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Chapter 1 - Power Electronic Systems

S1.1.

In linear electronics, semiconductor devices are used in the middle of their linear amplification
regions where both the voltage across the component and the current thru it are relatively large.
This results in high power dissipation.

In power electronics, the semiconductor devices are used as switches. When the device is on
(approximating a closed switch) the voltage across the device is very low (usually 1-3 volts
maximum) and the current through it is large. The power dissipation, while substantial, is much
less than operating in the linear amplification region at the same current level. When the device
is off (approximating an open switch) the voltage across the component is large but the current is
very small and the power dissipation in the off state can usually be considered as zero.

S1.2.

1. Advances in microelectronics enabling the fabrication of high performance controllers in
both digital and analog forms.

2. Revolutionary improvements in the capabilities (voltage, current, power dissipation,
switching speeds) of semiconductor devices which operate as the switches in power
electronic converters.

3. Large expansion of the market for power electronic converters.

S1.3.

The table shown below characterizes the application areas in terms of the relative importance or
priority the power electronics designer must place on each of the listed specifications. The
assesments in the table are highly qualitative.

Application | Pwr Rating Dynamics Efficiency Cost Size and
Weight
Residential <10kW slow low priority | high priority moderate
priority
Commercial <100 kW fast moderate | high priority | low priority
priority
Industrial all ranges fast moderate moderate low priority
priority priority
Transportati <1IMW moderate high priority moderate moderate
on priority priority
Utility all ranges moderate high priority moderate low priority
Systems priority
Aerospace <100kW moderate high priority | low priority | high priority
Telecommu <1kW fast modrate moderate moderate
nications priority priority priority
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S1.4.

a) Figure 1-3ais already diagrammed showing that the converter has two rectifiers, one
inverter, a transformer and two energy storage capacitors.

b) Block diagram shown below.

Safety Isolation

Rectifier & : Rectifier &
low pass Inverter ?‘Ig low pass
@ filter F , filter Load
5 D
Utility [ < ; Vg
‘I Controller bl
OV
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Chapter 2 - Overview of Semiconductor Power Switches

S2.1.

a) Ideal i-v curves for a diode and thyristor are shown below. A more complete figure for the
diode is shown in Fig. 2-1 of the text and for the thyristor, Fig. 2-3 of the text.

i A i
> >
Y% v
Ideal diode i-v curve Ideal thyristor i-v curve

b) Ideal characteristics are used when the basic operation of a converter circuit is being
analyzed or designed from a top-down (system) view point. In this situation, idealized
characteristics greatly simplify the effort with minimal loss of accuracy. The nonideal
characteristics which are eliminated in the idealizations are second order effects that
only have minor effects on the overall converter characteristics.

Real characteristics are used when the effects of the actual characteristics are to estimated.
These effects are usually most important on the device itself and may cause the device
maximum capabilities to be exceeded. For example the on-state resistance of a diode, a
nonideal characteristic, causes power dissipation in the diode when it is in the on-state. An
accurate knowledge of the power losses is necessary to correctly dimension the heat sink. If
the power dissipation exceeds the maximum power rating of the diode, the internal
temperature of the diode may exceed the maximum allowable value and at the very least, the
reliability of the diode will be significantly reduced.

S2.2.

a) Diode voltage and load resistor voltage shown below.
A

20 millseconds

Input
Voltage

Load
Resistor
Voltage

Diode
Voltage

Co 4



0.01
1 , 322
Vq=002 J322sin(2mx500dt =77~ = 102 volts
0

b) Devices in parallel have the same voltage impressed across them. The device with the lower
forward voltage across it for a given current, will conduct a larger current than the other
paralleled devices. This means that the device carrying the most current will dissipate more
power than the other paralled devices. Consequently the temperature will be larger in this
device than in the other devices. This higher temperature will lead to an even larger share of
the current going through this device. The end result may be that the current in this device
may exceed the rating of the device.
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Chapter 3 - Review of Basic Concepts

S3.1.

a) Input voltage shown below.

AV
30V P—
0 >
4—*—> t
4 us 2 us
< >

6 us

In the steady state, there is no average voltage across the inductor so the average of V; equals

B0
the average of V. <V;>=""¢

. =20V=V,,

(20)2 400 5 250
b)250 W= "R~ , R=7255 =1.6Q ; (I)7(1.6)=250 ;I ="\/Tg =12.5A
¢) Inductor voltage = v;(t) - V j where it is assumed that the time-varying portion of the output

voltage is very small (C very large). Hence inductor voltage and current waveforms are as

diy (t)
L
shown below. For the inductor vy (t) =L—g . During the time intervals when the inductor

voltage is constant, the inductor will change linearly with time.

During the 4 ys interval the inductor current = I+ ;O—”\I/_It =1+ 2x10° ¢
At the end of the 4 psec interval [;+ 8 =1, orl, -1, =8 A
L, (6ps) + (8A)(4us)(0.5) + (8A)(2us)(0.5)
Average current =1 =125 A = 6 us =1+4A
Hence I;=8.5A and I,=16.5 A
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d)

AV
10V

-20v="

1%
(t) is shown below. As is clear from the diagram it has no average value.
()>=0. Thus

<L O> = <[, + i O = [1]7 +21 <i

ripple >+<i

ripple ripple
'ripple

Hence < irippl e

<l O1> = Tl + < ligppe®1”

Mean square value of a triangular wave = {base-to-peak}2/3 ; See solutions to problem 3-3e
in existing solutions manual.

2
L U ! 5
> = 3 = T3 =533A

< [iripple(t) ]

To find I o= \/ [10]2 +< [iripple(t)]z “N(1252+533=12.71 A

(20)2 400 5 80
80W= "R, R=7gp =5Q ; ()7(5)=80W ;I,="\/7 =4A
The inductor voltage waveform is unchanged from part b). The current waveform is as
shown below.
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The ripple current i (t)]is unchanged from part b) since it is governed by the inductor

ripple
®]%>=5.33 AZ.

s =N@2+533=462A

voltage. Thus < [irippl e

IL,rms 12.71 IL,rms 4.62
e) For pai’rllmg =T2.5 = 1017 :For pmtﬂm ="z =116

The ripple current in the inductor is independent of the load. Thus as the load resistance
increases, the average current is reduced and the ratio of the rms current to the average
current gets larger.

f) The current in the capacitor is equal to the inductor current minus the current in the load.

The inductor current = IL, avg + lripple(t) . The capacitor cannot conduct any dc current such

asly .o o Hence the capacitor current equals the ripple current through the inductor. The
capacitor currents for parts b) and c) are the same and are shown below.

The rms ripple current in the inductor was found to be 4/5.33 = 2.31 A in parts b) and c).
Thus the rms capacitor current in both situations is equal to 2.31 A.

Copyright © 2003, 2005 by John Wiley & Sons 8



S3.2.

a) The waveform in Fig. 3-3a is a square wave. The rms value of the fundamental is given by
(see solutions to prob. 3-3 in the solutions manual of the second or third edition, both are the

4A
same) F| =T 474)(r) = 100 amps where A is the base-to-peak amplitude of the square

wave.
Solving for A = 110.06 amps.
The rms value of a square wave is equal to its ampliude. Thus I, = 110.06 amps.

) 4A cos(m/6) . ) )
b) For the waveform of Fig. 3-3b, F| =77 474)(y) (see solutions to prob. 3-3. in the solutions

) o 4A cos(m/6) ) )
of the second or third edition). (1.414)(m) = 100 amps. Solving for the amplitude

A =126.9 amps.
The waveform in Fig. 3-3b is rectangular waveform which the signal is equal to zero for 1/3

(126.9)2 (2)
=3

of the time. Thus the rms current I, = = 103.9 amps.

¢) The larger the fraction of a period that a periodic waveform has a value of zero, the smaller
the rms value of the waveform will be compared to its base-to-peak amplitude.

S3.3.
2

a) Inductance L ="R~ where R is the reluctance of the magnetic path thru the core and gap
combined. See Eq. 3-69 in text.
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1

gap
If the reluctance of the core can be neglected, then R = u A | gap = 1 mm is the airgap
oc

7

length, pj =4mx10"" is the magnetic permeability of free space, and A = 1 cm? is the area

of the core and gap (ignoring flux fringing in the gap).

2
Fo AN @nx107)10"(100)?

Thus L = T - = 1.26 millihenries
gap 10
by LI=Np :Eq 367 of text, [ =X _ (1000003
) HE=NG S EBa 307t Iy =L = k103 T
2
_ . Lmad)”  (1.26mH)(2.4)% .
¢) Maximum energy stored in inductor = 5 = 2 =0.0036 joules
o (200)( 10°H(0.3)
d) L =(0.00126)(4) = 5 millihenries ; Imax = 5x10'3 = 1.2 amps
| - (5x107)(1.2)2 .
Maximum energy stored in inductor = 2 =0.0036 joules

e (0.3)%(10"H(1073)
W= oydx10)
airgap agrees with the value obtained using the inductance and maximum currents.

=0.0036 joules. This method of estimating the energy stored in the

S3.4.

The figure reference in the problem statement should be Fig. P3-3b.

a) Transformer equivalent circuit (no leakage inductance) shown below. When there is no load,

igo. =0, and the primary current is composed of only magnetizing current i ..

di
m
L,dt = Vori Ignoring reluctance of core, magnetizing inductance given by

2
Ho A N™ (4nx107)(3x107H(12)2
Lm = I = 3

gap 10

= 54.4 uhenries
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+
load Vsec
O

ideal tranformer

L, = magnitizing inductance

Voltage, flux density, and magnetizing current waveforms shown below. Amplitudes of
current and flux density calculated in part b).

e >
Vpri A i :
1 6.67 3.33 6.67 3.33
usec usec usec ,usec |
DR R R e Ay
300 V -~ - - - - r— f """"""" r

Beore A ; ; ; ;
0.28 T ---{----!

0
0.28T =

b) During the 6.67 psec time interval when the primary voltage is 300 V, the magnetizing
di

current is found from the equation L . gt~ = v, ; Integrating this equation , assuming t = 0

P
is at the start of the interval when the primary voltage steps up to 300 v, yields
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A" ri t
1,0 =1,00)+ _P_L ; Over the 6.67 usec time interval, the total change in current
m

) (300v)(6.67usec) ) .. .
Al =""Sduhenries = 37 A. Hence the amplitude of the magnetizing current is 18.5 A.

m

Estimate the flux density using L T .= Np Acore Beore Where I, = the base-to-peak

value of the magnetizing current. Using this yields for the base-to-peak flux density
_ _(54uH)(18.5A)
core = (12)(3x107* m? )

=028T

Note: This flux density exceeds the 0.2 T specified in the problem statement. The value
of saturation flux density should be increased to 0.3 T.

¢) The waveforms for the magnetizing current and the square of the magnetizing current versus
time are shown below. The square of the current versus time are easily derived from the
current versus time waveform. Also shown on the waveform are the time functions that apply
to the square of the current during the time intervals that the current is changing linearly in
time.

im A
18.5A —-d--mmmmmeeeeeee

18.5 A / L

13.3313.33:3.33 333-333'333:
.usec usec usec 'usec 'usec usec :

2 2
21t 2 t
342 A" |1-
342 A £.33us] £.33us

The area under one of the flat segments is (342 A2 )(3,33us) =0.00114 A2-sec.
The area under one of the parabolic segments is (342 A2 )(3,33us)/3 =0.00038 A2-sec.
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_(2)(0.00114) + (4)(0.00038)

<G )% 20 Jsec =190 AZ;

RMS value of the magnetizing current =4/190 = 13.8 A

d) New component of primary current shown below.

: 20 usec :
R S >
i’ A , . !
. 667 | | 667 333
' usec ! | psec ! psec!
e > e it P

-——--F-

P
R
[
—+

20 A freedre e - .

RMS value of the new primary current component is given by

2
(20)=(13.33 psec)
20 pisec = 1633 A

e) The square of the total primary current can be written as

GO+ 5O =G ()2 +2i O 5O+ ()
i,1() is the magnetizing current shown in part a). i ,(t) is the new primary current

component shown in part d). When the time average <(i,,,1(0) + imz(t))2> is computed, the
cross-product term 2im1(t) imz(t) averages to zero. Hence the rms value of the total primary
current 1s;

<G (O +i 502> =V190+ 267 =21.4 A

2
Ho A N" (4x107)3x107%)(12)2
D Ly=—T = 7
gap 10

The magnetizing current waveform remains the same shape, but the amplitude is now 1.85 A.

The flux density waveform remains unchanged in both shape and amplitude.

The rms value of the magnetizing current is now 1.38 A.

The 20 A component of the primary current is unaffected by the change in gap length.

Thus the rms value of the total primary current is now =

<G (O +i 52> =V19+267 =164 A

= 544 phenries
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g)

h)

For the voltage waveform shown in parta) v, . =300 V=N_. A /(AT) where

pri pri ““core 2Bsat

1
AT =6.67 usec = 35 where f is the frequency of the voltage waveform (50 kHz in part a).
Letting f vary, but keeping the interval that the voltage is positive and equal to 300 V at 1/3

300
of the period yields at the edge of core saturation Npri Acore 2Bgat = 3F

300
(12)(3x10™H(2)(0.3)(3)

Solving for f = =46.3 kHz.

This lowest frequency does not depend on the length of the airgap. The derivation in part g)
does not depend on the value of inductance and hence the length of the airgap.
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Chapter 5 - Line-Frequency Diode Rectifiers

SS.1.
a) Voltage and current plots shown below.
v (t
d( )
A /\i \
T N T
1 1 [ : S t
Vo E \s S
| P . 4 L T E
t ' ~ !
's (1) J 4= 10A \ ;
= : ) I >
Vo T, I
ST i i ot

S
2

b) For vy(t) <0, Dy is off and D, conducts. Inductor current equals zero. As v4(t) crosses zero

c)

going positive, it takes a finite time for the current iy(t) to build up to 10 A. During this

buildup time T, D, remains in conduction which keeps v 4(t) = 0, ie. creates a voltage notch.

As v(t) crosses zero going negative, v 4(t) will equal zero as diode D, turns on, so there will

be no voltage notch. The average value of the the voltage waveform shown above with the
voltage notch caused by L is smaller than the Ly = 0 waveform.

. I oT
dip d 1
During time interval Tl sV = LS at s fdiL =1 d= oL. f\/EVSsin(wt)d(u)t)
S
0 0

wLSId =42 Vs{l - cos(coTl)} ; Put in numbers and solve: coTl =17.9 degrees

| 7
Vd =71 f\/iVssin(u)t)d(cot) which evaluates to Vd =101 V.

coT1
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P4 = (10A)(101 V) = 1010 watts

SS.2.

a) Waveform shown below.

vy (t)

s 22V 22V,

2
b) Vgo =T, JV2Vgsin(@tdt="gT ~ {cos((0) - cos(wTy/2)} =~

O —

¢) ig(t) = current supplied by the grid. Current plotted below

|d =10 A VS (t)
N o 1s®

D1 &D2 | D3 & D4 conducting devices

Diodes numbered per Fig. 5-10 in text.
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e) is(t) is an odd function of time. Hence even numbered harmonics are zero.

2T ﬂ . Isl,peak 414
Isl,peak - J-Efldsm(u)t)d(wt) =" 5 s =1s1= \2 ~ \2n
0

P
f) Power Factor PF = m ; P =V average power at fundamental frequency delivered by
grid. V I, =rms power delivered by the grid.
PF_Isl \A ) 414 0o
- Vg T \/ETEId e

242(230v) . (4)(10A)(230V)
9 Py=I3Vy=(10A" 5 — =207kW;P =1,V = = =207 kW

h) The harmonics in the line current cause higher line currents and thus losses than if just the
fundamental component was flowing. The harmonics add to the apparent power, just as a
phase angle, making the apparent power larger than the active power.

SS.3.

LolYs 230

sc = oLg = (2m)(50)(1.22x1073)
Ia 10 vy

b) T_ =500 =0.016 ; From Fig. 5-17 [uroyy. = 142 : Vg = (1.42)(0.9)(230) = 294 V

=600 A

P =P =1,V =(10A)(294 V) = 2.94 kW

Pq _ 2.94kVA
¢) S=pfF ; FromFig. 5-18, Pf=0.7; S=—(7  =42kVA

d) The line current is highlyh non-sinusoidal. Only the fundamental component of the line

current can supply real power, the rest is reactive power. Even if the fundamental component

of the line current is almost in phase with the line voltage, the need for apparent power will
be high due to the highly non-sinusoidal line current, or the high content of the harmonic
components of the line current.
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I
4200W s,peak
I, =730y =18.3 A ; From Fig. 5-19, the Crest Factor = 2.4 =7

e) S:VSI s

S 5
I peak = (2:4)(18.3)=43.9A

f) Noripple in v 40 so it is constant at the value V g- From Fig. 5-18, Depletion Power Factor

DPF =0.95. cos(¢) =0.95; ¢ = 18 degrees ;

equal areas

19A

> 43.9A

18 degrees

(D)

. 2940 . 5
P=VIgjcos(9)=2940 W ; 151 =(230)(0.95) = 1346 ALy o =V2 I =19A

SS5.4.

g) I, =183 A ; Fuses are rated at 16 A. They may blow in this application.

Put a resistor of about 0.5 ohm in series with the line. may have to consider losses and
cooling of the resistor.

Alternative is to use a series inductor with oL = 0.5 ohms or 1 = 1.2 mH. Larger and more

expensive than a resistor but no losses.
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. . 2940W
h) P =294 kW in an ohmic load ; I, =530y =12.8 A

16 A fuse will not blow. If a 13 a fuse were available, it also would not blow.

SS.5.

a) V4 and the line currents are shown in Fig. 5-32 in the text.

6 6 32V
b) Vgo=n JV2Vsin(@td(et) =—F
0
| }‘2 5 (T/2)(2/§)
o L=\ [tJi%d =~ [T [1,2d="\/51, =81.6A
0 0
1 256
d) T4 =7 fIasm(u)t) d(ot) =0.78 1,
/6
e) Eq.3-33 of text. Is2 = Is12 + Is22 + Is32 +... ; Now Is22 + Is32 + ... can not be negative.

Thus IS > Isl if Ish >0

f) The main advantage is a smoother dc voltage. Also the line current has less harmonic content
(triple harmonics are missing).
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Chapter 6 - Line Frequency Phase-Controlled Rectifiers and Inverters

S6.1.

a) The thyristor will conduct when the voltage across it is in the forward direction and a gate
current is provided, usually as a pulse.
The thyristor will stop conducting when the current through it crosses zero and tries to go
negative.

b) This result is proven in the text, Eq. (6-6) with the aid of Fig. 6-6.

¢) (0.9)(320) cos(a) =100 ; cos(a) =0.48 ; cos'1(0.48) =61.2 degrees

/ igq(t) -/

- | T

d) Waveforms plotted below. Thyristors numbered as in Fig. 6-5.
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T/2
e) IS = T f Id2 dt = Id =10 A rms; is(t) is an odd function if wt = o is set as the time

0
origin. Then from Table 3-1 in the text:

2T 4 ™2
by =7 [Igsin(wt) d(wt) =571 :igq () =\/§Tld sin(wt - o)
0

f) The phase angle between ig;(t) and v is 61° or 1.07 radians lagging.

g) S= VS IS =2.3kVA ; PS = VS Islcos(a) = 1004 watts ; Pd = (100V)(10A) = 1000 watts

P is not quite equal to P because of numerical rounding in the calculations.

h) Commutation means a change in the path for the source current. When a source inductance is
considered, the commutation takes a finite amount of time.

)
V= L% ; f vdt=L CAI e is the commutation start time and ty is the end of the
4
commutation interval. t, - t; = t.= commutation time.
As can be seen, the voltage-time integral needed is proportional to L ,AI, the product of the

commutation inductance and the change in the current.

i) Eq. (6-6)inthe text. V;_ =0.9 V_cos(a) ; Current change Al =21 ;.
do S d

A voltage-time integral equal to 2 L, 1 is "lost" every half-cycle.

2
The average over one half-cycle is AV T2L.1:T=1fwherefis the

average —
frequency.
AVaverage = 4f LC Id which is the same as Eq. (6-25) in the text. w = 2af.
AVaverage = T =V Vd:
2wl 1 2X .1
c'd 22 cld
Vi= 09V cos(a)- T 7 = 2 5 Vg cos(a) - T

7)  See Egs. (6-20) to (6-23) on p. 131 of text.

2 2 2
k) X Ij=go (5x10'3)(10) =7 (2m)(60)(0.005)(10) = 1.2 V = "Lost" voltage AV 3,
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2B 0
T VS cos(a) =100 + 1.2 ; cos(a) = 0.488 ; o =60.7
Trigger angle o must be smaller to provide 100V when the commutation inductor L is

included compared to when L, is assumed to be zero.

2 w LS Id
cos(aa+u)=cos(at)- — 15+ Eq. (6-24)
V2 Vg

(2)(27)(60)(0.005)(10)
V2(100)
oa+u =625° ;u=625-60.7=1.8°

cos(a +u) =0.488 - = 0.488 - 0.0267 = 0.461

)
P Vgt
y e do
/ /
/ 4
7 7
/ s
X X ‘ >
/ t
i /o 3
| a i
| IV
§ - 60.7° > €
a+U/2=61.6°=¢ 4P » B :
| — i
| | 7 e
1 7 \
£ .
/ 3
r y /’ >
//1 /ot
/| %, /
/ ! \\“ - /
| @ T

S6.2.

a) With the gate currents constantly present, the thyristors behave as diodes. Hence the voltages
V3 Vpys and Vi, are the same as shown in Fig. 5-32 of the text.
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b) The currents in the thyristors will be the same as the currents in the diodes of Fig. 5-32.
¢) A gate current is needed and there must be a positive voltage across the thyristor.

d) See Fig. 6-20 in the text.

32

e) V do= T VLL (ideal diode rectification). Due to the firing delay of a radians, there is a

voltage loss of A, six times per line cycle or every 7/3 radians..

o
Aa = f\/EVLLsin(u)t) d(wt) = \2 VLL{I - coso.}
0

3A
) a 3
Average voltage lossis —— =7 \2 Vi 1Al - cosa}

3
Vio = Vdo - Average voltage loss = \2 Vi 1 cosa

3
f) Pd = Vda Id =7 \2 (230)cos(60°){10} = 1.55 kW ; PS = Pd since there are no losses.

g) The voltages will be the same as those shown in Fig. 6-20 of the text except that voltage
transitions will not be as abrupt but instead will have a commutation plateau as shown in Fig.
6-25 or as shown in the solutions to Prob. S6.1. part 1).

h) Due to the inductance, there is an additional voltage drop compared to the expression in Eq.
6-40 or the solution in Prob. S6.2. part ). There are six voltage drops per line cycle or every
mt/3 radians. The voltage-time integral is similar to that descirbed in the solution to Prob.
S.6.1. part h). Adapting those results to this situation, AI=1; andL_ =L.

6 3)2mf 30
AVaverage Ty Lilg="=n  Lilg =7 L]y
3 30
Va=Vdo - AVaverage = 7 V2 Vipeosa - T Lylg
This is the same as Eq. (6-55) but derived in a different way to provide an alternative

explanation.

) Py=155kWandIj=10A ; V4=15525V

3w (3)(2m)(50)
n Lglg= g (0.005 H)(10A)=15V
1.35 VLLCOSOL =15525+15;0=56.75°

) 2m

1) Eq. (6-62); cos(a + u) =cosa — \ETLL LS Id ;
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20 . ~ (2m)(50)
V2vpp TsTdT A2(230)

(.005)(10) =0.097 ;00 +u=063.14° ; u=6.4°

Copyright © 2003, 2005 by John Wiley & Sons
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Chapter 7 - DC to DC Switch Mode Converters

S7.1.

200
a) V0 =200V = (0.8)(Vd) ; Hence Vd =708 = 250V

b) Voltage across the inductor is shown below.

di
Use L g = v to find the ripple current where v is the voltage across the inductor which is
given above. Resulting ripple current shown below.

A

inductor g ... 020 02 .
voltage ;

50V
0 >

—~+

-200 V ==t .

inductor
current A

3.33A

-3.33 A

¢) The armature current is composed of a dc current of 5 A and the 3.33 A base-to-peak ripple
current shown above in part b). Thus the minimum current is 5 - 3.33 = 1.67 A. The peak
current is 5 + 3.33 = 8.33 A.

d) The total armature current (dc plus ripple) is shown below.
The current i is equal to the armature current when the switch is closed and equal to zero

when the switch is open. The resulting i is also shown below.
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armature ' - 6.7 us
current

supply
current

e) The base-to-peak ripple current is 3.33 A. Assuming that the armature voltage remains at 200
V, then the ripple current remains independent of the dc armature current. Hence the
boundary between continuous and discontinuous conduction occurs at a dc current of 3.33 A.

2
VgD

f) Armature voltage V 0= : see Egs. (7-7) and (7-17) in text.

D2 +[21 (T V p)]
Input voltage V=250 V, I = 2A. D =0.8, T = 33.3 psec (30 khz)

(250)(0.8)2
(0.8)2 + (2)(2)/[(33.35)(250)]

Evaluating V = =239V

g),h)andi) Waveforms shown on next page.

2V _ 1
00
Peak armature current ia,max =DV, Vd : see Egs. (7-7), (7-11) and (7-16) in text.
.. (2)(2)(239)
Evaluating 3 max = (0.8)(250) = 4.8 A

2 I,L
AIT = W ; See Egs.(7-7) and (7-16) in text.

. (2)(2)(0.0002)
Evaluating AT ="(0.8)(250) =4 psec
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T=333ps
armature |
current 26.6 s v
| <o > AT
a,max -|------------ .
L AN '\
0 A U H
0 . ) >
1 : : 1 : : t
armature S A
voltage Lo A
V.-V A S
d o ' | I—
0 >
t
—VO LR B ] E o R — - - - - - - - -
S7.2.

a) Rated output power = (20V)(25A) =500 W

b) Equivalent load resistance Ry, =V I, =20V/25A =0.8 Q

Converter circuit shown below.

[
L I
N Sw/ L R o)
1 —— AP INN———
V — + VL - +
d - 1 v
D B c T ° Ri0ad

=

¢) In an ideal step-down converter (R =0),V o=DVy. With nonzero R, this is must be modified

to DV 4 =V + I R. Putting in numbers and solving for D gives
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20V +(25)(0.2) =25=D Vg4 =48D ; D =25/48 =0.521

Note: No switching frequency specified in problem statement. Assume 50 kHz switching
frequency for the rest of this problem.

d) At the boundary between continuous and discontinuous conduction, the average inductor
current (dc load current I 0) is one-half the peak current in the inductor.

When the switch is closed:
dip 21,
LGt =LDT =V4-V,- I R T=period of switching waveform.
(Vq- VDT
Solving for I | = TARDT/(2L)

When switch is open:
diy 21, V(1-D)T
LG =L@ -DyT =V, + 1R ;5 Solving for [} =T T-RT(T - D)/(2L)]

Set the two expressions for I | equal to each other and solve for V j yields:
{ R(1 - D)T}
Vo=DV4yll-—72 | :
(0.2)(1 - 0.52)(2x107™)
@107
Put V 0= 25 V into expression for | o (SW open) and evaluate;

Evaluating V = (0.52)(48) {1 - } =25V.

_(48-25)(0.52)(2x10™)
07 1 4+(0.2)(2x10)/[(2)(10™H]

=12A

Power P = (25)(1.2) = 30 watts ; Equivalent load resistance = 25V/1.2A = 20.8 ohms

e) Inductor current at edge of continuous conduction (part d) shown below. Peak inductor
current is equal to 21 | = 2.4A.

. A .
inductor T = 20 us !
current (& mmmmeememeeeeeees >
10.4 : :

e e RS

2.4A [T

1.2A 7777 T

E——_—
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f) VI =P, =1Watt

Converter will operate in the discontinuous mode with the inductor voltage and current
waveforms taking on the following forms.

inductor A
current
<_
Ip D
0 / >
t
inductor
voltage A )
Y ]
0 A A. f
Vd- VO-IOR VO+IOR
_____ ) AN

(Vq-V,-1,RDT
Ip = L ;
(Vd - V0 -POR/VO)DT = AIT(V0 + POR/VO) ; average inductor voltage = 0

Ip(DT/2 + A T/2) Ip(D +A) P

9
Iy = T =T 2 =V
PO
P D + Al) (Vd - VO - V_OR)DT
V., = 2 L

2P L \%
2 __~or _d 1 2 __22L
Vo ~VaVo *PoR+TD+A DT =0:Vo="2 +2 \[Vq -4PR |1 +RD+4 DT

Evaluate V  assuming A;<<D.

v =2 l\/ 48)% - (4 02[1 QU0 l—471v
0= 2 2 \| WO+ 050 22x100)] TV

W : . 471V
I, =771V =21 mA : Equivalent load resistance = 021A = 2,218 ohms.

0.021)(2
Ip :% =~ 84 mA
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Check assumption that A << D.

(Vg - Vo PoRVID 148 - 47.1 - (0.2)(0.021)](0.52)
A|=T(V,+PRIV)) = (@7.1+0.2)(0.021) =001 <<D=0.52

AT = (102)(2x107) = 0.2 rsec
When switch is closed, inductor voltage = (Vd - V0 -POMVO) =(48-47.1-0.2/47.1)=09V
When switch is open, inductor voltage =V  +P R/V =47.1+0.2/47.1 =47.1 V

g) Inductor voltage and current shown below for case where P =1 watt

1] [T 1] A

Inlmnimn
mmiingm A

T g I_I
] '

h) Switch on;
dip
— _ C R _ -t _ _1n4 _ -4
Lt =Vg-Vo i Riip(=A+Be " " ;= L/R=10"7/0.2 =5x10"" sec
diy (0)
ij0=0=A+B;L—q  =-BLAt=-BR=(V4-V);B=-(V -V )R
V,-V
. d "o .
pO=—g {1-¢T};

48 -47.1
i (10.4us) =—o5— { 1- ¢ (10-4u8/S00u8)y _ 4 51 0.9792) = 93 mA
L M 0.2

Switch off:
dip
Lar = -V, -igR:i ©=A+BeVT;t=L/R = 10%0.2 = 5x10% sec

7(0)=98mA=A+B;
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i)

3

dif (0)
L—gt =-BLt=-BR=-V_-i (OR =-47.1-(0.093)(0.02) = -47.1 ;

B =47.1/0.2 =235.5 ; A =-235.407
iL(t) =-235,4 +235,5 e't/T JAtt= AIT , inductor current = 0.
0 =-235.4 + 235.5exp(- AIT/’E) ;

AT =1 1n {235.5/235.4} = (5x10"H)(4.25x10%) = 0.21 psec

Accurate inductor current plot shown below.

- A
inductor T=20us :
current &7t Tt >
10.4 ¥ :
€------ ‘_J_S__>: :4_9'_4_'/:’_5___>E
93 MA {---mremmmmee g ¥ R P RRRLECEEELT” SERREE
0 Z / >

<&--0.21us

The inductor current versus time curves from part g) and part i) are nearly identical.

S7.3

a)

b)

Advantages

Bipolar PWM has a more simple circuit implementation. Only one control voltage and
comparator needed in addition to the triangular wave generator.

Unipolar PWM has twice the ripple frequency as bipolar PWM and hence lower rms ripple
component.

Disadvantages.

Bipolar PWM has half the ripple frequency compared to unipolar PWM and hence higher
rms ripple component.

Unipolar PWM has more complicated circuitry because two control voltages are needed and
thus two comparators, plus the triangle wave generator.

For both types of PWM, V0 = (2D1 -1))Vd ;

Vot Vd 200+ 250 .
Dy="2v; = @250 =09:Dy=1-D;=1-09=0.1

Bipolar PWM ripple frequency = 30 kHz.
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Unipolar PWM ripple frequency = 60 kHz

Waveforms for output voltage shown below.

Vtriangle A
S A U ! ": """""" Veontrol
— — >
! L t
. . ’ N Veontrol
R | -oh i Pioooboohooo 33.33ps
Y, Vo Lo . Vo
a S S B i R A AV T
L P de--h--- 3.33ps
250V — ——
0 - - » Bipolar PWM
! Lt
PYTVARS S N RO S N B
R N hins o Eeetts 16.67us
Vo AL L i ii---- 13.33ps
L e
250V ' ' | U
0 - »  Unipolar PWM
t

¢) Armature voltage = 50 V for 13.33us.

. (250v - 200V)(13.33us)
Total change in inductor (armature) current = (0.2mH) =333 A

Ripple current has zero average as shown on next page and thus goes from -1.67A to 1.67A
Total armature current must have 1 A average. Thus total armature current is obtained by

adding 1 A average (dc) current to the ripple current. Resulting instantaneous armature
current shown on next page.
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Maximum instantaneous armature current = 1.67 + 1 = 2.67 A.
Minimum instantaneus armature current =1 -1.67 =-0.67 A

The source current i d(t) equals the armature current ia(t) when Va >0. When Vo= 0,1 d= 0

and armature current circulates through the upper or lower switches. The plots also indicate
which power semiconductor devices are conducting at a given time. Refer to Fig. 7-29 of the
text for further details.

—+

+

A
Devices conducting

(TA+’TB—)§ ' Tas Dy
i A
d 5 P
267A T ! _E
0 g
' t

-0.67A--T-"

d) If the average armature current I, =20 A, ripple current rides on top of a 20 A dc current.

Hence plot of instantaneous armature current will be as shown on next page.
Maximum instantaneous armature current = 20+1.67 = 21.67 A
Minimum instantaneous armature current = 20 -1.67 = 18.33A
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18.33A

€)

Instantaneous armature current never goes negative. D , . and Dg_never conduct. Similarly
T ,_ and Ty, never conduct. Devices which do conduct and when indicated on the armature

current plot on next page.

—+

Armature voltage = 250 V for 30 ps. Resulting change in the armature current

. (250V - 200V)(30us) , ,
Ai, = 0.2mHa ="7.5 A. Armature ripple current will have zero average and a

base-to-peak amplitude of 7.5/2 = 3.75 A. Total instantaneous armature current will be
composed of the ripple current riding on top of 1A of dc current.

Maximum instantaneous armature current = 1 + 3.75 = 4.75A

Minimum instantaneous armature current 1 - 3.75 =-2.75 A

Armature current, which is also equal to the source current i d(t), is shown below. The status

of conduction in the semiconductor power switches is also indicated.
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Devices conducting

+’D )

B-
S7.4.

a) Note: No switching frequency specified in problem statement. Assume 50 kHz.

At the edge of CCCM-DCM:
DT (V4-V,)
V,=DV4.D=70v =0.25. Average output current I /== >

_(0.25)(2x107)(40 - 10)
0~ (2)(5x10)
b) ForI = 1.5A/10=0.15 A, converter operating in DCM. Output voltage given by

=15A

VdD2 \/ ZIOLV0
V. =7"7"51 1 :Egs.(7-7) and (7-17) ; Solving for D = -
o ) 210L gs. (7-7) and ( ) ; Solving for TsVd(Vd Vo)
D +TSVd

5
Evaluating:D:\/ (2)(0'_155)(5X10 WO 679
(2x1072)( 40)(40 - 10)

(40)(0.079)2

3
5 (2)(0.1515)(5x107)
00797+ 050,

¢) V,(0.15+1%) = =991V
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d)

(40)(0.079)2
(2)(0.1485)(5x10™)
(2x1072)(40)

V(0.15-1%) = =10.06 V

(0.079)2 +

For a duty cycle of 25%, V  is independent of I | and thus appears as an ideal voltage source

of 10 V. For a duty cycle of 7.9%, the voltage changes by 10.06 -9.91 = 0.015 V for a current
change of 3 mA. (0.015V/(.003A) = 5 ohms. Converter appears as an ideal voltage source of
10V in series with a 5 ohm resistor.

S7.5.

0.48

48
a) IkW =(48V)I | ;1 =20.83 A ;D =7pg =0.48 ; switch on-time :8—4 = 6xlO'6 sec

b)

c)

d)

0’0

_(100V - 48V)(6x107° sec)
AIL = _5 = 7.8 A
4x10” H
Inductor current is composed of a dc component of 20.83 A and a 3.9 A (base-to-peak, zero
average) ripple current.

Iy peak = 20-83 +3.9 = 2473 A;

2
_2 7 B9
IL,I'mS _\/IO + <(IL,ripple) > <(IL,ripple) >=3 =507A

2 _
I rms = V(2083)2+507 = 20.95 A

For L = 10 pH, the peak-to-peak ripple current is for times that of part a). Thus Aip =31.2 A

2
I =20.83 +15.6 =36.43 A : <(I 2, U507 422
L,peak ~ <+ 0 =20. ; (L,ripple) =3 =38l1.

_ 2 _
I rms = V208324812 = 227A

cost 10yH — _[107][22.7][36.43]
cost40pH = 14,10731120.95][24.73]

=0.399 ; Inductor ratio =0.25

Inductor = 2.5 yH ; Ai; =4 times larger than for 10 xH; Hence Aij = (31.2 A)(4) =125 A

(62.5)2

_ _ : 2. _ _ 2
I peak = 2083+ 1252 =833 A 1 <(Ip_3010)7> = =1302 A

= V(20.83)2 + 1302= 41.7 A

IL,rms
6
cost 2.5uH [2.5100][41.7]83.3] ,
= =042 ; Inductor ratio = 0.25
cost 40uH [4x10™][20.95][24.73] nductor ratio
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Chapter 8 - Switch-Mode DC-AC Inverters

S8.1.

' ' 1450
a) Frequency modulation ratio mg =730 =29

240
b) m,=0.8 ; V. =(0.8)(600/2) =240 V ; V j; :W =170 V.

a o,pe

¢) See Egs. (8-6) and (8-7) in the text.

A"
d
d) Modulation is linear when m, < 1 because v A 0(t) =m, 7 sin(ot).

e) Use Table 8-1 in text with m, = 0.8. Amplitudes will be rms values
Fundamental = 50 Hz Amplitude = 170 V (see part b above)

h = m¢ (50x29 = 1450 Hz) Amplitude :% (0.818)(300) =173.5V

h =3me+2; (3x29+2)x50 = 4,450 Hz and 4,250 Hz ; Amplitude = % (0.176)(300) = 37.3V
h =3myg ; 3x29x50 = 4,350 Hz ; Amplitude = % (0.171)(300) = 36.3V

h =mg+2 ;5 (29+2)x50 = 1550 hz and 1350 Hz ; Amplitude = = % (0.139)(300) = 29.5V

1
h=2mg1 ; (2x29+1)x50 = 2950 Hz and 2850 Hz: Amplitude = ﬁ (0.314)(300) = 66.6V

f) m¢ should be integer and odd. This produces a symmetrical v_(t) and minimizes the
f 0

harmonics.

Additionally when there is a zero-crossing in the control voltage, the triangular waveform
should have a negative derivative when the sinusoidal control waveform has a positive
derivative as shown in the figure below. Otherwise there may be underfined switchig

instances if v ...o1 has the same derivative as v, ;. This may occur at overmodulation.
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S8.2.

b)

d)

With the same type of transistors, the full bridge converter will double the output power
compared with the half bridge. For increasing power, it is also possible to parallel connect
transistors in the half-bridge converter. Paralleling is demanding and normally a derating
must be done to give room from unbalanced current sharing during both the switchings and
the on-state intervals.

From Fig. 8-6 in the text, it can be seen that the duty cycle D approaches m, at v ontrol,peak’

As V0 = DVd, then Vol,peak = man.

PWM with bipolar voltage switching is described in Ch. 7-7-1 of the text. T,  and Tg_ are
controlled in the same way. T 5 _ and Ty are controlled by an inverter replica of the control
signal for T 5, and Ty_. For a sinusoidal control signal, this results in the output voltage

waveform shown in Fig. 8-12 of the text. For each switching cycle, the output voltage is both
positive and negative, depending on the duty cycle. The output voltage waveform is bipolar
and hence the name for the modulation algorithm.

VAo,l = % (0.8)(600) = 340V; 50 Hz

VA0,29 = % (0.818)(600) = 347V; 1450 Hz
VA0,57 = % (0.314)(600) = 133V; 2850 Hz
VAo59 = % (0.314)(600) = 133V; 2950 Hz

1
VA0,85 = ﬁ (0.176)(600) = 75V; 4250 Hz
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S8.3.

750
a) me ="3() =15

800
b) V2230 =m, 5 :m,=0.813

¢) The circuit shown below is the equivalent circuit for the inverter in the frequency domain.

+ joL +

URA & Ea

v Aph= VL,ph + Ea,ph where the subscript ph indicates that these are phasors.
Choose E h= 230 V real; Then

a,p

IP,ph = P/Ea,ph =100/230 = 4.35 A in phase with Ea,ph

IQ,ph = Q/Ea,ph =500/230 = 2.17 A lagging Ea,ph by 90°

Phasor diagram shown below.

VA,ph
> >
E joL |
| i 'p.ph a,ph 1°-'Q,ph
Q,ph

Vaph =230+ 0L1Ig I + oL 1Tp 1 3oL = 2m(S0)(0.015) = 5 ohms
VA ph =230 + ({217 +4.35) = 241 + j21 = 242

d) When P = -1 kW, the phasor diagram shown above must be changed so that Ip ph is reversed

(i.e. negative). The new diagram is shown on the next page.
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|
Q,ph

The voltage V5 oy = 241 - j21 = 242 e’

e) P=0and Q== 1kvar ; IQph:ij4.25A

| Q,cap T j(DL IQ,ind J(DL| Q,Cap

| i Ea |
Q,ind

Q=+lkvar ; V, =250 vand angle=0 ; Q=-lkvar; V, =210v and angle =0

f) Movement of V 5 ph for P =0 shown in part €). Movement for P = 1 kW shown below.

S8.4.

4 .
a) Voi,ph= 7 Vg3 Eq (836)intext. Vo o, = A2V .V

220V

ol>Vol=
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T T
Vg =2V2 Vo= 7V2 (220) =244V
b) Ripple current is as shown in Fig. 8-19a.

1% . 1
2 Lipple,peak = oL f Vg- \2 Vsin(wt) } d(wt) =G {tV g - 22V o1)
0

1 8
Lipple,peak = 2oL Vg (-7 } 3

Put in numbers: = (2)(275)(147)(0.1) {m - % }(244) =246 A

) m,=038 ;Vol,peak:(0.8)Vd:(0.8)(220):\/5 220; V4=389V

d)

Y,
control

The switching frequency, f, is f, = 21x47 = 987 Hz. Period T = 1 msec. As can be seen in the

figure above, the ovoltage across the inductor is positive for approximately one half of a period
about 0.5 ms. In this interval the inductor voltage is approximately constant at V j since v (t) = 0.

V. T
d
The peak of the ripple in the output current will be Irippl e,peak 2L =1A
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A 4 4
&) V=7 VgqcosB : V2(220)= 7 (389) cosp ; p=51°
a=180-2f =180 -(2)(51) = 78°

389V----

e ~_ | \2 e 220 sin(wt)

pE L
Vld ~

s

a/2
1
From the figure above: AIl =- AI3 ; AIl =T f \/5(220)sin(wt)dt
0

o/2
AI1 :ﬁ f \/5(220)sin(wt)d(wt) = ﬁ‘\ﬁ (220)[1 - cos(a/2)] = 2.3A
0
A12 1 90 1
> =L f[Vd - \/5(220)sin(wt)] d(wt) = - {(389)(0.89) - (311)((0.78)}
o/2

1
Aly =2 Zmy@7)0.1) 1(389)(0.89) - B11)((0.78)} =5.45 A

Al, > Al ; Max 1

ripple,peak ~ 272A

f) PWM gives the lowest ripple. The two types of square are not much different from each
other. Higher switching frequency gives even lower ripple.
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Chapter 10 - Switching DC Power Supplies

S10.1.

N, D N, Ny V4D
a) Vo=V m : Solve N_2 :N—2 :m

N1 Gooyo0.4)
Evaluate: N2 = 6)(1-04) = 33.3

VgD Ty

b) 1 I ? ; Eq. (10-9) in text.

m,max ~ m,min _

(300V)(0.4)(107sec)
Ln= 0.2A =6 mH

[N, N,(1-D)T  V,
©) lywmax = - DN, * 2L N, : Eq. (10-12) of text. Note turns ratio correction

in the I j term. Evaluating:

N,(30 A) (33.3)Ny(1 - 0.4)(10)(6)
Isw,max = (333N, (1-04) *+ (2)(6X10-3)N2

=15+01=16A

Vit

d

d) Switch current plotted below. During the 4 ys interval, isw(t) = iSW(O) + 1
m

(300)4x10%)

Att=4ps. iy, (4ps) =1.6 A=ig (0) + <103 i) =1.4 A
X
_ A
'sw(t)
1.6 A
1.4 A -
0 ; >
.- P >
4[15 ! 6“5 ! t
D e e >
10us :
\ 300

d
e) Vo =T-D ; Eq. (10-13)intext ; Vo =T_04 =500V.
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S10.2.

a) Equivalent circuit during the switch off-state interval shown below. The turns ratio N;/N, =

33.3 as in problem S10.1. The 110 uH inductor is the 0.1 uH leakage inductance reflected to
the primary side of the transformer. The 200 V supply is the 6 V output voltage reflected to
the primary side of the transformer. Now ip(t:O) = 0 so the magnetizing current im(t:O)

which equals 1.6 A must flow somewhere, and that will be through the zener diode which
will be in breakdown at the start of the off-state interval. The 850V supply represents the
zener diode in breakdown.

1
bt % 110uH
+ 6mH -
300V = = 200V
iy (O +
+
= 850V
di di

(6mH) —g =-550V ;i_(t)=1.6 - 9.16x10% ¢ ; (1 10]4H)—d]t2 =350V ; ip(t) =3.18x100 ¢
Att= trise im(tris e) = ip(tris e) and the zener will fall out of breakdown. The magnetizing
current will then flow as usual through the transformer primary only.

Equating the two currents at t =t . and solving yields t ;. = 0.5 us
N

Since i2 = ipN_2 , this is also the risetime of i2;
b) Power dissipated in zener = (0.5)(850v)(1.6A)(0.5 ]4sec)(105 Hz) = 34 watts

S10.3.

1

_1 .
a) D = Ny EvaluatingD_ .. =757 =0.5
1 +N—1
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Vo NpD Ny (300v)(0.4)

b) V_d = N—1 ; Eq. (10-16) in text. ;N—2 == v =20
Ni Vo (20)6)
c) Vd,min:N2 Dmax =705 =240V

N,V
1'd
d) Voltage across the transistor during T jee=V -v| © v = —N3 ; See Fig. 10-11c in text.

Viw =2V3=600V. N, =Nj

e) vq(t) plotted qualitatively in Fig. 10-11c in text. The time t_ is given by Eq. (10-20) in text.
Using the numbers specified in the problem statement, ty = 4 ps. vl(t) plotted below. vsw(t)

= V4 - V(D). Resulting switch voltage versus time also plotted below.

v, A
300V --
0 >
t
-300 V 1
10us
Vsw A
600V -
300V ==
0 >
t

f) Equivalent circuit of secondary side of N:N, shown below.

, .
D1 Dy S0uH 'L

—
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di
D1
During ton interval, Vo = 15V and Dl conducting. (S0mH)— 3~ =15V - 6V

oOV)(4us
AiDl = ( 58](41_1 ) =072 A: iDl = iL in this interval.

di
D2
During toff interval, Vo= -15V and Dl off, D2 on. (SOmH)—g =-6V

6V)(6us
AiD2 = ( 58](41_1 ) =072 A; iD2 = iL in this interval.

Inductor current has an average value of 10 A and a ripple current (zero average) of 0.36A
base-to-peak. Diode currents plotted below.

A
10.36A -

| 9.64A -
D1
0

. 10.36A --
|
D2 9.64A --{

0

di
m
g) During ton : (I5mH)~g =300V ;i_(t) = im(O) + 2x104t ;1. (4us) - im(O) = 80mA

During t, <t<t: (15mH)d(11—rf1 = =300V ;i () = 80mA - 2x10%
Att=t  +t.,1, =0 and stays there until v| goes positive again. t_ = 4us
igw =1, +1; 3 Nonzero only during t_ interval.
Ny
During t j interval;.ij = N_1 iy =0.051, ; During t interval i} =-1_.
During t interval, i, = 0 because D, reverse-biased. Thus i} couples to N5 coil and
N
i3 = 'N_311 =1, since N = Nj.

Curves of i and i3 shown on next page.

m’ 11> lsw

Copyright © 2003, 2005 by John Wiley & Sons 46



47

...... A
_ <+ ”
< < < < Mw <
3% °g &% ° o o
S O S o ®
.Im — w o

Copyright © 2003, 2005 by John Wiley & Sons



Chapter 11 - Power Conditioners and UPS

S11.1.

3700
a) P=(370)(10)=3.7kW ; Ip ;jpg =730 =16 A

Vs, ph = jI s,pht \Y crit,ph subscript ph implies these are phasor quanitities.

4l
Q
—>

4x16

16A Vcrit,ph = 230V

) 2 2 . . 13
230 +41G=v ; V7 +(@x16)7 = (240)7 ;v=2313 ; I5="] =0.325A

Q =(230)(0.325) =75 var inductive

4500

v=\(220) - (4x19.6)> =205.5 : 230 + 41y = 205.5
IQ =-6.1 A (capacitive) ; Q = 1406 var (capacitive)

225
¢) P=(450)(0.5) =225 watts ; Ip ;pg =730 = 1 A

v= V2202 - (4x1)2 =220V 11g=0 :Q=0

\/ 2 2 240 -230

v= 4N@Q20)7- @x1)” =240V 31 =""7  =25A;
Q =(230)(2.5) = 575 var inductive

S11.2.

a) Vd(O.S):\/§(220) V=212V

1000
b) Ip="120 =83A

I 0.4
o I.= (0.05)8.3)=04A;C=4,v =02m)(6)(120) = 9.2 uF
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1 1
O CEmE0N =T 8 M =0x100)2m)230002 =™

0.
e) V3h =700 Vl =(.005)(120) =0.6 V no reduction

0.3
Vs, =100 Vi = (003)(120) =0.36 V

(W)

1
VZOkHz = ﬁ (0.314)(212) =47 V ; 0.314 factor from Table 8-1 in text.

1 0.8
At20 kHz oLy =38 Q ; w_Lf =08Q ; Vf,ZOkHz =377@7) =1V
f. =3 kHz may give some amplification at no load, but not significant. At full load, the filter

works well.

f) Ip=47/38.8=12 A at20 kHz.

1
9 X[ =@mBOL=0.11Q ;X =75c =288 Q

h) No load ; VO: 120 V

1 kW load: Vi 4=V, -JoLI

v
L Vi = 120V

i - /
O A
0.9V
V. +
inv @ Vioad > &

8.3A load voltage

Vi =@8.3)(0.11) =0.9V ; V| . 4= 120V

S11.3.

2(120
a) Vg4 =% =212V

1000
b) Ip="120 =83A

(0.04)(120)
c) coLf:(0.04)(120) ;Lf:W =13 mH

d C 5 =0.2 uF

7 Ly2m? (3000)
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e) See solution to prob. S11.2 part e).

f) At20 kHz, oL = (2m)(2x10%)(0.013) = 1640 ohms

1
m(2x10MH2x1077)

1
AL20 kHz, 5, =

=40 ohms

Filter voltage at 20 kHz = 47 V; see solutions to Prob. S11.2 part e).

47V
e =T640 +40 =0.028 A

g) Noload; Vi, =120V

Full load: V. q= Vi, - JoLg , See equivalent circuit in solution to Prob. S11.2 part e).

Voltage drop across inductor specified as 4% of inverter output voltage.

Vioad = 120NV 12 + (0042 = 120.1 v

S11.4.

a) The two filters have the same voltage damping, but the 60 Hz voltage drop is significantly

different. See the impedance plots below.

A Impedance ,o* L=13mH
I "ﬁ
i .
| ;"
| ¢"
o;""'
Rl
s
'f
o L""¢¢
’
Rid
'¢"' L = O3mH
Lo* ol
’
Rad
>
C=9.2uF Frequency

-

! 1
"At3kHz — = ol
| w C

e
(@)

3 kHz
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b) At 60 Hz, the filter curent is mainly capacitive.
I. 112 =04 A =filter current Prob. S11.2

I.113= (120)((275)(60)(2)(10'7) =9 mA = filter current Prob. S11.3
Even 0.4 A 90° out of phase with 8.3 A is negligible.

¢) Transient performance at rapid load changes is much better when the inductance is small.
d) and e) must be done using Pspice.

f) The transients in the output are much larger when the inductance is large. It is fairly easy to
design a regulator when the inductance is small compared to when the inductance is large.
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Chapter 12 - Introduction to Motor Drives

S12.1
Note: Gear coupling ratio a=1/6.25
M=3000Kg, J,,=0.3Kgm®, Jyum=45Kgm®, a=1/6.25, V=2m/s, 6 =20"
a) o, = linear speed/radius=V/(D/2)=2/0.25=8 rad/s
= w,,,/o,
o, - o, /a=8%6.25=50rad/s

b) JTot= r)
Voo =T, + 2%, =03+ (1/6.25)°%45 = 1.452Kgm’

c) T at standstill = ?
F=M gcos (90-6) = 3000*9.?* cos 70 =10055.39 N
T=F*r=10055.39%0.5/2 = 2513.84N-m
Tmo= a*T;=2513.84/6.25 = 402.215N-m

d) T at 2 m/s uphill speed = ?

Tma = Tmo =402.215 N-m
No increase in torque needed to maintain constant speed

e) 4 Im/<

1< 1< 1< 1<

|

For acceleration

Tem =a*dw, /dt * [Jm+a2J1] + a*Ty,

o, at (V=2 m/s ) = 2/(0.5/2)= 8 rad/sec
do,/ dt=8 rad/sec’

Tom=(1/6.25)*8*[0.3+1/(6.25)**451+402.215 =404.073 N-m
Pi=T em*w, = 404.073*50=20203.67W
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For constant speed
Temx=Tm0=402.215 N-m
P,=402.215 *50=20110.75W

For deceleration
Tems= -a* dw,/ dt * [Jm+a2J1] + a*Ty

= —(1/6.25)*8*[O.3+1/(6.25)2*45]+ 402.215=400.356N-m
P3=400.356*50=20017.82W

For standstill
Tema=Tm0=402.215 N-m
P,=402.215*0=0W

/ / Torque Power

Full Drum o, =v/r=50/0.6=83.33 rad/sec
T=F*r=80*0.6=48 N-m
P=w, *T=48%83.33=4000W

Empty Drum o, =N/r=50/0.1=500 rad/sec
T=F*r=80*0.1=8 N-m
P=w, *Ti=8*500=4000W

It can be noted that Power= Force * Velocity

As force 80 N-m and Velocity 50m/s both are constant,
Power=80*50=4000W is also constant
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4000W

\

S12.3
M=1200Kg,V=50Km/hr, P=5000W
a) V=210V, [=?
1=P/V=50000/210=23.809A
b) N,=6000rpm, o, =? Ty=2

o, =2*71*6000/60=628.31rad/sec
Tw=P/w,=5000/628.31=7.957N-m

c) T, at uphill=?
F=M*g*cos(90-6)=1200%9.8*cos 88=410.41N
=v/w, =50000/(3600*628.31)=0.022m
T=F*r=410.41*0.022=9.029N-m

d) Maximum slope=?
Maximum torque = 10*Torque in b)
9*Tmw=71.613N-m (Torque for uphill only)
F=71.613/0.022=3255.136 N
Cos (90-0 )=F/(M*g)=3255.136/(1200*9.8)=0.276
slope=6=16.07"

Copyright © 2003, 2005 by John Wiley & Sons

54



Chapter 13 - DC Motor Drives

S13.1

R,=0.5 ohm, V=220 Volts, 1,,=30 A, P=6.15Kw
N,=1120 rpm, ¢.=1 wb at [;=1A

a) The time constant of the field winding is large compared to the time
constant of the armature current. So keeping the field at its maximum
makes a short response time.

b) E.=V-1,*R,=205 Volts
Also E=K* o, * ¢=2%x*K*N,* ¢ »
K. =205*%60/2*x *1120)=1.747
c) From 1120 rpm to 1500 rpm V,; and E, will be constant

E,~205 V
¢, = E/(K*o,) =EJ(KF2% 2 *N)

¢,=1120N  from 1120 to 1500 rpm

¢f=¢fr from 0 to 1120 rpm
Large flux combined with maximum armature current gives the
highest torque.

Yoo =

¢
¢ =0.746wb
>
0 1120 1500

d) See Fig. 13.5 in text.
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e) Iar=30A
If we keep Iar constant 0.7Tload will be achieved at 0.7 ¢ 0

E 205

w, =—== =167.34 rad/sec
K, 1.747x0.7
07292 _ 2w x1120
wm a)m
w, =10053.096
N . = @, %60 =1598rpm
2w

S13.2
a) Traction as electric vehicles and locomotives
b) Where full torque is needed for all speeds, like a lift.
c) A permanent magnet motor provides rated flux at any operation. In a
PM motor there is no power supply for the field current and no field
losses.

S13.3

a) L,=1mH, Buck converter V=300V

I, at 50% torque, when ¢ is rated, is 50% of I,
I,;=0.51,=0.5x30=15A

N;=0.4x1120=448 rpm

E.=K.w, ,=1.747x2 7 x448/60=81.91 volts

Vu=E.+1,;R,=81.91+15x0.5=89.41 volts

For fast increase in armature current, D=1.0 (Buck Converter)

Vi=EaHla Rt L, Y
dt

i;t =300-89.41=210.59 volts [Assuming E, and I,R, constant

during I, increase, as mechanical time constant is large w, and Ea will

La

change very slowly and I,R, drop is small compared to Ea]
_(30-15)x1x107
210.59

dt =71.22x10"sec
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b) V=220 V (From problem 13.1)

La % =300-220=80V

dt
B (30-15)x1x107"
80

dt =187.5x10° sec

S13.4

a) Same as 13.3 a)

b)

E-Lrp -lL(o.SJ)2
2 2

1 -3 2 l -3 2
= (107)(30°) =~ (107)(0.5x30)

=0.3375joules

c) Available acceleration torque =0.5 X Tiaeq
Speed change = 40% to 60%
Assuming B=0
do,
dt

Tem=J

J
T'em Kt¢f]al‘

4x0.2x2mx1120

T 0.5%1.747x60x 1% 30
=3.58sec

Assumption of step change in [, is valid. From prob. 13-2a), we know
that current change required only 71 u sec.

Copyright © 2003, 2005 by John Wiley & Sons 57



d)
N=0.6x1120=672 rpm

Ea=K,w, =1.747Tx2wr x672/60 =122.86 volts

Here V=0 as current should decrease

Vt = Ea+ laRa
=122.86+30x0.5=137.86 volts
1% 13786
dt
-3
gr < BO=1)X107 e 006x10
137.86
e)
W= %Ja)l2 —%szz
2 2 2 2 2
_(2m)'x4(0.6 x12120 04 ><12120 _ 5502.4Ljoules
2 60 60
f)
i
672pm-4-———————-=
/ N
442rpm

300w / / 122.86w

2191v|
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g) Ignore I,R, drop
T, =K¢l, K =1.747x1x30=524IN -m

]:3771 = J dwm
dt

07T, = J 92

di
dw, = 0.7x32.41 =5.241rad/sec

dt
Ea=174Tw,
ddﬂ 1747 %P 1 747%5.241=9.156
t t
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Chapter 14 - Induction Motor Drives

S14.1

The airgap flux, ¢,, is shown in the figure. It is the flux which is common for both the

stator and the rotor windings.
For a two-pole (one pole-pair) induction motor, the airgap field will rotate with
f revolutions per s or w, =27 f[rad / s]

de,, (1)
b e ()=N_-—=%2— 1
) w =Ny — (1)
From v=Lﬁ=Nd—(’v (2)
dt dt
Li=N-¢ 3)
N, 0)=L,i, () 4)
That is, the magnetizing current, in, (t) is in phase with the airgap flux, @, (t).
From eq. 1, the airgap flux is lagging the airgap voltage by 90°.
€, =L, % = Eag = ja)LmI_m ®))]

The equivalent circuit is like in Figure 14-2 of the textbook. The airgap flux is in phase
with and proportional to the magnetizing current.

c)

The fields in the rotor have the same magnitude as the airgap field. However, due to the
relative motion between the airgap and the rotor, this field is seen by the rotor as rotating
at a speed:
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w - wr = ws[

The angular speed wy is the slip speed and the slip frequency f is expressed as:

w, =21 f, (6)
d)
Voltage balance for the rotor is (referred to the stator winding):
do . ]
o =N e _p A py )
dt dt
E‘ = jwleerr + er_r (8)
E, = jwsle(Dag
I+
Lir
+
SEag [ ] R+
Ns:Ns
O ®
e)
The frequency of the rotor flux and the rotor voltage is:
f-1
Ja= T‘f =s-f

FromEq1: E, =5- L_?ag . This is due to the relative motion between stator and rotor, which

affects the rate of variation of the flux linkage as seen by the rotor.

f)

The equivalent number of turns of windings in the rotor of the fig. above is the same as
for the stator. The rotor current will then keep the same value when referred to the stator.
Per phase power from the stator is
E, 1, -cosg,
Per phase power in the rotor circuit is
SE, 1.cos,
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Since @, is the same in these two equations, the power on the rotor side is s times smaller
than the power on the stator side. The missing power is the electrical motor power P,,.
R?m = (1 - S). Eag ) II‘ ) COS (pr

Dividing both sides of eq (8) by the slip s = D , we set the per. phase equivalent circuit
wS

of Fig. 14-2 of the text-book.

g)
Per-phase rotor losses are: Pjoss = R 1 f

Per-phase motor power is: P, = R, M1 ;

sl

h)

Stator is connected to a (stiff) voltage. Flux is according to Eq. 1. The magnetizing
current is supplied from the grid as shown in Eq. 5.

When increasing the load torque, the Ty, must also increase. T, is produced by the
resistive part of the rotor current, which then is (almost) proportional to the load torque.

S14.2

a)
Fig. 14-2 in the text book and solution of S 14.1

b)
This solution represents a straightforward way to calculate the voltages and currents of an
induction motor.

1. Start: Assume Eig = per phase rated voltage

2. Calculate and find the V' resulting from the assumption at point 1

3. Multiply all voltages and currents by ZS , where V_ is the per phase rated voltage

1
s

1

~ _E,
T =% __j14.674

m

JXm
1500 - 1464
ot =—————50=1.2Hz
f;l,;a d 1500
l
I'=——%  =17.59-;0.28 =17.6¢7/*"
Rr ;+] Ir

I'=17.59-j1495 4
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VI=E, +I!(R +jX,)=233"" V
E, =208 V

£§=0.945 I,=1386 A4
V.

s

d)

The rotor current is lagging 0.92° and the magnetizing current is lagging 90°. The angle

between these two currents is o = 89.08°
sino =0.99987

e)

Power from line:

P =3-Re(V,-1))=10797 W
losses in stator

Pyoss = 3°R - I7 =428.5 W
losses in rotor

Prloss= 3R -1’7 =2489 W

P =3R-(@)-13=10123 w

em r
sl

The sum of these 3 components is very close to Ps.

f)

At low speed, s = 1.
Then the rotor impedance is much less than Xy,. Thus X, can be omitted.
An approximate equivalent circuit for low speed is

Xls+ Xlr
o A
Vs [ ] Rs+Rr
O

- V.

I = s =238.6e/"" 4=10.9 pu
SR +R + (X, +X,)
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2

At start, the frequency of the rotor currents is approximately equal to the line frequency.

h)
A deep bar rotor will have a larger resistance at start. Thus the rotor current will be less
than calculated above, and also more resistive. The torque per Ampere will increase.

i)
By frequency control, the stator frequency is ramped up, and the slip frequency in rotor
will be equal to that which induces enough currents to generate Tem = Tioad.

This means that the rotor currents are almost resistive. If T is kept below rated torque,

the motor currents will also be below their rated values when the motor is started by a
variable frequency converter. To achieve this, the magnetizing current should be kept
close to its rated value. Therefore, the airgap voltage

E, = JjoL,

must increase when the converter frequency increases.

)
When s is small, R wL, as calculated above.
s
Then approximately
E,=1, L~Rr
Ja
1
I S
r f Rr f;l
E
w 208 4.16 is kept constant
f 50
4.16
Ir =W'f;l =1387>fvl
3R i]f
T = Pag — f:vl
" w 2n f
3-0.3:(13.87)°
em ( ) f;l =276f:vl
2

k)
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D

Ir, Tem o
const s

10 A 25 A

Airgap flux as function of magnetizing current.

a)

Torque is proportional to ¢@p, - L.

];m k4(pag1r (Eq 14_25)
The magnetizing current to keep the flux at its rated value is relative low. There is a long
(10s of ms) timeconstant to change ¢,e - I can be changed in less than a ms. To keep
the induction motor ready for a fast response, ., should be controlled to its rated value
and I; to the instantaneous torque command.

b)
From Eq. 14-6, Eq. 14-8:
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Eag =k3(pag.f=k-f

(ag 1s kept constant to its rated value if E,; is proportional to the stator frequency f.

E A
o Ideal -
P — .
Eg, rated=1.0  {-----------mmmmmmmmo e Z;i?ege limited

[}

i converter

[}

[}

[}

[}

[}

[}

[}

[}

[}

[}

i

[}

! p |

50 H,

c)
Eq. 14-17 and 14-18c combined:
2
T, -k
(psl

The torque is given by I; and fy. This is independent of f and V. the ratio between I, and
f1 depends on the airgap flux, @g.

S14.4

a)

Ve =V, sinwt+0.2V sinwt +0.14V, sin w,¢
V, =V, sin(wt -120) + 0.2V sin[wt — (5% 240)]+ 0.14V, sin[w,? — (7 x120)]
Vy, =V, cos(wt-240)+ 0.2V  sin[w. — (5x120)]+ 0.14V, cos[w,t — (7 x 240)]
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b)

[7Y 1 Bl Vs VYS 171/7 Vs
Re Re Re
VRI I7135 I7R7
All phasors rotate counterclockwise.
c)

¢,.s Totates at a speed of 5o,

synl

at speed of 7w_, in the counterclockwise direction.

synl

v
¢u = sl
! kwsynl
V. 0.2V,
Brgs = —— = — 1 = 0.04¢,
© kwsynS 5 kwsyn 1 !
V.,  0.14V,
= S = 3 =0.02
¢ag7 ka) 7k(,0 ¢ag1

synl synl

d) 5H and fundamental =»this will produce torque components that
pulsate at sixth harmonic frequency.
7H and fundamental =» same as above
Total interaction =» produce a torque that pulsates at sixth harmonic
frequency.

e) See Eq.14-49 in text.

S14.5

a)

o, =(1-5)w, 9
P =P I=s (from Eq. 14 - 18a) (10)

S
Fan torque at w is Ts

Torque at other speeds:
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2

w 2
Tfan=ﬂ-( ) =7, (1-5) (11)
a)S
3
I)load=Tﬂzn.wr=T;.a)s(l_S) =1)em (12)
Rotor losses P; :
B =B, =Tos(-s) (13)
P,=T, o=, +F (from Eq. 14 - 18) (14)
This can also be seen from combining (3), (4) and (5).
T R
S 2 S L __________
/ P |
0,5 '/,/ load :
P.=losses |
_—.—_-:-_'_T_:.-_-_—_—.'—'—"-'::'-;—'_;. I I - *\i/ >
1 0,5 1/3 0 S

b)

Max value of P; = rotor losses is found by derivation of (5). By this derivation, max loss

is for s = 1/3.

T: is the torque at rated speed (which is lower than w, ).

(Depending upon rated slip).

From (5):
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12, 4
P . =To—-(3)=To—
r,ats=1/3 s7s 3(3) ss 27
c)

Assume 1kW =T,w,
Max power loss is 148 W (for s = 1/3)

0,03

P

> oy = LKW - =3

3

The rated or max losses in this low slip motor is only 31W. If a motor of rated slip 3%
should be used, it must be 4.8 times larger than the power at rated speed 4.8kW.

d)
P

r,s=10%

0,1

=1kW - =111

Using this 10% slip motor, it must only be 1,33 times larger 1.33 kW
So far this application, a high efficiency motor is not the best.

S14.6
a)
dg,, (1)
=N  -—%2 7
% () =N, dt

Voltage and flux are sinusoidal, with frequency £, so that related phasors are expressed as:
E,=Nw®, =N, -21f-®, =k f-®,
I/s =Eag =k.f.q)ag

b)

For a given current, electromagnetic torque is proportional to the flux. It is therefore
desirable to operate at the highest possible flux level, in order to get the maximum torque
out of the machine, given the current limitation. However, the flux cannot be increased
above a certain limit, due to saturation of the magnetic iron, and the associated losses.
Moreover, the flux cannot be increased above the limit defined by the available stator
voltage, as stated by the equations above. Insulation limit of the stator windings is also of
concern, when trying to operate the machine above its rated voltage. Machines are
usually designed to reach rated voltage at rated stator frequency, when the flux is
controlled to its rated value.

c)
From equations in a), when the voltage is fixed at its rated value, the flux is inversely
proportional to the frequency:
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q)ag = Vs,rated/ (k*f)

d)

Expression for the electromagnetic torque as a function of airgap flux and slip is derived in the
textbook (from eq. 14-21 to eq. 14-27):

_ 2
Tem B k6 {Vs,rated} fsl

Using the result in c):
~ 2¢ _ 2¢ 42
Tem - k6 {Vs,rated} fsl - k7 {Vs,rated} fsl/ f

e)
The assumption is valid when the frequency of the rotor quantities is small, that is when the slip
is small. A rule of thumb is to consider the slip small when it is less than twice its rated value.

f)

g)
According to the previous equation, the electromagnetic torque is decreasing with the square of

the frequency:
T alff2 SPallf
em

Rotor current is proportional to the airgap flux (see eq. 14-26 in textbook):
La q)ag 21,0 Uf
Rotor copper losses will therefore be proportional to 1/£2.

h)

Normally, the machine is dimensioned based on losses considerations. Therefore, optimum
utilization is when losses are close to the rated value. This means that the rotor current should be
kept constant, allowing for more torque availability.

i)
From eq. 14-25 in the textbook: T, ~k, q)ag L

If the rotor current is kept constant, and the airgap flux is proportional to 1/f in order to keep the
terminal voltage constant, then:

Tem a 1/f = P = constant
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From eq. 14-26 in the textbook:

IrEkS.cDag.f;l:> sl f

The slip must increase proportionally to the frequency, in order to keep the rotor current
constant.

()

The control strategy described above can be applied until the pull-out torque is reached.
The pull-out torque value decreased with the square of the operating frequency.
Therefore, above a threshold frequency (typically about two times the rated speed) is no
longer possible to keep the rotor current constant by linearly increasing the slip. The slip

.. : ) 1 :
must be kept constant, resulting in an available torque proportional to F, asin g).

The only way to get more torque out of the machine, is to increase the flux level,
resulting in a terminal voltage above the rated value. This is possible if the machine is
controlled by a converter with enough available voltage (insulation is normally not a
serious issue, since the windings must anyway be able to withstand the high voltage
peaks resulting from the converter switching), provided that the cooling system is able to
remove the additional heat caused by the increased iron losses.
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Chapter 15 - Synchronous Motor Drives

S15.1

Input parameters shown below.
K, =0.012V,_, /rpm ,R; =0.83Q/ phase,L,; =1.0mH / phase, Ly =9.5mH / phase

a)

r KN _ 60K 0,
SNC] 2743
E, x 273
* T 60K,

P

];m =—= =KTIS =\/§KTIa
w

s

P

em

V2K, 1,

. EfaxZn'\/g P

W, =

em

60K,  2K,I,

K __ O0K.P,  _ 3E, 1K, x60 3K, x60
" o21x2m3E, N2I,x2m\3E, N2x2n
K, = V3 x0.012x 60 = 0.1403
\/EXZTL’

b) Figure 15.2(b) in textbook. (£, -Rotor Field and E,, ,-Air gap field)
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P, =3E,I, for 6 =90°
~E,1,=300/3=100W
E, = K,n=3000x0.00692 = 20.76 Volts

I,=48174

weloy - 2mwnp _ 27t x3000x 2

2 7 2x60 2x60

E,=jlwL, =1w(L;-L)=4817x314.16(8.5x107)
= j12.86 Volts

E,.=E,+E,=20.76+;12.86 = 24.42/31.77°

I/a = Eag,a + (RS + ijLS)Ia

=20.76+ j12.86+(0.83+ j314.16x107 x1)4.817
= 24.758 + j14.37 Volts = 28.61£30.14°

=314.16 rad / sec

Refer figure 15-3 in textbook with V, leading E,, , by 30. 14°

S15.2

a) Refer last part of section 15-5 in textbook.
b) Phase sequence a-b-c for clockwise direction. So for counterclockwise

direction phase sequence a-c-b. Order for firing pulses (a+ b-)(b-
ct)(ct a-)(a- b+)(b+ c-)(c- at)
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2
, /
30 60 90 120 150 189210 240 270 300 330 /360

d) If we assume current direction to be out of motor, phasor diagram will

be as below, else the currents will be negative i.e. I, will lead V,, by

30%and so forth.
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’./.
Vi

n

ar

e) As speed is half E;=0.5pu 2 0° and synchronous reactance will be
0.9/2=0.45pu. And let’s assume that V,, is leading E¢, by 6, 0

I/an = Efa - anXs

Negative sign because our current direction is out of motor.

Van/ 0, =0.540-0.452150+90+0, =0.520-0.452(240+0,)

After equating real and imaginary parts we get 6,°=51°
flux ¢, will lag Eg, by 90°E, so 6 =171" and power factor is 0.866

leading.
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Chapter 16 - Residential and Industrial Applications

S16.1

a) Integral half-cycle control is typically less expensive than phase-angle
control and generates fewer harmonics. So it is preferable for resistive
heating or melting load.

b)
m =1000, P, = 800W, P, = 2500 ,n =2

p==p
m

_mP, _1000x250
P 800

m

n=3125 313

c) Switching large amounts of current can result in line voltage
variations which affect ambient lighting or other equipment.
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b)

Chapter 17 - Electric Utility Applications

v

L

I =2x\/%xld =2x\/gxl.25 =2.04K4

1oL, =(156/3 }<0.04 =3.602K

2.04x2xmwx60x L, =3.602
L =4.6835mH
wL, =120x7x60x L =1.7655Q

Ly = 156KV, 1, =1.25KA,V, =0.04pu,L ="

reactance

Yoin =180,V 5, =0.96V,, .1, =1.00KA, U, =?U,, =, =?
VLL(B) =0.96x156 =149.76KV

wL, =1.7655Q From17.1(a)

3w,

Uz =2x{1.35VLL(B) COSY in — xld]

3x1.7655

xl.OO}
T

= 2[1.35x149.76c0518° -

=381.19KV
Assume R, =0.02pu (Typical value in DC transmission line)

U, =U,+I,R, =381.19+0.02(156//3) = 383KV

Also
U, =2x ﬂVLLM) cosa, — SoLs de]
342 1.
383 =2x 3\/_x156cosaA—wx1.00]
b4 T
210.67coscr, —1.685=191.5
cosa, =0917
a, =23.508"
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u, =%uy,=21d=1KA4,V,, 5 =149.76KV
2wL
cos(a, +u,)=cosa, ————I,
\/EVLL(A)

c0s(23.508+ 1) = cos 23.508 - 217093 g
J2x156
co0s(23.508+u,)=0.9
u, =2.333"
Now
Y5 =180-05- g
18=180-a,-uy
a0, =162-1,
2wL
cos(a, + Uy) =cosay —————1,
\/EVLL(B)
2x1.7655
socos(162 — u, + =cos(162 - -—x
( g + U) ( ) T2x129.76
~0.951 = cos(162 - u,) - 0.0166
u, = 2.868°
d)
u
¢, =a, +7A
=23.508 + 2.333
2
=24.674°
u
$p = +73
- (162—u3)+%=162—%
160 - 2.868
2
=160.566" — - ——— inverter operation
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a)

b)

d)

1, =1,="1,=125KA4
RMS value of fundamental phase current
1,=0.78x2x1,
=0.78x2x1.25
=1.95KA4
Fundamental active current
I, =1 cos¢, =1.95xc0s24.674° =1.771KA4
Fundamental reactive current
I, =1sing, =1.95xsin 24.674° = 0.814KA

HVDC converters are line commutated, so the fundamental
component of current lags voltage and it needs reactive power from
the grid. Refer figure 6-26 for rectifier and figure 6-32 in textbook for
inverter operation.

Both should be as small as possible

There should be sufficient turn off time for the thyristors. Also high
values of firing and extinction angle will cause consumption of large
reactive power.

Transformer with tap changer can control ac voltage V| supplied to
converter, which in turn will control DC voltage V4. to keep delay
angle and extinction angle within certain limits

On the inverter side the goal is to keep extinction angle constant at
,y = )/1nin

Reactive power supplied by capacitors and passive filters depend
upon the grid voltage. So in case of grid voltage reduction the reactive
power supplied by them reduces. Also during rapid reduction in the
active power of the HVDC converter, the reactive power generated by
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passive filters will exceed the reactive power required by converters,
which will result into system over voltage.

g) FACTS components can control reactive power irrespective of grid
voltage and real power transfer, so FACTS components are more
useful.
S17.3

Refer section 6-4-2 for rectifier and 6-3-4 for inverter (its for single phase,
but similar things will happen for 3 phase) in textbook.

S17.4

a) 12 cells/24 V Battery, Viy/cell=1.6V, V,,,=2.27V
Range of battery =»1.6x12 to 2.27x12 = 19.2V-27.24 V

b) For Vamin % change=(24-19.2)x100/24=20%
Vinax % change=(27.24-24)x100/24=13.5%

¢) At P,=100mv/cm’ at 64°C, P=VI=0 to 0.3x2.5=0 to 0.75 and then
decrease at V=0.5,P=0

At P;=75mv/cm’ at 64°C, P=VI=0 to 1.9x0.3=0 to 0.57 and then decrease
at V=0.5,P=0

At P;=50mv/cm’ at 64°C, P=VI=0 to 1.25x0.3=0 to 0.375 and then
decrease at V=0.48,P=0

At P;=50mv/cm’ at 28°C, P=VI=0 to 1.25x0.4=0 to 0.5 and then decrease
at V=0.56,P=0
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08 —+
Pl=1ocmwcm?,54°c
B =75mVicmi64%
06 - P1=50mec,m2,64%
P= SOmViem?28%
04 —+
02 +

0.1 02 03 04 05 0.6

d) At 0°c provide current of 1.1 A cell voltage is approximately 0.57V and
at 64°c it is 0.4 V, so maximum number of cells required
=27.24/0.4=68.1=69

e) When battery voltage is close to maximum, voltage per photovoltaic cell
= 27.24/69 = 0.4 volts. At this voltage currents for each conditions are
2.22A, 1.6A, 1.26A, 0.962A respectively.

So energy available = Time x Voltage x Current
E=(15/60)x(69x0.4)x(2.22+1.6+1.26+0.962) =41.68W-H

f) When battery voltage is close to minimum, voltage per photovoltaic cell
=19.2/69 = 0.278 volts. At this voltage currents for each conditions are
2.52A, 1.85A, 1.26A and 1.22A respectively.
E=(15/60)x(69x0.278)x(2.52+1.85+1.26+1.22) =32.85W-H

g) Step down converter
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h) For maximum power voltage in each case is 0.4volts/cell, and currents
are 2.22A, 1.6A, 1.26A, 0.962A respectively.

Enax=(15/60)x (69x0.4)x(2.22+1.6+1.26+0.962)=41.68W-H
i) 41.68W-H
j) With step down chopper we can operate all photovoltaic arrays at

maximum power, number of parallel arrays can be reduced for the same
charging per hour.
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Chapter 19 - Semiconductor Physics

S19.1.
Junction will effectively disappear when the intrinsic carrier density n; equals the lowest doping

density in the pn junction structure (both the p-side and the n-side have the same doping level in this
problem). Thus

451 1
ny(T) =Ny = 1014 =101 exp [ R {T—i-m}l

Solving for T; using E, = 1.1 eV, k = 1.4x10723 [1/°K] yields

g

Ti:262 °C or 535°K.

S19.2.

L
8) Vi, =(001A) Ry, : Ry, =Ag :

o = qu, Ny = (1.6x10"19)(1500)(10'°) = 0.24 mhos-cm

1
Rbarzm =10Q ; Voar = (0.01A)(10€2) = 100mV

b) As the temperature increases, the intrinsic carrier density increases which means higher
conductivity or equivalently lower resistivity. This in turn means lower resistance in the bar and
thus lower voltage drops at elevated temperatures, assuming the current remains constant.

¢) AtT g the resistance is 50% of the room temperature resistance. This means that the

conductivity at Ty 5 =20(25 °C) = 0.48 mhos-cm =(q p, n+q ypp) =0(Ty 5) -

pn = niz ; p+Ng=n; Solving for p and n yields:
Ng Ng 1

2 2 = — = 2
) Nd +4n° - 5 :n="73 +73 Nd

2
+ 4n1

1 Ng Ng
= 2 2 _= _a 1 2 2
0(Tp5) = qupl 2\INg” +4n;" - 7 T+qu, [ + 7\Ng~ +4n;" 1=2qu, Ny

2
N Gpup + 1p)
d
Solving for n, yields: n; =7~ —r P

7 - 1
(i + 1)
1013 \/((3)(1500) +500)2
n. = -
i~ 2 (1500 + 500)2

1 = 1.15x1019 cm™3
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15_ 10 By 1
ni(T ) = 1.15x1017= 10" exp(] 2 1798 - 7,5 |

qBg  (1.6x1091.1)
Zk T (2)(1.4x10723)

15 10 11
=6250 ; 1.15x10"° =10"" exp( 6250[298-T05]

1 11.65 1
(6250) (1/298 - 1/Tg 5)=In(1.15x10') = 1165 : 308 - 6350 = T, <

m =0.00034 - 0.0019 =0.0015 ; T(j 5 =667 °K or 394 °C
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Chapter 20 - Power Diodes

S20.1.
a1 = {20 (dig/do}!? st = 20 dig/dy 32

dig/dt = V4L, = (100V)/(100nH) = 10° A/sec
I =[2)(100)5x10° ) 109112 = 100 A
t. = [(2(100)(5x107)/( 10%)11/2 = 100 nsec

b. Snappiness factor S = 1 means that the rate of fall from I .. to zero is the same as rate
from I to I .. This rate is 10° Asec.
Thus V.= V4 +L(di/dt) =100 V + (10'7)(109) =200 V <400 V rating.

No snubber is needed.

S20.2.

Approximate model for signal level diode circuit shown below. This circuit produces
thesimple RC circuit transient having values as shown in problem statement.
The power diode has approximate equivalent circuit shown below.

Equivalent circuit
of power diode.

R I W Ry
+ O— AN +4L
Cscg R
5 5 d,Q
Vi (1) V(t) 5
| : ; >
: Rd(t) : t
- - V\ Drift region
o — : resistance

The equivalent circuit shown above for the power diode produces the following waveforms.

Copyright © 2003, 2005 by John Wiley & Sons 85



S20.3.

a.

—+

The punch-thru diode has a drift region which is about one-half that of the standard
diode. This means that the diffusion length of the excess carriers, which is dependent on
the carrier lifetime can be smaller for the punch-thru diode which then translates into a
shorter carrier lifetime for carriers in the punch-thru diode.

The punch-thru diode will have a larger forward recovery voltage because of the larger
ohmic resistance (due the much smaller doping level in the punch-thru drift region) of the
drift region before conductivity modulation is fully developed.

The diffusion length scales as the square root of the carrier lifetime. Since the drift region
length of the punch-thru diode is about one-half that of the standard diode, the lifetime in
the punch-thru diode is one fourth that of the standard diode. The reverse recovery

time t. is proportional to the square root of the carrier lifetime, so t . for the punch-thru

diode will be about one half that of the standard diode.
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S20.4.

a. Input voltage is a 250 V base-to-peak square wave. After full-wave rectification, a
constant DC voltage of 250 volts is applied to the load. Each diode must block 250 V.
With a 25% factor of safety, the blocking voltage rating should be (250)(1.25) =312 V.

Current through load = (105 Watts)/(250 V) =400 A = current through each diode.
Each diode off for 50% of the time, so average forward curent = 200 A. Inclusion of 25%
factor of safety yields (200)(1.25) =250 A for maximum forward current rating.

b. Instantaneous power dissipated in each diode = [1+ (0.002)(400)][400] = 720 Watts
Average power dissipation in each diode = 360 W since each diode off 50% of the time.

Tj,max =<Pjiode™ [Re,j-a + Re,c-a] +T, ; Assume ambient temperature T, =25 °C

Rg c.q = (150 - 25)/360 - 0.1 = 0.347 - 0.1 = 0.25 °C/Watt

S20.5.
The forward current in a pn junction diode is inversely proportional to the carrier lifetime
(see eq. 19-25, p. 520 of Power Electronics, 2™ edition, by Mohan, Undeland, and Robbins).
Keeping everything constant except the carrier lifetime, means that the lifetime must be
reduced by a factor of two in order to increase the current by a factor of two.

S20.6.

a. Initially assume the diode has a non-punch-thru structure.
BVgp = 1.3x1017/2x101% = 650 V. W(BVp ) = (107)(650) = 65 microns

Drift region length of 100 microns is somewhat longer than it needs to be. Diode is
definitely a non-punch-thru structure.

b. Iy =q A (n) {ID,T 2 /N;T) + [Dy7 /N T )}
I = q A m)?[D,, /(Nyt,) since N, >> N
Good design practice requires [Dn1:n]'5 =W, =100 um;
Hence t,, = (10"2)%/(40) = 2.5x1070 sec
I, = (1.6x10" 191 (102% 102y 12x 101 2.5x100) = 3x10710 A

c. V =Vi+R I i V;=KT/q In(I/ly) = (0.026)In(500/3x10"1%) = 0.61 V

R, = a0, + HoMpAW g = (1.6x10712)900) (101 ") (1)/(1072) = 1.4x103
R, =0.0007 Q; IR, =(500)7x10%) =035V

Voltage drop =0.61 +0.35=0.96 V
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S20.7.

: 2
dig Wa (5x1073H2
Le= N2%Ip7dt : T=&Tiq)(u, + i) = (0.025)(1500 +500) = 50 nsec

Assume switch turns on instantaneously so that entire V 4 = 500 V is dropped across the
dip
1 uH inductor. Hence 7q = V4/L = 500/1070 = 5x108 A/sec.

1. ~V()(5x108)200)(5x10%) =100 A,

8
27lp \/(2)(5)(10 8)(200) 02 psec

5x10

S20.8.

a. Wy=(2)(BVgp)/Egp = (2)(1500)/3x10° = 100 um ; Ny = BVpp

2¢
2
qWq

~ @02)9x10"%1500)

14 3
_ = 2.3x10
d=  (1.6x10719)1072)2 wEem

b. Carrier lifetime T = W /(D + D) = (10)%/(39+13) = 2 usec

271
/ f
L= /2 Tl (dig/dt) 5 t..= W ; Circuit diagram of step-down converter

showing the value of Iy inadvertently left out of problem statement. Cannot proceed any

further without value for IF'
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Chapter 21 - BJTs

S21.1.
2. BVepn =100V =p 4BV ann: BV ann = (100) (2014 =217 v
- BVcEo cBO : BVcBo

Treat base-collector junction as a pt-n” step junction where BV = 1.3x1017/N d

Ng = 1.3x1017/217 = 6x101% cm™3
b. Dirift region length = Ld = 10'5 BVBD = (10'5 )(217) = 22 microns

¢. Lg®=D7: D=D+D,=(13+39)=52cm?V-sec
T= (2.2x10'3)2(39 +13) = 15 microseconds

S21.2.
a. Treat base-collector junction as a p+-n' step junction where BV = 1.3x1017/N qeven
though the p-side doping is only about twenty times larger than the n-side. Thus
BVgp = 1.3x10172x101% = 650 v.

Check with drift region length formula BVBD = 10'5 Ld = (10'5)(.01) = 1000 V

Two approaches disagree slightly. Use the more conservative estimate of 650 V for
BVcgo = (10) 174 (650) = 650/1.78 = 365

b. Depletion layer width L depl approximately 100 microns. L depl = Xn T X
Base width Wy > x

P

; Charge balance requires N, x ) = N x, ; Now x,, approximately

|y
equal to L depl = 100 microns; Hence x

P

o= Laept Na/N, = (100)2x101%/(5x1019)

WB > 4 microns.

S21.3.

There are three basic reasons why NPN BJTs are more widely used than PNP BJTs.

a. Most power electronic converters use positive power supplies and NPN BJTs fit naturally
into such circuits whereas PNP BJTs are more awkward to use.

b. NPN BJTs breakdown voltages are less sensitive to beta values compared to PNP BJTs.

c. Drift region of an NPN BJT is n-type and the ohmic resistance of the drift region is 3
times lower in an NPN BJT than in a comparable PNP BJT because of the larger mobility
of electrons.
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S21.4.

The turn-on delay is estimated using the equivalent circuit shown below. It is the time
required for the base-emitter voltage to build up from -5 V to +0.7 V.

Vg dVy,
R j: Ch Vg =Rg{Cret Cocd7dt™ + Ve
g ¢ Vie(0)=-5V, Vi ()= 5V;
VY ° Vielty o) =0.7V
Vg é—) C be — ) Vbe Ve =5 -10 exp(-t/t) ; T= Rg{Cbe+ Cpo)
T © td.on = RgiCpet Cpc}In{10/4.3)

Evaluation of t requires estimating the average value of the space charge
d q g g p g

jon
capacitances Cy, and Cy, ..

<Cpe> = (172) {Cp o (-5V) + G, (OV)} 5
<Cpye> = (172) {C(-100V) + C,.(0.7V) } = C, .(-100V)

Estimate <Cb >
NaNd

1

Zed (10106 s
Waepl® ="\ qNy ¢ 9 =0.0251n 1020 =[0.025)In(10"°) =0.86 V ;

14
(2)(12)(9x10" " ")(.86) .

€A
b Coe D= W ©@

C. (0 _12)0x10 %) C64nF:Cp (-5V)=—2 I s E
be)=""53 005 = GV = T 5086 =00

<Cpo> = (1/2) {64nF + 25nF) = 45 nF

. ;
Estimate <Cy >= C, .(100V) = Cy (0) 1-Vy /o, °

—0.0251
6. =0.0251n (1.6x10" 191014
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C. (0 _12)0x10 ) C64nF:C, (-100V) =—2E _ _ 555 R
b =""53 q0F =04 G C100V) =T 0000.75 =202 P

tg.on = @{4.5x1084+ 5.5x1071031n{2.32) = 0.18 psec

S21.5.

BV
CBO
a. The blocking voltage rating of an NPN BJT is given by BVcEo = W ; transistor

must have low beta in order to not have severe reductions in BV ~g. This requires

relatively wide base widths. This will also help avoid reach-thru in the base.

b. Diagram of space charge layers in base region shown below.

|

N -

14 -3
5x10 cm

X 5c (BNgo ?

|
)
=

x g B\go >—f—>]

i

Base-emitter junction is a one-sided step junction with the base having the lightly doped side.
X 5(BVir) = [€ Epnl/lq N.rl = [(12)9x10" 14 3x102)1/1(1.6x10719)(1016)] = 2 ym
pE‘PVEBOQ’ = [¥ EBD/19 3B : H

Base-collector is approximately a one-sided step junction. Depletion layer thickness at
breakdown on the collector side is given by x, ~(BV~g) = [e Egpl/[q Nyl
x,cBVepo) = [(12)(9x1071H3x109)1/(1.6x1071%)(5x101%) = 40 jim

Charge neutrality at the base-collector junction requires

xpCBVepo) N = XncBYepoNc  XpcBY o) = (40 um)(5x101%)/(1016)
xpC(BVCBO) = 2um

Required base width = 5(2um + 2pum) = 20 ym = Wy

S21.6.

The drift region of the transistor appears to be a punch-thru geometry. Verify with following
calculation. Depletion layer width in a long (non-punch-thru) drift region at breakdown is

Waepl = [€ Egpl/la Ngl = [(12)0x1073x107)1/1(1.6x1071)(1013)] = 2000 um

>> 40 ym. Thus must use a punch-thru breakdown voltage estimate.
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_ 2

BVepo = (3x107)(5x107) - (1.6x10719)(101%) @4x107)[2)(11.7)(8.9x107 7!

1500
BV =1500-12=1500 V ; BVpn = 10025 = 1500/1.73 =870 V
Inclusion of a 50% factor of safety yields a blocking voltage rating of (870)(1.5) = 1300 V
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Chapter 22 - MOSFETSs

S22.1.
The voltage and current rise and fall times are determined by how fast charge can be put on
or removed from the gate-source and gate-drain capacitance. The drive circuit provides
charge at about the same rate to these capacitances during all four time intervals (voltage rise,
voltage fall, current rise, and current fall). During the current rise and fall times, the change
in voltage across the capacitances is only 10-20 volts where as the change in voltage during
the voltage rise and fall times, especially across the gate-drain capacitance is much larger.
This means much more charge must be moved during the voltage transient than during the
current transient. Since the rate of change of charge is the same in all intervals, the voltage
rise and fall times must be longer than the current rise and fall times.

S22.2.
o) leo(tri+tfv+tfi+trv)
a. Pmos = I0 rDS(on) D+ 5 Sw
-9
250)(50)(25+175+25+175)(10
Pos= (50)2(0.05)(0.5) +( JOOX > X ) (104)
Plos=025+25=875W
Timax Ta  175-25
b. Plax= Rej-a =705 =300 watts
2
)P ax - I, Tpglon) D)
fSW =T VI () ; worst case (lowest fsw) occurs when D = maximum.
(2)(300 - (50)2(0.05)(0.9))
= 9. =75kHz
SW (250)(50)(25+175+25+175)(1077)
S22.3.
o) leo(tri+tfv+tfi+trv)
a. Pmos = I0 rDS(on) D+ 5 fsw
(tri+tfv+tfi+trv) = tI'l + 6tI'l + tI'l + 6tI'l = 14t1'1
2
t 2(Pros - 1o Tps @M D) 5100 - (30)%(0.1)(0.5)) . t
. = = = 87 nsec = tg.
ri DV T) (14)(300)(30)(10%) fi
ty = tpy = Ot = (6)(87ns) = 0.524 psec

Tj,max - Pmax(RE)j-c +Roe ) + Ty
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175-25

fe.a=_200  -0.25=0.75-0.25=0.5 °C/Watt

S22.4.
a. Threshold voltage = 5 V; Drain current begins to flow when Vg = 5 V.

b. In= gm(Vags - Vi) 3 From the waveforms shown Iy = 100 A when Vgs=10V;
gy = (100 A)/(10V - 5V) =20 A/V

c. In on-state ID =100 A and VDS(on) =3V; ROn = 3V/100A =0.03 ohms

d. Estimate C od from the 250 nsec voltage fall time. During this interval equivalent circuit

is as shown below.

R Cd_l_—_l_

g —
+ |_—*’VSV_]+
15V — CgS ”\_Vgs(t)

=

Igate = (15V - 10V)/(10 ohms) = 0.5 A; Igate =- ng(dvDG/dt) ; dvDGdt = dvDS/dt

Vps = 125V - [Igate/cgd] t;Att= tey = 250 nsec, Vps = 0; Solving for C
C od = (0.5A)(250nsec)/(125V) = 1 nanofarad

gd’

e. Obtain C gs from either turn-on delay time (33 nsec) or current risetime (21 nsec). Will
use turn-on delay time. Equivalent circuit during td( on) = 33 nsec show below.
Governing equation : (Cgs + ng) dVgS/dt =(15- Vgs)/Rg
Boundary conditions: VgS(O) =-15V; VgS(OO) =15V,

Vgs(t) =15-30exp(-t/t) ;T= Rg(Cgs + ng) ; At t =33 nsec, Vgs(33 nsec) =5V
5=15-30exp(-33/7) ; T =33/In(3) =33/1.1 =30 nsec = (10)(Cgs + InF)

CgS=3nF- 1nF =2 nF
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0125V

A %1}1OOA

O
ng L
100A+|gate
Voo =10V 1 gate

S22.5.
Ip=Iy=¢nMVGsp~ Vin) * Vasp = Iy/8m* Vin

In going from Q ol to Qg9, the voltage, V5 across C gd 80es from VGSp -Vqto VGSp'

g2

Slopel = VGSp/le = Cgs + ng = Slope2

S22.6.

Possible overstressing includes overvoltage at turn-off and excessive power dissipation.
Check for overvoltage at turn-off: Vg =V 4+ L dip/dt=
Vpg = 100V + (10'7H)(100A)/(5x10'gsec) =300V >BVgg =150 V. MOSFET is

subjected to overvoltages at turn-off.

Check for excessive power dissipation.

P,=P_q+Eqyfs:Poong = (100A)2(0.012)(0.5) = 50 watts

con SW 'S’ " con

Eg, = (0.5)100V)(100A)(200+200+50+50)(10  sec) = 0.0025 Joules
P, =50 +(.0025)(3x10%) = 125 watts;

Tj = (125W)(1°C/W) + 50°C =175 °C > Tj max = 150 °C. MOSFET dissipating too much
power.
S22.7.

During the turn-on delay period, MOSFET is off, and the gate-source voltage, V gs(t), is

changing from - 10 V towards positive values. The gate-source capacitance and drain-source
capacitance appear in parallel at the gate-source terminals. Equivalent circuit is shown below.
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Governing equation : (Cgs + ng) dVgS/dt =(10 - Vgs)/Rg
Boundary conditions: VgS(O) =-10V; VgS(OO) =10V,
Vgs(t) =10 - 20 exp(-t/t) ;
_ _ _ -9y _
T= Rg(Cgs + ng) = (25)(1nF + .5nF) = (25)(1.5x10™”) = 38 nsec

At t= td(on), Vgs(td(on)) = 5 V
5=10-20 exp(-td(on)/38) ; td(on) =38 In(20/5) = (38)(1.39) = 53 nsec
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Chapters 23 & 24 - SCRs and GTOs

S23.1.
2. PSCR max = (Tj.max - To/Rgj.c = (125 - 50)/0.05 = 75/0.05 = 1.5 kW

b. Maximum load power and maximum Pg~p occurs at zero phase angle (o = 0).

Vs

<PSCR> max = Ry +

V.|2
S

R, ] R __ =1500 W ; Put in known values and solve for V_.
L on S

1500 = V /[(m(D] + (VS)2(5x10'4)/(1) ;

Solve by successive approximation. V¢ = 1440 V

Pl max = (Vs)z/(Z Rp)= (0.5)(1440)2/1 = 1 megawatt

S23.2.

a. Blocking voltage rating = (1.25)(440)(1.414) =775V
PL =106 watts = Vrms Irms ; sinewave waveform ; Irms = 106/440 =2273 A;

IL(base-to-peak) =(1.414)(2273) = 3205 ; ISCR(t) = 3205 sin(wt)

1 T
<Igcr> =21 f3205$in(wt)d(wt) = (2/m)(3205) = 2043 A;
0
Inclusion of 25% factor of safety yields maximum forward current rating I

rated
Irated =(1.25)(2043) = 2555 A

_ _ _ 2
b. <Pgor>=<VgcrIgscr> =<1 + Ry Igcp)IgcR> = UIV)<Igop> + R, <Igcr ™>
m 2
1 3205
<A g 2> =25  13205sin(@0 1 (ot = S (2] = (3205)%/4 = 2.56x10
0

<Pgop> = (1)(2043) + (2x10°)(2.6x10°) = 7043 watts ; Inclusion of 25% factor of
safety yields PSCR max = 7043)(1.25) = 8800 watts

S23.3.

Advantages - MOSFET controlled turn-off. Drive circuit does not have to accept large
reverse gate currents. Faster turn-off.

Disadvantages - Need to find very high current zener diodes or put several in parallel. No
simplification of drive circuit for GTO turn-on.
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S23.4.
VoTo =Lg@Vdt) + V=15V 4 ;L= (0.5V y/(di/dt)
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Chapter 25 - IGBTs

S25.1.

a. For the antisymmetric or punch-thru IGBT, breakdown voltage is given by:

2
BV =EppW M -3 105)(25 10_3) (1.6x10'19)(1014) (2.5x10'3)2
Dss =EppWa-— 2  =0X .5x - D2oni01h

BVpgg = 750 - (9.5x10" 1 1y2.16x10712) = 750 - 44 = 706 v
For the symmetric or non-punch-thru IGBT, breakdown voltage given by

NgWa"  (L6x101% 1014 2.5x103)2
BVpss="2¢ = 2)(12)(9x10™ 1%
occuring at this voltage but the depletion region has reached across the drift region and
the high electric field in the depletion layer is in electrical contact with the heavily doped
p-type regions on each side of the drift region. Large hole currents will flow, causing
high power dissipation.

=44 V; impact ionization is not

S25.2.
Epp Wd 5 5 . .
a. BVCES =75 =(0.5)(3x107)(1.5x10™) = 2250 V ; To be conservative, the device
manufacturer will reduce this voltage by 50 %, i.e. manufacturer's rating = (2250)(2/3) =
1500 V.

w
d
b. Rop = (1V)/(204) =0.05 ohms =gz 57 T &

R 1.5x1072 01 e
= = U. m
(1.6x10"19)2x103)(1010)(0.05) ¢

silicon area. Total silicon area = 0.4 cm

; This area represents on 25% of total

2 ; width = length = 0.64 cm

S25.3.
For new IGBT geometry with flat excess carrier distribution having a value of ny;
__Ya__
on,new ~ (A
For older IGBTS, need to take into account both thermal equilibrium carrier densities as well
as excess carrier densities.
dx
Ron.old = iy, + H)IpXW g + NGTA

dx
Ronold = Qg + H)INGAT + X (NGW )

Integrate over drift region length to obtain R

R

on,old
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W4

w
dx J
Ron,old = J Gy + ppINGAT +np/(NgW ) = qlpy + ppnpA In[ 1+ ny /Ny
0
Ron,01dRon,new = In[1 +ny/Ngl : If ny, = 1017 ecm™3 and Ny= 1014 ¢cm™3. then
— 35
Ron,old/ Ron,new =In[1+10"]=7
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Chapter 26 - Emerging Devices

S26.1.
a. Voltage across R, probably should not exceed 100 V. Thus R5; =900 k€2 and Ri5, =

100 k€.

b. MOSFET should be a low voltage (120-150 V= BVpgg) high current ( 100-200 A or

larger if possible) device.

S26.2.
2BVBD
. A h-th try. Wi="F__
a. Assume nonpunch-thru geometry. Wy = "E
(2)(125) (2)(125)

Wd,Si - 3)(105 =83 ym ;Wd,GaAs - 4xlO5 =06.3 ym

b. Ry, = qu,NgA Ny =12 qBVpp

_(12)9x107 % 3x10%)

15 . -3
- = 2.4x10
dSiT  (2)1.6x1019)(125) wEeem

(13)(9x10" 1% (4x10)2

15 -3
_ — 4.7x10
d.GaAs = (2)(1.6x10719)(125) e

Ron,siA = S = 1.54x1073 ohms-cm?
on,Si™ = (1.6x10719)(1400)( 2.4x1019) T T O
6.3x10™* 5

= 10'4 ohms-cm

R A=
on,GaAs™ = (1.6x10719)(8500)( 4.7x1019)

S26.3.
Check drift region width: Wd = ZBVBD/EBD = (2)(2000)/4)(105 =100 ym

Actual drift region length is only 50 ym which is too short for a non-punch-thru design.
Correct by increasing length to 100 ym.

- eEpp  (13)9x10 1% (4x10°) g
Check doping level: N = Wy = (1.6x10'19)(5x10'3) =4.7x10""/8x10

Nd =~ 6xlO14 cm'3 JIf Wd were 100 ym, Nd would have to be 3xlO14 cm'3
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Doping level is too high for 2000 V rating. Decrease doing to 3x1014 cm™3

Check conduction area: J = (2000 A)/(1.25 cm2) = 1600 A/cm2

allowable 250 A/cmz. Increase area to 8 cm2.

; Current density exceeds

S26.4.
2
2Tl Wy | 2BVpp |
e = \J TR/ + T = Ity i) Wa= B+ =2 T Ip(dig/dD)
diR/dt = (200 A)/(.5 usec) = 4x108 A/sec
_ _ 2
For GaAs, Egpy =400 kV/em, p ) + Hp= 9000 cm“/V-sec
BDgp = 1.5 V4 = (1.5)(600) = 900 V; W, = (2)(900)/(4x10”) = 45 ym
(4.5x1073) P
T ="____— 3 =2x107/225=90 nsec
(.025)(9x103)
3
(2)(9x1078)(200) -
t, = \/ o =300 nsec ;1= \(2)9x10°8)200)(4x108) = 120 A
S26.5.
W 2BVBD  (2)(1500) 5103 s
. = = =1. m = m;
& Wd= Epp 2x10° e H

. *Epp’ _ (109x10" % @x10%)?
d=29BVBp T (2)(1.6x1071%)(1500)
Wa
b. ROn =2 V)/(200 A) =0.01 Q :W ;

= 3x1016 cm'3

R 1.5x1073 0,031 e
= =0. m
(1.6x10"19)10%)(3x1010)(0.01) ¢
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S26.6.

Figure A B C D E F
Type of MOSFET IGBT PN junction | Schottky JFET FCT
Device diode diode
High Power? | No yes yes no no yes
Fast? yes yes yes yes yes no
dv di no yes no no no yes
qt > di limits
S26.7.
W ZBVED  (2)(2000) 104 em s
“ W4T Epp 107 R
2
eE -14\ 1072
N, =7 BD _ (5.5)(9x10"")(10") _ 8x1016 em3
d=24BVpp = (2)(1.6x10719)(2000)
_ 2\ _ 2. — .
b. Area A = (1000 A)/(800 A/cm“) =1.25 cm” ; ROn =qu, Nd A

. 4x10™ _ax107
on = (1.6x10"19)(2.2x10%)( 8x1010)(1.25) = 31

_ (103 5 2 _
Vo = Ion Ry = (107)( 1.3x10°) =0.013 V = 13 mV

S26.8.

a. Assume nonpunch-thru geometry.

W 2VBD _@@000) o5
d= Egp T i TN CMTIUM:

2
. ®EBD”  (10)9x10 M H(2x10%?
d=29BVBp T (2)(1.6x1071%)(3000)
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Wi (3x1073)

_ 24 2
b. Pyyige= 500 watts =1\ “ g N A& = (1000A)

500 = (1/A)(8000) ; A = 8000/500 = 16 cm?

S26.9.

a. Assume that the structure is a non-punch-thru geometry.
— —c10v10-3v0 —
BVpgg =EgpW4/2 = (107)(1077)/2 = 5000 V
Check to see if this estimate is consistent with the doping density;

v _EBD _(5:5)9x10" %107
d=aWg = (1.6x1071%)1073)

The structure is a punch-thru geometry. Recalculate breakdown voltage.

(1.6x10719)(1010)(1073)2

(1.6x10"19)600)(3.8x1012)A

=3x1010 cm™3 > actual doping level of 1016 ¢m™3.

BVpss = Egp Wq - (@NgW2)/(2e) = (107)(1073) -

- 104 -
BVpgg =107 - 1600 = 8400 V

(2)(5.5)(9x1071%)

Wa 1073
b. Ry = 1IV/S00A=0.002Q =gz N & :A
A =0.14 cm?
S26.10.

~ (1.6x10"192.2x103)(1010)(2x1073)

Specific examples of Schottky diodes in silicon, gallium arsenide, and silicon carbide
shown below. Information about these components available on company websites.

Company Part Material Vinax Ihax ter
Number
IXYS DSSK 30- silicon 180 V 50 A Not
018A available
IXYS DGSK 40- Gallium 250V 13 A 14 nsec
025A arsenide
Infineon SDP06S60 Silicon 600 6 A N.A.
carbide
S26.11.

2BVBD  (2)(2000)
Egp 7 2x10°

a. Wy= = 2x10™3 cm = 20 um ;
eEpn2 14y 510612
BD  (10)(9x10"" ")(2x107)

15 3
N. = - = 5.7x10
d=24BVEp T (2)(1.6x10719)2000) xom
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b. Assume that V=2V when I = 1000 A is dropped entirely across the drift region.

R =T 0002 oh Yd 2x10°7 1.3x10°%/A
= =VU. onms = = = 1.

on ~ 1000A dHntpA T (1.6x107 191000101 7)(A) X
~ 13x10 0,065 a2
" ooxi03 T

S26.12.
a. W4=2BVpp/Epp = (2)(600)4x10° = 3 ym

¢Epp  (10)9x10" 1% (4x109)

16 . -3
d=aWy = (ex109@xi0h T M

b. Find R of diode using slope of 25 °C curve at higher currents.

2.1V - 1.2V Wd
Ron="T2A2A =009Q =7 N A

A 3x10™%
~ (1.6x10719)(10%)(7x1016)(9x1072)

= 3x10'4 cm'2
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S27.1.

a.

S27.2.

b.

Chapter 27 - Snubbers

Three possibilities for overstresses. Overvoltage at turn-off, overcurrent at turn-on, and
excessive power dissipation. Must check each possibility.

No overcurrent stress. IC =100 A < 125 A maximum allowed.

Overvoltage: BV-gq = BV po/(B14 = 300/(16) /4 = 150 v
| di Lo
At turn-off, collector-emitter voltage =V a+t L cdt = \Y a+t L ot

= 100 + (5x10°%)(100)/(2x10°7) = 100 +25 = 125 V < 150 V = BV 5.

No overvoltage stress.

Power dissipation: allowable dissipation P c.max— R oi-a
150 - 25 .
cmax = 2 = 62.5 watts < 100 watts actual dissipation.

Overstressed by too much power dissipation.

Snubbers will reduce turn-on and turn-off losses. Need to estimate these losses without
snubbers in order to determine if the use of snubbers is warranted.

Vdlon(it ty) 4. (100)(100)(1077 + 1077

Piurn-on = fsw 5 =(2.5x107) 5 =25 watts
Vdlon(yt ) 4. (100)(100)(2x10”7 + 2x1077)

Piurn-off = fow 5 =(2.5x107) 5 = 50 watts

Losses need to be reduced by 100 - 62.5 = 37.5 watts. This can be accomplished by
using a turn-off snubber to reduce the turn-off losses. Turn-on snubber not needed.

Use turn-off snubber design formulas from Ch. 27 of Power Electronics, 2nd edition by
Mohan, Undeland, and Robbins.

Va  (5)(100V) Lt (100)2x1077)
Rg=021, =" 100A =>0hms:Cy=72v ="")100) =0.14F

Power is dissipated in RS at turn-on of the BJT. PRs = (O.S)CSdefSW
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= (0.5)(1077)(100)2(2.5x10%) = 12.5 watts

t
c. Collector current during turn-off =1 0{1 - ? }
i

2
It
0
Collector-emitter voltage during turn-off = 3¢ ¢ i
s fi

Ui
c” Veisw o Tty 2Cs1tfi = 12
0

(100)(100)(2x10'7)(2.5x104)
= 1 =4.2 watts

o=
Reduction in turn-off losses = 50 - 4.2 = 45.8 watts

S27.3.

a. The turn-off snubber design procedure for a BJT or MOSFET is based upon the build-up
of the collector-emitter voltage to the power supply voltage V j at the end of the current

fall time t;. This means that the approximate rate of growth of the voltage is V 4/t; and

takes no account of any limits on the growth rate that other physical mechanisms may
impose. If the rated dv/dt is less than V j/tg;, then the snubber design procedure may lead

to a value of dv/dt that is too large and may lead to unwanted turn-on of the GTO.

B 1000
s~ (107%)(7.5x108)
Choose R so that maximum current out of the capacitor at turn-on about 0.2 I .
R = (1000V)/(200A) = 5 ohms.

s 9]
b.  Choose C on the basis: Cg { dt lrated = 1o/t : € =13F

S27.4.

a. Reverse recovery current of diode adds to total current going into switch at turn-on. If I .
> 50 A, then the total current in S, will exceed the 250 A limit.

2tl(dl,/dt) -7 -7
F\"'R (2)(5x10™")(200)(200/5x10" )
L= NS \/ (T+1) =200 A

Need a turn-on snubber to reduce I .. to 50 A. Do this by using turn-on snubber to
control dIp/dt.
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1 )%(1+9) (5022)
b. Limit dl/dt = =
IR 2dg T (2)(5x107)(200)
During switch turn-on, inductance is large so that entire voltage V 4 is dropped across

\Y%

d
the inductor. Hence LS di/dt=V d- The di/dt = dIR/dt. Hence dIR/dt = L_s .

=2.5x107 A/sec

300V

B 5
_ = 1.2x10° H=12 4H
s~ 2.5x107 A/sec X K

Snubber resistor R¢ value set either by requirement that overvoltage developed across
switch at turn-off limited to a safe value or the snubber recovery time 4 L /R  be small

compared to the switching period.

Overvoltage limit across R¢ = 500 - 300 = 200 V. Choose a maximum of I R =100 V.
Then R¢ = 100V/200A = 0.5 amps.

With this value of Rs’ the recovery time would be 4(1.2)(10'5 )/(0.5) = 0.1 milliseconds.
This is the same as the switching period. Thus need to increase R to approximately 1

ohm which would reduce the recovery time to 50 usec.

S27.5.

a. When input voltage makes a transition (for example from -100 V to +100 V) all four
diodes are forward biased as 100 A current changes from one pair of diodes to another.
Full 00 V drop occurs across inductor. Thus rate of change of inductor current =

(100V)/(10'6H) = 108 A/sec. Diode current grows in reverse bias direction for 7.5 psec
and reaches a reverse recovery current of I =750 A. Current falls from 750 A to 0 in

2.5 psec.Diode voltage and current waveforms during reverse recovery shown below.
Results in reverse voltage of 300 V due to inductor and 100 V due to input source. Total
overvoltage = 400V.
. dizdt = 108 A/sec
100 A X 54_ _____ _»i

diode ¢ 7y : ; >
current : t
750 A ! \/
v /o

2.5 usec ———>§ 54-——
diode -
voltage A t
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b. Use series RC circuit in parallel with diode bridge input. Use diode snubber design
formulas from Power Electronics, 2 edition by Mohan, Undeland, and Robbins, p. 672-
73.
R, = (1.3)V /I, = (1.3)(100)/(750) = 0.17 ohms

2
Lol™  (10°%)(750)2

-5
= =5.6x10"" =56 uF
ST (vpr T (1002 g

C

¢. During each input source transistion, energy equal to Wp = 0.5{L O'II'I'2 +CV d2}

dissipated in snubber resistor. Two transistions per period or 2x10% per second.

Pg = Wgfy,, = 2x10H0.5){(107%)(750) + (5.6x107)(100)%} = 11.2 kW
This value is unreasonably large because of the large value of t_. which has been
assumed. More typical values of t. for a 500 V rated diode would be a fraction of a

Jsec.

S27.6.

a. Two overstress possibilities, overvoltage at turn-off and excessive power dissipation due
to combination of on-state losses and switching losses. No overcurrent stress since free-
wheeling diode is ideal and thus has no reverse recovery current.

Check overvoltage first:

di  di lon
VeEoff =Va+lo d 5 dt = Ty

40
7 =508 V <700 V max. voltage rating.

_ -7
VCE,off =500+ (10 )leo

Check for excessive power dissipation:
Vi Ton(tyi + ty + g + ty)
Py= (0'33)(10)(VDS,0n) + fow >
Stray inductance L ; will reduce voltage across IGBT at turn-on and increase it at turn-

off. However the increase at turn-off is minimal as shown above and decrease at turn-on
is also small. Hence formula for switching losses given above is valid.

Pd =(0.33)(40)[0.8 +( 0.01)(40)] + (0.5)(2x104)(500)(40)(1.4x10'6)
Pd =16 + 280 =296 watts

Allowed power dissipation (assuming ambinet of 25 °C)
Pax = (Tj -T,) Re,j-a = (150 - 25)(1) = 125 watts < actual dissipation.

IGBT has excessive power dissipation.
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Vi lon(te + ty)
d ‘on‘'fi 4 6
b. Losses at turn-off = fS 2 = (0.5)(2x107)(500)(40)(10™%) = 200 watts

Losses at turn-on = 280 - 200 = 80 watts.
Turn-off snubber will produce largest decrease in power dissipation.

S27.7.

Lt a0)5x1077) SVa  (5)(500)
a. Cg=2v, =" 2)(500)  =200F :R( =T~ ="(4o) =63 ohms

tfi
J'Vd 3 Valo'i  (500)40)(5x1077) 4
b. of f = « )2 I,(1 - ttg) dt="12 = 12 = 8.3x10
0
Pgp = Eogp foy, = (8:3x10°H(2x10%) = 16.7 watts

P gr(no snubber) - P 0ff(snubber) =200 - 16 = 183 watts

S27.8.

a. Overvoltage at turn-off due to stray inductance L ..

Overvoltage = Ls IO/tﬁ =400V ;L= (400)(2x10'7)/(40) = 2xlO'6 Henries

b. Reverse recovery current = 100 amps

c. Both turn-on and overvoltage snubbers are needed.

L,12 6
(2x10 )(200) . .
d. Cy, = AV, ) (100) =8 uF ; Recovery time =2 R | C
(5x107)
2 Rovcov = l/f ov —(2)(8x10'6) =~ 3 ohms

S27.9.

a. L causes voltage reduction V| at turn-on and overvoltage V, at turn-off.
V= (10'6)(100)/(6.6x10'7) =150V
V= (10°9(100)/(10°%) = 100 V
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SW
b. Vdf: VSW -400 + LO_ dt

i 0.75 |
Vdf 1 0.1 1 Hsec!
oV 5 / > t
/T 10 [ VA c)c) .
< Y010 1) VA

c. The diode has an overvoltage of 700 V. Rated reverse voltage = 200 V. Applied reverse
voltage =900 V.
The dv/dt rating of the diode is exceeded. Rated dv/dt = 200 V/usec. Applied dv/dt =
533 V/usec.
The dv/dt rating of the switch is exceeded. Rated dv/dt = 100 v/usec. Applied dv/dt =
533 V/usec.

d. Diode snubber is a series R-C circuit in parallel with the diode.
12
C.=L_—75 =(10"%(50)%(400)% = 16 nF
s~ o de

R, = 1.3 (V4/1,,) = (1.3)(400/50) = 10 ohms
S27.10.

disw

Vow A
800V -f------mmmmmmmmmmeeeee-
500V = ----------mmmmmmmeeen .
100V M 5
t
—>Jﬂ— —> <«
100 ns 100 ns
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diSW
b. VSW - 500 + LO. dt = Vdf

VdfA
—» 4100 ns
oV >
t
s00v |- —R
-700 V-p-- =
—+»—<4— 50 ns

c. IGBT is overstressed by 100 V at turn-off. Actual voltage = 800 V while the allowable
voltage is 700 V.

d. Use overvoltage snubber circuit shown below and described in Power Electronics, 2nd
Edition by Mohan, Undeland, and Robbins, chapter 27, p. 686-688.

1OO nH

>
Rovg

500V
oV
—_
CovI

2
Ls Lo (10'7)(300)
COV = AV 50 =3.6 uF
AV, (50)
Choose R v on the basis that 3 R .. C = on-time of IGBT.

ovtov <lton
_ L i _ 4, _ -5
ton = O.S/fSW in this problem. ton = 0.5/(2x107) = 2.5x10

2.5%x107

R =——2—— _730h
ov = (3)(3.6x1070) onms
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S27.11.

digw  (1077)( 200)
S

2
v Lelo™ 000y 0y
2- Cov B 10'5 B

b. Time T is a quarter of a cycle of the natural resonant frequency of the overvoltage

=100 V;

snubber.

T; = (0.5 ~[Ly Cyy = 1.6 [(107)(10° )12 = 1.6 psec

c. 3R, Cyy=T/2=25 psec

2.5%x107

R = ~ 1 oh
ov= (310 T

d. Overvoltage snubber only reduces turn-off losses, so only need to estimate turn-off loss
reduction. Switch waveforms at turn-off without the snubber shown below.

A
V.
| SW
200 A swW 300V
. . 200 V
i >
- >
0.2 usec

No overvoltage snubber

Turn-off losses increased because of 100 nH inductance and equal P, ...

_ 7 4,
Pocess = (300)(200)(0.5)(2x107")(2x10™) = 120 watts.

Overvoltage snubber reduces overvoltage from 100 V to 20 V. Hence a conservative

estimate of loss during the 0.2 usec period is 120)(220/300) = 88 watts.
Loss reduction = 120 -88 = 32 watts.
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S27.12.

L1 tin
Veap = Vg = (1/CY [A-BI (Wt Ddt +(1/Cy)  [[(1-B)I -+ I (ttg)]de
0 te.
fil

(- I te; (1-0.58) I tgir
C, = 2V + vy

b. Collector current waveform shown below. From this waveform I 0= 200 A. thg = 50
nsec. Tgy =0.59 psec. f=75/200=0.375

[1-.38](200)(5x10°%)
Cs= (2)(400) +

(1- 0.19)(200)(5.9x10'7)
400
C,=0.28 uF
Conventional Approach: CS = I0 tﬁ/(ZVd) = (200)(6x10'7)/800 =0.15 uF

Collector
Current

200 4

100 A fememmomemoomones %

75 A

0A

0 02 0. 0.6 0.5 10

Time [psec]
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S27.13.
Lot
a. CS :_2Vd : I0 =200 A, Vd =200V ; ty = 0.2 usec

-7
(200)(2x10™ ")
CS =""(2)(200) =0.1 uF

b. Snubber resistance governed by two competing considerations: 1) keeping discharge
current from CS to reasonable values (say less than 0.2 [ 0) when switch SW turns on and

2) keeping Ry small enough so that capacitor has time to discharge to zero volts when S,

is on for the minimum time interval.

. _ 200V
Consideration #1: R =70 2)200A) = ohms.

Consideration #2: Assume minimum ton = 10% of TSW =(0.1)(20usec) = 2 usec

Conservative estimate of time required to discharge capacitor to zero = 4 R C¢

2usec

R_ = 7 = 5 ohms.
S (4)(107"sec)

In this case both considerations yield same answer. Usually not the case.

¢. <Pp>=(0.5CV 2, = (0.5(107)(200)%(5x10%) = 100 watts
_ . _ -5y _ 3.
<Pow>=(E.ond + Eon + EofPlsw > Econd = (200)(1)(1.5x10™) = 3x107 joules
Eon= 0.5 (200)(200)(10'7) = 2xlO'3 joules ; Uneffected by turn-off snubber
E o ff= 0.5 (200)(200)(4x10'7)/6 = 1.33)(10'3 joules : Snubber reduces E ¢ by factor of

six as indicated.
<Py, >= (3+2+1.3)x1073%5x10% = 317 watts.

S27.14.
1) Diode oriented in wrong direction. Reverse orientation.
2) Diode breadkdown voltage too small. Increase to at least 500 V.
3) RS should be in parallel with diode Ds’ not in series as shown.

(100A)(200nsec)
4) C, too large. Should be =——2)500V) =20 nF

500V
5) R, too small. If goal is to keep ™R < 0.2)(100A) = 20A then R = 25 Q.
S

If goal is to keep 4R C_ =t = 4 psec, then R = 50 ohms.

on,min
6) Ry power rating too small. P = (0.5)20nF)(500V)*(10”) = 250 watts
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Chapter 29 - Heat Sinks and Component Temperature Control

S29.1.
a. P, =(0.5(100A)(1V) =50 watts
. Tj,max B Ta
b. Tj,max = {Re,jc + Re,sa) Pow + Ty Re,sa - Py - RE),jc
150 - 30 .
bsa= 50 -1 =14°CW
R Rorad Roconv L4 °CIW -
© T0saT Rorag +Roeony ~ ’
T =150 °C= 423 °K ; T, =30 °C=303 °K
0 Ts-Ta B 423 - 303 oA
Orad = 5 1A{{T/100}* - {T /100}%} ~ 5.1A{423/100}* - {303/100}%} ~
(Ayerd Ty - TD"™ (150 - 30,114 418 718
RGCOHV: I3 A = I3 A ~0.226/A; A""° = A
[0.1/A][0.226/A]  0.0693 0693 5 5
1L4="0T7A+0226/A =~ A :A="14 =0.0495m"=495cm
S29.2.
) ijax ] Ta
a. Smallest heatsink has smallest area and thus largest Rg .. Rgq, = P, - Rej c

Device A: Ry, = (175 - 40)/20 - 2.5 =4.25 °C/'W
Device B: Rgga = (150 - 40)/20-0.5=5°C/W
Device C: Rgga = (125 - 40)/20 - 0.4 = 3.85 °C/'W

Choose Device B

b. Ty=(20)(5)+40=140°C= 273+ 140=413°K ; T, =40 °C= 313 °K

R Rorad Roconv S SCIW -
6.5a~ Rgraq + Roconv ~ ’
0 Ts-Ta B 413 - 313
Orad = 5 1A{{T/100}* - {T /100}"} ~ 5.1A{413/100}* - {313/100}%)
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(dye (T - T RE o
R = = ~0.236/A ; A"° = A
Oconv 1.3A 1.3 A(140 - 40)1/4
[0.1/A][0.236/A]  0.0702 0702 ’ ’
5=01/A+0236/A = A :A="35 =0.014m“=140cm
S29.3.
3 ijax T,
a. Pd- =10+10 " f = R..
1SS S eja
3 [150 - 40 ]
f=10"|="5 -10] =12 kHz
b P =104100F — et g, o EEE o
©odiss s RE)jc *Rosa 02T 104107 f Bjc
150 - 40
Roe, = 3 7 -1=12°C/W
Bsa ™ 10 + (1077)(4x107%)
1/4
. Rorad Roconv (dyert/(Tg - Ty)

Ts-Tq
R = ;
Orad = 5 1A{{T/100}* - {T /100}*}

For a cube of side d, the surface area A = 6d2 ord=A/6

1/4
o WA T 1 _0.184
150 - 40 0.096

R = =
brad = 51A44423/100)% - {313/1000" ~ A

. (0.184/A)(0.096/A)  0.063
2.5 °C/W = [0.184/A) + (0.096/A) = A

0.063 2 2 250
A="575 =0.025m"=250cm” ;d="\| g =6.45cm

S29.4.
a. P

(E CE = (1V)(100A)(7.9x10 %sec) = 7.9x107 Joules

cond * Eon + Eoff}fsw

E,, = (100V)(100A)(1.5x10" Tsec)(0.5) = 7.5x10™* Joules

sSw cond
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Eofp = (100V)(100A)(1.5x10™ Tsec)(0.5) = 7.5x10™* Joules

Py, = {7.5+ 7.5+ 7.9}{107%)(5x10%} = 115 watts

b. Tj = (2)(115) + 30 = 260 °C ; This temperature exceeds the rated junction temperature of
175 °C . Heat sink is needed.

175 - 30 o
Resa =115 -0.3=0.96 °C/W

S29.5.

1/4
. RE)rad RE)conv . (dvert/ (Ts ] Ta))
¢ Rgga=1 "CW= Rorad * Roconv Roconv = 13A
T.-T
R = = 2 : Assume d, . =VA
Orad = 5 1A{T/100}* - {T /1003 ~ vert
. ) Al/8 0.215
Beonv ™ (175.30)413 A T A
R 175 - 30 ~ 0.069
Orad = 5.1A{{448/100}% - {303/100}%) ~ A
. (0.069/A)(0.215/A)  0.0522 0522 ) )
Resa: 1 °C/W =0069/A +0215/A = A : A="7  0.0522 m”~ =522 cm
. Py, ={Bng*Eon* Eorpfaw ¢ Eoong = (1V)(200A)(5x10 sec) = 102 Joules
E,, = (200V)(200A)@x10™ sec)(0.5) = 8x10™ Joules
By = (200V)(200A)(4x10™ 5e¢)(0.5) = 8x107 Joules

P, ={8+8+ 103{1073)(10%} = 260 watts
T; = (260W)(0.1 °C/W +0.3 °C/W) + 30 °C=134 °C

b, At22kHz P, = (260W)(20/10) = 520 watts

120 -30

0sa = 520 - 0.1 =0.173-.1=0.073 °C/W

Using the provided chart, an airflow rate of about 1200 ft/min. is required from the fan.
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S29.6.
a. Power dissipation = 0.5 RDS( On)(Tj:100°C) (300)2
From graph of normalized RDS (on) (RDS ( on)(Tj)/ RDS ( on)(25 °C)) we find

Rps(on)(Tj=100°C) = 1.6 Rpyg y(25°C) = (1.6)(.0042) = 0.0067 ohms
Pwr dissipation = (0.5)(.0067)(9x10%) = 302 watts

2K
[

nom /

e

L ~"] /
D!
&80 25 0 25 50 75 100 125°C150
— T
Fig. 4 R, =f(T) nomalized
Rg is = thermal resistance from junction to surface (including a 30 micron thick layer of
9,

thermal grease) = 0.076 °C/W (from spec sheet for the transistor). Use of the smaller
value of thermal resistance without heat transfer paste is unreasonably (even
dangerously) optimistic.

100 °C = (302 W)(0.076 °C/W +Rg () +35°C ; Ry (, =0.14 °C/W

b. Number of heat sink vendors available. Will use an example from Aavid as per problem
statement suggestion. VM400-02F has a footprint (on a heat sink) of about 5.5 inches by
2.25 inches. (From spec sheet of the MOSFET)

Use a bonded fin heat sink from Aavid. Part #: 420008 . This is heat sink has a width of
5.65 inches, a length of 3 inches (or what ever is requested) and 28 fins uniformly
distributed along the width of 5.65 inches. The fins are 3.5 inches long. A drawing of the
heat sink is shown below. The thermal resistance versus air flow rate over the fins is
given below. A forced flow rate of about 500 ft per minute is needed to get to the
required thermal resistance of 0.14 °C/W.
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Heat Sink Thermal Resistance (*C/WY)

1

—
—
3

0.40

I

0.35

0.30

]

0.25

e

0.20

0.15

'Y
g

» T"-.'_._.‘
1 1 1 1 1 1 1
|

S00 1000
Air Velocity (ft/min)

0.10

Tryrrrrprrrryrrrryp rrrrprrrryprrT

0 B 5.65 |
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Chapter 30 - Magnetic Component Design

S30.1.
R RE)rad RE)conv .
T Rosa Rorad * Rocony

(d Vert/(T -T ))1/4 ) 2 ’

Roconv = 3A 1o =32 A =60a" = (60)(.02)° =0.024 m
((0.06)/(90 - 30)1/4 .

Rgcony =" (1.3)(0.024) =548 °C/W

Rgrad = 2030 = 5.44 °C/W

brad = (5.1)(0.024){{363/100}" - {303/100}*} ~

(5.44)(5.48) . 90 - 30
RB =344 + 548—273 C/W ; P="7573" =22 watts

P
PSp =VoI ; Volume (Vol) of core = 25.8a5 = (25.8)(8) = 206 cm’

P =22 107 mWiem?
SP ~ 206 cm3 mvvem
b. P_ =107 mW/cm> =k 2 2(0.6)(22) {J(A/mm?)}2
ToospT - upcu rms
107 ) Lims 2 2
Jims = \,—(0.6)(22) =2.86 A/mm~ ; Conductor Area A, = Tons = 385 =0.7 mm
k. A
cu''w 0.6)(560
N=—a— ;A= l4a%=(1.4)(2)? =560 mm? ;N = w = 480
cu
N AcoreBeore . 2 2
¢ Loax=" 1T Agre=19a"=6cm
P 0.4
Biore =Bac = | 5x107013 3F3 ferrite
Beore= L] =g
= = m
core = |(1.5x10°0)200)1-3
(480)(6x10™ _
Lax="_ 28 =9 mH>than 4 mH required. Reduce number of turns N.

4
5 (480) =213 =N
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A

Sg = = (A, =15a2=(1.523) =6cm? ;d=1.5a=3 cm
&= AcoreBeore asd *core ™ % =L B T
NI~ Ng
5 6x107 "
= =10 mm
87 (6x10%)088)  .02+.03
(4nx1071)(213)(2.8) 4
S30.2.
) Acu,sec 10 )
Check turns raﬁﬁfm = 55 =4 Turns ratio adequate
Check power dissipation at required J . -~and B, . levels in the new application.
100°C - 40°C 100°C - 40°C 3

Allowable Py, =3 7°CTW)(V_+ V) = (2.7°C/W)(108 + 81) =117 mW/cm

2. = (0.3)(22)(3.6) = 86 mW/mm°

A
ers = 2.5mm2 =3.6 A/mm~ ; Pw,sp
Pw,sp < Psp,max ;
1414V .
B,.= W 5 Vims =00V, 2xf = 628 kRad/sec, Npri =32
1.4)(500
(1.4)(500) 50 mT

B =

ac ~(2nx10°)(6x10™H(32)
P gp = (1:5x10°0)(100) 35925 = 16 mWiem? <P o
Transformer can be used in the the converter.

S30.3.
a. Use scaling factors to fill in table.

4 1/2

2 . . -
5 Jims Proportional to a

3

A_LAy, proportional to a™ ; Rg . proportional to a-

. -1/2 . .
B, proportional to a 5 Koy AcAw JrmsBac Proportional to a

Co.re S1ze ACAW Resa erS BaC kCUIACIAW erS BaC
(a in cm) @t | | amm? | @D (joules)
0.5 0.13 39 8.4 336 0.00086
1 2.1 9.8 6 240 0.0069
1.5 10.6 4.4 4.9 196 0.0233
2 33.6 2.5 4.3 170 0.0552
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b. Required LI = (1073H)(5A)((5A)(1.414) = 0.035

From table, need core with a =2 cm.

105°C - 35°C 3 ; 3
¢ Py =[5 CW)(V, +V,) + Vet Vy=26a"=26(2)" =208 cm

105 - 35 3 135 o)
Pop=25)208) =135 mWiem™: I, =\[[06)(22) =32 A/mm

I 5 kcuA

A =7 o 2156 mm2:N=—a— : A = 1422 = (1.4)(4) = 5.6 cm>
=T < =32=1 N="A_ Ay =4 =1H& =5
(0.6)(5.6)

N="00156 =215

S30.4.
a. LIL_ = (10 H)(3A)3V3 A) = 0.0156 Joules

From Power Electronics by Mohan et.al., p. 761 LI, =

3
Ca’ /kcu

\E
From Table 30-3, p. 762 of Mohan et.al., a core using 3F3 ferrite with a=1 cm, f = 100
kHz, and similar temperature limits has LIT = 0.0125 « /kcu
Using kcu =0.6, LII =0.01250.6 = 0.0097
Solvine for C = (0.0097)N 10” 0097)\/10

olving for C = ~
s (13W0.6

. . . 4 230.6
Each inductor section requires (0.1mH) (3A)(3\/3 A)=0.00156 = —5
\ 10

Solving for a yields: a =0.54 cm

C
1
b. From Mohan et.al., p. 755, J =—"—— ; From Table 30-3, p. 762, witha=1cm, f =
ms lkcu a
100 kHz, and similar t wre limits, . === =2 _ 426 A/mm?>
z, and similar temperature limits, = = =4, mm
ms 4 [kcu \]0.6
1
Scaling to to a = 0.54 cm, ers =4.26"\|0 54 =5.8 A/mm2
A __3A 052 mm2
cu”58A/mm2 mm

_ 2. . _ 2
Nw A kcu AW ; A = 1.4a“ ; Table 30-1, p. 751 of Mohan et.al. ; AW =0.41cm
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(0 6)(0. 41cm )
w(0. 0052cm? )

ACOI'G
c. 2Xg = AcoreBcore i+ d ;d=1.5a=(1.5)(0.54) =0.81 cm ; Ng =4;
HoNL ~ Ny
A, = 1522 = (1.5)054)2 = 0.44 cm? ;N =43 ;1=3\3 =524 ;
G
Bac = BCore :t0~52—ao~4 for 3F3 ferrite; Eq. (30-16), p. 755 of Mohan et.al. BCore =170

mT for a=1 cm and f = 100 kHz. Scaling to a = 0.54 cm and f = 100 kHz gives

~ (170mT)(tem)4 18T
core = (0.54cm)- "
4.45x10m?
2g = 35 0 = 1.4 mm
(4.45x10m2)(0.22T)  (0.0054m + 0.0081m)
(47tx10” TH/m)(43)(5.2A) - 4
S30.5.
a. LIL_ = (10 H)(3A)3V2 A) = 0.0127 Joules
Check: k. A AB_J _ >LII w= 1@ =56cm?; A_=(1.5)4) = 6 cm?

cu w ¢ ac rms rms ;
V. =(13.5)8) = 108 em’ ; V, = 912.3)(8) =98 em> ; A= (60)(4) = 238 cm?

600 o 90 - 30 3
Resa =338 = 2.5 °C/W ; Psp =(2.5)(108 + 98) = 117 mW/cm

117 2
Trms = N 0:6)(22) =3 A/mm

. 04 117
ac~ (1.5x10°%)(200) -

4 -4) 6 _
KeyAwAB T ims = (0-6)(5.6x107)(6x10™(3x10°)((.091) = 0.055

0.055 > 0.0127 required value. Core can be used.

3 =91 mT

\?2 ) 0.055
b. Loaxims = Linax(3GV2) =12.7L, ... =0.055 L .. =727 =42mH

Only need L = 1 mH
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(0.001H)(3\2A)

LI=NB. A :N= =
core ‘¢ (0.091T)(0.0006m2)

% fill d—b (100): A =—2— _ | mm2

o Hie Tk Ay *Seu T 3A/mm2 mm

% filled ——L2Um ) 5~ (100) = 23%

(0.6)(560mm?)

S30.6.

a. Check to see if Vprinri + VsecIsec < 2. 2k f AWAchmsBcore

Virilori + Veelsee = 200)(5) + (2000)(0. 5) 2000 watts

_ 4_ 4_ -8 4
AWAC =2.1a 2.1 cm 2.1x10°

P =240 mW/cm3 ; see p. 766 of Mohan et. al.

sp
. _[ 240
core = [(1.5x1070)(300)! -3

240 2 6 2
ers = \’(22)(0.6) =43 A/mm~“ =4.3x10" A/m

5 -8 6
2.2k f AgAdrmsBeore = (2:2)(0.6)(3x107)(2.1x1077)(4.3x107)(0.1) = 3580 watts

2000 W <3580 W ; Core can be used for the transformer.

] =0.1 T ; from loss equation for 3F3 ferrite

b. A, = 1522 = (1.5)(102m)? = 1.5x10"* m? ; see Mohan et. al. p. 751

N Vori.rmsY2 B (200)(1.414) S0 N - 100
pri 2B Al T 2m)(3x10°)(0.1)(1.5x107% ~  * Tsec
Ipri SA

_ _ _ 2 _ 2
cupri =~ Jmg T 43A/Mm2 1.2mm® ; Age, =0.12mm

c. Transformer has substantial overcurrent capability. Winding window only partially filled.

Hence winding losses at Ipri = 5A much less than allowed max.
e
27106 = area of winding window occupied by winding.
N__.A 2
i’ “cu,pri 10)(1.2mm
2 0% . ] =( )(0.6 ) :0.4cm2;AW:1.4cm2

Winding window only 30% filled.
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S30.7.

a. A, =(0.5(0D-ID)(t) = (0.5)(0.5 -0.3)(0.19)(2.54)2 = 0.126 cm?

Ay =Ay 1= (0.25)J'E[ID2 - O.SID2] ; see figure of winding shown below.

Ay, = (0.25)m {(0.3)% - 0.15)%1(2.54)% = 0.339 cm?

1 ;1

b Vo=Aldy, sl

lm =3.19cm ; VC =(0.126)(3

19) = 0.402 cm

To estimate V, refer to figure of winding shown below.

= mean magnetic path length = 2(OD + 1D)/4 = 251(0.5+0.3)/4%(2.54)

Core Winding Ay
L L ,
\\ ////\\ A
Aﬂc :l» ID/2 ID| oD |0D+2b
\ |
| TN 5 7y
A /
b A2

(o
+

N
lon

2 2
m(ID) - m(0.5ID)

Aw1 = 4
2 2
A (0D + 2b) - mOD
w2 = 4
A c2n(ID + 0.5ID)
w3 ® >
A3 = area of winding as it

runs parallel to diameter of cor
at or near the inner diameter o
core. See Section A-A'.

Section A-A' (azmithual section
unwrapped at a diameter of {ID +
0.5ID}/2)

v

/ Aw3

C

*

(S
f

ID + 0.5(ID)
2n ——

2

Now Ay = Ay = Ay = Ayz- Setting Ay, = A, 5 gives

Copyright © 2003, 2005 by John Wiley

& Sons




b= -0.5(0D) +0.5(0D? + 4A /m->

b = - (0.5)(.5)(2.54) + 0.5[{0.5)(2.54)}2 + (4)(0.339)/m}0-> = -0.635+.662 = .05 cm

Setting A, = Ay3 gives ¢ = 2A /{3nID}

¢ =[(2)(0.339)]/[37(0.3)(2.54)] = 0.095 cm ;

Vi = Ayly, Where 1 = mean turn length (see figure below).

Mean turn
length | W

V,, = (0.339)(1.76) = 0.6 cm®

A ASl + As2 + AS3

surface ~

I, = [{t+c} + {t+b} + 2{(OD-ID)(0.5)
+(0.5)(b+c)}]

t=(0.19)(2.54) =0.483 cm

1y = [(0.48340.095)+(0.483+0.05)
+2(0.5)(0.508+0.095+0.05)]

lw =1.76 cm

Ag1 = 2(ID72)(t+2¢) = 2m(0.15%2.54)[0.483+2(0.095)] = 1.61 cm?

Ay =2m(0OD/2 + b)(t +2b) = 271(0.25%2.54+ 0.05)(0.483 + 2*0.05) = 2.51 cm?

Ag= 240.25m} [{OD+2b)2 - (0.5%ID)2] = 0.57[(0.5%2.5440.1)2 - (0.5%.3%2.54)2]

As3 =2.72 cm2

A =1.61 +2.51 +2.72 = 6.84 cm?

surface

¢ Rgg= Re,rad” RE),conv
[Tq-T,l

90-35

Re,rad =
a

S
5~7EAHW 100

Re,rad = 187 OC/W
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@ 1025

R _ vert - ch d =(A 0.5 =(6.84 2)05 =262
e,COHV - 1 34 A [T _ T ]0.25 ; choose vert - ( ) - ( . cm — 4. cm
’ S a
R = 0006272 = 161 °C/W
B.conv = (1.34)(6.84x1074)(90-35)0-2> ©

Rggq = (18DII(161) = 87 °C/W

d. Ppiss = [T - Ta]/ Rgga = total allowable power dissipation in the inductor.
P = (90 - 35)/87 = 630 mW

P = Ppi/[V, + Vi, ] = 630 mW/[(0.4 emd) + (0.6 cm)] = 600 mW/em®

P

PSp = kcupJ2 = (0.3)(2.2)(10'8 ohm-m)J2 = 6xlO5 W/m3 ; assume Litz wire is used

because of high frequency (100 kHz)

J = [6x10°/(0.3%2.2x1078)19- = [91x1012193 = 9.54x100 A/m?

J= 9.54 A(rms) /mm?

Pp.core = 0-07F OB Wilb : Wikg = (2.2 Ibs/ke)(W/lbs) = 2.2 Watts/lb
Watts/m3 = (density in kg/m3 )(Watts/kg) = (2.2 Watts/lb)(8.5xlO3 kg/m3 )
Watts/m3 = 18.7)(103 watts/Ib or mW/cm3 = 18.7 watts/lb

- 1.6p2.3 _ 1.6p2.3 3.
Psp,core_ (18.7)(0.07)f* "B~ = 1.31f "B~ mW/cm" ;

(fin kHz and B in kilogauss) ;

_ 3_ _ 1.652.3 3
Psp—600 mW/cm~ = Psp,core_ 1.31(100) "B~~~ mW/cm

B2-3 = (600)/[(1.31)(100)1-0] = 0.289

B =0.58 kilogauss (rms) = 0.058 Weber/m2

e Liax Trated = NmaxBmax®c

- . - ) - - - 2
d=2Arms; N =K. Au/Acy b Acu = IrmsIrms = 2/9-54 = 0.21 mm

2

Irate
_ -3
ACu =2.1x10"" cm

L. =(0.3)(3.39x10"2m2)(0.058weber/m2)(1.26x 102 m2)/[(2Arms)(2.1x 10" m?)]

max

L hax =18 microhenrys
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f. Bl /u=NI;thus g =Bl /(ND) ;NI= [k A /A A ] =k Ayl

-5 6
u =Bl Tk AyJ]=(0.058)(0.032)/[(0.3)(3.4x10"~)(9.54x107)]

pu = 1.91x10"> Henries/meter o u/u, = 1.91x10™/(4mx1077) = 15.2 = 15

S30.8.

Dimensions of U-core shown below.

A
A =333 mm
B =22.2 mm
C=9.4mm
El A <> D= 127 mm
C E= 143 mm
D
<4—P
Y
B
¢ -
From catalog find, VCore = 9490 mm3 ; ACore =86.5 mm2 ; lm =110 mm

Drawing of core+winding assembly shown below.
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2B
¢ >
l‘ 2D .|>
E
""A:éi __________
.2 . N..____

radius = 0.5E

radius = E

Mean turn length lw =nE +A-E+2C = (3.14)(14.3)+33.3 — 14.3 +(2)(9.4) = 82.7 mm
Winding area AW =2DE = (2)(12.7)(14.3) = 363 mm2
Winding volume V=1 A = (82.7)(363) = 3.02x10% mm>

Surface area AS

Exposed core surface bottom and top = 2BC + 2(B-D)C = 4BC - 2DC
Exposed core surface left and right = 2AC

Exposed core surface front and back = 4(B-D)A+2D(A-E)/2*2
=4A(B-D)+ 2D(A-E) = 4AB-2AD-2DE

Summing three terms together

As, ¢ =2C(2B-D) + 2AC + 2A(2B-D) - 2DE = 2(2B-D) (A+C) +2(AC-DE)

Ag o = ((2)(22.2) - 12.7)(33.349.4) +(2)((33.3)(9.4) - (12.7)(14.3)
= (Q)BL.7)42.7) +(2)(313-182) = 2707 + 262 = 2969 mm?2

Exposed surface area of winding AS W

Top and bottom = (2)(4)(0.25m)(E)% + (4)(0.5)(A-E)E + 2CE = E2(6.3-2) + 2AE + 2CE
= 2.3E2 + 2AE +2CE

Vertical surface = 2nE(2D) +2(2D)(0.5)(A-E) + C(2D) = 4nDE + 2AD-2DE+2CD
= 10.6DE + 2AD +2CD

Ay = 2.3E2 +2AE+2CE+ 10.6DE +2AD +2CD

= (2.3)(14.3)2 +(2)(33.3)(14.3) + (2)(9.4)(14.3) + (10.6)(12.7)(14.3)
+(2)(33.3)(12.7) + (2)(9.4)(12.7)
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= 470+ 952+269+1925+846+239 = 4701 mm?

Ag=Ag + A = 2969 + 4701 = 7670 mm? = 7.67x10™> m?

Rg=1/(hAy = 1/([10][7.67x10'3]) =13 °C/W

AT 30 3
sp RB(V +V ) =({13)(9.5+302) = 58 mW/cm

«/ \/ 0.058 =300 Alem?
cupcu (0.3)2.2x10°%) ~ cm

_R}l/b { 58 }1/2.5
B -
ac {Kfa (1.5x10 “%)(40) 13 160 mT

Core V-Irating =2.2k , fALA J. B,

Core V-I rating = ((2.2)(0.3)(4x10%)(8.7x10™)(3.5x10%)(3x109)(0.16) = 386 Watts

Required V-I rating = (50 V)(5 A) = 250 watts.
Hence this core is satisfactory for this application

S30.9.
103
2 2 107 o
a.  Ag=(59.6)0.5)=149 cm?; Ry =149 = 67 °C/W

V,, = (123)0.53 = 154 em® 1 V_ =(13.5)(0.5)° = 1.69 cm?
> 30°C
SP (67 °C/W)( 1.54 cm® + 1.69 cm®)

B = 139 =118 mT
ac="\/ (1001000 = °™
139 2
ers = \[(0.3)(22) =4.6 A/mm

b. Core V-Arating=22k_ , fA A J B, .= 2 Vsec,min Isec,max

Ay, = (L4)(05)% =035 cm? ; A = (1.5)(0.5)> = 0.38 cm?

=139 mW/cm3

Core rating = (2.2)(0.3)(10° )(3.5x1072)(3.8x10™)(4.6x100)(0.12) = 68 watts

do  do

Veeemin = Nseemin a3 dt = © ByeA, = (63)(10°)(0.12)(3.8x107) =2.87
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Nsec,min =1; Vsec,min = (1)(2.87) =2.87 V base-to-peak or 2 V rms
68 watts
Isec,max = 2)2V) = 17 A rms or 24 A base-to-peak
S30.10.

a. Each of the ten cores must have a rating equal to or exceeding
(5V)(100A) + (50V)(10A) = 1000 watts

Core rating = 2.2k, F A, AT B, s A A, =2.1a% = (2.1)(0.008)* = 8.6x10 m?
1 1 Ts ] Ta

R, =tx = =26°C/W :P._=
Bsa = hAg = (10)(59.6)(8x1073)2 sp =~ Rgga(Ve +Vy)

V4V, = 262> = (26)(0.8)° = 13.3 cm®

, 0o°c-400c g
SP T (26°C/W)( 3.3 cmd) - em

A [174mW/cm? 6.
ersz 0.3)22) =5.13x10" A/m

B - 1/2</ 174mw/cm3 — 0.153T
ac~ (1.5x10°%200)1-3 =

Core rating = (2.2)(0.3)(2x10°Hz)(8.6x10m*)( 5.13x10°A/m%)(0.153T) = 890 watts
Core's capability slightly less than the required 1000 watts. However it is 90% of the
required value and if used would result in the surface temperature being slightly larger than
100 °C. Will go ahead and use the core.

b N \Evpri,rms _ (1.414)(5) 04 round us 0 0.5
© pri 2By AL = (6.3)(2x10°)(0.153)(1.5)(0.008)2 _ - OUnCuP IO T
Ngec =3
100A ) ) ,
¢ Acupri = si3psems = 193 em Agy g = (195 em™/10) =0.0195 cm
S30.11.

Table 30-3 is reproduced below. The only thing that changes in the additional entries that are
requested is the size of core specified by the value of scaling dimension "a". The various table
entries will scale as indicated below.

AP =2.1(@/1)* ; Ry=9.8(1/a)’ ; P,=237(1/a) ; I, = 3.3 (1/a)"" /5 /kcu ;
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B,. = 170(1/a)** : for 3F3 ferrite P

P

= 15x10° 13 B, 1% =P =237(/1)

Koy rms Ba, A core = 01254 [k, (1/a)* (1/2)"(a/1)* = 0125 [k, (/1)

Scaliqg AP = Rg PSp @ Jims @ B, @ Keu Irms
dimension - Ay Acore| AT=60 °C| AT=60 °C| AT=60°C| AT=60°C | 4
4 ° 3 & & 100 kH
[cm] [em™] FEWT | [mW/em?) PSP2 (mT] ‘| Ay A core
[A/mm’] [Joules]
1 2.1 9.8 237 | 33h[k,, 170 0125[k_,
mW/cm3
1.25 5,1 6.2 190 3/ /kcu 155 0254 /kcu
1.5 10.6 4.4 158 2.7/ ,kcu 145 '044'\/k_cu
1.75 19.7 3.2 135 2.5/ /kcu 136 071a /kcu
2 33.6 2.5 119 2.3/ ,kcu 129 0.11a ,kcu
S30.12.

a. The core material for this application should have the largest performance factor
(performance factor P =f B, , where B, . is the ac flux density which generates a

specified core loss density). From the graph of performance factors for several different
materials given in Fig. 30-3, page 747 of Power Electronics, Converters, Applications,
and Design, 2nd Edition by Mohan, Undeland, and Robbins, 3F3 ferrite material has the
largest performance factor at 100 kHz.

- . - -4 -
b. LIT o = Koy Jrms B AW Acore > L T ppg = (0x1077)(8.5)(6) = 0.0255

The temperature and frequency requirements for this inductor and the use of a double-E
core geometry match those in the table of the previous problem (S30.11). Hence we can
use the same relationship between core scaling dimension "a" here that was used in the
previous problem.

01254 /kcu (/1) = 0.0255 ; k, = 0.3 as specified in problem statement.

Solving for a yields a =1.53 cm
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c. The core size of a = 1.53 cm closely matches the a = 1.5 cm entry in the table generated

in problem S30.11. Hence we can use these entries to find the peak flux density B, J

area of the copper winding A, ,, and the number of turns N.

— 0.5 _ 2 ., _ _ _ 2
Vg = 2.7/0.3)° = 4.93 Afmm? ; A =1 /I =6/4.93 =1.22mm

rms
|
eak
Bpeak = Bac_]i? ; From table in problem S30.11, Bac = 145 mT; ;

2 _ @2 _ g 2 2
ms) = (©)7=36= (1307 +0.5,.)
Solving for I, yields I, . =8.5 AwithIj.=0orl, =28 AwithI; =57A.
Problem statement gives no way of deciding which is the correct situation. However if
the dc current equals 5.7 A, the peak flux required of the ferrite would be 0.44 T which

will exceed the saturation flux density of the 3F3 ferrite at 100 °C. Hence we shall
assume that I, . = 8.5 A with I ;. =0 and so Bpeak =B,. =145 mT.

Ipeak = IdC + IaC = 85 A ) (I

kcu AW

N="A_— 1Ay =lda® = (14 15)=315em” :

N =(0.3)(3.15)/(0.0122) =77 turns

NAcore Bac  (77)(3.38x10°%)(0.145)
d Liax = = 8.5

=0.444 mH.
max L.

_ 2 _ 2\ _ 2
Acore_ 1.5a" =(1.5)( 1.5)=3.38 cm

The achievable inductance with a = 1.5 cm is just outside the minimum value of 4.5 mH.
We could recalculate the parameters with core having a > 1.53 cm or live with inductance
being slightly too small. For purposes of this problem we will stay with a = 1.5 cm.

a
Al length for double-E is2g =
irgap length for double-E core is Zg Bpe KB a+d
d”oNIpeak ng
0.015
Sg = = 6.7 mm

(145)3.38x10%)  (.015+.0225)
(.0225)4nx10" ) (77)8.5) ~ (0225)(4)

e. The maximum achievable inductance is approximately equal to the desired inductance, so
further adjustments are needed. If a larger core were used, then the maximum inductance
would be significantly larger than the desired value of 0.5 mH. Some of the turns could
be removed from the winding and the airgap length readjusted to give the desired
inductance while making full use ( maximum allowable ac flux) of the core. This would
provide some cost and weight savings.
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