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ABSTRACT

This thesis presents the analysis and design for three phase PWM inverters control signals by
using MATLAB program. The waveform quality, current and voltage waveforms, current and
voltage spectra and error voltage of deadtime effect are evaluated and simulated by the
program. By using the matrix analysis technique in this developed program, various switching
patterns are able to be converted to the assembly file that make easily to store the pattern to
EPROM which is used for control circuit. This program can also improve and design the
deadtime compensated waveform. The necessary input parameters for control signals can be
easily put into the program that make many advantages for switching pattern development. The
output simulation results are arranged in visual and clearly shown. In this thesis, the various
switching patterns designed by the program Sinusoid PWM, Space Vector PWM, Harmonic
Injection PWM, Discontinuous PWM 1200, Generalized Discontinuous PWM are provided and
implemented on three phase inverter circuit to confirm the results and define the criteria for the
selection of optimize patterns for each modulation index range. Deadtime compensated
waveforms also show the advantage of this research. As the simulated and experimented results,
the advantages and disadvantage of various switching patterns in various modulation index ranges
are shown and guided for the selection of optimize patterns for higher performance three phase

inverter design.
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di
o(t) = Ri(t) + L — (2.14)
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HHNINTU Modulation Impedance | Compensated/ | Deadtime | Switching | DC link

Index Load angle No (2-10% ) | Frequency | voltage

(0-overmod) (V)

SPWM,HIPWM, Xi X1 Y/N Xi Xi Xi
DPWM 120,
GDPWM 60,
SVPWM

YN lehily  xicfleushdaay

Select Select
1:5PWk 1:Unipolar
2:HIPWM 2:Biipalar
3.6DPWM ~
A:SVPWM .
5:0PWM vocpy) L
Wiic
Modulatio .
Index= uurmod’
1:1-Phase
2:3-Phase v

rJf'ri—

in5

a for HIPWA

Main Data

Simulation Box

v

puttemp mat|

Template

30 3.2 daufleuduwnvesTasunsumndu SIMULINK

MATLAB Command Window

»
» simthesis
Please Enter Impedance of Phase a68

Please Enter Powerfactor of Impedance of Phase a0.8

Please Enter Impedance of Phase b68

Please Enter Powerfactor of Impedance of Phase b0.8

Please Enter Impedance of Phase c68

Please Enter Connecting 1:star 2 delta2

Please Enter Powerfactor of Impedance of Phase c0.8 _.J
354

#iisng

311 33 duflevdunnveslilsunsunindau MATLAB
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e EM View Simdotion Foma Tgoks
C—"z b m ot (D)
Seled Sweitoh Outt
m‘ b Unipolar
M AC
Relational i
x Operator i
@"*" in1 ounv :
Pattern Product Ouz
BIPOLAR
inpul3 mat
Te File 1

31 3.5 dwadadyauiiduudusy 1 ola

Transpod
Delayl e

F-phasei
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SelectPatterns | ¥, | ¥, | 1, | 1, | THD, | 71HD, V&l V&I
Spectra | waveforms

SPWM,HIPWM, Xo Xo Xo Xo Xo Xo P 3/
DPWM 60,

DPWM 120,

GDPWM,

SVPWM
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DB 25H
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ueanwuud naaslugiin 3.7

% write co file ﬁ

4 fid = fopen('di:\office.datiresults\thesis\ 1ksO6.asm', ‘we')
Pl = [0 P="UFCD 170 : £072 ) B0l \ 3T

i

E

il P2~"10s0 0.0.'8": G AJ0M=2: /0,001 DAoL 1 (9 &
il 0) 1 0V0 A /9 N0 1SS Y GO0T 0 *ot: 04 3 P
: 1,0 guoiagl,: 30,00 19°¢ 1101 0\ L' : F1am 511 B
T 0% Ta 0 J0: ddnigen LA YV a1 (e
fprintf(fid,'ss\n', " ORG OOCCH!);

for j=1:16384,

X=[VGD_CN(3,2) VGID_CN(3,2) )3

¥Y=[VGD BN(3,2) VGID_BN(3,2) VGD_AN(3j,2) VGID_AN(D,2)]):

for i=1:4;

Af X==[p1(d4,1) P1{i,2)],
VePI(R,3)3
: else
: end
& end
for i=1:16;
L it Y=={P2(i,1) P2 (i,2) PZ(1,3)P2(1,4)),
% q=P2(1,5):
else
end

end

fprintf (£id, 'DB 9§

fprincf (£id, 'ssiasvs\n', v, q,'H' );
end
fprintf(fid,'ss\n', 'end’):
st=fclose (fid) ;
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% 7 uvadsreln AC

CLOCK. ¥ IHY M3 N ( 5 )
u A, DA,
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Simulated Voltage and Current Waveform
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Simulated Voltage and Current Waveform
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Simulated Voltage and Current Waveform
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1.0 | 218.6 | 217.0 | 240.7 | 238.0 | 49.7 | 439 | 069 | 0.73 0.23 | 0.27

GDPWM 02 | 418 | 403 | 97.9 89.2 | 195.5 | 177.0 | 2.00 | 2.02 0.24 | 0.16

0.4 | 86.5 83.4 | 150.1 | 138.0 | 141.8 | 126.0 | 1.50 1.49 0.14 | 0.08

0.6 | 131.0 | 127.0 | 188.1 |. 178.2 | 1029 | 92.0 1.16 .| . 1,08 0.13 |.0.05

0.8 | 175.8 | 170.4 | 219.1 | 2099 | 742 68.2 0.76 0.74 0.09 | 0.04

1.0 | 219.1'| 2138 | 2446 | 2320 | 497 | 442 | 053 | 052 | 0.06 | 0.04
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(hifi * minedia Wuwaninmisda, il * wneds Wusait Idnnnssaeswansiem v,

waz v, fimiseidlu v, THD,, DF,, DF, imizeiifu %)

o

M7 5.4 anwdniuiszninmasiiguamgladudyarameanszua ihiusweg

ﬂ.l - - A
ATFUDLANY 1ad 1MT1l5zana 2%veenansadas #naamszilu R-L

P . A v
inaua / ma mmuw‘lmmwzﬂaaunumum:ummﬁ'ﬂln
/ L iR THD | THD'

1rms irms ms ms i i

SPWM 0.23 111 118" 3 t1 116 | 208 F3.5%

046 | 206 203 |206 |203 |149 |1.12

0.69 275 | 284 |276 | 285 1.43 | 0.99

0.92 3.32 3.54 | 3.32 3.54 1.39 0.89

1.16 417 405 | 417 4.05 1.37 0.8

HIPWM 0.2 1.12 1.14 | 1142 A8\ ) 214 1.50

0.4 209 | 205 |209 |203 1.43 1.1

0.6 2.75 | 28642006 N 2,72 1.38 | 0.96

0.8 333 | 346 |3.33 3.46 1.33 | 0.86

1.0 430 | 424 430 |421 1.21 0.76

SVPWM 0.2 1.41 1.156 1.11 1.14 | 2.10 1.49

0.4 206 | 203 {2086 2.0 1.44 344

0.6 ava a2 4D 73 2.87 1450 \410.95

0.8 3.32%1"348 “£3.33 3.47 1.30 | 0.84

1.0 428 | 421 428 |4.24 1.07 | 0.74

DPWM120 0.2 | 1.16 1.19 1.16 1.20 4.60 | 4.90

0.4 2.13 2.1 2.13 24 278 | 269

0.6 2.79 2.93, 1.2.79 2.93° | 212 1.96

0.8 3.38 | 347 |338 3.47 1.67 141

1.0 433 |434 |[433 4.34 1.25 | 0,98

GDPWM 0.2 1.08 1.15 1.08 1.15 3.14 2.23

0.4 1.97 | 2.06 1.97 g 1.78

0.6 2.75 2.89 2.75 2.89 1.69 1.42

0.8 3.41 3.6 3.41 3.60 1.39 1.08

1.0 413 | 425 |4.13 425 | 090 |0.75

" ar =4 A ° °
(hidi * mnodla Iuraanmsia, i * vineda Munadi lénnmsinesmamsyim s, 1
= " = "
fimideiu A, 7D, fimizerilu % )
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031 5.7-5.12 uaraliiiiua fusedu v, uasdnszua 7, uaaeldiiudgied
lofveumntindefianiunaiiauuy M %THD, %THD, %DF, %DF, Wnansaiu  fe
MALANLY DPWMI120 nzﬁmmﬁmﬁﬂuﬁmmmmnﬁm\ 389091178 MATIAILY GDPWM
Tusiermegqiaiuduidngdn drumaiinsuse mlndifoaiy Tudnmequiuduing

i 4
qe9 MANuRAMeuIARzmAatinszaaasnlndifsaiu

M3 5.5 Anuduiuisyninaasiinganmydadudagamedmns i i ey

MFUBUANT 1A Tml)szanm 2% vesnrmansaiay Inaanse iy L-L

maiia / m, dniinmanglnfumasuuseduianrinn
View AV | Yons | Voo | THD, | THD, ['OF, |DF,’ |DF, |DF,
SPWM 023 | 428 | 406 | 729 69.4 | 137.2 | 1346 | 1.16 138 | D27 | 022
0.46 87.4 | 861 {1376 | 135.7 | 1214 | 1112 | 0.88 | 094 | 0.14 | 0.11
0.69 132.4 | 130.2-| 1806 | 1770 | 927 | 821 | 071 | 075 | 0.12 | 0.08
0.92 177.2 | (172.9 2094 1< 205:3 | »62:8 [V57.6 : 0.62 | 0.65 0.07 0.05
1.15 210.8 | 206.2 | 236.5 | 231.1 | 509 | 48.5 | 0.83 | 0.83 0.13 0.12
HIPWM 0.2 | 431 | 406 | 728 | 69.3 | 1354 | 134.0 | 115 | 133 | 0.27 | 0.19
0.4 875 | 86.3 | 1364 | 134.9 | 119.3 | 113.0 | 087 | 0.93 | 014 | 0.10
0.6 132.9 129.57 1804 { 176.8 | 91.7 | 846 | 0.67 | 0.72 | 0.09 | 0.06
0.8 178.0 | 173.1 | 208.7 | 203.8 | 61.02 | 57.5 | 0.62 | 0.59 | 0.08 0.06
1.0 221.8 | 2155 | 242.6 | 236.5 | 44.1 43.9 | 0.51 0.51 0.06 0.04
SVPWM 02 | 43.1 | 416 | 72.9 | 69.4 | 136.7 | 1340 | 1.00 | 135 | 022 | 0.19
0.4 88.1 | 866 | 1368 | 1354 | 118.9/| 1127 { 0.83 | 0.92 | 0.11 | 0.11
0.6 133.8 | 130.0 ( 184.5 | 177.1 [ 91.6 | 845 | 065 | 07 | 0.08 | 0.08
0.8 177.3.{ 173.6 | 207.6 | 2040 | 60.9.| 57.4 | 054 | 058 | 0.05 | 0.05
1.0 221.8'| 2166 | 242.7 | 237.3 | 443 | 434 | 067 | 051 | 0.04 | 0.03
DPWM120 0.2 | 436 | 4331 | 942 {9364 | 1911 | 1740 | 386 | 4.88 | 169 | 22
0.4 88.9 | 87.2 | 1451 | 1427 | 128.7-| 122.4 | 255 | 2.63 | 1.06 | 1.07
0.6 134.1 | 130.8 | 184.9 | 181.3 | 949 | 908 | 1.77 | 1.71 | 0.71 | 0.66
0.8 171.8 | 174.7 | 208.5 | 213.1 | 68.7 | 658 | 1.29 | 1.32 | 0.53 | 0.55
1.0 2227 | 218.3 | 2445 | 240.2 | 452 | 439 | 0.81 0.84 | 0.31 0.31
GDPWM 0.2 | 425 | 403 | 89.2 | 89.2 | 193.8 | 176.6 | 2.04 | 2.02 | 0.30 | 0.15
0.4 87.7 | 83.4 | 1436 | 126.1 | 1205 | 126.8 | 155 | 15 | 0.16 | 0.08
0.6 132.3 | 127.0 | 184.2 | 178.0 | 96.8 | 922 | 1.13 | 1.09 | 0.16 | 0.05
0.8 177.9 | 170.4 | 217.5 | 209.9 | 70.3 | 68.2 | 0.75 | 0.74 | 0.08 | 0.04
1.0 2230 | 2139 | 2451 | 2358 | 453 | 442 | 052 | 052 | 0.06 | 0.04

Chiii * vanedls Wunasinmsia, i * mneds Husad 180nmssaeemanissinem)




59

M 5.6 AnudIiuE eI nmAstiguamzdaaudagamednszua iMihiusueg

FUBUANT 16 Tni)szun 2%veenuansaiad # Inaanisaily L-L

- . & s - v
naua / m, MazigunmgUaaunmsdunszusoyinn
P 6 e THD. | THD'

irms 1ims ms ms i i

SPWM 0.23 | 0.61 067 1062 1067 |3.143 1.57

0.46 | 1.27 1.26 1.27 1.26 1.45 | 0.96

0.69 | 1.81 1.90 1.82 1.90 1.48 | 076

092 (235 (248 |235 |249 |122 |0.66

1.15 | 3.07 2.96 3.07 2.96 1.31 0.84

HIPWM 02 |062 |0.68 |062 |069 |24 1.32

0.4 1.21 1.23 121 1.23 1.46 0.94

0.6 1.81 1.89 1.81 1.90 144 | 0.72

08 235 (249 |[235 249 148.—170.59

1.0 3.207 | 3N 3,200 11°3.1% 1.04 | 0.52

SVPWM 02 (062 |0.67 |062 |0.67 {291 1.33

0.4 1.26 | 1.24 1.26 1.24 1.42 | 0.94

0.6 1.82 1.91 1.82 1.91 1.62 0.73

0.8+ | 2.36, | 249 | 236|249 1.28°470.57

1.0 8.227 0818 3.23 3.13 | 0.99 0.51

DPWM120 02 | 064 |064 |[064 |064 |4.70 |4.82

0.4 1.28 125 1.28 EPS SR 1) 2.55

0.6 1.84 1.92 1.84 1.925 | 243 1.78

08 4288 |285 2382\ 256+ 1.495 | 1740

1.0 3.24 |314 |324 |3.15 1.09 0.87

GDPWM 0.2 0.58 | 0.68 058 068 |404 |223

0.4 RIR 126 LAY T2 20 1.50

0.6 1.76 1.86 1.76 1.86 1.46 1.1

0.8 236 | 244 | 236 |244 12610, 75

3.0 3.21 3.06 3.22 3.06 1.03 0.53

(hidi * vaneds Wusaniamsia, i * mneda fHusai 1d00mssasenanisviem)
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g1 5.13-5.18 naashiiuramsnaasanazkansSiaesmsaun IndiRseny uaz

IénaTaosmruReafuiing@e Tvaauuy R-L /1 7, 1 1A01nnsnaaesazinnnimiten

Ty Tuaauuy R-L e iifesnnnsznaidudignsaiiianissivinsuanasou

ilnsaiainsiooni

MmN 5.7 Anudmiusszninmdriigunmgaaudygraumednssiu Iihiuswen

YUBURNY 189 52 2% vewnudnisadad Inaanise iy R

wmaia / m, sazlinamngUnRumeiuusiweinn
V,o. AV | V... |V.. |THD, |'"™MDNDF, |[DF, |DF, |DF,
SPWM 023 | 347 | 435{ 503 | 74.1 |137.4 | 1331 | 124 | 091 | 023 | 0.1
0.46 | 79.4 | 873 | 130.7 | 137.4 | 1104 | 1437 | 0.90 | 0.77 | 0.17 | 0.05
0.69 | 1242 | 130.0 | 1722 | 178.0 | 961 | 820 | 0.71 | 086 | 0.07 | 0.04
0.02 | 168.8 | 174.4 | 202.1 | 2065 | 656 | 569 | 063 | 059 | 0.06 | 0.02
115 | 203.2'| 206.2 | 220.0 | 281.9 | 52 | 4856 | 077 | 082 | 0.12 | 0.12
HIPWM 0.2 | 351 | 436 | 69.8 | 73.7 | 1367 | 1338 | 1.27 | 0.86 | 0.25 | 0.05
04 | 793 | 86.7 | 1249 | 1354 | 121.4 [ 119.0 | 0.97 [ 075 | 0.18 | 0.10
0.6 | 1229 | 130.9 [ 170.5 [ 177.9 | 96.1 | 836 | 0.72 | 061 | 0.09 | 0.02
0.8 | 168.5 | 1747 | 198.6 | 2046 | 57.1 | 6.1 | 0.61 | 051 | 0.04 | 0.03
1.0 | 2120 | 218.3 | 233.0 | 230.1 | 444 | 432 | 056 | 0.50 | 0.09 | 0.03
SVPWM 02 | 353 | 438 | 60.4 | 74.1 | 1366 | 1337 | 123 | 088 | 0.22 | 0.09
0.4 | 793 | 87.8 | 1253 | 136.8 | 121.6 | 1126 | 0.87 | 079 | 0.13 | 0.05
0.6 | 1246 | 131.4 | 1720 | 1783 | 951 | 916 | 070 | 075 | 0.10 | 0.04
0.8 |167.8°| 175.2 [ 2001 | 204.7 | 64.7 | 55.9 | 057 | 0.61 | 0.08 | 0.02
1.0 | 2139 | 219.1.| 2336 | 239.2 | 438°| 426 | 060 | 048 | 0.13 | 0.02
DPWM120 02 | 30.2 | 437 | 860 | 042 | 197.4 | 1933 { 337 | 182 | 1.38 | 0.05
0.4 | 834 | 877 |137.6 | 1429 | 131.0{ 121.8 | 1.88 | 1.41 | 0.60 | 0.06
0.6 | 1284|1316 | 179.2 [ 181.7 | 97.3 | 9022 | 1.23 | 1.03 | 0.30 | 0.03
0.8 | 1727 | 1755 | 211.4 | 2136 | 704 | 69.5 | 1.02 | 069 | 0.34 | 0.02
1.0 | 2165 | 219.4 | 238.1 | 240.7 | 45.77 | 452 | 0.68 | 0.49 | 0.21 | 0.02
GDPWM 02 | 308 | 439 | 875 | 94 | 1953 | 171.0 | 197 | 1.82 | 026 | 0.04
04 | 845 | 87.4 | 1301 | 1425 | 130.6 | 128.7 | 1.49 | 1.42 | 0.15 | 0.03
0.6 | 1285|1311 | 179.0 | 181.3 | 968 | 902 | 111 | 1,08 | 013 | 0.02
0.8 | 1742 | 1746 | 2132 | 2128 | 704 | 655 | 0.74 | 069 | 0.08 | 0.02
10 | 2189 | 2182 | 2395 | 2304 | 477 | 452 | 052 | 0.49 | 0.05 | 0.02

1.4 3 - = S o . AN o ° °
(laidl * wanpts luwuaainmsia, § * wanots Wunan ldnnmsiasanamsmau)
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M31ei 5.8 AmdiiuszninmasiigunmgUaaudgerumedmnszua Idihiuaweg

@FUBUANT 1A7 I35 2%venmdnsaiad #inaanssiu R

- . wm A (Y
wmaua / m, mmmqmmwgﬂﬂaumemum:ummﬁvm
o | I 4 THD | THD'

frms irms ms ms i i

SPWM 0.23 | 1.03 1.32 780 | 32 137.0 | 137.8

046 | 1985 1216 |3.13 | 375 |124.0 | 1220

068 | 276 |290 |3.87 |410 |96.7 | 821

0.92 | 3.41 354 |397 |440 |595 |636

1.16 | 4.20 | 4.10 470 | 4.78 51.6 51.5

HIPWM 02 |1.08 1.31 1.80 | 3.12 133.3 | 136.5

0.4 1.96 2144 _+3.09 |3.74 122.1 e F

06 |278 |291 385 1470 |957 {921

08 (344 |354 [306 |441 |51 |608

1.0 4.3 4.41 4.73 490 |438 |454

SVPWM 0.2 1.04 1.33 1.7 3.14 134.6 | 136.2

04 |198 |215 |31 |374 | 1214 | 1194

0.6 2,78 | 293 |3.86 |4.18 |957 915

0.8 344 1360 |(3.96 |440 |575 |524

1.0 | 430 | 440 | 4.70 | 4.91 48.7 | 43.7

DPWM120 1.12 L83 |12.507 43.24 196.2 | 190.9
0.2

0.4 2.04 215 3.40 | 3.73 132.7 | 128.9

0.6 285 (292 |40 420 | 97.9 |[953

0.8 3.5 356 [414 |444 |629 |695

1.0 4.4 4.40 480 | 493 45.3 451

GDPWM 0.2 1.10 126 | 2.39 3.0 192.8 | 189.0

0.4 2.0 2.16 3.3 3.75 130.7 | 128.7

0.6 285 |29 397 | 419 97.2 7955

0.8 3.65 3.55 |[440 |4.40 70.6 69.7

1.0 4.86 4.50 5.40 5.10 46.7 45.2
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DPWM lvimaaniuegiin

d. o W J 1 [ A | A a a
3N 5.9 AMMARUTIZHINAAYTRuN Mg URIudyaamed s su Tdfdur ey

DYUBUANT 1ad InTszanm 4% vesnnwansaiay Inaanise 1Hu R-L

wmaiia / m, mdniguningiladumoduusoduiening
Voo AVire | Voo | Voo | D, [0, f0F, [OF, [oF, [oOF;
SPWM 0.23 3897 | 39.9 | 585 1.69.6 140 }135.3 | 2.00. | 2.02 | 0.53 | 0.46
0.46 76.2 778 | 122.8 | 125.0 | 126.3 [ 117.0 | 1.41 1.51 0.26 0.24
0.69 | 116.6 | 118.0 | 168.8 | 160.0 | 102.3 | 91.0 | 1.02 1.10 0.16 | 0.19
092 | 162.0 | 160.0 | 198.8 | 196.0 | 78.9 64.0 0.84 0.85 0.13 0.12
1.15 | 201.0 | 202.0 | 231.2 | 228.0 | 58.1 49.0 | 067 | 068 | 0.07 | 0.07
HIPWM 02 | 3418 | 414 59.2 | 63.0 | 141.2 | 1340 | 1.89 | 2.56 0.49 0.44
0.4 76.4 | 77.7 | 122.2 | 124:6"| 124.7 | 117.3/] 1.33 1.54 | 024 | 0.24
0.6 118.3 | 118.1 | 168.2 | 167.8 | 100.9 | 93.1 | 0.98 | 1.08 | 0.15 | 0.17
0.8 162.9 | 150.8 | 199.1 | 196.0 | 78.8 | B65.1 076 | 084 | 0.1 0.12
1.0 208.7 | 205.0 | 229.9 | 227.0 | 52.7 455 | 0.59 0.64 0.08 0.08
SVPWM 0.2 342 | 401 69.5 56.6 | 1423 | 139.2 | 2.02 2.59 0.44 0.59
0.4 76.7 | 783 | 1227 | 1253 | 124.7 | 1168 | 1.29 | 147 | 023 | 023
0.6 118.6 | 119.3 | 168.2 | 168.3 | 100.5 | 921 1.04 | 109 [ 020 | 0.19
0.8 163.21 160.3 | 199.2 | 198.3 | 69.8 | 65.15 | 0.76 | 0.50 0.12 Q.12
1.0 | 208.5 | 206.6 | 230.5 | 225.0 | 47.1 453 | 0.60 ' 0.62 —0.06 0.06
DPWM120 0.2 | 39.4 | 413 | 886 | 907 [ 2012 | 1774 | 869 | 10.06 | 42 | 49
0.4 83.3 83.3 |'139.3 | 139.1 | 133.9| 127.4 | 4.18 4.73 1.92 2.2
0.6 126.6 | 125.4 | 179.2 | 177.5 | 100.1 | 93.5 267 | 2.85 1.2 1.3
0.8 169.9 | 167.0 | 210.6 | 208.3 | 73.2 70.2 1.97 2.02 0.89 0.86
1.0 215.3 | 213.1 | 2385 | 235.0 | 47.5 45.2 1.28 1.34 0.57 0.60
GDPWM 0.2 38.4 37.8 93.8 858 | 2226 | 180.0 | 284 | 2.81 0.43 0.39
0.4 82.5 83.4 | 146.0 | 138.2 | 1459 | 127.0 | 1.85 1.79 0.23 0.07
0.6 125.6 | 1225 | 182.6 | 174.7 | 105.5 | 94.5 1.28 1.2 0.16 0.1
0.8 169.3 : 165.6 | 213.6 | 206.4 | 76.8 £ 0.91 0.88 0.10 0.09
1.0 2144 1 208.9 | 238.0 | 232.2 | 481 456 | 0.65 0.63 0.09 0.08

v el - o - -
(Lif * wanpde \Junsenmsde, § * manode Wunanldnnnisiassmamannm)
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I bl 3 J THD | THD

irms 1rms ms ms [ i

SPWM 0.23 | 0.87 $.18° -1 0.88 ° | 148" | 345 29%

046 | 1.75 |1.92 1.76 | 182 | 1.74 ['1.74

069 |276 |273 2765 7| 274 1.47 1.45

0.92 |3.48 |3.37 |348 |338 1.53 1.18

115 | 413 | 400 |4.14 | 4.00 1.27 0.99

HIPWM 0.2 | 0.88 1.13 0.88 1.13 339 | 286

0.4 1.79 1.94 1.80 1.90 1"2:189 1.79

06 |277 1273 |277 |273 | 166 | 145

0.8 |SB47 |33F [347 1338 1.54 1.22

1.0 4428 | 407 {417 | 4.07 1.31 0.95

SVPWM 02 (088 |113 |089 |063 |383 |41

0.4 1.80~ 1.9 1.80 1.83 | 2.20 1.8

0.6 | 2767 (152V2 £g| Cd 0y [ 2503 \| A. 78/ 421

08 |348 {330 [349 [330 |147 |1.21

1.0 427 |(4.10 | 421 4.10 130 | 0.91

DPWM120 0.2 1.02 1.17 1.03 1.17 | 8.86 10.84

0.4 1.91 2.05 1.92 | 2.05 | 460 53

0.6 2288 _H2.85C 89/ [/1 2.85 3407 |98

0.8 3.61 3.50 3.61 3.5 280 2.8

1.0 430 |[423 |430 |423 1.70 1.7

GDPWM 0.2 1.0 1.07 1.05 405330 4" 34

0.4 1.96 | 2.06 196 \[2:08={ 2.36 1.78

0.6 2.7T4 " 2.79 . |;2.74 | 2.79 1.69 1.66

0.8 3.45 3.49 3.46 | 3.49 1.60 1.30

1.0 4.31 4.15 4.31 415 | 0.95 0.91
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1IngIi 5.25-5.30 nama Iiiituwanisnaaesuaznamsinesmsiaun Indimoeiu
uaz ldnaTaoswasy IdsuReriuinisde Tnaauuy R-L fiad Inil 2 % Tasmasiinauia

J’ ' P 4’ | ] o o & de
NIUANN 4 % Hazgand1 12 % Tasmmwz luduegasudu@ngin

M 5.0 AdRuT sz eAdriligun mgaaudyanamed s siu Tiihduswe

AIATUBWANT 19 Inil)szunm 4% vesnmdmsadad Tnaamsy fu 1L

- e o a v a
aua / ma mﬁﬁ“flmﬂT“Iﬂﬂaumw’muusv’ﬂ“lmﬁvgﬂ

% A R v THD, | THD, | DF, |DF, |DF, |DF,

frms 1ms ms ms v v

SPWM 0.23 37.6 | 39.9 | 64.9 .|-68.5-(.139.8 | 135.4 | 2.02 | 2.42 0.58 | 0.47

0.46 82.8 | 859 131.6 | 1354 | 123.5%110:6 | 1.27 1.42 0.28 | 0.22

0.69 | 1282 | 128.7 | 177.7 | 176.5 | 958 | 83.0 | 0.96 1.04 0.18 0.15

0.92 173.8 | 171.7 | 206.7 | 205.0 | 64.6 58.7 | 0.73 0.83 0.10 0.1

1.16 /| 211.7 | 206.2 | 237.6 | 232.1 | 509 | 48.7 | 0.86 0.86 0.15 0.13

HIPWM 02 | 376 | 39.9 | 649 | 701 | 139.8 | 134.0 | 214 | 239 | 058 | 0.21

0.4 82.8 | 18591 131,0 | 1352\ | 123:5:| 111.4 | 1.47 1.40 | 0.28 | 0.14

0.6 128.2 | 128.6 | 177.2 | 1755 | 959 | 847 | 0.87 | 0.99 | 0.18 | 0.11

0.8 1738 | 171.9 | 206.9 | 204.0 | 646 | 593 | 069 | 0.79 | 0.10 | 0.10

1.0 é11.7 2111 | 2376 | 233.1 | 50.9 | 459 | 055 | 0.55 | 0.15 | 0.05

SVPWM 0.2 36.5 | 401 63.1 70.2 | 1404 | 1350 | 1.88 | 2.37 0.58 0.07

0.4 83.6 | 86.4 | 131.7 | 135.8 | 126.5 | 110.0 | 1.24 1.41 023 | 0.22

0.6 129.6+41129.2 | 1442\ 175.8 | 934 S46\ 1989 | 403 §170.12 | 0.15

0.8 174.6 { 172.4 | 207.2 | 2044 | 639 | 59.4 | 0.69 | 0.50 0.11 0.1

1.0 217.4 | 212.2 | 239.6 | 234.0 | 46.1 450 | 0.58 | 0.58 | 0.07 | 0.06

DPWM120 0.2 408 | 441 80.0 | 94.8 | 196.1 | 174.5 | 8.27 | 10.49 4.0 5.0

0.4 86.5 | B7.4 | 1429 | 1434 | 130.4 | 1226 | 4.8 5.2 2.26 2.43

0.6 1316 [ 130.5 | 183.1 | 181.1 | 96.7 | 91.3 | 324 | 3.31 1.5 1.50

0.8 177.7 | 1741 é16.5 2126 | 69.0 | 660 | 2.59 2.63 12 1.23

1.0 2222 | 216.6 | 245.2 | 240.5 | 46.5 449 1.56 1.49 0.72 0.68

GDPWM 0.2 37.7 3r.8 | 85.7 85.8 | 203.4 | 180.0 | 2.69 2.81 0.45 0.39

0.4 82.6 79.3 | 137.2 | 1329 | 1335 | 131.4 1.83 1.79 0.26 | 0.19

0.6 126.9 | 1225 | 179.4 | 1746 | 99.8 | 100.7 | 1.28 1.27 0.18 0.12

0.8 172.4 | 165:6 | 213.2 | 206.4 | 72.7 711 0.90 0.88 0.11 0.08

1.0 217.9 | 208.9 | 241.3 | 2321 | 47.4 45.6 0.64 0.63 0.09 0.08

0 ) = .
(Lidi = wanods (Wuwaanmsye, § * wanods tﬂunamﬂmnmsmamnamsmnu)
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-~ A A -~
AU / m, mmﬁqmmwzﬂﬂaumamumzummﬁ'vgn
! o g THD. | THD'

1rms 1rms ms ms ! i

SPWM 023 (055 |066 |055 |0.66 |346 |295

046 |1.12 |[1.23 1.42 128 | 235 1.45

0.69 | 1.88 1.89 1.88 | 1.89 1.66 1.05

092 | 252 (246 |252 |246 1.13 | 0.86

116 [ 3.07 | 2.96 3.07 | 2.96 1.26 0.88

HIPWM 02 (055 |0.67 |056 |0.67 |2.69 |287

0.4 1.12 1.23 1.12 1.23 2.28 1.44

0.6 1.87 | 1.89 1.87 1.89 1.58 [1.03

0.8 | 263 |247 - |253 |247 1.09 | 0.80

1.0 3.13 | 304 3:13 3.04 1.07 0.57

SVPWM 0.2 (050 |067 |0.51 0.68 | 3.7 2.75

0.4 1.13 | 1.24 1.13 1.24 | 2.48 1.50

0.6 1.87 | 1.89 1.87 | 1.89 1.75 1.04

0.8 (254 |247 |254 |247 110 | 0.79

1.0 345 (|| 3106 315 | 3.06 1.01 0.59

DPWM120 057 (0865 |057 |[066 |969 10.30
0.2

0.4 1.17 1.25 1.7 1.26 5.50 5.08

0.6 ¥.82 1.92 192 192 | 3.56. ,|'3.45

0.8 258 | 2.51 2.58 | 251 250 | 2.64

1.0 3,23 123113 323 813 1.73 1.50

GDPWM 0.2 0.66 | 0.63 056 |063 |445 [3.10

0.4 1-15 1.15 145 1.15 2.14 1.82

0.6 1.76 | 1.80 1.76 | 1.80 1.51 1.80

0.8 230, | 237 123871 237 1.31 0.91

1.0 3156 | 299 [3.15 |299 1.02 0.64
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SPWM 023 | 336 | 435 | 508 | 74.1 | 1405 | 1331 [ 1.33 | 0.91 | 0.36 | 0.11
0.46 | 68.0 | 87.3 | 110.9 | 137.4 | 1286 | 110.4{ 1.11 [ 077 | 0.18 | 0.05
0.69 | 112.1 | 131.0 | 161.5 | 178.0 | 103.6 | 820 | 1.00 | 0.66 | 0.18 | 0.03
0.92 | 157.4 [ 174.4 | 1931 | 206,56 | 1710 | 570 | 0.78 | 059 | 0.13 | 0.02
1.15 | 199.8 | 206.2 | 226.3 | 231.2 | 53.0 | 485 | 077 | 0.82 | 0.13 | 0.12
HIPWM 0.2 | 333 | 436 | 50.3 | 741 |139.4| 1338 | 1.24 | 0.86 | 0.30 | 0.07
0.4 | 680 | 873 | 1094 | 1363 | 1257 | 1126 | 122 | 0.75 | 0.19 | 0.06
06 | 1125 | 130.9 | 160.8 | 177.9 { 1021 | 835 | 091 | 061 | 0.12 | 0.02
08 | 157.4 | 1747 | 192.9 | 2045 | 70.8 | 561 | 071 | 0.51 | 0.10 | 0.03
1.0 | 203.0 | 218.3 | 2237 | 239.1 | 461 | 432 | 0.64 | 049 | 0.00 | 0.03
SVPWM 02 | 33.7 | 4385 | 506 | 741 | 1381 | 1340 | 122 | 0.88 | 0.20 | 0.00
0.4 | 685 | 87.8 | 109.8 | 136.7 | 1258 { 1125 | 1.11 | 0.75 | 0.16 | 0.05
0.6 | 1133 | 1315 | 161.7 | 1783 101.7 | 8 | 0.88 | 062 | 0.15 | 0.04
0.8 | 157.8 | 175.2 | 1932 { 204.7 | 70.4 | 559 | 069 | 082 | 0.12 | 0.02
1.0 | 205.1 | 219.1 | 2254 | 239.2 | 454 | 437 | 0.66 | 0.48 | 0.09 | 0.02
DPWM120 0.2 333 | 437 | 77.2 | 94.2, | 200.0 | 173.4'| 547 | 1.82 | 2.05 | 0.05
04 | 77.9 | 87.6°| 131.3.{ 142.9 | 1356 | 121.8 | 3.00 | 1.41 | 1.24 | 0.06
06 | 1226 | 131.6 | 173.8 | 181.8 | 1005 | 90.2 | 2.16 | 1.03 | 0.89 | 0.03
0.8 | 166.5 | 1755 | 205.8 | 213.6 | 726 | 653 | 1.47 | 069 | 060 | 0.02
1.0 | 2133 | 219.4 | 2353 | 2406 | 46.4 | 433 | 1.14 | 0.49 | 0.48 | 002
GDPWM 02 | 335 | 439 | 775 | 940 | 2073 | 172.0 | 222 | 1.82 | 0.32 | 0.04
0.4 | 787 | 87.4 | 132.3 | 142.5 | 134.9 | 128.7 | 1.42 | 1.42 | 0.15 | 003
0.6 | 122.8 | 131.0 | 174.0 | 181.3 | 100.4 | 90.3 | 1.19 | 1.03 | 0.14 | 0.02
0.8 | 1683 | 174.6 | 207.7 | 212.8 | 72.3 | 69.7 | 082 | 0.69 | 0.09 | 0.02
1.0 | 218.9 | 2182 | 241.9 | 239.4 | 435 | 435 | 129 | 049 | 0.04 | 0.01
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HIPWM 0.2 | 0.81 1.34 1.34 1.74 133.1 | 137.0

0.4 1.78 | P16 2.85 3.74 124.9 | 120.5

06 | 28241 292 3.73 | 417 101.7 | 92.1

0.8 3.38 3.54 4.14 4.41 71.8 60.8

1.0 4.17 | 4.40 4.6 4.90 54.0 44.7
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v v THD. | THD. | DF, | DF.

1ms 1ms ms s v v 1 1 DF. DF.’.’

2

SPWM 0.23 | 40.96 394 6996 | 683 |[343 |373 |052 |0.80 |O0.11 0.26

0.69 | 127.3 1278 | 1768 | 1743 | 183 | 152 | D38 | 0.35 0.12 0.12

0.92 | 1725 163.9 | 206.8 | 195.0 | 1.41 147 1029 | 025 0.10 0.08

HIPWM 02 | 414 39.1 Tl BetobiFamp 3 D04 14 | 0.77 |[086 [028 |0:26

0.6 127.8 #27.5 | 176.8 | 173.9 | 1.81 1.26 0.33 0.30 0.12 0.12

0.8 1741 164.4 | 206.9 | 193.0 | 1.51 1.24 1028 | 0.25 0.09 | 0.09

SVPWM 02 414 39.1 704 | 67.7 | 282 1487 |0.70 .51 0.21 0.67

0.6 125 ¢ 1263 | 176.7 | 172.3 | 216 [ 145 |[043 | 0.34 0.13 0.14

0.8 172.0 163.3 | 205.1 | 191.9 | 1.41 0.78s4|-0,20 | 0.20 0.10 0.09

DPWM120 0.2 42.7 411 931 B7.6 \ | 7.25/ _R5.96°7] 3.29 1.92 1.62 | 0.51

0.6 131.1 126.8 | 183.1 | 176.1 | 2.41 1.41 1.07. | 0:47 0.53 0.27

0.8 172.2 162.8 | 206.5 | 199.9 | 2.24 | 1.17 | 0.91 044 | 043 | 021

GDPWM 0.2 41.84 4298 | 92.07 | 92,73 | 445 [264 {088 |0.58 |024 |0.24

0.6 131.0 125.2 | 183.6 | 174.9 | 1.91 139 | 046 | 0.20 |0.19 | 0.20

0.8 175.8 167.9 | 2.15 205.7 | 1.30 1.08 0.27 022 |0.09 0.09
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v.1 TlsunsuanSinnedayau
%data file from .mdl file

load input.mat;

load input3.mat;

load inputtemp.mat;

load input_a.mat;

load input_b.mat;

load input c.mat;

% %

Vtemp=tin';

Vin=temp';

for g=1:16384
a=Vtemp(q+16384,1);
Vin(qg,1)=a;
a=Vtemp(q+16384,2);
Vin(g,2)=a;

end

%Voltage FFT Analysis and Print out Votage spectrum

% GATE A
VG_AN=VAN;
for g=1:16384
if VAN(q,2)>1;
VG_AN(g,2)=1;
else
VG _AN(q,2)=0;
end
end
%Gate A including deadtime effect
Vtemp=Ven';

VCN=temp";

for q=1:16384
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a=Vtemp(q+16384,1);
VCN(q,1)=a;
a=Vtemp(q+16384,2);
VCN(q,2)=a;

end

% GATE C
VG_CN=VCN;
for g=1:16384
if VCN(q,2)>1;
VG_CN(q,2)=1;
else
VG_CN(g,2)=0;
end
end
%translate Trig Gate B
Vtemp=Vbn';
VBN=temp';
for g=1:16384
a=Vtemp(q+16384,1);
VBN(q,1)=a;
a=Vtemp(q+16384,2);
VBN(q,2)=a;
end
% GATE B
VG_BN=VBN;
for qg=1:16384
if VBN(q,2)>1;
VG BN(q,2)=1;
else
VG_BN(q,2)=0;

end
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end
% GATE INVERSE A
VGI_AN =VG_AN;
for q=1:16384
if VG_AN(q,2)==1;
VGI_AN(q,2)=0;
else
VGI_AN(q,2)=1;
end
end
% GATE INVERSE B
VGI_ BN =VG BN;
for g=1:16384
if VG_BN(qg,2)==1;
VGI_BN(q,2)=0;
else
VGI_BN(q,2)=1;
end
end
% GATE INVERSE C
VGI_CN =VG_CN;
for g=1:16384
if VG_CN(q,2)==1;
VGI_CN(q,2)=0;
else
VGI_CN(q,2)=1;
end
end
Templ = VG_AN;
VG AN = VGI _AN;
VGI AN = Templ;
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Templ = VG_BN;

VG BN = VGI_BN;

VGI_BN = Templ;

Templ = VG _CN;

VG _CN = VGI_CN;

VGI_CN = Templ;

% ideal Phase voltage

wavel = VDC*(VG_AN-0.5);

wave2 = VDC*(VG_BN-0.5);

wave3 = VDC*(VG_CN-0.5);

% ideal Line to Line voltage

waved4 = wavel-wave2;

wave5 = wave2-wave3;

waveb = wave3-wavel;

Za = input('Please Enter Impedance of Phase a' );

pfa= input('Please Enter Powerfactor of Impedance of Phase a');
%Zb = input('Please Enter Impedance of Phase b' );

%pfb= input('Please Enter Powerfactor of Impedance of Phase b');
%Zc = input('Please Enter Impedance of Phase ¢' );

%pfc= input('Please Enter Powerfactor of Impedance of Phase c');
connect = input('Please Enter Connecting 1:star 2: delta’);
Zb=Za;

Zc=Za;

pfb = pfa;

pfc = pfa;

if connect==1, Re=(Za*Zb*cos(acos(pfa)+acos(pfb)))+(Zb*Zc*cos(acos(pfb)+acos(pfc)))+

(Zc*Za*cos(acos(pfc)+acos(pfa)));

Im=(Za*Zb*sin(acos(pfa)+acos(pfb)))+H(Zb*Zc*sin(acos(pfb)+acos(pfc)))+(Zc*Za*sin(acos

(pfc)+acos(pfa)));
[oY,ZY]=CART2POL(Re,Im);
Za=ZY/Za;

pfa= cos(oY-acos(pfa));
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Zb = ZY/Zb;
pfb= cos(oY-acos(pfb));
Ze=ZLYZc;
pfc= cos(oY-acos(pfc));
else end
%I phase AB
V=waved(:,2);
pf=pfa;
Z=Za;
angle=acos(pf);
R=sqrt(1/(1+(tan(angle)"2)));
L=(sqrt(1-R*2))/(2*pi*50);
step=0.000001220703125;
Y%step=0.02/m
1f=0.02;
t=0:step:tf;
XL=2*pi*50*L;
Zt=Z*(sqrt(R"2+X1L."2));
anglel=atan(XL/R);
[=1*(sin(-angle1))/(Zt*sqrt(2));
V=V/Z;
IAB=V;
for i=1:10
TS=0;
for g=1:(tf/step)+1
IAB(q)=(V(q)+L*I/step)/(R+L/step);
TS=TS+step;
T(q)=TS;
1=1AB(q);
end

end
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%I phase BC

V=wave5(:,2);

pf=pfb;

Z=2Zb;

angle=acos(pf);
R=sqrt(1/(1+(tan(angle)"2)));
L=(sqrt(1-R"2))/(2*pi*50);
step=0.000001220703125;
%step=0.02/m

tf=0.02;

t=0:step:tf;

XL=2*pi*5S0*L;
Zt=Z*(sqrt(R"2+X1L"2));
angle | =atan(XL/R);
[=1*(sin(-angle 1) /(Zt*sqrt(2));
V=V/Z;

IBC=V,;

for i=1:10

for q=1:(tf/step)+1
IBC(q)=(V(g)+L*I/step)/(R+L/step);
TS=TS+step;
T(q)=TS;
I =IBC(q);
end

end

%I phase CA
V=wave6(:,2);
pf=pfc;

Z=Z¢;

angle=acos(pf);
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R=sqrt(1/(1+(tan(angle)"2)));
L=(sqrt(1-R"2))/(2*pi*50);
step=0.000001220703125;
%step=0.02/m
tf=0.02;
t=0:step:tf;
XL=2*pi*50*L;
Zt=Z*(sqrt(R"2+X1"2));
anglel=atan(XL/R);
I=1*(sin(-angle1))/(Zt*sqrt(2));
V=VIZ;
ICA=V;
fori=1:10
TSFO0;
for g=1:(tf/step)+1
ICA(g)=(V(q)+L*I/step)/(R+L/step);
TS=TS+step;
T(q)=TS;
I =ICA(q);
end

end

%~ - Y%
IB = IBC-IAB;
IA = IAB-ICA;
IC = ICA-IBC;

%o %

d = input('Please Enter the n*1.22us deadtime (4/9))
%Actual Gate A
VGDE AN =VG AN;
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fori=1:16383
Z=[VG_AN(i,2) VG_AN(i+1,2) ];
ifZ==[01],
if IA(i) > 0,
forj=1:d
VGDE_AN(i+j,2)=0;
end
else end
else end

end

fori=1:16383
Z=[VGI_AN(i,2) VGI_AN(i+1,2) I;
ifZ==[01],
if IA(i) <0,
forj=1:d
VGDE_AN(i+j,2)=1;
end
else end
else end

end

errorA = VG AN(:,2)-VGDE AN(:,2);
%y = [VGDE_AN(:,2)+5 VG_AN(:,2)+3 errorA wave4/310-3 (1A/5)-6];
Y%figure(55);
%plot(VG_AN(:,1), y);
%axis([0.02 0.04 -10 7]);
%grid on;
%Actual Gate B
VGDE BN =VG BN;
fori=1:16383
Z=[VG BN(i,2) VG BN(i+12) ];
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ifZ==[01],
if IB(i) > 0,
forj=1:d
VGDE_BN(i+j,2)=0;
end
else end
else end
end

fori=1:16383

Z=[VGI_BN(i,2) VGI_BN(i+1,2) ];

ifZ=[01],
if IB(i) < 0,
forj=1:d
VGDE_BN(itj,2)=1;
end
else end
else end

end

errorB = VG_BN(:,2)-VGDE_BN(:,2);
%y = [VGDE BN(:,2)+5 VG BN(:,2)+3 errorB wave5/310-3 (IB/5)-6];

%figure(66);
%plot(VG_AN(,1), y);
Y%axis([0.02 0.04 -10 7]);
%grid on;

%yl = [wave5/310 (IB/5)+3];
%figure(67);
%plot(VG_AN(:,1), y1);
%axis([0.02 0.04 -2 5]);
%grid on;

%Actual Gate C
VGDE_CN =VG_CN;
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fori=1:16383
Z=[VG_CN(i,2) VG_CN(i+1,2) J;
ifZ==[01],
if IC(i) > 0,
forj=1:d
VGDE_CN(i+j,2)=0;
end
else end
else end
end
fori=1:16383
Z=[VGI_CN(i,2) VGI_CN(i+1,2) ];
if Z =={{Q/1 ],
if IC(i) <0,
forj=1:d
VGDE_CNC(i+j;2)=1;
end
else end
else end
end
errorC = VG_CN(:,2)-VGDE_CN(:,2);
Pvtemp = wave6(:,2);
Pitemp = IB;
for i=1:11289
Pvtemp(i)=wave6(i+5095,2);
Pitemp(i)=IB(i+5095);
end
for i=11290:16384
Pvtemp(i)=wave6(i-11289,2);
Pitemp(i)=IB(i-11289);

end
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yl = [-1*Pvtemp/310+3 (Pitemp/5)];

figure(1);

plot(VG_AN(;,1), y1);

axis([0.02 0.04 -2 5]);

grid on;

xlabel('Simulation Voltage and Current VAC and IB ');
ylabel(' Amplitude (A) and Voltage (V): (310V/div) and (5 A/div)');
title('Simulated Voltage and Current Waveform');
%Actual Voltage

Actual AB=VDC*(VGDE_AN(:,2)-VGDE BN(:,2));
errorAB = wave4(:,2)-Actual AB;

Actual CA= VDC*(VGDE_CN(;,2)-VGDE_AN(:,2));
errorCA = wave6(:,2)-Actual CA;

Y%spectra of error

VIftA = abs(fft(errorAB)).*((sqrt(2))/(length(errorAB)));
%vfftB = abs(fft(errorB)). *((sqrt(2))/(length(errorB)));
viftC = abs(fft(errorCA)).*((sqrt(2))/(length(errorCA)));
figure(2);

stem(vfftA(2:100));

axis([0 100 0 10]);

xlabel('"Harmonics order’);

ylabel(' Amplitude (V)');

title("Spectram of Error voltage from deadtime effect’);
%Voltage FFT Analysis and Print out Votage spectrum
V=Actual AB;
vift=abs(fft(V)).*((sqrt(2))/(length(V)));

figure(4);

stem(vfft(2:300));

Vit=vfft(3:200);

xlabel('Harmonics order');
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ylabel(' Amplitude (V));
title('Spectram of Actual output voltage waveform');
axis([ 0 300 0 250]);

% %

%Find the Actual Current

%I phase AB

V=Actual AB;

pf=pfa;

Z=Za;

angle=acos(pf);
R=sqrt(1/(1+(tan(angle)"2)));
L=(sqrt(1-R"2))/(2*pi*50);
step=0.000001220703125;

%step=0.02/m
tf=0.02;
t=0:step:tf;
XL=2*pi*50*L;
Zt=Z*(sqrt(R"2+XL"2));
anglel=atan(XL/R);
I=1*(sin(-anglel))/(Zt*sqrt(2));
V=V/Z;
IAB=V;
for i=1:10
TS=0;
for g=1:(tf/step)+1
IAB(q)=(V(q)+L*V/step)/(R+L/step);
TS=TS+step;
T(q)=TS;
1=1AB(q);
end

end



% I Actual CA
V=Actual CA;
pf=pfa;
Z=Za,
angle=acos(pf);
R=sqrt(1/(1+(tan(angle)*2)));
L=(sqrt(1-R"2))/(2*pi*50);
step=0.000001220703125;
Y%step=0.02/m
t=0.02;
t=0:step:tf;
XL=2*pi*50*L;
Zt=Z*(sqrt(R*2+XL"2));
anglel=atan(XL/R);
I=1*(sin(-angle1))/(Zt*sqrt(2));
V=V/Z;
ICA=V;
fori=1:10
TS=0;
for g=1:(tf/step)+1
ICA(q)=(V(qHL*I/step)/(R+L/step);
TS=TS+step;
T(q)=TS;
[=1CA(q);
end
end

IA =IAB-ICA;

% %
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%Find THDv
THDv=100*(sqrt(sum((Vt)."2)))/v{ft(2,1)
Virms=vfft(2)

Vtl=vfft(1:300);
Vrms=(sqrt(sum((Vt1).#2)))

% %

%THDi
ifft=abs(fft(1A)).*((sqrt(2))/(length(1A)));
figure(5),
stem(ifft(2:300));
xlabel('Harmomonic order');
ylabel(' Amplitude (A));
title('Spectrum of current ');
It=ifft(3:300);
axis([ 030005 1)
%Find THDi
THDi=100*(sqrt(sum((1t).2)))/ifft(2,1)
[1rms=ifft(2)
It1=ifft(1:1000);
Irms=(sqrt(sum((It1).72)))
%Find DF1 (AC DF for Second order Filter)
DF1=0;
for q=3:300

b= (vfft(q)((q-1)"2))"2;

DF1 = DF1+b;
end
DF1 = sqrt(DF1);
DF1 = (100*DF1)/vfft(2)

% %

%Find DF2 (AC DF for First order Filter)
DF2=0;
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for g=3:300
b= (vfft(q)/(q-1))"2;
DF2 = DF2+b;

end

DF2 = sqrt(DF2);

DF2 = (100*DF2)/vfft(2)

.2 Tsunsuamnlasdyarauazadraund Ingd
%data file from .mdl file

load input.mat;

load input3.mat;

load inputtemp.mat;

load input_a.mat;

load input_b.mat;

load input_c.mat;

% %

% Prepare matrix data to available for analysis
Viemp=tin";
Vin=temp';
for g=1:16384
a=Vtemp(g+16384,1);
Vin(g,1)=a;
a=Vtemp(g+16384,2);
Vin(g,2)=a;

end

% %
%Print out Output Votage
figure(2);

plot(Vin(:,1),Vin(:,2));
xlabel('Time (s)');

ylabel('Volt (V)');

title('Output voltage waveform');

axis([0.02 0.04 -50 50));
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%Voltage FFT Analysis and Print out Votage spectrum

V=Vin(:,2);
vift=abs(fft(V)).*((sqrt(2))/(length(V)));
Vi=vfft(3:200);

%Find THDv
THDv=100*(sgrt(sum((Vt).~2)))vfft(2,1)
Virms=vfft(2)

Vt1=vfft(1:1000);
Vrms=(sgrt(sum((Vt1).”2)))

% %

%Find Current and print out
pf=0.5,

Z=10;

angle=acos(pf);
R=sqrt(1/(1+(tan(angle) " 2)));
L=(sqgrt(1-R"2))/(2*pi*50);
step=0.000001220703125;
%step=0.02/m

tf=0.02;

t=0:step:tf;

XL=2"pi*50*L;
Zt=Z*(sqrt(R*2+XL"2));
angle1=atan(XL/R);
I=1*(sin(-angle1))(Zt*sqrt(2));
V=V/Z,

IINC=V;

for 1=1:20

TS=0;

for g=1:(tf/step)+1
[INC(g)=(V(q)+L*I/step)/(R+L/step);

TS=TS+step;

T(Q)=TS;

I = IINC(q):



end

end

%figure(4);
%plot(Vin(:,1),/INC)
%xlabel('Time (s)');
%ylabel('Current (V)');
%title('Current waveform');

% %

%THDiI
ifft=abs(fft(IINC)).*((sqrt(2))/(length(IINC)));
%figure(5);

%stem(ifft(2:100));

%xlabel("Harmomonic order);
%ylabel('Amplitude (A));

%title('Spectrum of current ');

It=ifft(3:200);

%Find THDi

THDIi=100*(sgrt(sum((It). *2)))ifft(2,1)

11rms=ifft(2)/sqrt(2)

It1=ifft(1:1000);

Irms=(sgrt(sum((It1).”2)))

%translate Trig G

Vtemp=Van';

VAN=temp',

for g=1:16384
a=Vtemp(g+16384,1);
VAN(qg,1)=a;
a=Vtemp(q+16384,2);
VAN(q,2)=a;

end

% GATE A

VG_AN=VAN,;
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for g=1:16384
if VAN(g,2)>1;
VG_AN(g,2)=1;
else
VG_AN(q,2)=0;
end
end
%Gate A including deadtime effect
VGD_AN=VG_AN;
for q=2:16384
X=[VG_ANI(qg,2) VG_AN(g-1.2)];
if X == [1 0], VGD_AN(q,2)=0;VGD_AN(q+1,2)=0;VGD_AN(g+2,2)=0;
else end
end
%translate Trig G C
Vtemp=Ven',
VCN=temp',
for g=1:16384
a=Vtemp(g+16384,1}.
VCN(g.1)=a,
a=Vtemp(g+16384,2);
VCN(g,2)=a:
end
% GATE C
VG_CN=VCN;
for g=1:16384
if VCN(q,2)>1;
VG_CN(g,2)=1,
else
VG_CN(q,2)=0;
end
end
%Gate C including deadtime effect
VGD_CN=VG_CN;
for q=2:16384
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X=[VG_CN(qg,2) VG_CN(g-1,2)];
if X ==[1 0], VGD_CN(q.2)=0;VGD_CN(g+1,2)=0,VGD_CN(g+2,2)=0;
else end

end

%translate Trig Gate B

Vtemp=Vbn';

VBN=temp';

for g=1:16384
a=Vtemp(q+16384,1);
VBN(q,1)=a;
a=Vtemp(g+16384,2);
VBN(g.2)=a;

end

% GATE B

VG_BN=VBN;

for g=1:16384
if VBN(q,2)>1;

VGLBN(q.2)=1;
else
VG_BN(qg,2)=0;

end

end

%Gate B including deadtime effect

VGD_BN=VG_BN;

for g=2:16384
X=[VG_BN(qg,2) VG_BN(g-1,2)];
if X == [1 0], VGD_BN(q,2)=0:¥GD_BN(g+1,2)=0,VGD BN(g+2,2)=0;
else end

end

% GATE INVERSE A
VGI_AN = VG_AN;
for g=1:16384
if VG_AN(qg,2)==1,
VGI_AN(q,2)=0;



else
VGI_AN(q,2)=1;

end
end
%lnverse Gate A including deadtime effect
VGID_AN=VGI_AN;
for q=2:16384

X=[VGI_AN(g,2) VGI_AN(g-1,2)];

if X == [1 0], VGID_AN(qg,2)=0;VGID_AN(g+1,2)=0;,VGID_AN(g+2,2)=0;

else end
end
%check error
Aerror =0
for i=1:16384
AG=VGD_AN(i,2);
AGI=VGID_AN(i,2);
C=AG&AGI;
if C==1, Aerror =-1
else end
end
% GATE INVERSE B
VGI_BN = VG_BN;
for g=1:16384
if VG_BN(q,2)==1;
VGI_BN(q,2)=0;
else
VGI_BN(g,2)=1;
end

end

%Inverse Gate B including deadtime effect
VGID_BN=VGI_BN;
for g=2:16384

X=[VGI_BN(g,2) VGI_BN(g-1,2)];

if X ==[1 0], VGID_BN(q,2)=0;VGID_BN(g+1,2)=0;VGID_BN(g+2,2)=0;

136



137

else end
end
%check error
Berror =0
for i=1:16384
BG=VGD_BN(i,2);
BGI=VGID_BN(i,2);
C=BG&BGI;
if C==1, Berror =-1
else end
end
% GATE INVERSE C
VGI_CN = VG_CN,;
for g=1:16384
if VG_CN(q,2)==1,
VGI_CN(qg,2)=0;
else
VGI_CN(qg,2)=1;
end
end
%Inverse Gate C including deadtime effect
VGID_CN=VGI_CN;
for q=2:16384
X=[VGI_CN(q,2) VGI_CN(g-1,2)];
if X == [1 0], VGID_CNI(q,2)=0;VGID_CN(g+1,2)=0;VGID_CN(q+2,2)=0;
else end
end
Y%safety
for i=1:3
VGD_AN(i,2)=0;VGD_BN(i,2)=0;VGD_CN(i,2)=0;
VGID_AN(i,2)=0;VGID_BN(i,2)=0;VGID_CN(i,2)=0;
end
%check error
Cerror =0

fori=1:16384
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CG=VGD_CN(i,2);
CGI=VGID_CN(i,2);
C=CG&CGI;
if C==1, Cerror =-1
else end
end
% write to file
fid = fopen('d:\office.dat\results\thesis\1ks06.asm','wt');
P1=00'0:01"1"; 10211 '37;
P2=[0000'0;0001'1;0010'2'; 0 0d=t=ldBui=0.0'4": 010 1'5% 01106501117,
1000'8;1001'9; 100" T011'B51100'C, TRAIELTT1T0'E:T11 1R
fprintf(fid,'%s\n','ORG 0000H);
for j=1:16384,
X=[VGD_CN(j;2) VGID_CN(j,2) ];
Y=[VGD_BN(j,2) VGID_BN(j,2) VGD_AN(],2) VGID_AN(,2)];
for i=1:4,
if X==[P1(i,1) P1(i,2)],
v=P1(i,3);
else
end
end
for i=1:16;
if Y==[P2(i,1) P2(i.2) P2(i,3) P2(i.4)],
q=P2(i,5);
else
end
end
fprintf(fid,'DB ');
fprintf(fid,'%s%s%s\n',v,q,'H");
end
fprintf(fid,'%s\n','end’),

st=fclose(fid);
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INTERACTIVE POWER ELECTRONICS EDUCATION

S. Kaitwanidvilai J. Kaewchai and W. Khan-ngern
Faculty of Engineering. King Mongkut’s Institute of Technology Chaokhunthaham. Ladkrabang. (KMITL)
Thailand

Abstract

The presentation of inverter performance in visual.
Matlab with Simulink program is used. The presentation
shows the circuit. waveform. math equations of
waveform. and inverter performance of switching
paticrns. The important point for this  simulation
program for education is that the students can
interactively modify a load. modulation index. DC link
voltage. voltage switching method (umipolar or bipolar
switching) and also effect of decad time by themsclves.
Then waveform and all output properties arc achicved by
modifying input parameters. This advantage makes a
good understanding and an cffectuvely lcarming  for
students in the ficld of power clectronics. Fmally., The
algorithms of program simulation as an intcractive (ool
are arranged 1n good way for understanding.

Keywords
Interactive power electronics. Inverter education. PWM.
THD.

1 INTRODUCTION

In power clectronics. various swilching paticrns are
widely employed to control the output of static power
converter. Development of these switching techniques is
rapidly growing, for example. from phase control to
pulse width modulation(PWM). In PWM techniques.
there are various types of switching pattems which have
different characteristic output  voltage, harmonic
contents. voltage and current waveforms etc. Various
techniques of PWM switching patierns are for instance.
sinusoidal PWM(SPWM). Harmonics Injection PWM
(HIPWM). Space Vector PWM (SVPWM) and
Discontinuous PWM (DPWM) or dead band switching
have been developed. In this paper. the simulation of
waveform qualitics, voltage and current spectrum are
presented and armanged in program

Nowaday the development of each switching technique
i1s rapidly growing, therefore it's hard to study in
propertics of cach technique. Several switching pattern
arc presented in [1] and [3] However. most of them
described the performance and modeling of switching
pattern in the form of mathematical equations make 1t
more difficult to learn and understand. This interactive
education program was designed to help the process of
lcaming and understanding the power electronic
subjects. The studies of learning the performance and
modeling of switching patterns by using mathematics

equations are difficult to students who are starting 1o
learn in power electronics. Most of the students would
like to have a user friendly program that help them to
understand and enjoy to study. In this paper. the
capabilitics of this interactive program. inputl required
and output from this program. block diagram and
Simulink boxes arc shown in the way that easy to
understand and use. The first step of designing and
writing the program. programmer must know and lean
more about inverter performance, switching pattern
technique and simulation program using MATLAB. The
second step. the algorithms are arranged by programmer
for easy useful and good understanding of the switching
technique performance. Finally, the arrangement of
simulation program and visual output are shown to
present each switching pattern in visual. In this work, the
interactive program to can help undergraduate students
to learn in switching pattern performance by their own
facilities

2 THEORY

In this paper. SPWM. HIPWM, DPWM, and SVPWM
are presented for selection in the simulation program.
The development of swilching pattern makes more good
performance of output waveform qualities, for example,
HIPWM (Harmonic Injection PWM ) is PWM technique
that is injected 3th harmonics to control signal. The
advantage is incrcasing efficiency of output
performance. The another switching patierns properties
and the advantage can be seen in [4] for more details.
Tables 1 and 2 show the summary of the mathematics
model of patterns and definition of output performances
that be studied before beginning to writing the program.

Table 1 :Output Inverter Performance Definitions
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Value Definition
THD, o
2
£ h=2
]l
THD, o g et
2.V,
2
"
Virms Vet N2
Vrm.s‘ @
’Z V, (not include dc component)
=l




UpeatV N2

Table 2 : Switching Patterns Mathematics Equations

Switching Model
patterns
SPWM M sin(wt) - 0<wm <2
HIPWM 2 ¥ Fo L
—\EM(sm(wt)+gsm(3wt))
- 0<Ews27w
DPWM | Msin(wi) - 0<wm <273
V2
Msin(wtfg) 2an<wm<4n/3
0 AT BEMEIT
SVPWM | as [3sin(wt) - 0<wt< /o
n
Msin(wt+g) TIG<SWLS T2

, b/
M sin(wit ,g) AI2EWMES 6

M~J3sin(wt)
ot
6

SH6ESWETRl6

Msin(wt +—) 1xleswis3zn/2

| n
M sin(wt - g) 3aR<w<llzl6

M-3sin(wt)  A1x6sws<2n

Then M is modulation index
V, is peak voltage at harmonics order h
I is peak current at harmonics order h
THD, is total harmonics distortion in voltage
THD, s total harmonics distortion in current
a is magnitude constants of 3th harmonic

Method of current analysis in this paper use this concept.
the voltage waveform produced by synchronous pulse
width modulation is generated by comparing a reference
waveform with a triangular wave. The output voltage
waveform includes the deadtime or load current
distribution which are the functions of the load power
factor. The voltage and current harmonic is obtained by
applying the Fast Fourier Transform (FFT) to the
waveform generated by using the forward difference or
prediction method. For a single phasc inverter shown in
Figure 1, the relation between 0(f) and i(t) is
expressed as in following equation

For a single phase inverter, the voitage can be expressed
as in equation (1).
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di
u(r) = Ri(t) + L= )
di
The forward difference method is shown in equation (2)
di it + A1) i(t)

dt di

2)

By using Equation (3). the load current can be calculated
as Equation (3) show below.
i 1
ot + At)= Ri(t+ A1)+ !—{-'(—'i—;—ILL(’—)’
{

Li(t + A1) l_:({)

= Rilt + Af) +

dt dt
= i(r 4 Arﬂlﬁ-[‘ oy i)
di di
Thus,
ol + Ar)$ 11(’)
it + A1) = e — WA i
=
dt

Equation (3) expresses the effect of a R-L load on
current commutation using this method. However. only
the steady-state operation is-of interest for tus study
The next section describes the inverter simulation using
MATLAB to generate voltage and current waveforms
and their harmonic contents. For more dectail sec in
appendix.

/] (1)
_1,71
V(i)
2z R-L Load
DC/AC |

Figure | - A single phasc Inverter
3 SIMULATION ALGORITHM

For clearly describes to simulation algorithm of this
programs. Simulink box diagram in Figure 2 and Tables
3 and 4 are shown. When start to use these program.
students necessary enter some required data as shown n
Table 3 to Simulink of MATLAB and it will be
processed to generate the matrix data file (mat) that be
used in MATLAB program. The MATLAB program (.m
file) will process again and gencrated outpuls that shown
in Table 4 Tables 3 and 4 show the parameters of
entered inputs and outputs respectively. The outpuls
would be shown in visual and clearly to understand.
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4. EXAMPLE OF RESULTS Every outputs can be proved and verify with the theory.
the results are in with agreement All results in Tables 5
Various switching patterns simulation control signal are and 6 are calculated base on harmonics order 200® That
shown in Figure 2 that shows the different patterns at calculation results can vary by students to another range.
modulation index 0.8. This results come form the
process as shown in Fig 2. Another results . Figure 3 In case 1 phase can also modify by select in the Simulink
shows the outputs waveforms and spectrum in various box interface but not show in this paper. From example
switching patterns at modulation index 0.8 at the input of results. it have seen THDv value are large because
parameters. Tables 5 and 6 show the output values in PWM generate in this paper still not pass filter, That
varnous switching patterns agree well with theory value make students too understand in nature of PWM pattern.
that can derived by mathematical equations.
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Figure 2 : Simulink Box to interface user
Table 3 - Input Parameters of Simulation Pro

Switching Switching 1-phase 3-phase Modulation Deadtime | DC link
Patiern Methods Index (0-10 % voltage
(Bi/Uni) (0-overmod) of Ts) V)
SPWM B/U o) S Xi Xi Xi
HIPWM B/U - S 7.5 4 Xi Xi
DPWM B/U S S Xi Xi Xi
SVPWM B/U S Xi Xi Xi
Table 4: Output of Simulation Program
Patterns v, e I VAN THD, THD, V&l V&l
Spectra waveforms
SPWM Xo Xo Xo Xo Xo Xo P B
HIPWM Xo Xo Xo Xo Xo Xo P P
DPWM Xo Xo Xo Xo Xo Xo r P
SVPWM Xo Xo Xo Xo Xo Xo P P
B/U - select between bipolar or unipolar switching methods
3 - select or not select  Xi - Input value is changed by students.
Xo - output results. P output waveform or frequency spectrum in picture.
ble 5 : Output Performance. results at the same input Table 6 : Output Performance, results at the same input
rameter as Figure 3. /=08 eterasF!gure3 M=05
Patterns Wi AT T - s THD, | THD, Patterns e e O O T THD, THD,
SPWM | 3230 |[4381 |461 461 | 097 77.09 SPWM | 201.7 | 3463 | 288|288 132 117.9
HIPWM [ 3739 [4711 [ 534 [ 534 [080 | 6043 HIPWM | 2335 | 3723 [ 333333 1.12 | 1066
SVWM | 3742 | 4715 [ 534 | 534 | 081 60.47 SVPWM + 234 5.1, 379301335 [ 335 111 L1063
DPWM {3740 [4710 | 534 | 534 | 107 69.23 DPWM | 2339|3732 |334[339]192 112.2
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Figure 2 © Vanous control signal at modulation index 0.8 (a) SPWM (b) HIWM (c) SVPWM (d) DPWM
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In the results. it can be seen that HIPWM. SVPWM, and
DPWM voltage output are about 15% more than that
SPWM. That is one of their advantages.

Figure 4 is shown the effect of dead time, it can see that
harmonic order near the fundamental are generated by
this effect. The error voltage generated by dead time
cffect is shown in equation(4).[5]
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Figure 4 Impact of deadtime in single phase SPWM, deadtime = 1.0% of 1,

[he example of the result of dead time impact on
SPWM shown in Figurc 4 shows the error voltage
waveform at deadtime = 1.0% of t, (switching period).
This figure is shown both error voltage and frequency
spectrum of waveform that effected by deadtime.

5 CONCLUSIONS

The wuser friendly simulation program for the
understanding and effective leaning in field of power
electronics is proposed. Interactive tool is arranged in
such as way for better understanding. It would help
independent learning. This interactive program 1s
suitable for undergraduate level using at faculty of
Engineering, KMITL. For the future work, the device
effect will be included in the next simulation yersion.

APPENDIX

Some parts of MATLAB program used in Figure 2:

....%Find Current

pf=0.5;

Z=170;

angle=acos(pf);

R=sqrt(1/(1+(tan(angle)"2));
=(sqri(1-R"2))/(2*pi*50);

step=0.0000048828125;

Yestep=0.02/m

t=0.02;

=0:step:tf;

XL=2%p1*50*L;

Zt=Z*(sqri(R"2+X1"2));

anglel=atan(XL/R),

I=1*(sin(-angle1))/(Zt*sqrt(2)); V=V/Z,

[INC=V,

TS=0;

for g=1:(tf/step) +1
11NC(q)=(V(q)+L*I/stcp)/(R*--L/step);
TS=TS+step:
T(Q)=TS;
[ = [INC(q);

end

o, lteration
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PWM-CADI1: An Interactive and Efficient PWM Inverter Training Kit

S. Kaitwanidvilai

W. Khan-ngern, member IEEE

Faculty of Engineering and Research Center for Communications and Information Technology,
King Mongkut’s Institute of Technology Ladkrabang, (KMITL) Chalongkrung Road, Bangkok, 10520, Thailand

Abstract: In this paper, the presentation of inverter performance
in visual, Matlab with Simulink program and EPROM digital
control circuit are used as the computer aid training, simulation
and designation which called as PWM-CAD1 kit. The
presentation shows the circuit, waveform, mathematics equations
of waveform, and inverter performance of switching patterns in
the both of simulation and practical results included in PWM-
CADI1. The important point of this kit for education is that the
students can interactively modify overall necessary parameter of
inverter design. The all output properties and waveform are
clearly shown both of simulation results and practical waveform
on the inverter circuit in the kit. Finally, this kit will be used as
an interactive tool that arranged in good way for leaming,
designation and simulation.

Keywords: PWM Inverter, THD, Inverter Performance,
computer aid design and simulation

LINTRODUCTION

In power electronics, various switching patterns are
widely employed to control the output of static power
converter. Development of these switching techniques is
rapidly growing, for example, from phase control to pulse
width modulation(PWM). In basic concept, the triangle
intersection technique, the reference voltage (modulate)
waveform are compared with the triangle carrier wave and
the intersections define the switching instants. In PWM
techniques, there are various types of swiiching patterns
which have different output characteristic. Various pulse
width modulation (PWM) techniques are rapidly modified
to control the power converter meet the highest efficiency
performances. Example of popular patterns are sinusoidal
PWM(SPWM), harmonics injection PWM (HIPWM),
modified sinusoidal PWM (MPWM), space vector PWM
(SVPWM), discontinuous PWM (DPWM) and
Generalized Discontinuous PWM (GDPWM). The
performance analysis of these patterns by mathematics is
complexity which is not suitable to develop the new
patterns. The voltage and current patterns are not exactly
due to some of effects. Some of errors come from the
following effects.

1.Deadtime effect which causes by the time delay
of
driving signal of the same branch of switching device.
2. Quantization effect in digital hardware/software
implementation.
3.Device effect : Specified by characteristic of the
switching device.

In this paper, MATLAB program and Simulink toolboxes
are applied to analysis switching pattern, waveform quality
including of errors from the deadtime effect and
quantizing errors. Many advantages from using MATLAB
program are concluded in following:

1.User friendly for design engineer or student to
analysis and change parameters of switching pattern,
Modulation Index, DC link voltage. %deadtime, loads,
switching method. switching frequency.

2. Simplicity for Computer Aid Design.

3. Including the deadtime effect and quantizing

CITOTS,

4 Direct transform simulated output from MATLAB
program to gate control signals. Only use this simulation
program, the driving signal of switching can be performed
into the format of binary file or hex file that make it’s
very simple to be wused this file compatible with
microcontroller or digital control circuit such as EPROM
of PWM inverter controller. Therefore the data file from
simulation can be used as the digital pattern into EPROM
in the digital control circuit.

In addition, by using the current waveform prediction
theory then the program can calculate the current
waveform and qualities which load impedance and power
factor are given.

II. THEORY

In this paper, SPWM, HIPWM, DPWM60, SVPWM
and GDPWM are selectable in the simulation program.
The development of switching pattern introduced a good
performance of output waveform qualities, for example,
HIPWM (Harmonic Injection PWM ) is PWM technique
that is injected 3th harmonic to control signal. The
advantage is increasing output amplitude by 15% of
SPWM. The another switching patterns properties and the
advantage can be seen in [1-4]. Many researchers perform
the switching pattern into mathematics equations as shown
in Table 1. However, most of them described the
performance and modeling of switching pattern in the
form of mathematical equations is not easy to understand.
Table 2 shows the summary of the definition of output
performances index. Using the MATLAB toolboxes, the
concept of triangle intersection PWM can be simplicity
and user friendly for development the new patterns.
Output properties index shown in Table 2 are described
and identified the characteristics of each switching
patterns.



Table 1 : Example of Switching Patterns Mathematics Equations

Switching Mathematics Model
patterns
SPWM M sin(wr) : 0SW<27
HIPWM M (1.15sin(wt) +0.19asin(3wt))
:0swt<27w
DPWM M sin(wt) : 0Swt<27/3
X /4

M sin(wt --3~) 2rBEW<4n/3

0 4T B3EwWML27w
SVPWM | A fBsin(wr) : 0<wi< /6

: V4
M sin(wt +€) mI6SWE /2

! T
M sin(wt - E) TREWMES /6
M3 sin(wi)

! /4
M sin(wt +-g) Trle<wt<3z/2

Srle<wtsTm/6

k /1
Msm(wl—g) BrREwsS 1 7/6

M~Bsin(wt) 1lze<w<2x

Table 2 :Output Inverter Performance Definitions

Value Definition
THD, o
. WESSa
h-2
THD, ®
2V
h=2
Vims (v, peak)f _JE
Von ©
25t
=1
/ 1rms (’peak) / ,JE
o «©
2l
h=1 :
DF, =
e Ll
h=2
DF,

/ZVj [h1V,
h=2
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Then M is modulation index
Iy 1s peak voltage at harmonics order h
1 is peak current at harmonics order h
THD, is total harmonics distortion in voltage
THD; is total harmonics distortion in current
a. is magnitude constants of 3th harmonic
DF, is distortion factor for second order ac side filter
DF; is distortion factor for first order ac side filter

Voltage waveform produced by synchronous pulse width
modulation is generated by comparing a reference
waveform with a triangular wave[5]. The output voltage
waveform includes the deadtime or load current
distribution which are the functions of the load power
factor. Current waveform is generated by forward
difference method([5]. Fast Fourier Transform (FFT) is
used to performs the spectra of voltage and current
waveform. For making simple understanding this method,
a single phase inverter is used to described as shown in
Figure 1, the relation between 0(7) and #(f) is expressed
as in following equation [5]:

Using the simple circuit analysis theory, the voltage
v(1) can be expressed as in Equation (1).

di
1) =Ri(t)+L—
v(t) = Ri(r) + = m

The forward difference method is shown in Equation (2)

di it + At)=i(1)

2
dt dt iy
i
:: DC/AC v (t) R-L load
Figure 1 : A single phase Inverter
By using Equation (2), the load current can be
calculated as Equation (3) show below.
v+ A1)=Ri(t+ A1)+ LG+ j”)h i)
2 Ri(f 2 N)-l- Ll(f +Al) - Li(f)
dt dt
=i(t+At{R+£:I—L'—(Q 3)
dt dt



Thus,

€)

Equation (3) expresses the effect of a R-L load on
currentcommutation using this method. However, only the
steady-state operation is of interest for this study.

The deadtime effect analysis is clearly shown in [6] that
effect to the waveform in the produce of low order
harmonics. In [6] uses the estimated error voltage in
Equation (4)

Estimated Error voltage = 2.V, 1T if i>0

i FTEY ifi<0 (4)
The deadtime effect are simply to be analyzed by actual
error voltage by using Equation (5) which give more
correction than Equation (4).

Error Vollage = WalrVoa (5)

I1I. ALGORITHUMS

The algorithm of simulation in PWM-CAD1 are shown
in Figure 2. Users can put the value of overall necessary
parameter for simulation or design such as Vdc link, type
of switching patterns, switching frequency etc. Then the
simulation part of PWM-CAD1 will process the simulation
results such as voltage and current waveform, voltage and
current spectra, distortion factor etc, The overall of input
data and output simulated results from this simulation of
PWM-CADI1 are shown in Table 3 and 4 respectively.
PWM-CAD1 generate the control data from simulation
into metrics file and convert to hex or assembly file for
using as the control circuit of PWM —inverter circuit. If
the users have known the impedance and phase impedance
of load connected to output of inverter, value of these
impedance and phase angle are able to put into program
for current waveform prediction purpose. For three phase
inverter, the connection of three phase load (delta or star )
also must be known. Using FFT (Fast Fouier Transform)
function in MATLAB, overall simulation results are
converted to the frequency domain. Then, overall quality
index such as DF; DF, etc. are be determined. Finally,
the error voltage and spectra from deadtime effect are
simulated by using the deadtime analysis concept.
Example of user interface window of PWM-CADI1 are
shown in Figure 3.

The input program blocks are arranged in the good way
shown in Figure 3. One of advantage of MATLARB, it can
interface with modern operating system such as Microsoft
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Window 95. User can double click the mouse and change
the overall input data. Figure 4 shows the program box of
reference pattern. User can add the new one mathematics
equation of switching pattern into this box, the overall
outputs of the new switching pattern also simulated and
determined by PWM-CADI1. That make a good way and
simplicity for user to modified or develop the new
switching patterns.

Input the necessary parameter for design

Simulaton . Get the figgate data ‘

Input the load impedance and connection

1 Data in Assembly file
tor control Circuit

data(¥ or Delta)

predict shape of phase cument and determineg
the line cument waveform

.

Determine the emor woitage, Actual Voltage

¥

Using FFT ©© find the specta of overall
waveionm

Figure 2 Simulation flow chart

Selact
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Select 2:Bipeiar
EFWM

2:HIPWM 1

2:6DPWM
4 5vPWM
50PWM_80

voc nt
Wi
e . A ‘
i ¥
ot ::ot-o-c\fermoc ot ]]
1-Phase
23-Phase 3 e
Lafus
1
& for HIFWM

Simulation Box

Figure 3 Example of Simulation User Interface of PWM- CAD1

IV. EXPERIMENTAL AND CIRCUITS

The simple three phase inverter circuit is used as the
experimental parts in PWM-CADI. The inverter and
control circuit are shown in Figure 5. In control circuit,
EPROM (64 Kbytes, 27C512) is directly used as the source
of 6 gate drive signals. The gate trigger data of EPROM



come from the simulation results (hex file) of PWM-CAD1
which already include the deadtime. One bit of data out of
EPROM is used as one trig gate signal for switching driver
of MOSFET. Therefore, 6 gates use 6 bit of data in
EPROM. This topology make a simple and low cost for
implement the overall output characteristics.
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read the measured data file and convert it to the frequency
domain value by using function FFT. Then the voltage and
current spectra of measured results can be shown by a
simulated process. Simulated and calculated from
measured data of waveform quality index are shown in
Table 5.

Table 3 : Input Parameters for PWM-CADI1

Switching Switching 1-phase 3-phase Modulation Deadtime DC link
Pattern Methods Index (0-10 % voltage
(selectable) (Bi/Uni) (0-overmod) of Ts) (V)
SPWM, HIPWM, B/U S S Xi Xi Xi
DPWM 60,
DPWM 120,
GDPWM,
SVPWM
Table 2: OQutput of PWM-CADI1(Simulation and Practical Results)
Select Patterns Pime I Assembly file THD, DF, V & I Spectra V&l
Vi I < THD, DF; waveforms
SPWM,HIPWM, Xo Xo File Xo Xo P P
DPWM 60,
DPWM 120,
GDPWM, SVPWM
B/U  : select between bipolar or unipolar switching methods  File : hex or assembly file.

S :selector not select Xi: Input value is changed by users.

Xo : output results.

I\ "
T
\/ + PO
Sine Funda- Outl
Sum
i

Third Harmaonic
x

C I Product

In

P : output waveform or frequency spectra in picture,

(b)
Figure 4 Example of Reference of Switching Patterns Program Box and Simulink Box of PWM-CADI

(a) Harmonic Injection PWM Box

In the case of single phase inverter. only T1-T4 are used
for the circuit and R-L load will be connected at the A and
B terminal. The control circuit of this case are the same of
three phase. The trig gate data must come from one phase
selected simulation of PWM-CADI1.

V. SIMULATED AND MEASURED RESULTS

The example of simulated and measured results are
shown in Figure 6. For example, the techniques SPWM,
SVPWM and GDPWM are used to implement the
performance of PWM-CADI1 for the computer aid design
and simulation. In this paper, measured data of time
domain waveform (both current and voltage waveform)
which are in the format data file( DAT) are measured by
using the digital oscilloscope. = The measurement can

(b) Main Simulation Box
"MTJEM _«--TE@ o3 T8 1%505
5 o I LA E : R-L
-\ ° : et Load
R /k02 | pfkos: 18 )] oe
:’ : £ T1-T6 : Mosfet
Interface
IR2113 &
Driving circuit
Tng gate
= Digital Circuit Control Circuit
T and 27C512

Figure 5 Inverter Power and Control Circuit



All properties from the simulated and measured results
are good agreement. Figure 7 show the simulation results
of deadtime effect in three phase and single phase inverter
circuit.

n.....,TT._...;T‘T“.?L...v s 7 ML

002 Po02s [T ]

Do03s ooe
Figure 7 Deadtime error voltage simulation results of SPWM the same

conditions of Figure 6.
(a) spectra  (b) Voltage error waveform

Table 5 Example of quality index at the same condition of Figure 6

Simulated Results
THD, | Vi | Vems | DFi?9 | DFo%)
SPWM 6792 | 2446 | 3255 | 007 | 042
SVPWM | 5596 | 2825 | 3509 | 0.08 | 037
GDPWM | 5252 | 3114 | 3705 | 012 | 049
Measured Results
THD, | Vigs | Vims | PFi%) | DF:%)
SPWM 6734 | 2491 | 3248 | 013 | 030
SVPWM | 5533 | 2877 | 3517 | 006 | 019
GDPWM | 5178 | 3165 | 3721 | 043 | 040

In the results, it can be seen that HIPWM and GDPWM
has voltage output are about 15% more than that of
SPWM. That is one of their advantages.

According to the measured and simulated results, the
overall results are in good agreement. It will be shown that
PWM-CADI is successful for use as Computer Aid design,
training or simulation.

VI. CONCLUSION

In this paper, PWM-CADI is introduced as the kit of
computer aid design, training and simulation of the
performance of inverter circuit. The simulated and
measured results are good agreement and show the
successful of the using of PWM-CADI for simulation or
designation purpose. Using this program, users can easily
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to simulate and implement on inverter circuit which
arranged in simple and efficiently for implement.
However, the device effect of switching device are not
included in the simulation of this program. The
development of device effect including are in the future
work.
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Abstract

This paper presents an analysis of deadtime
effect on unbalanced load for three phase PWM
inverters. The actual error voltage of unbalanced is
shown that it is depend upon not only load current
direction, dc link voltage but also amplitude and phasor
of the load. The simulated and measured results for
harmonics injection PWM and discontinuous PWM are
analyzed with 4.88 ps deadtime of 2% of switching time
which is shown close agreement between both of results
with a good support from the analysis.

1. Introduction

Pulsewidth Modulated (PWM) switching
patterns in power electronics are rapidly developed.
PWM techniques have different characteristic output
voltage, harmonic contents, wvoltage and current
waveforms etc.[1-6] Various techniques of PWM
switching patterns are, for instance. sinusoidal PWM
(SPWM), Harmonics Injection PWM (HIPWM), Space
Vector PWM (SVPWM) and Discontinuous PWM
(DPWM) or dead band switching, Generalized
Discontinuous PWM (GDPWM) have been developed.
However, in the practical works, the performance
depends on not only switching patterns but also device
effect and deadtime effect at different load conditions.
This work is focused on deadtime effect at balanced and
unbalanced load. The reason is that it has some practical
effects give the errors such as error from deadtime effect.
It has been already described the error from this effect in
[7]. However, the error voltage which presented by
earlier work using the squarc or quasi waveform
(estimated error voltage) is not actual error. The actual
error voltage is the pulse between the deadtime interval
depending on the direction of current. The actual error
voltage is not only depend on this effect but also
depended on unbalanced. Line-to-line voltage and phase
current are focused. The analysis of actual error voltages
is consisted of various type of PWM techniques, the
error pulse analysis (actual error voltage) and complexity
of unbalanced load.

In this paper. the analysis and implementation
on deadtime effect on unbalanced load for three phase
PWM inverter are presented. The simulated results show
the performance of various switching patterns of error
voltage on balanced/unbalanced load. The analysis is
performed by using MATLAB program and Simulink

toolboxes to analyze on waveform quality and overall
voltage/current waveform and spectra. It is simplified
with an interactive analysis which is included the
deadtime effect and sampling waveform process. The
current prediction methods and the circuit analysis, the
unbalanced deadtime effect analysis using the star-to-
delta impedance transformation are proposed in this
MATLAB simulation program. The output of this
algorithm program gives all waveform qualities.
performances and error voltage from
balanced/unbalanced load deadtime effect. The
comparison of program simulation and experimental
results are quite clearly shown. All simulation results are
verified on an experimental unit.

2. Theory

The approximate deadtime effect error voltage is
already shown in [7]. In single phase inverter, the
deadtime error voltage in one branch of inverter switch
circuit is shown by using equation (1).

Approximated Error voltage = 2/, V, /T ifi>0
-V ifi<o (1)
Then n is the order of harmonics.,
Vi is DC link voltage, f4is the deadtime and
T, is the switching time,

In three phase inverter circuit, the approximated
error voltage can be determined by the different of error
voltage from phase a (branch a) and phase b (branch b)
which has normally phase shift equal to 120 degree(in
balanced load). The three phase inverter circuit is shown
in Fig. 1. The results of approximated error voltage in
three phase inverter is seem as quasi-square waveform.
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Figure 1 Experimental Diagram



The expression for the harmonics of peak value of
fundamental frequency in SPWM line voltage of single
phase introduced by the deadtime can be concluded as
[8].

- 1 4
(Vab.wmmua!d dta.lra.nvn)n = Fd' 2Vdn {;;1—} (2}

L §

The expression for the harmonics of peak value of
fundamental frequency of SPWM, HIPWM and
SVPWM in line voltage of three phases are shown in
equation (3) [8].

vﬂtoppmhd distortion

. cos[6n+1)-(ar -2 -g)]-s
fay [iz 3
A e (6n+1)

F

inl©1+D 7]

3 1
1

(3)

Then ¢ is the phase angle of current refer to line to line
voltage.

Both of equation (2) and (3) are the approximated
error voltage. But in this paper, the deadtime effect is
simply to be analyzed by actual error voltage by using
MATLAB and simulation algorithms. The actual of error
voltage is occurred at the deadtime interval and depends
on the current direction. Equation (4) is used for the
simulation of error voltage from deadtime effect.

Error voltage =  VigearVaenat 4

By prediction method, the current waveform can be
predicted. The deadtime error voltage waveform is also
determined. Finally, using FFT function in MATLAB
Program, the spectra of error voltage can be determined.
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Figure 2 Voltage and Current Phasor Diagram
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In unbalance load the phasor current are obtained as
shown in equation (5) and the line current can be
computed in equation (6).

V
PR/ SR UL/ S S /ST
ZAB ZBC ZCA

].4 :]AB+]AC , dg=Ig+1y,

(6)
Ic :ICA "'Ics

In unbalanced load, the line current waveform is
not the same as balanced but depend on load impedance
and phase angle. In condition of unbalanced load, the
analysis of deadtime effect using mathematics become
complexity.

3. Simulation Algorithm

The algorithm of this simulation are shown in
Fig 3. Users can put the value of overall necessary
parameter for simulation or design such as Vdc link, type
of switching pattems, switching frequency etc. Then the
simulation will process the simulation results such as
voltage and current waveform, voltage and current
spectra, error voltage from deadtime effect. The
necessary parameter for deadtime effect error voltage
simulation are following: Vdc link, deadtime, switching
frequency, modulation Index and impedance and phase
impedance of load connected to output of inverter which
can put in unbalanced condition. The value of these
impedance and phase angles are able to put into program
for current waveform prediction purpose.
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Figure 3 Simulation flow chart



4. Example of Results

Using this simulation program, the error voltage
is first determined in the form of voltage waveform. The
FFT function can provide the frequency domain purpose.
In the line to line voltage, error voltage is defined as the
different of phase error voltage. Figure 4 shows the error
voltage evaluated by this program.
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Figure 4 Example of error voltage for DPWM
(a) Videal (b) Vactual (c) error voltage (d) current
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The switching patterns as SPWM, HIPWM and
DPWM are generated to study the deadtime effect on
unbalanced load purpose. All of waveform are
implemented at the condition of modulation index 0.6,
reference frequency = 50 Hz, deadtime = 4.88 ps, load

impedance delta connection and vary condition
of load impedance in following:

1.delta connection balanced load
Za=7Zb=2Zc=174/50.24°
R=473 Q L=906mH
2.magnitude unbalanced load
Za=7b=74,5024
Zc =127 £50.24° ,R=81.26 2, L= 311 mH
3.phase unbalanced load
Za=7b=T74.,50.24°
Zc=118£79.04° R= 223 Q. L= 370mH
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Figure 5 Simulated and measured actual voltage spectra 2™ to 60™: deadtime effect for SPWM (switching
frequency = 4.05 kHz, modulation Index = 0.6, reference frequency = 50 Hz, deadtime = 4.88 ps, (a), (b),
(c) are the simulated results at the load condition of balanced, magnitude unbalance and phase unbalanced,
respectively. Figures (d), (e), (f) are the measured at the load condition of balanced, magnitude unbalance

and phase unbalanced load respectively.
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Figure 6 Simulated and measured actual voltage spectra 2™ to 60™: Deadtime effect for HIPWM the condition
is same as Fig. 5. (a), (b), (¢) are the simulated results at the load condition of balanced, magnitude unbalance
and phase unbalanced load respectively. Figures (d), (¢), (f) are the measured at the load condition of
balanced, magnitude unbalance and phase unbalanced load respectively.
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Figure 7 Simulated and measured actual voltage spectra 2™ to 60™: for DPWM with the same operating
condition as Fig. 6.
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Table 1 : Quality Index and distortion factor from simulated and measured results.

Patterns | Congition sﬁnuhg/te:THee:smd Simul %D{:‘I d_| Simul %D};iamd Simul ‘V i Simul 'me- d
Balanced 2.53 268 | 008 | 012 | 036 [ 038 | 1260 | 1273 | 1748 | 1768
SPWM | Magnitude | 265 331 0.11 024 | o041 077 | 1263 | 1287 | 1753 | 1772
Phase 2.73 300 | 019 | o021 0.61 065 | 1271 | 1306 | 1761 | 179.1
Balanced 270 | 305 | 008 | 009 | 038 | 034 | 1249 | 1278 | 1734 | 17638
HIPWM | Magnitude | 258 | 370 | 009 | 023 | o040 | o061 | 1251 | 1290 | 1737 | 1773
Phase 2.83 329 | 018 | 017 | os8 [ o048 | 1259 | 1300 [ 1746 [ 1785
Balanced 2.95 287 | 055 | 053 112 R EETT R RN
DPWM | Magnitude | 292 | 414 | 053 | o051 1.10 107 | 1289 | 1323 | 1800 | 1839
Phase 293 | 395 | o031 0.65 1.07 135 | 12913 | 1341 | 1802 | 1854

Notes: %DF;=100* fZVf/h2 IV,. %DF,= 100* ’ZV:'/h/V,
h=2 h="

S. Unbalanced Load Analysis

The unbalanced delta connected load has been
implemented in two criteria. The first criteria is
unbalanced magnitude of the load by setting impedance
of phase C to be higher than phase A and B by 71.62%
while the phase angle of the load is maintain at 50.24
degree. The second criteria is unbalanced phase angle of
the load by setting the phase angle of phase C to be
lower than those of phase A and B by 57.32%. In this
criteria, the magnitude of the load is modified to meet
the phase angle requirement.

Two unbalanced criteria have been compared
with that of balanced load for SPWM, HIPWM and
DPWM. The results are focused on waveform qualities
such as THD, DF,, DF, and 1, which are shown in
Fig. 5.6,7 and concluded in Table 1. Figure 6 and 7 show
that the phase angle of the load is sensitive than that of
the magnitude in term of the low order harmonics with
are focused up to 60" order.

Table 1 shows that the phase angle unbalanced
results the variation of THD and DF with some supports
from simulated and measured results. For example, in
DPWM, DF, is more sensitive than that of the magnitude
variation. This performance can be described as that
error voltage affected by the deadtime is concluded with
the load direction than that of the magnitude.

6. Conclusion

The analysis of deadtime effect on unbalanced
load of magnitude and phase angle has been done for
various PWM schemes such as SPWM, HIPWM and
DPWM. The error voltage affected from deadtime is
sensitive to phase angle of the load that that the variation
of magnitude unbalanced load. The implementation has
been done by simulated and measured results. This work
can be indicted how the load angle affects the
unbalanced load operation in terms of waveform
qualities such as THD,, DF; and DF, The further work
is going to focused on unbalanced Y-connected load.
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