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The Design and Analysis of the H-bridge Multilevel

Inverter for High—-Power Propulsion Motor Systems

Sun-ho, Jin

Department of Marine Engineering

The Graduate School of Korea Maritime University

Abstract

Recently, the industrial field has begun to demand higher power
equipment, and the use of motors with several megawatt output level is
increasing. Despite rapid development of power electronics technology, it
is difficult to connect a single power switch device to medium voltage
grids such as 3.3 or 6.6kV. For this reason, a series of multilevel
inverters have been studied and developed for higher voltage and higher
power applications since the 1970s.

In multilevel inverters, each power device divides total DC bus voltage,
so an increase of level permits an increase of DC bus voltage with a
limited voltage stress on power semiconductors. Furthermore, multilevel
inverters reduce dv/dt which could cause insulation failure of the motors
electric winding. They also reduce common mode voltage which causes
bearing current which could make motor mechanical failure.

This thesis analyzes some properties and modulation strategies of
multilevel inverters, and investigates the recent trends of research. It is
focused on the cascaded H-bridge inverter which has been known to
have many advantages compared to others. In general, H-bridge inverters

utilize symmetric cell voltage structures like 7-level from 3-cells, or

- vii =



9-level from 4-cells. They can achieve more output levels from
asymmetric structures in the same output voltage RMS. The asymmetric
H-bridge inverter gives us several advantages such as better harmonic
properties, lower dv/dt, and common mode voltage without increasing
important power electronic parts, weight, or equipment size.

The characteristics of an asymmetric 11-level H-bridge inverter with
3-cell structures are investigated based on high-power propulsion motor
system power converters. The system structure, output characteristics,
and the load balance of each cell are analyzed. The computer simulation
and experiment are implemented using a rate reduced inverter.

Furthermore, a new space vector modulation strategy 1is proposed,
which is very easy to understand and is fast to implement in modulation
software. The proposed method does not need identification of the
nearest three vectors and duty cycle calculation for each vector, which is
essential to the conventional method.

The proposed space vector modulation strategy is implemented with the
CAN serial communication protocol. The stability and high communication
speed of CAN made it possible to transfer the important data to the
phase controller from the master controller at every 2kHz modulation
cycle from a distance. This thesis describes that the proposed modulation
strategy using CAN serial communication systems can be successfully
applied to the space vector modulation purpose of a multi-level inverter.

In conclusion, this thesis presents that the proposed asymmetric 11-level
H-bridge inverter can be successfully applied to a propulsion motor system
with good performance for high-power propulsion motor systems.
Furthermore, it presents that the proposed modulation strategy can be
successfully applied to the space vector modulation of the multilevel
inverters using the CAN communication protocol. Several disadvantages on
the proposed inverter topology were also identified such as the complex of
input rectifier circuits and the unbalance of the frequency of the inverter

cells, which need further studies for improvement.
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Fig. 2.1 General structure of diode-clamped topology

Table 2.1 Switching state and output voltage with diode clamped

topology

Structure Switching state Output, Va
Sl SQ SS S4 S5 S6 S7 SS VaN VaO
vl jolo| -] -|-|-] 3Va | Va

3level | O | 1| 10| -|-|-]- 0 Va
ool 1|1 ]| -|-]-|-] -3V 0
1|11 1{oflolo]o0o| +Va | Va
ol 1|11 l1]0]0]0] Vi | SVa

5-level | 0 | O | 1| 1|1 ]1|0]o0 0 2V,
ololol 1|11 |1]o0o] 4ve | 1V
olojolo |1 | 1]|1]1] -3Va 0
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4 4 9

| N;: 1
< J___“ =

(a) VaN = Vdc/2 (b) VaN = Vd(‘/4

I_'_I_l Vo
1 N;:
T
T Vao
(d) Vi = Vo/4 (e) Viy =— Vio/2 () Vay and Vyo

Fig. 2.2 Switching state and commutated circuits of diode clamped

5-level inverter
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Folgbae gtk 19909t Eof /e olefd 7 2= AEd voles ST
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AFEA AN = gUrk mepy 54 pEFrldA T 29d HEE 22 A
est Q7keHAl | ARAY ko] ASE ww e B pfemE thole
= IFYREPeAM ] Ak Bdd EAlE s e ey AR e A
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vV = E:: a
dc T JT__‘ ) o
C ;:Vdc
2 SH
o0
(a) 3-level

(b) 5-level

Fig. 2.3 General structure of flying—capacitor topology

Table 2.2 Switching state, output voltage and clamping capacitor state with

flying capacitor topology

Struct Switch state Output, V, Capacitor
—ure | Sy | Sy [ S3| Sy |S5]|Se|S7|Ss| Van | Vao |discharge |charge
1100 =]-4=f=| 3Va| Va - -
1[0[1]0 1 - C
_ I e, o e lvy 1
3-level ol 1lo0l1 0 5 Ve C, ~
olo|1|1]-|-]-|-]"3Val O - -
111 [1][0]0]0]0]5Va| Va - -
11t lof1[o]olo], ; C, C,
Of1]1][1]0l0[0]1L1]|FVa|TVae| Gs C;
1/]0[1]1/]0]0]1]0 C,,Cy C,
1l1jolol1]1]0]O C, G,
0Ol0|1/1/0|0]1]1 CCQC CC%
_ 1/0[1]0][1][0[1]0 1 2Cy | CLGy
5 leVel 1 O O 1 O 1 1 O O QVdC Cl,C4 C3
Ol1/0/1/0|1]0]1 C,Cy | GGy
0O/1/1/0/1]0]0]1 C, |C.C,
tjfolojlol1rl1l1|O] , . C, Cs
0O/0|0[1 /0|1 ]1|1]|FVal 7Vac| C, C;
0/0|l1/0]1]0]1]1 C, |C.C,
ololojo|1|1|1]1][%Val| O - -
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N N N
T [ T [ T
(@) (b) (c) Vix =0

(d) VaN = Vd(:/4 (e) VaN = Vdc/2 (f) VaN al’ld VaO

Fig. 2.4 Switching state and commutated circuits of flying capacitor

5-level inverter
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2.1.3 A=A o= H-BIAF

e duE e E e FEReA AaAe=(FHY) H-uEA FH7t 9
o Ak WEHEe] 548 2E ANEHAE M wA AREoy 2y
HAo o] ALL rholox ZFX o H| FILER] EEHT o] HAlL
Fig. 2.59 7ol & 3-#¥ 1R A JAHEHE FHste] 43 o= v
o] AgdZdat fdHor FASHH, 292 AxE AER ddse 4 F
WA s gy A JIMEHE AERE AZdste Aol

ZF A JIHEE BT dr|Hoer ddw SDCSE 7HAH ®elrel AR/IZE
S ddE DCAY F2E FAEE Bo] by olt) Fig. 2.6 7-d¥ H-
BelA HEE o]4d AEv] TEA~H T4 4y AFIZE ek

48 o= 7] 98 A4 94

Fig. 2.5 Principle of cascaded H-bridge 7-level inverter
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Fig. 2.6 Configuration of 3—-phase H-bridge 7-level inverter system

with 18-pulse input rectifier
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Table 2.3 Switching state and output voltage from unit cell for

H-bridge inverter

Switching state
S s, S, s, Cell output
1 0 1 0
0 1 0 1
1 0 0 1 Ve
0 1 1 0 Vi

Table 2.4 Cell output and Vgu from H-bridge 7-level inverter

Cell output Cell output
Vout Vout
cell 1 cell 2 cell 3 cell 1 |cell 2| cell 3
0 0 0 0 3 5 - -
0 0 1 0 0 -1
0 1 0 0 =] 0
1 0 0 =i} 0 0
1 1 -1 Ve -1 -1 1 Ve
1 -1 1 1 -1 -1
-1 1 1 L 1 -1
1 1 0 -1 -1 0
1 0 1 2V 4e -1 0 -1 -2V 4
0 1 1 0 -1 -1
1 1 1 3V 4 -1 -1 -1 -3V 4.
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(a) 2-cell, 5-level 12pulse

o

+20°

-20°

—
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v

(b) 3-cell, 7-level 18pulse

B
+7.5 |
e
| ﬁ}h =y H —
0

(c) 4-cell, 9-level 24pulse

Fig. 2.8 General configurations of input phase-shift transformer for

various cell count
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2.1.5 MLI¢] M2 EEZZX

AR Aol Fae diE e Agwuaaert F7bea WeHAd o
= 717

A =8 MLI Eiiﬂ 7} 5738t

O ¥ AEdZd

H-BE8A 82 ckolA =k 33 o] @e FHS 7HA= MLI EZZX oy
7 AduE Avich drjgoz Rald SDCSE "o w slnz 54 B 4o |
et7)¢} zhzbol Ao thet HFIEE e R e So] dyow AP 9t
W] AEAdY = e DC 2240S K= g 3-#d QwH
237 7 WEHY 85 Ad A4E WA7E o]fste] A F HE
EAS ZEF st WAL EN &= Figo 299 2o

ol Wale FHL Td DCHYS o83l HEHH] S IS &
Aom, 22 Z WYV|7F AEE sAely| wie Mo dEY 327t st
A gthe Holth, AY AZd ne WS ol &std 3¢ S
DS T Ao Fig. 2.9¢F o] Al el wg7]elA 221 5 dAdn7F 1:3:9Y
w Z o dil7tA] A& F9d9S 98 7 Urh22,24-25]




@ stolBIE=EY

H-BElA8 ¢ 45 DCMI E+= FC
Al SDCSe 45 #AaAZ 4 ol Fig. 2.102 H-H
SDCSE 47lellA 2712 2FaA7]a 455 FCMIZ Al Feje] slol
9-#l QIWEle] Fx 2 F9yS YeEATH3,48].

Fig. 2.10 Hybrid multilevel inverter with H-bridge and FCMI

@ HIY H-BA F

H-Hex] MLIS| 7|49l -2l A zb o] SDCS AshilE th=Al #4838t
W oAlSE H-meA A 2
ks RIME S & FEF R FIE STMAIIA &3 59 d9das
S/ ER AE7] dEde] THDE #aAl7lal dv/dtg AsHAA o8 7F
A S 7hRh Fig. 2118 vdld A4S 7 E 2-4 Fx9 H-2EA
7-#d MLI®| %5 YEbinH5,48].
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Fig. 2.11 Asymmetric cell voltage H-bridge MLI

_26_



2. 2 4E|HE A8 H 9

12—l QHECIA AesE WS ARRlT PWM EEY(SPWM,
Sinusoidal PWM), Ae#  umxu A 7FH(SHE, Selective Harmonic
Elimination) ¥ &7FHE WHZH(SVM, Space Vector Modulation)S & & U
o}, MLI= 7|& oI Ee # el Hej2 A 85l Fig. 2.129F o]
T Au1-2]. MLIAM = A5 PWM gEle] W=7y oo SHE

=z
=z

[e)
WS

Multilevel
Modulation Method

LD I
High Switching Fundamental Switching
Frequency PWM Frequency
Space Sinusoidal Space Select|\{e
Vector PWM Vector Harmonic
PWM Control Elimination

Fig. 2.12 Modulation strategy for multilevel inverter
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T E HEHSVMlA AWEl ] Hehe da] AloJA vl A FA| o] 7] 7}
JelA REY 7]5—@%@ B2 A= Aolt} Fig. 2.13& A7) Aoja~d B=
tholo 13 oA SVM QB E ¢ 9% % @‘1%-% el oh(3,4].

AAp B AFATA Al A dAger FdHE A A

w
oy
=Y
o
A
lo
K

V.. sin(wt)
A% V2V | sin(wt-2/3m) 2.1)
V:S sin(wt—4/3m)

7)ol A V.., Vi, Vo = &R 712 A%, V. = uA4z AAdA o

ol
rr

A G A RMS) ol e, MLIOJA] &3 1Ei H 2R S
[e)

Fol upeh FAME 71 9ol &

So. Fig, 2145 319 HowdA T aels Faue o vl A4
HE 7 #EFS dehln Qom, 9AeE dzge 4 DY JuE ¥
dg 1EAY WEE TAH] A QES A AHNTVE FHE AP

@ Space Vector PWM (SVPWM)

SVPWMelA Z2AM7F F8st= 7H a7 932 NTVE A8st= Aol
H OAA M FolA 7 B AgAgte] atE T mEkA SVPWMel A
© ol2ld NTVE axdow Adstr] g o]l o] A5 AnH35].
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*
Wr Speed 'qu= Current Va:b:%: SVM T—7 30
controller controller inverter \ Motor
7y 7y T
current

pole position
speed

Fig. 2.13 SVM inverter in speed control block diagram of 3® AC motor

) A
Vbsk T

AYavAY
VaVAVAVAAVAVAVA
JAVANAVAV
INININ/N/N AN
V/\NVAVAVAVAV VAR A\N
Y4
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Fig. 2.14 Vector space and axes expressions for cascaded H-bridge

7-level inverter
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2 HolMdE SVPWMe H®W3ELS o] &3te] T2 AMe] ArES
SVPWM 71¥Hel diate] A7)sheh[5,42]. 2] (2.2)3 2& 3x49 7]
VRer (v, vov.)E A (23) 2 2 249 Zo] WYL TS o] g3te] 2314

HE V gpp (e n)= HEH#T 5 Arh

sin wt
v)REF(abd)c,ca) = VI—I SIn((‘Ot_Z/ST[) (22)
sin(wt—4/3m)

v)REF (g;h) = T V)REF (Vab’Vbcha) (2.3)

_ 1 2 —1-—1
T_3Vdc[—1 2 —1} (2.4)

©1-1) (02

(-1,0,1) (0,-1,0)

(0,-1,1) (1-11)

Fig. 2.15 Two-dimensional multilevel vector space
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Fig. 2.156% ¥&8d TE o|&ste] Wte 3-#¥ AWH HHE7Hs
B, AERE W Ve (v, v, v @D WHE AR e 224
Fhor WA 7| wdd vH TREF(g,h)g] gte}u| B &= upper9}
lower® &3 % g Aol t&<] o] 7k HHE 7

Vo= v ] (2.5)
Vo, = | e (2.6)
Vi = [ | @
v = |y 2.8

2] (2.5)-(2.8)7kA] dl 7S] WME = "HEdE HEF oA NTVE ¥3sh=
FPAAY S A, V. V., 4 NTVe F #WEE o2tk NTVY
U] shub= 2 (2.9)F o]83ste] 3k 4+ gt}

Viere + Veern — Vag + V) (2.9

714 4 (2.9)¢] ANAR } 0Rg AW V., 0BTt Zow Vo A #
Al NTVZF "tk NTVe] ZF Mg o] thak FE] Alo]ES NTVE Al WA 9
o] Friol| we} thg g

dul VREF g vllg
diy [=1] Veern = Vin (2.10)
1- dul - dlu
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e
rr

dlll - (VREFh - Vllh)
dlu = - (VREFg_Vuug (2.11)
d 1- dul - dlu

uu

SVPWMe] A o= £= Ac Yeh AT

®@ Space Vector Control (SVC)

A F7F A sk el SE7F vilg WA @ ML e Al ARl

o]-g-3tc}h. 2] (2.13)-(2.14) 2 Fig. 2.167 #o] v, ¥ v, 2 Autssie HE
W ghghe,

0(t) =3 (oux (£) + Boi (8) + Boue(1)) (2.12)

= v,+Jv,

A7 B = L 4L ey,

Ve =57 (2ux — Vi — Vex ) (2.13)
1
Uy = Vv (vbN _ch) (2.14)
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Fig. 2.16 Closest vector selection for space vector control
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(a) phase voltage waveform

(b) voltage vector utilization

Fig. 2.17 Results of space vector control with 11-level inverter
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2.2.2 A A3 PWM

He g ARl PWMMLSPWM) 712 dnkd o2 DCMI/FCMIe A ¢+ H-
BN x th2A gk DCMY/FCMIIAE Zeol me ) (m—1)
Mol Azsh AelelE olgatn] Zt ddel wig Aol wiA= thEdt 2
W So] Ay ¢t [28,43]

- Alternative Phase Opposition Disposition (APOD) : Z} Jlgoj7l M=
180°¢] $1dak2 74A o wjA|

- Phase Opposition Disposition(POD) : 0 A5 o]Ae] Agol= = T4,
0A1 % olate] 7lglol= o]} 180°2] 94a+E 7Hxar wjx] F ).

- All carrier in—Phase Disposition (PD) : & g7} 22 ¢3S 7HA 2
Hj =] f o

DCMI/FCMI®l A& Fig. 2.18% o] Z+ Aelole g4S
o] 71 ARRIFHE o] &3k PDWHel Abugte] sz 54 #
g o g el Art[28].

AEAde 7t BE 3-dHE AWEHEe Sfddoz a3 4 & H-H
A1Q MLIA = 919 2z gl digk Aelols ddats 2ol obd Fig. 2.19
S} e FjEolo] gatols WAL Fa ARt agdME 5-¢ H-BelA
JAMHe gk & YeRa dom 5A oA g Ao ARAQl A
A Je Ak zba Alelels AEdde H-28x39 AdWEe] 4 k
T sy et 180°/k WHE 91 ol FAIZITE gk V]EARRI TS R e]

9e 52 A3 A AuEel Fdoz gyt ol Aele) 940l
= AMeloler #Ed axs 9 Sdidk(sideband)E AASE 5
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Fig. 2.18 In—-phase disposition and 5-level output waveform

! Reference for legl
Carriers References .

Reference for leg2

legl operation

leg2 operation

ru-ru—lml—l—”—"—l 1 5 level output
0

Cell output
=legl-leg2

St

Fig. 2.19 Phase shift carrier SPWM method for 5-level H-bridge inverter
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Fig. 2.20 Stepped waveform of selective harmonic elimination
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7| &0 2 nxaE E3tete] AW HeoA AR = AT 9] Fourier 23 Al
T QWS HWSE A 83td 4 (2.17), (2.18)3} 2t}[29,44].

V(t)=> [ansin(nwt)+bncos(nwt)] (2.17)
n=1
4F &
a, = n—wglcos (nay) odd n
0 even mn (2.18)
b, =0
7}, ne %3}

o714, E= SDCS d%kel &, p= =9 a5, o 290%

Apgeolth n=19 w 7| ¥5E Lhekdtk

4 (218)2 o §3A MEAE Mo we AEstel 2018 A9 stn nx
she] A1%o] a,=00% HES sz dAel A (219 W5 5 on FA A
& Fo WEAS M3} Fdsol BE A e 293 7 o, 4y, B ARE 5

Atk 3 SHEd $7F Skl meElk o] g4 o® 5, 7, 114 T4 axdE
om 2k+ 1M Zgofa kel 2=9H 7+S o] &3t k— 1719

N

AAE = e

nzE AAL F g

it

cos (5ary ) + cos (5ay ) — cos (bay) | = (2.19)

cos () + cos (ay) — cos (ay) Miﬂ
cos (Tay) + cos (Tay) — cos (Tay) 8

2 (2.19)9] HA 65*4% Fig. 2.213 2L FE-
Sl A SlE e S QU Fig. 2.213 2 A4S 98 4] (2.19)
= A Aesid A @ 20)4 ELg

=

Fla)=0 (2.20)
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o 7],

Fi(a) COS (i + COSay + cosay
Fla) = |Fy(a)| = |cosbay + cosba, + cosbay | — C

Fy(a) cosTa; + cosTa, + cosTa;
\%l
C'= [Mpm /4,0, 0] °]t}.
A
F
xy)
V4 %
Fig. 2.21 Newton—Raphson method
AT 2718k [00(0), a3(0),05(0)]F AAstaL HLd W& S AF 3} shd
21 (2.21)% #Zt

[ 0F (o) oF () oF (a) ]
day by ey a;—a,(0)
ofy(a) oFla) kM) |\ 0 (0) |+ Fla(0) =0 (2.21)
ooy 00y dag ag—ay (0
oF(a) oF (o) 0F;(a)
i ooy 0ay ooy i
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Fig. 2.22 Calculated angles with various modulation index

U

M=0.26~0.5 M <0.26

Fig. 2.23 Waveform in low modulation index area
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= AolM= AzAol= H-BoAE Heudd IuE o] Wdd Fe=H
2.1.544 AR Wt o] A AP S 2= Szl thste] =iy EF
oM et WY 11-d2 e JdJFAE A#eta, dEEs
e 4, HE s ol &E UMY Ao Fol ekl AEsta A6t
71508 AWE EZZAZHA AFe)

3.1 Ag#EE L dv/dtEA

4
A F4 SHAA AH7HA AHS JHdn. 4 THD PWMo= Qg
EMI g &o] #asty, AAg A3 dv/dtzl Zaste]l As7] 4o ddEAS
B33 4 Ak dv/dtet #HAsk W7 ] AAHL SHAA Fag 5
o2 Fig. 3.1% 2 AMEE Ay EA S & F A1l

O ¢ DC link midpoint

Motor commo

Drive grounding mode path
network

Fig. 3.1 Common—-mode circuitry of the three phase PWM drive motor

system
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A Ag2 AAE AnE
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4 oF 300 olH @ WolY AFel A% £Hoz AHHI Y.
9 I W B A7 2992 10141

Quele] Aol YA FelA ol% B THD, dv/dtdstel €% A
AL} ARRE AL, FAG D WY AF SO 54 AwE Sl
A 7k Bess AdAe 1o dgde] £25% v Rt %
A, WaG 2450 B3, FF Sol vl e 53 vaist F
3 A A3 2 ABAD A A el AGSE Fad b

Ade] Ao}, wEhA B =TodAE H-EIX| el QI Eo|A Alxvle] HihA
3 FEE ZA7%] Foma = Ate] @M F= ZlAly]= udo
vt A 8¢ SDCS AH| S o] &3 v
AzAol= H-HeAF ML= 2k 9 90
e o] W Egte] A 5 274 5 Al YAgtel 44R 2
719l A&A9l WAR WaEE 517 93 k |
B7sh Ak web 34 el wald H-nelA AuEelAE 1:3:99 A
M2 olgHoz A 27-#Me A%H e AL F Uk

Vg (k) =31V, (3.1)
H 3 H-B2]# AW e A A 7Fe] SDCS AYH S AAT wj&= 2 A=
a#stojop sk AA, 29A AR ALA

44 89 deld A4 Age 448 BEY ¢ Ju%
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t

AE=F arefEofof ghrh, AlAl, agh Al Kol Al v A2M ALEE
A 4 FHEAE %116‘}0401: s, mpARto 2 ]ie HF 9 s 2~
A Al AP AR AMES 99 HHEPAIE FRE 5 oo g

Table 3.1 A QIWE 9] SDCS An|e] HAl st HEZAIA}ZH, &l
dEl, dEAFIE 2 7t B A4 Gl st HEs *ZH E=
A ALARLE AE7] FEALE dYow wo] ALE3E 6.6kVe A4 4=

)
ofo
ol
o
38
ks

Table 3.1 Consideration for asymmetric SDCS configuration for

3-cell H-bridge inverter

cell fault

Maximum
27 113 11
output level
SDCS ratio 9 B N 3 =gl 221
Max. blocking 69.2 % 50% 40%
(6.6kV system) (2.64kV) (1.91kV) (1.52kV)
Voltage rating complex complex .
. . . midium
complexity (different each) | (different each)
Switching . .
none midium midium
redundancy
Input rectifiers 6-pulse 12-pulse 12-pulse
Reduced output
with high voltage 30.7 % 50% 60%
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2 =ioll A= Table 3.19] HEAI] wpe} Fig. 3.29F 2 2:2:12] SDCS
11-9¥ x5 AAsta Ajlgded 2 Agd HEskqir).

SDCS A str] 2:2:19] 11-#8 FxolA e drRbd<l 1:1:19] & F-Zol M E
oh 4-d8 F4E Fejo|th. AAHSGE Vo= sl Aol Bk k],
NdE 3-4 329 1/38th thh S7Fs 40%] st st mehAlel u
Aol ymA] A2 60%2 Aad 8 AHE A&EHor L4 5 .
il 2

AWE Zp FEEe] Fol M= v=d A AWy 5o 9

293 HEdA s 3:2:19 F27F vad B fUdAE 7T o & £
Vdeo] AYE F¥ay] 98 shed =94 23S A Ao A wha

A Al 293 wE = AskeEe] AARks 93k FrhA el dddnE e w3t

o] o H g naaslz] o),

3.2 HIiQ H-BZX 11-#8 <AWH

Fig. 3.2¢} #& Fx+= Aba Z+7; Vde9o SDCS #Aers zk= 57 o] #AY
2 AdZ¥ 11-"9% H-BA AWEHAA F9e 47) A4S 2b2F 2718 Astst
e 2ot & 5 Q).
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(a) structure

anrt

1nn

~

(b) cell output

oot Jog

IJJJ"_LLLIj 11-level

e

(c) inverter output

Fig. 3.2 Structure, cell output and output waveform for asymmetric

H-bridge 11-level

inverter

Table 3.2 Cell and inverter output with asymmetric H-bridge 11-level

inverter
Ccell Vdc 2V de 3V dc Vout Vdc 2V de 3V dc Vout
0 0| o 0 0o | £2 | T2 | o0
1 0 0 -1 0 0
1 | #2 | F2 | Ve -1 | #2 | 2 | Ve
2 0 0 -2 0 _
OUtDUt O O 2 2 Vdc O O _2 2 Vdc
1 2 0 -1 -2 0 _
1 0 | 2 | Ve | 0 | -2 | Ve
O 2 2 4 Vdc O _2 _2 _4 Vdc
1 2 2 5 Vdc - 1 _2 _2 _5 Vdc
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3.2.2 949 AFI=

H-Be|xg MLIA $733F Mek7l& olg3ste] 8 A nxvs aado

= AA) AfAE 2 AFlel AhsAE Ravt Sdser s 2 el
97}t Hololok @t Fig. 3.29 @& wylde A dghE 2= Tz
ME A zre] eyl HAskA 7] wEe A A WS
7] Z@Et}[48]. B =FoaA= dubAel pTxo|A Fi}e] AE3
o] 470 AEIwS Hgste] 129~ dow AU}

B E=RdAe F e 2V A4S 77 A-A 2 A-Y WAV E o] &5t 12
Pz pAsta, sl 1V Ae 77t shy

A

= H
sfo] wmow 1282 ARE TAIAL AUZS A EE VY wF bed
AR, AGAAE 39 BAF bt £ Eme AASE Y Age) VY

a2M 54T + 9o8E AFS ol Aol 4Ry FuAA fIHnE

DS
oft
o
)
ofo _l
_O‘L
3t
Au)

i(t) =1, [sinoo + %sinlloot + lisin13(ot +...

1 1 (3.2)
+ —sin 23wt + —sin 25wt + ...
23 25

Fig. 3.32 SIMULINKE ©]&3 6-"223 4 12-F2Fo|9] 45 AF Al
Edold A¥E el
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time [s]

(a) 6-pulse system

aurert [A
b

0.10 0.11 O.'12 O.'13 0.'14 0.15 0.16
time [s]

(b) 12-pulse system

Fig. 3.3 Input current waveform with 6-pulse and 12-pulse system
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3.3 AHHS| =g T4
3.3.1 Al=® 74

& el AR H-Be)H QInE L] SEvelol il YEk
ohomAE Ale)7E SAlS LRI ME Pl & Ad SANASl CAN
FAE ol g3kl FAo7IE Aojstel, FUEE 1 dAA ] AR QIE Ao
22 RS-232C TA1E ol &3th WE mE] Ao JaTAolwan

WA e BFsel 2 AN 247 39l A Ag Aolshe

Gate Drive
—» 31 A E:> Circuit A —> Inverter A
CAN
Gate Drive
M §—<» B [— Circuit B —> Inverter B
LabVIEW 2 D
L» 3 C F— ate Drive —> Inverter C
Monitoring Circuit C
& Remote  Master Phase
control  Controller Controller Gate Driver Inverter Cells

Fig. 3.4 Block diagram of experimental inverter system

Fig. 3.59} Fig. 3.6-> IHE A|x®le] 45 el X5 3671 IGBT9
AolE =gtolu, 12719 948 EWAZH7} AALHAT. AAFX 2 A ZE 2
HE o] A}ES Table 3.3¥ Za Alo]E tglo]H o 3| g% B= Bo e
S}
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Circuit
Breaker
|
a5
e XXX -KF - A || i 1 ||
A= aN i Hw [ H[| H>[H
3056V AKX A KEF - -+ — - -+ | L
a 2 5
3 xx% -K¥ 1 || | 1 | 1
b : Cz’%* H » HLl H o H [
3056V AAA K% -+H — 11 L
C I oo
o XXX K F - 4 a 1/ i
30 220V ﬁg L °’} Rs B R H | i H[
3028V AKR “KF —+ 1
30 AKX 1 1
: }R A +H B T C
3028y AKX A an 1

Fig. 3.5 System configuration of asymmetric 11-level H-bridge inverter with 12-pulse input rectifiers
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Table 3.3 Items specifications for the proposed H-bridge inverter

Master controller ) )
dsPIC30F4013 (Microchip)
Phase controller

Device Gate driver TLP250 (Toshiba)
SGH20N60RUFD (Fairchild)
Switch(IGBT)
total : 36 EA
Input AC 220V, 39, 60Hz
AC ~230V, 3¢, ~60Hz
Output
Inverter (max. 100Hz)
Output levels max. l1-level
Rate 1kW (max 1.8kVA)
Modulation Frequency 2kHz (Tcyc =500ns)
Cell 2V A—A, AC 56V (DC 75.6V)
Cell 2V A-Y, AC 56V (DC 75.6V)
SDCSs A—A, AC 28V (DC 37.8V)
Cell 1V

A-Y, AC 28V (DC 37.8V)

3.3.2 4 FF Ao

H-28A8 EZZAE o] &8 49 7t AvE A
3 HEA= 72 A JAWHd =
Aolde] gk Haghe] 32 whg UFstal B Aol wpE A o] 7] o
Al sHAl "k ol A2 Alojet IAE JAFTA R G| wjie] d&A o7}
A A HolEl A Fol s A= Aol U= RbHoe| mpiE Ao]7] 9]
Hgho] AX I wpagA|o]7]ef ZF A k] FAlA Ade] Hgs i
A

whE, Aol Zhzkel A QlulE v A

mlo
2
2
ol
rlr
N
2
N
N
L
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= M 4]
of MixHE A&t 7t Anity 5 HERATE HAEAOEN BE A9l
HE 7} sdg Fats EEe AR A "k weta g8 dF7e] 93]
= x] gomE uxd 5o JAHL BE 29F AE A3 UA ARE
A HlE 2 ol e & MLSPWM wWale] wFo| A felsith

gy FREEE Mxet o]l wf WXAlo]F with Z} A wele] FHEHStol
AR E ook stz Afolle A GAE Aldet= olY3 BAHAllE A &str] &
gttt olelst A 7 S TS EE AJMHHE dF Aot Ao

Ao S A8 skalvk

A A A AN Fig. 3.6 £o] FAezlold 12 ER A" A
T8 Wert 7 e S d&drt. 2Ela vlE=E]] A4 Eg AND o
A Estel A 8 4 ol

Switching vector  HEX integer Pole o

0101 0101 0101  OX555 oV (0)

0101 0101 1001  Ox559 837(1V) PORT=0x595 | state 1
0101 1001 0101  Ox595 YERY)

0101 1001 1001  Ox599 VEZY) <L

1001 1001 0101 0x995 WBIL) PORT= Dead
1001 1001 1001 0x999 BIHV) Ox595 & 0x559 | time
0101 0101 0110  OX556 BL8Y)

0101 0110 0101  OX565 %:8V) <L

0101 0110 0110  Ox566  -11%3V) ORI | state
0110 0110 0101  Ox665  -151-2V)

0110 0110 0110 0x666 -18¢:6V)

Fig. 3.6 PORT register configuration with phase controller
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3.3.3 AN E L AE =golr

292 AR AFES IGBT 2 AlolE =glelH 323 Fig. 3.7¢% Zuh =
gho] B Aazt@ ARge TLP2502 o) 25kHze =913 £%&5 7HAH 35V7HA|
dEHd HA A AolE =gtolHe] A de 20VF FwE Y
tho] e =9} Autto]l e =0 ola) oF -4V % +16VE ¥tE o] IGBTS £9%
o2 ALgHT ACE =geolH F2o A3y U §FE HAE 3
o Ao Ao Aelztaac)

TLP2509] f=ilss AAlol7]o] TEASTE AF oY
th wl IGBT 291* SGH20NG0RUFD2] ©Q Al A7t} 3173 7ke] 3
<& A 475nselw, TLP250¢] 3t7AIZE 0.5usE L& ste] A4 d=Er
& 3us®E 3.

o

V:d oy | Mo IR i ., lGBT|C
meaghe T LA KE
470 )f——r )IlouF av G |g
Vssr . H

MLI®IA = SDCS o]&jo = Alo|= =folH 429 55 fafiA e 22 3
Aol B 5y ddoe] Ak o]gd Ao]E ZglolH HYL 4 Wy
S o] g3tk 7 Ao ALEE 12709 AR AAke =497 B
=718 BFE F don ZEA7r s b A" 3
Table 3.49} #o] TF8 HAdS AH&ate] 25 destetal 759 F&5
g ook wEbA ZF el 12719 29AE FEdhe 29d AnHde
Table 3.4° we} 25 7787} ARgH T},
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vdd

Vss

Gate driver
circuit

Gate driver —'\Nv—l

circuit |———

| leg

Fig. 3.8 Gate drivers with common emitter ground

Table 3.4 Switching DC sources for common use (total = 7)

DC source No. Common use
SW DC source 1 Gate driver 1

SW DC source 2 Gate driver 2, 4

SW DC source 3 Gate driver 3, 5

SW DC source 4 Gate driver 6, 8

SW DC source 5 Gate driver 7, 9

SW DC source 6 Gate driver 10, 12

SW DC source 7 Gate driver 11
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3.4 A WY FaA4d

woEel wog 11-dd H-2eA3 Aued oA 379 7 Ae
SDCSe] AARGte] BA gorw FHALL Ay AT ~9% HA5e @
Abol oA o] g Akl debxith. 549 QMY REo A HsHEHe= 7
S AARFHAG ARAA nET SHL oYL 7 AWy mEI ~
974 ade wde BRFFeA @t
HzX 4o M2 E579te] w9 Fig. 3.99 £, zF g% W<l
L1 ~L5 94 =83t A2 Table 3.59F #tl.
M=L.0
5
L5 /’rlvbo.s
4
= JTHYS.
3
L3 ////1\7:04
2
B =
' W

n/2

Fig. 3.9 M index and range of V

Table 3.5 Commutated cells for each area

Area Commutated cell
L1 1V-cell

L2 1V—-cell, one of 2V-cell

L3 1V-cell, one of 2V-cell

14 1V=-cell, two 2V-cells

L5 all cells
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£ 2
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= 40-
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(b) VA rating vs. max

Fig. 3.10 Cell load balance of each cell
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Fig. 4.3 Vector space on terminal voltage, 7-level
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Fig. 4.5 Concept of proposed modulation method
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Fig. 4.10 Reference and closest voltage vector
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10

-10

021 0.215
Time (=)

0.205

0.2

012345678 210111213

Harmaonic order

(b) input current and harmonics

Fig. 5.16 2V-cell balance and input current

0.99)

60Hz, M

(fm = 20kHz, f,
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-200 T T T T T )
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(a) pole voltage

400
300
200
100+
> 04
-100+
-200+
-300+

-400 T T T T T )
0.20 0.21 0.22 0.23 0.24 0.25 0.26

(b) line voltage

-10 T T T T T 1
0.20 0.21 0.22 0.23 0.24 0.25 0.26

(c) load current

Fig. 5.17 Pole, line voltage and load current

(fm = 20kHZ, fo ZGOHZ, M:O99)
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6.1 JEFANE o] &3 SVPWM &

6.1.1 ¥=E

A47gel A Ak SVPWMe] Af = flste] 7 o] 7Exshs dAse
™, Table 6.13 2<& F 79 FxHE o|&sdle] CAN B41S T3 FIHE

ME7HS TAAT SVPWMS AFol 4% F A9 FREE $S Do 1}
ER kS

Table 6.1 Look-up tables

Table Description Resolution
Table 1 Basic sine table 6,283 (27 < 10%)
Table 2 V. and duty table 912

M ElY] Hu & @ £ pE V|FoRE k=(p—1)/2Y uw], 7]E AAFA
sin(t) & Fig. 6.13 o] 7123 to] tiale] 0 <t < 27 7}#] 2 - 7w x10°¢
6,2839] dFER B, ARFES 0% 7Iwo® 4o B 3 Fo Wgo
2 7tz oMo S nR BEEdt. webd sin(t) 9 F4e Hold <ldx
0~6,2829] FA&el tHste] -204894 +20487FA19 e zZtE A WA
'BASE_SINE' Hlo] &S wH=U},

-2048~+20487#] 2] Elo]E9] #h2 4] (6.1) ¥ Fig. 6.2(a)%} o] AEZF2
2 21=2048%HF olFHo] WMEAG Mol webA 4 99 0~40967H4 9
i #hs 2 A



i = BASE_SIN(10® X rad) X M +2048 (6.1)

o) oz Agdd RN HA HolEolA i=0~40967+A1¢] e F HA
o] ‘VLLDUTY'9] @& ¢l AR&Eh o] F WA Hol&E2 0~40967H4 €]
F2oll A, Fig. 6.2(b)e} o] dwrate 9 M=1.020 AejolA -5~+57}% <]
Helell ok -5ellA +47tx 9] Vi g Ty ks Elo]n glog ztes 4w o]
ATH.

B ALg® EHlo]Ee 12566bytedt 8,192byte® % 20,758byte &

48kbyted] WAE ZeA == wRg S z2t= dsPIC30F4013 DSCeol| ==
a5 g A

211
(2048) y=sin(®)
on
0 T
u
(-2048)
0 6,282

Fig. 6.1 Resolution of basic sine—curve to 27 rad
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212

(4096)
y'=y+2048
211
(2048) //’ \\\
o ~
7 - -< N
/// _ \\\\
Sl \:\\ﬁ
0 z ~2, 2m
TS~ 2z
N -
\I\\\\ ______ ’//,//
~ e
= M -sin(t) S T~ i
-211 Y © Nt Lo
(-2048) ~~ -
0 6,283

100%

duty

0%
0 4096

(b) V and duty ratio for sine value

Fig. 6.2 Simulation of reference voltage for three phase with

various M index
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6.1.2 CAN T4 o] &3 SVPWM

6.3 A AA AL®E  CAN2.0A <QEHHA)~ FAHALS  YEhH
dsPIC30F4013 AEZ2 2] CAN 253 284212 CAN H 2 7Ho] SlEH o] AE
91&to] MCP2551S AF&-3FSiTh

CAN 2.0A CAN Hi MCP | [ Phase A

| 2551 Controller

Master MCP MCP Phase B
Controller @ 2551 2551 ® Controller
MCP Phase C

CAN Low — ] 2551 j C Controller

1. Master Phase : standard data frame
:\{, duty, error frame (if occur)

2. Phase Mater : error frame (if occur)

Fig. 6.3 Interface block diagram with master and phase controller

dsPIC30F40132] CAN EAIR 5L v~ Zo] o] 30m ¥ WolA 1Mbps,
100m AzlellA 500kbps?] £41 £EZ A3 CAN A9 wWE FA&HE
ot e S FEste] SVPWM Hxo] H&3skqlch. wh=E A o] 7] 7k ALt
gk 7} o) 7l skl wEl el "ok dlolEE vl WMEFInic) Ao 7]
| Addets WAS ol&stH, tlolEE A% Aol 7= 42 3719 A W

LEAALE W5E o Aotk FAY ozt wasA o 4
ke

;9

2

E]

A
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Hd 1Mbpse] FA&EE o] &3H¥ dsPIC30F4013 DSCe W€ CAN =

'olA Fig. 6.4(@)ek &2 dlolg 7] 6vle]Ee] XF HolHZH S AHEA B

sAlAIZbe] g€t whebA] 500pse] WEF7E 2be 2kHzel ¥
KeX

Aol ol A Fig. 6.4(b)9} S AlZHse CAN W5 HAF3HA doh. webA
23] 4

B

o

—
O
o

=
n

Lo

fi
>

e o g BN

=

o s Elolw T8 AAdd sl 717 =@Ekd Eelr JAHHE
g &8 v+l sidste Vy 19e 938tk glolm e F7)3ko]

719 95% ol’dol A, 5% olatd W= k2 95% @ 5% = Al eHargith.

Fig. 6.5 CAN ®AoA SVPWM ®zE 9|8 13 £ dolgHE 543
Ayfoltt, 2 2,0008] 9 AL st CANTAl 7lHke] 2kHz SVPWMLS 541

A Wz

N

A& o] &3 SVPWM w5

N
g Hel Fhol hsstgon], wmol= #Ao] Aoty WA FAALHW 48
S

CAN 5218 0] &3 SVPWM WxolA wtxeldol7|7} 2+ Ae] 7]FAdgS
Ak 3 AgA) 71 AEHEZL B8] 7k 103pse] AlZEA Aol AT
ok W E 8534 60HzolA 0.039rad, 30HzolAl 0.0194 rad % |1
m AAgkel A71= Fig. 6.69 o] &3 Fugo wel Ay SA4S e
t}
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|« 103 bits I8 >
°
o A Data fiel g > 2| u | Inter-
Lt Arbitration [Contro CRC |3| O |frame
Q : : Phase A Phase B|Phase C i gl o
) field field x | field |= space
data data data <
1 12 6 81 8[8[]8]87]8]16 16 2] 7 [ 11+

2-byte content[15[14]13[12[11[10/ 9[8[ 7[6[5[4[3[2][1]0

for 1 phase Y, - Duty timer value

L

(a) standard data-frame

CAN Tx Error frame
(bus busy) if occur
(30 us)

7755050

7505050

|<— 500 us —>|<— 500 us —>|<— 500 us

(b) CAN bus arbitration for each SVPWM period

Fig. 6.4 CAN standard data frame and bus arbitration

_98_



ole 3 AAEHL d—qFel AATANA A4 9122 dFel date] q
o]

F9 SAAATL AAG WF =W AvsM, AWACE 60Hz 039 A%
0% PEHL, 28 AN} ge FAG vATE gl v 7
15714 AuEe 2AFAE, 5 45719 Faswel ueh H4s %

wiste] 489

N
E

1.00V Ch2 1.00V M 10.0us Chd & 1.11v

Fig. 6.5 CAN bus measurement

0039 ———— e — — —

0019 ———————=

comm. delay [rad]

Frequency [HZz]

Fig. 6.6 CAN communication delay for various frequency
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6.2 94A € ZUHHY

AAA] H EUHPE s 22 7] 2208 59 LabVIEWT7.15

o wlxagA|o]7]19F LabVIEW AXE0] 7o) Qe Ho]AE $5lo]
RS-232CE o] &sI3it) Fig. 6.7 EUHY stATAS Yeble Faa9 4
o WES whzEA 72 AL, wpaHA 2R = AaE A
Sth, 3 CAN B41S o]83 SVPWMollA wliagA|o] 7] 9f AAjo)7] 7he] &
ol

ade 2 ool wAEe WUEHY e S99k Table 6.25 WUHY A
253} QlulEle) hElAlolv)ske] B4 44g vhehdlch,

pis

>,

LTILEVEL INVERTER MONITORING and REMOTE CONTROL

= I

INDIVIDUAL | SELECT | INTEGRATED F/V
FREQUENCY Voltage(RMS)
R o
2 3 : 5
. :n\ . a0 N0 \MI
ot by A =
0= S
1 40 J 4
4 @ an 240
‘ \ = r
= . > s
0.00 Hz 1 0.00 ¥
CAN COMM. COMM. STATE CAN ERR. COUNT
MONITORING J . ' 0

Fig. 6.7 Control and monitoring front—-page of LabVIEW

Table 6.2 Communication data between the monitoring and master

controller
Monitoring — Master Master — Monitoring
ON/OFF Frequency
Data Frequency Output voltage
RMS voltage CAN error count
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6.3 4% 23 & u@

6.3.1 432 T4

3% AC220Vel dEHdES ol&3ste] 34 AC 0~235V ¥ 0~60Hz

oz
tlo oo
2
o

=98 z2t= 34 Fx9 H-E28AE 11-d¥ JAWHE #4319 eH, Fig. 6.8
5l Table 6.32 A@FAe 2} 2o izt WS vetdity d4<9 339 =
AL F U9 Tektronix LARZAFIE o] &3 o Aol 1%xv= FFT
BA71%5 S 2t Tektronix TPS2024 QAZ~m=E o] 4330tk tlA(dB)
2AdE SAE 7 Fag AR o5 A (6.2)F ol&ste] IF 2Adw
W3 & oA 7)1 E9E 10022 sk % LAY R Skt
Gain (amplitude ) = 10 Gain (dB)/20 (6.2)
AWEe &9 Fia= 60HzE AAstar Algdoldy sdd 21 ¥x

A4+ 1.0(3¢ 235V), 0.75(39 176.3V), 0.5(3 117.5V), 0.3(3p 70.5V)ell th3}

of W 7t ¥ TASAAE EHSIY. 1kWe 3 fFEAEE FetE

_1
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Fig. 6.8 Experimental H-bridge inverter systems
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Table 6.3 Explanations for experimental system of Fig. 6.1

No. Specifications

1 Master controller

2 3-¢ gate driver

3 3-¢ inverter

4 FFT analyzer, Tektronix TPS2024
5 Rectifier circuit, SDCSs and gate drivers
6 Transformer for gate driver circuits
7 Inverter output circuit breaker

g Oscilloscope,

TPS 754C, TDS340
9 Input 12-pulse transformers
10 Input circuit breaker

3¢ 04}
T~ SR4
3028V A &

Fig. 6.9 Modification of 1V-cell toward 2V-cell
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6.3.2 54 2%

Fig. 6.102 Wl=6t3] 3usE A&3 Alo]E EgA sk IGBT 29419 &
& vERda gtk Fig. 6.112 7 A AWE A E935S vepdnh. Al
47 Al Ee ol dol et o] 2V-Ae] 78S 95t AWME UYL 2Vdest
3Vde oA = v WxF7]attt 7 7o 2V-4E& 7P A AHESES stSl
o A RINE 9 T FigE AlEgold Aol s wA yehted o=
ARAFAITANA div=2ms WHEEE FHA FH s olate] FEFS zhe= Hx

7} oA AgrE Row FuE

10.0MS/s 24 Acqs
I .
L

Edge Slope

: : : : N

VeE

10,0 Ch2 2009 MS5.00us Ch2.,5  i4.0V

Coupling Level | Mg{de
oc ra idav Holdoff

Type

Source
¥ P
<Efdge> | ch2

Fig. 6.10 Gate signal and IGBT switch turn off

Fig. 6.12+ 7-2 2 11-d¥ P2 AUE= A4S Jeldo, A3
vie} o] WA 7-#M FRo|AM = F2 g e gejdge 80velH 11-
Ao A= 40Ve 9] i [t zhth "o A o] 3-AgFze] H-H
g2 IHEE 11-d98 722 189S o Age IA AsslH &

2]
A3 FHAANA /3013 A oF 64%°] A& 2=
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2V —cell |

upper

2V — cell

lower

1V —cell

AR

| ﬂ ﬂ | ¥ :

U U UL UL Ul

ICh 1l : 100V M2‘.00ms Cchil 7 54V ICh 1l 100V M2 00ms Chi 1 54V
i 0

o ulllE AT

N R L N R UL

iCh 1] T00V M2.00ms Chi 7 54V BCh ] 100V M2.00ms Chil 7 54V

oAl e WA ¢

AL [N R T o e A WAVRVIS R L ) [ANIYE

W 100V

Mz 00ms Chi 7 54V

(a) M=1.0

Wi 100 v

M2.00ms Chi 7

(b) M=0.75

22V

Fig. 6.11 Cell inverter outputs with various modulation index
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2V — cell MHM o 3 | PL“” I
upper UL L Ul IR

2V — cell L A 4 KN d
lower IREAAE I IR

eIl 100 V M2.00ms Al F SAV 100V WM2.00ms Chi & 52V

mMﬂﬂm Al JROTNANYUT T M:

1V —cell ”%mmm“M LR ATy

00V WM2.00ms Chi & T2V 00V M2.00ms Chi 7 32V

(c) M=0.5 (d) M=0.3

Fig. 6.11 Cell inverter outputs with various modulation index(cont.)
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i |-

M2.00ms Ch4 & 196mV 20,0V M 500us Chd £ 196mVv

20,0V

(a) common-mode voltage with 7-level output,

unit step voltage = 78V

M WMWW{MWWW WMFWM

@m 200v M2.00ms Ché & 196my: 20.0V 3 M 500us Chd o  196my

(a) common—mode voltage with 7-level output,

unit step voltage = 39V
Fig. 6.12 Common-mode voltage from 7-level and 11-level

H-bridge inverter

Fig. 6.132 11-#¥ H-B2x <wEe] FHAY 2 A7ASS e,

= H
Fig. 6.14v Y 24 3% A&719 FHst A AHd 2 %= 34ksk FFT

AR E Gepdth MxEAS 050l A ou gt nxT dRe Warus
R OF 2kHz P2l A AS vhehe] WEAS 0.39) AWMEAF JGo| A
e = 2

¢ 1.5kHz o]/ a3
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M=1.0
(11 —level)

M =0.75
(9 —level)

M=05
(7 —level)

M=03
(5 —level)

AVAVA

"

v

jchi] 100V M5 00ms Ch1 7 146V 100V M5.00ms Chi 7 146 V
|

Kl 100V W5.00ms CRi 7 102V @ 100V Ws.00ms CRAT 7 T0ZV

it M i \N'MM

100V Ws.00ms Chi 7 100V 700V WS 00ms Chi 7 T00V

T g

VAVAVE

00V M5.00ms Chi 7 S6V

TGE 100V M5.00ms Chi 7 S6V

Fig. 6.13 Pole and line voltage for various M index
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U
= 151
9w
-
M=1.0 2104
c
(11 —level) o
= 54
o TP T hml lL.u.ih
o 00 1000 1500 2000 2500
@Rl 100V Ms.00ms Chi & 146V Frequency [Hzl
20
iﬁ_
P ©
o
M =0.75 S 101
! =
(9 —level ) >
T = 9
1S T - Machahbdi ot A u.ull‘ L
a 00 1000 1500 2000 2500
ol 100 V W5 00ms Chi & T2V Freguency [Hzl
20
515-
s o
-
M=0.5 = 104
c
(7 —level) >
= 5
. At e At 4 oy (i Tiod T i
o 500 1000 1500 2000 2500
WINT 100V M5.60ms Chi # 100V Fraguaney [Hz1
2U
3?15-
i
M=0.3 MW « 310.
c
(5 —level) R o
=

Wil 100V WMs.00ms Chi & S6V Freauency [Hz1

Fig. 6.14 Phase voltage and FFT analysis
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Fig. 6.156% 3% fr=dE710A9 ¥adf7 a8 vehdn V/f & 443

A s S48 Ao Ao 54E e e PWM W
2

- - + M5.00ms Cha £ a6mv.
50.0mVv : : . . .

(b) M=0.75, f,=45.8Hz

Fig. 6.15 Load current with various modulation index and frequency,
div = 0.5A
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(¢) M=0.5, f,=30Hz

(d) M=0.3, f,=18.3Hz

Fig. 6.15 Load current with various modulation index and frequency,
div = 0.5A (continued)
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Fig. A.1 Conventional SVPWM with coordinate transformation
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A.2 MP 98 XAAgS

unsigned char step_pulse_select(unsigned int agnets int b, unsigned int c) {
if ((a<b) & (a<c)) {

if (b<c) { // -a-b-c-

regl=a; reg2=b-a; reg3=c-b; regd=pr_max-c;

if (regl>=reg2) { if (regl>=reg3) { if (regl>=regdtepiD
if (reg2>=regl) { if (reg2>=reg3) { if (reg2>=regdtepID
if (reg3>=regl) { if (reg3>=reg2) { if (reg3>=regdteplD
if (regd>=regl) { if (reg4>=reg2) { if (reg4>=regtepID

else { /I 0-a-c-b-

regl=a; reg2=c-a; reg3=b-c; regd=pr_max-b;

if (regl>=reg2) { if (regl>=reg3) { if (regl>=regdtepiD
if (reg2>=regl) { if (reg2>=reg3) { if (reg2>=regdtepiD
if (reg3>=regl) { if (reg3>=reg2) { if (reg3>=regdtepiD
if (regd>=regl) { if (reg4>=reg2) { if (reg4>=regtepID

if (b<a) & (b<c)) {

if (a<c) {// 0-b-a-c-

regl=b; reg2=a-b; reg3=c-a; reg4=pr_max-c;

if (regl>=reg2) { if (regl>=reg3) { if (regl>=regdtepiD
if (reg2>=regl) { if (reg2>=reg3) { if (reg2>=regdteplD
if (reg3>=regl) { if (reg3>=reg2) { if (reg3>=regdtepiD
if (regd>=regl) { if (reg4>=reg2) { if (reg4>=regJtepID

else { // 0-b-c-a-

regl=b; reg2=c-b; reg3=a-c; regd=pr_max-a;

if (regl>=reg2) { if (regl>=reg3) { if (regl>=regdteplD
if (reg2>=regl) { if (reg2>=reg3) { if (reg2>=regdtepiD
if (reg3>=regl) { if (reg3>=reg2) { if (reg3>=regdtepiD
if (regd>=regl) { if (reg4>=reg2) { if (reg4>=regJtepID

if ((c<a) & (c<b)) {

if (a<b) {// 0-c-a-b-

regl=c; reg2=a-c; reg3=b-a; regd=pr_max-b;

if (regl>=reg2) { if (regl>=reg3) { if (regl>=regdteplD
if (reg2>=regl) { if (reg2>=reg3) { if (reg2>=regdtepiD
if (reg3>=regl) { if (reg3>=reg2) { if (reg3>=regdtepiD
if (regd>=regl) { if (reg4>=reg2) { if (reg4>=regJtepID

else { /I 0-c-b-a-

regl=c; reg2=b-c; reg3=a-b; reg4=pr_max-a;

if (regl>=reg2) { if (regl>=reg3) { if (regl>=regdteplD
if (reg2>=regl) { if (reg2>=reg3) { if (reg2>=regdtepiD
if (reg3>=regl) { if (reg3>=reg2) { if (reg3>=regdtepiD
if (regd>=regl) { if (reg4>=reg2) { if (reg4>=regJtepiD

return stepiD;

}
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A.3 SHE =913 Z} A4 M 9%

clear; clc;

E = 3; %The number of dc sources

dM = 0.001; %The modulation index step

Mstart =1; %The initial modulation index
M = Mstart=*E;

Mlast = 0.1;

Mscale = Mlast:dM:Mstart;
Mrange=1500; % range M=1.0~0.5

pl=15%pi/180; p2=35%*pi/180; p3=70%*pi/180; % Initial value setting
p=I[pl p2 p31l; % The switching angle matrix

for j= 1:Mrange
t= [M#pi/4 O 0]'; %The harmonic amplitude matrix
df=1;
i=1;
while abs(df) > 1e-20 & 1 < 40 % Degree of accuracy
pl=p(1,)); p2=p(2,}); p3=p(3,);
f= [cos(pl)+ cos(p2)+ cos(p3);
cos(5#p1)+ cos(5%p2)+ cos(5+p3);
cos(7#pl)+ cos(7#p2)+ cos(7#p3) 1;
% The nonlinear system matrix
delf= [-sin(pl) =sin(p2) -sin(p3) ; % The differential matrix
-5#sin(5%pl) -5*sin(5#p2) -5*sin(5*p3);
-7*xsin(7*pl) =7xsin(7*p2) =7#*sin(7+p3)];

df= inv(delf) * (t-1); % Calculate error
p=p + df; % Update initial value
=i+ 1;

end

mm( j )=M/E;

M=M - dM;

pfl(j)=abs(pl); pf2(j)=abs(p2); pf3(j)=abs(p3);
end

for j=1:Mrange
if (pf1(G)>pi/2), pfl()=pi/2; end
if (pf2(j)>pi/2), pf2(j))=pi/2; end
if (pf3()>pi/2), pf3()=pi/2; end
end

plot(mm,pf1*180/pi,'k',mm,pf2*180/pi,'k——",mm,pf3*180/pi,'k-.");
axis([0.5 mm(1) 0 90]);

- 124 -



HE B A9E =golH 3=

B.1 Schematic 3 2%, 14 Gate drive circuit
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C. 1 £5 "y

—Parallel RLC Branch {mask} {link}

Implements a parallel RLC branch,

x|

[Z)Block Parameters: Par RLC Brane

—Parallel RLC Branch {mask} {link}
Implements a parallel BLC branch,

—Parameters

Resiztance R {Ohms}

—Parameters

Fesistance R {Ohms)

|2e5

Inductance L{H}:

|1e5
Inductance L {HX

Jinf
Capacitance C (F)

Jinf
Capacitance C (Fr

| 10e-3
¥ Setthe initial capacitor voltage

Capacitor initial voltage (%)

|10e-5
[ Set the initial capacitor voltage

Capacitor initial voltage (%)

| 2841, 3502

[~ Set the initial inductor current

Inductar initial current (A}

|28+1.55
[~ Set the initial inductor current

Inductor initial current AN

jo

Measurementsl Nong

1|

|0

Measurementsl Nong

=]

Cancel | Help |

eoply) | ok | cancel |

Help | £pply

(a) 2V-cell RLC branch
TR —]

=i Block Parameters: U

| zhould be zet to zero

=l

(b) 1V-cell RLC branch
] Block Parameters: Universal Bridge

‘ zhould be get to zero

x|
‘;I

—Parameters

|

Number of bridge arms:| 2

Snubber resistance Rz (Ohms)

—Parameters

Humber of bridge arms:l% vl

Snubber resistance Rz (Ohms)

[1e12

Snubber capacitance Cs (F)

[1e1z

Snubber capacitance Cs (F)

|1e-5

Power Electronic devicel IGET / Diodes

=

|1e-5

=]

Power Electronic devicel IGET / Diodes

Measurementsl All voltages and currents

|

Ron (Ohms) Ron (Ohms)

B [1e-5

Forward voltages [ Device WV}, Diode ¥ id{%)] Forward woltages [ Device WV}, Diode Yid{%}]
Jlo, o1 Jlo o1

[ Tfi=d, Ttis) | [ Tfi=), Ttis} |

Jio, o] Jlo, o]

=

Measurementsl All voltages and currents

[0]:% Cancel | Help | Apply

-

Apply

Cancel | Help |

-

(c) 2V-cell inverter

(d) 1V-cell inverter

Fig. C.1 Block parameters for Fig. 5.2
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[T} Block Parameters EAl[IBlock Parameters: Three-Phase Ti

Three-phase voltage source in series with RL ;I
branch,

—Parameters

Phasze-to-phasze rmz voltage (Wi
| 220

Phasze angle of phase A {degreesi
|o

Frequency {Hz)

|EI]

Internal connection:' g j
¥ Specify impedance using shortcircuit level
Fphase short-circuit level at base voltagedy Ak
|100=6

Basze voltage (¥rms ph-ph):

MNominal power and frequency [ Pn{v a4y, fnfHz) ]
a0, 60

Winding 1 {ABC} connection: I Delta (D1}

Winding parameters [ %1 Ph-Phi¥rms), R1{pu), L1{pul ]
Jlzzo, 0002, 0.08]

Winding 2 {abc-2) connection: I Delta (D13

Winding parameters [ %2 Ph-Phivrms) , R2{pu), L2pul ]
Jlzs«z, 0.001, 0.02]

Wwinding 3 {abc-3) connection: IYn

Winding parameters [ %3 Ph-Phivrms), R¥pu), L3pul ]
Jlzs«z, 0.001, 0.02]

[~ Saturable core

Magnetization resistance Fmipul)

|

[=]

| 500
| 220
Magnetization reactance Lm{pu)
*/R ratio: ISDD
|7
— bdaacsirarmants | Mana T
x| o4 | LI_I
k. Cancel | Help Apply | 0k I Cancel | Help | Apply

(a) 3 phase source

o8I0 £

—Parameters AI

Nominal power and frequency [ Pr{YA), fniHz) ]
| 200, 501

Winding 1 {ABC) connection: I Delta (D13

Winding parameters [ %1 Ph-Phi¥rms]}, Bi1{puly, L1Epu
|lzz0, 000z, 0,051

Winding 2 {abc-2) connection: I Delta {D1)

Winding parameters [ %2 Ph-Phi¥rms), R2{pul, LEpu
|lzs, o.o00s, 0,011

Winding 3 {abc-3) connection: lYn—
Winding parameters [ %3 Ph-Phi{¥rms), R3pul, L¥pu
(28, o.o00s, 0,011

[~ Saturable core

Magnetization rezistance Rm{pu}

| 00

Magnetization reactance Lm{pu}
BT

Measurementsl None

QK I Cancel | Help | Apply

(b) transformer for 2V-cells

iZ)Block Parameters: Universal Bridg

— Univerzal Bridge (masgk} (link}

This block implement & bridge of selected power
electronics devices, Series BC snubber circuits
are connected in parallel with each switch device,
Press Help for suggested snubber values when
the model iz digcretized, For most applications the
internal inductance Lon of diodes and thyristors
should be set to zero

—Parameters

Mumber of bridge arms:lw vl

Snubber resistance Rz (Ohms)
|100

Snubber capacitance Cs (F)
|o.1e-6

Power Electranic device| Diodes |
Ron {Ohms)

[1e-3

Lon {H}

jo

Forward voltage ¥f (%)

jo

0]:9 I Cancel | Help | Apply

x|

(¢c) transformer for 1V-cells

(d) diode rectifiers

Fig. C.2 Block parameters for Fig. 5.3
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Fig. 5.49] &5olA 293 dags2 A 449 WS 4830 ‘Clock’l

A kS0l Z AIZF gholl A W zFuka 2kHzo vl F7] 500usvht} ‘quantizer’ &
=25 o]gste] AT HMEZH s A, Al B9 ‘function’ EZS@NA 7F
ApQlgro & W3keT), o] Fhe =

thAl A A4 A dske] &9 Vmax #%
A ar, gk HEe] G9jHSt Vee® vrol@ dukshnormalize)$tth. wEIE 7
2= MATLAB function &%9lA4 & 'DUTY_11L.m &E T&3ta dyks
' 2 e iEAsk MEFTIEe dH ol (SVPWM Rz F
Vel digh ‘duty cycle’® 'Vi' ‘V'& AlAtetal 9xpd 9] Wy = F9 gt

zF Aol i3k ‘duty cycle'S ’'repeating sequence' B4 AAEE 500ps
F71E8 Ze FUTe vusto@ duty cycle? RS #osta A9
5% 5404 V), 2 V& dganf@. =97 s F25E MATLAB
tol ZF 4ol Vi 2 Vel
gete 290 HHE 4 AT 124k HEHE S5

olul 'pulse generator' EFNA BEF79| 1/29] Fa¢2 dAstE AAE

kol = JHo] 2V S wE R AESte] AR RXA 1282~ A {3 RolA
A AAdHA 54E FASES S

2~ 3 SVC ¥R HMEFI4E 20kHzE s, C.14d9 x=7] A
A period #& Se-5= AAd] HAtor Wxsl= SVCO 545 EA
=

=
o), 2913 duE B29 T /9 MATLAB functiond] AF&¥HE

ol

function &A= ‘SW_select_11L.m' S o=
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C. 3 M-3d

C.3.1 %718

O clc;

clear;

Vee=37.1 ;
L_max=5;

M =0.99;

Vmax= L_max*Vcc*M;

frequency=60;

period = 5e-4;
%period = 5e-5;

% Mod. frequency
% SVC Mod. frequency

C.3.2 Matlab function "DUTY_11L"

D SVPWM ¥Hzd AL

(] function y=Ext_11L(u)

Vha
Via
Tsa

Vhb
Vib
Tsb

Vhe
Vic
Tsc

=ceil(u(1));
1

= floor(u(1));
1

abs(Vha - u(1))=u(4) ;

ceil(u(2));
= floor(u(2));

abs(Vhb - u(2))=*u(4) ;

ceil(u(3));
= floor(u(3));

abs(Vhe - u(3))=*u(4) ;

y = [Tsa Tsb Tsc Vha

Via Vhb
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. 2KHz

Vib  Vhe

: 20khz I

Vicl; O



@ SVC B¥zd A%
(] function y=Ext_11L(u)
Vha = ceil(u(1));

]

Via = floor(u(1)
abs(Vha - u(

);
1))*u(4)

Tsa

Vhb = ceil(u(2));
Vib = floor(u(2));
Tsb = abs(Vhb - u(2))*u(4) ;

Vhe = ceil(u(3));
Vic = floor(u(3));
Tsc = abs(Vhc - u(3))=*u(4) ;

Ts = [Tsa Tsb Tscl;
sector_select = sort(Ts);

(1)
sector2 = sector_select(2) - sector_select(1);
sector3 = sector_select(3) - sector_select(2);
sector4 = u(4) - sector_select(3);
nearest

sector1 = sector_select

if (nearest ==sector?2)
if(min(Ts)==Tsa) Tsa=0; Tsb=u(4); Tsc=u(4);
if(min(Ts)==Tsb) Tsa=u(4); Tsb=0; Tsc=u(4);
if(min(Ts)==Tsc) Tsa=u(4); Tsb=u(4); Tsc=0;
end

if (nearest ==sector3)
i f(max(Ts)==Tsa) Tsa=u(4); Tsb=0; Tsc=0; end
i f(max(Ts)==Tsb) Tsa=0; Tsb=u(4); Tsc=0; end

if (max(Ts)==Tsc) Tsa=0; Tsh=0; Tsc=u(4); end

end

y = [Tsa Tsb Tsc Vha Vla Vhb  VIb Vhe
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max([sector1 sector2 sector3 sector4]);
if(nearest == sector4) Tsa=0; Tsb=0; Tsc=0; end
if(nearest == sector1) Tsa=u(4); Tsb=u(4); Tsc=u(4);

end

; O



C.3.3 Matlab function "SW_sel_11L"

[J function y=SW_sel_11L(u)

if u(1)==0, y=[0101 0101 0101]; end

if u(1)==1, y=[0101 0101 1001]; end

if u(1)==4, y=(1t001 1001 0101]; end

if u(1)==5, y=(1t001 1001 1001]; end

if u(1)==(-1), y=[0 101 0101 01101]; end

if u(1)==(-4), y=s[0110 0110 01017]; end

if u(1)==(-5), y=s[0110 0110 01107]; end

if u(2)==1
if u(1)==2 y=[0 101 1001 0101]; end
if u(1)==3 y=[1001 0101 1001]; end
if u(1)==(-2), y=s[01 10 0101 01017]; end
if u(1)==(-3), y=s[0101 0110 01107]; end

end

if u(2)==0
if u(1)==2, y=[1 001 0101 01011]; end
if u(1)==3, y=[0 101 1001 1001]; end
if u(1)==(-2), y=s[01 01 0110 01017]; end
if u(1)==(-3), y=[0110 0101 01101]; end

end [
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D. 1 Basic sine table

const signed int BASE_SINE[6283] = {
0,2,4,6,8,10,12,14,16,18,20,23,25,27,29,31,33,35,37,39,41,43,45,47,49,51,53,55,57,
59,61,63,66,68,70,72,74,76,78,80,82,84,86,88,90,92,94,96,98,100,102,104,106,108,
2047,2047,2047,2047 ,2047,2047 ,2047,2047 ,2047,2048,2048,2048,2048,2048,2048,2048,
2048,2048,2048,2048,2048,2048,2048,2048,2048,2048,2048,2048,2048,2048,2048,2048,
—2048,-2048,-2048,-2048,—-2047,-2047,-2047,-2047 ,—2047 ,-2047 ,—2047,—2047 2047,
—2047,-2047,-2047,-2047 ,—2047,~2047 ,—2047 ,-2046,—2046,-2046,-2046,-2046,—2046,
-52,-50,-47,-45,-43,-41,-39,-37,-35,-33,-31,-29,-27,-25,-23,-21,-19,-17,-15,-13,
-13,-11,-9,-7,-4,-2 };

D. 2 V. and duty table

const unsigned int VL_DUTY[4097] = {
0x03E8,0x03E6,0x03E3,0x03E1,0x03DE,0x03DC,0x03D9,0x03D7,0x03D4,0x03D2,0x03D0,
0x03CD, 0x03CB,0x03C8,0x03C6,0x03C3,0x03C1,0x03BE,0x03BC,0x03BA,0x03B7,0x03B5,
0x51E2,0x51E0,0x51DE,0x51DB,0x51D9,0x51D6,0x51D4,0x51D1,0x51CF,0x51CC,0x51CA,
0x51C8,0x51C5,0x51C3,0x51C0,0x51BE,0x51BB,0x51B9,0x51B6,0x51B4,0x51B2,0x51AF,
0x81F8,0x81F5,0x81F3,0x81F1,0x81EE,0x81EC,0x81E9,0x81E7,0x81E4,0x81E2,0x81DF,
0x81DD,0x81DB,0x81D8,0x81D6,0x81D3,0x81D1,0x81CE,0x81CC,0x81CA,0x81C7,0x81C5,
0x9027,0x9025,0x9022,0x9020,0x901D,0x901B,0x9018,0x9016,0x9014,0x9011,0x900F,
0x900C,0x900A,0x9007,0x9005,0x9002,0x9000 };
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