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INVERTERS
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INVERTERS

Transfer power from a dc source to an ac load.
Focus:Production ofac outpuffrom dc input

O O

-0 O O OO OO OO

FULL -BRIDGE CONVERTER

SQUARE-WAVE INVERTER

FOURIER SERIES ANALYSIS

LTSPICE SIMULATION OF SQUARE -WAVE INVERTERS
AMPLITUDE AND HARMONIC CONTROL

HALF -BRIDGE INVERTER

PULSE-WIDTH -MODULATED OUTPUT

PWM DEFINITIONS AND CONSIDERATIONS

PWM HARMONICS

CLASS D AUDIO AMPLIFIERS

SIMULATION OF PULSE -WIDTH -MODULATED INVERTERS
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The full-bridge converter
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5, A Basic inverter circuit
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f(S4 r(sz ﬁ E)Vdc
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l* s, o‘ s,
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THE SQUARE-WAVE INVERTER: R -L Load

io(t) = lf(t) + in(t)
5,
- e V
Ve = +ﬁl_ —%+A e for0 =t = T/2
i(0)="+4"=1_.
(bh)
v
A= [min — L
R , -
1 0
S, T
+ + V. _ v,
Vye — ]

V -u ]
(c) _ V(v:l 0 "'ma\' B | P
. ¢ i, is.
IO(T/Z)ZT—FBQ = I nax R / T |/
I/clc ",mux B /
B=1 + — Is 15, . 5
A R JII|m||. r %l‘/ :

Copyright © The McGraw-Hill Companies, Inc. Permission required for reprc



eV : V.. @
- |:\O>|C+am'” Ve 6g)_lt/t for 0 & L
o C R = 2
{
!
| 9 ~
~-V V i
i dc_l_amax 4V de %t T/2)/ t for I K Te
| R ¢ R = 2
vdc
v, O T - )
2
Vi b

I max [ /—\ /—\
i 1 1
I / §T \7/ \ t

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.




&4_(1 _& eft/‘r
R min R
NORE
[ PE] Vé — _Vdc
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| - \_/dc é,l' e_T/Zt {5
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Example 81 Inverter with RL load

The full-bridge inverter of Fig. 8-1 has a switching sequence that produces a square wave
voltage across a series RL load. The switching frequency is 60 Hz, V,. = 100 V,R = 10 (),
and L = 25 mH. Determine (a) an expression for load current, () the power absorbed by
the load, and (c¢) the average current in the dc source. i

_- i
-3 1 ‘:’- ‘!'-
vdc=100 f=60 R:=10 L=25:10 T'-? I 5) S
1=—=0.0025
R
T
-— -
d 1 21 :d p—
— L .
Imax=-vRC- € —1|-9.3110961 is,
5T Imin=-Imax=-9.3110961
l+e
t t-5

) vdc 1 - 2
iol(t)= +Imin-—| e 1

R io2(t)= + Imax + e

T

3 2
Irms = ?j iol(t) dt=-6.6432992

0
2

Power absorbed by the load: P=Irms -‘R=441.3342382

Average source current: (Power supplied by the source = power absorbed by R)

Is:=

=
=4.,4133424
dc



Switch currents i1S1, i1S2, 1S3, 1S4
positive and negative

Dealing with Negative SW current

A
Vs — A iS1 andiS2 30
o A iS3andiS4 =io
! r A Problem Real SW may flow current
Vs only one direction
Imax } A Solution Antiparallel Diode
i, /—\ I p
-’m.n/ 1; \y
2 ,rmm/ %‘ T/ -
ig. i = el (‘”
sy s, o §|/ T .
| — i,
5 el Bl B /
N o

min y.
\ |

Q, D;
0> D,

/

0,

(b)



Fourier Series Analysis of Load Voltage and Current

V() = O, ¥, sin(nwgt + 0,)
n=1 . i :
2
Ve .
= Inmx'_
i) = 1, sin (gt + b,) RN~
n=1 min 2
n - 4%': n{)dd I — 5 Z” = \/R?' + (nwDL)z
n I n .




Example 82 Fourier Series Solution for Squarewave inverter

For the inverter in Example 8-1 (V. = 100 V, R = 10 (), L = 25 mH, /= 60 Hz), deter-
mine the amplitudes of the Fourier series terms for the square wave load voltage, the ampli-
tudes of the Fourier series terms for load current, and the power absorbed by the load.

-3 1 Iy
Vdc=100 £=60 R=10  L=25:10 T== . =
1===0.0025

w=21f R

4.vdc 2 2 4
UL Z[HHR +n-w-L] Ve =
I(n)= v(n) I(n]

z(n] P(n)= F) ‘R
V1=V(1]=127.3239545 21=2(1)=13.7414133 I1=1I(1]=9.2657103 P1=P(1]=429.2669347
V3=V(3]=42.4413182 Z3=12(3)=29.9906311  I3=I(3)=1.4151526 P3=P(3)=10.0132837

V5=V (5]=25.4647909 Z5=12(5)=48.1732394  I5=1I(5)=0.5286086 P5=P(5)=1.3971355

5
PL= Y P(2:k-1]-441.1860588
k=1



Example 83 THD for Square-Wave Inverter

Determine the total harmonic distortion of the load voltage and the load current for the

square-wave inverter in Examples 8-1 and 8-2.

vdc=100 £=60 R=10 L=25.10
w=2-1-f
4.vdc V(n]) J
V[n]' - I[n]== Z[n] n] [n W L

V1=V(1]=-127.3239545 Z1=2Z(1])=-13.7414133

V3=V(3]-42.4413182 z3=12(3]=29.9906311

V5=V(5]=-25.4647909 Z5=12(5]-48.1732394

2

vde dt=100Same as vdc

2
vrms:= | —:
T

o N -

Vlirms ==%= 90.0316316

2 2

1I‘.i'rms -Vlirms
vlirms

THDV = =0.4834258

T=

\/VIZ‘ITI‘- - VI ms

Vl.nns

THD =

| =

T=Ei=0.0025
R

I1=1I(1)=-9.2657103
I3=I(3)=-1.4151526

I15=I(5)=-0.5286086

2
I(2 k-1]

=6.6421838
mch

5
Irms:= Z

Ilrm5==3:[31(= 6.5518466

2 2
Irms -Ilrms
Ilrms

THD1 = =0.166632

Current waveform is better !



Example 84 Simulation of Example 81

tran 100m .model vSW sw(Ron=0.0001 Roff=1MEG Vt=0.1 Vh=0)

453 p3
s1 D1 +C > AN
‘(9 AN vSW D
* D
v4 vsw
PULSE(0 25 0 1u 1u {DT} {T} 20)
i This is load. -param f=60
<+> % r"[;-"%'\ param w = {2*pi*f}
T 100 10 25m .param T={1/f}
.param D= 0.5
.param DT=D*T
sS4 D4 = S2 D2
1y & G
V6 vSW D vsSW D
+
T PULSE(0 25 {DT} 1u 1u {T-DT} {T} 20)




Example 84 Simulation of Example 81

I{L1)

V(n005)-V(n004)

|
i0ms

I I |
45ms 50ms 556ms 60ms

|
65ms

-tran LG

el vEW ww om0 DBDL Roffs LMEC V=3 1 Ve d)

...

Lu DT} (T} 20)
This s load. parmen = 60
Bl fﬁ“ e w = {241}
f: «parmen T= {1/}

param b= 0.5

PULSE 0 25 {DT} L

— - AQ o

fu (1-0M) (1} 20) |




Example 84 Simulation of Example 81

. Ex84fourasc % ExB-4fourraw

( Ex8-4four.asc

four 60 10 1(R1)

1¥h=0)

s
i Ex8-4fourraw

oV

20V~

40V+

-60V-

80V=f---

100V+

120V

Oms

V(n005)-V(n004)

W SPICE Error Log: C\bE2025\TF25\PowerElectronics\LT\Ex8-4four.log X
ircuit: * C:\bE2025\TF25\PowerElectronics\LT\Ex8-4four.asc
—Dizoct Newton iteration for .op point succeeded.
dN-Poziod-l
Fourier components of I(rl)
" 'IDC component:-0.000630563
i
C:)m 'Harmonic Frequency Fourier Normalized Phase Normalized
Numbexr [Hz] Component Component [degree] Phase [deg]
1 6.000e+01 9.264e+00 1.000e+00 -43.36° 0.00°
- 2 1.200e+02 1.031e-03 1.113e-04 -30.45° 12.91°
3 1.800e+02 1.415e+00 1.527e-01 -70.56° -27.21°
= 4 2.400e+02 8.533e-04 9.211e-05 -174.57° -131.22°
5 3.000e+02 5.314e-01 5.737e-02 -78.29° -34.93°
6 3.600e+02 2.821e-03 3.045e-04 -49.48° -6.13°
7 4.200e+02 2.733e-01 2.950e-02 -81.06° -37.71°
4 8 4.800e+02 2.713e-03 2.929%e-04 59.17° 102.53°
9 5.400e+02 1.647e-01 1.778e-02 -83.87° -40.51°
10 6.000e+02 8.508e-04 9.184e-05 -167.19° -123.84°
Total Harmonic Distortion: 16.671964%(16.775336%)
Date: Tue Sep 16 10:32:09 2025
Total elapsed time: 0.074 seconds.
tnom = 27
temp = 27
T J

T T
10ms

1
30ms

50ms

80ms

arv



Example 84 Simulation of Example 81

4 Ex@-4fourasc £ Extdiourfit & Exg-4fourraw

120V
100V

20V

-40V-

-80V-

sov-----
6OV
aov--

ov----

RTTI\TS S —

=120V

-10dB

T 1= ORI SO

30dB----eereeerrb e ek

-40dB -~~~

-50dB—--+----

B s T

-T0dB-~

N T)TS | = P—

100dB-

s St >

10Hz

L T L

Ty
100KHz

T
Oms 10ms

L] L] L T
20ms 30ms 40ms 50ms

L
70ms




AMPLITUDE AND HARMONIC CONTROL

A Square wavefor mds. ha+rmoni c
voltage magnitude

N\ 4V, . o
V() = EV;rSin("W{]f)' V, = —9¢ ,odd ———|———| H.
n=1

A Modification of switching-- delay
angleU el
A Harmonic voltage

(= S V,sintng) T, o

n odd

i 4, % U

V,=— / Vie sin(nwgt) d(wgyt) = —4€ cos(na)
™ ™

: " N

A Amplitude of the fundamental

freq. is controlled byJ Y% 7///////[4//////%

4V, .
M= (—d) cosa | g S,
(

S
8.4
0

T

A Eliminationof n-th harmonic: Ve
Cos(90)=0, cos(MY=0A 90°

«

n
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A Example 85 Harmonic Control of Full-Bridge Inverter

Design an inverter that will supply the series RL load of the previous examples (R = 10 ()
and L = 25 mH) with a fundamental-frequency current amplitude of 9.27 A, but with a
THD of less than 10 percent. A variable dc source is available.

lWhen o = O] 3 1 Continued from EX8.1 EX 8.3
£=60 R=10  L=2510 Teie .
1=—=0.0025
w=21mf R
4.vdc v(n) *J -
V[ ] I I[n]== Z[n] n] [n o L Tl

V1=V(1)=127.3239545 21=2(1]-13.7414133 I1=I(1]-9.2657103
V3=V(3)=42.4413182 z3=2(3)=29.9906311  I13=1I(3)-1.4151526
V5=V(5)=25.4647909 z25=2(5)=48.1732394  15=1I(5)-0.5286086

Switching with delay angle a|

n=3 3 rd harmonic is dominant -- need to eliminate
o=———=0.5235988 rad

n odd

vdc
-cos (n- o
I

|[Ioal 9.27 -—- requirement]|

Z(1)=13.7414133

[V1=117(1]-127.3829013




V1i-o

newvdc = =115.5235127
4.cos(a
with new Vdc
4 .newVdc
ch[n]==T-cos [n-a To(n)- Vo (n)
Z(n]

Voal=Va(1)=127.3829013

Tol=Ta[1)=9.27

13

L < 10 -15
Vo3=Va(3)=1.8807738:10 To3- T (3)- 6.2712043-10
Vas5=Vo(5]=-25.4765803 To5=TIa[5)=-0.5288534

Va7=Va(7)=-18.1975573 Io7=TIo(7)=-0.2727165
13 15

Va9=Va(9)--1.917063-10 Ia9=TIn(9)--2.2445304-10

Same as nvVdc

T

2
2 4 Z S ECTERY 6.5688402
vrms=|— [ newvdc dt=115.5235127 Irms=f . > e
T k=1

Taxl

Val Ilrms= =6.5548799
Vlirms = =90.0733133
T e

2 2 3 >
Vrms -V1rms
THDV = =0.8030779 Irms -Ilrms

THD':J =0.0652997
virms = Ilrms

Less than 10% !




A Simulation of Example 85

.tran 0 100m 30m .four 60 10 I(R1) .model vSW sw(Ron=0.0001 Roff=1MEG Vt=0.1 Vh=0)
= 1S3 D3
s1 D1 ,,E_ 9 s
i (9 DZS L v vSW D
v W )
PULSE(0 25 {piT-alphaT} 1u 1u|{piT} {T} 20)

PULSE(0 25 {alphaT} 1u 1u {piT} {T} 20) .param alphaDEG= 30
Vi This is load. .param f=60
C) f{t/i\« /—tlj'—%—\ .param w = {2*pi*f}
T 100 10 25m param T={1/f}

.param alphaRAD={alphaDEG*pi/180}

.param alphaT={alphaRAD/w}
= \954 D4 " = '\:2 D2 .param piT={pi/w}
{» A Y
+ V6 vSW D vsSW
_ V3
PULSE(0 25 {piT+alphaT} 1u 1u {piT} {T} 20) <
T PULSE(0 25 {2*pi -TphaT} 1u 1w {piT} {T} 20)




A Simulation of Example 85

V4 |
o oL oL
_ - e -— .
0 ilt 2Irr Wi
e §o
S, Closed / Open 2*‘“-|
] |
i AR~ '
s, /
< —>
T2 T
Z // // / /
S,
ol
/ T[:. S-?I /
% : %
S, S| S, S, S5
Sy S, A S, Sy
I""r’.i: U th 0 _;fdc U

Delay Pulse Width
alpha pi angle
% % time
2%pi - alpha pi
AT, T
N (9]
pi - alpha pi
- 1
o o
pi+ alpha pi
TUAX B,
oo o)



4, Ex85asc I ExB5raw

120V

60V

40V+

20V+

v+

. . V(n005)-V(n004) . I(R1) : . 12A
i : I SPICE Error Log: CABE2025\TF25\PowerElectronics\LT\Ex3-5.log X
L I M ey ircuit: * C:\bE2025\TF25\PowerElectronics\LT\Ex8-5.asc -~ 8A
Direct Newton iteration for .op point succeeded.
-Period=1
Fourier components of I(¥l) - 6A
DC component:-0.000448862
|Harmonic Frequency Fourier Normalized FPhase Normalized
_| Number [Hz] Comp t Comp t [degree] Phase [deg] || L 4A
1 6.000e4+01 8.023e+00 1.000e+00 -115.36° 0.00°
2 1.200e402 1.330e-03 1.658e-04 -113.68° 1.68°
3 1.800e+02 1.814e-03 2.262e-04 171.32° 286.67°
L 2.400e+02 1.531e-03 1.908e-04 -155.04° -39.68° oa
5 3.000e+02 4.568e-01 5.693e-02 102.06° 274 R T i
6 3.600e+02 1.087e-03 1.355e-04 -143.99° -28.64°
7 4.200e+02 2.36Be-01 2.952e-02 -45.71° 69.64°
[} 4.800e+02 1.552e-03 1.934e-04 -138.39° -23.04°
] 5.400e+02 2.698e-03 3.363e-04 -132.75° -17.3%* g 0A
10 6.000e+02 1.01%e-03 1.27le-04 -148.09° =32,73°
|Total Harmonic Distortion: 6.413092%(6.629871%)
.................... L 2A

-20V+

40V

Date: Tue Sep 16 13:32:53 2025
Total elapsed time: 0.045 seconds.

-4A

§ § tnom = 27

! : temp = 27

: ! method = modified trap
60V f | 6A
-80V- ’ : 8A
100Vfmmm—t oo e oo eenemneannees PP SO SN SOO il reenrrennrennnnrss e et en e rinen e s e —- e e e s re ok pe st e s e e e n s ~-10A
120V | T i T | T | T T 12A

Oms ims 14ms 21ms 28ms 35ms 42ms 49ms 56ms 63ms 70ms



THE HALF -BRIDGE INVERTER

. A Only 2 Switches
A Divides the source voltage in
2 -] L to 2 parts by the capacitors
. A SquareWave Output
. A S1 Closed
A Vo =-Vdc/2
2T | A S2 Closed
A Vo =Vdc/2
o A Antiparallel Diode
“ A For negative current path
In RL load case

IF
|
+
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A PulseWidth -Modulated Output
I PWMOs benefit

A Decrease THD in the load current
A Reduced filtering requirement: high order harmonics
A Control of output voltage amplitude

T PWMOs di sadyv

A Complex switching control

I 2 PWM schemes
A Bipolar & Unipolar Switching

I Sinusoidal PWM

A Reference/modulating signainusoid
A Carrier signaltriangular wave




A Bipolar PWM

ATTAAANNN
Vo — — Vdc for vsine<vtri ,\/ \/

A The output alternategus and minus i

!
(Carrier) (Reference)

the dc supply voltagh i Bi p o |
A Switching Scheme

(a)

|
|
I
|
|
|
|
|
I Vs R
| tri sme
|
|
|
|
|
|

| g

de 7 ] ] i ]

S,and §; are on whenv, . > v, (v, = +V,)

simnec
S;and S, are on when v, . <v, (v, = —V,)
Iy ~Vac |- = = = — -
_.. .
s, yis, (b)
o o
7{51 7{53
+__ + Vo _
Vi — . ‘—l_-_ I—.
N IS" ¢O io O* 152
7o
®




A Unipolar PWM
A 2legs: A and B il
A 2 positions: Up and Down 1.
A S1 (up) & S4 (down): Leg A ; f{s : f{s

i Only one is ON at any time and @
the other is OFF |

S,1sonwhen v, < v,

A S3 & S2(d - Leg B
(up) &Sz(down): Le88  w——— 1 o1
L

i Only one is ON at any time and

the other is OFF :““_ﬂ T 0 M L [ |

S, 1s on when —v; . > v,

S, is on when —v . < v, %
Vab 0
A Voltage change: 8 Vdcor ;

VdcA 0 (no negative voltage)
A Vo =Vab=Va-Vb




A Comparison of PWM
schemes
A Bipolar PWM

I Switching transition Is
2*VdcA requires higher o 4
iInsulationA EMI o ad

problem |

I High Load current ripple

A Unipolar PWM

I Switching transition is JH
1*Vdc

I High effective switching =~ |
frequency (twice) i

I Low current ripple




A INiti
F':V\I/:I\r/lecijeefn:; rcr)EZulation ratio \/MM\A A A A /
VIV VYA

. .fcarrier _Jitri
me= - =

freference fs:'.ine

“1

I sine
(Carrier) (Reference)

A Higherm,, higher harmonics
A Higherm, higherS/W frequency, higher loss

I Amplitude modulation ratio

| A V...

m. reference m, sine .

me == = lftm, =1, Vi=m,V;
m, carrier m, tri

A PWM Considerations

I Switchescapable of carrying current in positive and negative diregtion
antiparallel diode

I Reference VoltageSinusoidal reference voltage (very low power) must
provided within the control circuit or from outside.




A PWM Harmonics T Bipolar Switching

for k=1 ..1440

. . . if sine ‘maztri
A Fourier series of bipolar PWM output = S

A Whenmf = odd, the PWM output Nl

IS in half-wave odd symmetry out -1

mf=3
- Half wave odd symmetry check
/\ /\ﬂ&r for k=1 ..179
o5 odd =0
s ‘
B M for k=1 ..179
%m(x] _ : : | ; _E : E ifg;;; :ffmk:_wt 360+180+k
mziieé") f(a)t) f— —f(a)t + 7[) elsded ]
=

ODD=1 ®

for k=1 ..179

if odd =0 PWM_Bipolar_Si
k mulation.sm

QDD:=0
break

else
continue

| T ODD=1




A PWM Harmonics i Bipolar Switching

A Fourier series of bipolar PWM output fofH- a0

A Whenmf = even the PWM output is R
NOT in half-wave odd symmetry ef:: N

mf=4

Half wave odd symmetry check
for k=1 ..179
odd =0
k
X
for k=1 ..179
if out =-out
360+k 360+180+k

odd =1
k

f:rifx] T z 3 'f(a)t) = —f(a)t + JZ.} - clse

odd =0
k

CDD:=1

for k=1..179

if odd =0
k ;
® QDD=0 ®

break

else PWM_Bipolar_Si
mulation.sm

continue

T, 1 ODD=0

aut



A PWM Harmonics i Bipolar Switching

A Fourier series of bipolar PWM output
A Whenmf = odd, the PWM output is imalf-wave odd
symmetry
A Fourier Series: &0,c,=b,

/(,) = da + 2[“” COS("(})()’) + h" Sin(nw(),)]
n=1

72
a(,=IT /_/‘(z)dr ‘ o
=1 f) =ay + ECH cos(nwoyt + 0,)
712 n=1
a, = 5 /./'(f)cos(nw(,r)dt
4 o C,= Va; + b; and 0, = tan_'(

12

5 d
b, = T /‘/'(l)sin(nw“r)dt
=12

A PWM output Fourier Serie v (1) = i V. sin(n wt)
n=1




A PWM Harmonics i Bipolar Switching

A Fourier series of bipolar PWM output
A Each pulse examination-tk pulse)

~ S 52 _
\\// = vo(t) = D, ¥, sin(nwy?)
n=1
Ve T2
2 [ .
b, = /_,f(f)sm{nw.,f}dr
7Vdc T o
Ol ] 6;’( N T
- ) |
. oy + O Vnk — ; /\v’(’)Sln(n(D()f) d((l)() f)
t( - 0
{ ¢ Pt o+ 9, Q4 |
2 : , \
0 s / Viesin(nwy ) d(wq 1) + / — (Ve)sin(nwy 1) (d(w?)
1T . .
(L 97 (X‘*’S‘
2V,

F[COS noay+cosnoyy —2cosn(oy+ 8]

P

p;r = E Kjk

k=1

A Sum for thep pulses over one periot



A Normalized Frequency Spectrum forbipolar PWM

J

1.00

1

0.80

1

0.60

=
.
—

0.40

0.20 H

b W s

| my 2m_ f 3m_,- 4m ¢ Sm 1/ 6m, n

Figure 8-21 Frequency spectrum for bipolar PWM with m, = 1.

Table 8-3 Normalized Fourier Coefficients V,/V,. for Bipolar PWM

m,2~=1 0.9 08 0.7 0.6 0.5 0.4 0.3 0.2 0.1

n=1 1.00 09 080 070 060 050 040 030 020 0.10
n=m; 060 071 082 092 1.0l 1.08 1.15 120 124 1.27
n=mjf=*2 032 027 022 017 013 009 0.06 0.03 0.02 0.00




A Example 88 Bipolar PWM Inverter

The full-bridge inverter is used to produce a 60-Hz voltage across a series RL load using
bipolar PWM. The dc input to the bridge is 100 V, the amplitude modulation ratio m, is
0.8, and the frequency modulation ratio mis 21 [f,; = (21)(60) = 1260 Hz]. The load has
a resistance of R = 10 (2 and series inductance L = 20 mH. Determine (a) the amplitude
of the 60-Hz component of the output voltage and load current, (b) the power absorbed
by the load resistor, and (¢) the THD of the load current.

-3 1
e il Rl = 5 Ti=— L
ma=0.8 mf=21 .
Fundamental frequency voltage and current: Z[n]=‘jR2+[n-w-L]2 I[n]_\Z’EH
Vl1=ma Vdc=80
=1 09 0.8
I1- 1 6.3877692 B
z(1) n=1 100 090 0.80
- , n=m, 060 071 082
Harmonics determined by mf n=mf+2 032 027 022
V21=0.82-Vdc=82 V19=0.22.Vdc=22 i ol el ol ]
V21
I21=———=0.5168553 V19 Va3
I19=—7——=0.1531978 I23=———=0.1266522
z(21] z(19) z(23)
Rms current of all harmonics 2
Il I19 121 23
Irms:= - + - =4.5337758
2T 42T 42 53
Power absorbed by the resistor 2
P=Irms ‘R=205.5512284
+
1| -
THD Ilrms:= —] J 2 2
12 .t s | IS [ |5 hee6906

Ilrms



A Example 89 Bipolar PWM Inverter Desian

Design a bipolar PWM inverter that will produce a 75-V rms 60-Hz output from a 150-V
dc source. The load is a series RL combination with R = 12 ) and L = 60 mH. Select the
switching frequency such that the current THD is less than 10 percent.

Vdc=150 f=60 R=12 L=6010_3 1 we=2-m f
Desired output voltage v1=?5uf5=106.0660172 V[n]
Z(n)= [n W L I[n}=z[n]
Amplitude Ratio ma__zl—-0.70?1068
vdc
Fundamental frequency current:
=___j=4.1423181 N
Ilrms ==
iy

From THD < 0.1

2 2
Irm5==1jIlrms +(Ilrms-0.1] =2.9436701

The harmonics (other than the fundamental)

2 2
Irms -Ilrms |=0.2929061

Inrms={

This is approximately the same as the dominant harmonics at the carrier (tri) frequency

Imfrms=Inrms=0.2929061

Imf~Inrms/2-0.4142318



A From the table with ma=0.7 a ) L
Vmf=0.92.-Vdc=138 H,=1 0.9 0.8 0.7

n=| .00 090 080 0.70
n=m; 060 071 082 092
n

Load impedance at the carrier freq f+2 0.32 027 022 017
=m/= L s . .

=333.1467975

vmf
Zmf =
Imf

From Z(n)= sqgrt(R"2 + (n*w*L)"2 )

2 2
zmf -R
mf = J‘TT=14.7187644

w L
Select an odd mf from above

mE=17

Then the carrier frequency is ftri=mf - £=1020



A Example 810 (Simulation of Example 88)

Aran 0 100m 30m four 60 30 I(R1) model vSW sw(Ron=0.0001 Roff=1MEG Vt=0.1 Vh=0)
53
Use BV (B-source voltage) = D3
s1 D1 +4 1 N
- <9 Ay vSW D
2 D
81 vSW |

) V=if(V(Vsine)=V(Vtri), 15,0)

vl This is load. param F=60
T 100 10 20m .param T={1/f}
Jparam ma=0.8
param mf=21
_ 54 %52 D2
7 AN
+ N +4 g D
CJDM vSW D vSW
+
T V=if(V(Vsine)<V(Vtri), 15,0]
v —
d B
@
V5 v7

SINE(0.5 {ma/2} 60 0 0 0) PULSE(0 1 0 {T/mf/2} {T/mf/2} 0 {T/mf})



V(n002)




[ W SPICE Error Log: C:\bE2025\TF25\PowerElectronics\LT\Ex8-8.log X
ircuit: * C:\bE2025\TF25\PowerElectronics\LT\Ex8-8.asc

irect Newton iteration for .op point succeeded. |

-Period=1 m————
e (T L
C component:-0.000559735

Harmonic Frequency Fourier Normalized I e
Number [Hz] Component Component [c¢
1 6.000e+01 6.384e+00 1.000e+00 - 10dB=¢---
2 1.200e+02 6.247e-04 9.786e-05 -
3 1.800e+02 1.61le-03 2.524e-04 oapd...
4 2.400e+02 8.266e-04 1.295e-04
5 3.000e+02 5.452e-04 8.541e-05
6 3.600e+02 6.560e-04 1.028e-04 -10dB—
¥ j 4.200e+02 5.097e-04 7.984e-05
8 4.800e+02 7.773e-04 1.218e-04
9 5.400e+02 1.298e-03  2.033e-04 £0dE-1---
10 6.000e+02 1.386e-04 2.171e-05
11 6.600e+02 4.962e-04 7.772e-05 -30dB----
12 7.200e+02 1.518e-04 2.378e-05
13 7.800e+02 8.530e-04 1.336e-04
14 8.400e+02 7.536e-04 1.18le-04 -40dB-1--
15 9.000e+02 1.187e-04 1.860e-05 4
16 9.600e+02 9.310e-05 1.458e-05 50dB---
17 1.020e+03 5.158e-03 8.079%e-04 -
18 1.080e+03 4.409%e-04 6.907e-05 1
19 1.140e+03 1.520e-01 2.381le-02 -60dB=--
20 1.200e+03 1.99%4e-04 3.124e-05 1
21 1.260e+03 5.153e-01 8.072e-02 1 -704B-
22 1.320e+03 3.173e-04 4.970e-05 o
23 1.380e+03 1.271e-01 1.991e-02
24 1.440e+03 1.531e-04 2.398e-05 T -80dB=}--
25 1.500e+03 5.062e-03 7.930e-04
26 1.560e+03 4.437e-04 6.950e-05 M -90aB-
27 1.620e+03 4.800e-04 7.518e-05 -l
28 1.680e+03 1.781le-04 2.78%e-05 |
29 1.740e+03 3.110e-04 4.871e-05 -I}l-100dB--
30 1.800e+03 1.229%e-04 1.926e-05
Total Harmonic Distortion: 8.649316%(9.085736%) 11048 Lo o : R b e Poor o aaa P R
1 1E|Cr'H? 1KIH? 1D|"{H:" 1|:IEI:(H:' 1F."IH?




A PWM harmonics i Unipolar Switching

A Some harmonics are absent
1.00 in Unipolar PWM
A Harmonics starts around
2*mf (instead of mf as in
0.60 L Bipolar PWM)
A mfis aneveninteger

0.80

0.40 [

0.20 -
‘I

0 . IH S| 1 RN YOI

| Zmy- 4m_.f- 6mf n

Table 8-5. Normalized Fourier Coefficients V /V ;. for Unipolar PWM




A Example 811 (PWM inverter simulation)

Pulse-width modulation is used to provide a 60-Hz voltage across a series RL load
with R = 1 ) and L = 2.65 mH. The dc supply voltage is 100 V. The amplitude of
the 60-Hz voltage is to be 90 V, requiring m, = 0.9. Use PSpice to obtain the current
waveform in the load and the THD of the current waveform in the load. Use (a) bipo-
lar PWM with m, = 21, (b) bipolar PWM with m, = 41, and (¢) unipolar PWM with
m, = 10.

V(n005)-V(n004) I(L1)

LN

NN [

20V =
W SPICE Error Log: C:\bE2025\TF25\PowerElectronics\LT\Ex8-11(a).log
1:2: ircuit: * C:\bE2025\TF25\PowerElectronics\LT\Ex V(n002)
F — ]
12v irect Newton iteration for .op point succeeded. | | | I | 1111 T T T U Y I T E YOI
8V -Period=1 TTrrrrmrrmrrrrrrryrstrprrerrsrrrirror
4v ‘|Fourier components of I(rl)
oV~ DC component:-0.00345726
16V
12V - -luzmonic Frequency Fourier Normalized
8V-it- Numberxr [Hz] Component Component
4V X 6.000e+01 6.363e+01 1.000e+00
V- 2 1.200e+02 1.836e-02 2.886e-04 . | : I
1.0V 3 1.800e+02  6.196e-03  9.737e-05 __ _ Vivtri) :
4 2.400e+02 1.368e-02 2.14%e-04 , i | N * i A :
ey 5 3.000e+02 3.686e-03  5.793e-05 | __ JULI ;_ 1) Ll __ AT __ i _ ™ ‘1l ]
' 6 3.600e+02  6.458e-03  1.015e-04 ‘ ! Al 1 i , N : it 1 : , '
7 4.200e+02 4.655e-03 7.315e-05 U i : J : I ; ¥
o 8 4.800e+02 3.538e-03 5.561e-05 B2 £x-11(a) 1 b p=, o
" 9 5.400e+02  3.454e-03  5.428e-05 o W o o -
10 6.000e+02 4.637e-03 7.287e-05
11 6.600e+02 1.132e-02 1.77%e-04 30dB
12 7.200e+02 5.328e-03 8.373e-05
13 7.800e+02 1.899%e-03 2.984e-05 208~
14 8.400e+02 1.517e-03 2.383e-05 10d
15 9.000e+02 2.612e-03 4.105e-05
16 9.600e+02 2.562e-03 4.027e-05 0dB~
17 1.020e+03 6.855e-02 1.077e-03
18 1.080e+03 3.059%e-03 4.807e-05 [AieiE
19 1.140e+03 1.408e+00 2.213e-02 PO
20 1.200e+03 4.180e-03 6.56%e-05 i
21 1.260e+03 3.389%e+00 5.327e-02 3008
22 1.320e+03 3.037e-03 4.773e-05
23 1.380e+03 1.16%e+00 1.837e-02 -40dB-
24 1.440e+03 2.055e-03 3.229%e-05  codad
25 1.500e+03 5.036e-02 7.914e-04
26 1.560e+03 6.815e-04 1.071e-05 6008
27 1.620e+03 2.154e-03 3.385e-05
28 1.680e+03 2.623e-03 4.122e-05 -70dE~
29 1.740e+03 1.632e-03 2.564e-05 -
30 1.800e+03 2.697e-03 4.238e-05
Total Harmonic Distortion: 6.055021%(6.353456%) _90d




V(n005)-V(n004) I(L1)

QT T
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