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ABSTRACT

This thesis” presents a-pulse-width 'modulation -technique for energy balancing of
capacitors in a flying-capacitor multilevel inverter. In this technique, the carriers of pulse-width
modulation are derived from-the in-phase phase-disposition pulse-width modulation (IPDPWM)
technique ' and re-arranged in_the phase-shift pulse-width modulation (PSPWM) fashion. The
resulting carriers combine the advantages of the two techniques: low output voltage distortion and
good energy balance between the flying capacitors. This technique is called carrier redistribution
pulse-width-modulation (CRPWM). The simulation results of a five-level flying-capacitor inverter
with CRPWM technique reveal the effectiveness in energy balancing with some limitations.
These limitations include the difficulty of implementation and inability to maintain energy
balance under non-unity power factor load. The former limitation is solved by using FPGA, while
the later limitation is resolved by gate-signal rotation. The CRPWM 1is implemented with a
laboratory-scale  prototype - five-level flying-capacitor inverter by ‘using a FPGA based digital
signal controller. The experimental results show a good agreement with the simulation results

which confirm the validity of the proposed technique.
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‘% Compilation Report - Flow Summary

Flow Summary

Flow Status Successful - Mon Sep 14 15:38:37 2009
Quartus Il Version 8.1 Build 163 10/28/2008 SJ Web Edition
Revision Name PSPWM50TC1443

Top-level Entity Name PSPwWMS0TC1443

Family ACEXIK

Device EP1K50TC144-3

Timing Models Final

Met timing requirements  No
[ Totallogic elements 776 /2.880(27 %) |

Total pins 437102(42%)
Total memory bits 0/40,960(0%)
Total PLLs 0

(N) MANA PSPWM

€ Compilation Repori - Flow Summary

Flow Summary

Flow Status Successful - Mon Sep 14 15:43:59 2009
Quartus Il Version 8.1 Build 163 10/28/2008 SJ ‘Web Edition
Revision Name IPDPWM50TC1443

Top-level Entity Name IPDPWM50TC1443

Family ACEXIK

Device EP1K50TLCT44-3

Timing Models Final

Met timing requirements No
[ 7ol logic elements 790/ 2,880{27 %] |

Total pins 43/7102(42%)
Total memory bits 0/40,960(07%)
Total PLLs 0

(¥) mALA IPDPWM

=1

Compilation Report - Flow Summary

Flow Summary

Flow Status Successful - Tuedan 26 11:10:55 2010
Quartus Il Version 8.1 Build 163 10/28/2008 SJ Web Edition
Revision Name carrierl

Top-level Entity Name  carrierl

Family ACEXIK

Device EP1K50TC144-3

Timing Models Final

Mel liming requirements ~ No
{ Total logic elements 2,203/2,880(76 %)

Total pins 44 /102(43%)
Total memory bits 0/740,960(0%)
Total PLLs 0

(M) MALA CRPWM

::; 9 a oA w a d
31N 3.15 1514 resource vounatiafiauuanonlu FPGA
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i)

o

(n) dyawna s, - S, (4 Lf’T"LJ‘.lJ‘LJ)(Z.OOms/diV, Digital analyzer)

o oo

o

(V) FyyIouna S,,— S,, (4 17UNA19)(2.00ms/div, Digital analyzer)

o g

o

(M) auINA S, .~ S, (4 Lﬁuﬁ'N)(ZOOms/div, Digital analyzer)

u o
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ie3E(A)

Ve2E(V) ic2E(A) Ve3E(V)

icE(A)

VelE(V)

PSPWM Technique
T |}
T T TTT I TIITIAT lumll TYITTI ulrn..
0 \d
”ll 1 ]I'll”“u"l'[l]l‘ll llll”’l I” u]I ]H”] ]r I””]U [ T
o 001 0.02 0.03 0.04 0.05 0.06 0.{37 0.08 0.09 0.1
20“ T T T T T 1 T T T
150
100 1 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
2 T T
0"..'““ n'_.ll : Ulr% IJ11F|I|IH| e i (e
T 'W" SR L L LA AN | G | Lk L
“o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
150 T T T T T T T T T
100
50 1 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
2 T T L T T T T T T
0
2 1 1 1 I I I A N1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
100 T T T T T T T L, T
50
) 1 1 1 (] 1 1 1 1 Bl
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time(sec)
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y 4 o o & :.-f o {
517 515 UATUAS IRz LTI UBOIR N 52N A BA(C,,CL.C )N 1AM INAaDs

We2E(Joules) We3E(Joules)

WelE(Joules)

AIUMATA PSPWM Af1m < 1.0

0.1 :

0.02 0,03 0.04 0,05 0.06 0.07 0.08 0.09 0.1

T I I 1 T T T T

1 | 1 1 | 1 1 ]

-0.1 -
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
0.1 T T T T T T T T T
0.1 ! L L 1 1 I L A A

0 0.01

0.05 0.07 0.08 0.09 0.1

Time(sec)

0.02 0.03 0.04 0.06

" ! w [ ] n:i’ o !
317 5.16 manlasuulassedundsnuvesaanulszgainden(c,.c,.c,) 1 laninms

NABIAILMNATA PSPWM N1 m, = 1.0
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IPDPWM Technique

2 T T T T T T
=
E 0
e L 1 1 ! 1 1 1
0 0.02 0.04 0.06 0,08 0.1 0.12 0.14 0.16 0.18 0.2
fm 200 T T T T T T L] T T
:
% 150
- 100 1 | 1 I i 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0,18 0.2
- T T T T T T T
-
= Us
~
2 2 1 1 ] 1 1 |
0 0.02 0.04 0.06 0.08 0.1 012 0.14 0.16 0.18 0.2
~ 150 T T T T T T T T T
<
5100
&
T 1 ] 1 | I | | ] I\
1] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
—_— 2 T U T = B T T
-
= 0
=
2 1 | | ! 1 1 1
0 0,02 0.04 0.06 0.08 01 0:12 0.14 0.16 0.18 0.2
; 100 T T T T T T T T T
=
- 50
-
0 ] ! "l ! L L 1 1 L
0 0,02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time(sec)

i
=

= A o o s e v
31U 5.17 sUnaunssudiazis saueInnnuLl sz vl 1699A(C,.C..C,) N 1Avinminanes

A0NALA TIPDPWM (with rotate pulse) NAT a1 = 1.0

T T T T T T T T T
g : : i
= : !
=3 - .
=
= ! :
(g 5 .
._Ld . .
= : »
] 1 1 A 1 ] 1 1 1
0 0.02 0.04 0.06 0.08 0.1 012 0.14 0.16 0.18 0.2
1 T N T T T T T T T
2 ;
3 :
= &
1 ] I ! ] ! | L 1 I
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
0.5 T T T T T T T T T
Z 5
s
2 :
5 :
z 5
0.5 1 1 1 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time(sec)

14

' | o o = a d =
31 5.18 manlasuniassedundsamvesdunulssgrandn(c,.c,.c,) 1 1dans

NABBIANATIA IPDPWM (with rotate pulse) A1 m,= 1.0
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iclE(A) Ve2E(V) ic2ZE(A) VeIE(V) ic3E(A)

VelE(V)

CRPWNM(not rotate pluse) Technique

Non

200
150
100

100

o T T R T T T T T
50
0 1 I 1 1 ] I 1 1 |
0 0.5 1 s 2 2.5 3 x5 4 4.5 5
Time(sec)
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| 4 o o @ a:y r'd {
U 519 jUnduRTsnauaz G sRuBo AN T INa1aNA(C, C,.6,) 1 TAnnmInaans

We2E(Joules) We3E(Joules)

WelE(Joules)

AUImALA CRPWM (without rotate pulse) A mv= 1.0

20

20 T T T T T T N T
0 _-‘“'-._ ...................................... ..................... -
20 ] 1 | | I ] \ | !
0 0.5 1 75 2 2.5 3 3.5 4 4.5 5

25

Time(sec)

| : @ o -] :i' o 1
31 5.20 manfaonuilasszaundsnuvesduiulszaaided(c, .c,.c,) fldnnns

NARDIAIINALIA CRPWM (without rotate pulse) N7 m,=1.0
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1

=D.

(0] iclE(A) Ve2E(V) ic2E(A) VedE(V) ic3E(A)

VelE

CRPWM(rotate pluse) Technique

2 T T T T T =T T T T
0 1
32 1 1 1 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
200 T T T T T T T T T
150
100 1 1 1 1 | 1 1 | 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
2 T T T T T T T T T
0 [
% 1 1 | ) ] 1 ] ] ]
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
150 T T T T T T T T T
100
50 | 1 1 1 1 [ 1 ! 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
2 T T T T T T T T T
0
22 | —alP 1 | 1 1 ] 1 1
0 0.02 0.04 0,06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
100 T T T T 7 7 L T T T
50
1 1 Il L 1 I i 1 1
0 0.02 0.04 0.06 0.08 0.1 0:12 0.14 0.16 0.18 0.2
Time(sec)
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§ w o o n:? Jd -
521 unfuns cudiae s LYIR NI Z9n 18890 (C,C,,C ) N TAmINA IS NATDS

We3E(Joules)

We2E(Joules)

WelE(Joules)

0.1

AUNALLA CRPWM (with rotate pulse) NA1 ni,=1.0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

Time(sec)

J = [ o v a9 g J =
51 5.22 maldoulasseaundsuvesdunuilszgranedan(c,.c,.c,) N ldanns

NANDIAIINATIA CRPWM (with rotate pulse) A1 m,=1.0
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Hormal 2009,08-04 17:08:29 [ 1o Narmal
200kS/s Snsidiv - YOKOGAWA 4 404 T 200kS/s  Snsiie
H H H : << Main3 10k > : H . :

(1) @N17% RL-Load, PF 0.8 (v) @017 RL-Load, PF 0.8
v, (1@UUW)50V/div v, O&UUL) S0V/div
V., (@UaN) 50V/div i, (&) 2A/div

v, (18ua819) 50W/div

U1 5.23 gUnans wWndaaoen 9 laTInmaiia PSBWM 0 m, = 1,0

2009-08-11 12:20:11 —— Nornal 20090806 15:22: 3‘3 uEyn Narmal
YOKOGAWA 4 48 il 200kS/s Snsiin YOKOGAWA # Z200KS/S  Snsidiv
5 Lo Mant ilk 22 . . : < ﬂmnl!l) B b

. ﬂ

() @119 RL*Load, PF 0.8 (v) @4919%-R1-Load, PF 0.8
v, (@) S0V/div v, (&uuu) 50V/div
(A1) 50V/div i, (Fuun) 2A/div

v, (dua19) 50V/div

‘Ll‘l:"’l 5.24 sﬂﬂaumaﬂumumaﬂﬂ Wllﬂiﬂﬂmﬂuﬂ IPDPWM (with rotate pulse) “V] m,=1.0

U



2010,01,22 01:59:12 umm Normal
YOKOGAWE 4

10kS,s 100nsiiv YOI

2010-01,23 00:10:06 [
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=—Jnox Normal

10kS/S 100N34im

KOGAWK 4

) |
e | l
AL l
(N) @017 RL-Load, PF 0.8 (1) @71172 RL-Load, PF 0.8
V., (@ULWYS0V/div ¥, (U 50V/div
v, (fudn9) 50V/div i, (FU) 2A/div
v, (@Uua19) 50V/div
gﬂ‘ﬁ S.ZSEﬂﬂﬁmLNﬁuﬁHumﬂﬂﬂ 1A InwAa. CRPWM (without rotate pulse) ﬁ m,=1.0

Horma i
200k5/S

R R e ————————— 1"

Yol <ocmn +

SN5div

2810,01/20 01:50: 10 ey
12 200kS/s

Yo

HNaormal
SPSsAdiv

<4 Mpim 10k 50 *

KOGAWA 4
-

TC ReinTi0k >>

(N) @117¥ RL-Load, PF 0.8
(muuu) 50V/div

IU

v, (@U819) 50V/div

Sah
=
=D.

(1) TN RL-Load, PF 0.8

(muuu) 50V/div

~]'n

i, (dunu) 24/div

v, (@ua19) 50V/div

A [V Ay v = . ~
5.26 gﬂﬂammﬂumumaan ﬂllﬂﬂ'lﬂm*ﬂuﬂ CRPWM (with rotate pulse) N m,=1.0
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51 5.15 - 5.16 uazgUil 5.23 uamawamsSiaosveanaiin PSPWM A1 m = 1.0
Tavg1lfi 5.15 uamgﬂﬂﬁuﬂszummmiaﬁumaaﬁmﬁuﬂsz@wmﬂﬁyaﬁ(cl,cz,ca) uazgl 5.16
menmﬂﬁﬂuuﬂmszﬁuwﬁ’wmwaﬁ'alﬁuﬂsz@ﬂmﬂgaﬁ(c,,cz,cj) wag g1l 5.23(n)
uamagiadunssdudmieen (v,,) ussduladifousvagadamano,) wazgUd 5.23
(v) uaaaussdu Tadifousugaidmsen(r,,) Auaszualai(L) uazussdudmaneen (v,,)

5071 5.17 - 5.18 uaz3Ui 5.24 uaaenan1siinosveanaiin IPDPWM (with rotate

o ! 4 w v 2 e
pulse) N1A1m, = 1.01pa31N 5.17 naasgiadunszumuazussguvasdnnvilszynaisden

i
a d

= o @ v 3
(C,,C,,.Cy uaggl 518 wansmalasuulasszauwasnuvesdanivlszyaruden
:: n:'i. Y 9/ [ d v AdAa o
(C,,C,,C,) uaz 31N 5.24(n) UAAIFYARLUIIANAINUTOON(T,, ) useau lanmeunuaFan
aau(r,) nazgdin 524y uanaussiu laviifouduaiinsang,) funseualalian)

wazusud A (v, )

U 5.19 - 5.20-40331 5.25 1iAA AN 173109V UNATIA-CRPWM (without rotate

{ { : [ o o 2 2
pulse) NAYm, = 1:0TAE3UN_5:19 uga3gUnfunsgiaazisantveIfiniuls sgnalnd e

ke
a d

= [ @ o Sk
(C,,C,,C) Haggd5.20  daaspiTnlasyudadsepunadadassauivissynawden

) | : ) o o v Ada d
(C,,C,.C,) nazgiil 5.25(n) aasgilaauus saudIuvieen (7, ) ussa il aiidounuaaten

P o < Y -~ w o
Muau(r,) waggoil-5.256@) uaas 30y Tmimoudugatiansens, ) funszua laiar)
LAZLINAUATAUIODN (7 ;)

JUN5.21 - 522 1ag U9 526 UARIHANITTIADIVD UNATIA CRPWM: (with rotate

o

i A 4 ) ot qy
pulse) Af1 me= 1.01AugUH 521 werasgndunisuaiazusdatvedfiunulyyunioden

Y
a d

(C,.C,.Coutprgl 522 Ciranimaiddouslasz@undsaurosdufvilszadaiodan

o

(C,,C,.C,) uazgali 5.26(n) upaaladtils WidmIeen (7, )usswulmifotfuada
L ~ @ d = a = o U d
Auau(r,) uasgdn’ 5:26(v) naawwssnn ladifiovnugationsonw,) Aunszua lai(n)

A0

LAZUTIPUATUY100R (¥, , )
mﬂmam‘smmaaﬁwmﬁ‘lé’ammmmaaﬁ’mmﬁﬂymuqawé’aamﬁﬁmﬁu
ﬂw@wmﬂﬁyaﬁ' asaagl1aIunalan CRPWM (with rotate pulse) @1N1T05NHIANAA
wasnuidAvsze 18awuRoatumain PSPWM nazalinannufieuue iy
ATUIDONAITUIREINVINATIA IPDPWM(with rotate pulse)
da s ¢

o W Ao g l:y o
Wﬂﬂ-ﬁ‘nﬂﬁﬂ\ﬁﬂ—lSﬁﬂyqﬁllﬁ‘lﬁwfﬂﬂﬂ'!ﬁmﬂ’JLﬂUﬂﬁSﬂqﬂﬂ’iU@QﬂmﬂnwugﬂSuwﬂ!ﬂ'ﬂﬁ

(PF) 919 lauana 13 lumanuan n.1
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5.4 mstSeuReuns WA uEuiis 5241313 Fundamental voltage Uay

= [

modulation index VOUNAUANAVVA DN 3 INAHA

1

v o d . ]

55 uns MAINEUNUF5E1I19 Fundamental voltage 118& modulation index

-5 o ) &~ a Ao a 3 A = =
VOUNANANAVION 3 NATA AD MATANAVLAUDNLVVLADUNALAITUI(PSPWM) INALiA
s o a < y [y 4 a aw a o @ 4
AAVVA DUV VD OUTLAVUATUSIPDPWM) UALINATANAUUAUDNLUUIRITOWAIT U

' o w a ¢ 4 w { 3 o o '
Tys(CRPWM) dmsuBunesnes 5 52A Tavlugii 5.27 dunsanuduiuisening
= & o ) 4 §
Fundamental voltage 181 modulation index U9dNAUA PSPWM “h’\illﬁ’ﬂﬁﬂ‘]@ﬁl’]ﬁgﬂﬂﬁuﬁ

v ¥ "o ¢ = =

m, = 0.8 1agld Fundamental voltaget¥11132.97 Tran uazgiin 528 dunsiv
o a ' = =§
ANUTURUTTEMIN Fundamenal voltage 1181¥ modulation index. VOUNAUN IPDPWM %9
Y U A e 9 [ 4 :;
HaRIAI98193UAANN m, = 0.8 Tas1a Fundamental voltage 1M1111130,89 1901 tazgU

o ' . b =
5.29 Lﬂi&ﬂﬁ’lﬂﬂ‘ﬂﬂﬁhﬂﬂ'ﬁixﬂ’ﬂ& Fundamental voltage [I01¢ modulation index VDINAUAM
4 o ] 4 el 1 @ 4

CRPWM Fauaanandreginfiui -m,= 0.8 lavld Fundamental voltage 11114 135.94 Toan
L4 1 H
104 3_mafla dunalddamaiin CRPWM dsi Fundamental. voltage 1110 1A #

=] v a =] o o " = o o

HoaguaaTuduandaeany uaasdunaiin CRPWM “asasnyiaugandsaiy lduas

o A
#4141 Fundamental voltage WINNTANIY

180 T T T T T T T -

80

Fundamental voltage(V)

60

40

20

oo

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Modulation Index(Ma)

3 v o d T . .
gﬂﬁ 5.27 N5 LAAIA LA UNUFTEHI19Fundamental voltage LAY modulation index

VDUNANA PSPWM



180 T T T T

Fundamental voltage(V)

==
-

0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Maodulation Tndex(Ma)

Y o e o i v . .
:j,‘l.lﬁ 5.28 N3 1WKENIANN T YN 55219 Fundamental voltage 118g-modulation index

VBIANAUA IRDPWM

180 T T

160

140

120

100

80

Fundamental voltage(V)

60

40

20

my=1038

0 L L 1 I 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Modulation Index(Ma)

" v o 1 ¢ %
31]‘?! 5.29 NTINLEAAIANUTUAUFIEH I Fundamental voltage 118g modulation index

UDIUNANA CRPWM
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6.2.31/ATUNAITUY R UNAA TRDPWM (with rotate pulse) NAT a1 = 1.0
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317 6.3 gUladundsIuveuNATin CRPWM (with rotate pulse) 171 m,= 1.0
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IPDPWM CRPWM
ot =t =
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1.2.2 NAAOUAWNAYIA IPDPWM (with rotate pulse)
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01.2.3 NAgoUAEINAYA CRPWM (with rotate pulse)
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n.3.2 NAABUAEUNAIIA IPDPWM (with rotate pulse)
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1.3.3 NAaRUAEINAHA CRPWM (with rotate pulse)
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WAASM  Digital Oscilloscobe (YOKOGAWA)
I DL1740E / (4 Channel)
i swaziden 500 MHz Analog Bandwidth
e 2 MW/ch Max. record length
I‘?ﬂ 1 GS/s Max. sampling rate
= & = Q 400V(DC+AC peak)
b -I <4 | +1.5% DC accuracy
.0 O O R
WANSN® | Band Differential Probe
bAr 700925
71082 DYA-~ 100 MHz
A probe lets you-make wide-band
Differential input measurements
wﬁﬂﬁmqﬁ Current Probe(FLUKE)
U 80i-110s
swauoua” Current ranges:

0to 10 A dc or ac peak

0to 100 A dc or ac peak
Frequency: DC to 100kHz .(@3 db)
Output signals:

10 A range: 100 mV/A

100 A range: 10 mV/A
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WARSMY  Current Probe(YOKOGAWA)
U 701930
570a2I0A  Current ranges:
Bandwidth: DC to 10 MHz;
current measurement : Max 30/150/500A
Maximum continuous input range: 150 Arms

Amplitude accuracy (DC, and 45 to 66 Hz, 0 to

150 Arms): £1% of rdg =1 mV

Output voltage rate: 0.01 V/A

NAAADN « Multi Meter(FLUKE)
U 179
590621009 True RMS 1kHz
Accuracy = 0.09%
Vac or Vde : 0.1mV to 1000V

lac to Idc : 0 to 10A

Hannn MIXED SIGNAL OSCILLOSCOPE
U 54622D
510020uA 100 MHz

200 MS/s

100-240 V input 300 Vrms 1.2 A

2 Ch. Analog
16 Ch Digital
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Abstract

This paper presents techniques for balancing of capacitor
voltage of flying-capacitor multilevel inverter using ~sinusoidal
pulsewidth modulation. Simulations were carried out using
PSCAD/EMTDC and the results are compared among three modulation
techniques; phase-shift PWM (PSPWM), in-phase phase disposition
PWM (IPDPWM), and carrier-redistribution PWM (CRPWM). The
comparison topics include balancing and fluctuation of capacitor

voltage and the harmonic distortion of the output voltage.

Keywords: flying-capacitor multilevel inverter, phase-shift PWM, in-
phase phase disposition PWM, carrier-redistribution PWM,

flying-capacitor voltage balance.
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