.

n=Pour/ Pn=10W/12W

n =83%

The remaining 2 W of power in the example is

consumed by the power supply and lost as
heat (Figure 9.3).
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Load
(Lamp)

Source
(Battery)

n Efficiency () is the ratio of output power to input power

= Real power supplies are not 100% efficient because
some energy is consumed during the conversion
process
u Example:
Por=(6V)x2A) =10 W
Pn=(12V)x(1A) =12 W
The efficiency n is:
_ Poyr _ 10W
T Py 12W
The remaining 2 W (12 W - 10 W) of power is
consumed by the power supply and is lost as heat

~ 83%

Figure 9.3 Power Supply Efficiency
9.2 Linear Regulators

One of the most common types of electronic
power supplies is a linear voltage regulator. A
linear voltage regulator, or simply a linear
regulator, is a power supply that converts a
direct current (DC) input voltage into the
desired but smaller DC output voltage. In spite
of input voltage variations the output voltage
will remain steady as long as the input voltage
is greater than the output voltage. Output
voltage is kept constant by means of operating
a series pass transistor (connected between
input and output) in the linear or active region;
hence the name “linear” regulator. Figure 9.4 is
a cartoon illustration of the principle.

= Converts a DC input voltage to a DC output voltage

= When in regulation, the pass transistor (power
transistor between the input and output) is always on

= Output voltage remains constant even with turbulent
input voltage

v =

\” l VDUT
Tt

Linear Regulator

Figure 9.4 What is a Linear Regulator?

Figure 9.4 is a very simple block diagram of a
linear regulator that illustrates the basic
operation. For simplicity the ground

connection is not shown and the focus is on
the input and output voltage. The three
functional blocks shown are:

Pass Transistor, Output Monitor and Gate
Driver (Control).

The Output Monitor senses the output voltage
and determines if the output voltage is above,
below, or at its expected value. Based on the
feedback signal from the Output Monitor, the
Gate Driver adjusts the pass transistor to
maintain a constant output voltage.

Figure 9.5 is a simple block diagram, and a
graph of the input and output voltages
illustrates the desired power supply operation.
Assume the initial (and desired) output of the
linear regulator is 5V. The Output Monitor
senses the output which is at its expected 5V
value and instructs the Gate Driver to maintain
its current gate drive voltage at, say 50% of its
maximum value.

VIN
12V =
time
VOUT
SV —-------
e
time

Figure 9.5 How a Linear Regulator
Works?

If an unexpected input voltage increase from
12V to 14V occurs, as shown in Figure 9.6,
the output voltage will also rise until the Output
Monitor can react to this change. Typically the
reaction time of the Output Monitor is in the
order of microseconds.
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Vour
5.04V- j
BV |he=s==c==

time

Figure 9.6 How a Linear Regulator
Works?

Once the Output Monitor reacts and realizes
the output voltage has increased beyond its
expected value the Output Monitor commands
the Gate Driver to slightly turn off the pass
transistor by reducing its gate drive voltage
from, say 50% to 40%. The reduction of the
gate voltage from 50% to 40% will cause the
output voltage to decrease, but, in the
illustrated case (Figure 9.7), it is stillabove 5 V.

Figure 9.7 How a Linear Regulator
Works?

The Output Monitor senses the output voltage
is still higher than the expected value and
commands the Gate Driver to further reduce
the voltage applied to the pass transistor from
say 40% to 30% (Figure 9.8).
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Linear Regulator

Vour

5.04 V’;’]\L
|
BAOY |[—=k==== ©

Figure 9.8 How a Linear Regulator
Works?

At 30% of gate drive voltage the output voltage
returns to its expected value of 5 V. Therefore
the Gate Driver maintains the pass transistor at
30% to keep the output voltage at 5V
(Figure 9.9).

Figure 9.9 How a Linear Regulator
Works?

9.3 Linear Regulator Functional Blocks

With reference to the examples in Figure 9.6 -
Figure 9.9 the pass transistor is not turned off
during the regulation process. By changing the
pass transistor’'s gate voltage, the pass
transistor stays on but adjusts the amount of
the voltage drop from the input to the output
regardless of the current demand (within the
specified limits). The on state operation of the
pass transistor is analogous to a water
pressure regulator.



9.3 Linear Regulator Functional Blocks

Figure 9.10 is a functional block diagram of a
linear regulator. There are 4 basic blocks
shown in this functional diagram and role and
operation of each will be explained in this
section. The blocks are:

— Bandgap reference

— Series pass transistor

— Error amplifier

— Feedback voltage divider

Pass
Transistor

4
Vin LIN /
Bandgap F
Reference

GND
Error
Amplifier

Figure 9.10 Linear Regulator Functional
Block Diagram

Bandgap
Reference Voltage

out | Vour

Feedback
Voltage
Divider

9.3.1 Bandgap Reference Block

The bandgap reference is an important part of
a linear regulator because it provides the
reference voltage to accurately maintain the
output voltage (regardless of input voltage and
output current within their respective specified
ranges). The bandgap reference also provides
a very stable reference voltage across the
entire specified operating temperature range.
The voltage reference is stable across a wide
temperature range because it uses two
offsetting characteristics of semiconductor
devices. The base-emitter voltage of a diode-
connected NPN bipolar junction transistor
approximately decreases at the rate of
2 mV/°C. This decrease in the diode voltage,
however, is countered by an increase in the
thermal voltage of a similar NPN transistor. The
thermal voltage is defined as: V,= kT/q,
where k is Boltzman’s constant (1.38 * 10" AsV/K),
T is the integrated circuit junction temperature
(in K), and g is the electron charge (1.6 x 107° As).
The temperature coefficient of the thermal
voltage is positive and equal to 0.086 mV/K.

This voltage is amplified by the factor A; = 23.5
so that the net temperature coefficient of the
voltage reference is 0 mV/C as illustrated in
Figure 9.11.

= Provides a precise reference voltage over the operating
temperature range by summing a negative temperature
coefficient of Ve with a positive temperature coefficient
of thermal voltage, V,=k T/q

Vineur V,=kT/q
o mvic i«
-Zm
~ +0.085 mV/C
= T T
- VBE

Vier = Vee + (Ag)(V)

Temp Coeffecient ~ 0 mV/C ‘

Figure 9.11 Bandgap Reference Voltage
(Concept lllustration)

In practice, the bandgap circuit may be similar
to the circuit in Figure 9.12. Its reference
voltage, Vggp, is typically 1.2 V. A “trimming
network” of resistors (R; - Rs) is added to allow
Vger to be permanently adjusted if its output
voltage deviates from its expected value due
to manufacturing variations.

= Internally generated with tight tolerance, traditionally ~ 1.2 V/

m Voyr is “built” from this voltage reference by “zener zapping”

Vier

| Re=-1%
R, =-2%

Ry = +3%

Figure 9.12 Bandgap Reference Voltage
Circuit Example

In addition to providing an accurate and stable
reference to set and maintain the accuracy of
the output voltage, the voltage reference is
used for all internal auxiliary circuits. Therefore
if the output voltage varies over temperature,
then the reset threshold will also vary in the
same manner. This behavior is illustrated in
Figure 9.13.
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= The Bandgap is the internal reference for all circuits,
e.g. error amplifier, reset circuitry, output voltage

m Therefore parameter changes due to the temperature
will follow the temperature profile of the bandgap
reference voltage (e.g. Reset Threshold and Output
Voltage vary in the same manner)

Output
Voltage

Reset

Reset Headroom

Threshold

Temperature

Figure 9.13 Bandgap Reference Voltage
and Reset Voltage vs.
Temperature

9.3.2 Series Pass Transistor Topologies

Every linear voltage regulator contains a pass
transistor in the current path from the power
supply input to the output. In the functional
diagram example (Figure 9.10) the pass
transistor is a PNP bipolar junction transistor.
In addition there are three other types of pass
transistor topologies used in linear regulators
(Figure 9.14).

= “NPN” or Standard Linear Regulator
= “Quasi” Low Drop Out Linear Regulator
= “PNP” or Low Drop Out (LDO) Linear Regulator

= MOS Low Drop Out and Low Quiescent Current
Linear Regulator

Figure 9.14 Types of Pass Transistors

A standard or conventional linear regulator
uses a NPN bipolar junction transistor as the
pass transistor to provide a current from the
input to output (Figure 9.15). The minimum
voltage difference between the input and
output is about 2 V. This means that the input
voltage driving the power supply must be at a
voltage which is at least 2 V higher than the
regulated output voltage. For example:

Vour=33V  Vyun=53V
Vour=950V  Vyun=7.0V
Vour=12V Vinmin =14V

This requirement can be prohibitive for some
automotive and battery applications when the
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output voltage must be within specification
even when the input voltage droops. Note that
since the input voltage must be higher than the
output voltage, linear regulators are not
capable of higher (step-up) output voltage
conversion.

~2.0V >
Vin / Vour
Vge ~ 0.7V
Vge ~ 0.7V

Control

Figure 9.15 “NPN” or Standard Linear
Regulator

Some  semiconductor  suppliers  have
developed a variant of the standard linear
regulator called the “Quasi” Low Drop Out
(LDO) regulator. In these regulators one of the
NPN transistors has been removed to reduce
the required minimum voltage differential
between the input and output. The minimum
voltage difference between the input and
output is about 1.2 V (see Figure 9.16).

Vour=33V  Vyun=45V
Vour=50V  Viyun=6.2V
Vour=12V  Vymun =132V

Control

Figure 9.16 “Quasi” Low Drop Out Linear
Regulator

In a Low Drop Out (LDO) linear regulator the
pass transistor is a PNP bipolar junction
transistor. While the PNP transistor requires a
larger semiconductor area than a NPN
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transistor of comparable current specification
it can operate with a smaller voltage
differential. This is very important for some
automotive and battery applications that need
to operate when the battery voltage droops.
The minimum voltage difference between the
input and output is about 0.5V (as shown in
Figure 9.17).

Vour=383V  Vyun=3.8V

Vour=50V  Vyun=55V

Vour=12V  Vyun =125V

Additional design techniques are usually

implemented in LDO regulators to minimize the
quiescent current. The quiescent current is the
amount of current consumed by a linear
regulator. A low quiescent current is very
important for automotive and battery
applications because it conservers battery
power.

Vo < 0.5V

Vin \ Vour

Control

Figure 9.17 “PNP” or Low Drop Out (LDO)
Linear Regulator

Finally the MOSFET pass transistor is the last
topology we mention. The MOSFET pass
transistor significantly reduces the quiescent
current demand because it is voltage driven,
unlike traditional current driven NPN and PNP
LDO pass transistors (Figure 9.18). The price
paid for the lower stand-by current in case of a
fully integrated regulator is a more complex
and noisier control circuit (charge pump). The
cost of the greater complexity is mitigated by
the inherently lower cost of CMOS technology.
In case of a discrete, external pass transistor, a
p-channel device can be chosen which will not
require the charge-pump gate driver.

MOSFET LDO and Low Quiescent Current Linear Regulator

Vps <0.5V
—
V\N l i l VOUT
lauescent ~ 0
Control ——— C;Zan:%e

Figure 9.18 N-channel MOSFET Series
Pass Transistor

In summary:
NPN or Standard Linear Regulators:

Many regulators with only NPN pass
transistors were designed starting in the mid-
1960-s. Their functionality and integrated
protection is limited. In addition, they are
usually not specified to operate under
automotive conditions. From a regulator
perspective only, standard regulators tend to
be very inexpensive. However they will
typically require additional protection circuitry
adding additional costs to be useful in many
automotive applications.

PNP or LDO Linear Regulators:

As stated before, LDO regulators have a low
voltage differential from input to output. In
addition, LDO regulators can have low
quiescent currents mostly due to the design of
the linear regulators. They often have lots of
additional features (some of which we will
cover later) and can be protected against
common fault conditions in automotive
modules.

MOSFET LDO Linear Regulator with Low
Quiescent Current:

MOSFET pass transistors provide a very low
drop out voltage and minimal quiescent
current. In addition, more complex features
may be found in MOSFET based linear
regulators because of higher integration
capability allowed by the semiconductor
process.
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The summary of features is captured in
Figure 9.19.

Low Drop Out PNP Low Drop Out MOSFET

~05V
~05V la " Ron
Q | Q
¥ 1]
1
Quasi Low Drop Out NPN Standard NPN
~1.2V ~2V
| —1 Q ’ Q
/\'IBE /\'/BE
Vee, Vee 7T e

Figure 9.19 Summary of Pass Transistors
9.3.3 Error Amplifier

Recalling that in a linear regulator the pass
transistor is always turned on to some extent,
but when output current demand is high, the
control in the regulator needs to turn on the
pass transistor more. When the output current
demand is low the regulator needs to turn on
the pass transistor less. The extent a pass
transistor is turned on is controlled by an error
amplifier (Figure 9.20).

The error amplifier senses the output voltage
through a voltage divider feedback network
which provides a feedback voltage Vg to the
error amplifier. If the output voltage is higher
than expected the Vg will also be higher than
the reference voltage Vggr. Assuming a PNP
series pass transistor by connecting the
feedback voltage V5 to the non-inverting input
of the error amplifier will cause its output to
increase. Increasing the error amplifier output
decreases the Vgz voltage of the pass
transistor and the transistor is turned down a
little bit. This causes the output voltage V1 to
droop back to its expected value.

If the output is lower than expected, Vgg will
also be lower than Vger causing the output of
the error amplifier to decrease. Decreasing the
error amplifier output will increase the Vgg
voltage of the pass transistor. Since the Vgg
voltage is increased, the transistor is turned on
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a little bit more. This causes Vg, to move
toward its expected value.

n If Vigis higher (lower) than Vg, the error amplifier
output voltage increases (decreases)

= This decreases (increases) the Vg voltage, and Vqr
will decrease (increase)

o Vour

Figure 9.20 Error Amplifier
9.3.4 Voltage Divider

A resistor voltage divider is used to create a
feedback signal, Vig. Resistors are sized so the
feedback voltage Vg is equal to the bandgap
reference voltage Vger at the specified output
voltage. The accuracy of the feedback
resistors combined with the accuracy of the
bandgap reference voltage determine, to a
large extent, the total output voltage tolerance.
Fixed output linear regulators have internal
feedback resistors. Variable or adjustable
output voltage linear regulators have external
feedback resistors.

The functional position of the feedback circuit
is shown in Figure 9.20 and Figure 9.21.

= Voltage divider feedback from output to ground

= Resistors are sized that the feedback voltage (V) is
equal to the bandgap reference voltage (Viger) under
typical conditions

= Resistors are internal for fixed output and external for
adjustable output

Voltage Regulator

Vrg = Vier

Figure 9.21 Feedback Voltage Divider



9.4 Protection Circuits

9.4 Protection Circuits

Most linear regulators have built in protection
features to guard against unintended fault
conditions. The typical protection features
integrated in linear regulators are current
limiting, safe operation monitor and thermal
shutdown.

9.4.1 Current Limiter

Current limiting is a protection function that
keeps the output current within the specified
bounds to protect both the regulator and load.
To implement the current limiting protection
the linear regulator must be able to monitor the
output current. In modern linear regulators the
output current is monitored with an alternate
pass transistor tap, called current mirror, the
output current of which is linearly proportional
to that flowing through the series pass
transistor. Therefore by monitoring the current
through the alternate collector tap a measure
of the output current is obtained. The alternate
tap is fed into a control block of the linear
regulator which controls the flow of current
from the input to output.

There are two different modes of current
limiting: constant current limiting and a current
“foldback” limiting.

Constant current limiting, as the name
suggests, limits the output current to a
constant maximum allowed value.

Foldback current limiting reduces the output
current after the current limit threshold has
been exceeded. By reducing or “folding back”
the output current the linear regulator power
dissipation is reduced. At first glance foldback
current limiting may appear to a better
technique because it also reduces the power
dissipation. However, simpler foldback
controls have the potential to “latch up” in the
limiting state from which they cannot recover
without additional intervention even when the
over load condition is removed . The current
states of each limiting method are illustrated in
Figure 9.22.

= The output current is measured through an alternate
collector tap

= If current is too high, the regulator can limit or reduce
the output current from increasing

Constant and Foldback
Current Limitation
L
| Possible operation
pount after removal
1— of fault condition
‘ ‘ ‘ Constant
— Current
| Foldback Current Limitation
Limitation ‘ ‘
|

Vin Vour

100 200 300 400 500
—= la[mA]

Figure 9.22 Current Limiting Methods

9.4.2 Input Over-voltage Monitoring and
SOA Protection

The purpose of the input voltage monitoring is
to keep the regulator dissipation within the
safe operating area (SOA). Input over-voltage
monitoring is part of a protection function that
limits the output current when the input voltage
is too high and, as a result, the dissipation in
the series pass transistor would exceed the
limits of the SOA. In many automotive linear
regulators the safe operating area monitor
begins limiting output current when the input
voltage has reached 22 V (see Figure 9.23).

= Limits the output current if the input voltage is too high

= Prevents a fast rise in junction temperature

Maximum Output Current versus Input Voltage

300 T
lo [MA] U
1 T,=25°C
200 ——JTE‘Z!E\
150 \
100
50
0

0 10 20 30 40 50

—V|[V]

Figure 9.23 Safe Operating Area Monitor

There is a caveat concerning the SOA monitor.
The current limiting response to input over-
voltage is by a reduction of the output voltage
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(refer to 9.4.1). Decrease of output voltage may
cause the generation of a reset signal. In order
to avoid that to happen the linear regulator
must be sized so, that the load current at the
maximum input voltage does not shift the
operating conditions outside the SOA. Engine
control functions must be fully operational at
27V input voltage (double battery cranking
supply). Limiting at 22 V maximum does not
cause any problem to most of the body and
entertainment functions.

9.4.3 Temperature Monitoring and Thermal
Shutdown

Thermal shutdown protects a linear regulator
from immediate destruction due to high
temperature conditions by turning off the
regulator. Most linear regulators have a
maximum junction temperature rating of
150 °C. Operating a linear regulator over the
maximum junction temperature significantly
reduces its life time and pushes the operating
variables outside their specified limits.

A simplified implementation of thermal
shutdown is shown in Figure 9.24 with a single
transistor circuit. During normal operation the
base voltage of the NPN transistor in the circuit
is not sufficient to turn it on. Therefore no
current flows through the NPN device and the
OVERTEMP signal is HIGH (no over
temperature  condition exists). If the
temperature increases, then the base-emitter
voltage Vgg, necessary to turn on an NPN
transistor, decreases because of its negative
temperature coefficient. Above the maximum
junction temperature the required base-emitter
voltage is low enough and the NPN transistor
turns on causing an OVERTEMP signal to be
actively pulled down to ground. The low level
OVERTEMP signal informs the control block
that the temperature is above the maximum
rating and the control block turns off the pass
transistor.
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m The thermal shutdown prevents the IC from immediate
destruction from over temperature

m Exceeding the maximum junction temperature (or running
into thermal shutdown) significantly reduces IC lifetime

m As temperature increases the necessary voltage Vge
to turn on a NPN decreases

m Above 150 °C the NPN transistor turns on and an
OVERTEMP signal goes LOW indicating an over
temperature condition and the output turns off

Vin Vour

| \ 0

n,/’ Y

H 1 Control Veg

i 1

i : Block

! 1

' OVERTEMP !

H ! Typical Specification:

i i Maximum T;: 150 °C

X / Shutdown: 151 -200 °C
STttt - Hysteresis: ~ 25 °C

Figure 9.24 Thermal Shutdown
9.5 Characteristics of Linear Regulators

Linear regulators are characterized by many
different parametric values. In this section drop
out voltage, output current limitation, and
thermal resistance will be explained.

9.5.1 Drop Out Voltage

Drop out voltage is the minimum voltage
difference between a linear regulator input and
output that is required for voltage regulation.
Drop out voltage is defined as the difference
between the input voltage and the output
voltage when the output voltage has dropped
0.1V from its typical value. For example,
consider a 5V, 2% (+0.1 V) regulator with a
drop out voltage of 0.5V. When the input
voltage is reduced to 5.4 V the output voltage
would drop from 5.0 V to 4.9 V. Therefore, the
minimum input voltage required for a 5V, 2%
regulatoris 5.4V (4.9V + 0.5 V).

A typical drop-out voltage datasheet entry is
shown in Figure 9.25.
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Parameter Symbol Limit Values Unit | Condition
Min. | Typ. | Max.

Drop Out Voltage | V,, - 250 500 |mV |lg=150 mA

Ve =V,- Vo

= Drop Out Voltage is the minimum voltage differential
between a linear regulator input and output that is
required for voltage regulation

= Lower drop out voltages enable operation at lower
input voltages

Figure 9.25 Drop Out Voltage
9.5.2 Output Current Limits

By knowing the definition of drop out voltage,
it is easier to understand how the maximum
output current is specified in linear regulators.
It may be obvious that if a load tries to pull
more current from a power supply than it was
designed to deliver, the output voltage will
drop. This behavior of power supplies is key to
the specification of the maximum output
current.

In the first row of the current limit specification
(Figure 9.26) the minimum specified current is
300 mA. This minimum is specified where the
output voltage has dropped 100 mV below the
nominal value. This minimum specification
guarantees that the linear regulator will be able
to source at least 300 mA of current when the
output voltage has dropped 100 mV. If a load
attempts to pull more than 300 mA current,
then the linear regulator enters current limit
mode. In the current limit mode the linear
regulator will protect itself by limiting the
output current and causing output voltage to
sharply drop. In the second row of the current
limit specification the maximum specified
current is 800 mA. The maximum is specified
where the output voltage has dropped to 0 V.

Parameter Symbol Limit Values Unit | Condition
Min. | Typ. | Max.

Output Current | I 300 |- - mA |[1)

Limitation

Output Current | I - - 800 [mA |Vo=0V

Limitation

1) Measured when the output voltage V,, has dropped 100 mV
from the nominal value obtained at V, = 13.5 V

Figure 9.26 Output Current Limits

9.5.3 Quiescent or Ground Current

Quiescent current or ground current is the
current demand of a linear regulator to perform
its functions. Figure 9.27 shows three typical
ways the quiescent current is specified. In the
first row of the table the quiescent current is
specified when the linear regulator has been
inhibited or turned off. The current consumed
by a regulator when inhibited is extremely low
(1 pA). Very low current consumption is
especially helpful to conserve battery power in
key-off state. In the second row the quiescent
current for a very small output current (less
than 1 mA) is shown. This indicates that the
linear voltage regulator will typically require
65 pA of quiescent current to turn on the
output. The third row indicates quiescent
current increases at a given output current.
This value is important when performing
accurate power dissipation calculations at a
given V), to know the power loss heating the
linear regulator

Parameter | Symbol Limit Values Unit | Condition

Min. | Typ. | Max.
- - 1 A

Inhibit = L
(Device Off)
lb=0

Quiescent
Current

Inhibit = H
(Device On)
lg<1mA

Quiescent
Current

65 [105 |pA

I
[N}

mA | Inhibit = H
(Device On)
lo< 150 mA

Quiescent
Current

Figure 9.27 Quiescent (Ground) Current
9.5.4 Thermal Resistance

Thermal resistance of the linear voltage
regulator is a measure of how well a regulator
conducts heat away from the power
semiconductor. Lower thermal resistance
values translate into higher currents through
the device at the power dissipation limits. The
maximum junction temperature allowed for
linear regulators is 150 °C.

Thermal resistance is vital to power dissipation
calculations and can be expressed in multiple
ways. Most datasheets will specify a junction-
to-ambient thermal resistance, Ry, a- Other
thermal resistances commonly specified are
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the junction-to-case Ry,,c and junction-to-pin
Ringp- A useful thermal resistance is the
junction-to-ambient Ry, ;4 because it includes
all of the other thermal resistances (from
ambient to junction). Figure 9.28 defines
junction-to-ambient thermal resistances as a
function of the printed circuit board foil area.
Given the thermal resistance Ry, and the
maximum junction temperature, the maximum
allowable power dissipation Py or the
maximum allowable ambient temperature T,
can be calculated. Another practical design
method is to calculate the required thermal
resistance Ry,;a since the power dissipation
and temperatures are typically known.

Parameter Symbol Limit Values Unit | Condition
Min. | Typ. | Max.
Junction-Ambient | Ry,a 104 |- °C/W | Footprint only
Thermal Resistance
= 74 |- °C/W | 300 mm? PCB
heatsink area
= 65 |- °C/W | 600 mm? PCB
heatsink area

= Thermal resistance indicates how much heat can be
conducted by the regulator

m Lower thermal resistance equates to better thermal
performance (more power capability or higher ambient
temperature operation)

P, = Power Dissipation

Po= (T~ Ta) / Riua T, =JunctionTemperature

T, =Ambient Temperature

Rinun = Junction-to-Ambient Thermal Resistance

Ta=T- Roa* Po)
Figure 9.28 Thermal Resistance

In the following example, the maximum

allowable junction-to-ambient Ry x is
calculated based on given operating
conditions. Assume a linear regulator is

connected to 14V input source and supplies
5V output to a load that draws 30 mA and the
regulator current demand is 0.5 mA. Therefore
the power dissipated is in the device is:

(14 - 5) * (0.03 + 0.0005) = 0.275 W

After calculating the power dissipation, the
maximum acceptable thermal resistance Ry,
can be calculated for T;=150°C and
Tp,=85°C:

R = (150 - 85) / Py, = 65 / 0.275 = 236.4 °C/W

In this example, the thermal resistance must be
236 °C/W or less to dissipate 0.275W of
power at 85 °C ambient temperature.
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1) V=14V Voltage &
2)Voyr=5V T Regulator m’
3) loyr = 30 MA

4)1,=05mA lqiL

5) Tampient = 85 °C

6)T, 150 °C

@ Power Calculation:
Pp = (Vin = Vour) X (lour) + (Vin) X (Iq)
Po=(14V-5V)x (30 mA) + (14 V) x (0.5 mA)
P, =0.2745 W~ 0.275 W

@ Thermal Resistance Calculation:

(Tmncuon) = (Tamblent)
Riwa=—"5——
PD

g _150°C-85°C
AT 0275W

Figure 9.29 Thermal Resistance Example

Larger packages typically have lower thermal
resistance. However, the type of package and
size of PCB heatsink area can greatly affect the
total junction to ambient thermal resistance.
For example, a SCT-595 package is much
smaller than a DSO-14 package and has a
higher (worse) junction to case thermal
resistance. The construction of the SCT-595
package differs from the DSO-14 in that it has
a large thermal tab that is very effective at
conducting heat away when connected to a
PCB heatsink area. Therefore a SCT-595 part
assembled with 300 mm? of PCB heatsink area
connected to the thermal tab will result in the
same junction to ambient thermal resistance
as a significantly larger DSO-14 package.

m Larger Packages Have Lower Thermal Resistance

m Packages with heat slugs/tabs greatly improve thermal

resistance
TO220 TO263 TO252 SOT-223 SCT-595
W W al b -|]
Pes oy e
P-DS0-20 DS0-20 P-DSO-12 DSO-14 DSO-8
I Footprint only [ 300 mm? Cu

Figure 9.30 Package and Layout Affect
Thermal Resistance
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9.6 Auxiliary Functions of Linear
Regulators

9.6.1 Inhibit

Many linear regulators can be turned off with
an inhibit control input. In some automotive
and battery applications it is necessary to
significantly reduce the quiescent current
when the module is off. This can be
accomplished by turning off the linear
regulator with a logic low signal (0 V) applied to
the Inhibit pin. To turn on the regulator a logic
high signal (5V) is applied to the Inhibit pin
(Figure 9.31).

Vin \ 2 | Vour
S Control Vee
Inhibit ——»

Block | Veer |

= Setting the “Inhibit”pin to HIGH (LOW) enables
(disables) the IC

= In many applications, voltage regulators may need to
be shutdown to conserve power

Figure 9.31 Inhibit

In the following example (Figure 9.32) the first
row shows the quiescent current when the
linear regulator is turned on i.e. not inhibited.
The second row shows the quiescent current
the device is turned off (inhibited). The
quiescent current can be reduced by many
orders of magnitude by making use of the
INHIBIT input.

Although the regulator is supplying
small output current, the IC still
consumes some current

Characteristics
V=135V, T = -40 °C < T, < 150 °C

Limit Values )ﬁm o{:asuring
Min. | Typ. | Max/ Egliizn
Current consumption: | I, - 65 @ HA Inhibitf :
n=iis (=1 mBIT,<85°C
Current consumption: | I, - - ( A @
la=h-lg T=25°C

Switching off the IC leads to
very low quiescent current

Parameter Symbol

Figure 9.32 Inhibit Example

9.6.2 Reset

In addition to Inhibit, Reset is another common
auxiliary function found in linear regulators.
Reset is a logic low, or logic 0 output signal to
the microcontroller occurring in two cases: a)
when the output voltage is below its specified
low-limit (under voltage reset) and b) when the
regulator (and the rest of the system it serves)
is being powered up (power-on reset).

Under voltage reset is self explanatory. Power-
on reset is a function that delays the
initialization of a microcontroller until its clock
oscillator has stabilized (Figure 9.33).

Undervoltage Reset Dealy

Va Reset Headroom
""" V.,
I
S
S 1V
1S~
f f t
Veo & :
T —t
e
t,
Power-up Reset Delay
Vq L

]
ta

t,s: Reset Delay Time
Delay time t,, depends on the value of capacitor
connected to pin D

Figure 9.33 Reset

Under voltage reset operates by sensing the
output voltage Vo and comparing it to an
internal reset threshold voltage Vg;. If the
output voltage drops below the reset
threshold, then the reset output is active low as
long as the low output state exists. The reset
output typically connected to a microcontroller
reset pin as shown in Figure 9.34.
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= The reset circuit compares Vo to Vgr,
the reset threshold

m In case Vqr < Vg the RO signal is pulled low
- To guarantee safe operation of a micro controller
- To indicate low supply voltage

Supply | |

[\")

6o 1F
| =S
L

optional

[JRouz

Figure 9.34 Under voltage Reset

Most control modules have a microcontroller
and an accompanying clock oscillator. When a
microcontroller is first turned on the clock
oscillator requires a stabilization period
typically in the order of 1 to 10ms. If a
microcontroller begins operating before the
oscillator is stable, the microcontroller may not
initialize correctly. Linear regulators equipped
with the reset function provide a power-on
reset delay which prevents a microcontroller
from initializing while the oscillator is still
stabilizing. Referring to Figure 9.35 and
Figure 9.36, a reset output (RO) signal from a
linear regulator is asserted low (0V) and
actively holds the microcontroller in the reset
state for a certain delay time t 4. The reset
delay time t 4 is measured from the time where
the output voltage has increased above the
reset threshold voltage Vi to the time the
reset output is released (goes high).

= A microcontroller oscillation stabilization time
is typically in the order of ms

= Only when a stable oscillator/clock signal is
established, can a microcontroller be
correctly initialized

m As Vg1 goes above Vg, the reset control block
waits t,4 (the reset delay time) to allow oscillation
stabilization before reset is released and
the microcontroller can begin initialization

C
T
1

XTAL1 | vy

[ B=EL, MIGRO

it XTAL2 VROI

C =20 pF +10 pF
for crystal operation e

Figure 9.35 Power-On Reset Delay
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The length of the reset delay time may be set
with a small external capacitor. In addition, the
capacitor also sets the reset reaction time tgg.
The reset reaction time is the minimum time
the output voltage must be below the reset
threshold before an under voltage reset output
signal is generated (Figure 9.36).

= An external capacitor Cj, determines the reset delay
time t,, (the timing until the reset output RO is
released) and reset reaction time tgg

Supply | | ol
\¥)

optional

Micro-
controller

Figure 9.36 Reset Timing

In the following example the delay capacitor
value is calculated to achieve a 25 ms reset
delay time (see Figure 9.37).

m The reset delay time can be configured by
the external C,

_cav EXAMPLE:
I1=C ot
ty =25ms
AV =1.8V for reset after initial power up

a=cI leparge = 6.5 WA (tyP)
I _ faloage
he
o Y
ta=Co7 (25 x 10 5)(6.5 x 10° A)
charge G, = BT HES TR
° 1.8V
e
Co= ™ G, =90.2nF~100nF

Figure 9.37 How to Calculate
Reset Delay time?

After calculating the reset delay capacitance,
the reset reaction time can be calculated using
this capacitance (Cp) as shown in Figure 9.38.
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= The timing capacitor C,, also impacts the reset
reaction time

m Reset reaction time, tqg, is defined as the time
it takes for the voltage regulator to change
the reset output

n Vor may go dip below Vgy, but it must stay lower
than Vg for at least tgg before RESET is asserted

= Letting: C, = 100 nF:
tar = (12 s/F)(Cp)
ta = (12 s/F)(100 nF) = 1.2 ps

Figure 9.38 Reset Reaction Time

The reset threshold V, can also be adjusted on
some linear regulators with an external voltage
divider. This adjustment capability is useful for
microcontrollers that can operate at a lower
voltage than the standard reset threshold (see
Figure 9.39).

n The reset switching threshold, Vg, can be adjusted by
using an external voltage divider

n Useful for microcontrollers having lower operating
voltages than the standard reset threshold voltage Vg

= The reset adjust switching threshold Vigap 14 is 1.36 V (typ)

-
optional

Micro-
controller

(Rapss + Rup) | =
J Vo= Vs Pt Fond

Figure 9.39 Reset Threshold
9.6.3 Watchdog Timer

An advanced form of protection used with
microcontroller systems is the watchdog timer.
The watchdog monitors the microcontroller to
ensure it is operating correctly. The function of
the watchdog timer is to monitor the timing of
the microcontroller and reset it to a known
state of operation in case of an obvious timing
error is detected.

The process is illustrated in Figure 9.40 and
Figure 9.41. The monitored microcontroller
sends a periodic signal to the watchdog circuit
to inform its still operating correctly. The
periodic signal from the microcontroller to the
watchdog is often called a trigger or can be
referred to as “petting the watchdog”.

m A microcontroller can be monitored by a watchdog circuit

m Periodically, a microcontroller is expected to trigger (“pet”)
the watchdog to let the watchdog know it is still operating
correctly

Vour

Linear Regulator Microcontroller

Watchdog

Reset

Reset

Trigger

Voltage

«—— Trigger

time

Figure 9.40 Watchdog Normal Operation

For example, a microcontroller may get stuck
in a software loop and stops responding to
other inputs. If too much time elapses between
triggers, then the watchdog senses that
something is wrong and resets the
microcontroller. Speaking in metaphorical
terms, the watchdog barks and wakes up the
owner. The reset signal from the watchdog
reinitializes the microcontroller to ensure it
does not get stuck in an unexpected software
loop or erroneous state.

m |f the microcontroller forgets to trigger (pet) the watchdog,
a software problem may have occurred

m Therefore, the watchdog resets the microcontroller to bring
it to a known state

VOUT
Linear Regulator Reset Microcontroller
Watchdog ifeiegn
Reset Missing Trigger

Voltage

AT

Figure 9.41 Watchdog Fault Operation

time

For critical applications a more advanced
watchdog called a window watchdog is also
available. A window watchdog operates in a
similar manner as the standard watchdog
except a trigger must occur within a certain
window or time slot. If a trigger occurs outside
of the window or does not occur at all within
the designated window, then the window
watchdog will reset the microcontroller. If an
unintentional trigger occurred, a standard
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watchdog would not be able to decipher if this
trigger was valid. The timing or window
requirement of a window watchdog enables it
to detect unintentional triggers.

9.6.4 Early Warning

The final auxiliary function presented in this
section is the Early Warning Function.
Figure 9.42 shows a simplified Early Warning
circuit. It can be used in a voltage regulator by
comparing a divided sample of the input
voltage (Vg) to a known reference voltage.
When the external voltage at the sense input
voltage Vg, drops below the reference voltage
V|14 a@n active low warning signal is generated
at the sense output (SO) pin.

m The “Early Warning” is an integrated, independent
comparator with a status output, comparing any
external voltage with an internal reference voltage

R; + R,
VI,TH = VSI . [#J
2

Vg given in the datasheet by Vg, ,,, and Vg gy
V, 1, desired threshold triggering the Early Warning

Figure 9.42 Early Warning Circuit

The function of the Early Warning circuit is to
make sure that the microcontroller powers
down in an orderly fashion. When the input
voltage decreases, the output voltage is at risk
of falling out of regulation or decreasing below
the minimum specified operating voltage.
Before the output voltage crosses the reset
threshold an early warning signal is transmitted
from a linear regulator to a microcontroller. The
early warning signal alerts the microcontroller
that the supply voltage is dropping and the
microcontroller may receive a reset signal
soon. This allows a microcontroller to perform
any “house cleaning” chores like saving RAM
values into EEPROM memory so it can resume
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operation at its start-up state when it powers
up again and the reset is released.

Figure 9.43 illustrates how Early Warning is
used.

m Reset controller senses an analog input (V,,) and then
transmits a digital signal to microcontroller once the
analog input threshold has been crossed

= The purpose of this control is to provide an “Early Warning”
to the microcontroller that the battery voltage is dropping
and reset is imminent (key-off)

Early Warning

Vin N
N /
Vour v

Vreser

|

Vso

time

Figure 9.43 Early Warning Example: Low
Battery Detection and Warning

9.7 Stability

The stability of linear regulators is a
characteristic that describes how well it can
maintain the regulated output voltage in spite
of changes in the input voltage or load current.
If a linear regulator is stable, then the output
voltage will be a steady and constant DC
voltage. If a linear regulator is unstable, then
the output voltage will oscillate (Figure 9.44).

C, according to datasheet,

Cq and ESR(C,)
but ESR(C,)lis too high

according toldatasheet

CH 1: V(50 mV / div., 5 V Offset)
Time Res.: 10 ps / div

CH 1: V(50 mV / div., 5 V Offset)
Time Res.: 10 ys / div

Figure 9.44 Stable and Unstable Output
Voltage Displays

A linear regulator is a control system that uses
negative feedback to regulate its output
voltage to a precise reference. If a control
system phase shift reaches 180° where the
loop gain is greater than 0 dB (x1), the negative
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feedback turns into destabilizing positive
feedback and the system either oscillates or
latches up. The stability of linear regulators
depends on many factors such as load current,
temperature, output capacitance and the ESR
(equivalent series resistance) of the output
capacitor (as shown in Figure 9.45). The most
significant factor from an application
perspective is the output capacitor because it
is external to the regulator IC and the user has
control over its selection.

m Linear regulators belong to a class of control systems
with negative feedback control loop

= If a control loop phase shift reaches 180° (where the
loop gain is > 1 or 0 dB) then negative feedback turns
into positive feedback and the system will be unstable
(oscillating)

= Control loop stability depends on:
— Load current
— Temperature
— Output capacitance
— ESR of the output capacitor

Figure 9.45 Review of Control Loop
Stability

A control system can be mathematically
described by the transfer function of the loop-
gain, G(jo). The loop gain is the ratio of the
output to the input and it can be described
graphically with a Bode plot, which shows the
loop gain and phase shift as functions of
frequency of the input signal.

Vour()
Vin(io)

Gjo) =

Figure 9.46 Bode Plot Analysis

The Bode plot is constructed by opening the
loop at a convenient point (compare
Figure 9.46 with Figure 9.20) and injecting a

constant amplitude AC sine-signal at different
frequencies. The amplitude and phase of the
output signal is compared to the input by
taking the output/input ratio and approximate
phase shift which are plotted at different
frequencies, i.e. taking the open-loop
frequency response of the regulator. The
necessary condition of stability is that at the
frequency where the gain is unity the output
phase lag with respect to the input be less than
-180° (the negative sign symbolizes phase lag).
In normal practice the Bode plot is constructed
not by measurement but by calculation
knowing the AC responses of the different
blocks within the system.

A preferred but not necessary rule for control
system stability is to have at least 30° of phase
margin. Phase margin is the difference
between the phase shift and -180° at the
frequency where the loop gain has reached
0 dB or unity gain. For example, if the phase
shift is -135°, then the phase margin is -135° -
(-180°) = 45° (Figure 9.47). Notice that the
frequency axis is logarithmic and so is the gain
axis. The absolute value of gain, regardless of
phase-shift, is given in dB-s defined as:

Vol

Gyg| = 20 xlo (—‘ °“t)
‘ dB‘ 9 ‘Vin‘
Loop Gain a)

dominant pole

[aB]
60

transistion

40 frquency f;

stable
/ parasitic pole

0 + + + + +
100 1K 10K 100 K\M f[Hz]
204 :

10K 100K 1M f[H]

-90 +

hase margin -45°
P | . phase mar gin

= A given control system can be described by a
transfer function G(jo) or Bode plot (Gain and Phase)

= For a stable system a phase margin of > 30° is
necessary when the open loop gain reaches 0 dB

m Let’s try to simplify this...

?

Figure 9.47 Review of Control System
Stability
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A transfer function G(w) has special
frequencies, where the gain and the phase
change, which are called poles and zeroes
(Figure 9.48). A pole causes the loop gain to
change (reduce) at a rate of -20 dB per decade
and the phase tends to -90° as the frequency
tends to infinity. Conversely, a zero causes the
loop gain to change by +20 dB per decade and
the phase tends to +90°. A decade is a
frequency range between the limits of f and 10f
and o=2xf. If a transfer function has 2 poles,
the change in phase shift at 0dB loop gain may
be close to -180°=2 x (-90°). That, in turn, may
result in near 0° phase margin and a very
oscillatory control system, which is deemed
unstable by our definitions. An ideally stable
control system would only have one dominant
pole at 0dB loop gain frequency. The
maximum phase shift, that a single pole can
cause, is only -90° and no oscillatory response
is possible.

Transfer Function (Bode Plot) Review of Poles and Zeroes

m Poles and zeroes are the names of frequencies where
the gain and phase of a control loop change

- Poles correspond to the roots of the denominator of Gjw)
— Zeroes correspond to roots of the numerator of G(jw)

= A pole (zero) causes the open loop gain to decrease
(increase) at the rate of -20 dB per decade (+20 dB/decade)

= A pole (zero) causes the phase shift to decrease
(increase) to -90 degrees (+90 degrees) as ® > «

- at f,,/10 (decade before), the phase shift starts to
decrease (increase) from near 0°

= at fooer

—at 10 f g0 (decade after) the phase shift decrease
(increase) has reached almost -90° (+90°)

o the phase has decreased (increased) to +45°

= An ideally stable control system has one dominant pole

- at the 0 dB loop gain frequency the phase shift is = 90°

Figure 9.48 Review of Poles and Zeroes

The transfer function of a practical linear
regulator has multiple poles and zeroes. The
first pole is dependent on the output load and
output capacitor. The first zero is a function of
the output capacitor and its ESR. The
remaining poles and zeroes are functions of
the internal circuits of the linear regulator IC
(Figure 9.49 and Figure 9.50). Therefore a user
only has control over the first pole and first
zero.
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Pass Element T 200 ~ 1 kHz

f5‘pols ~ 100 kHz

Error
Amplifier

Bandgap-
Reference '
Voltage

T4 260 ~ 100 kHz F

JGND

Note: Z; is resistive

Figure 9.49 Linear Regulator Control Loop
Poles and Zeroes

fo I B Influence by
P21 (Rioap + Resr) Cour Output Capacitor

f.= 1 Determined by
=R TR RIC U Output Capacitor

P User has no
3P " 217, Co control ow&r

£ er has no
4290 " 2n R control over
o User has no
= trol over

f ® User ha
6,pole = ¢
control over

Figure 9.50 Linear Regulator Control Loop
Poles and Zeroes

Recall, an ideally stable control loop has one
pole. Therefore a design technique to stabilize
a linear regulator is to cancel the effect of some
of the remaining poles with zeroes to make
sure that the amplitude response is reducing at
the rate of -20dB/decade in the vicinity of the
0 dB frequency. The output capacitor creates
a zero and this is the reason it is required for
stability (Figure 9.51). The zero from the output
capacitor is intended to cancel the effect of the
second pole. The third pole and second zero
are created internally by the regulator design
and cancel each other (note that Z; is
resistive). The fourth and higher order poles
typically occur at frequencies above the unity
gain (0 dB) frequency where the loop gain is
less than 1 and do not have significant impact
on the phase margin or stability.
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= Make f, the dominant pole, by making it rather low,
~100 Hz

= Make f, = f; so the first zero (set by the output capacitor)
“zeroes out” the second pole

1 1

N .
2220 " 21 Regn Cour 272 Co

= fﬁ,pu\e
= The design of the voltage regulator ensures f, = f;

= This will result in a stable linear voltage regulator
Figure 9.51 Design Technique for Stability

The following example (Figure 9.52) illustrates
the Bode diagram of a stable linear regulator.
The dominant or first pole occurs at a 100 Hz.
At the frequency of the first pole the gain
begins to decrease at -20 dB per decade from
70dB gain(x3162). In addition, the pole causes
a phase shift by -90° and this change in phase
shift begins approximately one decade before
the pole and ends one decade after the pole
frequency. The effects of the next two poles on
gain and phase shift are negated by zeroes.
Finally the fourth pole occurs at the unity gain
frequency (200 kHz) causing an ultimate phase
shift of -90°. Therefore at the unity gain
frequency, where the fourth pole occurs, the
over-all phase shift has only changed by an
additional -45° and the total of phase shift is
only -135° (-90° from first pole and -45° fourth
pole). The resulting phase margin is 45° so the
regulator is stable.

Open Loop Gain (dB)

| Open Loop Gain = 0 dB
| at 200 kHz

fipole =100 Hz |

- f o £ = 100 kHZ
'5&0‘6 =100 kHz
=200 kHz

6.pole
0 kHz

f,—,‘m‘ =2

g
10 100 1kHz 10kHz 100 kHz 1MHz  f[Hz]

Ly | \
@ f f Py T f
120 kHz 200 kHz

I
f

. 12 MHz

=T ossz=== bl B ==3

Phase Shift = -135° at 0 dB.

Phase Shift (4B
& Phase Margin = -135° - (-180°) = 45°
STABLE !

Figure 9.52 Stable Control Loop Example

Linear regulators especially LDO-s with PNP
pass transistor, require an output capacitor for
stability because it produces a zero which
helps to offset the effect of a pole. A stability
graph can typically found in a datasheet and

shows a region of stability in the plot of ESR
versus output current plot (Figure 9.53). In the
example a small amount of ESR is required at
low loads for stability. The ESR requirement for
stability forms a region on the graph which is
often referred to as the ESR tunnel. Some
linear regulators require a small amount ESR in
the output capacitor for stability but newer
regulators are designed to be stable with
extremely low ESR capacitors. It is very
important to study the data sheet (and
available application reports) issued by the
manufacturer of the linear regulator when the
output capacitor is selected.

Datasheet Specification

4.2

Functional Range

Pos.

Parameter

Symbol

Limit Values

Min.

Max.

Unit

4.21

Input Voltage

\

58

4.5

Vv

422

Output Capacitor's Requirements

Ca

10

HF

ESR(Co)

3

Q

423

Junction Temperature

TI

-40

150

°C

1) the minimum output capacitance requirement is applicable for a worst case capacitance tolerance
2) relevant ESR value at f = 10 kHz

1
“° " 21 Resp Cour

AR | RN —
o0 = 3 R Cour ~ 2720 Cq ~ 1oPoe
Typical Performance Graph

18 m‘
. \
\

2

N
TN

0 N
0.2 10° 10'

only present at
older regulators

102 mA 500

= o

Figure 9.53 Stability Tunnel
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10. Introduction to Switching Regulators

In this chapter we will introduce in detail the
use and operation of switching regulators. We
will begin with a quick review of switching
regulator fundamentals. We will then examine
the selection criteria for a switching regulator
and linear regulator.

Next, we will introduce different types of
switching regulators. Afterwards, we will
present the operation of one of the most
common switching regulators, the step down
(buck) regulator beginning with a high level
overview of the operation, followed by
performng an intensive, step-by-step analysis
of its workings.

Next we review the variables that go into
tailoring a switching power supply for each
application. We will examine the performance,
size, and cost trade-offs important to
switching power supply design. We will also
introduce the different types of feedback
control methods (voltage, combined voltage
and current).

Lastly we will conclude this chapter with a
section devoted to power loss. We will show
practical examples of calculating power loss
and efficiency.
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10.1 What is a Switching Regulator?

A switching regulator is a device that converts
an input voltage into a desired output voltage.
For example, a switching regulator may be
used to convert a 12V automotive battery
voltage to a 5V microcontroller supply
typically found in an automotive electronic
control unit (ECU). Voltage conversion can also
be accomplished by different methods, such
as a linear regulator. However, it is the method
of voltage conversion that defines the different
types of regulators. A switching regulator
converts a voltage by periodically switching a
transistor on and off, storing energy in low loss
elements such as an inductor and a capacitor
(Figure 10.1). A more detailed explanation of
switching regulator energy conversion will be
given later in this chapter.

What is a switching regulator?

Switching Regulator

i1 N
12V 1 ;
p— Z - E 5V

|_

-0

m Converts an input voltage into desire output voltage

= The power transistor operates as a switch, completely
on or off

m Energy storage parts (inductor and capacitor) are used
in the architecture

Figure 10.1 Switching Regulator Example

10.2 Why Are Switching Voltage
Regulators Needed?

The primary difference between a switching
and a linear regulator is in the control of the
main (series pass) power transistor. Recall,
that in a linear regulator a transistor between
the input and output is always turned on in an
analog fashion. In addition, an output
capacitor is the only required external
component to filter the output and stabilize the
control loop of a linear regulator. Conversely in
a switching regulator a transistor between the
input and output is turned on and off
periodically in a digital fashion. An external
network of components is then used to filter
the output and transform the input voltage to
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the switching regulator to the desired output
voltage. The external network of components
typically consists of an inductor, a capacitor,
and sometimes a diode or MOSFET
(Figure 10.1).

Most designers will use a linear regulator
whenever it is possible because it is simpler to
design and generally cheaper than a switching
regulator. So why is a switching regulator used
instead of a linear regulator? One simple
reason to use a switching regulator is when the
desired output voltage is greater than or
opposite polarity from the input voltage
(Figure 10.2). Recall, a linear regulator can only
step down the output voltage or in other words
convert an input voltage into a lower output
voltage.

Why are switching regulators needed?

= The desired output voltage is greater than the
input voltage
— Linear regulators cannot provide an output voltage
greater than the input voltage

1.5V ‘ Power , 5V
Battery & Supply 71 © | Required

= The desired output voltage is opposite polarity than the
input voltage
— Linear regulators cannot invert an input voltage

12V ‘ Power =
Battery Supply @

Figure 10.2 Applications only Possible with
Switching Power Conversion

-12V
Required

Furthermore linear regulators have a much
lower efficiency than switching regulators
under most conditions. Lower efficiency
means more of power is lost as heat.
Additionally, linear regulators become less
efficient as their input voltages increase and
hence power losses increase. This means that
linear regulators may need large heat sinks to
dissipate the power loss. Under high power
conditions the high conversion efficiency of a
switching power supply may be the only option
(Figure 10.3).
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Why are switching regulators needed?

m The power dissipation is too high for a linear regulator
— The efficiency of a linear regulator cannot maintain
the junction temperature below maximum (150 °C)
— The heat sinking of a linear regulator is prohibitive in
price or space

Switching Regulator ~ Linear
___________________ Regulator
Maximum
Linear Regulator Power
Dissipation

Figure 10.3 Switching Regulators are More
Efficient than Linear Ones

10.3 Types of Switching Regulators

Switching regulators can be broadly
categorized into four types of converters: AC-
DC, AC-AC, DC-AC and DC-DC (Figure 10.4).
The most common type of converter used in
automotive electronics is a DC-DC converter
because most cars have a 12 V¢ battery and
most electronics operate with a DC voltage
lower than 12 V. The discussion of switching
regulators in this chapter will be focused on the
Down, or Buck DC-DC converters.

Types of Switching Regulators
AC-DC, AC-AC, DC-AC, and DC-DC Converters

acoc ) ( acac ) ([ ocac ) ( pcoc )

e

110 Vo 110 Vo 12V
DC
k 1 t k 1 t t

| $=| & (| &

110 Vo
k 1 t

Figure 10.4 Types of Energy Converters

12 Vi

DC-DC converters can be classified into three
basic groups; buck, boost, or buck-boost
(Figure 10.5). A buck or step down converter
delivers a regulated output voltage lower than

its input voltage. A boost or step up converter
produces a regulated output voltage higher
than its input voltage. A buck-boost or
inverting regulator generates a higher or lower
output voltage that is opposite polarity from
the input voltage.

Types of DC-DC Converters
Step Down, Step Up and Inverting

Viy=12V Step Down

Buck Vour=5V

Step Up

v Vour =12V
Boost

V=5V

Inverting
Buck-Boost

==

V=5V

Vogr=-10v 1

Figure 10.5 Types of DC-DC Converters

The buck, boost, and buck-boost switching
regulators consist of the same basic
components. The basic components are a
series pass or low-side switching transistor,
an inductor, a diode and a capacitor. It is the
arrangement of these basic components that
differentiates these basic dc-dc converters
from each other.

Basic Circuit Configuration

Buck Boost Buck-Boost
Vin > Vour Vin < Vour Vin < -Vour < Viy
Vin Vin
L llL Veare, JHsw
Vour Vour
Vi Vu

Veare

™ Ic

Figure 10.6 Basic Switching Regulator
Topologies

If the input voltage is greater than the output
voltage (Vjy>Vour), then the switching
regulator must “buck” or “step down” the
voltage and the switching regulator is called a
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“Buck Converter” or a “Step Down Converter”.
Usually, step down switching regulators can
replace linear regulators with a significant
efficiency improvement. Notice the input
voltage does not have to be a constant DC
voltage, but it must always be larger than the
desired output voltage. In addition, the output
voltage of the switching regulator contains a
small amount of AC or ripple voltage.

Buck Configuration

V\N VIN VOUT
20V sw 10V
15V Veare 1 7.5V
LoV,
10V W27 BV e
5V 1 VWl L 25V
ovi——» C ovi——»
time I time

= The input voltage is always greater than the output voltage

Figure 10.7 Input-Output Voltage

Difference in a Buck Regulator

If input voltage is less than the output voltage
(Vin < Vour)s then the switching regulator must
“boost” or “step up” the voltage and the
switching regulator is called a “Boost
Converter” or a “Step-Up Converter”. A step
up switching regulator is not commonly used in
automotive  applications because most
automotive electronics require lower voltages
than the available 12V battery and buck
converters or linear regulators are more
common for that reason. Notice the input
voltage does not have to be a constant DC
voltage and must only be smaller than the
desired output voltage. In addition, the output
voltage of the switching regulator contains a
small amount of AC or ripple voltage
(Figure 10.8).

Boost Configuration

Viy Vour
24V e
20V
L3I
Vour by
Vi 10V
BRI, e Gy
- I ovi——
time time

= The input voltage is always less than the output voltage

Figure 10.8 Input-Output Voltage

Difference in a Boost Converter
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In a buck-boost or inverting regulator
(Figure 10.9) the input voltage magnitude can
fluctuate above, below, or at the expected
output voltage. The output voltage is opposite
polarity of the input voltage. For example, with
reference to the magnitude of the output, a
buck-boost may convert 12V to -5V (buck
mode) or 12V to -15V (boost mode). Again,
the output of the switching voltage regulator
has a small AC voltage (ripple) on the DC
output.

Buck-Boost Configuration

time

= The input voltage is always not constrained by the output voltage

Figure 10.9 Input-Output Voltage
Difference in a Buck-Boost

Regulator

Other switching power supply topologies exist.
However, they do not use the same external
filter network components. Some of the more
common topologies are listed in Figure 10.10.

Other Switching Voltage Regulator Topologies

= SEPIC
= Push-Pull and Forward Converter

n Flyback Converter

Figure 10.10 Other Switching Regulator
Topologies

10.4 General Operation of a Step Down or
Buck Switching Regulator

This section will explain the general operation
of a switching regulator (buck). Later on in this
chapter, a more detailed analysis will be
presented on the buck regulator. The focus of
the general operation will be on the input and
output. For simplicity the ground connection is
not included. To begin, a simple functional
representation of a switching regulator is
shown in Figure 10.11.
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How a Switching Regulator Works

Viy

Vour

Switching Regulator

=
o
L_| 5
[}
z
Voltage g time
50% || OK ic
Duty Cycle Output v
Controller Monitor ou

Figure 10.11 Basic Topology of a Buck
Converter
(grounds are not shown)

There is a transistor between the input voltage
and output voltage. The transistor may either
by a MOSFET or a bipolar junction transistor.
This transistor is called the “switching”
transistor or commonly referred to as the
“switch”. The output of the switching regulator
is then fed into a filter network. The output of
the filter network is the actual output of the
switching regulator supply.

The other two functional blocks shown in the
switching regulator diagram are the Output
Monitor and Duty Cycle Controller. The Output
Monitor circuit senses the output voltage Vg1
and provides the input to the Duty Cycle
Controller.

How a Switching Regulator Works

Vin

Vour

Voltage Regulator

=
s
L] 5
(5]
z
Voltage g time
so% || OK s
Output v
Duty Cycle Monitor our

Figure 10.12 lllustration of Buck Regulator
Operation

Since the duty cycle is set to 50% in this
illustration, the switching transistor is on 50%
and off 50% of a switching period. During the
transistor off time the output voltage droops

slightly because current is no longer supplied
from the input to the output. The Output
Monitor continues to sense the output voltage
and informs the Duty Cycle Controller that the
output voltage is still close to its expected
value. Therefore, the Duty Cycle Controller
maintains a 50% duty cycle.

At the end of the off time, the transistor is
turned on again for another 50% of a switching
period. Turning on the transistor again adds
charge to the filter network and the output
voltage rises slightly. The Output Monitor again
senses the output and tells the Duty Cycle
Controller that the output voltage is still very
close to its expected value. Therefore, the Duty
Cycle Controller maintains its 50% duty cycle
(Figure 10.13).

How a Switching Regulator Works

Vin

Vour

Voltage Regulator

=<
<]
L] 5
[
z
1 Voltage g time

50% || OK E

Output v

Duty Cycle Monitor our

Figure 10.13 Steady State Condition at 50%
Duty Cycle

Under steady state conditions the output
voltage is slightly decreasing and increasing as
the pas transistor is turned off and on. When
the switching transistor is turned on, energy is
stored in the filter network and the output
voltage rises slightly. When the pass transistor
is turned off, energy is drawn from the filter
network, and the output voltage droops
slightly. The switching action creates a steady
average output voltage with some small ripple.

Assume the input voltage decreases by 1V
causing the output voltage to fall.
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How a Switching Regulator Works

V-1V
VOUT
Voltage Regulator O VA —
5| VM
|| :
Q
S z
T Voltage g time
60% L Low ic
Output v
Duty Cycle Monitor our

Figure 10.14 Response of Regulator to an
Input Voltage Drop

The Output Monitor senses that the output
voltage is lower than expected (5 V) and sends
a message to the Duty Cycle Controller. In an
attempt to increase the output voltage the Duty
Cycle Controller increases the duty cycle or
the on time of the transistor. Increasing the
transistor on time increases the amount of time
spent charging the filter network and
effectively increases the output voltage over
time. After several switching cycles with
increased on time the output voltage is
restored back to its expected value.

Duty Cycle Controller

Depending on the sensed output voltage the
Duty Cycle Controller in a switching regulator
turns on and off the transistor and adjusts the
percentage of on time unlike in case of linear
regulators which always have the transistor
turned on.

Also shown is a graph of the output voltage of
the switching regulator. Initially the pass
transistor is turned on and the output of the
switching voltage regulator is slightly above
5 V. The Output Monitor senses the output and
tells the Duty Cycle Controller the output
voltage is very close to its expected value.
Therefore, the Duty Cycle Controller maintains
its present duty cycle level at 50% duty cycle.

192

How a Switching Regulator Works

Vn—1V
Vour

5 VMA-

Voltage Regulator

L

Filter Network

T Voltage time
60% || Low
Output v
Duty Cycle Monitor oy

Figure 10.15 Response of Regulator to an
Input Voltage Drop

Assume the input voltage returns to its
previous value. The Output Monitor identifies
that the output voltage is near its expected
value and the Duty Cycle Controller returns to
the original 50% duty cycle.

How a Switching Regulator Works

Vin

VOUT
Voltage Regulator ~
X 5 V WL W AW o
5 \/\/\/VV
L 5
z
Voltage 3 time
50% || OK o
Output v,
Duty Cycle Monitor our

Figure 10.16 Return to the 50% Duty Cycle
Mode of Operation

In summary, a switching regulator works under
steady state conditions. The pass transistor is
turned on, energy is stored in the filter network,
and the output voltage rises slightly. When the
pass transistor is turned off, energy is drawn
from the filter network, and the output voltage
droops slightly. The switching process causes
the output voltage of a switching regulator to
fluctuate about its expected value.

10.5 Switching Regulator Components

Below is a simple functional representation of
a switching power supply. For now, we are just
concerned with one input (input voltage) and
one output (output voltage). For simplicity, the
ground connection is not included. In this
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section, we examine each of these blocks
(Figure 10.17) individually.

Switching Power Supply Block Diagram

Switching Power Supply

Vour

PWM Error
Controller I Amplifier
Bandgap
Reference

Figure 10.17 Major Switching Regulator
Circuit Blocks

10.5.1 Band Gap Reference

We begin with the bandgap voltage reference.
It is arguably one of the most important parts
of a switching regulator. It provides the
reference voltage used by the regulator to
develop and maintain an accurate output
voltage.

The voltage, Vggr, is a created by a circuit
called bandgap reference (BGR). It uses
several different component features to
maintain a very stable reference voltage across
the entire specified operating temperature
range. The basic concept of the BGR circuit
can be shown in Figure 10.18.

The BGR voltage is stable across a wide
temperature range because it uses two
offsetting characteristics of semiconductor
technology. First, the base-emitter voltage of a
NPN bipolar junction transistor decreases
approximately at -2 mV/°C rate. This decrease
in the NPN base-emitter voltage is countered
by an increase in the thermal voltage of the
semiconductor circuit:

V,=kT/q

where k is Boltzman’s constant (8.62 x 10723
Joules/K), T is the integrated circuit junction
temperature (in K), and q is the electron charge
(1.6 x 107" Coulomb or As). The thermal
voltage has a positive temperature coefficient
of 0.085 mV/K. This is scaled by the factor

Ay=23.5 so that the net
coefficient of the voltage
approximately 0 mV/°C.

temperature
reference is

Bandgap Reference Voltage

m Need very small temperature coefficient

m Balances negative temperature coefficient of pn
junction’s Vg with positive temperature coefficient of
thermal voltage, V, = kT /q

Vee KT/q

@/DC +0.085 mV/°C
V,=KkT/q U U

J T @ Vier = Vie + AoV,
_V

Vineur

BE

Figure 10.18 Functional Block Diagram of
the BGR Circuit

A BGR circuit implementation is shown in
Figure 10.19. Its reference voltage, Vggr, is
typically 1.2V. A “trimming network” of
resistors (R; - R;) is added to allow Vg to be
adjusted or “trimmed” during wafer testing if it
deviates from its expected value because of
manufacturing process variations.

Bandgap Reference Voltage

= Internally generated with tight tolerance, traditionally ~ 1.2 V
m Vo is “built” from this voltage reference by “zener zapping”

VREF
124V
| Rs=-1%
12277 B oo

R; = +3%

116V

Figure 10.19 An Implementation of the
Bandgap Reference Circuit

10.5.2 Error Amplifier

The next major circuit of a switching regulator
is an error amplifier. The error amplifier
receives two inputs, one is the BGR and the
other is from a resistive voltage divider
network. The resistor divider Ry and R, creates
a signal, Vp,, which is equal to the BGR
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voltage for the desired output voltage. The
accuracy of the resistor ratio combined with
the accuracy of the bandgap reference voltage
constitutes a large portion of the overall output
voltage tolerance. The error amplifier
compares Vpy and Vgge to determine how
much the output voltage is off its expected
value. The error amplifier amplifies the error in
the output voltage of the regulator and
determines the pulse width of the PWM
controller output.

Error Amplifier

m The error amplifier determines if V; is valid

m Vg is divided down and compared to the reference
voltage

Vour

RZ
V [ —
out [ R, +R, PWM
Controller

R,

Figure 10.20 Output Voltage Divider and
Error Amplifier

10.5.3 PWM Controller

The PWM controller processes the output
signal from the error amplifier and adjusts the
duty cycle of the switching transistor. If the
output voltage is too low, the PWM controller
will increase the duty cycle. This allows more
energy to be delivered to the load from the
input power source, and Vg will increase. If
the output voltage is too high, the PWM
controller will decrease the duty cycle. This
allows less energy to be delivered to the load
from the input power source, and Vg, will
decrease (see Figure 10.21).
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PWM Controller

= In a switching voltage regulator, the pass transistor
is used as a switch - it is either on or off

= The output voltage, however, is an analog value

= PWM controller senses error in Vq; via the error
amplifier

» PWM controller updates the duty cycle of the of
transistor adjusting the output voltage

. — unnm
V. - Error PWM 0- 100%
? Amplifier Controller

Figure 10.21 PWM Controller

10.5.4 The Series Switch

The switch is most commonly implemented
with a bipolar junction transistor (BJT) or an n-
channel metal-oxide-semiconductor field
effect transistor (MOSFET). There are
advantages and disadvantages to both types
of transistors. Most old switching regulators
use BJT transistors. However most new
Integrated Circuit (IC) switching regulators use
MOSFET transistors. The relative merits are in
Figure 10.22.

Switching Transistor Bipolar and MOSFET

Bipolar MOSFET
Drain
Basili Collector Gati|

Emitter Source
Switch Speed Slow Fast
Drive Method Current Voltage
Drive Circuit Simple Complex
ESD Robustness | High Low
Voltage Drop Worse Better (potentially)

Figure 10.22 Relative Merits of BJT and
MOSFET Switching
Transistors

In many medium and high power systems,
however, the transistor is not physically in a
switching regulator integrated circuit (IC).
Rather, the switching transistor is an external
component which is turned on and off by a
switching regulator controller 1C. External
series pass transistors are generally
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MOSFETs. Engineers are able to customize
the switching regulator design and take
advantage of the latest discrete transistor
technologies. It also benefits the control IC
because most of the power dissipation is
transferred to the external controller IC-s
allowing for higher levels of system integration
in the switching regulator control IC.

Switching Power Supply Block Diagram

Switching Power Supply

<
H

Vour

_____________________

PWM Error
Controller Amplifier
Bandgap
Reference

Figure 10.23 Switching Power Supply Block
Diagram

10.5.5 External Network (Input and Output
Filters)

Regardless of whether the switching transistor
is internal or external in a switching regulator,
an external network of components is used to
transform switched input voltage into the
desired output voltage. While the configuration
of the external network components varies
with the type of switching regulator, the
components (inductor, diode, and capacitor)
remain the same in most cases.

External Network

= An external network (consisting of an inductor,
capacitor, and diode) transforms the energy from
the PWM controlled power switch into a desired
output voltage

Switch Network

$i>

Figure 10.24 Output Network

10.6 Step Down (Buck) Switching
Regulator Operation

A detailed examination of a step down or buck
switching regulator operation will be explained
in this section. In our explanations, we will
examine how the following three voltage and
two current variables vary:

lsw = Switch Current

I = Inductor Current

Vgae = Gate Voltage

Vy = Switching Node Voltage
Vour = Output Voltage

In this explanation the switching regulator is
assumed to be operating in steady state
continuous conduction mode (CCM). Steady
state means the regulator has already been
running for several cycles and CCM means the
inductor current is always greater than 0 A.
The graphs on the right side of Figure 10.25
reflect how the voltages and currents are
varying at various moments in the step down
switching regulator cycle of operation.

We begin by considering what happens when
the gate voltage is increased and the switching
transistor turns on. The voltage across the
inductor is given by:

VL =Vu - Vour

The voltage across the inductor is important
because it determines the rate of change in
current through the inductor at a specific
moment in time. Assume, the switching
transistor is turned on and there is very little
drop across the MOSFET:

V= Viy
If Viy and Vg7 are relatively constant with only
minor variations during a switching period,

then V| will is also be constant:

Vi~ Vin - Vour
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Step Down Switching Regulator
Steady State Operation

v Vo
G Veare goes high

Vi~ Vin
V=V - Vour

M
Vaare
Ve t
lsw
\ T—’
t
- I
Ve T
+ t
Vour

I

Figure 10.25 lllustration of the Fundamental
Waveforms

What will happen to lg, and I.? The current
rate of change through an inductor is given by:

a_v.
dt L

di _ Vin—Vour
dt L

di- _ Constant _ ¢ gtant
dt  Constant

Since the rate of change of inductor current is
constant it will increase linearly. When the
transistor is first turned on the input voltage
source (e.g. battery) immediately begins to
source the current through the inductor.
Therefore, I, equals I when the transistor is
on. As the current through the inductor
increases, the output capacitor is charged.
Recall the definition of capacitance:

C=

<O

Rearranging the equation shows that the
voltage across a capacitor increases as the
charge on the capacitor increases:

Q
V==
C

Therefore, the output voltage increases when
the switch is turned on and the inductor
current charges the output capacitor.
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Step Down Switching Regulator
Steady State Operation

V,
V,y V= Constant AT

I, A
| G _ Y e t
swl dt L Vi
I, and lg,, increase
VGATE - sw
S it
Ve

Vour

. Coyuris charged by I, and
Vour increases

Vour

B .

Figure 10.26 Series Pass Transistor is
Switched On

After a short time, the pass transistor is turned
off. Since the transistor is turned off, the switch
current the very quickly falls to 0 A. However,
the current through the inductor cannot
instantly go to 0 A. Recall the equation for the
inductor current rate of change:

di, /dt=V, /L

and the current will decrease at a rate
proportional to the voltage across the inductor.
The inductor current cannot instantly go to 0 A
because this would require V| =~ -co.

Step Down Switching Regulator
Steady State Operation

Vv, . Veare
Ly But, V, is clamped

to -V t
and |, decays v,
through the diode

M
Vanre
Ve t
V= Ve lsw
.
- I Coyr stabilizes

the output voltage
Vo 50 Vgur will only

f" slowly decay
t

Figure 10.27 Series Pass Transistor is
Switched Off

In the real world, the inductor current must
decrease over some time and dl /dt is
negative:
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Vi =Vy-Vour<0V
Vi < Vour

Without any limiting the inductor would pull Vy,
far below ground:

Vy<<0V

This happens because, it creates a very large
negative inductor voltage to quickly reduce the
inductor current. The very large voltage
transient is very likely damaging the transistor.

To protect the step down switching regulator
from a large negative voltage spike at V,,, a
diode provides a recirculation path for the
inductor current. This diode clamps the
voltage at the left side of the inductor to one
diode forward voltage drop below ground.

In  Figure 10.28 the
recirculation path is shown.

inductor  current

e Current flows out of the inductor at Vg
potential

e Current flows through the load to ground

e Current flows from ground through the
recirculation diode and back to V\,

e The recirculating current forward biases
the diode and clamps V\, to diode voltage,
Ve

Step Down Switching Regulator
Steady State Operation

V,
Vi GATE

But, V,, is clamped
to -V t

and |, decays Vi
through the diode

Vour

I Cour stabilizes

b the output voltage "

Vour 50 Vour will only

T slowly decay
t

Figure 10.28 Re-circulation During the OFF
Cycle

The output capacitor sources some current to
the load to help stabilize the output voltage.
This results in the output voltage slowly falling

when the transistor is turned off. Assuming
Vour is relatively constant with only minor
variations during this short switching period
then V_is also constant.

V= -Ve-Vour

The rate of change of inductor current is equal
to:
di _ V.

il Constant
Therefore, the rate of decrease of the inductor
current will remain constant over time, and I

will decrease linearly.

At the end of the off cycle the step down
switching regulator will again turn on the
transistor. The on cycles and off cycles are
repeated over and over again at the rate of the
switching frequency. Throughout this process,
the output voltage will slightly ramp up and
down about its expected value as the inductor
and output capacitor are being charged and
discharged.

The percentage of time that the transistor is on
within a switching cycle is called the duty
cycle, D expressed in percents. Note that D is
restricted such that:

0% <D <100%

Step Down Switching Regulator
Steady State Operation

Vi The MOSFETis  Veare
turned on and off
to repeat Vu
the sequence

Vour

Figure 10.29 Waveforms of a Continuously
Operating Buck Converter

If the duty cycle is 50%, the pass transistor is
on and off for an equal amount of time. If the
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duty cycle is 25%, the pass transistor is off for
three times longer than it is on, etc.

To simplify the explanation of switching
regulator operation a simple concept, called
the “Volts-Second Principle”, is introduced.
The volts-second principle relates the duty
cycle D to the input and output voltage. As it
was previously shown, the voltage across the
inductor is constant when the pass transistor is
on. This will result in a linear increase in the
inductor current. We also assume the voltage
across the inductor is constant when the
transistor is off. Therefore inductor current also
decreases linearly when the transistor is off.

Volt-Second Principle

di. Vv,
CETR Constant

Veare

Figure 10.30 Inductor Current Waveform of
a Continuously Operating
Buck Converter

Figure 10.31 illustrates the waveform of the
inductor voltage, V| in one switching period, T.
Initially, the pass transistor is on, and V_ is
constant during the on time (DT):

Vi =Vin-Vour for0<t<DT

When the pass transistor is turned off, V_ is
again constant, but it is now negative for a time
equal to (1 - D)T. Neglecting the voltage drop
across the recirculation diode, the inductor
voltage is approximately given by:

V. ~-Vour forDT <t<T

In the steady-state condition, the inductor
current must increase and decrease by the
same amount. Otherwise, the inductor current
would be tending toward positive infinity or
zero. Therefore, the total area (or Volt-seconds)
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under the inductor voltage waveform must be
zero within one switching period.

Voltage-Second Principle

u In steady state, the inductor current
ripples about an average, | syq:
= Therefore, the total area
(or volt-seconds) under the
inductor voltage waveform is zero.

VIN . VOUT

T DT (1-D)T
JVL(t)dt = j Vi (t)dt + JVL(l)dt
0 0 DT

.
1 J Vi)t = (Vi - Vour) DT + (Vou)(1 - D)T =0
0

Figure 10.31 Definition of the Volt-Second
Principle

If we solve this equation we can express
Vour/ Viy transfer ratio by applying the Volt-
Second principle. Conversely, the approximate
value of the duty cycle of the regulator can also
be calculated for given Vg ,r and V) values.

Voltage-Second Principle and the DC Transfer Function

= From:
T
[Vt = (Vi - Vour) DT + (Vor)(1 - DT = 0
0
we can calculate the transfer function of the step
down switching voltage regulator
Vin DT + (-Vour D + Vour D - Vour)T = 0
Viy DT + (-Vou)T=0

Vour
=D
Vin

Figure 10.32 Input and Output Transfer
Ratio of a Buck Converter

10.7 Design Guidelines and Examples

In this section, we will look at several design
guidelines for implementing step down
switching power supplies. We will begin by
examining in more detail how the Vg, / V)
ratio determines the duty cycle D. Next, we will
look at the inductor ripple current, Al, and how
it is affected by the inductor selection. Third,
we will show how Al also affects trade-offs
between ripple in the output voltage and
selection of the output capacitor, Cqyr, and its
selection will be discussed briefly. Next, we will
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present some of the options available to the
power supply designer when selecting the
recirculation diode and the input capacitor,
Cy. Afterwards, we will give a brief
introduction to the efficiency of step down
switching regulators. Finally, we will close this
section by examining a number of different
design examples that illustrate many ways to
customize a step down regulator.

10.7.1 Vgyr/ V)\ Transfer Ratio and Duty
Cycle

First, we consider in more detail how the
Vour / V| ratio determines the duty cycle of the

step down switching power supply.
Figure 10.33 reiterates the Volt-second
principle we introduced in the previous
section.

Solving for the duty cycle, we find:

D = Vour
Vin

V\y vs. Vour and Duty Cycle, D

m During steady state:

Viae =0V

Vi
A
Vin - Vour

T )
time
(1-D)T
Vourf..--.. ==

(Vi = Vour) D = Vour (1 - D)
Vour =D Viy

Figure 10.33 Restatement of the Volt-
second Principle with an
Idealized Buck Converter

Let us consider this for a moment. If V| is near
to the high limit we only need to turn on the
pass transistor for a small percentage of time
to deliver the output power to the load. The
duty cycle will be low. Likewise, if Vqyr is
nearly the same as V) the pass transistor will
have to be on for a significant portion of the
period to deliver the required output power
and the duty cycle will be high.

The two statements above are illustrated in
Figure 10.34 and Figure 10.35:

Vour Increases with D

Vour =D Viy
V,
V\N GATE
lsw | J:|J:|.|:|.|:|.|:
VGATE t
L.s, Vi

Vin ~Vour

Vour J:I:I:I:I:I:I:I:l:t

Vour

Vi vV, -

L
SGan OUTI Riono

Figure 10.34 Switching Waveforms:
Vin - Vour is Small

+
C

Vour Decreases with D
Vour =D Vi

Figure 10.35 Switching Waveforms:
Vin - Vour is Large

The models, we have used, assume that no
power is lost in the step down switching
regulator. Next we will analyze the effects of
the voltage drops across the step down
switching transistor and recirculation diode
(here modeled as switches, Vg and Vgenp)-

Duty Cycle and Switch Loss

= In practice, voltage drop across the top switch (V)
and the bottom switch (Vggyp):

Vin

Figure 10.36 Model of a Real Driver Circuit
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Figure 10.36 helps to explain how to apply the
Volt-second principle to include losses in Sy
and Sgyp. When the pass transistor is on, the
inductor voltage is now given by:

VL =Vin- Vain - Vour

When the pass transistor is off, the inductor
voltage is equal to:

VL =-Vseno - Vour

Again, the total area (or Volt-seconds) under
the inductor voltage waveform must be zero
within any given switching period. Therefore:

(Vin - Vain - Vour) D = (Vsanp + Vour)(1 - D)

Solving for D, we find the duty cycle of a step
down switching regulator corrected for loss in
the regulator’s switches.

Duty Cycle and Switch Loss

Vi
Vin = Ve - Vour

time

(1-DT

“Vsano - Vour|.........

(Vin = Vs = Vour) D = (Vsanp + Vour)(1 - D)

Vour + Vseno
Vin - Vs + Vsano

Figure 10.37 Effect of Switch Loss on the
Duty Cycle

10.7.2 Inductor Current (steady and ripple)
Next, consider the inductor current and its
ripple, Al. It is important to remember that |_is
the sum of current lg,, flowing from the input
when the pass transistor is on and the current
lenp recirculating through the ground switch
when the transistor is off. Ig,, (and I,) increases
when the transistor is on. Conversely Ig\p (and
1) decays when the pass transistor is off. The
inductor current |, therefore ramps about an
average inductor current, I, g as the switch
S,y is turned on and off and Sg,p turned off and
on (Figure 10.38).
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Ripple Current

Vin = Recall, |_is the sum of the
current flowing through Sy,
and Sgyp

time

Figure 10.38 lllustration of Ripple Current
and Average Current

The inductor current has both a DC and an AC
component as illustrated. The DC component
is I avg- The AC component is the ripple
superimposed upon | sys. The peak to peak
inductor ripple current is designated as Al,
therefore the maximum inductor current is
equal to I ayg + Al/2, and the minimum

I ava - Al/2.

Inductor Ripple Current

= |, and 5, have both DC and AC components

= The maximum values of the deviation from
the DC value are equal to: | 5 g +Al/2

Figure 10.39 Inductor Current vs. Time

The value of the peak to peak inductor ripple
current, Al, is one of the most important design
parameter of a switching regulator. The
inductor ripple current will affect almost every
other choice a designer has to make for the
optimization of a step down switching
regulator.

Typical values of Al are 30% to 50% of I_ayg-
For example, if I g is 1A, Al could be set
between 300 mA and 500 mA. In most
applications, lower values of Al are desirable.
However, lower ripple current may require
more complex and expensive components.
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10.7.3 Inductor Values

Once a value for Al has been selected (in
Amperes, not as a percentage), the minimum
inductance, Ly, of a step down regulator can
be determined. In addition to ripple current, the
minimum inductor L, is also a function of the
input voltage (V,y), the desired output voltage
(Vour), and the switching frequency (fg) of the
PWM signal.

Selection of Al
= The amount of allowed inductor ripple current, Al, is one
of the key decisions made in designing a power supply

= Itis an important factor in correctly sizing the other
componen in the power supply

= Typical values of Al are 30% to 50% of |, s

= Small values of Al might be desirable, but can result in
more complex and expensive power supplies

Figure 10.40 Summary of Ripple Current
Features

Selection of Inductance

= The minimum inductance of a step-down switching
voltage regulator is given by

(Vin - Vour) ® Vour
fow © Viy @ Al

u If Al (ripple current) has already been selected
and Vr is a constant:

L =

L will vary based upon the regulator’s switching
frequency (fsy) and the input voltage range

Figure 10.41 Selection of Inductor

While Vgt may be relatively constant, V can
vary considerably over an application’s worst
case operating conditions. For example,
consider a step down switching power supply:

Vour=5V

fgw = 100 kHz

Vinanyy =9V

VIN(MAX) =27V

Lo = (Vin=Vour) ® Vour
MN fow e Viy e Al

ForVy=9V
=Ly = (9V-5V)e5V

100 kHze9Ve04A

= Ly = 56 uH

ForVy=27V

(27V-5V)e5V

Ly = —(2TV-5V)edV
= EMIN = 100 KAz 27 Ve 04 A

=Ly = 102 pH

The worst case minimum inductance (~100 pH)
occurs at Vi yax = 27 V, which is almost twice
the required inductance Ly, (55pH) at
VIN,MIN =9V.

Inductor Selection Example
Vour =5V, Al=0.4 A, f =100 kHz

Unsafe Inductance
(Al Violation)

(Vin = Voun)  Vour
fow © Viy @ Al

Inductance [pH]

Ly =

12 15 18 21 24 27
Input Voltage [V]

Figure 10.42 Inductance Value vs. Input
Voltage

After selecting values for Al and Ly, the
power supply designer must next check
saturation current, I, of the inductor. Step
down switching regulators operate on the
principle of using inductors as energy transfer
and storage devices to supply power to the
load when the pass transistors are turned off.
The energy stored in magnetic field of an
inductor is given by:

EL = %. Le Ipeak2

Inductors with a larger value of inductance can
store more energy. In a common toroid
inductor the inductance value is dependent on
its physical size and construction.
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Inductor Selection Saturation Current

m Inductors store energy in their magnetic field
proportional to their inductance:

E =(1/2)LE

= The inductance of a toroidis determined
by several factors:

L=pN2(A/¢C)

p = Permeability of inductor core

N = Total number of turns in the wire coil

A = Area of a single loop in the coil

¢ = Length of the coil wrapped around the toroid

Figure 10.43 Stored Energy and Inductance
of an Inductor

One would expect the maximum energy that
can be stored in an inductor for a given current
is determined by its size and construction
which is true for air-cored inductors. Inductors
made with ferromagnetic cores saturate above
a certain coil current. The saturation
(maximum) current, |y is specified and if
inductor current |_ is above the saturation
current rating |, the magnetic field in the
inductor reaches a limit and the inductor
cannot store any additional energy. This
phenomenon manifests itself as a reduction of
inductance and the rate of reduction may even
be higher than the rate of increase of the I2
term! It is, therefore, necessary to pick an
inductor whose saturation current | is larger
than the peak inductor current in the buck-
converter (Figure 10.44).

Inductor Selection Saturation Current

= An inductor, however, can only store a finite amount of
energy in its magnetic field

= Above an inductor’s saturation current (Isa7),
the inductor’s permeability decreases significantly,
reducing its inductance.

m This results in an increase in the regulator’s
ripple current:

Al = (Vin = Vour) Vour
Vin fow L

m Therefore, an inductor’s (lg,;) must be greater than the
switching regulator’s peak inductor current:

Isar > I peak

Al
Isar > lLave + >

Figure 10.44 Selection Criterion of
Saturation Current
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Failure to stay below the saturation current
rating of an inductor can result in the step
down switching regulator loss of output power
or even damage to the switching transistor!

Finally, when selecting an inductor, several
other factors need to be considered. These
factors include the coil resistance, coil
impedance, size, and cost. The designer can
choose from a large number of different
inductor technologies based upon the
switching power supply requirements.

Inductor Technology

= There are a number of inductor technologies
to choose from:
- Drum core
- Flat coil
- Toroid
- Bead
- Wirewound
- Planar

= In addition to inductance and saturation current,
the inductor technology will also affect:
- Inductor resistance and impedance
- Size (length, width, height)
- Cost

Figure 10.45 List of Inductor Type and List
of other Inductor Parameters

10.7.4 Output Capacitor Sizing

After selecting Al and the inductor, the trade-
offs inherent in selecting an output capacitor
must be examined.

The proper selection of capacitor Cqyr is
important because it, in a large part,
determines the output voltage ripple which is a
function of its impedance (including its
equivalent series resistance, or ESR).

Larger values of Cqr Wwill stabilize the output
voltage and reduce the magnitude of the
voltage ripple. Larger values of ESR, however,
will result in a greater V7 ripple voltage.
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= The selection of the output capacitor affects
the voltage ripple

= The output voltage ripple is a function of the output
capacitor’s value and its equivalent series
resistance (ESR)

1
Vapeie = Al [ESROUT + 7}
8 fouitching Cour

m Low ESR capacitors (ceramic and tantalum)
are recommended to minimize the output voltage ripple

Figure 10.46 How to Select an Output
Capacitor

For some types of capacitors, the ripple due to
its ESR can be significant, that’s why low ESR
capacitors are often used. Figure 10.47 shows
how the voltage ripple in a step down
switching power supply can significantly
increase as the ESR of the output capacitor is
increased.

Output Capacitor Example
Cour =1 HF, Al = 0.4 A, f =100 kHz

1
Vapeee = Al [ESRDUT + 7}
8 foyitening Cour

; /

Vareie V]
[N

107 10° 10’
ESRour [€]

Figure 10.47 Vg;pp e Vs. ESR Function

In addition to the output ripple voltage, the
output capacitor capacitance affects the
amplitude of output voltage overshoot and
undershoot caused by large load current
changes.

As with the sizing of the inductor, the
maximum ripple current through the output
capacitor must also be considered. The output
capacitor must be able to handle a worst case
ripple current equal to lzgyr. The maximum
ripple current of the output capacitor will vary
with capacitor type and temperature. The
designer must ensure that the capacitor’s
maximum ripple current rating (in A rms) is
greater than the RMS value of |,.

Output Capacitor Current Rating

= The output capacitor must be able to handle a worst
case ripple current equal to lo,r

n Capacitors are rated for different maximum ripple
currents as a function of their ESR, package
(thermal resistance), and ambient temperature

Example Capacitor Parameters

Cap (uF) Part # Ripple Current (A rms)
25°C 85°C 125 °C
100 1 6.0 5.4 2.4
220 2 8.0 7.2 3.2
680 3 10.6 9.6 4.2

Figure 10.48 Dependence of Maximum
Ripple Current of a Specific
Type of Capacitor on
Capacitance and Temperature

The breakdown voltage of the output capacitor
is also an important parameter. Below the
breakdown voltage limit the capacitor
manufacturer guarantees the operation as
specified. However, above the specified
breakdown voltage the dielectric material
between the capacitor’s electrodes may be
damaged possibly resulting in a permanent
capacitor failure.

Output Capacitor Breakdown Voltage

= Capacitors have a specified breakdown voltage

the dielectric material between
the electrodes is an insulator -
the device has capacitance

= Below the breakdown voltage, I

Dielectric
= Above the breakdown voltage, I

the dielectric material conducts
resulting in a (catastrophic)
capacitor failure

Figure 10.49 Effect of Exceeding the
Breakdown Voltage

Like other capacitor parameters, the
breakdown voltage is a function of the
capacitor dielectric material (type of capacitor).
The type of dielectric material will also
influence the cost, size and performance vs.
temperature of the output capacitor.

The performance of some capacitor types
(particularly those with high values of
capacitance and ESR) over a wide temperature
range may not meet the requirements.
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Therefore, in applications that must operate in
a wide temperature range tantalum or ceramic
output capacitors are often chosen. While not
always ideal, tantalum and ceramic capacitors
can exhibit significantly better performance in
some step down switching power supplies
than other capacitors (see Figure 10.50).

10°

—_— L
=] 2
5 10 —Tantalgrn
@ 10 l== — —=— Ceramic
~~~~§§§~§
10° ==

-50 =10 30 70 110 150
Teamperature [°C]

Figure 10.50 ESR vs. Temperature
(of a given value)

10.7.5 Input Capacitor Selection

The input capacitor will be subjected to a
rapidly changing input current with duty cycle
D. To maximize the stability of the input
voltage line, a low ESR capacitor should be
selected for C,y. The maximum RMS current
through the input capacitor, the capacitance
and the breakdown voltage are important
parameters. The power supply designer must
ensure that the maximum ripple current (in A
RMS) of the input capacitor is greater than the
RMS value of |y. Figure 10.51 shows how to
calculate the rms value of | .

Input Capacitor Selection
= The input capacitor is exposed to a square wave
current with a duty cycle of V1 / Vi

= To minimize ripple voltage on the input voltage line,
an input capacitor with a low ESR should be used

= The maximum RMS current the input capacitor
must withstand:

! =1
RMS = 'LOAD 3
Vin

Vour 14 1 [2|A| ]2
LOAD

= The input capacitor’s breakdown voltage should
also be higher than the maximum input voltage

Figure 10.51 Ripple Current Calculation
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10.7.6 Selection of the Recirculation Diode

Recirculation Diode

Vour Vour
V,

1171

Figure 10.52 Recirculation Diode

Typically, a Schottky diode is chosen for the
recirculation diode. The reverse recovery time
(the time to switch from forward-bias mode to
reverse-bias mode) of Schottky diodes is very
short. This minimizes the power loss when the
switch transitions from off to on.

In addition, the Schottky recirculation diode
must have a breakdown voltage rating greater
than the maximum positive voltage seen at the
node V), otherwise the Schottky diode will
breakdown and may be permanently
damaged.

In some step down switching regulator
applications, the recirculation diode is a
significant source of power loss. This is
especially a problem for applications with a
very small duty cycle. As the duty cycle
decreases, the recirculation diode is
conducting for a larger fraction of each period,
increasing its power loss. This negatively
impacts the efficiency of the voltage regulator.

Recirculation Diode

= The voltage drop across the recirculation diode
affects the switching regulator’s duty cycle
and efficiency

D= Vour + Vsanp
Vin - Vain + Vsano

n= Pour
Pour + Poissipaten

Figure 10.53 Voltage Drop across the
Recirculation Diode Affects
the Duty Cycle and the
Converter Efficiency
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In some applications where efficiency is an
issue, the recirculation diode is replaced with a
low Rpg,n MOSFET. This transistor is switched
180° out of phase with the series pass
transistor. If the voltage drop across the
recirculation MOSFET is smaller than the
voltage drop across a Schottky diode (0.3 -
0.4V), less power will be dissipated when
series pass transistor is off.

10.7.7 Efficiency Curves (datasheet)

Calculating the exact power dissipation in a
step down switching power supply is a very
involved process. One tool that power supply
designers use to simplify their efforts is the
typical efficiency curves found in most
switching power supply datasheets.

Figure 10.54 is an example of a typical
efficiency curve from a step down switching
power supply datasheet. The graph shows the
efficiency of the regulator vs. input voltage for
three output currents at a specified output
voltage. While such curves cannot be used for
detailed analyses, they are very useful for
making a first estimate of the power
dissipation.

A more detailed estimate of the power
dissipation and efficiency of step down
switching power supplies will be presented in
Section 10.9.

Example Efficiency Curve

95 T
90 -
N Vour =5V
_ 85 \\\ !
X 80 NOR lLowo = 120 mA
= —
75 N~ L 80 mA
|
o L 40mA
65 ‘
5 15 25 30

Input Voltage [V]

Pour

Pour + Poissipaten

Figure 10.54 Efficiency Curves Examples
(found in datasheets)

10.7.8 Examples

Now, that we have examined some of the
guidelines for implementing a step down
switching power supply let us look at several
examples.

10.7.8.1 Example 1

First, we examine the minimum inductance
required for a regulator with a 5 V output and a
switching frequency of 100 kHz. We vary the
input voltage from 6V to 27 V and the ripple
current from 50 mAto 1 A.

In automotive applications components must
be selected for the worst case operating
conditions. As the graph shows, there is a
difference of almost two orders of magnitude
in the minimum inductance from the best case
value (approximately 10 yH at V| = 6V and
Al =1 A) to the worst case one (approximately
1mH at V=27V and Al=50mA). This
example illustrates why it is so important to
define the real, unpadded worst case
operating conditions. Overdesign will increase
the cost and the size of the regulator!

10.7.8.2 Example 2

Next, we examine the minimum inductance for
a step down switching power supply with
Al'=300 mA and fgitching = 100 kHz. This time,
we vary V from 6 Vto 25 V for Vo ;; =5V (see
Figure 10.55). A second curve on the graph
shows the minimum inductance for V,, from
4V to 25V and Vg1 =3.3 V. Again, there is
almost an order of magnitude difference in the
minimum size of the inductance over the entire
input voltage range.

Al=0.3A, fy, = 100 kHz

— Vour=5.0V
== Vo =33V
160
120 —
T ] el i
= 80 = ==
= Z
40 -
0
0 4 8 12 16 20 24 28

Figure 10.55 Minimum Inductance vs. V|,
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10.7.8.3 The Effect of Switching Frequency
on the Inductor Value

In the first two design examples, we used
100 kHz switching frequency. Figure 10.56
illustrates the minimum inductance as fgyiching
is varied over two orders of magnitude with Al
again varying from 50 mAto 1 A.

While it may seem extreme to examine a
variation in switching frequencies from 10 kHz
to 1MHz, this range closely mirrors the
expected range of most step down switching
power supplies available today. Many older
(and less expensive) devices use significantly
lower switching frequencies, and therefore
require inductance values in the milli-Henry
range. Some newer step down switching
power supplies have switching frequencies in
the hundreds of kHz to a few MHz. Such
regulators can reduce the inductor size (and
cost) significantly.

V=14V, Vor =5V

— AI=0.05A
——AI=01A
10 --- AI=03A

e AI=05A
—=AI=10A

Minimum Inductance
[uH]
2

10°
10’

Switching Frequency [kHz]

Figure 10.56 Inductance vs. Switching
Frequency and Ripple Current

10.7.8.4 Output Ripple

Next, we examine how the output voltage
ripple varies depending on the output
capacitor and switching frequency. For a ripple
current of 400 mA, and a hypothetical set of
capacitors with a constant ESR of 0.25 Q, we
vary the value of the output capacitance and
the switching frequency. Figure 10.57 clearly
shows that for larger output capacitances, the
output voltage ripple decreases. The ripple
also decreases with increasing frequency.
However, with the constant ESR, there will
always be a minimum ripple voltage given by
the product of the ESR and ripple current. In
this example, we have:

v = (A)(ESR)

ripple,min
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Vripple,min = (0.4 A)(0.25 Q)

Vripple,min =01V
ESR =0.25 Q Al=0.4A
0.7
0.6 %
\
0.5
% 10 pF
= 04—
Yy N
£ 03N, 4‘\
> e \22 HF S .
G N R R
0.1 = A
0
104 10° 108

Frequency, [Hz]

Figure 10.57 Vg;pp e VS. Switching
Frequency

In Figure 10.58 we illustrate how the output
voltage ripple in a step down switching power
supply varies with the ESR and capacitance of
the output capacitor. Again, Al = 400 mA and
fswitching =100 kHz.
As expected, the ripple voltage is highly
dependent upon Cgyr for low values of ESR.
However, as the ESR increases above 0.1 Q,
we see that the ripple voltage can increase
appreciably.

Vaepee V8. ESR and Cgyr
Al=0.4 A, f=100 kHz

— 047 F |
a5 -— . = 47pF

Vapeie V]
]

L - —_—— 4T yF
102 107" 10° 10’
ESR [Q]

Figure 10.58 Vgpp e VS. ESR

Finally, we show how the ESR in a hypothetical
capacitor can vary with temperature, resulting
in variations in the output voltage ripple
(Figure 10.59). For Al=400mA and a
constant 22 pF output capacitance value, we
vary the temperature from -40 °C to +120 °C.
The ESR curve (continuous line) shows that the
ESR starts at 300 mQ at hot temperatures and
increases to more than 850 mQ at -40 °C. As a
result, the output ripple voltage (dashed line)
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increases from approximately 130 mV at
+120 °C to 360 mV at -40 °C.

Al=0.4 A, Coyy = 22 UF

0.40 : 09
A ESR 0.8
035 - —o.
S
030 " — = Vome | 07
= 025 N 06
2 020 05
3 o. -5 ¢
£ 015 S 04 B
> = w
0.10 =~ 03
0.05 02
0 0.1
~40 0 40 80 120

Temperature [°C]

Figure 10.59 Vpp ¢ and ESR vs.
Temperature

In the following section, we will look inside the
step down switching power supplies to see
how they are controlled and what can be done
internally to improve their performance.

10.8 Methods of Control

In this section, we will examine two different
control methods used in step down switching
power supplies. We will also introduce several
features to improve the operations of the
switching regulators.

10.8.1 Pulse Width Modulation

At the heart of a step down switching power
supply is the pulse width modulation (PWM)
controller. Figure 10.60 shows several of the
components of the PWM controller and a
graph showing its signals during operation.

Vosc is a saw-tooth waveform created by a
current source feeding a capacitor. As the
charge builds up on the capacitor, the
amplitude of the Vg signal linearly increases.
However, when Vg is greater than a
reference voltage, a comparator turns on a
switch which shorts the V¢ node to ground.
This quickly discharges Vygc. The comparator
then opens the switch and Vg starts to
linearly increase again as it is fed by the current
source.

Vosc is fed into the inverting terminal of a
second comparator. The feedback signal, Vggg
(determined by the step down switching
regulator’s output voltage), is connected to the

non-inverting terminal. The output is the Vpy\,
signal.

Error

vy \/E%F
Amplifier 4>:>
Sawtooth ——| Vewm

Oscillator | Vosc

v _— +Voc If Verr > Vosc
PN % 0V If Vg < V.

osc

Venn H time
i

time

Figure 10.60 lllustration of Pulse Width
Modulation

Interface circuits (not shown) control the
application of the Vg, signal to the series
pass transistor. We will first examine a voltage-
mode control loop. Then we describe a
combined voltage-mode and current-mode
control loop. Individually, each has advantages
and disadvantages, but when operating in
unison, they provide for a very stable output
voltage.

10.8.2 Voltage Mode Control

Figure 10.61 illustrates a typical step down
voltage regulator. lts voltage mode control
loop is drawn in dashed lines. The output is
divided down with a resistive voltage divider,
G(s). The output of the voltage divider, GV,
will be equal to Vggr when Vg is at the
specified value (note, that G < 1). The GV
signal and Vpgge signal are fed into the error
amplifier, C(s). The output of the error amplifier,
Vegrg is converted into the Vi signal as we
saw in Figure 10.60. This is how a voltage-
mode control system can increase, decrease,
or maintain the duty cycle of the pass
transistor. The voltage mode control loop can
be considered as the traditional method of
regulating the output voltage of a step down
switching power supply.

While a voltage mode control loop works well
for constant operating conditions, it is limited
in its ability to respond quickly to changes in
the input voltage or output current. Voltage-
mode control monitors the output voltage and
adjusts the pass transistors duty cycle. The
change in the input energy delivered to the
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output to correct the output voltage must first
propagate through the inductor. The delay of
the input energy through the inductor and the
filtering effect of the output capacitor are the
main causes of the poor transient response.

Figure 10.61 Block Diagram of Voltage
Mode Control

10.8.3 Combination of Voltage Mode and
Current Mode Controls

To remedy this problem, most step down
switching power supplies use a combination of
voltage mode control loop and current mode
control loops. In Figure 10.62 the combined
loop has been added to a typical step down
switching regulator in dashed lines.

In addition to monitoring the output voltage
(voltage mode control), this regulator also
monitors the input current flowing into the pass
transistor (current mode control).

A “sample” of the input current I, is taken from
Iin- g is proportional to the input current. For
example, if Iy were to increase unexpectedly,
Iz will also increase by the same percentage.
The current Iy, is converted to a voltage, Vg,
This voltage can then be compared to an
expected value to determine if the duty cycle
of the step down voltage regulator needs to be
adjusted.

Current mode control is an improved method
of regulating the output voltage. Since I,y = I
when the pass transistor is on, this method
allows the control loop to directly sense the
inductor current. When the output voltage
sags, the current mode control loop will inject
more current directly into the inductor to
supply more current to the load. By regulating
the inductor current directly, the current mode
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control loop is “closer” to the output voltage.
This system provides excellent line and load
regulation. For reasons not elaborated here,
also

current mode control
stability.

improves the

Figure 10.62 Combined Voltage and Current
Mode Control (block diagram)

10.9 Special Features

Now let us turn our attention to several
features which can be added to the control
loop of a step down switching power supply to
improve its performance.

10.9.1 Pulse Skipping

One of the primary reasons step down
switching power supplies are widely used is
their high conversion efficiency. To insure high
conversion efficiency over a wide range of
output currents of several orders of magnitude,
the switching regulator may be put into a
“sleep” or standby mode.

Another way to improve the efficiency is by
“pulse skipping”. Every time a switching power
supply cycles through a switching period its
pass transistor must be turned on and off. For
low load currents, the power dissipated turning
the pass transistor on and off again can
significantly reduce the conversion efficiency.
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Maximizing Efficiency During Low Output Currents

= Switching regulators are often used to maximize power
conversion efficiency

= This must often occur for large variations in operating
current

= Switching power losses, however, can dramatically
reduce a regulator’s efficiency at very low duty cycles

Switching Losses
Sy \

U

OFF

Figure 10.63 Losses Occur Every Time the
Pass Transistor is Turned-on

Although various methods exist to implement
pulse-skipping, they all fundamentally perform
the same function. During times of low output
current draw, the step down voltage regulator
will simply “skip” some of the turn-on and turn-
off cycles of the pass transistor. While this
might translate into a longer on-time every
other cycle (or every third or fourth cycle, etc.),
it can dramatically reduce the number of times
the pass transistor is switched on and off.

Pulse Skipping Maximizes Efficiency for Low Currents
= Pulse skipping is a generic term for reducing the
switching frequency for low operating currents

= Various implementations exist, but all effectively
reduce the switching frequency to reduce the
number of switch loss events

Reduced Number of
Switching Events

Sn |
oN \e/ \n/ /
L1 nr ..

Figure 10.64 lllustration of Pulse Skipping

10.9.2 External Clocking

Next, we consider the benefits of externally
clocked switching power supplies. In most
step down switching power supplies, the
switching frequency is internally set as we saw
with the Vgge signal above. The actual
frequency of Vygs Will vary from its expected
value due to processing variations and
operating conditions. However, without a
definitive switching frequency, the regulator’s

frequency spectrum will be unknown, which
may complicate system design.

To eliminate this problem, some step down
switching power supplies are designed to
accept a synchronization signal from an
external clock source allowing to run the
voltage regulator at a fixed frequency.

Frequency Control with External Synchronization

= To eliminate these design problems, the switching
of some regulators can be synchronized with
an externally driven clock

= This allows the user to synchronize the switching
frequency for filtering and/or placement of the
frequency spectrum

cik LTI
Micro Vour
Vin Buck
T Regulator -
< <

Figure 10.65 External Synchronization
10.9.3 Soft Starting

Another potential design problem is due to the
large start-up, or in-rush currents. When a step
down switching power supply is turned on for
the first time, the output voltage is 0 V causing
the switching power supply to draw a very
large transient input current as the output
capacitor is being charged. This large input
current surge may induce voltage transients on
the input voltage line which could interfere with
the operation of other components powered
by the V| power source.
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Current at Start-Up
= When switching voltage regulators are turned on, Vg
is far from its expected value

m The switching power supply will draw a large amount
of current from the input power supply

Vin

Vour

lLoan l

'Cl
Cour Rioap
Sanp :

Figure 10.66 How Inrush Current Occurs at
Start-Up

To minimize any problem, many step down
switching power supplies are starting softly
(soft-start feature). The voltage regulator is
designed to slowly increase the duty cycle of
the pass transistor as the output voltage
reaches its expected value (Figure 10.67). This
reduces the possibility of the switching power
supply causing unacceptable fluctuations on
the V\ power line.

Soft Start Limits Current at Start-Up

m The generic term “soft start” refers to a number of
different methods used to limit in-rush current at
start-up

m The maximum duty cycle is increased to its nominal
value

= This slowly allows the inductor current to increase to

its nominal value

= time

Si

LT

I

IL,NOM T
,_i. time

Figure 10.67 Soft Start-Up by Means of
Pulse Width Modulation
Control
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10.9.4 Multiphase Switching

Even with all of the features we discussed
above, some conventional step down
switching power supplies still cannot provide
the expected performance. One inherent
limitation is due to the maximum switching
frequency. If a large change occurs in the
operating conditions of the step down
switching power supply, the control loop will
not be able to respond quickly enough to keep
the power supply in regulation.

Also, even with external (discrete) pass
transistors, power dissipation issues can arise
in conventional step down switching power
supplies in case of high-power systems.
Power supply design is further complicated in
large current systems (>20A) due to
correspondingly larger inductor ripple currents
and output voltage ripple. For very high power
systems, sufficiently large inductors and
output capacitors may be prohibitively large
and expensive (or even unavailable).

Therefore, power supply designers will often
resort to multiphase power supplies. These
systems are essentially multiple switching
power supplies operating out of phase with
each other. Each regulator shares most of the
regulation controller function and output load
power responsibilities. Multiple switching
increases the effective switching frequency of
the multiphase regulator. In addition, it shares
the power dissipation across a larger number
of pass and recirculating transistors, which can
simplify the thermal design. Figure 10.68
illustrates the Basic topology of a two-phase
switching regulator.

VIN
$L7 M1
Multi - |
phase B Vour
Buck
Regulator E— =T
10 M4
<

Figure 10.68 Topology of a Two-phase
Switching Regulator

Figure 10.69 shows the multiphase step down
switching power supply during the first phase
of its operation. Transistors M1 and M4 are on,
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and M2 and M3 are off. Input current from Vy
flows through M1 to Vg 1. At the same time,
current is recirculating from the lower inductor
in the figure through M4. The output current is
sourced through both M1 and M4.

VIN
- Multi -
phase
Buck

Regulator

<

Figure 10.69 Current Flow in the First Phase

In phase two, M1 and M4 are turned off and
M2 and MS3 are turned on. Input current from
V\ flows through M3 to V1. At the same time,
current is recirculating from the inductor at the
top of the figure through M2. The output
current is sourced through both M2 and M3
through the lower inductor (Figure 10.70).

VIN
| Muti-
phase
Buck

Regulator

<

Figure 10.70 Current in the Second Phase

The advantages of multiphase step down
voltage regulators in high current applications
are:

1) Higher effective frequency improves
efficiency (effective operating switching
frequency is equal to the product of the
controller frequency and the number of
phases)

2) Higher effective frequency can allow each
phase to work at a lower (potentially
optimum) frequency equal to the controller
frequency

3) Higher effective frequency also improves
the transient response

4) Each external pass and recirculation
transistor handles reduced current and

dissipates less power thus simplifying the
thermal design

5) The net ripple current and output voltage
ripple are reduced compared to
conventional step down switching power
supplies

Multiphase step down switching power
supplies are more complex to design and
could be more expensive. However, if a
conventional single phase power supply
cannot provide the required performance, a
multiphase power supply may be a good
solution.

10.10 Switching Losses and Efficiency

In this final section, we turn our attention to
calculating the power dissipation and
efficiency of step down switching power
supplies. We begin by reviewing the basics of
power dissipation in linear voltage regulators.
Next, we examine the static and switching
losses in the series pass transistor and
recirculating diode and power losses in the
output capacitor. Finally, we conclude with
typical and “worst case” examples of power
dissipation and efficiency calculations.

10.10.1 Review of Power Dissipation and
Efficiency of Linear Regulators

In linear voltage regulators, the pass transistor
is always on. The voltage drop of V|y-Vour
across the pass transistor is present at all
times. We can approximate the input power of
a linear voltage regulator as:

Pin = Vin (lout + lanp)

where Ig\p is the current needed for the
operation.

The output power of a linear voltage regulator
is:

Pour = Vour lour

Figure 10.71 presents the calculations for its
power dissipation and efficiency. In this
particular example, the efficiency of the linear
voltage regulator is less than 30%. While this
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might seem low, it is typical of any linear
voltage regulator with a V,y / Vg ratio of 3-to-1.

+14V Py = (14 V)(120 mA) = 1.68 W
120 mA | Pour = (6 V)(100 mA) = 0.5 W
Linear +5V
Voltage Regulator -
100 mA
i Py 05W
= = =0.29
Poyr 1.68W

Figure 10.71 Linear Regulator: Power
Dissipations and Efficiency

In Figure 10.72 we see the efficiencies of a
linear regulator and step down switching
power supply vs. load current. At low load
currents, the linear regulator efficiency is less
than 30% and it only increases to about 43%
at high load currents (where the effect of Igyp is
minimized). For the step down switching
power supply, we see that the efficiency is
again low for small operating currents but
reaches over 80% for larger load currents.

Buck Switcher

100
[
il

Viy=14V, I, = 0513 A
Vour =6V, logr=1A
Ploss = Py - Poyr =1.2W

Buck
Switcher

Linear Regulator
V=14V, Iy =1.01 A
Vour=6V, loyr=1A

I Ploss = P - Poyr =8.1 W

Efficiency [%]

Linear 7
50 Regulator —

10° 10 10? 10° 10*
Load Current [mA]

Figure 10.72 Efficiency of Switching and
Linear Regulators

10.10.2 Switching Losses

To better understand all the different power
loss mechanisms in a step down switching
power supply, we begin by considering
Figure 10.73. Before time 1, the pass transistor
is off. The voltage across the transistor, Vpg, is
approximately Vy, and |,y is 0 A.

At time 1, the MOSFET starts to turn on. I

begins to increase, but Vg is relatively
unchanged until Iy = lgecg. The MOSFET is in
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saturation until time 2 and switching losses
occur in the series pass switch.

At time 2, the MOSFET moves out of saturation
into the linear region. Vpg rapidly falls and I
begins to increase at a slow rate in response to
the rising source voltage. Vg would approach
0V if the pass transistor were an ideal switch.

At time 3, Vg has fallen to its minimum value,
and the MOSFET is fully on. At this point, the
switching loss, associated with turning on the
pass transistor ends. After time 3, I,y continues
to increase as a ramp function because the
voltage difference across the inductance is
almost constant and is equal to V| - V7. The
ramping up current results in Vg increasing
slightly as a product of |y and Rpg, This
voltage drop across the non-ideal MOSFET
switch will result in a static power loss.

At time 4, the pass transistor begins to turn off.
There is an increase in Vpg as the MOSFET
moves out of the linear region. | begins to
decrease at a slow rate as long as V1 < Vps.

In the interval of 5 to 6, the recirculation diode
begins to conduct the inductor current, the
pass transistor moves into its saturation region
and |,y is falling at a faster rate. Switching
power losses will continue to occur until I, has
fallen to O A at time 6.

] —ECA
lneca > TN A
I\N

!

Switching
Loss

Figure 10.73 Power Losses in Buck
Converters
Note: Thet

swon
scale.

and tg,,. periods are not to
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10.10.3 Static Power Losses

First let us consider the static power loss in the
pass transistor when it is on (Figure 10.74).

As expected, the power losses when the pass
transistor is on are primarily due to the drain-
source on resistance, Rpg,,, of the MOSFET.

Rpsons however, is affected by a number of
different factors, including the MOSFET gate-
source voltage (Vgg), the drain-source current
(lpg), and the semiconductor junction
temperature (T ).

It is difficult to represent Rpg,, varying with
Vs, Ips, and T on a single graph. Therefore, it
is common to see Rpg,, as a function of two of
these three variables on a single graph in a
datasheet. For example, in Figure 10.74 we
see Rpg,n €an be increased several times over
a range of gate-source voltages and drain-
source currents at constant temperature.

= Conduction losses can 12 T TTTTTTT] ‘
be gpproxwmate§ with the 15 +++52154—+ 561 a5
drain-source resistance, 10 "
Rosen Of MOSFETS p
u The Rpgo, Of @ MOSFET /
is a function of: ® P y
1) Vas g g ," 7/
2) Ios £, A P v
T, BT AT
= . H T T LA 6
E—————
Toxs ke INTRERARN
Vgs=10V 2 1 }
i Vs in Volts -
L

o

T
0 20 40 60 80 100 120 140 160 180 200
los [A]

Figure 10.74 Forward Conduction Losses

Figure 10.75 illustrates how Rpg,, varies with
the junction temperature. It is not uncommon
for the resistance to double as the junction
temperature is increased from room
temperature (25 °C) to an absolute maximum
temperature (150 °C).

Note that Figure 10.75 only shows a single
Rpson curve which would be specified with Vg
and lpg parameters. If necessary the Rpg,, at
additional values of Vg and Ipg Vvs.
temperature can be estimated. The factor a is
calculated from an Rpg,, Vs. T, curve obtained
from characterization data of the MOSFET or
by measurements.

5
u The Roser) Of @ MOSFET [T
is a function of: || RosenatT, /
1) Gate-source voltage, Vos -1 -|-FF-[-F4-F+ A
2) Drain current, lpg /
3) Junction temperature, T, 4 /
g
S e /
£ | |axe| /]
A 1
1
2 .
A0
1
1
25°c! T
1 t
20

-60 -20 60 100 140 180

o W29 Jrel
Rosgon) (T)) = Roson (25) * | 1+ —
osion) (T) = Rosen) (25) [ : ]

Note: the exponent is divided by 1 °C (not shown).
All temperatures are in °C

Figure 10.75 Typical Temperature
Dependence of Rpg,,

Next the power loss in the recirculation diode
is considered. An example of the forward
current through the diode is shown in
Figure 10.76. After the pass transistor is turned
off, current |_starts at I ., and slowly decays
during the recirculating (i.e. off) period while
power, equal to the product of the forward
voltage drop and coil current, is dissipated in
the diode. When the pass transistor is off, the
diode is conducting the entire (yet decaying)
inductor current. Since the pass transistor is
on for a given duty cycle, D, the diode will be
forward conducting for a percentage of time
given by (1 - D).

When the pass transistor turns on again, the
diode forward current quickly falls toward 0 A.
After the diode’s forward current falls to 0 A,
the current through the diode begins to
increase in the opposite direction (reverse
recovery) while increasing reverse voltage is
appearing at its cathode. After the diode has
completed its reverse recovery, the recovery
current is equal to 0 A. This transient happens
very quickly in Schottky diodes. When slow
recovery diodes are used, the recovery takes
several times longer, further increasing the
power dissipation. Modern, high frequency
switchers simply don’t work with regular and
slow response power diodes, fast recovery
diodes may switch in sufficiently short times
but their forward voltage drop is higher than
that of Schottky diodes, thus further increasing
the power losses.
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e Schottky
Diode
tvr
110%
< = R
Qs 7 /, e Soft recovery diode
laydle=====lt==== Fast recovery diode

Losses of a Diode:

Conduction Losses
Peona = Vb X lour X (1 - D)

Dynamic Losses
Poyn = Qg X Vg x

Figure 10.76 Power Losses in the
Recirculating Diode

Vin m When the MOSFET is off, the
diode is conducting I = I, (t)

= This occurs (1 - D)% of time
® Ppiggeon = Ve I (1 - D)

Figure 10.77 lllustration of Recirculating
Diode Current

Now, that we have a better understanding of
the sources of power dissipation in a step
down switching power supply, it is time to
examine some of the approximations generally
used to estimate power dissipation and
efficiency.

Figure 10.78 illustrates the power losses
associated with a MOSFET pass transistor. It is
comprised of three parts. First, we include the
static power loss when the MOSFET is on.
Second, we need to consider the power
dissipated in the gate driving circuitry charging
the MOSFET gate capacitance (Cg). Finally, we
include the power dissipated in the MOSFET
as it switches on and off.

The current through the high side switch is
given by:
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en® = (-2 + 5 t, for0 <t <DT

Where i_is the inductor current, Ai_is the peak-
to-peak ripple, D is the duty cycle and T is the
period of switching.

The average Rpg,, power dissipation, when the
high side switch is on, is calculated as from the
integral:

DT

R , 5 Al
o j[lon(wdt = DRDSOn(IL2+T§)dt

Proson =

0
During the recirculation period the current is
given by:

= Aip Aig
ion(t) =i+ 2 {-DmT

t,for0<T<(1-DT.

Notice, that the time is reset to 0 at DT to
simplify the integration:

(a-D)T

Pbioge = VE J. io(dt = (1 - D)Veip

0

A2 Ai
Pyarc = R ()2 +— [*D it —
Static DSW[(J 12} SN\
iL
e 2
oA

Lt 2

Paato orve = Qa f Vas = Cos f Vas®

. Vi f [ AiL]‘
= = =
prene ot = o (M 12) ™ W MOSFET tumn-on

Vo f A e and turn-off losses

naf L

Poynamic_orr = —— [ll - g]‘o;;

P R
Couesn = Resn —

Protat oss = Pstatic + Peate prive + Poynamic on + Poynamic ofr + Poou esa

Reference: “Mobile Handset* by Jingdong Chen, Design Line, Jan.14, 2008

Figure 10.78 Calculation of Dissipation in the
Power Transistor and in ESR

Next, we examine the power dissipated in the
output capacitor as the inductor current ripple
and output voltage ripple charge and
discharge Cgyr. Figure 10.79 illustrates the
output.
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Figure 10.79 Calculations of Losses in the
Output Capacitor (caused by
ESR)

Finally, we include the switching power loss in
the recirculation diode. The switch on losses of
the diode are a function of the reverse recovery
charge (Q,,) of the diode, the input voltage and
switching frequency of the system. Since the
turn-off power losses of the diode are
significantly smaller than the turn-on power
loss, they are typically neglected.

In total, the power losses in a step down
switching power supply are the sum of Pgyc,

PGateDrive’ PDynamic' PCap’ PDiode,on' and I:>Dic>de,sw
as elaborated in Figure 10.80.

= The losses in the buck regulator are approximately
equal to the sum of:

1) MOSFET conduction (“static) losses

n

) Diode conduction losses

) MOSFET switching losses

) MOSFET gate drive switching losses
)

)

a b w0

Capacitor switching losses

(2]

Diode switching losses

Ploss = Pumosrer_static + Poiode_on + Pumosrer_sw
+ Pyosrer cate + Pcap_sw + Pbiode_sw

Figure 10.80 List of Losses in a
Buck-regulator

Once the power loss in the step down
switching power supply is calculated it is
simple to find the efficiency of the power
supply using the equation for n:

N = Pour/ (Pour + PLoss)

Let us now take a look at the power dissipation
and efficiency for a typical case step down

switching power supply. The parameters for
the system and the power supply are shown in
the following list:

System Design Buck Regulator

Parameters Parameters

nV, =135V m Rpgon = 0.33 Q
m Vo =5V mf, =100 kHz
m loyr =500 mA sV, =04V

= Regn =100 mQ
= Al =150 mA

mQ; =46nC
= Q, =140pC
m Vg =12V
mt,, =100ns
mt, =50ns

Figure 10.81 Parameters for System and

Power Supply

Rpson The drain-source resistance of the
MOSFET pass transistor.

fs Switching frequency of the power-
supply

Ve Forward drop across the recirculation
diode

Resg  Equivalent series resistance of the
output capacitor

Al Inductor ripple current

Qg MOSFET gate charge
Q, Diode reverse recovery charge

Vas Typical gate-source voltage when
MOSFET is on

t Turn-on time of MOSFET

rise
tan Turn-off time of MOSFET

In the following calculations
simplification will be used.

lour = lave

lout = lava =0.5 A
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- Vour + Ve
Vin—=Roson lout + Ve

_ 5+04
135-0.33x 05+ 04

Al)2
Pstatic ¥ Roson [(IOUT)Z + %} xD

= 0.393 = 39.3%

x0.393 = 32.7 mW

-0 33(0 254 0: 0225)

PDiode(on) *Veloyr(1-D) =
=0.4x0.5x(1-0.393) =121.4 mW

IOUT RDSon f

Al
P bynamic = > (lom + 1-5) (ta(on) + o)
_ 05x0.33x 105(0_5 0. 15)(100 +50)x 109 =
2
= 0.63 mW

PGatefDr\ve =fx QG x VGS = 5.52 mW

Al)? 0.0225 x 0.1
Pcap_sw (1 ) Resr = —TX——— 0.19 mW
Pbiode_sw = JTQ Vf = ‘1—‘140><10 12%13.5x 105 =
= 0.047 mW

Summing the loss terms will give:
Ploss=(32.7+121.4+0.63+5.52+0.19+0.047) =
=160.49 mW

and the efficiency will be equal to:

5x0.5

Vour lour - -
5x0.5+0.16049

Vour lout +PLoss

= 0.9397 — 94%

Next, the same basic step down switching
power supply is reexamined while operating
under less favorable conditions. Note that “the
less favorable conditions” are better than the
absolute worst case scenario and only five of
the key system and regulator parameters are
modified to show how they can affect the
power supply efficiency.

Let the maximum input voltage be 26V
corresponding to a double battery condition in
an automotive application. The output voltage
is assumed to be at the specified minimum of
475V (5% below a 5V typical value). The
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maximum load is increased to 550 mA caused
by a hypothetical increase in the power
demand by the circuits supplied by the
switching power supply.

In addition to three system parameters, two
other component values are modified: the
Rpson Value is increased from 0.33 Q to 1 Q to
account for variations in processing and
temperature and the forward drop across the
recirculation diode is also increased by
100 mVto 0.5 V.

System Design Buck Regulator

Parameters Parameters

nVy =26V m Rpgon =71 0Q

n Vo =475V mfg =100 kHz
m loyr =550 mA nV, =05V

= Regn =100 mQ
= Al =150 mA

mQ; =46nC
m Q, =140pC
m Vg =12V

mt =100 ns

rise

mt, =50ns

Figure 10.82 Parameters for System and
Power Supply

Vour + Ve
Vin=Roson lour + Ve

4.75 +0.5

- - - o
~ 26-1.0x055+0.5 02023 = 20.23%

Al
Pstatic RDSon[(IOUT)Z + & )2 } xD =

= 1.0x(0.3025 + 29225) . 0.2023 = 61.6 MW
12
PDiode(on) *Veloyr(1-D)=

=0.5x0.55 x (1 - 0.2023) = 219.4 mW

| R f Al
~ W(lom + —) (tagony + taorn)

_ 0.55x1.0x10°%
- 2

PDynamic

(100 + 50) x 10-9 =

(0 55+°15)

= 2.32mW
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P oioce ow = J—lQ,,me - 2-1140 X 1012 x 26 x 105 =

= 0.091 mW
PLoss=(61.6+219.4+0.149+5.52+0.38+0.091) =

=287.14 mW

n= Vour lour - 4.75 x 0.55 _
Vout lout+ PLoss  4.75x0.55 +0.28714

= 0.9009 — 90.1%

From the above calculations it is clear that the
changes in the system, and voltage regulator
parameters did not significantly change the
efficiency of the step down voltage regulator.
However, it is essential to consider the typical
case and worst case(s) when designing a step-
down switching power supply. For example
the efficiency for several orders of magnitude
variation in Iy (unlike the +10% increase we
considered here).
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11. Electrostatic Discharge, Electrical Over Stress, and Safe

Operating Area

In this chapter, we will be examining some of
the most common causes of semiconductor
device failure and ways to address or prevent
these problems.

To begin, the concept of electrostatic
discharge (ESD) is introduced. We will discuss
the physics behind ESD and how it can
damage semiconductor components. We also
review what integrated circuit designers can
do to reduce the probability of ESD damage
both at device level and system level.

The next section in this chapter is about the
electrical over stress (EOS) and the description
of how it differs from ESD. We will examine
common failure modes from EOS and show
how these failures modes are distinctly
different from typical ESD damages.

Lastly, the chapter is concluded by introducing
the concept of safe operating area (SOA). The
SOA is usually specified within a power
semiconductor datasheet. Strict adherence to
limits of its SOA when operating a
semiconductor device will make every
designer’s life easier and, more importantly,
the design more robust.
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11.1 Electrostatic Discharge (ESD) Stress
We are all familiar with electrostatic “shocks”.

Charge can build up on a person or an
insulating object from a variety of sources.
Friction, like walking across a carpet or sliding
out of a car seat is a common source and a
well known cause of charge build up.

After charging up an object, it is at a higher
electrostatic potential than other surrounding
objects. Think of this as the object having
excess energy and the energy wants to
escape.

When the charged up object comes in contact
with another object or person at a lower
electrostatic potential (less energy e.g. less
charge), a transient shock will result. The
shock is caused by the sudden transfer of the
electrostatic charge called an electrostatic
discharge (Figure 11.1).

= We are all familiar with a common form of electrostatic

discharge (ESD):
Q \; g

Shaggy Carpet

m ESD is the sudden transfer of electrostatic charge between
objects at different electrostatic potentials

Figure 11.1 Electrostatic Discharge (ESD)

It is interesting to note how much voltage
potential can result from electrostatic charges.
Generally the human body does not feel the
electrostatic shock if the static voltage is less
than 3 or 4 kVIll It is only at static voltages
above those limits one starts to feel the familiar
shock/poke when touching the car door while
getting out of the vehicle or when touching
another object after walking across a carpeted
floor. We will elaborate more on this subject
later in this chapter, but as a quick introduction
this brings up the first question as to how do
ICs survive in the real world that are normally
only protected against ESD up to 2 kV but yet
many ESD events that we commonly
experience are often greater than 3 or
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4 kV???? The answer lies in the fact that there
are different definitions (and reference points)
when talking about electrostatic voltages and
charge transfer. When discussing the amount
of charge/voltage on an object we are
referencing it to “mother earth” (i.e. OV
potential). Thus the object has 4kV of
electrostatic potential higher than “earth
potential”. When discussing the robustness of
ICs (strictly at the component level) to ESD
energy, we are often referring to a static
voltage between two different pins on the IC.
Thus when you touch an IC between your two
fingers, even though you may be charged to
4 kV above earth potential, the amount of
electrostatic potential between your two
fingers (one finger referenced to another) and
thus the potential between the two IC pins, is
much less than the 4 kV between your body
and earth potential.

= Which levels can occur?
— Below 3 - 4 kV you see, hear or feel nothing!
— Just above 4 kV, air-gap-sparks can occur
—1mm — 1 kV (6 mm spark means 5 kV)
= Why does a 2 kV protected device survive the real world?
— You are charged relatively to earth, not to “pin7”
— You do not have 4 kV between your thumb and your
index finger

Figure 11.2 Where Does ESD Come From?

You may already be aware that these
“electrostatic shocks” tend to occur more
frequently in dry environments like in the winter
time in colder climates. The reason for this is
that higher humidity tends to form a slight film
of moisture on the surface of objects which
helps to distribute the charge evenly around
the object, which in turn, reduces the static
voltages. The static voltage increases as the
charge is more concentrated in one area of the
object. This is the main reason why we tend to
get more “electrostatic shocks” in the
wintertime and that is why electronic
manufacturing plants have high quality
temperature and humidity controls.

Figure 11.3 illustrates the effect of humidity
and type of material on static potential.
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n Influence of Air Humidity

— Higher relative air humidity does cause a “moisture”
film on surfaces

— Charge is more distributed, lower voltages thus occur
- But dry air does not have a higher inherent “resistance”
office room (winter) without

air humidity regulation
|

\
\ synthetic
¥

\
\

ESD Voltage (kV)
©
|

S S wool \

~
S U AN
;

g ~

LD ey, \

1 R T U

5 10 20 30 140 50 60 70 80 90 100
15% 35%

% Relative Air Humidity

Figure 11.3 Where Does ESD Come From?

11.1.1 Susceptibility of Semiconductor
Devices to ESD Stress

We now take a quick look at how electronic
devices can be susceptible to damage from
electrostatic charge/energy. Figure 11.4 is a
side view of a Metal Oxide Semiconductor
Field Effect Transistor (MOSFET) that is
discussed in more details in the previous
chapters.

The transistor can be thought of as an
electronic switch. Current can flow between
the drain and the source and the gate acts as
the control between them. When the switch is
closed, current will flow between the drain and
source, and the transistor is “on”. When the
switch is open, current is prevented to flow
between the drain and source and the
transistor is “off”.

When no bias (or zero volts) is applied at the
gate, the transistor will be in the off state and
to close the switch and allow current to flow
between drain and source, a positive voltage
(or bias) with respect to the source has to be
applied to the gate.

A thin non-conductive layer of glass (silicon
dioxide) electrically separates the gate from
the body of the transistor.

Insulating
SiO, Gate

<+— source is
grounded

Figure 11.4 MOSFET Gate Susceptibility

Let us see what happens when a voltage is
applied to the gate to turn the transistor on.
Over time, as the voltage is applied to the gate,
charge flows onto the gate.

However, because of the layer of glass (silicon
dioxide) the gate is electrically insulated. The
charge is stuck and has no where to go.
(Figure 11.5)

Gate | gyt the charge

is stuck on gate
due to insulating SiO,

p-type

Figure 11.5 Charge is Applied to the

MOSFET Gate

We will be using the terms voltage and
capacitance a lot during this module, the
reader is encouraged to review these concepts
in Chapter 1.

The equations relating capacitance, voltage
and charge are also applicable to a MOSFET
gate-source capacitance. Letting the amount
of charge on the gate be equal to Q and the
physical dimensions of the gate be d (or
thickness of SiO,) and A (or area), the gate-to-
source voltage (V) is defined as:

V=Q*d/(€E,A
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Therefore, as more charge is placed on the
gate of the transistor, the voltage on the gate
increases.

Qd
€€ A

m €€, is a constant for a given material (SiO,)

= As the charge (Q) on the capacitor increases -
the voltage across the capacitor increases...

Figure 11.6 Quick Review Summary

Let’s see what can possibly happen when this
process goes unchecked. If sufficient charge is
placed on the gate of the transistor, the voltage
can quickly climb to unsafe levels since
voltage across a capacitor is given by
V=Q/C (charge per capacitance).
Sometimes, these voltages can reach 100V,
1000 V, or even more. The electrostatic energy
(and associated electric field) can be large
enough that it damages the insulating glass,
often creating an electrical short from the edge
of the gate to the source where the electric
field is strongest.

Figure 11.7 Gate Charge Induces a Gate
Voltage

The sudden discharge damages the structure
and creates a path for gate charge to flow
through the silicon dioxide layer and to the
source of the transistor which is commonly at
ground potential (Figure 11.7).
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Allowable E-field
within SiO, exceeded

Induced Gate Voltage Creates
a Hole in the SiO,

Figure 11.8

Effectively, this means that the gate and
source are shorted together and the gate will
be held at or close to ground potential. Due to
the short, the transistor cannot be turned on
and for all practical purposes the transistor is
destroyed (Figure 11.8 and Figure 11.9).

L | Gate-Source

Short

Induced Gate Voltage Creates
a Hole in the SiO,

Figure 11.9

So, let us summarize what we have learned so
far by looking at our primary equation:

V=Q/C~Q*d/A(C=EE,A/d)

That is, the gate voltage is proportional to the
gate charge times the insulating glass
thickness, divided by the gate area (the term
€,€.« is the dielectric constant of the gate
capacitance, C).

With technology advances in semiconductor
manufacturing transistors are made smaller
and smaller. With smaller feature geometry the
thickness of the insulating glass layer
decreases, but the area (width times length) of
the transistor gate decreases at an even faster
rate. So, if the same amount of charge is
placed on the gate of a large (older) transistor
and a small (newer) transistor, the voltage on
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the small (newer) transistor will be much higher
primarily due to the smaller gate structure.

Therefore, newer, smaller transistors tend to
be more susceptible to damage caused by
electrostatic discharge if proper precautions
are not taken both at the device and system
levels.

Qd

€o€axA

m As the charge (Q) on the capacitor increases -
the voltage across the capacitor increases...

n If the transistor decreases in size -
the thickness of the SiO, gate (d) decreases -
but, the area (A) of the gate decreases faster -

n For the same amount of charge, the voltage across
the capacitor is higher for a smaller transistor

= More advanced technologies may require additional
ESD precautions

Figure 11.10 Gate Susceptibility Summary

Let us look at a quick example (Figure 11.11).
We will compare what happens to transistor in
a “very” old 3 ym process and a “relatively” old
1.2pum process during an electrostatic
discharge event. In both cases, 1.16 x 107"
coulomb charge is placed on the gate of a
transistor (€,, = 3.9).

= 3 um Process (Minimum Size Transistor)
—t,,=400A=4x10%m
-L =3um
-W =3pum
-Q =1.16x10"C

(1.16 x 10" C)(4.0 x 10° m)

V= 59885 x 102 F/m)@ x 10° M@ x 10° 1)

=1.5kV

= 1.2 ym Process (Minimum Size Transistor)
—tx=200A=2x10%m
-L =12pm
-W =12pm
-Q =1.16x10""C

(1.16 x 10" Q)2 x 10° m)

V= (5.916.85 x 102 F/m)(1.2 x 10° m)(1.2 X 10° m)

=4.7kV

Note: €€, = (3.9)(8.85 x 10°2F/m)

Figure 11.11 Induced Voltage for 3 um and
1.2 pm CMOS Processes

For the 3 pm transistor, the gate is 3 pm long
and 3 ym wide. The insulating glass layer is
4 x 10°® m thick. For the 1.2 pm transistor, the

gate is 1.2 um long and 1.2 ym wide. The
insulating glass layer is 2 x 10® m thick. Using
our equation:

V=Q"t, /(€€ A)

the voltage on the gate of the 3 ym transistor is
1,500 V which is approximately the voltage
built up on a person walking across carpet on
a very humid day. The voltage on the gate of
the 1.2 ym transistor, however, is 4,700 V!!! (in
spite of the fact that the charge on the gates is
exactly the same in both cases!).

Note that the symbol “A” in Figure 11.11 is for
Angstrom or 108 m.

11.1.2 ESD Testing Standards

In order to characterize and quantify the ESD
robustness of integrated circuits different ESD
standards and tests have been developed over
the years. These tests are for trying to
“simulate” real world events and applications
but unfortunately there is no one, single ESD
test that can cover all the different mounting
and handling conditions. Different tests have
been developed to simulate ESD events
resulting from human bodies, from machines
(manufacturing equipment), and also from the
devices themselves acquiring charge and
eventually discharging to ground potential. In
addition to all of these different tests, a
complete set of different test standards have
been developed regarding if the device under
test is a component (single integrated circuit)
or a complete electronic module (printed
circuit board with many ICs). Thus when
talking about ESD levels and robustness it is
extremely important to understand and know
what test standards are being applied.

These test standards (Figure 11.12) all consist
of a model, parametric values for the elements
used in the model and a test procedure which
tells how to apply the standard (amplitude of
pulses, how many pulses to apply, use both a
positive and negative pulse and what pins to
apply the pulses to).
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m A ,Standard“ consists of ...
- ... aused MODEL
(HBM, MM, ...)
— ... VALUES for the elements used in the model
(R =1500 Q, C = 100 pF)
— ... plus TEST PROCEDURE: how to apply the standard
(e.g. 3 pulses)

Standard = m + + Procedure

m Therefore Standards can differ in each subset, in the
- MODEL
- VALUES
- TEST PROCEDURE

m ,HBM 2 kV* is not specofic - ,2 kV JEDEC22-A114*
is better defined

Figure 11.12 ESD Standards & Tests:
Overview

One of the most common standards is the so-
called “Human Body Model” (HBM) which
consists of a capacitor and a series resistor.
This standard is meant to replicate if a charged
human being comes in contact with an IC. It is
important to note again here there is not one
HBM standard but several standards which
can be seen in Figure 11.13 using different
values for the capacitor and resistor.

= Human Body Model (HBM) consists R
of a Capacitor and a series Resistor - L
= Values are defined in the specific
standard ©
— Commonly used: C = 100 pF, R = 1500 Q T
(JEDEC, Mil, etc.)
u Test Procedure is defined in the Model

specific standard HBM Standards

(R =1500 ©, C = 100 pF)
* JEDEC JESD 22-A114 [2]
* Military Standard

Mil.883 3015.7 [3]
* ANSI/ESD STM5.1 [4]
*IEC 61340-3-1

“Human ESD Model”
(R=2000Q,

C =150 pF - 330 pF)

+ISO/TR 10605 [5]

“Human Body Representative”
(R =330, C =150 pF)

+ IEC 61000-4-2 [6]

— Commonly used: 1 to 3 pulses,
both polarities, 3 devices/voltage level

Commonly used
for component tests

Figure 11.13 ESD Models: Human Body
Model

The most common HBM (Figure 11.13) used for
component level testing is in the JEDEC
standard but it will also be shown later in this
chapter that a different standard is used for
HBM testing of complete modules.
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When testing for ESD robustness the capacitor
is charged by an external source to the
specified voltage (1 kV, 2 kV, etc.) and then the
capacitor is discharged into the device under
test through the series resistor.

Typical HBM test current waveforms can be
seen in Figure 11.14; note, that the transients
are quite fast (nanosecond type rise times) and
the current amplitudes are in the range of a
couple of amperes.

= HBM Jedec22-A1114 700 o T T

AN -- 5000
N — Short
i

'

]

Waveform: —

— 10 ns rise time typically (short)
2 - 10 ns are allowed

— Peak current:
Rule of Thumb:

1 kV = 2/3 Ampere )
ey
ooy = S0 [
1500 Q 1000 0.67 - 0.74
2000 1.33 - 1.45
4000 2.67-2.93

Figure 11.14 ESD Models: Human Body
Model -> Waveform

A second common ESD test standard is the
machine model (MM, see Figure 11.15) which is
aimed at simulating when a charged part of the
manufacturing equipment comes into contact
with the IC during printed circuit board
assembly. This model only uses a capacitor and
there is no series resistance. Most standards
use 200 pF capacitance value.

m Machine Model (MM) consists of a
Capacitor and no series Resistor
= Values are defined in the specific
standard ¢
— Commonly used: C = 200 pF T
= Test Procedure is defined in the
specific standard Model
— Commonly used: 1 to 3 pulses, MM Standards
both polarities, 3 devices/level (C =200 pF)
* JEDEC JESD 22-A115 [11]
* ANSI/ESD STM5.2

Some definitions use MM
“standard” with a 25 Q series
resistor, which at least doubles
the achievable ESD Level!

“Philips Standard”
(C=200pFR=10-25Q,
L=0.75- 2.5 pH)

« Standard??

Figure 11.15 ESD Models: Machine Model

The current waveform of the machine model
test tends to be oscillatory due to the fact that
parasitics in the test set up (stray inductance,
etc.) can influence the waveform. Due to the
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oscillatory response the machine model test
tends to be less reproducible than the human
body model test.

= MM stress is similar to HBM
21 charge voltage: 100V

- Oscillations due to setup parasitics
= MM and HBM failure modes are
similar
m Less reproducible than HBM

Current /A

0.1 1.5-2.0
0.2 28-3.8
0.4 5.8-8.0

Figure 11.16 ESD Models: Machine Model

For these reasons the machine model test
seems to be less frequently used and another
test called the “Charged Device Model” (CDM)
is becoming more popular. In course of both
the human body model test and machine
model test an external object (the capacitor) is
discharged into the device under test. The
charged device model test is exactly the
opposite in that the test simulates a charged
device under test discharging to ground. This
is an approximation of the effects when a
charged component is touched or handled by
a grounded object.

= Models an ESD event which occurs when
a device acquires electrostatic charge and
then touches a grounded object

Device
discharges Device placed
through in dead-bug
ground probe position

Field Plate

High Voltage Source

Figure 11.17 Charged Device Model Test

The charged device model current waveform is
highly dependent on the package capacitance
of the device under test and the rise time is
even faster (in the range of hundreds of
picoseconds).

< 90%

it/

£ 50%
10% | —l
0

Curre

Time/ns

500 V with 4 pF verification module
t, <400 psec/ |y, ~4.5A/ I, < 0.5, /1,5 < 0251,

Source: AEC-Q100-011B

Figure 11.18 CDM Waveform: Highly
dependent on die size and
package capacitance

Most integrated circuits that are used in
automotive applications must be qualified
according to the AEC-Q100 qualification test
standard originally developed by Ford, GM,
and Chrysler. The AEC-Q100 is not itself a test
standard but a collection of qualification
requirements which references other existing
standards. In regards to ESD robustness the IC
must pass either 2 KV for the HBM test (JEDEC
standard) OR 200V for the machine model
(MM) test (again JEDEC standard). In addition
the device must also pass 500V (750V for
corner pins) using the charged device model
(CDM) test according to a JEDEC standard.

11.1.3 Component vs. Module Level Tests

As mentioned previously there is a difference
in ESD testing (and test standards) between
testing an individual IC (component) and
testing an electronic module (system).

The main goal for device level testing is that
the component remains intact and fulfills all
specification limits following the mentioned
ESD tests, thus ensuring a relative measure of
robustness during handling and
manufacturing.

The main objective for system level testing is to
ascertain that the system remains functional
during and after the ESD stress is applied
which gives a relative measure of robustness
when used by the end customer(s).
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Goal: UNDISTURBED
functionality during and after
ESD stress under powered /
functiona conditions

o

e

ESD is a part of EMC qualification
Different “behavior criteria”

in response to ESD on system
level exists (class A to D)

= Just dedicated pin
combinations feasible
— I/0 vs. GND

u The reference/enemy is
always earth potential

Goal: UNDESTROYED
components after ESD stress:
Al specification-parameters

should stay within its limits @

ESD is a part of product
qualification “Pass”/fail”
criteria

= All pin combinations can
occur and are tested

= Relative measure of

robustness during
handling/manufacturing

= Relative measure of
robustness of end product
during operation

Figure 11.19 ESD Standards & Tests:
System vs. Component

As an example we can look at the differences
in the human body model tests normally used
for component and system level testing. For
component level HBM testing one of the most
widely used test method is formulated by the
JEDEC standard which uses a 100 pF
capacitor and 1500 Q resistor. During this test
all possible pin combinations are tested.

For system level HBM testing the so called
“Gun Test” is widely applied using a 150 pF
capacitor and 330 Q resistor. Already it can be
seen the peak current will be higher for the Gun
Test compared to the JEDEC component test
(more about that shortly) at comparable
voltage levels. Also the system pins or
interface are tested with reference to earth
ground/potential (Figure 11.20).

Component Level

Human Body Model (HBM)
100 pF / 1500 Q
JEDEC-Norm JESD22-A114-B

Module/System Level

Human Body Model (HBM)
150 pF /330 Q
EN 61000-4-2

(so called “GUN Test")

Human Body Model (HBM)
150 pF / 2000 Q
1SO 10605

Human Body Model (HBM)
330 pF /2000 Q
ISO 10605

(MIL-STD883D, method 3015)

Machine Model (MM)

200 pF /0 Q

JEDEC-Norm JESD22-A115-A
(correlates to HBM)

Charged Device Model (CDM)
Package pF /0 Q
JEDEC-Norm JESD22-C101-A

Figure 11.20 ESD Test Methods (Models)
System vs. Component

As an example we examine the details of the
implementation of the JEDEC human body
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model test for components. This test consists
of a high voltage source charging the capacitor
and then the capacitor is discharged through a
resistor into a number of pins of the integrated
circuit selected in a certain combination and
shorted together. Some pins are individually
tested as described in Figure 11.21.

= A “Pin-to-Pin” ESD Tester R
(like HBM, MM Testers) consists
of the HV source and the model
with its values, connected to
two “Terminals”

Terminal A
H—

Terminal B

The Terminals are not changed
for polarity reversal ...

— The capacitance is charged
one time positively and one
time negatively

— Tester-Ground along with
parasitics stay constant

Terminal A
—

S

Terminal B

Figure 11.21 ESD Models: Human Body
Model -> Component Test

In regards to the pin combinations tested, the
pins are normally classified and grouped as
supply pins (all supply pins and ground pins)
and non-supply pins.

For the supply pin test each individual non-
supply pin is tested one at a time (at terminal A
for instance) in reference to the first supply pin
(at terminal B for instance). The test is then
repeated for each supply pin.

For the non-supply pin test each individual
non-supply pin is tested one at a time (at
terminal A for instance) in reference to all other
non-supply pins grouped (connected) together
in parallel (at terminal B for instance). This test
is repeated for each non-supply pin.

An ESD stress pulse prescribed for the test is
applied with one positive pulse and negative
pulse for each pin combination. Then the
devices are tested with the normal test
program to make sure all parameters are, and
the functionality is within specification. If all
devices are within specification HMB test is
then repeated at the next higher pulse level.

The following figures illustrate the different
HBM ESD tests: Figure 11.21, Figure 11.22,
Figure 11.23 and Figure 11.24.
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n 2 different Pin - Combination - Types are tested
— Supply - Pin - Tests
= All Pins (individually one at a time) at
Terminal A vs Supply-X at Terminal B
= Repeat for Supply-Y, Supply-Z, etc.
at Terminal B
— Non-Supply - Pin - Tests
= All Non-Supply pins (individually one at a time)
at Terminal A vs all other non-Suply pins
(together) at Terminal B
= Repeat tests with reversed roles
(individual pin to Terminal B grouped
pins to Terminal A)

= 1 positive and 1 negative pulse for each pin - combination

m Step - Stress, 500V, 1 kV, 2 kV and 4 kV are used;
different levels and steps can be defined

— A new set of 3 devices per level is used
ESD Product Qualification Test @ IFX according to

JEDEC EIA/ JESD22 - A114 - B[2]
described in IFX Procedure [1]

Figure 11.22 ESD Models: Human Body
Model -> Component Test

= ESD Test P1.1

Terminal A =
~ Al Pins vs Supply 1 + s e
(in this case GND) ESD —jio \!) (e} mum}
- In this case: Generator E :: je?uun‘
« 10 different - Hou_oopm—t
combinations

1+ and 1- pulse for
each combination
— 20 pulses for
each voltage step

P11 Terminal A: All pins individually except Ref. Pin pulses +/- 11
Terminal B: Ref. Pin

reference pin(s): _GND (7)

device no. UV [faivall [ dc | fet. [remarks

1,2,3 1000 | 0/3

4,56 1500 | 0/3

7.8,9 2000 |13 |1

10, 11,12 2500 | 03

13,14,15 3000 | 03

16,17, 18 3500 | 03

19,20, 21 4000 | 03

22,23,24 5000 | 03

Figure 11.23 ESD Supply-Pin Test: HBM
ESD Each Pin vs. Supply-1
(GND)

= ESD Test P2
— Each non-supply vs. All other non-supply
— One non-supply at a time on Terminal A
— All other non-supplies at Terminal B

[Terminal A]
" Voo Ve |
0 Out
= 1+ and 1- pulse for i

each combination
Out GND[—1

ESD 10 \,) 10
Generator in Jou
In GND
= — 16 pulses for -
each voltage step o

— In this case:
= 8 different
combinations

P2 Terminal A: All non-supply pins individually pulses +/-  1/1
Terminal B: Al other non-supply pins

device no. UV | fail/all | dc fot. | remarks

121,122, 128 1000 | 0/3

124, 125,126 1500 | 0/3

127,128, 129 2000 | 03

130, 181, 132 2500 | 0/3

133,134, 135 3000 | 03

136, 137, 138 3500 | 0/3

Figure 11.24 ESD Non-Supply-Pin Test:
HBM ESD Each Non-Supply vs.
All Other Non-Supply

It can now be seen that this series of tests is
quite a lengthy process to fully characterize the
component for human body model ESD
robustness.

In comparison the system level test will always
use earth potential as the “reference pin/point”
and applies the test pulses to “normal points of
accessibility” during end customer use of the
system (Figure 11.25).

= Direct Discharge: Test points
of normal accessibility.

— The Reference -"Pin” at
System-Level test is “Earth”
and not a part of the DUT

= Indirect Discharge into couple
plate: Test for radiated
disturbance immunity

Figure 11.25 ESD Standards & Test:
System-Level Test

Occasionally it will be asked if a system level
test can be applied to a component in order to
try to correlate test results between
component and system level test results. This
is possible but there are a few differences
which cannot be correlated such as the
component cannot be powered and the
reference pin will be the ground pin and not
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earth ground. As can be seen in Figure 11.26
the gun test peak current is approximately 5-
times higher than the component level peak
current due to the differences in the model
capacitor and resistor mentioned previously.

IEC (“GUN")

= Some Customers ask for
system-level test at
component level

I

—
—
—
—
—
—

— Component is not powered

— Only pins which are accessible

to the outside world are tested JEORC B

&
>

ESD@2kV
— IEC (*GUN")
== JEDEC *HBM"

— Reference pin(s) are the
component ground pin(s)

— Pass/Fail according to
Component test-program

— ESD current is 5x higher at
a dedicated voltage level
compared to component
ESD test

Figure 11.26 HBM: System Level Tests
applied to components?

11.1.4 ESD Damage

In general the energy content of the ESD pulses is
rather small because of the low current
amplitudes and fast pulse times (nsec or psec)
even though the voltage amplitudes are in the
kV’'s range. With such low energy level the
damage due to ESD pulses will normally show
very small physical failure signatures that, in many
cases, cannot even be seen with the “naked eye”.

As mentioned earlier in the chapter one
susceptible area to ESD damage is the
MOSFET gate structure. Figure 11.27 and
Figure 11.28 are two pictures from a MOSFET
damaged in the gate structure very close to the
source contact.

pulses, normally cannot be seen with “naked eye”

Figure 11.27 HBM ESD
Gate Shorted to Source
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Without any magnification the damaged area is
not visible to the naked eye (marked by the
small circle). Upon further magnification the
damage is visible: the source contact metal
has a slight burn mark right next to the gate
structure. This device has the gate shorted to
the source (marked with the four arrows) as
previously shown earlier in this chapter.

This device had a G-S short and you can see the burn

mark is right at the boundary region of gate poly and source
metal which is common since this is the area of highest

E field strength

T

Source contact

Gate contact
metal metal

Gate Polysilicon

Figure 11.28 HBM ESD
Gate Shorted to Source

11.1.5 Pin Protection for ESD Stress

The obvious question is: can ESD sensitive
devices be protected in automotive
applications? One very common method of
protecting sensitive circuits is to place a
capacitor between the vulnerable pin and
ground. The external protection capacitor can
divert the ESD current to ground and protect
the sensitive device.

ESD generator
Protected
\ Pin

IC
ESD current/ Cprotechon
Crfy

]
mics

For most robust design, the voltage at this point should

be lowered to be less than internal ESD structure breakdown
voltage so all current/energy is shed thru external capacitor.
Please note that there is no resistor between C,eciion and
IC so high current/energy can flow into IC if internal ESD
structure breaks down and begins to conduct current.

Figure 11.29 Decrease ESD Sensitivity with
a Predictable Charge Well
Topology
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To ensure robustness the voltage level at the
sensitive IC pin(s) must be lowered below the
breakdown level of the internal ESD structure
contained within the IC such that all current will
flow through the external capacitor and
completely protect the IC. A simple equation
can be used to determine the value for the
external protection capacitor. It can be seen in
Figure 11.29 that a capacitive voltage divider is
formed between the ESD generator and the
external capacitor. Thus by knowing that
charge is equal to capacitance times voltage
(Q=CV) and the total charge is transferred
from the ESD generator to the external
protection  capacitor it follows that
CESD * VESD = Cprotection * Vprotection' KnOWing the
ESD capacitance and voltage of the generator
as well as the maximum voltage that can be
allowed at the IC, the value of the protection
capacitor can be calculated from the equation.
Figure 11.30 is an example where a gun test at
15 kV is reduced down to 45V by using an
external capacitor of 110 nF.

m System level/gun tests ESD voltages may need
to be 15000 V (direct contact)

— Gun tests uses 330 pF for source capacitor

m For automotive technologies having ESD structures
with 40 - 45 V breakdown is common

Cprutecnon = (Cgun / Vbr,ESD) * Vgun
= (830 pF/45V)*15kV
=110 nF

Figure 11.30 Decrease ESD Sensitivity with
a Predictable Charge Well
Topology

It is very common to find integrated protection
circuits within the integrated circuit. These
circuits can be referenced to, and configured
to shed the ESD energy either to ground or to
the supply. For instance, in Figure 11.31 a
simple zener diode circuit referenced to
ground is shown.

When a positive pulse applied to the external
pin the zener diode will start to conduct at a
certain breakdown voltage and provide a low
impedance path to ground. For a negative
pulse the diode will conduct in the forward
direction and allow the current to flow from
ground through the external pin. Also shown is
a simple n-channel FET circuit connected
between the supply (drain) and the protected

pin (source). Notice the diode-resistor circuit
between the gate and ground. For a positive
pulse at the external pin the ESD current pulse
is channeled to the supply via the body diode
of the FET. For a negative pulse, since the FET
gate is tied to ground, at a certain negative
voltage at the source (external pin) the FET will
turn on and the pulse current is conducted
from supply to the external pin.

Ground Referenced
Protection

IC

Vsuppy Referenced Protection

VSupp\y

Protected Circuit

External Pin i

=
3
5]
=
O
o
Q
2
o
o
2
<]
2
o

i External Pin

4

Figure 11.31 Typical Internal IC ESD
Protection Circuits

11.1.6 ESD Summary

The summary of the discussions regarding
ESD is in Figure 11.32:

= Electrostatic discharge occurs when excessive static
charge on an object builds up to a very high voltage
(thousands of volts) and causes device damage during
contact and subsequent discharge (current flow) with
another object

= MOS devices with insulating SiO, gates are especially
susceptible to ESD damage

n Different test standards have evolved for component level
and system level tests and confusion can result if these
standards are not understood and clarified in reports and
communication

m The very fast (HBM = nsecs / CDM = psecs) ESD pulses
have low energy and result in VERY small physical
damage signatures

Figure 11.32 ESD Summary
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11.2 Electrical Over Stress (EOS)

Next, we will investigate the causes and results
of Electrical Over Stress (EOS). It will be shown
how ESD and EOS have different causes and
will damage integrated circuits differently. It
may be obvious, but electrical over stress is
exactly what it says ---- the semiconductor
device is subjected to an electrical stress
exceeding its specified limits of operation.

m Electrical Over Stress is exactly what it says...

A device is electrically stressed over it’s specified limits
in terms of voltage, current, and/or power/energy

m Unlike ESD events, EOS is the result of ,,long*“ duration
stress events (millisecond duration or longer)

— Excessive energy from turning off inductive loads

— Load Dump

— Extended operation at junction temperatures > 150 °C
— Repetitive excessive thermal cycling

— Excessive/extended EMC exposure, etc.

m EOS often results in large scorch marks, discoloration of
metal, melted metallization and/or bond wires, and
massive destruction of the semiconductor component

Figure 11.33 What is Electrical Over Stress
(EOS)?

11.2.1 Description of EOS Damage
Signatures

The failure signature from EOS damage can be
quite severe resulting in large scorch marks
and melted metallization which is quite
different from the very minute (size-wise)
damage caused by ESD. This is due to the fact
that EOS is a much larger energy event
typically than the ESD.

The failures from EOS can result in an
immediate destruction of the device (hard
failure) or the failure can occur later in time
after further degradation occurs (latent failure)
as a result of smaller and repeated non-
destructive but damaging EOS events.
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n Failures from EOS can result in the following:

— Hard failure: failure is immediate and results in a
complete non-operational device

— Soft failure: EOS results in a marginal failure or a
shift in parametric performance of the device

— Latent failure: At first the EOS results in a
non-catastrophic damage but after a period of time
further degradation occurs resulting in a hard or
soft failure

Figure 11.34 What is Electrical Over Stress
(EOS)?

11.2.2 Consequences of EOS

The amount of damage the device experiences
is related to the duration of, and the peak
temperature the silicon reaches in the EOS
event. Figure 11.35 is a graph relating lifetime
vs. device temperature (time scale is
logarithmic). For most automotive components
the full lifetime and specification are valid up to
150 °C. For temperatures up to 200 °C the
specification and functionality is restricted and
the lifetime is reduced by and order of
magnitude.  For  temperatures up to
approximately 270°C no functionality or
specification is guaranteed and the lifetime is
highly reduced although no immediate
permanent damage should result. At
temperatures above 350 °C the silicon will
start to become self-conductive and
irreversible damage can occur.

Lifetime

Point of accelerated
i— device qualfication

Lifetime curve for device
is— worst case parameters

1000h +
100 h

10h 7
app. 350 °C

Imeversible damage

170°C
1h+
Over-
temperature
shutdown

220°C 260°C

Device temperature.
El“ 150°C[ ] 200 C! [v] Izm‘c 350 °C
“ald,  Spec restricted, | No spec, no permanent damage, [ Device destruction,
i

0.1h+

ull lifetime, i reduced lifetime, £ highly reduced lifetime,
full function

ireversible damage,

 imied functionaity § no functon guaranteed pormanant out of control

Figure 11.35 EOS: Thermal Lifetime Curve

Let’s now take a look at what does the EOS
look like? Remember from earlier descriptions
that damage from ESD was barely noticeable
and sometimes could not even be viewed by
the naked eye. Well, damage from EOS is very
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different and is usually quite evident even
without ~magnification. Many times this
damage consists of either degraded
metallization or melted metallization or even
melted silicon as illustrated in Figure 11.36.

= What indicates EOS?

Degradation/recrystalisation
of metal (> 400 °C)

Scorched/Melted metal
(=650 °C)

Melted silicon
(21200 °C)

Figure 11.36 What is Electrical Over Stress
(EOS)?

Let’s look at, in greater details, two different
types of EOS failures, one resulting from a one-
time stress and another caused by continuous
or repetitive stress events.

Figure 11.37 shows the signature of a device
failure caused by an excessive inductive turn off
energy hit which was discussed in earlier
chapters. If the energy stored in an inductive
load is too large, the high side or low side driver
may be damaged when the inductive load is
turned off. Such an event is a singular or one
time electrical over stress since the damage and
failure occurred immediately just after one pulse
was applied. A hot spot or so-called “scorch”
can be seen within the FET power stage but also
notice the metallization is not degraded (or re-
crystallized) near the bond wire and other than
the scorch mark the device looks quite normal.

= Example - Inductive clamp single pulse
Iostary = 10A, t=11.8ms, T=25°C, V,, =12V

10A/118ms) E 214Juu\es :

Failure signature (10 A):

- No metal degradation
o - Scorch in DMOS field
q spot No melaJ degradapon - NO bond fuse

a nearbond

-—-—__..-—--I_

Figure 11.37 EOS: Failure Signature from
Excessive Inductive Turn-Off
Energy

The signature of an EOS damage caused by
many high current pulses applied in a repetitive
or continuous manner is illustrated in
Figure 11.38. The degradation (seen as
discoloring) of the metal around and near the
bond wire is very noticeable. This is due to the
fact that the highest current density (and thus
highest power density and temperature rise) is
around the bond wire. Scorch marks are
typically near or even under the bond wire.

Severely degraded
recrystalized metal

Figure 11.38 EOS: Failure Signature from
Repetitive Thermal Cycling
Combined with High Current

This brings up the point that EOS can be
caused by a single event or limited number of
events (10’s to < 100) where the single pulse
has enough energy to start the scorching or
melting process of the metallization (> 600 °C).
However, EOS can also result from the
continuous and repetitive application of
stresses which have lower energy but are
applied many times (1000’s or more). For this
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type of repetitive stress the energy of a single
pulse may only increase the die/metal
temperature by a 100°C or so but the
continuous heating and cooling of the die
causes thermal mechanical stress in the
die/package system and eventually a failure
will occur mainly due to degraded and cracked
metallization. As shown in Figure 11.37 and
Figure 11.38 the failure signatures from these
two different types of EOS can look
significantly different (Figure 11.38).

Visualization of single- and repetitive pulse events:

max. Chip
temperature
single mode

“melting point in

thermal hot spot

repetitive mode

number of
cycles

1 (e.g) 10° 10°

This isn‘t a completely black & white effect, but there
can be a significant differencein single- and repetitive
pulse failure signatures

Figure 11.39 EOS Failure Signatures---
Generalities

Melted or fused bond wires can also occur from
EOS and is usually indicative of an excessive
current flow through the bond wires. To give a
general feeling of some of the common bond
wires used for automotive power
semiconductors and their related current
capability please refer to Figure 11.40. As can be
seen the current ratings of bond wires with
different the cross-sectional area, made of
different materials can vary considerably.
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= A common failure for electrical over stresses is
MELTED METALLIZATION AND/OR BOND WIRES

Gold Wire DC Ratings* Aluminum Wire DC Ratings*

50 pm 350 pm
25A 40 A
25 ym
1A
gc;\“"‘ 125 ym
8A

* Assumes T, < 150 °C, T 4.4, < 85 °C, Ty, < 220 °C,
and Wire Length < 3 mm

Figure 11.40 Electrical Over Stress (EOS)
11.2.3 Common Causes of EOS

Finally we can ask: how can components be
electrically overstressed? Obviously there can
be a multitude of possibilities and some of the
more common causes are in Figure 11.41.

= Put components in/out of sockets while power already
applied (hot plug)

= Applying electrical signals which exceed the ratings of
a component

= Applying an input signal to a device before supply
voltage and/or ground is connected

= Apply an input signal to a device output

= Use an inexpensive power supply with poor protection
features (supply overshoot)

= Failing to provide sufficient noise filtering at the input
lines of the board

= Using poor ground connections
(high resistance and inductance)

Figure 11.41 How to Electrically Over Stress
Components
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11.3 Safe Operating Area

Finally we introduce the concept of Safe
Operating Area (SOA) and how it is used to
avoid electrical over stress.

The safe operating area is specified by a range
of various conditions such as operating
voltages and currents, junction or ambient
temperature, and heatsinking conditions. If a
device is used within the SOA, the
semiconductor supplier ensures the device will
operate as specified with certain reliability and
without the threat of electrical over stress.

Because of the wide variety of semiconductor
devices and corresponding functions not all
safe operating areas can be neatly or easily
categorized in tabular form. Rather, the safe
operating areas are specified in a variety of
different ways with common
device/functionality types such as high side
drivers, voltage regulators, etc. being defined
by a similar set of parameters for safe
operating area.

One of the most common ways to specify a
safe operating area is in graphical form. Let’s
look at a couple of examples.

Figure 11.42 is the (SOA) graph for a discrete
MOSFET transistor. The test conditions are for
single pulse stresses of different power levels
and durations when the device case held at
25 °C, soldered to a copper PCB heatsink of
6cm? area and the resulting junction
temperature is to stay less than 125 °C.

u Single pulse, T, = 25 °C, Tjjneion < 125 °C

100 A S \ 4 ps
A
. :«) \\ 15 ps
g 572
g - N \\ 50 ps %
= \\ 200ps =
(0]
a i}
= 1A \\1ms g
DC
0.1A
1V 10V 100 V 1000 V

Vps, Drain-Source Voltage

Figure 11.42 SOA Graph for MOS Transistor

The electrical variables used to specify this
safe operating area are the drain to source
voltage on the horizontal axis and drain current
on the vertical axis (notice, that the scale on
both axes is logarithmic). The pulse width is
the parameter characterizing the different lines
on the graph. As an example for interpreting
this graph: with a drain to source voltage of
100V the device can handle continuously
approximately 3 A drain current and for a pulse
of 1ms in duration the drain current is 10 A
under the test conditions specified.

Figure 11.43 shows the SOA graph for a linear
voltage regulator. The test conditions are: with
a 5V output voltage and with a 3 cm? copper
PCB heatsink area the desired junction
temperature must be less than 150 °C. The
electrical variables are the input voltage to, and
output current out of the voltage regulator and
the parameters are the different ambient
temperature values. Both axes have linear
scale.

® Vour =5V, Tijncion < 150 °C

N
\\ N

150 mA

Soldered to board
with 3 cm® copper
heatsink

a2

100 mA

T,=25°C

50 mA

T,=85°C
T,=125°C ©

lour, Output Current

0A
1oV 15V 20V 25V

V)y, Input Voltage

Figure 11.43 SOA Graph for Linear Voltage
Regulator

Thus given 15V input voltage the device can
handle approximately 120 mA at 125°C
ambient temperature and about 145 mA at
85 °C ambient. One additional point to notice
is that the graph is “cut-off” at 150 mA
because this particular device has an internal
over-current protection circuit limiting the
output current at 150 mA.
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12. Semiconductor Manufacturing

In this chapter, the basic steps required to
manufacture a semiconductor component are
presented, which are fabrication, packaging,
and testing.

In course of the presentation the various
fabrication processes and the differences
between them will be described.

Next the different packaging options available
to all semiconductor components are
examined.

Finally, we introduce some of the basic
requirements for testing semiconductor
components.
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12. Semiconductor Manufacturing

12.1 Semiconductor Fabrication

Semiconductor fabrication refers to the
process where raw, pure semiconductor
material (usually silicon) is processed into an
integrated circuit or discrete component. It can
be thought of as the recipe to make a
semiconductor die.

Different types of semiconductor components
use different types of fabrication processes.
Different processes are used and optimized
for: microprocessors, logic components,
memory IC-s like DRAM, inear (also called
analog) devices and power components. All of
these different semiconductor fabrication
processes use similar steps and “ingredients”.
The number of steps and the quantity of each
ingredient, however, is optimized for different
types of semiconductor components.

We will be examining in some detail three
power semiconductor fabrication processes.
Each has its own characteristics which lend
itself to specific applications.

= Semiconductor components are fabricated typically
from one of several different processes

= While suppliers might use various names, the
processes themselves vary little between companies

m Power MOSFET processes
m Bipolar processes
= Combination processes using two or more of the above

Figure 12.1 Semiconductor Fabrication
12.1.1 Power MOSFET Fabrication

First, we examine the Power MOSFET
process. It is used to fabricate silicon dice
often implementing only one large power
transistor. Such silicon devices are often
termed  “discrete” components. Some
semiconductor manufacturers have variations
of this process which allow the implementation
of multiple large power transistors on a single
die with a small amount of control functions.

Such devices are intended for the harshest
applications - the highest levels of voltage and
current. Because of their robustness, they can
be used in applications which would damage

236

more complex and sensitive semiconductor
components.

The power MOSFET process is typically a
vertical process - the current flows through the
transistor in the vertical direction. A planar n-
channel power MOSFET is shown in
Figure 12.2.

= Power MOSFET processes are for discrete power
transistors and integrated logic/power devices

= Power MOSFET transistors are intended for high
current and/or high voltage operation. They have
a unique construction which allows them to operate
under ,extreme“ conditions.

Source Gate Source
p n- epi
|
Drain

Figure 12.2 Power MOSFET Process

When the gate is grounded, no current can
flow from the back side of the silicon die (drain)
to the top of the die (source). When the gate
voltage is raised, the transistor turns on and
current flows from the drain to the source.

12.1.2 Bipolar Process

Next, we present a typical bipolar process.
Bipolar processes can be used to fabricate
silicon die which implement a single large
bipolar power transistor or a more complex
integrated circuit.

Bipolar deices have several advantages over
their MOSFET counterparts. First, they can be
used to realize very precise analog functions.
In addition, they can operate at a very high
frequency. Unfortunately, their high
performance also results in significantly higher
power consumption than many MOSFET
circuits.

Figure 12.3 is an example of a bipolar process
which is used to implement a bipolar
integrated circuit. The transistors themselves
are fabricated in the top of the silicon die (the
epitaxial layer). The base, collector, and
emitter of the NPN bipolar transistor are
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labeled in the figure. Two layers of metal and
one pseudo-metal (polysilicon) layer are used
to interconnect the individual bipolar
transistors together. In addition, the top metal
layer is used to form bonding pads (top right

Passivation

AISiCu Dielectric oxide

Buried Layer

p- Substrate

Figure 12.3 Bipolar Process

Finally, processes can be combined to form
“super recipes” to make extremely versatile
semiconductor components. While these
combined processes provide the greatest
freedom to integrated circuit designers, they
are inherently more complex to manufacture
(and therefore, more expensive) than the
individual MOSFET and bipolar processes.

12.1.3 BiCMOS and DMOS Processes

BiCMOS (Bipolar + CMOS) processes are used
for making precision analog components that
do not handle high power loads while require a
high level of control.

corner of the process cross section). These
bonding pads will be used to provide the
electrical connection between the
semiconductor die and the package pins.

Emitter POLY

Emitter oxide

o PAD

o

¥ Epitaxial Layer

nt

Smart power or Bipolar-CMOS-PowerMOS
processes provide the advantages of the
constituent processes, with the added benefit
of high power load drivers implemented in a
special power MOSFET transistor called
“DMOS”. A die cross section in Figure 12.4
and Figure 12.5 show the different silicon
structures of a DMOS die.
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BiCMOS (Bipolar + CMOS) processes

DMOS
CMOS Bipolar Vertical "Up Drain"
p-Channel n-Channel npn-Transistor Power Transistor
S G D S G D C B E
el i 1]
n
ls - b P
p+
P n+ P - P
n- Epi n
n+
| p Substrate I
|
Ground (-) ) n+ sinker
Isolation Buried Layer

Figure 12.4 BiCMOS-DMOS Combination Process

Another type of combination process complexity of the CMOS-DMOS combination
combines the ruggedness of the vertical power  process (lower cost) often makes it an
MOSFET transistor with the control of high attractive option to integrated circuit designers
density CMOS circuits. While they may not be  and users (Figure 12.5.

able to implement the precise analog

functionality of bipolar circuits, the reduced

Low Voltage High Voltage Vertical DMOS
CMOS MOS-Transistor Power Transistor
p-Channel n-Channel p-Channel n-Channel
S G D S G D S G D S G D S G
n+
p+
) I
n- Epi region
n+ Substrate | '
I
+Vaar Common Drain

Figure 12.5 CMOS-DMOS Combination Process
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12.2 Fabrication Recipes

The method of physical implementation of
these silicon die fabrication recipes is
presented next. Let’s see how a simple CMOS
inverter is implemented.

Beginning with a silicon die an additional
silicon layer (the epitaxial layer, or epi-layer) is
added to the top surface and it is within this
epitaxial layer that the transistors will be
formed (Figure 12.6).

p epi

Figure 12.6 Semiconductor Fabrication

Next, the silicon die is literally “baked” in a very
hot oven. The high temperature allows the top
layer of the silicon die to chemically react with
the oxygen in the oven (Figure 12.7).

Sio,

p epi

Figure 12.7 Semiconductor Fabrication

The result is silicon dioxide, or glass. Small
holes are then etched in the glass with acid.
Atoms are injected into the epitaxial layer
through the holes in the glass (this step is
called doping). The injected atoms change the
crystal and electrical properties of the semi-
conductor. They form the source and drain of
the n-channel MOSFET (Figure 12.8) and
create a well in which the p-channel MOSFET
is fabricated.

Sio,

p epi

Figure 12.8 Semiconductor Fabrication

Next, the die is returned to the oven and the
glass layer is regrown. Small holes are etched
above the large n-well and atoms are again
injected. This time, the injected atoms form the
source and drain of the p-channel MOSFET in
the well (Figure 12.9).

Sio,

p epi

Figure 12.9 Semiconductor Fabrication

The die is again returned to the oven, and the
glass layer is regrown. This time, a thin glass
layer is formed above the transistor channels.
Poly-silicon, also known as poly-crystalline
silicon, has nearly metallic conducting
properties. It is deposited on the thin glass
layer above the channels to form the transistor
gates (Figure 12.10).

Figure 12.10 Semiconductor Fabrication

The die is returned to the oven again and the
glass layer is regrown. Small holes are again
etched at the source and drain of each
transistor. Metal is then deposited on the die to
form the transistor contacts and the
interconnect between the transistors.

239



12. Semiconductor Manufacturing

Then end result is a simple inverter fabricated
in a “n-tub” CMOS process (Figure 12.11).

Sio,

p epi

Figure 12.11 Semiconductor Fabrication
12.3 Semiconductor Packaging

The backbone of most power semiconductor
packages is the leadframe. It is a piece of
metal (usually a copper alloy) supporting the
silicon die.

Figure 12.12 shows a leadframe for a 16 pin
dual in-line package. There are two small
protrusions on each side of the leadframe that
are also pins of the package. These four pins
will be electrically connected to the back side
of the semiconductor die.

The additional pins are formed by additional
metal pieces which are not directly connected
to the leadframe Figure 12.12).

The sequence of package assembly is
described next.

First, a die attach material is placed upon the
leadframe. The die attach material is an
electrically conductive glue or solder in some
cases. It will hold the semiconductor die in
place on the leadframe while electrically
connecting the back of the semiconductor die
to the leadframe.
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| | B

Attach

Leadframe

Figure 12.12 Basic Semiconductor Package

The semiconductor die is then secured on the
leadframe with the die attach.

As we mentioned before, the semi-conductor
die has several bonding pads formed by the
top metal layer. These bonding pads will
enable the electrical connection between the
silicon die and those package pins that are not
directly connected to the leadframe.
Figure 12.13 illustrates the attached die and
bond pads.

Semiconductor Bonding
Die Pads

Figure 12.13 Basic Semiconductor Package

The electrical connections between the
semiconductor die and the package pins are
by means of bond wires (gold or aluminum).
These wires are bonded to the semiconductor
die and those package pins that are not
directly connected to the leadframe
(Figure 12.14).
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<« Wire

Wire
Bond

Figure 12.14 Basic Semiconductor Package

Finally, the die, bonding wires, and leadframe
are encapsulated in an epoxy compound that
is the familiar black plastic package of
semiconductor components (Figure 12.15).
Notice that all that is left exposed are the pins.

In some power packages, the back of the
leadframe is not encapsulated by the epoxy.
The exposed leadframe helps to form a better
thermal connection with the die improving the
cooling of the package.

Body _ |
Epoxy

Figure 12.15 Basic Semiconductor Package
12.3.1 Package Classification

There are many different ways to classify
semiconductor packages (Figure 12.16).

Access rights to the packages is one of the
most convenient one. “Industry standard”
packages are most widely used and are
generally available to all manufacturers.

Newer package options, however, are often
proprietary. They may be owned by one or just
a few suppliers. Those packages may either
offer significant improvements in cooling or in
pin count (Figure 12.16).

= Semiconductor packages can be classified into
two groups:

= Industry standard packages
— Widely used by multiple suppliers
- Often proven (old) technology

= “Proprietary” packages
— Package may be used by one or only a few
suppliers
- Often a new technology which has not yet
been embraced by the semiconductor industry

Figure 12.16 Semiconductor Packaging

Another way to classify packages is by the
type of semiconductor component they house:
power components and non-power (or small
signal) components (Figure 12.17).

In general, power packages are better at
removing heat from the semiconductor die but
have a limited number of pins with high current
rating. Small signal packages, however, are
often optimized to provide maximum number
of pins for given printed circuit board footprint
areas.

Next, we will take a look at some examples of
power and small signal packages.

= Next, packages can be classified into power and
small signal packages

n Power packages
- Designed to extract the maximum amount of
heat from the die
— Wide variation in design styles
- Typically have “low” pin counts

= Small signal packages
— Designed for minimum cost and foot-print size
— Little variation in design styles
— Typically have “high” pin count options

Figure 12.17 Semiconductor Packaging
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12.3.2 Package Types

Figure 12.18 shows six different power
packages. The package names provide insight
into their construction:

Package Name: SCT595-05-1
Body Type: SCT595
Number of Pins:4

P-DS0O-20-6
P-DSO
20

Package Name:
Body Type:
Number of Pins:

Package Name: SOT223-4-2
Body Type: SO0T223
Number of Pins: 4

Ry = 26 °C/W Ry = 23 °C/W
SCT595 P/PG-DS0O-20-6
Ry = 2.0 °C/W Ry = 1.8 °C/W
==
N2
P/PG-DS0-36-10 P-TO252-3-1
Figure 12.18 Power Packages
Figure 12.18 also shows the thermal

resistance (junction to case) of the packages.
The lower the number, the better the package
is at removing heat from the semiconductor
die.

In Figure 12.19 we see three common types of
small signal packages.

The top left is the dual in-line package. Its pins
are on the two long sides of the epoxy body.
When this configuration proved insufficient to
the growing pin count requirements, quad

242

Package Name:

Body Type:

Number of Pins:

Package Name:

Body Type:

Number of Pins:

Package Name:

Body Type:

Number of Pins:

P-DS0O-36-10
P-DSO
36

P-TO252-3-1
P-TO-252
3

P-TO263-5-1
P-TO263
5

R = 17 °C/W

S0T223

Ri = 1.3 °C/W

P-TO263-5-1

style packages were developed. These
packages are often square, and have pins on
each of their four sides. Finally, grid array
packages have been developed for even
higher pin counts. These packages use pins or
bumps to provide the electrical connection to
the package (bumps are shown here). Grid
array packages have bumps (or pins) on the
bottom of their packages, not on their sides
like the dual in-line and quad style packages.
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Figure 12.19 Small Signal Packages For example, during development and

12.4 Semiconductor Testing

Concurrently ~ with  the  semiconductor
component design, long before fabrication
begins, the testing plan for the semiconductor
component is developed. Without thorough
tests, semiconductor manufacturers cannot
determine if the component will work as
expected.

As the semiconductor components
themselves are updated or modified, the tests
are also modified and improved.

m As the semiconductor is being designed,
a thorough test algorithm is being developed
to verify the device meets all functional and
parametric requirements

= When the first components are manufactured,
they are submitted for analysis with the new
test algorithm to determine if the component
needs to be improved before production begins

Figure 12.20 Testing Development

Developmental testing is usually much more
rigorous than production testing.

prototyping, several different tests may be
used to verify a semiconductor device meets a
certain specification. In Figure 12.21, we
illustrate four different tests that may be used
to determine if a power MOSFET satisfies its
Rpson Specification.

In production, however, some of these tests
may be eliminated. This reduces the total test
time and thus the cost of the silicon
component. If the developmental tests were
actually used in production, an integrated
circuit could be cost prohibitive.

= When a component is released to production, the test
algorithm is reviewed

= Some tests may be eliminated and/or modified for
production purposes if the supplier can verify the devices
functionality through other tests and guard-banding

Prototype Tests for Ryg,, Maximum ()

Figure 12.21 Production Testing

Ios = 1A, Vg = 12V, T, = 25 °C 0.10

Ios = 1A, Vayppy = 12V, T, = 125 °C 0.17

los =4 A, Vgpoy = 18V, ;=25 °C 0.08

los =4 A, Vgyppy = 18V, T;=125°C 0.14
Production Tests for Rpg,, Maximum ()

Ios = 4 A, Vg, = 12V, T; = 25 °C 0.10
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There are many different reasons why tests
may be removed. We list several in
Figure 12.22.

m The test itself may be destructive

= The test may be a subset of other tests
= The test may require manual intervention
m The test may require additional hardware
= The test may take too long

m Production testers cost millions of dollars and
require an extremely high level of up-keep

= Suppliers want to minimize the level of testing
required to ensure a customer’s high quality
expectation while shipping an affordable component

Figure 12.22 Why are some tests eliminated
for production devices?

During production, some quantity of
production devices are periodically subjected
to a more thorough testing. The results of
these monitor tests are used to ensure the
production tests remain valid throughout the
life of the product.

244
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In this chapter we will cover the importance of
having high quality and reliable semiconductor
products, common quality and reliability issues
and their causes, how they can be prevented
and effective problem solving tools that can
help to avoid the reoccurrence of known
defects.

The competition in automotive, industrial and
communication industries is demanding higher
acceptable quality levels for semiconductor
products. What was once acceptable has
become sub-par for the typical end customer.
These customers now demand “best-in-class”
quality and reliability performance for every
semiconductor product that they purchase.

Quality and Reliability are not synonymous.
However, these words have been used
interchangeably by end customers whether
they are buying cell phones or cars. This is a
clear indication of what our current end
customers are expecting to purchase, namely
best-in-class, reliable products.
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13.1 What is Quality?

Quality has been defined many different ways
in different books by different experts in the
field. The International Organization for
Standardization (ISO) defined it in Quality
ISO 9000: 2000 document as “the degree to
which products and services fulfill the
requirements and expectations of the
customers”. It is simply the degree of how
customer expectations are met. While that
may sound simple, customer’s expectations
can be expressed in a variety of ways. There
are objective and explicit customer
requirements such as functional performance,
which usually include various forms of
specifications with defined limits, and there are
those expectations that are subjective such
promptness of response or quality of service.
The real measure of Quality is when the
customer comes back to you and not the
product.

13.2 What is Reliability?

Reliability is the property of a product which
ensures the same good quality performance
consistently. It is the measure of the probability
that a product will perform a required function
without failure under stated conditions for a
stated period of time.

13.2.1 How is Reliability Confirmed?
Reliability is assessed by applying industry
standard testing or supplier specific testing.
Examples of industry standards are listed
below:

JEDEC (Joint Electron Device Engineering
Council)

EIAJ
Japan)

(Electronic Industries Association of

MIL-STD-883 (Department of Defense)
Underwriters Laboratories (UL)

IPC (Formerly Institute of Interconnecting and
Packaging Electronic Circuits)

AEC (Automotive Electronics Council)
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CDF-AEC-Q100/Q101

CE a mandatory conformity mark on many
products placed on the single market in
the European Economic Area (similar in
scope to UL approval)

The testing performed during these
examinations is designed to stress both
package and silicon in order to precipitate
intrinsic and extrinsic reliability failure
mechanisms. Intrinsic failure mechanisms are
those that are inherent to a particular type of
technology, either silicon or package related.
Intrinsic failures are typically caused by some
form of technology or physical limitation.
Extrinsic failure mechanisms are the results of
manufacturing limitations. Those are usually
based on the capability of a supplier to
manufacture devices in a facility without
inducing failures within the product. Both
types of failures can occur as initial failures or
as latent failures. The Table 13.1 lists
examples of tests used by IC suppliers to verify
reliability:
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Table 13.1

Integrated Circuit Reliability Tests

Stress Test

Failure Mode Verified

Failure Mechanism Verified

Accelerated

Preconditioning

Represents typical industry

Lifetime (JESD22-A113) multiple solder reflow
Stresses operation
Temperature Humidity Bias Evaluates penetration of Failures include metal
(JESD22-A101, A110) moisture while device is corrosion
biased
Autoclave Evaluates penetration of Failures include metal
(JESD22-A102, A118) moisture under high corrosion and mobile
temperature and pressure contaminant collection
Temperature Cycling Evaluates ability to withstand | Failures include die/package
(JESD22-A104) stresses due to temperature | cracks, wire breaks, bond lifts
changes
Power Temperature Cycling | Very rigorous evaluation of Failures include die/package
(JA105) temperature changes while cracks, wire breaks, bond lifts
device is biased
High Temperature Storage Evaluates effect of long term | Failures include oxidation of
(JA103) affects of temperature without | metal and inter-metallic
bias applied shorts
Lifetime High Temperature Evaluates reliability over Failures include dielectric
Stress Operating Life extended period of time breakdown, electromigration,
(JESD22-A108) jon contamination
Early Life Failure Rate Evaluates infant mortality rate | Failures include dielectric
(AEC-Q100-008) breakdown, electromigration,
ion contamination
NVM Endurance and Data Evaluates memory ability to Failure due to data bit(s)
Retention retain data and sustain data | retention
(AEC-Q100-005) changes
Package Wire Bond Shear Evaluates ability to withstand
Assembly (AEC-Q100-001) a horizontal push (shear) to
Integrity the wire bond
Tests - - .
Wire Bond Pull Evaluates ability to withstand
(MIL-883-STD Method 2011) | a vertical pull to the wire bond
Solderability Evaluates ability of package
(JESD22-B102) to be soldered to another
surface
Physical Dimensions Evaluates ability to meet
(JESD22-B100, B108) package drawing
Solder Ball Shear Evaluates ability to withstand
(AEC-Q100-010) a horizontal push (shear) to
solder ball
Lead Integrity Evaluates ability of leads to
(JESD22-B105) withstand bending during
assembly or rework
Electrical Electrostatic Discharge Evaluates ability to withstand
Verification | Human Body Model high voltage through a
Tests (AEC-Q100-002) resistance

Electrostatic Discharge
Machine Model
(AEC-Q100-003)

Evaluates ability to withstand
high voltage directly

Latch-Up (AEC-Q100-004)

Evaluates ability to withstand
high current injection

Electromagnetic
Compatibility

Determines if electromagnetic
radiations might be excessive
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The above tests have been designed to reveal
intrinsic and extrinsic reliability issues with
semiconductor devices as well as verify the
lifetime reliability expected by automotive
customers.

A reliable semiconductor device is capable of
passing the specified stress testing and
provides consistent performance over time,
temperature, pressure and other acceleration
factors defined by the different industry
standards or by the customers. There are
different reliability test standards which are
minimum  expectations by  automotive
customers. Different customers typically
specify their additional reliability requirements,
if any, before purchasing a device. These
requirements are based on their expected
product life including any warranty given to
end users (the warranty given to car buyers, for
example). Also taken into consideration are
such factors as: what applications determine
the kind of environmental stresses that the
product and the device will be exposed to due
to being under the hood of the car (elevated
temperature, salt spray, etc.), or used in the tire
which exposes the product to soap, water and
weather conditions. It is important to note that
the result of reliability tests can only give an
initial data point of the product’s capability to
pass the various stress tests and provide initial
statistics including Mean Time To Failure
(MTTF) and Mean Time Between Failures
(MTBF). The variations during the
manufacturing processes impact the actual
product characteristics and will cause the
actual characteristics distribution to shift
(Figure 13.1).

f— Cpk

s Mean -1.50
Iy ol

o Mean +1.50

Figure 13.1 lllustration of Process Shifts
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Inherent causes of variations that result in
process shifts are the changes in the input
characteristics which include variations in raw
materials, operator’s skills and knowledge,
machine and process capability,
environmental conditions, i.e. temperature,
humidity, and measurements used. This is
commonly referred to in manufacturing as the
6 Ms being Man, Machine, Material, Methods,
Mother Nature, and Measurements. When a
problem is detected, these M’s are also the
starting point for the commonly used problem
solving tool called the Fishbone Diagram, used
for analyzing what may have changed in any
one of the 6 Ms.

13.3 Customer Expectations

The current expectations of customers have
redefined quality as meeting their requirements
consistently over specified period of time, with
the best imaginable service, at the best price.
This translates into what the car makers and
electronic module manufacturers call the Zero
Defect (ZD) requirement. ZD expectation
means that absolutely no defects are shipped
by suppliers to users during the life of the
product.

It may sound like demanding the impossible
but this is what will insure return business and
loyal customers resulting in a long term
business relationship. There are manufacturers
who are leading the industry through high
quality products and services.

13.4 Meeting the Demands of ZD to Earn
Customer Loyalty

The automotive industry is asking for high
quality parts because we, as car buyers, do not
want to be the one customer that gets, for
example, a faulty tire pressure monitoring
device out of the one million cars sold. In other
words, one part per million (PPM) failure rate is
not acceptable, especially if “it’s got to be me”.
If 1 PPM is not acceptable at car level, what
quality level is acceptable at components
level?

Typically, a car contains 50 electronic control
modules and the average electronic control
modules have about 300 components. If each
component is at a 1 PPM failure rate, the
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module failure rate will be at 300 PPM and the
potential failure rate of the car will be 15000
PPM. This can translate to 15000 cars serviced
or recalled for every 1 million cars sold. The
impact of such a failure rate to the reputation
of any car company and its customers’ loyalty
could be devastating which may result in a big
loss of business.

To meet the demand for ZD, it is critical to
design and  manufacture  dependable
components. Many customers say “garbage in
= garbage out”. The next sections will discuss
important lessons learned and what should be
done to prevent and control common
semiconductor device quality and reliability
issues.

13.5 The Power of Preventive and
Protecting Process Control

Since the expectation is zero-defect, the literal
meaning of the phrase is to not make any
defective product at all. The traditional
approach of applying inspection and tests as
part of the process control becomes outdated
and irrelevant because both practices mean
that defect(s) may be created which then might
be caught later in the next process steps.
Catching them subsequently is not sufficient or
even affordable because it is well known that
inspection is only 80% effective and testing for
all the product characteristics is very costly. It
is almost certain that process controls that are
still designed this way will pass defective parts
to external customers.

ZD can only be achieved by not making
defective products in the first place; therefore,
controls are to be applied before defective
parts are created without relying on inspection
and testing. Error-proofing has been widely
accepted to achieve this. However, the
different levels of error (or mistake) - proofing
have not been clearly understood.

Error-proofing means to design a process
such, that process errors, that may cause
defects are not made either by machine or
operator. Clear understanding of the cause
and effect is critical, and process control
measures are employed in order to eliminate
the cause(s) and, therefore, to prevent the
creation of a defect.

To illustrate the point, we will examine
common quality issues in the manufacture of
semiconductor  devices.  Semiconductor
manufacturing is typically divided into the
following three major steps: Wafer Fabrication,
IC Assembly/Packaging and Final Testing.

13.6 The Making of ZD Semiconductor
Devices

Manufacturing of semiconductor devices can
consist of 300 or more process steps. The
environment in the processing foundries is
highly controlled and ultra clean. Each of these
hundreds of steps has many process
parameters that need to be tightly controlled to
guarantee the expected product
characteristics consistently. There are three
major groups of process steps.

13.6.1 Wafer Fabrication

Wafer Fabrication is the manufacture of
semiconductor devices through a multiple
repetitive sequence of photographic and
chemical process steps so, that integrated
circuits are gradually created on a pure, single
crystal silicon wafer. The number of process
steps is determined by the complexity of the
circuit. Most of the integrated circuits have 300
or more process steps. The process steps
include deposition, removal of material,
patterning, doping, diffusion and wafer testing.
13.6.2 IC Assembly (or packaging)

IC Assembly (or packaging) is the installation
of an individual die (or a small cluster of dies)
into a single component package to facilitate
connection to the application board or module.
There can be several hundreds of devices
fabricated on a single wafer depending on the
size of each chip. There are typically about ten
steps in the assembly process: Wafer Sawing
to break the wafer into individual die, Die
Bonding (Die Attaching) to the lead frame, Wire
Bonding, Encapsulation or Molding, Curing,
Plating of the leads, Laser Marking, Forming
and Singulation.

13.6.3 Device Testing

Device Testing involves checking each
packaged device for functionality. While each
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integrated circuit was previously tested at
wafer level, prior to assembly, the assembled
device is retested after packaging. This is to
ensure that the die was not damaged during
the assembly processes and that the die-to-
pin interconnection was completed and
conforms to the package design. Tests are
done at room temperature but they may also
be performed at hot or cold temperatures
depending on customer’s requirements and
demands of the application. Typical lead time
from the bare silicon wafer to the packaged
and tested devices can take six to eight weeks.

13.7 Causes of Reliability Issues

The major  stages of  manufacturing
semiconductor devices discussed earlier may
cause quality and reliability issues categorized as:
13.7.1 Assignable Cause

Assignable Cause - refers to an inadvertent
specific incident which is caused either by an
operator’s mistake or some failure either in the
equipment or in the process. It is also referred
to as a quality accident because it is not
planned for and not intended to happen.
Examples include broken saw blades that will
cause die chipping and cracks, or wrong test
program applied, wrong tools used, or missed
process step(s).

13.7.2 Common Cause

Common Cause - means inherent process
limitations that cause periodic change in
product characteristics. These include typical
variation in input process parameters like
temperature, pressure, characteristics of tools
and raw materials that are limited by the laws
of physics and chemistry. The cited factors are
called process capability limitations and
examples include minute foreign materials in
the a clean room, a shift in chemical solutions
concentrations caused by variations in
incoming raw materials or chemicals and
variation in viscosity, ductility and brittleness of
raw materials, etc.

13.8 Conditions of ZD Technology

Due to the complexity of both assignable and
common causes of quality issues, it is critical
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that a holistic methodology and a systematic
approach is defined and executed across the
organization to achieve zero defects in the
manufacturing of semiconductor devices. This
methodology must address the fundamental
belief that the contribution of every employee
impacts product quality and that attention to
details in every step of the production of the
device is a must. This mentality should start
from concept development, design,
manufacture and continue through shipping.

Advanced Product Quality Planning (APQP) is
intended to cover the proactive attention to
details in each step of the Product
Development Process (PDP). The use of
Potential Failure Mode Effect Analysis
(PFMEA) for both Design (dFMEA) and Process
(PFMEA) and Process Control Plans (PCP)
facilitate planning for quality.

Assignable causes that result in a so called
“Quality Spill” can be eliminated by the
implementation of proactive process controls
or predictive maintenance. The key words are
“proactive and predictive” which means before
the event happens and before an error causes
a defect, for example:

e Package Cracks due to worn out cutting
tools at the Trim and Form process can be
prevented by controlling the number of
cycles or shots based on the life of the tool.
A simple counter connected to the machine
controls its operation and shuts the machine
down before the tool is used to cut beyond
its known life.

e Over or under etching during the wafer fab
process" can be prevented by fixing the time
or temperature through the use of controllers
or sensors which will stop any production
beyond set limits.

Incomplete mold due to wrong mold pellet
size or insufficient mold material can be
prevented by using an on-line weighing
scale that will only start the molding process
if the machine detects the right weight.

Wafer fabrication process or fab process can be
used interchangeably

-



13.9 What Are ESD and EOS Failures?

There are many common proactive controls
that eliminate potential errors thereby
preventing defects. Some of them are available
as features or options from equipment
manufacturers.

Common causes that result in ongoing quality
issues are not easily minimized (error-proofed),
like assignable causes. Error-proofing is
addressed through a combination of
continuously improving process capability and
implementing device tests. Process capability
index, which is referred to as C, is driven by
manufacturing process owners by constantly
upgrading their equipment as new ways and
technology emerge. C,,, is defined as:

Cyi = the lesser of [(USL-Mean) / o, (Mean-LSL) / o]
where

USL  upper spec. limit,

LSL lower spec. limit

c standard deviation

Depending on the component and application
C, < 1.67 is unacceptable.

13.8.1 Defect Density

The inherent variations in the hundreds of
process steps performed under precise control
result in a certain defect rate and this rate is
expressed in terms of Defect Density. Over
time, this rate can be determined for a process
step and is used as a measurable metric that
needs to be reduced to track improvements at
specific process steps.

Defect density issues are common-cause type
failure mechanisms that occur due to inherent
process limitations during the wafer fabrication
process and are not detected at the process
source or during device testing. Very often,
these defects are not detected prior to
shipment to customers, typically due to the
need for an acceleration factor like heat or high
voltage.

13.8.2 Continuous Improvement (Cl) Plans

It is a set of activities that are defined and
implemented to reduce the density of the
defects in specific process steps based on
priority and criticality. These activities target
the process and environment variations to

reduce or minimize impact to the product.
Normally, the variation cannot be totally
eliminated, but significant reduction in
common cause defects can be achieved
through disciplined implementation of process
upgrades, material changes and application of
more stable tools. This improves the overall
process capability, thus, reducing defects.

Some examples of Cl activities are:

e Fabrication Clean room Particle reduction
activity

¢ Reduction of manual handling of wafers

¢ Improved design of Clean room Equipment
(carriers, transport carts, wafer alignment
tools, etc.)

e Improved equipment control protocols

e Targeted inspections of production wafers
after critical process steps

e Change to more stable or durable materials
13.9 What Are ESD and EOS Failures?

We will review and summarize in this chapter
how these failure mechanisms impact
reliability of semiconductor devices and how
they can be avoided.

13.9.1 Electrostatic Discharge or ESD

It is a single event of a fast transient transfer of
electrostatic energy which results when two
objects with different potentials come into
direct contact. ESD can also occur when high
intensity electrostatic field exists between two
objects in close proximity. ESD damage is one
of the primary causes for early life failure of
semiconductor devices. An example of an
ESD event is the shock one receives
sometimes during winter when one touches a
doorknob after walking across a carpeted
floor.

13.9.2 Prevention of ESD
ESD damage during the manufacture and use

of semiconductor devices can be prevented
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through the deployment of different

approaches which are as follows:

13.9.2.1 Reducing the Build up of Static
Charge

This is accomplished by using materials that
are less likely to generate static charges in the
work place. Assembly line equipment should
be free of moving parts such as rollers, stops,
etc. made of electrical isolator materials that
may generate charge. Carriers used to move
products in the production area should be
constructed of ESD dissipative materials.
lonizers may be used in critical locations to
neutralize charges accumulated during the
assembly process. Personnel should observe
strict ESD reduction discipline by using wrist
and foot straps, protective lab coats, and
ensure that the protection they use is in good
condition (regular testing of wrist straps, for
example).

13.9.2.2 Safe Dissipation of Charge Build-Up

Ensure safe dissipation of any charge build up
during the manufacturing process. The key to
this approach is that each equipment or object
that comes in contact with the semiconductor
is connected to a common ground point.
Conductive flooring, workstations, storage
racks must have direct grounding to a
common point in order to implement an
effective ESD control program.

13.9.2.3 Designing ESD Protection
Structures on the Silicon Chip

Protection circuits exist for different wafer
technologies that provide some level of
protection to external transients by
dampening/reducing the transient energy level
of an incoming ESD pulse.

Prevention of charge build up and effective
dissipation of accumulated charge are the
most effective approaches to reduction of ESD
damage to semiconductor products. ESD
requirements for storage and handling of ESD
sensitive semiconductor devices are spelled
out in the industry recognized standards
JEDEC 020B/C. These standards are to be
implemented as a minimum to prevent damage
to sensitive devices.
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13.9.3 Electrical Overstress or EOS

EOS is a more general failure mechanism
which results from the exposure of a
semiconductor to voltage or current conditions
beyond the design capability of the device.
ESD damage may be considered as a subset
of EOS damage. The damage to a
semiconductor resulting from either one of
these events may be so subtle that
determining which event actually happened is
not always possible.

Typically, a device damaged by EOS will
exhibit physical signatures in the silicon
resulting from a “punch-through” of the
dielectric material (oxide), a fused or reflowed
metal structure on the surface of the
semiconductor or junction damage due to
thermal runaway.

The dielectric punch-through occurs when a
circuit element is exposed to a voltage larger
than the dielectric strength of the oxide layer,
or to a rapidly changing voltage across the
dielectric material causing large currents
flowing inside the material. MOS devices are
especially vulnerable to both causes. As
semiconductor technology evolves, oxide
thicknesses are becoming thinner and features
smaller making the devices more susceptible
to this type of failure.

Fused or reflowed metal structures occur
when current density in a circuit element
exceeds the rated limit. Metallization lines are
heated leading to reconfiguration or even
fusing open.

Excessive power dissipation can lead to
localized heating at device junctions. This
forms a positive feedback mechanism where
higher localized temperature leads to lower
resistance, which, in turn, leads to more
current flow, resulting in more heating.
Ultimately, the junction collapses and the
silicon melts at the junction.

Elimination of EOS failures requires detailed
information about the conditions under which
the failure occurred. Most failures are caused
by improper test procedures of modules or
sub-assemblies. Inadvertent socketing errors,
careless power-up techniques and the use of a
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component in a circuit beyond its design
capabilities are all common causes of EOS
damage.

13.10 Outliers

Outliers are those devices whose measured
characteristic values are outside the typical
variance (normally within £3c) of the mean or
set target. Note that the value may be well
within established specification or operational
limits and still be an outlier. Since we have
redefined quality as not just meeting
requirements but how consistently the product
characteristics are from one unit to the next,
we can now ask what about those parts that
meet the specifications but are not close to the
mean? Outliers are the result of the inherent
variability in the production process, resulting
in a distribution of products around a target
value. This value can be a final electrical
specification, a mechanical dimension, or a
critical process characteristic of wafer
fabrication. Statistical process controls form
an important control mechanism used during
the manufacturing cycle to ensure that outliers
are not shipped to customers.

5 -4 -3° 2 4 0 1 2 3 4Vs

Figure 13.2 lllustration of Outliers

Some statistical techniques have been
identified in the semiconductor industry to
separate outliers from the other parts that can
be shipped. Those common techniques are as
follow:

13.10.1 Part Average Testing (PAT)

It is a statistically based method used during
parametric testing (wafer probe or final test) of
a device to reject components with abnormal
characteristics called outliers. Any product

characteristic that may drift in time and impact
long term consistency of the device is normally
a priority cause for PAT. Test data is collected
over time, the average for the part is the target
and the PAT limit is typically set to Six Sigma.

Mature test programs feature Dynamic PAT to
continuously update test limits based on
accumulated actual performance data.
Common characteristics that must have PAT
limits according to the Automotive Electronics
Council recommendations are:

* Leakage

* Break down voltage

e Stand by current (IDD, ICC)
e Gate Stress

¢ Voltage Stress

LsSL USL
I I
| |
| |
! N A a
Outliers ' Part Average ! Outliers ‘
Test Limits
Figure 13.3 lllustration of Part Average

Testing (PAT) Limits

13.10.2 Statistical Bin/Yield Analysis (SBA
or SYA)

It is another statistical technique used to
eliminate outlier lots based on test yields.
Similar to PAT limits, tests limits are calculated
per test bins by identifying the average vyield
plus Six Sigma. If test results from any
production lot yielding fallouts in excess of the
fallout limits in a specific test bin (yield outlier),
there could be a specific cause defect in the lot
which should be investigated. This lot will be
called a maverick lot and is typically not
shipped to the customer unless the root-cause
and risk are fully understood. Common test bin
configurations that have bin limits are:

Continuity Failures
PAT failures
Functional failures
Kelvin failures
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Figure 13.4 lllustration of Statistical

Bin/Yield Analysis (SBA)
13.11 Latent Defects
Latent Defects are flaws or other imperfections

in a device which surface after the
semiconductor component is placed in the

application circuit and is exercised or
activated. Latent defects are inherent
weaknesses in the device which are not

detected by examination or routine tests and
the conditions of tests are aggravated or the
potential causes of failure are accelerated at
the point of use. These defects can be caused
by either intrinsic or extrinsic factors. Intrinsic
factors are bounded by physical limit(s).
Extrinsic factors are associated with the
manufacturing processes used to produce a
particular device. The end result of a latent
defect is an overall reduction of the reliability of
the device in its intended application.

Preventing and eliminating latent defects can
be accomplished by one or more ways:

e Some form of screening such as a burn-in
test

¢ Accelerated reliability life testing

e Qualification testing beyond predicted
operating extremes

* Predictive and preventative manufacturing
process controls

¢ Robust product design
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13.12 Failure Analysis and Problem Solving

When semiconductor devices fail at the point
of use anywhere in the supply chain, the device
will have to be analyzed to determine what
caused its failure. This process is called Failure
Analysis (F/A). The part is returned to the
manufacturer where it undergoes physical
and/or chemical analysis depending on the
nature of the detected or suspected failure.

It is recommended that an initial analysis at
board level be performed to isolate the root-
cause of the failure at component level. A
common practice is a called ABA swapping
which is done to see if the problem follows the
component. The method is illustrated in
Figure 13.5a and Figure 13.5b:
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Module #1 — Suspect Module

Module #2 — Known Good Module

Figure 13.5a Module #1 fails testing due to suspected failure of device “A”.
Module #2 is a working module for reference.

Module #1 — RE-TEST

Module #2 — RE-TEST

Figure 13.5b Suspect device “A” is replaced with known good device “B” and the suspected
“A” part is mounted on Module #2. Both modules are re-tested to determine if
the failure follows the part or the module. If Module #2 now fails, device “A” is
assumed to be the root cause. If the Module #2 does not fail, the root cause is
assumed to be related to component(s) other than part “A” in Module #1.

Figure 13.5a and Figure 13.5b describe the ABA swap technique.

13.13 Optimization of the Results of F/A

Optimizing F/A results comes as a result of
combined efforts between the customer and
the supplier. The first step in optimizing F/A
results is to obtain a very accurate description
of the observed problem from the customer.
This description includes functional,
behavioral, and measured electrical
observations of the suspect device. Once the
customer and the supplier have described the
failure, appropriate electrical and physical

analysis techniques and tools can be selected
to increase the probability of finding the root
cause of the observed failure mode.

13.13.1 Best Practices

Best practices for F/A include accurate failure
localization which is the result of obtaining key
information regarding the nature of the failure
in the device. This key information is collected
by several methods. The first method is the use
of an automated electrical functional test.
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Those tests are, by nature, intended to isolate
failures down to functional blocks of the
device. Once the functional testing has been
performed the test results are then used to
further isolate the failure to a particular lower
level of the device structures. Behavioral
models are used to simulate the flawed
circuitry. Once the failure has been identified
and compared against the device schematic,

Process

Result

more complex physical analysis techniques
are used to either stimulate the failure or
correct the physical flaw and stimulate the
device to function correctly. Once the isolation
has been made, the destructive analysis of the
device can begin to determine the exact root
cause of the observed failure. A typical F/A
flow is shown in Figure 13.6.

Equipment

Verification of Failure

[l

Test Result, U-I-Curves

Tester, UTI

SAM / X-Ray

Decapsulation of IC

Access to Die Surface

Jetty, Wet Etching

|

Fault Localization

Area of Problem:
Block, Cell, Transistor

Emission Microscopy,
LCT, E-Beam Probing

|

Failure Analysis

Characterization Access to Primitive Probe Station,
of Primitive U-I-Curves Parameter Analyzer
Physical Wet, Dry Etching, FIB

Preparation & Image

SEM, AFM, TEM

Figure 13.6 Failure Analysis: Processes Flow Chart, Results and Equipment used

Equipment used during F/A: each of the F/A
process steps in Figure 13.6 is effectively
executed with corresponding equipment or
tools to achieve accurate results. Results are
interpreted by trained Failure Analysis
engineers and the conclusions are utilized for
effective problem solving.

NOTES:

U-I-Curves or IV Characteristics:
voltage characteristics

UTI: universal test instrument

LCT: liquid crystal thermography
E-Beam: electron beam

SEM: scanning electron microscope
FIB: focused ion beam

AFM: atomic force microscopy
TEM: transmission electron microscopy

current-
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Figure 13.7 The curve tracer is a widely used tool to verify device IV characteristics

Horizontal axis: Vg (V) (collector to emitter voltage)
Vertical axis: I (mA) (collector current)

Ig: base current (pHA)
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S
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LOWER UPPER ALARM TEST MAME
-3.500 -1.500 KE_INH
-3.500 -1.500 KE_IN
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-0.500 -0.200 KE_DELY
-3.500 -2.500 EE_HOLD
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-1.500 -0.300 CMT_IN
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-1.500 -0.200 CMT_HOLD
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ETS5-300 Utility Version 4.03f
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Eagle Test Systems' Windows NT Shell Version 4.03f
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RELEASED_PROGRAMS
WVOLTAGE_REGULATOR

#*xx DEVICE PASSED

-]

Figure 13.8

Automated Test Equipment (ATE) is a computer controlled unit that automates

the test process to verify that device parameters and functionality are within
the specified limits. The output is typically a text file that shows all the device
measurements compared to their specified limits.
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13.13.3 Fault Localization (non-destructive)

| Eran |

Figure 13.9 X-ray inspection is a common tool to reveal internal structures of the devices.

CSAM Image_Top Side_30 MHz

Figure 13.10 Scanning acoustic microscopy (CSAM) uses focused sound waves to detect
voids, delamination and cracks within the package of the device.
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Figure 13.11 Photo Emission Microscope (PEM or EMMI) is an important tool to localize
defects in integrated circuits. It detects faintly visible and near-infrared light
emitted from silicon under numerous failing conditions.

Figure 13.12 Fluorescent Microthermal Imaging produces static thermal maps of surfaces
or/and localizes “hot spots”.
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Figure 13.13 Liquid Crystal Thermography uses temperature sensitive chemicals and
polarized cameras to detect hot spots on the die surface.

Electrical Image Superimpose Image

50 X 50 X

Figure 13.14 Thermally Induced Voltage Alteration (TIVA) is an imaging technique which
pinpoints the location of electrical shorts on a device. A laser induces thermal
gradients in the device, which changes the amount of power that the device
consumes.
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1V

e |

US5 behind Poly-Bridge
/3

n 1 [p
igjuinie

USS5 in front of Poly-Bridge ! ! \

I i
LATCH behind Poly-Bridge

e

h¥

1}

|
LATCH in front of Poly-Bridge

100 ns

Signal passing
defective contact

Signal passing
good contacts

Figure 13.15 In electron beam probing, the voltage distribution at the surface of an IC can be
displayed (active voltage contrast) by scanning a focused electron beam.

13.13.4 Decapsulation (destructive) - Dry decapsulation
Wet Etching (Fuming Nitric Acid)
Physical Analysis -

Figure 13.16 Scanning Electron Microscope (SEM) uses an electron beam to induce the
emission of secondary electrons from the sample. The secondary electrons are
detected to provide high magnification images of the sample.
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13.14 Effective Methods of Problem Solving
for Semiconductors

When quality issues are not prevented, it is
critical that an immediate solution is achieved
and lessons are learned from the results of the
problem solving. A problem solving event is
considered effective when the real root cause,
and not the symptom, is identified and
eliminated. There are many well publicized
problem solving methodologies and they all
revolve around the general sequence: Plan,
Do, Check and Act (PDCA). The most common

It is important to note that an effective problem
solving process is a pre-requisite for any Zero
Defect program. The Six Sigma process is
summed up in the DMAIC mnemonic:
Describe, Measure, Analyze, Improve, and
Control. The inputs and outputs of the Six
Sigma problem solving process are then
communicated using the 8D format to both the
supplier and customer problem solving teams.
This format has evolved from the early use of
the 5 phase process developed by the
automotive OEMs.

practice in the Semiconductor industry to The Infineon 8D process is outlined in
structure the problem solving efforts is the Six Figure 13.17:
Sigma problem solving method.
Become aware of problem
1. Use team approach
<8D—Methodology> 2. Describe the problem ( The 8D-Team )
3. Implement and verify
containment action
4. Find root cause
( 8D-Reports ) 5. Select and verify
corrective action
6. Standardize process
7. Prevent recurrence
8. Congratulate your team @—Moderators ati I@
Figure 13.17 8D Process Outline
13.14.1 Problem Solving Tools the process. Different customers require

Effective problem solving is achieved with the
expert use of problem solving tools applied to
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different tools and formats to document and
communicate the steps and results of the
problem solving procedures. Some common
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problem  solving
Figure 13.18:

u 5-Why
= 8-D

u ABC Analysis

u Affinity Diagram

m Pareto Analysis

tools

m Ishikawa Diagram (Fishbone)

are shown

Brainstorming

Cause and Effect
Frequency Plot

Design of Experiment (DOE)
PDCA (Deming Wheel)

Figure 13.18 Common Problem Solving

Tools

13.14.2 Problem Solving Effectiveness

The 8D process has been developed in order

in

solving and facilitate the communication of
results. There are many factors that influence
the effectiveness of solving a problem. The
following factors need to be considered when
planning the problem solving activity:

¢ |s the problem important enough that it
requires a team to address?

e Do the potential solutions to the problem
exceed the skills of the individual attempting
to solve the problem?

e Does the problem have cross functional
character?

to increase the effectiveness of problem
Infineon 8D-No: Your Ref.:
Infineon Technologies AG (infr ‘
| 1D - Team:
Teamleader:
Name
Department
Telephone
ax
Address
E-Mail
Fax Date 2D - Problem D
Type: )
Failure-Analysis-Report Origin of Defect:
(Cover Sheet - see 8D for Detals)
& infineon Pos #: 1 Customer # 1 _DC: xxx (y pcs) _ Lotnumber: abc123xaxx
Our Ref: | TYour Ref: |
Inc.Date: [ [ Date of concern: | Customer - Failure Description:
Type:
Customer-Part-No.: ) ; .
Packager Infineon - Failure Verification:
Quantity:
Origin of defect: 3D - Containment Action:
Customer:
" [ )
Number of 8D-Reports:
4D - Root Cause:
[ 8D-No. [Sample-No.[ Qty | Status G T Primary:
Secondary:

[Reported by: |

[Reviewed and Confirmed by: |

Distribution

PageTorS

5D - Corrective Action and Verification:

Primary:

Secondary:
1

Page70(3

Figure 13.19 Example of Infineon 8D
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6D - Implementation of Permanent Corrective Action:

7D - Prevention:

8D - Information to Team:

Enclosures/Comments:
Final report:

Date:

Figure 13.20 Example of Infineon 8D (continued)
13.15 Conclusion

In conclusion we can state that as we design
and manufacture complex electronic modules
for different control functions found in a
modern vehicle, the Quality and Reliability of
the semiconductor devices used in those
modules are critical determining factors in the
manufacture of the high quality cars every
driver wants. Quality is when the customer is
satisfied to the point where he comes back for
new products, not the product is coming back
for repair!

Quality and Reliability are not achieved
accidentally and they are not free.
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In this chapter, an investigation is presented
into motor control. We begin with two simple
questions what is an electric motor and what is
motor control? These questions form the
foundation for this chapter.

There are many different types of electric
motors which a designer may choose from.
However, the discussion will be concentrated
on three types: permanent magnet DC motors,
stepper motors, and brushless DC motors.
Each is examined for their basic construction,
operation, and control circuits.

Before we begin with an introduction to electric
motors, it is important to review the basic
concepts of magnetism and electromagnets.

Our introduction to motor control concludes
with a brief summary of the topics discussed.
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14.1 Introduction to Electromagnets and
Electric Motors

14.1.1 Electromagnets

A permanent magnet is a piece of iron or steel
which produces a magnetic field. The
magnetic field causes permanent magnets to
attract iron and some other materials (called
ferromagnetic). The two ends of the permanent
magnet are called poles usually designated as
North and South, where the opposite magnet
ends attract and like magnet ends repel.
Permanent magnets are found in nature for
example as magnetite (Fe;O,4) or lodestones.

Electromagnets behave like permanent
magnets, but their magnetic field is not always
present. Rather, an electromagnet’s magnetic
field is temporarily induced by an electric
current. To construct a simple electromagnet,
we start with a wire wrapped around an iron
bar.

How Do You Make an Electromagnet?

m Start with an iron bar
= Wrap a wire around the iron bar
= Connecting a battery causes a current to flow in the wire

= The current induces a magnetic field creating
an electromagnet

NORTH

Current

How Do You Make an Electromagnet?

m Reversing the current direction, reverses the polarity

SOUTH

Current

Figure 14.1 Making of an Electromagnet
When a battery is connected to the wire,
current flows. The current flowing in a circular

pattern about the iron bar induces a temporary
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magnetic field. The ends of the iron bar
electromagnet are labeled as North and South
(Figure 14.1).

If the battery connection is reversed, the
current will flow in the opposite direction about
the iron bar. This causes the end polarities of
the electromagnet to also be reversed
(Figure 14.1).  When the  battery is
disconnected, the current around the iron bar
stops. With no current, theoretically the
induced magnetic field of the electromagnet
ceases (Figure 14.2).

How Do You Make an Electromagnet?

n If the current is stopped, the induced magnetic
field decays to 0

Figure 14.2 Electromagnet is NON
MAGNETIC without Current

14.1.2 Electric Motor Basics

The term electric motor can be used in general
to indicate any type of mechanism which
converts electrical energy into mechanical
energy (or motion). Certain electric motors may
be used as electric generators that convert
mechanical motion (or energy) into electrical
energy.

When a voltage potential (i.e. a battery) is
applied to an electric motor, current flows, and
electrical energy is delivered to the motor.
Electric motors convert this electrical energy
into mechanical energy. In automotive
applications, the mechanical energy is used to
perform various tasks, such as opening a
sunroof, moving a power seat, or positioning a
mirror.



14.2 Electric Motors Used in Automobiles

What is an Electric Motor?

m Electrical energy creates a rotating magnetic field inside
the motor causing the rotor to rotate, creating
mechanical motion

N
<O
L

Figure 14.3 Basic Electric Motor

Figure 14.4 Symbol of a PMDC Motor

At the most basic level, the construction of
electric motors can be taken down to two
components: the stator and the rotor
(Figure 14.3). The rotor is the part of the
electric motor that rotates when electrical
energy is applied. The stator is the part of the
electric motor which remains stationary and
magnetically interacts with the rotor.

When electrical energy is applied to the electric
motor, a rotating magnetic field is created by
an interaction of the stator and rotor. This
rotating magnetic field causes the rotor to
rotate, creating mechanical energy. The circuit
symbol of a PMDC motor is shown in
Figure 14.4.

14.1.3 Where are Electric Motors Used?

Electric motors are used in many different
automotive applications. They are becoming
increasingly  important  components  in
automotive designs, as they represent an
opportunity to provide additional feature
content and functionality while, in many cases,
improving system performance and/or
efficiency. They can be found in engine control
systems, vehicle control systems, passenger
comfort system, displays, etc. Figure 14.5 lists
some of the common applications. Electric

motors are also used for vehicle propulsion in
hybrid and battery driven cars. While the basic
operating principles are similar to the ones
presented in this chapter, their control is a
special discipline and is not included in this
material.

Where Are Electric Motors Used?

m Electric motors are used in many different
automotive applications:

Power windows Sunroof

Power seats Brakes

Power mirrors Power steering

Fans Fuel pump

Windshield wipers Water pump

Windshield washer pumps  Hybrid and electric vehicles
Starter motor Cruise control

Electric radio antenna Throttle plate control

Door locks Air vents

Information gauges Others

Figure 14.5 Uses of Electric Motors

= The controlled application of electrical energy to
a motor to elicit a desired mechanical response
— Start / Stop
— Speed
— Torque
— Position

= Significant amount of electronics may be required
to control the operation of some electric motors

Figure 14.6 What is Motor Control?
14.2 Electric Motors Used in Automobiles

As one might expect, electrical energy cannot
applied indiscriminately to electric motors. The
application of electrical energy to some motors
is in fact strikingly complex and could fill entire
volumes! However, we can generalize and
state that motor control is the controlled
application of electrical energy to an electric
motor to elicit a desired response. As it will be
shown shortly, a significant amount of
electronics (hardware) and signal processing
(software) is often required to properly control
some electric motors. Figure 14.6 lists the
most common areas of control.

When we refer to motor control, we are
actually talking about how we electrically
control the torque exerted on the motor shaft
and the rotational speed and direction of the
shaft.
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When a bias is applied to an electro-magnet, it
is polarized with North and South poles, just
like a permanent magnet. Unlike a permanent
magnet, however, once the bias is removed
from an electromagnet, it loses it magnetic
properties. In addition, an electromagnet’s
polarity can be reversed (North becomes
South and South becomes North) if the applied
bias is reversed. Most of the mechanical
design and development of a motor is
concerned with the relative placement of the
permanent and temporary magnets. This in
turn dictates how the internal rotating
magnetic field is generated, causing the rotor
to rotate.

14.2.1 Common Motor Types

There are literally dozens of different types and
classifications of motors. Some are listed in
Figure 14.7.

m There are many different types and classifications
of electric motors:
Permanent magnet DC motor

Stepper motor
Brushless DC motor

Repulsion motor

Linear motor

Variable reluctance motor
Unipolar stepper motor
Bipolar stepper

Full step stepper motor

Wound field motor

Universal motors

Three phase induction motor
Three-phase AC synchronous motors Half step stepper motor
Two-phase AC Servo motors
Torque motors

Shaded-pole motor
Split-phase induction motor
Capacitor start motor
Permanent Split-Capacitor (PSC) motor Others......
Repulsion-start induction-run (RS-IR) motor

Micro step stepper motor
Switched reluctance motor
Shaded-pole synchronous motor
Induction motor

Coreless DC motor

Figure 14.7 Types of Electric Motors

= Similar in construction to the introductory example
m Metallic contacts (brushes) are used to deliver
electrical energy
m Rotational speed proportional to the applied voltage
= Torque proportional to the current flowing through
the motor
= Advantages:
+ Low cost (high volume demand)
+ Simple operation
= Disadvantages:
— Medium efficiency
- Poor reliability (brush, commutator wear out)
- Strong potential source of electromagnetic
interference

Figure 14.8 Permanent Magnet DC Motor
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However, many of these motor types are rather
esoteric; others are only derivations of other
more common types of motors. Therefore, in
this chapter, we will examine only three of the
most common types of electric motors used in
automotive applications:

¢ Permanent magnet DC motors
e Stepper motors
e Brushless DC motors

14.2.2 Permanent Magnet DC Motor

Permanent magnet DC motors are very similar
in construction to the example that was
outlined in Section 14.1.2 showing a simple
stator and rotor. Key features of these electric
motors are the spring loaded graphite brushes
used to apply the electrical energy and polarize
the rotating electromagnet. Another important
component is the segmented commutator
ring.

Electrically, permanent magnet DC motors
spin faster if a higher (DC) voltage is applied to
the motor at a given load. They also have more
torque for higher operating currents.

The greatest advantages of permanent magnet
DC motors are their simple operation and low
cost. However, their simplicity (the use of the
brush contacts and commutator ring) results in
several issues. Permanent magnet DC motors
are only moderately efficient in converting
electrical energy to mechanical energy. In
addition, they suffer from a rather poor
reliability record, and they are strong sources
of electrical noise (electromagnetic
interference, or EMI), which can potentially
disrupt neighboring electrical systems (see
Figure 14.8).

14.2.3 Stepper Motors

Stepper motors are another type of common
electric motor in automotive applications. They
differ from other common electric motors in
that their construction and operation divides a
360° rotation into a discrete number of steps.
For example, a stepper motor with 200 steps
will move through 1.8° of rotation with each
step.



14.3 Interactions between Magnetic Fields

Conceptually, the operation of stepper motors
is relatively simple. A stepper motor controller
can move the rotor one step by applying a
single voltage pulse to the stator. By applying
a different voltage pulse, the controller can
move the rotor one step in the opposite
direction. The rotational speed is controlled by
changing the rate at which the voltage pulses
are applied.

There are several advantages to stepper
motors. Their discrete step operation makes
them ideal for position control applications like
traditional analog instrument gauges. In
addition, once a controller has moved the rotor
to the desired position (desired number of
steps), the stepper motor can easily hold its
position.

Their step-by-step operation, however, causes
these motors to have a very low efficiency
converting electrical energy into mechanical
energy. In addition, the motors are relatively
expensive and require a digital controller and
interface for proper control. The basic stepper
motor controller is relatively low cost because
of the digital nature. The basic advantages and
disadvantages of the stepper motors are listed
in Figure14.9.

Stepper Motor

= Full rotation of electric motor divided into a number
of “steps”

= For example, 200 steps provides a 1.8° step angle

= A stepper motor controller can move the electric motor
one step (in either direction) by applying a voltage pulse

= Rotational speed is controlled by changing the
frequency of the voltage pulses

= Advantages:
+ Low cost position control (instrument gauges)
+ Easy to hold position

= Disadvantages:
— Poor efficiency
— Requires digital control interface
— High motor cost

Figure 14.9 Relative Merits of Stepper
Motors

Brushless DC Motor
= Similar to a permanent magnet DC motor

= Rotor is always the permanent magnet
(internal or external)

= Design eliminates the need for brushes by using
a more complex drive circuit

= Advantages:
+ High efficiency
+ High reliability
+ Low EMI
+ Good speed control

= Disadvantages:
— May be more expensive than “brushed” DC motors
— More complex and expensive drive circuit than
“brushed” DC motors

Figure 14.10 Relative Merits of Brushless
DC Motors

14.2.4 Brushless DC (BLDC) Motors

BLDC motors can be thought of as an
improvement upon permanent magnet DC
motors. Their design and operation don’t
require the spring-like brushes which lead to
many of the disadvantages inherent in
permanent magnet DC motors. Therefore,
BLDC motors can be more efficient and more
reliable than permanent magnet DC motors. In
addition, BLDC motors generate significantly
less electromagnetic interference than
permanent magnet DC motors.

The elimination of the brush contacts,
however, results in significantly more complex
operation and control. In addition, brushless
DC motors may be more expensive than
comparable permanent magnet DC motors.
Extra position sensing components may also
be needed (usually Hall-effect sensors). The
basic advantages and disadvantages are listed
in Figure 14.10.

14.3 Interactions between Magnetic Fields

The magnetic field between two opposing
magnetic poles (separated by a gap) is
characterized by the flux density vector B.

The positive direction of the magnetic field is
from North pole to South pole. Applying the
Left Hand Rule, the pointing finger follows the
magnetic field into the page.
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Left Hand Rule: Magnetic Field

= The magnetic field (ﬁ) is from
the NORTH pole to the
opposite SOUTH pole

7/
/

SOUTH

= The pointing finger
follows B into
screen

| LAy B
NORTH

Figure 14.11 Magnetic Field Vectors
between Magnetic Poles

Left Hand Rule: Current Flow

m Current flows in a wire through
the magnetic field from left

to right
SOUTH
= The middle finger i

follows I, right, 0 PP PP
or |, left

NORTH

Figure 14.12 Current Carrying Wires in
Magnetic Field

Assume that currents flow in the wires placed
in the magnetic field perpendicular to the
orientation of the B vector. Let the current I,
flows from the left to the right. The direction of
the current flow is followed by the left hand’s
middle finger. Let the index finger point into the
page (B), then the middle finger points to the
right edge of the page (1,). If the current were to
flow from right to left (I,), the middle finger
would point to the left side of the page.
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Permanent Magnet DC Motor Rotation Direction?

=m To determine the direction of the motor‘s rotation, we
need to use the “Left Hand Rule*

(o4

X
<®

&
S
2

4

Figure 14.13 Left Hand Rule

Left Hand Rule: Force

m The force, E acting on each wire
is in the direction of the
thumb E
= 1 SOUTH
= The wire with I,
i§ pushed up,

I
—
I, down

Sk

— i
NORTH /K
F

2

Figure 14.14 Forces Acting on Wires in a
Magnetic Field

Any wire carrying electrical current and
surrounded by magnetic field, like in this case,
will interact with the field between the
magnetic poles. The direction of the force
vectors is indicated by the left hand rule: the
force acting on the wire conducting current |, is
upward and the force acting on the other wire
(I,) is downward as shown in Figure 14.14 to
Figure 14.16.
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Left Hand Rule: Force
= The magnitude of Eis given by:

IFI=111*A*IBI F, SOUTH
where A is the i» Pl SIS
length of the

wire in B

Figure 14.15 Left Hand Rule of Force

Left Hand Rule: Current Loop

u [f the current flows in a loop,
the force(s) will cause the

loop to rotate F SOUTH

i
—_— A

NORTH /r,
3

oSS Sk

Figure 14.16 A Current Loop in Magnetic
Field

The magnitude of the force is the product of
the field strength B, the current amplitude I, (I,)
and the length of wire in the field L (see
Figure 14.15). If the wire loop in Figure 14.16 is
attached to an axle which is placed in the plane
defined by the wire pair and parallel with the
two wires, the forces would exert a rotating
torque on the loop. Depending on the angular
position of the loop the forces may attract the
wires into the field or repel them.

In every motor type be it DC or AC the
magnetic interactions must set up a rotating
field pattern that will apply a rotating torque on
the rotor.

14.4 Detailed Description of How the Three
Basic Motor Types Operate

14.4.1 Permanent Magnet DC (PMDC)
Motors Operation

The construction and operation of the PMDC is
reviewed first through an example. PMDC
motor uses permanent magnets mounted on a
stator. While the numbers may vary, the simple
example here shows a single North-South
magnet on the stator. The stator is mounted
“external” to the rotor (Figure 14.17).

How Does a Permanent Magnet DC Motor Work?

= “DC Motors“ use magnets to produce motion
— Permanent magnets

SOUTH NORTH

Figure 14.17 Components in a PMDC Motor

How Does a Permanent Magnet DC Motor Work?

= “DC Motors“ use magnets to produce motion
— Permanent magnets
— An electromagnet armature

Figure 14.18 Components in a PMDC Motor
(continued)

Next, the temporary magnet (electromagnet)
rotor of our example PMDC motor is shown.
The temporary magnet, with its wire
wrappings, is known as an armature. It is
mounted “internal” to the external stator. The
armature is mounted so that it may spin about
its center (Figure 14.18).

The electric motor’'s commutator is the
connection between the armature’s wire
wrapping and the brushes of the permanent
magnet DC motor (Figure 14.19).
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Permanent Magnet DC Motor Commutator and Brushes

m Permanent magnet stator

m Electromagnet armature is mounted on axle so that
it can rotate

=» A commutator makes an electrical contact with the
brushes mounted on the rotor

=

Figure 14.19 Components in a PMDC Motor
(continued)

Permanent Magnet DC Motor Rotation

m The like magnets (NORTH-NORTH and
SOUTH-SOUTH) repel

= As the like magnets repel, the armature rotates,
creating mechanical motion

™
WA 7)) [ o
<

Figure 14.20 Completed PMDC Motor

The commutator of a single coil armature in a
permanent magnet DC motor is comprised of
two isolated halves of aring (Figure 14.19). The
two halves are mounted on the armature’s axle
allowing them to rotate with the armature. The
permanent magnet DC motor’s brushes
electrically connect the armature’s windings
and commutator to the battery (Figure 14.20).

When permanent magnet DC motor is
connected to a battery the current flows
through the brushes to the commutator and
armature’s  windings  (Figure 14.20) and
induces a magnetic field polarizing the rotor.
The rotating armature just having crossed the
gap of the commutator ring changes the
polarization of the armature from the previous
attraction to repulsion because like poles are
now facing each other. The repulsing torque is
diminishing as the armature turns but after 90°
angular displacement attracting torque is
developing because opposing polarities are
approaching each other. When the
displacement is 180° the split is traversed
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again and the polarization of the armature
magnet is reversed again changing the
attracting torque to repulsing one. The
moment of inertia of the rotor carries it over the
zero torque angular position. This process
continues as long as power is supplied to the
armature. If the polarity of the connections
between the battery terminal and brushes is
reversed the armature will rotate in the
opposite direction.

14.4.2 Control of PMDC Motors
Uni-directional Control

There are applications where the motor is only
required to drive in one direction (for example,
fan or blower motors). In this case the drive
can be full voltage, continuous DC or PWM
controlled DC.

Controlling an Unidirectional
Permanent Magnet DC Motor

= Unidirectional motors are controlled by
a “half H-bridge*“ circuit

Current

Figure 14.21 Motor is Driven Counter Clock
Wise

Controlling an Unidirectional
Permanent Magnet DC Motor

= Unidirectional motors are controlled by
a “half H-bridge“ circuit

A

Current
/{ A

Figure 14.22 Motor is Braked or Stopped
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The power control circuit topology is the same
in both cases consisting of two switches
realized by power transistors in most cases.
When the top switch is closed and the lower
one is open the motor is driven in the counter
clock direction. If the top switch is closed for a
sufficiently long time the motor will reach the
final angular velocity determined by the motor
parameters and the torque demand.

When the power is switched off the top switch
opens and the lower switch closes shorting the
motor terminals to ground. The motor will be
slowed up and eventually stopped not only by
the torque load but also by the back-emf
generated in the rotating armature (see
APPENDIX) which causes a braking torque
proportional to the armature angular velocity.

In PWM mode of operation the top and bottom
switches open and close in opposite phase to
each other presenting a controlled and low
impedance DC voltage source to the motor. If
a complete switch cycle period is T, the switch
is closed for Ty < T and the supply voltage is V,
the drive voltage across the motor terminal is
equaltoVy, =(T;/T)V,=D.V,, whereDis the
duty cycle.

Shorting the motor when not driven will also
eliminate or greatly reduce the inductive
transients caused by the stored magnetic
energy in the armature inductance. Transient
voltage control is very important when solid
state power switches are used to drive PMDC
motors.

Bi-directional Control

The bi-directional motor control circuit
consists of a DC voltage source and four
electrical switches (usually transistors). The
circuit is called an H-Bridge circuit because the
electric switches and the motor form an “H”
shape (Figure 14.23).

To cause the motor to spin in one direction,
one switch connected to the positive terminal
of the DC voltage source is closed while the
other switch connected to the same terminal of
the DC voltage source remains open. The
states of the two switches connected to the
negative terminal of the DC voltage source are
the inverse of the ones in contact with the

positive terminal. In this example, current can
now flow from the DC voltage source, through
the top left switch, through the PMDC motor
(from the left to the right), through the bottom
right switch, and back to the DC voltage
source. This causes the motor to spin in the
clock wise direction (Figure 14.24) in the
illustration. Reversing the switch states to
closing the top right and bottom left switches
(and opening the others) will reverse the
direction of rotation.

Controlling a Permanent Magnet DC Motor

m Bi-directional PM DC motors are controlled with
an “H-Bridge” circuit consisting of the motor and
four power switches

©

Figure 14.23 Basic H-bridge Circuit
Topology

Turning On a Permanent Magnet DC Motor
= A top switch and the opposite bottom switch are

closed

= The other switches are open

L | motor ‘
/A

Figure 14.24 Driving the Motor Clock Wise

H-bridge motor controllers may act as DC
drives or variable voltage drives using pulse
width modulation (PWM). In the former mode
the switch pairs are closed and kept closed as
long as the motor has to run. In the latter mode
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voltage is applied across the motor in a pulsed
fashion. In practical motor drives the motor is
not allowed to “free-wheel”: if the motor is not
driven then its brush terminals are shorted
through either by closing both of the top or
both of the bottom switches as illustrated in
Figure 14.25 and Figure 14.26.

Turning Off a Permanent Magnet DC Motor

= Both top switches are closed

-
| transient ?

Figure 14.25 Motor Braking with High Side
Recirculation
Turning Off a Permanent Magnet DC Motor

= Both bottom switches are closed

\ \

{F

| e |
e

Figure 14.26 Motor Braking with Low Side
Recirculation

The illustrated cases represent the braking
mode preceded by the drive mode as in
Figure 14.24. The dashed loops in both figures
symbolize the transient decay of the current
stored in the armature inductance. Keeping the
armature shorted in the off-state is desirable
for another reason: shorted armature develops
a braking torque on the armature as soon as it
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moves. That may prevent the “creeping” of the
rotor in response to road vibration.

PWM drive is illustrated in Figure 14.27 and
Figure 14.28. In this case the motor current
flows left to right and the motor voltage is
controlled by pulse width modulation. Notice
that in the left leg of the H-bridge, the top left
switch is permanently closed and the bottom
left switch is permanently open. Voltage
control is accomplished by duty cycle control
just like in the case of the uni-directional drive
circuit.

If the role of the switches is reversed the motor
is driven in the opposite direction in a con-
trolled fashion. Care must be taken that the
switches in the same leg are never closed
together.

In addition, there are several other ways to
open and close the four switches beyond
those we have discussed. The most common
of these is used for dynamic braking (or
slowing) the motor. When it is desirable to stop
the motor quickly, the polarity of the H-bridge
drive may be reversed while the rotor is still
running in the previously driven direction. The
reverse drive can be applied at full voltage or
with PWM control. In either way the torque is
reversed on the moving armature and it stops
much quicker than if the armature were only
shorted or the drive all together were removed
by opening all switches. Shorting the armature
is a special case of dynamic braking. The
various motor control modes are discussed in
the APPENDIX.

PWM Drive of a Permanent Magnet DC Motor

m Diagonal switches are closed

S
v a

O

Figure 14.27 PWM Drive Cycle
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PWM Recirculation in a Permanent Magnet DC Motor

= Both top switches are closed
= Both bottom switches are open

L e b 1.

Figure 14.28 PWM Recirculation Cycle

Figure 14.27 shows the drive state during the
PWM *“on” cycle and Figure 14.28 shows the
off-cycle. A summary of the different PMDC
motor drive methods is in Figure 14.29.

n DC operation
— Rotational speed of the DC motor is fixed
at a given voltage and load

= PWM Operation
— Average voltage (and rotational speed) can be
controlled by opening/closing the switches quickly

= Braking
— Shorting the terminals or momentarily reversing
the drive

n Others

Figure 14.29 Controlling a PMDC Motor
Options

= Unlike the permanent magnet DC motor, stepper
motors move in discrete steps as commanded by
the stepper motor controller

= Because of their discrete step operation, stepper
motors can easily be rotated a finite fraction
of a rotation

= Another key feature of stepper motors is their ability
to hold their load steady once the require position
is achieved

= An example application for stepper motors is for
implementing traditional “analog” instrumentation
gauges on a dashboard

Figure 14.30 Why a Stepper Motor?
14.4.3 Stepper Motors

In this section stepper motors are discussed.
Recall that stepper motors can be rotated in

discrete steps and are often used in position
control applications. Some of the key features
and one potential application are listed in
Figure 14.30.

One of the characteristic features of a stepper
motor is the large number (~200) of “teeth” on
both the rotor and stator. In the example we
will present, the stepper motor has an internal
rotor with six of permanent magnet poles and
an external stator with four electromagnet
poles. The electromagnet (or stator) teeth are
polarized sequentially. The polarization may
also be reversed. Each time the stator poles go
through the process, the rotor takes one step.

In a full step stepper motor, angular
displacement of a single step is 360°/N (N is
the number of teeth).

A micro-stepper type motor can increase the
number of discrete steps significantly,
sometimes 50000 or more. This requires a
large amount of drive signal processing,
however, and quickly drives up the complexity
of the motor control circuit and algorithms.

n A stepper motor often has an internal rotor with a large
number of permanent magnet “teeth”

= A large number of electromagnet “teeth” are mounted
on an external stator

m Electromagnets are polarized and depolarized
sequentially, causing the rotor to spin one “step”

m Full step motors spin 360°/(# of teeth) in each step
= Half step motors spin 180°/(# of teeth) in each step
= Microstepmotors further decrease the rotation in each step

Figure 14.31 How Does a Stepper Motor
Work?

Figure 14.32 Full Step Operation
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The series of figures (Figure 14.32 to
Figure 14.34) illustrates the operation of the full
step stepper motor. The permanent magnets
on the internal rotor are marked “N” for North
pole and “S” for South pole. The stator is also
magnetized as shown. Six rotating poles are
assumed in the illustrated case resulting in 30°
positional change per step (12 steps per
revolution). Each stator electromagnet can be
polarized either as shown or in the opposite
direction depending on the direction of the
current flow in the coils.

Figure 14.33 Full Step Operation

Figure 14.34 Full Step Operation

Now consider the operation of the full step
stepper motor as it rotates and holds a
position.

First the electromagnet stator is polarized
(Figure 14.32). In this particular state of
polarization the electromagnet stator causes
the rotor to land in the indicated position. One
step in the clockwise direction brings the rotor
to a stable position and its position is held by
the stator electromagnet (Figure 14.33). The
step is controlled by de-energizing the stator
poles previously energized and energizing the
other poles as indicated. The next step

276

energizes the stator in the “vertical direction”
with polarity reversed with respect to the
starting state (Figure 14.34). The movement of
the rotor is indicated with the caret character.
Notice that as the rotor is stepping clockwise
the magnetization of the stator is “turning”
counter clock wise.

If the direction of the rotor has to be reversed
the polarity of the stator magnetization shown
in Figure 14.33 and Figure 14.34 has to be
reversed. As it has been stated previously the
polarization of the stator is controlled by the
current direction. The stator coils can be driven
either by an H-bridge driver, or by making the
coils center-tapped and using uni-polar low-
side (or high-side) drivers. The angular velocity
of the rotor is controlled by the pulse rate.

The control of a stepper motor is performed by
a stepper motor controller. The controller
sends square wave pulses to the stepper
motor to advance the motor through the
appropriate steps. There are stepper motors
with much finer resolution than the illustrated
case. The control circuit requirements are
essentially the same as in case of the coarser
resolution motors but the electromechanical
parts are different. Usually both the stator and
the rotor are “toothed”.

As previously mentioned, micro-stepping
requires significantly more work. The controller
must source a quasi sinusoidal current
waveform to the stepper motor. This allows the
rotor to move in finer steps than allowed even
by the half stepping operation we reviewed.

Because the operation of the controller is
performed by a digital circuit, stepper motors
are also known as digital motors. The short
description given in this section is very
sketchy; there are a lot of good articles, books
and tutorials on the internet for those who want
to dig deeper into this topic.

14.4.4 Brushless DC Motors

Another common class of electric motors in
automotive applications is the brushless DC
motor (also known as BLDC motor). Many of
the limitations of the classic permanent
magnet “brushed” DC (PMDC) motor are
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caused by the brushes pressing against the
rotating commutator creating friction:

® as the motor speed is increased, brushes
may not remain in contact with the rotating
commutator;

sparks and electric noise may be created as
the brushes encounter flaws in the
commutator surface or as the commutator
breaks contact with the rotor segment that
has just been energized;

® brushes eventually wear out and require
replacement and the commutator ring itself
is subject to wear and maintenance.

BLDC motors avoid these problems with a
modified design but require a more complex
control system. The name is a misnomer
because from the electromagnetic view point
they are more akin to synchronous AC motors
than to the PMDC motors. In case the BLDC
motors the permanent magnet forms the rotor
and the electro-magnet is the stator. There is
no commutator ring and the rotor position is
determined by means of Hall-effect sensors
excited by the poles of the rotating permanent
magnet. The BLDC motor control reads the
signals from the sensors and based upon
these inputs the controller knows which
electromagnets to turn on or off and when.
This control method allows a controller to use
an external clock signal to synchronize the
switching sequence of the electromagnets and
thus the rotation of the BLDC motor allowing
precise speed control. Since the position of the
rotor is sensed the motor can be driven with a
continuous DC supply (given a commutating
controller); in this case the rotor speed
depends on the source voltage and the torque
load on the shaft. The commutation, as
mentioned above, is determined by the rotor
position sensors.

There are two basic types of BLDC motors:

e BLDC motor with an external (ring)
permanent magnet rotor and an internal
electromagnet stator

e BLDC motor with an internal permanent
magnet cylindrical rotor and an external
electromagnet stator

In the following descriptions the motor
configuration is internal permanent magnet
and external electromagnet as illustrated in
Figure 14.35 and Figures 14.36-14.39.

Operation
m This example brushless DC motor has:

- An internal, permanent magnet rotor

Figure 14.35 Example Brushless DC Motor

The first component is the permanent magnet
pivoted at the center of the electromagnets.
The electromagnets are arranged evenly
around the periphery of the stator area
(Figure 14.36).

Structure:

A, B and C are electromagnet coils.

Current flowing into the coil produces “SOUTH” magnetic polarity.
H1, H2 and H3 are hall-effect position sensors

Figure 14.36

The simplest motor construction features only
three coils 120 degrees apart and the coils are
connected in a three-phase star pattern. The
external solid ring corresponds to the common
points of the windings ends (star point). At any
given time current is flowing through two coils.
In addition to the electro-magnets and rotating
permanent magnet rotor position sensors are
also needed which are typically Hall-effect
magnetic flux sensors (Figure 14.36).
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Figure 14.37

Assume that the current drive and the rotor
position is as in Figure 14.37. By arbitrary
choice current flowing into a coil makes the
electromagnet polarity SOUTH (south-pole on
the magnets are white, north-poles are black)
and un-excited electromagnets are filled with
cross hatch.

In Figure 14.37 the north pole of the rotating
magnet is pulled by the SOUTH electromagnet
end its south-pole by the more distant NORTH
electro-magnet.

HS/ XHZ
W,
$ Xghe T

Figure 14.38

Just before the “C” electro-magnet (SOUTH)
would grab the north pole of the rotating
magnet the field of the south pole of the
rotating magnet is picked up by sensor H3 and
the current from coil C is transferred to coil B
(Figure 14.38).

The rotor is now being pulled by electro-
magnets B (SOUTH) and A (NORTH). Just
before electromagnet B (SOUTH) would grab
the north-pole of the rotor sensor H2 senses
the flux of the south pole of the rotating
magnet and will switch the current from
electro-magnet “A” to “C” (Figure 14.39).
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Figure 14.39

In a similar fashion the rotation of the
permanent magnet and the excitation
sequence of the electromagnets can be traced
out.

There are a few things need to be mentioned at
this point:

e the rotor normally features more than one
pole pair;

the electro-magnets consists of inter-leaved
coils in “ABCABC...” sequence;

e given a proper commutation control BLDC
motors are similar to the brushed DC motors
described earlier. Increasing voltage
increases the speed or torque, and back emf
is also present and acts similarly. Speed,
torque and back-emf are detailed in the
APPENDIX (in terms of permanent magnet
DC motors).

An example of the control circuitry for a BLDC
motor is shown in Figure 14.40. If the drive
current, for example, is from A-to-B switches
HS1 and LS2 are closed, similarly from B-to-C
switches HS2 and LS3 are closed and C-to-A
switches HS3 and LS1 are closed.

BB

Hsﬁ HS2 HS3
B

LSt LS2 LS3

Figure 14.40
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The BLDC motor controller is realized with
solid state switches; in low power (<1 kW), low
voltage (24 V or less) automotive applications
N-channel MOSFET half bridge circuits are
commonly used. A schematic circuit is in
Figure 14.41. In higher voltage, higher current
applications (electric propulsion control, for
example) isolated gate bipolar transistors or
IGBT-s are commonly used.

IR

N R <
HS1| HS2 HS3
B
O R =
LSt Lszzl Ls3
A ©

Figure 14.41
The drive control has two different modes:

e torque-speed control by means of supply
voltage change;

e control by using pulse width modulation.

In the first case the HSx and LSy switches are
operated as controlled by the rotor position
sensing Hall-effect switches. The torque
delivered by the motor is linearly dependent of
the supply voltage (at least in the first
approximation).

Types of Electric Motors

In the second case the high side driver
corresponding to the rotor position is solidly
ON and the low side driver is pulse width
modulated. Suppose that in the given
rotational segment switches HS1 and LS2 are
active. Current flows from terminal A to
terminal B and HS1 is ON while the rotor is in
the appropriate segment but LS2 is pulse
width modulated. When LS2 is opened the
current stored in windings A-B will re-circulate
at first through the parasitic diode of MOSFET
HS2 and a few micro seconds later HS2 is
closed. Thus the PWM is realized by
alternating switches LS2 and HS2. PWM is
similar when other coil pairs are driven or when
the polarity of the drive is reversed; in our
example current would flow from B to A,
switch HS2 would be solidly on and switches
LS1 and HS1 would be alternatively turned on
and off.

14.4.5 Conclusion
While there are many different kinds of motors,
most automotive applications use a few

different types:

1) Permanent magnet DC motors
(PMDC motors)

2) Stepper motors

3) Brushless DC motors
(BLDC motors)

The advantages and disadvantages of each of
these three motors are shown in the next table:

(high volume)
+ Simple operation

(low cost control
circuits)

Permanent Magnet Stepper Brushless DC
DC Motor Motor Motor
Advantages: + Low cost + Position control + High efficiency

+ High reliability
+ Low EMI
+ Speed control

Disadvantages: - Medium efficiency
- Poor reliability

- Bad EMI

- Poor efficiency
- Digital interface
- High motor cost

- Maybe higher cost
(lower volume)
- Complex control
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Permanent magnet DC motors (PMDCM) are
generally used to drive various types of
automotive loads (note they can also be used
as generators). Applications, models, and
design methods are presented in this chapter.
The basic structure and operation of the
PMDC is presented in Chapter 14 and relevant
terms are in the Glossary which is not repeated
in this chapter.

In discussing any electro-mechanical system,
like a motor and its load, it is important to use
correct and pure units so as to eliminate
confusion.

In response to the input power (voltage source,
armature current) the motor develops torque
on its shaft that is proportional to the current
flowing through the motor armature. The units
of torque, moment of inertia, angular velocity
and angular acceleration are first reviewed to
help the reader in the interpretation and
application of parameters as published in
datasheets. Unfortunately SI units
(international system of units form the French -
-Systeme International d’Unités) are often
mixed with traditional engineering units that
unnecessarily complicate the analysis and
simulation of motor drive systems.

For clarity, we will stay with the Sl units so that
power and work are respectively given in watt
and joule whether resulting from mechanical
or electrical parameters and computations.
Another great advantage is that basic motor
parameters, like the k constant and the
mechanical time constant of the loaded and
unloaded motor will have simpler forms.

The general block diagram of a motor driving a
load is shown in Figure A.1:

Figure A.1

Motor

Block Diagram of PMDCM
Driving an Inertial Load

Meanings of symbols in Figure A.1 are: R,
armature resistance, L, armature inductance, k
motor velocity or torque constant, ke back
emf, V, supply voltage, T torque driving the
load and ® angular velocity.
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A.1 Motor Loads

In the following discussion armature, shaft and
rotor are used interchangeably. The load
torque may take many different forms as listed
below:

A.1.1 Coulomb-Friction Loads

In the first approximation this type of load is
independent of the angular position, angular
velocity or angular acceleration of the armature
and it is called Coulomb friction, T. Coulomb
friction load is always present because of the
brushes to commutator contacts and bearing
frictions.

A.1.2 Loads Proportional to Angular
Velocity

a) Viscous Friction Load: this load is linearly
proportional to angular velocity.

T, =k, *o

b) Wind resistance type load is very common
when the motor drives a fan. The torque
load is proportional to the square of the
angular velocity.

_ 2
Tw_k(u*('o

A.1.3 Loads Proportional to Angular
Acceleration

The motor accelerates an inertial load with “J”
moment of inertia constant. The torque is
directly proportional to the rate of change of
angular velocity:

T, = J(dw/dt)

(Newton’s second axiom applied to rotary
motion). J includes the moment of inertia of the
rotor and the load:

J=J,+J.

A.1.4 Driving Torque

This torque is the motor output and it is directly
proportional to the armature current:

To=k=l, M
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where: k is the motor constant and |, is the
armature current.

The output torque of the motor, therefore, may
have to drive all the listed torques as shown in
Figure A.2 and by Equation (2):

J
Load
To Ty
Motor
o » J.d/dtla—o

Figure A.2 Block Diagram of PMDCM
Driving Different Torque Loads

Tn=Tc+T, +T,+T, @)
J=J +J, (2a)
Combining Equation (1) and Equation (2) gives:
K*l,=To+k, * o+ k, * 0 + J(do/dt) )

A.2 Torque Related Units, Sl and
Traditional Units

The definition of the torque is: a force, F
perpendicularly acting on an arm of length L. If
the force vector is not perpendicular on L the
perpendicular component is effective.

A.2.1 Basic Mechanical and Electrical
Units

Unit of mass: kg
M] =kg

Unit of acceleration:
[a] = m/sec?, where m is meter, sec is second

Unit of force:
[F] = [M].[a] = kg.m/sec?
[F] = Newton =N @)

Unit of torque:
[T] = [F].[L] = kg.m/sec?.m = kg(m/sec)?
[T] = Newton.meter = N.m 5)

Unit of angle: radian
[¢] = rad, note, that rad is dimensionless
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Unit of angular velocity:
[d¢/dt] = [o] = rad/sec

Unit of angular acceleration:
[dw/dt] = rad/sec?

Unit of current:
[l] = A (@ampere)

Unit of voltage:

[V] =V (volt)

Unit of resistance:
[V/1] = Q (ohm)

Unit of inductance:
[L] = [V/(dI/dt)] = Q.sec (ohm.sec)

A.2.2 Torque Constants

Torque constant of motor, k:
[kl =[T]1/[1] = N.m/A (6)

If “k” is expressed in Sl units the same
numerical value gives the torque constant and
the back emf constant (related to the voltage
induced in the rotating armature by the stator
field):

Back emf constant:
[k] = V/(rad/sec) (6a)

Velocity torque constant, k,:
[k,] = [T/ [®] = N.m/(rad/sec),
[k,] = [T]/ [o] = N.m.sec )

(Velocity)? torque constant, k,:
Ik,] = [T]/ [do/dt]? = N.m/(rad%/sec?),
[k,] = N.m.sec? @)

Moment of inertia, J:
[J] = N.m/(rad/sec?)
[J] = N.m.sec? = kg.m? )

A.2.3 Traditional Units:

angular displacement: 1 rev = 2 rad,

angular velocity: 1 rev/minute = 1 rpm
1 rpm = 2r rad/60 sec =
=0.1047198 rad/sec

weight, force, length, torque:
1 kg force = 1 kg.g = 1,;s = 9.806 N

g” is the gravitational acceleration
(g = 9.806 m/sec?)

1 pound = 0.45359 kg
1 pound force =1,; = (0.45359 * 9.806) = 4.448 N

1,-foot = (0.45359237 * 9.806) x 0.3048 =
= 1.355728 N.m

1,2-in = 1.355728/(16 x 12) = 0.007061 N.m

In modern European and Japanese catalogs
one often finds torques expressed in N x m (SI)
units while in American/English catalogs
oz(force) x in or Ib(force) x foot units appear
frequently.

A.3 Motor Characteristic

The PMDCM has two kinds of parameters:
electrical and electro-mechanical.

A.3.1 Electrical Parameters

Armature resistance: [R,] =Q (10)

Armature inductance: [L.] = Q.sec 11)

Note: R, and L, are dependent on the angular
position of the rotor (armature). The
number of commutator segments in
contact with the brushes alternates at
least between two discrete limits as the
armature turns, because the number of
armature winding segments connected
in parallel by the brushes also changes.
Either the average of R, and L, values in
one revolution are given in parametric
tables or the maximum and minimum
values.

Electrical Time constant,

[t =L,/ R,=Q.sec/Q = sec (12)
The armature electrical time constant is an
important parameter for designing pulse-width

modulated (or PWM) drives. Notice that usually
Tg << Ty
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A.3.2 Electro-Mechanical Parameters
a) Motor Constant k

This constant has been characterized in
Section A.2. Expressed in S| units the torque
constant numerically is equal to the back emf
constant. This fact is not surprising, for the
motor torque is the result of the interaction
between the electromagnetic force of the
armature (determined by the winding structure
and the armature current) and the field of the
stator permanent magnet. The back emf
voltage is induced in the same armature
winding by the same stator magnetic field. The
constant k is dimensionally the same in both
representation as demonstrated below:

[N x m] = [Energy] = [Power x sec] = [V x A x s]

[k] =[N x m/A] =
V x A xsec/A =V x sec —» V/(rad/sec) (13)

In American/English catalogs often two
different k values are indicated when
traditional engineering units are used for both
the “torque constant”, k; [oz(f) xin/A] or
[lbs(f) x ft/A] and for the “back emf constant”,
k., [V/rpm] (or [V/1000 rpm]). Notice that in this
representation the two constants have
different values and dimensions.

b) Motor Mechanical Time Constant, t,

Assume that the motor is driven from an ideal
voltage source, V,, and the only torque load on
the shaft is the moment of inertia of the
armature, J, (the Coulomb friction is assumed
to be zero). In the first approximation the
electrical time constant is neglected (L,di,/dt
term is not considered). In this case the model
is:

Figure A.3 Model for Deriving the Motor
Time Constant

Motor
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T=k=*i, (14)

. Vp-k*o

Ia:bR_a (14a)
do L Vp-k*o

Ja*dt_k*la_k* R (14b)
do,kro_,,V

Ja*dt+ R _k*Ra (14c)

do K b

a+Ja*Raﬂw)_k*‘]a*Ra (14d)

The solution of equation (14d) with DC voltage
source V, and o(t = 0) = 0 initial condition is
equal to:

t o k2 )

Vb
o(t) = < (1 - exp(- IR (14e)
J, in Equation (14a) - Equation (14e) denote

the moment of inertia of the armature.
The motor (electro-mechanical) time constant
is defined as:

J,*R
,L_a: akz a

(15)

More comprehensive motor catalogs also
contain the motor time constant with the help
of which the moment of inertia of the armature
may be calculated. Using Sl units it is easy to
show that the dimension of the right hand side
of Equation (15) is, indeed, time.

If J, is not a catalog entry, its measurement is
not a trivial task. First measure the average R,
with a digital ohm meter. Measurement of the k
constant is very simple: the motor is
disconnected from the voltage source V,, the
rotor is driven to a well defined rpm (rad/sec)
and the motor voltage (V,) is measured across
the brushes without any appreciable electric
loading. Next, the motor shaft is accelerated
with different supply voltages and the
acceleration results will yield t,. Now J, can be
calculated by wusing Equation (15). The
knowledge of J, is important in drive systems
with low inertial loading or in feedback control
systems.

c) Torque vs. Speed Curves

The armature current at 0 rpm (stalled rotor) is
given by



A.4 Dynamic Braking

i=Y (16)

at ® = 0 and the stall torque will be equal to

. V
Tstallzk*lazk*ﬁ—a 7
when o =0,
. _V-k*o
= s 18
=R (18)

Substituting Equation (18) into Equation (17)
will yield the torque expressed as a function of
o at a given terminal voltage, V:
T(m):k*\";{‘%=é*(v-k*@ (19)
A general plot of Equation (19) is shown in
Figure A.4:

I Tota

o,

'max

Figure A.4 Torque vs. Speed Function of a
PMDCM

The literal interpretation of the torque vs.
speed function as given by Equation (19) or its
plot (Figure A.4) is as follows:

at zero speed the current demand is V/R,
and the (stall) torque is kx(V / R,);

at maximum unloaded speed both the torque
and the current are zero (assuming no friction
losses) and the armature speed is equal to
Omax = V7 k.

The last sentence is not quite true since the
static torque load caused by the brush-to-
commutator friction is always present. In
general there may also be speed related torque
loads caused by the wind resistance acting on
the rotating armature. Due to those torque
loads the armature current is also greater than
zero at the unloaded shaft speed. This
operating condition is better described as: at

®max the torque available to drive any external
load is zero.

The static friction can be determined by
measuring the current of the unloaded motor
at the prevailing drive voltage.

Given any torque loading T such, that,
0 < T < Ty, the corresponding shaft speed is
found as shown in Figure A.5. Similarly, given a
shaftspeedw,,qand0 < m, 4 < ®patheavailable
torque can also be taken from the speed vs.
torque curves.

T
T Increasing
Terminal
Toars / Voltage (V)
/
Tsla\l? 4
7
/
h\\
N
7
/

| i i
NS : 9
o, o, o o, $

Dioag Oy

/

Figure A.5 Torque vs. Speed Functions of
a PMDCM at Different Terminal
Voltages

A.4 Dynamic Braking

Dynamic braking is accomplished by changing
the drive voltage from an initial value to a lower
value. In case of a polarity reversal the braking
is more aggressive. If the reversed voltage is
still present at the terminals when the shaft
speed has reached 0 rad/s, the motor shaft
begins to rotate in the opposite direction.

Consider the differential equation
Equation (14d) i.e. the case of unloaded motor,
and seek the solution for the new shaft velocity
if the supply voltage is changed as a step
function from V to V., (Vew <V) When the
initial shaft speed o, =V /k. Assuming ideal
voltage sources and step function switching
fromVtoV,

new*

do K k
Ja¥ ot v 0=5 Ve,

dt 'R, R,

subject to initial condition

m(t=0)=m0=¥ (20)
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The solution of Equation (20) is
Vv t) | View t
o(t) = P exp( —)+T * (1 - exp( —)) (21)

Ty T

Ja

where t, = Rak*z as in Equation (15).

Three  different
distinguished:

conditions can be

a) 0<V, <V

In this case the initial shaft speed is:

N :\F/ and its final value is:

Iimu)(t—>oo)=\—/’|‘—(%

b) IfV

new

=0, and o, :\F/ the final value is:
limot—> o) =0

_V
c) LetV,,<0,V>0and W=

att=t,, o =t,,) =0 and the final speed is:
V,

new

k

limo(t—wo)=-

t =t (time to reversal) can be calculated from
Equation (15) as follows:

a Ta
or (Vs Yoaw) » exp- tri) = Yoou, 22)
trow =7 * LN(1 +VV ) 23)

new

In Equation (22) and Equation (23) V,,, is the
magnitude of the reverse voltage.

WARNING: when the voltage is reversed to
decrease the motor speed or to reverse the
motor shaft rotation the initial current is
GREATER than the stall current because the
back emf voltage is ADDED to the reversed
terminal voltage as described in Section A.4
and illustrated by Figure A.3.
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A.5 Transient Current Demands

When power MOSFET devices are used for
driving PMDCMs the current demand under
different operating modes is one of the main
design parameters in determining the stresses
on the power control devices. A good practice
to analyze the system is to build a computer
model and confirm the limit values of control
parameters such as:

e maximum voltage experienced by the
drivers

® maximum current the drivers must supply
e maximum dissipation (power and energy)

e response time between extreme drive
function limits

The dynamics of the armature current are
determined by the circuit parameters of the
armature (resistance, inductance), the load
(moment of inertia, other torque load) and the
motor constants. If the only torque loads are
the moment of inertia and viscous damping,
the system dynamics can be represented by
two first-order linear differential equations:

3+ 904K 0 =Ky, and ot = 0) = o @4)

L, * %'—fmaia =vy() - ko, and it =0) =iy (25)

The simultaneous differential equations will be
Laplace transformed and solutions for the
Laplace-transform of o(t) and i,(t) will be
separated. Assuming that wvy(t) is a step
function of V, magnitude, and the initial
conditions are as shown in Equation (24) and
Equation (25), the Laplace transforms are
equal to:



A.5 Transient Current Demands

Figure A.6 Functional Block Diagram of
PMDC Motor Driving a Viscous
Load

R, L io) kV,
2 2 0 b
®S +s(m0La+kJ)+JLa

T E]

€ TLoad

Q(s) = (25a)

V, Ko kog KV
S2j +g( Lp—v0_ 270 v'b
ot (L;' J La) L,

s*[(s+;1;)*(s+r—j;— +]k|—_2—j

L JR
and Tezﬁa! ‘I:Load:m.

1(s) = (25b)

(26)

The characteristic polynomial of the system is
equal to:

1, 1), 1 k_

2
S +S(—+ e e =
Te TLoa Te * TLoad JLa

0 @7)

The solution is easier if the numerical
parameter values are known. Solution in
general terms is more involved especially if the
roots of the characteristic polynomial are
complex numbers. The initial and final values,
however can easily be obtained from the
Laplace-transforms by applying the initial
value and final value theorems.

ot = 0) = lim(sQ(s)) = g
S >

and

i(t = 0) = lim(sl(s)) = i
S —> ™

The final values are equal to:

oft = ) = limEQ(s)) = kY, / (k% + R,K,)
s—>0

and

it = o0) = lim(sl(s)) = KV, / (K? + R,K,)
s—>0

In most cases the electrical time constant is
orders of magnitude smaller than the
mechanical one resulting in substantial
simplification of the differential equation (and
the functional block diagram). Assuming the
same load conditions as in the previous case

the system differential equations with
T << T_oag DECOME:
do _ Vp - ko
‘Jdt_ R, k- Kyo , or
do K2) g = k2
J pm +(KV+R—) o= kRa , (28)
subject to w(t = 0) = v, and
. V, - ko(t
=22l 29)
a

where V, is assumed to be a unit step function.

The system block diagram corresponding to
Equation (28) - Equation (29) is in Figure A.7.

Figure A.7 Simplified Motor Control Block
Diagram

The system time constant is equal to:

JR,

"TRR, +K2 (30)

and the solution for w(t) is worked out similarly
to the previous case.

o) = mo*exp(-%)+m\éi—lz—k—2(1 - exp(-%)) , (B1)

where wy is the initial shaft velocity.

287



A. Permanent Magnet DC Motors Models and Application

The motor current is given by
Vy, - koo(t) _

=&~ ooemel gl - oold)) e

The following cases are considered:

e t=0, o0) = o, v(t) = step(V,); then

V,, - kg
R

ia(0)=

a

e t— o, 0) = o, v(t) = step(V,); then

ot—o)=—2K _ and
R, Ky+k?2
ia(tﬁ)oo):M
R, Ky +k?2

e t=0, 0(0) = 0y, v(t) = step(-V,); then
_ (V) - kayg

ia(0) 33)
a Ra
e t - o, ®(0) = 0, v(t) = step(-V,); then
V,k
o(t—>ow) = W ,and
. K
W0 =Vope T &4

Equation (31) - Equation (34) provide analytical
information of the motor current and motor
speed values (both initial and final values)
when the electrical time constant is much
smaller than the mechanical one and the main
load is viscous torque type. An important
equation is Equation (33): when the rotor is
spinning in one direction and a step voltage of
opposite polarity is applied, the motor current
will have a large transient with initial amplitude
directly proportional to the sum of the back
emf caused by the spinning armature and the
reversing voltage. This fact MUST always be
kept in mind when motor drive systems are
designed. Whenever applicable, the simplified
model provides a more pessimistic estimation
of the maximum current than the detailed
model. The inrush current obtained from
Equation (32) shows a step response of the
current while the evaluation of Equation (25b)
defines an exponential current rise/fall to the
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peak value (and not a step change as in
Figure A.8.

The graphs of the speed and current functions
that have been calculated from the simplified
model are shown in Figure A.9.

EXAMPLE 1 (Figure A.8): V, =8V, R,=2Q,
K, = 1.2 x 10 Nmsec, k = 267.38 x 104 Nm/A
(or 267.38x10“Vsec), J=10"*Nmsec?,
®p = 0rad/s and t = 0.2094 sec.

Using Equation (32) - Equation (33) the final
currentvalueis: I (t - «) = 1.005 A and thefinal
shaft speed value is:

ot —> ) = 224 rad/s (= 2138.9 rpm).

Speed & Current vs. Time

250 I_J._’—— 45

4.0

200 T = 3.5
Q / — Speed 130 —
3 pee: =
£ 150 ><' — Current 125 =
8 100 fg g
3 M~ +15 3
(2] / 10 ©

TF0B

0 0.0

0 0.2 0.4 0.6 0.8 1.0
Time (s)

Figure A.8 Motor and Load Accelerated
from 0 Initial Shaft Speed

EXAMPLE 2 (Figure A.9): same motor and
load parameters, battery voltage is stepped
down from a steady state 14 Vto 8 V.

Speed & Current vs. Time

400 1.25

Pt NN 1.00
& N _— 075
5 300 050 =
© 250 025 5
g . 3]
5 200 0.00 s
@ -0.25
g 1%0 -0.50 €
& 100 / — Speed 075 &
50 — Current -1.00
0 | -1.25
0 0.2 0.4 0.6 0.8
Time (s)

Figure A.9 Supply Voltage is Step-
Changed from 14Vto 8 V

EXAMPLE 3: same motor parameters, but
supply voltage is changed from an initial
steady state 8 Vto -8 V.

Final velocity is -224 rad/s (-2139 rpm), final
current value is -1.005 A. The negative signs



A.6 Semiconductor Realization of Motor Controllers

indicate sign reversals (i.e. direction of
rotation. Notice the large current transient
when the drive voltage is reversed!

Speed & Current vs. Time

200 — e

150\ -2:2
@ 100 \ 28
T 50 \\ vi 34 <
S 0 40 §
2 e £
A
@ = / AN — Current =

-200 / -6:4

-250 1 7.0

0 02 04 06 08 1.0 1.2
Time (s)

Figure A.10 Supply Voltage Polarity is
Reversed from 8V to -8V

A.6 Semiconductor Realization of Motor
Controllers

The driver topologies depend on the nature of
the desired control, namely is it unidirectional
or bidirectional? Unidirectional drivers use
half-bridge topology and bidirectional drivers
have full bridge topology. The driver schematic
diagrams are in Figure A.11.

The two transistors in the half bridge are driven
180 degrees out of phase. When Q1 is on Q2 is
off and vice versa. Using pulse-width
modulated (PWM) drive, Q1 is fully switched
on and current flows through Q1 and the load
as indicated with the bold arrow (Figure A.11).
When Q1 is off Q2 is turned on providing a
path for the current stored in the motor
inductance (Figure A.12). Given period T of the
PWM signal the effective DC voltage across
the motor is equal to:

TOn
Vinotor = Vb(?) =Vy*D, (35)

where D is the duty cycle.

During recirculation the current in the motor
driven by either of the circuits changes only by
a small amount provided the PWM period (T) is
shorter than 2-3 times the electrical time
constant.

v, v,
—
O @
nmﬂj —
o, a2

Unid\rec}\onal Half
Bridge Driver

Bidirectional Full Bridge Driver

Figure A.11 Bridge Driver Topologies

In the bidirectional bridge driver transistor Q1b
is always on transistor Q2b is always off and
transistors Qla and Q2a are alternatively
turned on and off with 180° phase difference.
The described control causes DC current to
flow through the motor as indicated with the
bold arrow in Figure A.11. Notice, however,
that when Qla and Q1b are both on the
recirculation current path is through transistors
Q1a and Q1b, and the current in Q1a is from
source to drain (i.e. reversed) see Figure A.12.
When the roles of the H-bridge transistors are
reversed, the drive voltage polarity is reversed.

Half Bridge Driver
Recirculating

Recirculation through High-Side Switches

Figure A.12 Half and Full Bridge in
Recirculating Mode

The drive and recirculating modes of operation
are illustrated in Figure A.11 (drive) and
Figure A.12 (recirculation).

The ideal control circuit for a PMDC motor has
variable voltage output and low output
impedance. The pulse-width modulated
topologies approximate the ideal driver:

e during the drive cycle the turned on
transistors work in the linear mode and only
their Rpg,n is in series with the low internal
impedance battery;
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e during recirculation the re-circulating
transistor(s) short out the motor terminals
with the Rpg,, resistor(s)..

The output voltage is determined by the
battery voltage and the duty cycle (D). During
recirculation the voltage is close to zero,
therefore averaging the driving and re-
circulating voltages yields the output voltage
(in the first approximation).

A.7 Power Calculations

A.7.1 Output Power

The mechanical output power of the motor is
given by the product of the torque and the
shaft angular velocity.

Preon =T * © (36)
Using the torque vs. speed function
(Equation (19)) at constant terminal voltage Vr,

the mechanical power is given by:

Pmech:RL*(VT'k*(’))*("J (37)
a
V
fOI’OS(nS?T

Maximum power output is calculated from
Equation (37) by taking the first derivative with
respect to o:

deech _ L
o R, * (V1 - 2Zko),

Precn 18 maximum at o, where its derivative
is zero with respect to o, or
Omax = V77 2k (38)

The mechanical power output at .. is
obtained from Equation (37) and Equation (38):

Vp Vrovg
W wcam 49

k
MaxPrec,= - * (Vo -k * 30) * 31 = 72
a a

A.7.2 Input Power

The electrical power is the product of the
terminal voltage and the armature current:
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Peject = V1 * g
At the maxP,,.., the armature current is given

by:

Vo - Kt
i= (VT - kwmax) — 2k _ ﬁ (40)
a R, R. 2R,

thus the input power is equal to:

Vi Vg2
2R, 2R,

Petect = V7 * 1)

The ratio of Equation (39) to Equation (41)
shows that the efficiency of the motor at the
peak power output is 50%.

A.8 Efficiency

It must be noted that the idealized model, that
assumes zero friction losses, will give false
efficiency results if “pushed to the limits”. Just
using the equations derived so far would show
that at a given terminal voltage, V;, the peak
efficiency is at ® = V;/k but that result is a
non-sense since at that speed the torque is
zero. If, however, the friction losses are
considered, at the maximum no-load speed
(0g) the motor has to deliver T; torque to
overcome the friction. If at ® = 0 the stationary
motor torque is Ty, the speed of maximum
efficiency is given by

T2
® max_eff= w0[1 L (l‘) oo (42)

Tfr + Tst TS Ts

and the maximum efficiency will be equal to:

2
max_efficiency = (1 - _%) 43)
fr st

Equation (42) and Equation (43) have been
worked out for small (1 HP<) permanent
magnet DC motors.



A.9 Conclusions

References:

1) Eric Brasseur: “Data and formules about
little elctric motors”
http://www.4p8.com/eric.brasseur/emame
m.html

A.9 Conclusions

Fundamental concepts and basic applications
of armature commutated permanent magnet
DC motor drives have been presented in this
short paper. Those types of motors are very
common, cost effective (because of the huge
demand), easily understood and readily
analyzable electromagnetic devices. The
general principles can be extended to other
machines, like brushless DC motors, which
also produce back emf, torque dependent on
the stator current, recirculation drive, etc.

The differential equations will be helpful in
building dynamic computer models whereas
the solutions of those equations will ease the
hand calculator evaluations. The definition and
explanation of the specification entries (and
their units) will help in motor selection.
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Glossary of Terms

Term

6Ms

8D

AC

ACCELERATION

AC-to-DC
CONVERTER

AFM

AMBIENT
TEMPERATURE

ANGSTROM

ANGULAR

ACCELERATION

ANGULAR
VELOCITY

APQP

ARMATURE

ARMATURE
INDUCTANCE

ARMATURE

RESISTANCE

ASSIGNABLE
CAUSE

ATOM

294

Description/Definition

causes resulting in process shifts (Man, Machine,
Materials, Methods, Mother Nature and Measurements)
or sequence in troubleshooting procedures

documentation format of SIX SIGMA failure analysis
procedures

alternating current. Electrical current whose magnitude
and direction vary cyclically; charge carriers oscillating in
conductors or insulators (Sl unit: A)

vectorial rate of change of velocity vctor (Sl unit: m/sec?)

a type of circuit (sytem) that converts an AC power source
to a DC power source (also known as the RECTIFIER)

atomic force microscopy (an F/A tool)

temperature of the spece surrounding the semiconductor
device. Symbol: T,, Units: °C, K

a unith of length equal to 107" m (mostly used in optics as
a measure of wavelenght of light)

dw/dt; rate of change of angular velocity of a rotating
object (Sl unit: rad/sec?)

w; rate of change of angular position of a rotating object
(SI unit: rad/sec)

Advanced Prodact Quality Planning (also see SIX SIGMA)

rotating electromagnet in a DC motor exerting TORQUE
on the motor shaft by means of interacting with the field
of the stator magnet (permanent or electromagnet)

inductance of the armature winding, L, measured
between the brushes
(Sl unit: Qsec =V x sec/A). See also INDUCTACE

resistance of armature winding R, measured between the
brushes (Sl unit: Q = V/A). See also RESISTANCE

refers to an inadvertent specific incident which is caused
either by an operator’s mistake or some failure either in
the equipment or in the process. It is also referred to as a
quality accident because it is not planned for and not
intended to happen.

smallest particle of an element that can exist either alone
or in combination

Source

WKP

WKP



Term

AVALANCHE
BREAK-DOWN

BAND GAP

BAND GAP
REFERENCE

BARRIER LAYER

BASE

BATTERY

BIASING

BIPOLAR

BJT

BODE-PLOT

BOLTZMAN-

CONSTANT

BOND PAD

BOND WIRE

BONDING

Description/Definition

very high voltage drop in the space charge zone with PN
junctions causing the loss of the insulating property of the
zone. The high voltage accelerates the charge carriers in
the space charge zone so much that new charge carriers
are generated in an avalanche-like fashion through impact
ionization.

energy difference between the top of the valence band
and the bottom of the conduction band, where electrons
are able to jump from one band to another

voltage drop across a diode junction compensated for
temperature to ensure both precision and stability

in semiconductor technology, it is a thin, active or passive
area that separates or connects other layers
(see also DIFFUSION)

one of the three electrodes (terminals) of a BJT

it is a device for storing and supplying DC electrical
energy

bias point, also known as operating point, quiescent point
or Q-point, is a dc voltage (current) which, when applied
to a device, causes it to operate in a certain desired
fashion. The application of the bias is BIASING

property of semiconductor components that use both
p-doped as well as n-doped semiconductors. The
simplest structure is the PN diode

bi-polar junction transistor

combined open loop frequency response of a controller
and the load used in a feedback control loop

(see FREQUENCY RESPONSE)

1.38065 1022 J/K OR 8.617 10° eV/K

electrical terminal on the DIE anchoring one end of the

BOND WIRE

metallic connecting element between BOND PAD and
LEADFRAME terminal

attaching fine wires to BOND PADS on the DIE and to
LEADFRAME contacts

Source

INF

WKP

INF

WKP
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Term

BOOST
REGULATOR

BOOTSTRAP
CIRCUIT

BREAK DOWN
VOLTAGE

BRUSH

(DC MOTOR)
BRUSHLESS
DC MOTOR

BUCK
REGULATOR

CAPACITANCE

CAPACITOR

CASE
TEMPERATURE

CHANNEL

CHARGE PUMP

CHARGED DEVICE
MODEL (CDM)
TEST

CHIP

296

Description/Definition

a SWITCHING REGULATOR that converts a supply
voltage source to a higher voltage source

A type of capacitive positive feedback between the gate
and source of a switching transistor to raise the gate
voltage higher than the drain voltage.see also CHARGE
PUMP and SWITCHING REGULATOR

in semiconductors, overcoming a voltage or current
barrier and the subsequent surge in the injection current

graphite contactors touching the COMMUTATOR,
providing contacts between the BATTERY terminals and
the ARMATURE winding(s)

it is a DC motor
commutation system

with  electronically controlled

a SWITCHING REGULATOR that converts a voltage
source to a lower voltage source

capacitance is a measure of the amount of ELECTRIC
CHARGE stored (or separated) for a given electric
potential. (Sl unit: F = Axsec/V)

device consisting of conductors separated by insulators
for storing ELECTRIC CHARGE. Capacitors block DC
current and pass AC current

temperature measured at the portion of the leadframe
exposed to the AMBIENT by the encapsulated package

current path in a MOSFET between SOURCE and DRAIN.
The width of the channel, which determines how well the
device conducts, is controlled by an electrode called the
GATE, separated from channel by a thin layer of oxide
insulation. The insulation keeps current from flowing
between the gate and channel.

an electronic circuit that uses capacitors as energy
storage elements with diodes and/or electronic switches
to create either a higher or lower voltage than power
source

CDM test is used to define how much ESD a device can
withstand when the device itself has an electrostatic
charge and is discharged to metal contact

see DIE

Source

INF

WKP

WKP

EEH

WKP

WKP



Term

CLAMPING

CMOS

CMOS INVERTER

COLLECTOR

COLLECTOR
CURRENT

COMMON CAUSE

COMMUTATOR

CONDUCTOR

couLomB
couLomB
FRICTION

Cpk

CURRENT GAIN
(BJT)

CURRENT
LIMITING

Description/Definition

prevention of the voltage across a load (or current through
a load) to exceed a predetermined limit by means of
appropriate circuit topology based on the use of non-
linear circuit elements or periodic switching of the supply

An MOS technology that works with complementary logic
elements consisting of individual p-CHANNEL and
n-CHANNEL MOSFETs. This circuit technology
considerably reduces the power requirements of the logic
elements because power is consumed only during state
changes (switching)

the most basic logic element that consists of a pMOS and
an nMOS transistor with connected drains and connected
gates. The output is the inverse (or logic negation) of the
input.

one of the three electrodes (terminals) of a BJT into which
the charge carriers drain

current flowing between collector and emitter of a BJT
controlled by the current flowing between base and
emitter

inherent process limitation that causes periodic change in
product characteristics

component in a DC motor that periodically reverses the
current in the armature of the motor to alternate the
orientation of magnetic field of the armature

(electrical) conductor, any material that easily permits the
flow of electric current

Sl unit of electrical charge; dimension A x sec

force (torque) resisting movement; it is independent of
(angular) velocity in the first approximation
(S unit: see TORQUE)

process capability index.
Definition: Cpk = the lesser of [[USL-Mean) / o,
(Mean-LSL) / ¢ ]

ratio of collector current to base current (symbol: B or hg,)
of a BJT

reduction of average current supplied by en electronic
switch (MOSFET, BJT) by means of repeatedly turning the
current off and on or CLAMPING

Source

INF

WKP

WKP

297



Glossary of Terms

Term

CURRENT MODE
CONTROL

CURRENT
RECIRCULATION

CURRENT

SOURCE

CYCLE

DC

DC MOTORS

DC-to-DC

CONVERTER

DECAPSULATION

DEFECT DENSITY

DEPLETION
REGION

DEVICE TESTING

dFMEA

DIAGNOSTIC
FEEDBACK

DIE
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Description/Definition

a type of FEEDBACK CONTROL LOOP in which the
output voltage or the output current of the loop is
regulated by comparing a sample of the output quantity to
an appropriate REFERENCE

maintaining current built up in an INDUCTOR by means of
providing an alternative path for the said current stored in
the inductor when means of driving (voltage or current) is
switched off. Also see PWM.

source of electrical energy from high internal
RESISTANCE (IMPEDANCE) supply

unit of phase angle equivalent to one oscillation, or 2n
radians (Sl unit: rad)

Dirrect current. Movement of charge carriers in the same
direction (Sl unit: A [ampere])

rotating machines driven from DC electric energy source

an interface circuit (linear or switching) between a DC
energy source (input) and a load supplied with DC energy
from the converter output

partial or total removal of the packaging material from a
semiconductor die (F/A tool)

inherent variations resulting from the hundreds of process
steps performed under precise control

also called depletion layer or depletion zone, as well as
the junction region or the space charge region is an
insulating region within a conductive, doped
semiconductor material where the charge carriers have
diffused away or have been swept away by an electric
field

checking the package device for functionality and
performance quality

design FMEA

some form of indication (flag) from the integrated power
device to the controlling device that its operation is either
interrupted permanently (latch-off) or temporarily due to
exceeding one or more operating limits

a finished individual transistor or integrated circuit
fabricated on and harvested from a WAFER

Source

WKP

EEH

WKP



Term

DIE ATTACH or DIE
BONDING

DIELECTRIC
CONSTANT

DIELECTRIC
CONSTANT OF
VACUUM

(free space)

DIELECTRIC
MATERIALS

DIFFUSION

DIODE
(semiconductor)

DMAIC

DMOS

DOPING

DRAIN

DRAIN-to-SOURCE
BREAK DOWN
VOLTAGE

DUTY CYCLE

DYNAMIC
BRAKING (relative
to PMDCM)

Description/Definition

mounting/fixing the die to the LEAD FRAME

measure of storage capability of insulating materials.
€ =gy X & (Sl unit: [V x sec]/ [A x m]). See also RELATIVE
DIELECTRIC CONSTANT and DIELECTRIC CONSTANT
OF VACUUM

g = 8.854 x 1072 (V x sec) / (A x m)

insulators blocking electric current and storing electric
charge in capacitors

the spontaneous spread of molecules and/or charge
carriers within the semiconductor material, see also
BARRIER LAYER.

a component that blocks the flow of electrons in one
direction (from anode to cathode) and CONDUCTS in the
other

Describe, Measure, Analyze, Improve and Control;
sequence of actions used in the six sigma process

Double Diffused MOS (process used in power MOSFET
fabrication)

The specific admixing of foreign atoms in a
semiconductor material. A distinction is made between
donor atoms that bring in free electrons and acceptor
atoms that deprive the semiconductor atoms of electrons
and cause “holes”.

one of the electrodes of a FET designating the power
outlet end of a conductive CHANNEL

drain-to-source voltage at which the MOSFET begins to
conduct in spite of the fact that Vgl - IV{/ =0

portionon of time (angle) of a CYCLE during which a
component, device, or system is operated; See PULSE
WIDTH MODULATION;

application of retarding torque by reduction or reversal of
the motor drive voltage of PMDCM

Source

INF

INF

INF

INF

WKP
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Term

DYNAMIC PAT

EARLY EFFECT
(BJT)

E-BEAM
ELECTRIC
CHARGE

ELECTRIC FIELD

ELECTRIC MOTOR
ELECTRICAL
EFFICIENCY
ELECTRICAL
OVERSTRESS
(EOS)

ELECTROMAGNET

ELECTRON

ELECTRON
CHARGE

EMC

EMI

300

Description/Definition

continuous updating of test limits based on accumulated
actual performance data.

effective decrease in the base width because of the
widening of the base-collector depletion region, resulting
in an increase in the collector current with an increase in
the collector to emitter voltage.

electron beam (F/A tool)

Electric charge is a fundamental conserved property of
some subatomic particles, definite quantity of electricity
(Sl unit: A x sec)

a vector with S| units of newtons per coulomb (N C) or,
equivalently, volts per meter (V. m™). The direction of the
field at a point is defined by the direction of the electric
force exerted on a positive test charge placed at that point

a device that converts electrical energy into mechanical
energy

useful power output per electrical power consumed

event resulting from the application of voltage or current
to a device exceeding its ratings (device is stressed
beyond its specified limits of operation)

a type of magnet in which the magnetic field is produced
by the flow of an electric current. The magnetic field
disappears when the current ceases.

electron is a fundamental subatomic particle that carries
a negative electric charge. Electron charge
=1.6022x107"* COULOMB, mass = 9.11 x 103" kg

1.6022 x 10" COULOMB

electromagnetic compatibility is the branch of electrical
sciences which studies the unintentional generation,
propagation and reception of electromagnetic energy
with reference to the unwanted effects that such an
energy may induce

electromagnetic iterference: a (usually unwanted)
disturbance caused in a radio receiver or other electrical
circuit by electromagnetic radiation emitted from an
external source
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Term

EMITTER

ENCAPSULATION

ENERGY

ENHANCED STATE

EOS

ERROR-
PROOFING

ESD

ESR

ETCHING

EXTRINSIC
FACTORS

FABRICATION
or fab.

(semiconductor)

FAILURE
ANALYSIS (F/A)

FEEDBACK
CONTROL LOOP
FEEDBACK LOOP
STABILITY

FIB

Description/Definition

one of the three electrodes (terminals) of a BJT from which
the charge carriers originate

refers to the design and manufacturing of protective
packages for integrated circuits and other kind of
semiconductor devices

ability to do same amount work as its magnitude
(Sl unit: N x m, joule, watt x sec)

conducting MOSFET CHANNEL is established when the
gate-to-source voltage (Vgg), the drain-to-source voltage
(Vpg) and the threshold voltage (V) satisfy [Vpgl > IVgg - V4l

see ELECTRICAL OVERSTRESS

design of a process such that errors which may cause a
defect are not made either by equipment or operator

electrostatic discharge: sudden and momentary electric
current that flows between two objects at different
electrical potentials

Equivalent Series Resistor of a capacitor

a subtractive process used in microfabrication of
semiconductors to remove layers from the surface of a
wafer during manufacturing either by disolving or by
evaporation

those factors that are associated with the manufacturing
processes used to produce a particular device

the processing sequence of a semiconductor material
(silicon most of the time) in the manufacture of transistors
or integrated circuits

investigation to determine the cause of device failures
occuring anywhere in th supply chain

a class of control systems which compares outputs to
predetermined references and minmizes the error

between them by means of a control strategy

behavior of a feedback control loop that ensures the
expected results of its control strategy

focused ion beam (an F/A tool)

Source
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Term

FIELD EFFECT

TRANSISTOR (FET)

FISHBONE
DIAGRAM

FLUX DENSITY

FMEA
FORCE
FORWARD BIAS
FR-4 PCB
FREQUENCY
RESPONSE
FRERRO-
MAGNETIC
MATERIALS

GATE (FET)

GATE (logic)

GATE
CAPACITANCE

GENERATORS
(electric)

Im
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Description/Definition

type of transistor that relies on an electric field to control
the shape and hence the conductivity of a “channel” in a
semiconductor material

or Ishikawa Diagram. It is one of the seven basic tools of
quality management. It is a cause-and-effect diagram that
can reveal key relationships among various variables and
the possible causes, providing additional insight into
process behaviour.

B vector quantity. IBl is given by the FORCE exerted on an
ELECTRIC CHARGE moving perpendicular to a magnetic
field defined by B with VELOCITY v.

[SI unit: N/(A x sec x msec™") = V x sec/m?]

Note: bold print letters are vectors

Failure Mode and Effect Analysis

cause of acceleration of a mass
(Sl unit: Newton, N, N = kg x m/sec?)

voltage applied to a semiconductor junction in direction
giving higher current

double sided and multilayer printed circuit boards made
of FR-4 (a fiberglass flame resistant) type material

the combined function of amplitude vs. frequency and the
function of phase vs. frequency of a physical system.

materials that concentrate magnetic field lines when
placed in magnetic field. Some materials can be
permanently magnetized by an external magnetic field

one of the electrodes of a FET controlling the channel
current between source and drain.

logic gate performs a logical operation on one or more
logic inputs and produces a single logic output

the CAPACITANCE measured between the GATE and the
SOURCE electrodes of a MOSFET

rotating machines producing electric energy in response
to mechanical drive

conductivity of a MOSFET defined as the derivative of
drain current with respect to the gate-source voltage
(dly/dVgg). The unit of g, is A/ V (Siemens).

Source
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Term

H-BRIDGE

HEATSINK

HITFET

HOLE

HSD

HUMAN BODY
MODEL ESD

HYSTERISIS

IC ASSEMBLY
(PACKAGING)

IMPEDANCE

INCANDESCENT
LAMP

INDUCTANCE

INDUCTOR

INRUSH CURRENT

INSULATOR

Description/Definition

a power control electronic circuit which controls DC
electric motors to rotate clockwise or counter-clockwise

an object attached to the semiconductor case (with a very
low thermally resistant path) to effectively increase the
surface (radiating) area of the case

high integration, temperature-protected field effect
transistor. It is a MOSFET with added protection and
performance enhancing features

positive charge carrier in a semiconductor material. Holes
are created by implanting ions in the host semicunductor
material that have electron defficiency

high side driver. The term identifies the circuit topology in
which the driver is returned (referenced) to the supply
voltage and the load to ground; in short, the driver is
connected to the high side of the load..

HBM a 100 pF capacitor charged to 2 kV suddenly
discharged through a 1.5 kQ resistor

the magnitude of an input signal causing an opposite
state change in the output that has been determined by
the previous magnitude of the input

the installation of an individual die (or a small cluster of
dies) into a single component package to facilitate
connection to the application board or module.

measure of opposition to a sinusoidal alternating current
of INDUCTORs and CAPACITORs (Sl unit 1ZI =V / A)

electric light source (light bulb) consisting of an electrically
heated filament placed in a glass envelope containing low
pressure inert gas.

mesure of the degree of SELF-INDUCTION
(Sl unit: V x sec / A = H or Henry)

electric component that opposes AC currents and passes
DC currents. See SELF-INDUCTION.

initial current demand of an electric load (cold lamp
filament or DC motor with stationary shaft) at the first

application of supply voltage

material that does not conduct electricity

Source
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Term

INTEGRATED
CIRCUIT (IC)

INTRINSIC
FACTORS

1\
CHARACTERISTICS

JUNCTION
SPIKING

JUNCTION
TEMPERATURE

k constant

KELVIN DEGREE

LATCH-OFF

LATENT DEFECTS

LCT

LDO

LEADFRAME
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Description/Definition

miniaturized electronic circuit (consisting mainly of
semiconductor devices, as well as passive components)
that has been FABRICATED in the surface of a thin
substrate of semiconductor material.

manufacturing factors that are bounded by the limits of
physical nature

current response to a voltage input (or vice versa); also
known as U-I Curves.

under ESD events, large currents flowing through a
contact heating up the contact to the point where the
aluminum diffuses deep into the silicon shorting out the
p-n junction

in the context of semicoductors: temperature of the
semiconductor die. Symbol: T,. (Sl unit: Kelvin degree, K)

fundamental parameter of PMDCMs.

Definition 1: ratio of rotor torque and armature current.
Definition 2: ratio of voltage induced in the armature and
the angular velocity of the armature

(Sl unit: [kg x m?] / [A x sec?] = V / [rad / sec))

measure of temperature related absolute zero. 1K
temperature change is equal to 1 °C temperature change.
0°C=273.15K

terminating the operation of a protected power
semiconductor device because of out of range operating
condition(s). The latch-off state is removed by either a
power-off/power-on sequence or by some other action of
the controlling source

flaws or other imperfections in a device which surface
after the semiconductor component is placed in the
application and is exercised or activated

liquid crystal thermography (an F/A tool)

Low Drop-Out voltage regulator. It is a class of LINEAR
REGULATORs with the EMITTER (or SOURCE) of its
SERIES PASS TRANSISTOR connected to the power
source and the COLLECTOR (or DRAIN) to the load.

or chip carrier: a right-angled metal frame with pin wiring
and linking elements in between for package mounting

Source
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Term
LEADFRAME
(CASE)
TEMEPRATURE

LEFT HAND RULE

LINEAR POWER
SUPPLY

LINEAR REGION
(MOSFET)
LINEAR
REGULATOR

LOAD DUMP
TRANSIENT

LSD

LSL

MACHINE MODEL
ESD

MAGNETIC FIELD

MAGNETIC FIELD
STRENGTH

MAGNETIC FLUX

MAGNETIC POLES

Description/Definition

temperature of part of leadframe not covered by the
package Symbol: T

Fleming’s left hand rule (for electric motors) shows the
direction of the thrust on a conductor carrying a current in
a magnetic field.

a class of circuits which contiuously transform and rectify
AC voltage sources and continuously regulate the
rectified voltage with LINEAR REGULATORS

the drain-source voltage (Vpg) is between Vgg and Vi
IVl < IVpgl < Vgs

a class of control systems which compares outputs to
predetermined references and minmizes the error
between them by means of a control strategy

high voltage, high energy impulse in automotive electrical
systems caused by the reaction to the alternator
disconnect from the battery while remaining connected to
the loads. The enrgy stored in the stator of the alternator
is dumped on the loads before the regulator can reduce
the alternator voltage.

low side driver. The term identifies the circuit topology in
which the driver is returned (referenced) to ground and the
load to the supply voltage or the driver is connected to the
low side of the load..

lower specification limit

MM a 100 pF capacitor, charged to 250 V, suddenly and
directly discharged

portion of a space near a magnetic body or a current
carrying body in which forces due to the magnetic body
or current can be detected.

measure of MAGNETIC FIELD. (Sl unit: A/ m)

integral of the FLUX DENSITY vector over a directed
surface. Sl unit: V x sec

interface between the internal magnetic field and the
external field of magnetized substances or the interface
between the region within a current loop (loops) and
regions outside it. Poles are always in pair (dipole) , North
and South

Source
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Term
MAJORITY

CHARGE
CARRIERS

MAVERICK LOT

MILLER
CAPACITOR

MODELING

MODELS of
MOSFETs

MOLDING
COMPOUND
MOMENT of

INERTIA

MOORE’s LAW

MOS
TECHNOLOGY

MOSFET
MOTOR electrical
TIME CONSTANT
MOTOR electro-

mechanical TIME
CONSTANT
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Description/Definition

primarily responsible CHARGE carrier for current
transport in a piece of semiconductor. If an intrinsic
semiconductor (which does not contain any impurity) is
doped with N-type impurity then the majority carriers are
electrons and if the semiconductor is doped with P-type
impurity then the majority carriers are holes. See DOPING
and HOLES

any production lot yielding fallouts in excess of the fallout
limits in a specific test bin

Miller effect describes the fact that a capacitance
between input and output of an inverting amplifier is
multiplied by a factor of (1-A), where A, is the
magnitude of the voltage gain of the amplifier.

any deliberate, intelligible cognitive activity aimed at
abstracting and reproducing some convenient realm of
discourse, features of an object or system of interest of
the modeler.

in terms of increasing complexity: square-law, bulk
charge theory, charge sheet model and exact charge
model.

materials used for encapsulating semiconductor devices
are known as plastic molding compounds

J; indisposition to rotating torque, the measure of the
ability to maintain rotation in the absence of driving torque
(SI unit: kgxm2)

the empirical observation made in 1965 that the number
of transistors on an integrated circuit for minimum
component cost doubles every 24 (18?) months.

FAB technology based on metal-oxide silicon field effect
transistors

combination of the acronyms MOS and FET, i.e. a field
effect transistor based on MOS technology

the ratio of armature inductance, L, to the armature
resistance, R,; 1, =L,/ R,

time it takes the armature of a PMDCM to slow to 36.79%
of its initial angular velocity with shorted terminals and
zero external load; 1, = (J, x R,) / k% J_: the MOMENT OF
INERTIA of armature, R,: resistance of armature winding.

Source
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Term

MOTOR OUTPUT
POWER

MTBF
MTTF
MULTI-PHASE

SWITCHING
REGULATOR

N-CHANNEL
MOSFET

NEUTRON

NEWTON (N)

NO-LOAD SPEED

NORMAL
DISTRIBUTION

NPN TRANSISTOR

N-TYPE
SEMICONDUCTOR

NUCLEUS

OEM

ONE-EIGHT RULE

Description/Definition

P., =T x o; the product of the torque T acting on the motor
shaft and shaft angular velocity ®

mean time between failures (a reliability measure)
mean time to failure (a measure of robustness)

a class of switching regulators with multiple switches and
inductors with apprporiately connected outputs feeding a
common load. The phases of the switchings are arranged
so as to avoid any failure prone interactions between the
switches.

FET that is controlled with a positive gate source voltage
and blocked with a positive drain source voltage

an uncharged elementary particle in nuclei of atoms
(except hydrogene). Mass = 1.673 x 102! kg (same as the
proton mass)

measure of force in Sl units (N =kg x m / sec?)

angular velocity of a powered motor at zero torque
external loading

distribution of measured parametric values of the same
kind (x-axis) and the number of samples having the said
value (y-axis) obtained by measuring a multitudes of
samples. The shape of the distribution is bell-like,
characterized by the mean () of the parametric values
where the peak y value is and the spread (o) or standard
deviation of the bell curve.

Negative Positive Negative transistor: a layer sequence
for bipolar transistors

an impurity of valence-five element implanted in a
valence-four semiconductor to increase the number of
free negative (electron) charge carriers

the positively charged center of the atom that comprises
nearly all the atomic mass consisting of NEUTRONs
(except in HYDROGENE) and PROTONS

original equipment manufacturer
manufacturing companies)

(automobile

approximate formula for calculating switch-on losses of
PROFET-s controlling INCANDESCENT LAMP loads.
Ploss = approx-vbat X IIoad /8

Source
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Term
OPERATING
JUNCTION
TEMPERATURE
RANGE

OPERATIONAL
AMPLIFIER

OPTIMUM SLEW
RATE

OSCILLATOR

OUTER SHELL

OUTLIER

OZ-RATING of
PCB-s

PART AVERAGE
TESTING

P-CHANNEL
MOSFET

PCB

PCP

PDCA

PDP
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Description/Definition

if the junction temperature of the semiconductor
component is within this temperature range, it shall
operate in a specific manner.

is a DC-coupled high-gain electronic voltage amplifier
with differential inputs and, usually, with a single output.
In its ordinary usage, the output of the op-amp is
controlled by negative feedback which, because of the
amplifier’s high gain, almost completely determines the
output voltage for any given input.

best compromise between low switch-on (off) losses and
response time

an electronic circuit generating periodic signals

The VALENCE shell is the outermost shell of an atom in its
uncombined state, which contains the electrons most
likely to account for the nature of any reactions involving
the atom and of the bonding interactions it has with other
atoms

any device whose measured characteristics value is
outside the typical variance normally within +3c of the
mean or set target

weight of the copper laminate in ounce per square feet
(1 oz/sqft = 0.3051 kg/m?)

a statistically based method used during parametric
testing (wafer probe or final test) of devices to reject
components with abnormal characteristics called outliers.
The average for the part is the target and the PAT limit is
typically set to Six Sigma (see DYNAMIC PAT)

FET that is controlled with a negative gate source voltage
and blocked with a negative drain source voltage

printed circuit board; carrier of electronic components
providing printed conductor interconnections between
them.

Process Control Plan

plan do check act - general steps in most problem solving
methods

Product Development Process

Source
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Term

PERMANENT
MAGNET

PMDCM

PERMEABILITY

PERMEABILITY of
VACUUM

(free space)
pFMEA

PFMEA

PNP TRANSISTOR
POTENTIAL
DIFFERENCE
POWER

POWER
DISSIPATION

POWER SUPPLY

PPM

PROFET

PROTECTION
CIRCUIT

PROTON

Description/Definition Source

material that retains its magnetism after removal of the WKP
magnetizing force

permanent magnet dc motor. A type of electric motors
driven by DC power source supplying its electromagnet
(via brushes and commutator) which rotates in the field of
a stationary permanent magnet;

Property of a magnetizable substance that determines the W,
degree by which it modifies the MAGNETIC FLUX in the WKP
region it occupies in a MAGNETIC FIELD. Symbol: p

Symbol: py, value: Py =4n. 107 (V x sec) / (A x m)

process FMEA
Potential FMEA

Positive Negative Positive transistor: a layer sequence for INF
bipolar transistors

see VOLTAGE

work done in a given time interval (Sl unit: joule/sec, W,
N x m/sec)

rate of change of electrical energy imparted to a load
defined by the product of the momentary voltage drop
across the load and the momentary current flowing
through the load. (Sl unit: W =V x A)

the interface circuit between the input power source and
the output power delivered to a load

parts per million; a measure of failure or reject rate

protected field effect transistor. It is a MOSFET with
added protection and performance enhancing features

special sub-circuits used in power supply or power
control systems that interfere with the normal operation
so as to prevent system failure in case of out of
specification power input, load output and component
and/or system temperature values

a charged elementary particle in nuclei of atoms.
Charge = 1.6022 x 107" C Mass = 1.673 x 10" kg
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Term
P-TYPE
SEMICONDUCTOR

PULSE WIDTH
MODULATION
(or PWM)

PULSE-SKIPPING

QUALITY 1

QUALITY 2

QUIESCENT
CURRENT

RADIAN

Rbson O Rosgon)

RECTIFIER
REGIONS OF
N-MOSFET
OPERATIONS
RELATIVE
DIELECTRIC
CONSTANT

RELATIVE
PERMEABILITY
RELIABILITY

RESISTANCE
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Description/Definition

an impurity of tri-valent element implanted in a valence-
four semiconductor to increase the number of free
positive charge carriers (holes).

signal or power source of rectangular pulses that involves
the modulation of its duty cycle, to either convey
information over a communications channel or control the
amount of power sent to a load

intermittent reduction of the number of switching cycles
of a SWITCHING REGULATOR in order to improve the
EFFICIENCY at low load currents

Quality per 1SO 9000: 2000 Is the degree to which
products and services fulfil the requirements and
expectations of the customers.

meeting customers’ requirements consistently over
specified period of time, with the best imaginable service,
at the best price

current consumed by an electronic circuit in the stand-by
state

length of arc of a unit radius circle corresponding to its
central angle (full circle = 2r rad, no S| dimension)

resistance between the SOURCE and DRAIN terminals of
an enhanced MOSFET

see AC-to-DC CONVERTER

Vgs < Vq: sub-threshold region, Iy = 0, Vgg > V4
super-thershold region, I > 0

€, (no dimension). Measure of electric charge storage
capability of insulators relative to vacuum. ¢, of vacuum
(air very close) is 1.

M., (no dimension) measure of permeability of a substance
relative of vacuum. p, of vacuum (air very close) is 1

the ability of a product to give the same good quality
result consistently

measure of resistor (S| unit: See also
RESISTOR

Q=V/A).

Source
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Term

RESISTOR

REVERSE BIAS

RIPPLE CURRENT

RIPPLE VOLTAGE

RMS value
(electrical
engineering)

RMS value
(mathematics)
SAFE OPERATING
AREA (SOA)

SAM

SATURATED
REGION OF
N-CHANNEL
MOSFET
OPERATION

SBA (SYA)

SCHOTTKY DIODE

SELF-INDUCTION

SEM

SEMICONDUCTOR

Description/Definition

a two terminal device opposing the transfer of charges,
i.e. current. Voltage develops across its terminals
proportionally to AC or DC CURRENT.

opposite of FORWARD BIAS

periodic small amplitude alternating current
superimposed on, or modulating a DC or a lower
frequency current

periodic small amplitude voltage superimposed on, or
modulating a DC or a lower frequency voltage

RMS = Root Mean Square: the value of the equivalent DC
voltage (current) that dissipates the same energy in a unit
load resistance as the voltage (current) having AC and DC
components

the square root of the sum arithmetic mean of the squares
of a set of numbers

safe operating area for power semiconductors is defined
as the voltage and current conditions over which the
device can be expected to operate without self-damage.

scanning acoustic microscpoy (an F/A tool)

part of the super thrashold region. The drain-source
voltage (Vpg) is greater than the difference Vgg-Vi:

Vos > (Vgs - V1)-

statistical bin analysis. Test limits are calculated per test
bins by identifying the average yield plus Six Sigma. If test
results from any production lot yielding fallouts in excess
of the fallout limits in a specific test bin (yield outlier), there
could be a specific cause defect in the lot which should
be investigated (also see MAVERICK LOTS)

a diode fabricated with metal-to-semiconductor junction
featuring low forward voltage drop, almost zero charge

storage and close to unity noise to temperature ratio.

induction of an electromotive force in a circuit by a varying
current in the same circuit

scanning electron microscpoy (an F/A tool)

A crystalline solid material that in its pure form has a
conductivity between a conductor and an insulator.

Source
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Term

SEMICONDUCTOR
JUNCTION

SERIES PASS
TRANSISTOR

SI UNITS

SIX SIGMA

SLEW RATE

SOFT START
(switchingregulator,
motor driver)

SOURCE

STALL TORQUE

START-UP

STEP DOWN
SWITCHING
VOLTAGE
REGULATORS

STEPPER MOTOR

SUBSTRATE

SUBSTRATE

DIODE

SWITCHING LOSS
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Description/Definition

see BARRIER LAYER

the power control element in a LINEAR REGULATOR or a
BUCK REGULATOR connected between the power
source and the load.

Systeme International d'Unités (a.k.a. International
Systems of Units or MKS [Meter{m} - Kilogram{kg} -
Second{sec}] system of units)

Six Sigma is a set of practices originally developed by
Motorola to systematically improve processes by
eliminating defects.

represents the maximum rate of change of signal at any
point in a circuit

gradual increase of the pulse width of SWITCHING
REGULATORS or motor drivers to the required DUTY
CYCLE at the time of the first turn-on (i.e. start-up)

one of the electrodes of a FET; the current-supplying end
of the conducting channel in an FET.

torque exerted by the motor on its forcibly immobilized
shaft

bringing an electronic circuit (system) into operating mode
from a switched-off state

See BUCK REGULATOR and SWITCHING REGULATOR

a brushless, synchronous electric motor that can divide a
full rotation into a large number of steps

inactive base (not to confuse with transistor base) material
that is used as a carrier in semiconductor manufacturing,
see also WAFER.

parasitic diode formed between the source and drain of a
MOSFET. Diode is reverse biased when MOSFET is
forward biased

energy dissipated by an electronic swirtch during turning
the power on or off to a load

Source
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Term

SWITCHING
REGULATOR

SWITCHING
REGULATOR
EFFICIENCY

SYNCHRONIZATION

(of switching
regulators)

TEM

THERMAL
CAPACITY
THERMAL

CONDUCTIVITY

THERMAL
IMPEDANCE

THERMAL MASS

THERMAL
RESISTANCE

THERMAL
SHUT-DOWN

THERMAL TIME
CONSTANT
THRESHOLD
VOLTAGE (V)

TIME COSTANT

Description/Definition

an electronic circuit that uses capacitors and inductors as
energy storage elements with periodically switched
supply source to create an output voltage of either higher
or lower value than the source voltage. The output voltage
is regulated by means of feedback and precision
reference.

the ratio of output power to the input power

determining the operating frequency of a SWITCHING
REGULATOR or an OSCILLATOR by an external clock
signal source

transmission electron microscope (F/A tool)

a measurable physical quantity that characterizes the
ability of a body to store heat as it changes in temperature
(Sl unit: W x sec / K = joule / K). Symbol: Cg,

a measure of how well temperature conducts through a
substance (Sl unit: W/ (m x K)

Zink = R + 1/ (joCy,) of the k-th layer
(ratio of temperature change vs. step power input)

in the most general sense, it is any mass that absorbs and
holds heat

a measure of how poorly temperature conducts through a
substance (SI unit: K/ W)), symbol: Ry, or R.,,. "xy"
designates the layers like in “ca” = case-to-ambiemt

protection circuit in protected power devices that
interrupt or terminate the operation of the component if its
junction temperature exceeds a given limit

product of THERMAL RESISTANCE and THERMAL
CAPACITY: _=Co X R,

of a MOSFET is usually defined as the gate voltage where
a depletion region forms in the substrate (body) of the
transistor

measure of time delay to transient changes. Capacitive-
resistive circuit: t =R x C, inductive-resistive circuit:
t=L/R
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Term

TOROIDAL COIL

TORQUE

TRANSCONDUC-
TANCE

TRANSCONDUC-
TANCE of
MOSFETs

USL

UTI

VALENCE

VALENCE BOND

VECTOR

VELOCITY

VISCOUS

FRICTION

VOLTAGE

VOLTAGE GAIN

VOLTAGE MODE
CONTROL

VOLTAGE
REFERENCE
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Description/Definition

toroid is a doughnut shaped object. Toroidal coil: wire
coiled around a toroid shape magnetic core (made of iron
powder, laminated iron or non-permeable coil former) to
make an INDUCTOR.

T, force acting on an arm, cause of ANGULAR
ACCELERATION of a MOMENT OF INERTIA; a measure
of driving ability of rotating machines

(Sl unit: kg x m? / sec?)

reciprocal of resistance (Sl unit: S=A/V=1/Q.
[“S” stands for Siemens, not to be confused with second].

the ratio of a small change in drain current caused by a
small change in gate-to-source voltage: g, = Aly / AVggin
the superthreshold region.

upper specification limit

universal test instrument; may be bench type or
hand-held

valence, also known as valency or valency number, is a
measure of the number of chemical bonds formed by the
atoms of a given element

intra-melecular forces which hold atoms together in
molecules

a mathematical concept characterized by a magnitude
and a direction

vectorial rate of change of position; (SI unit: m/sec).
Magnitude of velocity vector is speed.

(torque) force load depending on (angular) velocity
(SI unit: see TORQUE, FORCE)

energy required to move a unit charge in an electric field
(Sl unit: V [volt])

measure of the ability of a circuit to increase the
VOLTAGE amplitude of a signal. VOLTAGE GAIN is a
dimensionless number

a type of FEEDBACK CONTROL LOOP in which the
output voltage of the loop is determined comparing it to a
VOLTAGE REFERENCE

the output voltage of a precision and stable voltage
regulator
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Term
VOLTAGE
REGULATOR
VOLTAGE
SOURCE

VOLT-SECOND
PRICIPLE

WAFER

WAFER
FABRICATION

WAFER SAWING
WATT
WORK DONE

WORST CASE
CONDITION

ZERO DEFFECT
(ZD)

SOURCE
(ABREVIATION)

EEH

INF

WKP

Description/Definition

a voltage converter providing output power to the load at
constant voltage regardless of the input voltage or output
current (provided they are within specified limits)

source of electrical energy with low internal RESISTANCE
(IMPEDANCE)

the sum of time x voltage area (or volt-seconds) across
an energy storage inductor within one PWM cycle in a
DC-DC converter is zero under steady state operating
conditions

a disc of semiconductor material on which a number of
identical dies (chips) are created

the making of semiconductor devices through multiple
repetitive sequence of photographic and chemical
process steps in which integrated circuit are gradually
created on a pure single crystal silicon wafer

separating individual dies on the same wafer

unit of electric power (Sl unit: W =V x A)

see also ENERGY (Sl unit: N x m, joule, W x sec)

the operating condition of an electronic circuit (sytem)
with internal and external parameters taken at values
(magnitude AND sign) to produce the largest error from
the desired performance

The expectation of the user of the device that absolutely
no rejects is shipped to them by the supplier during the life

of the product.

SOURCE

ELECTRONICS ENGINEERS’ HANDBOOK, D.G. FINK et al. Second

edition 1985

Source

INF

Infineon “Semiconductors” Second edition 2004 or training slides

Webster’s Ninth New Collegiate Dictionary, 1983
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