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Abstract

Multiphase inverter is a novel topology witch has the characteristics of high system
reliability and lower DC-link voltage. Large power multiphase inverter can be achieved by
using lower voltage rate power electronic device. Although this topology has received a
successful application in marine drive system recently, there are a lot of problems about its
control method in the theories and practices that deserved to be researched.

The control of electric-magnetic torque is the nucleus of high performance electrical
drives. In order to achieve high performance multiphase induction machine adjustable drive
system (M-ADS), the arbitrary number phases induction motor, the control object of the
M-ADS, is analyzed in detail firstly. And then the control methods of M-ADS, including
open loop control (multiphase SPWM), close loop (including torque, stator flux and speed)
control strategies, are developed. Specially, the torque control performance of the above
mentioned control methods are discussed. The theory analyse and realization method are
dealed as following:

The time-space harmonic (TSH) distribution of the induction motor with any number
of phases is researched and the ripple torque caused by the TSH is analyzed quantitatively
for the first time,

The effect of output voltage’s time harmonic on the motor, fed by multiphase inverter
is worked over, and a matrix transform between the nature base and harmonic base is
proposed. Using this matrix transform, the model of m-phase induction motor in the nature
base can be transformed to several mutual vertical planes, the harmonic base space. And
then the machine model of the multiphase on the harmonic base is developed. It is proved
that in the static two-phase coordinate, machine model of induction motor with any number
of phases is accordant, which is the theory foundation for applying the almost mature three
phase high performance control strategy to M-ASD.

A novel multiphase PWM algorithm is proposed by analyzing the 3-phase PWM
thoroughly, in which, multiphase SPWM and multiphase SVPWM are unified, and the real
time change of the modulation scheme can be implemented seamlessly. Because of lots of
space voltage vectors are used impliedly to compose this algorithm, the THD (Total
Harmonic Distortion) of motor phase current, the ripple of stator flux and torque are lower,
and then the drive system torque response can be more quick.

The equivalent circuit of the multiphase induction machine is proposed based on its
static two phase machine model for the first time. Based on this, the characteristics of
multiphase FOC and DTC are compared and analyzed to study static mechanical
characteristic and the dynamic torque transient of FOC and DTC, and the relationship
between this two control strategies is demonstrated. Some useful conclusions are drawn.
Enlightened by it, a novel multiphase DTC method is presented which combine the merits
of both DTC and FOC. The error of stator flux and the torque ripple is small when the
M-ASD controlled by this scheme, which is verified by the computer simulation.

A 15-phase induction machine adjustable speed inverter prototype is developed. And
the conirol method is verified by lab test. In this section, the hardware of the system is
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described in general firstly, and then several hardwarc circuits designed (o improve the
system’s transient characteristics are discussed in detail. To combine the professional
knowledge and experience of ASD with software design methodology, a software design
method that is fit for ASD system is proposed. Guided by that, the prototype’s control
software is composed. The feasibility and validity of the prototype and the multiphase
PWM algorithm are verified by experimental resuits.

Key words: multiphase induction machine, adjustable speed drive, system reliability,
time-space harmonic, machine model, ripple torque, PWM algorithm,
software design
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f T} b R 23 45T e H 1 Bk e 5 AR TR O ) v e R
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HOEARNIE . RILFIFHE, TRIIES T AHFE. MbEEmEE SBUR RSN
1, HH- B aRmERY (HDF)

S HH VB R R BT CA R T G A sUaE AT P,

I - =‘/ ,ﬂl - ;) ..................................................................................... (3.1)
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M, W 3.5 FioR. TET. WA R HEE R 0l K T (AR3CFRRRZ 978 RV D i)
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Tgb = n&. + I:ﬂwl ........................................................................................................ (39)
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— df ......................................................................................................
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IR 6 REAS (AL PWM ST, R EEE R B PWM MR .
WHESH SVPWM J7i, Vi R Vo P340 4576 R R s, FrLla.

koTp = (1~ Jio )T, hg = 0.5 rrerrererrrssmseiosst sttt (3.15)
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OFF freq  _p3_, | BASK }3'2:0 plty '3
VQ T ¥,
o @ | 1—-‘: ' :{]: Wi set
’ " Max Freq Rev
RampGen stop — REG

OFF Wait Time 7

¥ 5.9 RFG gk

RFG {1J1E H RARIL LA @ 1A vy, 1T HIBALIETR RV B ROIN. okl 1 fia) 3547
HERE . BRI R R TR T BN TR, RAN RFG WiEHAGMT
Lhge: EAERIIN. wsilnd R IREA R REMNSE ps, pe M@ MR, 70
BHHBREER, TERLPGESIUR, MAULIRSE p) WS I GEE 2N ) il .
AT KHE BRI R RS RGN, TR RGN, HEEZL
ERGHAELR, 2 WEREEETHRY LM, RESEN, SRS
ps MUE MR BIAE N, RYGHFE py MUE RIS £ )5, #4891 IGBT M, bt
ABHEERSE, XHTURERBHISIEE, BTHAS% . 1 2t smd,
T E AR R B AR B R A s LI A, XA B ML ps B8, 4 pLEE
WS TEERE, MBI, X e LU S E pa SR SCIR, bl ps

5

94



N R R R T

HRT A — AT AR, DTFANRRTH, p=1l, RFG L{E, R, RFG i
THE, RGUHARSE rp B@7 Y RFG Midifl . REUHATHEEN, mTLllid S
¥ po I, WOOTHREZA R I, REUEEWE rfH0 0, X LLE % RAIRDME,
BSR4 . RFG MNOHRE o, poo PGS i 45 R B e . BP0
PLFR p TS HAUA A RE, UTHr TN HETRNRGERAR, LA
Py AL AR g5 R AT, 10 R 5.9 kIt REG Bl . of LATG 1),
BRI RS . ) RFG R8O A I 7 5 230 RFG 1R 1PO 18, Wi
510 fizk. AFIHE ) AR E VR IR T AT T . T8 b 7 S 757 A b g L B0
WAEIOTE 0. BIRFEE & 18 PO FURMMEE R, MER TRFENL. REH el
BRI % BT, 2B D ERR LY PO K, ST RR FR G
HIPO H.

input process output
L R AT P — g % (1)
yes
2. A ULRFG ke
=) (G moemras ) 2 0=>r3, il
4.rlVr2 ) B . eladthed
1
5. Wb, w4 R e
&;f,iﬁiﬁﬁ; T G ()8 i e

K& 510 RFG #) PO ¥

M REG B vl T BT CUE Y, A SCHR Y IR Bl AT A8 Pk 2% o 1F) 25 43
VRS R A B A R AT LU A e (1), o0 284 e 28 A0 ke 8 4 T A ok R B
SRt B Rl ok, 8T BN WO SRR R . Wi, (2). B
% ) vl R A S RSB SI . EdAE IR, 4 Al
BEEW, BRI, 3) RERMC T4 LT MR EOE, 4T RT)RA
BERMELRERBE R R, EFREMSENRE. @), HF R8T ™BER
SR HERAT, WORERILE, TRt ASFASSHEE R E R4
A ENE LR, BAHHERMAL—BATHESER, BHME, HARTHRER
GURIEAN R IPO B FEENAK, STLUETL “FH” o WIXAE N B3, i
B IPO BB THMBANMEE “AIE" . 5). AR TENEI)RATR . &
%?ﬁﬁ?@.ﬁﬁ%ﬁ%ﬁﬁﬂ%ﬂﬂmﬁﬁ%mwﬁoE%%@%%%&ﬁﬂﬁ
TR .

95



ok A K 2 W L F AR X

§5.4 15 HE N AP TEHRE R L LE

LRRESHN 432 V7. BHGHEERNMR A, KBRRGEYMHR B,
Pl RGUFR BN Co ARSI B INFE T3 UE A SCIR M 2 4 PWM BRI )
PERSC IR R . TR GRS PWM R4 8 Sh el CPLD LA &
LA TR, BERTAE RSP ER, PWM RSN BT
B, IETEH— DR . PWM BRI, sHErHURRMEGEE. (FE PWM
BB I A RN AR, b 10940, WBHLABWSIBAT, A AT R AL, Lo
BRSMEER. AR, RHLRRIEE S BRE, B RERN—RER, Wi+
BRI, M SRR, BRI, WX, SRR LR RGE
B, NSO A KA a3 PRRATT R IR .

B 5.11, 5.12 435 & AR B 17 i 145 i MR FOW I M 5k B ol BT L, 1
TR BEAEE TR MR S R, AL RE BRI AR/, AR R e [ i
&), ARUFIRIFILIRERS . WEWINR, (T EICRBINRN, LT,

[
(a) (a)
(b) (b)
B 5.1 eSO B 5.12 o AL Mk S O
(@) Y-T #BAHR () X-Y IR (a) Y-T AR (b) X-Y 2R

AT AP EBEBERT, BT & FRELRE, AN E-FHRES = HEdELET &
BN, AR RSN 15 MRPLE THREM A 0.075Q, ZTERHLS EBTMEBEHEAN
K&, w2Hz Lk, BREEHE. B 513 223 £40 SVPWM HIEB RS —HEIT M

9%



o K FWHEF LRI

iy 20 6 R AH N ) PWM RS S8 . b L, %#llﬂ’JJlmllJ*Uﬂ’MﬂE 5 25 AR
W B R — 0. T LR B, A1 15 A SVPWM T2k, eI 0%,
TI4E 3 40 SVPWM Eikrp, HRGilk 5 Sl NIBOEHIL Jy “HRIE” k.
PN, BN EIS, SVPWM BN, SHADBRINEE 19X B 4, sl
R FSRARM TR, B S.14. B 515 43R 10Hz Rl 50Hz & 17 iR
WE. B 5.16 &M T WHLEE 20Hz Fase BT, WHLES -~ IR WREBOE M A 15
KR FRATL A AR AT 7 FE B O AR K B, O BLIEAE, 35— ML L AU 55 4] 24°. PWM
R I I, RET LS QAR RIS 10 IN ) e A (e A &
HOBEI R Nt A, FRtm, HUREE N AP AR, ;WEH“J%&&FLHLL.&,
Wmis RN ORY, B9 IGBT i, (WP, SR T A, AL
X — ) . 22BN, BT 15 MG SVPWM §Tvk, FUTAK 40 us, T
ﬁﬁéﬂ’]"‘j Mo X FF MK DSP (RIS 50, (BT RY0/EHE I 7% i J5 30 W 354 n 3%
Cifshie, LA RS HIRSEL.

Ty i 1 10 velt 10 ms
LB} Ch 2 A0 Volrt 10 ms

Kl 5.13 5 —AH TR AT 20 A AH R PWM SR BN {55

Ay Ch 2 1. Vaolt 530.ms . . J

¥ 5.14 10Hz B — MWL #E

97



b A Ok F W X ¥ B

VAVAVAVAVA

1) Ch2:.. 2Volt 10ms

b 5.15 SOHz B — AL B B2 BB, [, = 1KHz)

1)Ch1: 2Volt 20ms
2)Ch2: 2Volt 201ns

Pl 5.16 20Hz i —. _ZAHIF s Bk

i
1.
i
i
1
I
H
H

-'.Iﬂ-ulculu-« hesubasetfavoas el raongbrieab oo by
e i .

F
4+
;
E§5
i

A% S 2L NOG DS, 100 e,

B 5.17 FHERIEBTE

——d i 3 ]

98



£of MR K F WM E P E R X

§5.5 KEENG

AR BETE T LB 2 AR AR SR B L PR S 0T B BRSNS L, MG T A4
15 AP IR LA SRR R G ZEBE Ul X — R, B IEBLU WA 1L
WA R G K I REA T BT 8, % HIZE A R GE RRE AT A — AN
SRR EEG. 2. 18 BARhe, 2missd . BRRE REE TV
KIS TRE. ESITHENR, BRERENMISUIT S IS WL B4 & ok,
M RGP Ak B s ST

MRt L, 008 R GR AL 4 ) sEut PERI 84 LA L. TFALHL g sk
1ER 2/ 173 ST /1 11 Y A2 11 1 YR LT | U 9B AR M I 315 P9 U L
For AT LLEOE F AR A= M FIE Y, 888 T AR IR & A3 HE
RIS EW . TEES SRS EMALI 6 mSmaa.

vt b, ERETEENEST, S8 EH, RrHlE SIMENS 2 & & agil
AR BAR I BT IEAR, 420 T — AN SRR BRI o vk &K LA R B
P HUETE AR 8, T RS EER R ERAEIR S LR, AR AR SR S
BN SRR RS Sk, B HIPO B Bom it B G sCAu i e 4 %
HEWAMRANE. FXMOrERIH R, RAEFBOR 3SR Fe s et By
%, BEREENLT, TP RERMARREE R BE) SR 3P
VLIEE LS B A0 38 A8 T AN R BT bR,

B&JG, RELBVITNKIET RRSK, WAE RS pWM BIE0mitk, A
ZATAM R PNREADIICBE E T R 9Kl

99



W o+ 2 42 @’ X

#
-8
*
s
*
%

§6.1 ENEE

% PR S FRBVAR AR R 40 4 = R RGN 0 I, Ak AW B MIE
Ak, B AR A SURR R o ARS8 SR 2 AR H B AR G 4% T (2 AR
AL, PWM IRHIEECT SR X AT RE B SS E7T T A REMBIF, RI8
T 2 MU D HLTE ik L RCEEHEN, RN TAT AL NI AL PWM B2,
Y2t —Fiod-& 2o AR A VS A IR A RAU I MEBE . BERE. BRI = IRk, A
MOt AP TE W R LA J7 1 -

1. ZHN LB, X% UM A DA AR 88 DE R (0 SRR B e 50
BT T VR B AERE T A S At b L b I8 o) i 7 B 7 Pl 1T 7
FRHIER, A BEAEX HEAT T 4338 Hk, HMUSIM- SR vd, St dimi
G A — RIEREE, ot BAE AL O AR E . 2 AR LB B (A 5 (vl
WM G, FEMVOONAETERIOQ T, R s W 24, il
BRG N T LA ARSI T, AU BRI S5 B i A . BRI AN IR
ARSI HIDUES YL (AR, XM, A RSB BEROE R ARG B R UL
TSR

2. BAHIBARIE PWM BT, TR0 =AM AL PWM SUEIGERE B, M
FLTETS R PR B I TE) R4 1 R BRI TR) R BOM A SRR i = M1 PWM ST IN G —$F
BERL, BTN L8~ T K. RN, ML 4 2. Sy s g B i i .
BRI . TR TT e BUEE B R o & B8 L A0 I JLRPES I PWM 5T
VEHHT T XTER T, AR, MBS AR UE, & PWM VLI ik 6
JRE, MEFIHAZRE, TS aEEN REREMARREROAR, biFRHEF
gl AP TSR RO &R PWM Fvke f0ib2Eal 1, S —PP5e-1 8k ki
(A PWM SL7k. XSRS U BLEE S R RN PWM B3k, Ll S Bk i
(LY B T A R RS, DI LRI Z M SPWM 5k, wotE kg B REHE
AR R A ZR, FERGRE S ML AN, LR SVPWM Fik. RFNSTHEE E
AEERE, ETRLEER S RNSH TETFHEENEZH SVPWM S L
%% ETERY, TS SVPWM Hikd, 13 KBN S kKB LR &

GHAE A EE, IR AT U DL RE £ A KSR AN T, A 3 R BRG0P,
ﬁ%m A5 U F 3B B (10 2 e i R T R R M1 A

3. ZANBMNEASCEREE. BB T LD MR LA s Ok i T i B

100



mok B K ¥ H R X

BT, sy T LR E R (m AR L AR RR ) FIABCFAE N, W i IR St Tl Ak Ty
W:, R REERE R I LR A A5 R, TN T A RN LB LAL R T TR B
g RIUT  o  0 16 Ty = R | R 1 R DS W A ey - NI I AR 20 6
AL LR 2t 3 B R PO 2 T 5 e LR B 4T, AT CAf A iR iR wibLPLLRE R M4
e DR L 7e g R b, TO2E S P EANFE R AR BN R i, i ak e L o BT
Al e, SIE RSN, Bim, ARBUEEIINMIES, S HRPLERAERE T IR
MEBMAL. RN, X—&i0RR, ESHILHEEBISL b, BT He ML - Hip L
& TR EI LN AE A5, RN ISR G S 0 FTEd0 s v . AU
M A PWM FLEETT DL AL iX ~— Bk,

Xof 45 M P WL BB R RO A3 A4 1, AT 3520 A0 S 2 R A Y A o AR B R LT )
ABEFHEIFILR R — 81 . DTC Al FOC IR ] AU AT &5 26 MU AL 788 91 i i 418
SEERIN, HBS R T .

4. BABSEIETRERZR B RN . A R L LBl A
FREME, BHEHEBIN LSS, RIE FOC K DTC 4 H NAR, ¥ 24
UL — B SR 4 SR Il T-0, T-11 WS 0lit, 700b3Emn L, RE04 TH
PLYE FOC Al DTC #8018 A HUERE RS &L RIEWERLRL, MBS L s TIX
B RS I AR N . TR FOC (056 M50 e S B ST BT Mg R, 2 A iy,
REAET DTC ¥k, DTC Wy R f77E — A B G IR S . SR DTC NS HE
HHEERT FOC, $EFRIR M T SEIME Mk, X558 DTC TERLS LR sKBr i
MR . B T IRBRAEE DTC RAEHP TR RNKS) W, 4303 FAM Tk
I ESEH DTC BH1T B0, 45 54 58 T HERE VYT 38 A G2 [P PR B i o i 4218 PLIRS .
WHHEE R, X 77 RS S IR RN RO M, A8 n), (W
TR R IR BE R PR R, S5 2 N AT - MR RS, BAR T
DL AL He 5 B (K PRV o X RMAEE /598, {i DTC (R LI T FOC et
Wk 2R R, 8T &AL, Bakmg, B—MREa®
FHAE SRTE R G0 Ak B 128 1) S

5. 15 ARBRA S TR RGN R KR, KA LA P T AL
Ko, R B2 AR AR T (D FOEAT AP0 0 A5 B 9P o R BE LU — 1)
G50, ARGTE RIS RGN EAROUASL L, RN, T8
BLCE R RN 1 BB . U Pl B B PWM B UE S ). S —
OB TR T DUARIE T S S TR e B, TR — RO i), o i 7
GTTTRANE T Acth. NS — 2607 28 TR IR B 7, g
FHRBIRAA PR B2, BB RS TR ISR, REMN
R SR T — BTN, ZERkt DA RO, RARGHR A ST
WRFIESR, A Tk RN, SR IR LR S S R4
(IhEE . SRR, (EFE LU RGMBA R, A0 TH RATR P L k.

101



P oA R K F W+ F Ak X

§6.2 KRIKRHE

B LAL AN BPER T ST RO TFBEAERL, PWM BB R
PEGE PSS S0 R BT I T LA B RS s e, O & RN LS
S IE R MIRANI AR QAL E T LB BS AR ER, B2 MR
S SR W EETHU PR AR R NS . BB VR LA
i :

Lo ARSI REURIN 15 MU OUPLIESS -3l il —& 40KW. 4 B:. 60
P RIDLE I T K, RVEAT AL BT S — [ R IR NIRRT 25 A R R 56 11 77
P F Ak BT BRI B S

2. ZAH PWM ST B — DR NIREIE . A ST E T %40 PWM S 3dirh )
520 SPWM Il SVPWM Hik, XPFEERATUHLE S HWNF, BRERS
WEFEHG—LEEE, FERBIRBBMRIT X, X R ANEL N PWM
ik, DPWMI 3 DPWM2. 523 M PWM 553, T R&S LIRS RE, o
RN A A IS X,

3. TEETERE R SRS 5T, A SCENS fFE 2 0 B B 7 RAOUNHEAT T 0
ELAMHT, REEASBISHRIRNE., B — UGS abrgT. TS 2 AN R 81
ey B g R R B M R G R EE I 11,

4. B BRGELEANEGILORR LGN (FIE 17 PE K JLI 0 i A 13 3 £ 88
IJE9T. XA EMHAEREEMWIRANZ - -,

102



b A B KR ML 4R

B

HAGSOEAE I FEAT R PO BT B REE VIS Py SRt i, &
TR WA 2 A, AL SRR, SRR B RS R R 58 R )
A NGRS AR, SRR IE R O IOl B0 LIRS G K
Wi 3 F N R OK o TR SIS B s 1] U 25 A0 O (R U 1 BB LA 3 el ) AR

R AU R A WIS HEE L BEOX ZAES AL LR R SRR AT,
FEAAE R R DKM o A SO A8 A% Al 0 L5 B A (b LAY 2 B R
SCEY SRR, ARSI R R AR D SR S R R B B BRI R A,
SR T BYE, KRBTSR, BANLKSSMHRFLEINNETE, HEY
BRI AUF LA A F AR AL LR XEN.

BB T RAAEBFRGER S LRSS 1EIKRDIT R 2 MR WA 2 I Tl
W, KRZAREKDOES, EFENEREE TENRHEAMN FFAIRY
(M5ERTE T 38 K BBVLIL, WIXHEAD R AR TRKAMIES. KEEBHT
FEEE TG R 207 WAL RS 16 & 2 AL BRI IR . FUSR ST Rl aE R — 18 A, ik
BHAG S BURMIT R SRR DUBRLIK BRI IR 2N 35 2 4

SRR R TR T DN B, RAL T AR I 15 R ra i,
JFENURSE ARy e TEHVF S . 22l 20 /) 2 ML R T s 5
Hlo

LR 3Tk 7 S i VAR E B N 60 11106 B e VP | L G S A D R AN SR L
ARV A R b B K R M o X A W L TR IS L R
ARgER L, AP EFALE TR,

TG AL SO ) T R BOR S B0 B AR B TR, BRI e RN, TR
p ke ST N A B TR 3 0 - N 4 1D & 3 S o T PN R (2 o

PR ACEIE 20 LEMRFUBDIEL G LB TIRRWASIR . SRR
FTCRABIAT e T T 2 U IRE O R AR IR S 1 55 . R RIM &AL BRI 2R
fEAN ST HF

BeJa, OGN TG, BB KA LN LR R, (R
LR, RSk ERIREERII . RS TRBA, SRIHRE” , Uk R
RN

DU SCERES BT AT 200y SCRPRER B RL JRIGIIC . S AR AAT)

JT B
2000 4F 12 A Fyll

103



o A H K F M E F AR

A:

[1].

21
[3].
[41.
[5].
[6}.
(7.

(8]-

[9].

B:

[1].
2.
3].

EEEDIEH TR MABRRAIEXEFREAR
FTEARBIERIRX

Zhaohui Zhuang, Youlun Xiong, Ma Ting. An Innovative PWM Control Algorism
for Three-level Inverter. IEEE Ann. Meeting on Electronics and Motion Control.
2000, (8): A310-317

FERAME, REHS. —AhETEA = T A 2% PWM IR, TLEEOR K. 3
T 2001 F5H 2RI

JEWIE, AT, IO 2 ARSI A R 2 — i AR e . 1
5, T 20001 S5 P RH

JEBHE, REAREL, fEAG(C. S HUBRS B R B RIS, usites)), 1
T 2001 S5/

Zhaohui Zhuang, Fuliang Tang, Youlun Xiong. A New SVPWM for Multi-phase
Induction Machine ASD. Science in China, contributed..

SR, RKR, R, ZHEBRNDNIEERR R SVPWM E41. rhiiy
KA, T

Fuliang Tang, Zhachui Zhuang, Youlun Xiong. A New Buck-based Configuration
AC Chopper Voltage Conditioner. Journal of System Engineer and Electronic.
Accepted
Fuliang Tang, Chenling, Zhaohui Zhuang. A New Alogrithm to Slove Selected
Harmonic Elimination Equations Based on Grobner Basis Transform. Journal of
System Engineer and Electronic. Accepted
AR, VR, RS, KW B S 0 T ST, P L TR AR,
C A

FEMRMR
RS A2 Tk % A W 1) O R R R R e AR, RV
AR5 R R R LS S B A
15 AR A BIZRSEE A5, AEL

104



Beob A MK F W+ F R X

[1]
[2)
13)
[4]
(3]
6]
(7]
(8]
[9]
[10]

f11]

[12)

[13]

[14]

[15]
[16]
[17]
[18]
[19]

S % SCHK

ST =, BRI, TIFsG. Wil R TR A ETT N A, 2000
LN, KDY ER A ATAR SR e R BAZHICE TR, AbsC: HUBE AL AR, 1998
Shakwch Y, Lewis E A. The universal medium voltage adjustable speed drive.
EPE’99-Lausnne, 1999(2):1~8

Nabae A, Takahashi I, Akagi H. A new neural-point-clamped PWM inverier. IEEE
Trans. Ind. Appl., 1993,17(5): 518~523

Sandor Halasz, Ahmed Abdala M. Hassan. Optimal control of three-level PWM
inverter. IEEE Trans. Ind. Electronics, 1997,44(1): 96~100

AL, % AR B — LR A A LSO 1 GRS, 1996(11): 36~40
TXW. &2, /1%, 1992(2): 11~16

Kang Dae-Wook, Yo-Han Lee, Choi Chang-Ho. A new carrierwave-based SVPWM
for the multilevel H-bridge inverter. EPE’99: 1~8

Tolbert L M, Peng F Z. Multilevel converters for large electric drives. IEEE-APEC
Conf. Rec., 1998: 330~536

Leon M, Thomas G. Novel multilevel inverter carrier based PWM method. IEEE
Trans. Ind. Appl. 1999, 35(5): 1098~1107

Liang Y L, Nwankpa C O. A new type of STATCOM based on cascading voltage
source inverters with phase shifted unipolar SPWM. IEEE Trans. Ind. Appl. 1999,
35(5): 1118~1123

Kazuaki Mino, Yasukiro Okuma, Kazwo Kuroki. Direct-linked-type frequency
changer based on DC-lamped bilateral switching circuit topology. IEEE Trans. Ind.
Appl., 1998,34(6): 1309~1317

Fang Zheng Peng, John W, Mckeever, Donald J. Adams. A Power Line Conditioner
Using Cascade Multilevel Inverters for Distribution Systems. IEEE Trans. Ind. Appl.,
1998,34(6): 1293~1298

Thomas M. Jahns. Improved Reliability in Solid-State AC Drives by Means of
Multiple Independent Phase-Drive Units. IEEE Trans. Ind. Appl., 1980, 16(3):
321~331

Lipo T, Cornell E. Modeling and design of controlled current induction motor drive
system. in Conf. Rec. 1975 10" Ann. Meet. IEEE Ind. Appl. Sec., 1975(10); 411~41
Gopakumar K, Ranganathan V T, Bhat S K. Split-phase induction motor operation
from PWM voltage source inverter. IEEE Tran. Ind. Appl., 1983,29(5): 927~-932
Andesen E et al. phase Induction motors for current source inverter drives. Conf. Rec.
IAS Ann. Mtg., 1982(10): 698~705

Brazhnikov A V, Dovzhenko N N. Control potentials and advantages of multiphase
AC drives. IEEE Conf. Recording, 1998,78(3): 2108~2114

Toliyat H A. Analysis and simulation of five-Phase synchronous reluctance machines
including third harmonic of airgap MMF. IEEE Trans. Ind. Appl., 1998,34(2):
332~339

105



B AR K ¥ M X R 4R X

[20]

[21]

f22]

[23]

[24]

[25]
[26]
[27]
[28]
[29]
(30]

(31

[32]

[33]

(34]

[35]

[36]

Lipo T A. A d-q model for six phase induction machines. Conf. Rec. Int. Conf.
Electrical Machines, Athens, Greece, Sept. 15-17, 1980:860~867

Ferraris P, Lazzari M. Phase numbers and their related effects on the characteristics
of inverter fed induction motor drives. Confl. Rec. IEEE-IAS Ann. Meeting, 1983:
494~502

Toliyat H A, Lipo T A, White J C. Analysis of a concentrated winding induction
machine for adjustable speed drive applications—Part 1, motor analysis. IEEE Tran.
Energy Conversion, 1991, 6(4): 679~683

Tolivat H A, Lipo T A, White C. Analysis of a concentrated winding induction
machine for adjustable speed drive applications—Part II, motor design and
performance. IEEE Tran. Energy Conversion, 1991,6(4): 684~692

Stewart ] R, Wilson D D. High phase order transmission—A feasibility analysis: Part
I—steady state considerations. IEEE Tran. Power Apparatus and System, 1978,
97(6): 2300~2307

Klingshirn EA. High phase order induction motors, Part I—description and
theoretical considerations. IEEE Tans. Power and System, 1983,102(1): 47~53
Klingshirn E A. High phase order induction motors, Part Il—experimental results.
IEEE Tans. Power and System, vol. PAS-102, No.1, January 1983, 102(1): 47~53
Mohamed A. ABBAS, et al. Six-phase voltage source inverter drive induction motor.
IEEE Trans. Ind. Appl., 1984(20): 1251~1259

Jahns, Thomas. Marine drive system. US patent, International Appl. Num:
PCT/US82/00908, 6 July 1982

Klingshirn E A. Harmonic filters for six-Phase and other multiphase motors on
voltage source inverters. IEEE Trans. Ind. Appl., 1985,21(4): 588~594

Ward E E, Harer H. Preliminary investigation of an inverter-fed 5-phase induction
motor. Proc. Inst. Elec. Eng., 1969, 11{7): 980~984

Toliyat H A. Analysis and simulation of five phase variable-speed induction motor
drives under asymmetrical connections. IEEE Trans. Power Elec., 1998,13(4):
748~756

Ferraris P, Lazzari M, Profumo F. Phase number of inverter-fed induction motors:
effects on the dc Link harmonics contents. in 1* European Conf. Power Electronics
and Applications, 1985,1(10): 3.95~3.102

Weh H, Schroder U. Static inverter concepts for multiphase machines with
square-wave current filed distributions. in 1 European Conf. Power Electronics and
Applications, 1985,1(10): 1.147~1.152

Dente J. Induction motor-current source inverter system with phase number great
than 3. in 1* European Conf. Power Electronics and Applications, 1985,1(10):
3.143~3.147

Toliyat H A, Xue L Y, Lipo T. A five-phase reluctance motor with high specific
torque. IEEE Trans. Ind. Applicat. 1992,28(4): 659~667

McClure P I, Bailey J M, Lawler J S, Banerjee B. Five phase trapezoidal back EMF
PM synchronous machines and drives. in 4" European Conf. Power Electronics and
Applications, Italy, 1991,4: 4.128~4.133

106



IR N S - I S L A (R

137]
[38]
139}

[40]

[41]

(42]

[43]

(44] .

[45]

[46]
[47]

[48]

[49]

[50]
[51]
(52]

[53]

Liu T H, Fu J R, Lipo T A. A strategy fov improving reliability of {icld-oricnted
controlled induction motor drives. IEELE Trans. Ind. Appl., 1993,29(5): 910917

Fu J R, Lipo T. Disturbance free operation of a multiphase current regulated motor
drive with an opencd phase, IEEL Trans. Ind. Applicat. 1994, 30(5): 1267~1274.
Zhao Y, Lipo T. Space vecior PWM control of dual three-phase induction machine
using veetor space decomposition. [EEL Teans. Ind. Appl. 1995,31(5): 1100~1109
Zhao Y, Lipo T. Modeling and control of multi-phase induction machine with
structural unbalance, Part 1 - machinc modeling and multi-dimensional current
regulator. IEEE Trans. Encrgy Conversion, 1996,11(3): 570~577

Zhao Y, Lipo T. Modeling and control of multi-phase induction machine with
structural unbalance, Patt 1l — field oriented control and cxperimental verification.
IEEE Trans. Energy Conversion, 1996,11(3): 578~584

Murthy S 8, Berg G J, Jha C S, Tandon A K. A novel method of inultistage dynamic
braking of threc-phase induction motors. in Proc. [EEE Inl. Semiconduclor Power
Converter Conf,, 1982(5): 287~294

Krause P C, Thomas C Il. Simulation of symmetrical induction machinery. IELI
Trans. Power App. Syst., 1985, 84(11): 1308~1053

Zhao Yifan, Lipo T A. Space vector PWM control of dual three-phase induction
machinc using vector space decomposition. 1EEL Trans. Ind. Appl., 1995, 31(5):
1100~1109

Nelson R 11, Krause  C. Induction machine analysis for arbitrary displacement
between multiple winding sets. 1EEL Trans. Power App. And Syst., 1993(5):
841~848

K.N.Pavithran, R. Parimelalangan. Studies on inverter fed f(ive-phasc induction
motor drive. IEEE Trans, Power Electronics. 1998, 3(2): 224~235

Yuriy Kats. Adjustable-speed drives with multiple motors. [EEL, 1997.78(3):
TC2-4.1~TC2-4.3

Xu Longua, Ye Lurong. Analysis of a novel stator wilding structurc minimizing
harmonic current and torque ripple for dual six-step converter-fed high power AC
machines. IEEE Trans. Ind. Appl. 1995, 1995, 31(1): 84~90

Toliyat 1. A, Rahimian M M, Lipo T A. analysis and modeling of Five phase
converters for adjustable speed drive Appl.. Fifth Luropean Conference on Power
Electronics, 1993, 5(13): 194~199

b AR Uk 3 S T (A A I IR A T OS8R R
1989

WL, 7S BOSE AT LB L B W SO G UG AR Y. B LB, 1999,
27(3): 1~6

W, EWESC, — Bl AT M3 FR S A0 BLIR R A v B BL. 2000,
28(3):24~26

Oguchi K, Kawaguchi A, Hoshi N. A novel six-phase inverter system with 60-stcp
output voltages for high power motor drives. IEEE Trans. Ind. Appl. 1999, 35(5):
114~1149

107



NN R R

(54]

[55]

156]

[57]

[58]

[59]
160)
[61]
[62]
[63]
[64]
(65]
[66]
[67]
[68]
[69]
1707
[71)
(72]

(73}
[74]

David M P, Forner B, Antonio M, Jelassi K. Digital control of an induction motor
drive by a stochastic estimator and Airgap magnctic flux feedback loop. IEEE Trans.
Power Elec. 1992, 7(2): 393~403

Noguchi T, Kondo S, Takahashi 1. Field-oriented control of an induction motor with
robust on-line tuning of its parameters. IEEE Trans. Ind. Appl. 1997, 33(1): 35~42
Gastli A, lwasaki M, Matusui N. An auiomated equivalent circuit parameter
measurement of an induction motor using a v/f PWM inverter. Rec. of Oct. 1989
Tokai Session of Institutes of Elec. And Related Engincer, 1989: 139

Jung J W, Nam K. A fecedback lincarizing control scheme for a PWM
converier-inverter having a very small DC-link capacitor. [EEE Trans. Ind. Appl.
1999, 35(5): 1124~1131

Munoz A, Lipo A, Novotny D W. A new induction motor v/ control method capable
of high performance regulation al low speeds. 1EELR Trans. Ind. Appl., 1998, 34(3):
813~821

Kerkman R J, Seibel B J. A new {lux and slalor resistance identifier for AC drive
systems. IEEE Trans. Ind. Appl., 1996, 32(3): 585~593

Kim N J, Moon H 8. Inertia identification for the specd observer of the tow speed
control of induction machines. 1IEEE Trans. [nd. Appl., 1996, 32(6): 1371~1378

Peng F Z, Fukao T. Robust speed identification for speed-sensoriess vector control of
induction motors. IEEE Trans. Ind. Appl., 1994, 30(5): 1234~1240

Doncker R W, Novotny D W. The universal field oriented controlier, IEEE Trans.
Ind. Appl., 1994, 30(1): 92~99

Depenbrock M, Klacs N R. Determination of the induction machine parameters and
their dependence on saturation. IEEE-IAS, 1989(9): 17~22

Xu X, Xue Y, Habetler T G, Divan D M. A low stator flux oriented voltage source
variable speed drive. IEEE-IAS, 1990(3): 410~416

Lorenz R D, Lipo T A, Novoiny D W. Motion control with induction motors. IEEE
Proc., 1994, 82(8): 1215-1239

Marchesoni M, Segarich P, Sorcssi i A simple approach o {lux and spccd
observation in induction motor drives. IEEE Trans. Ind. Appl., 1997, 44(4): 528~535
Hurst D K, Habetler G T. Zero-speed tacholess IM torque control: simply a maiter of
stator voltage integration. IEEE Trans. Ind. Appl., 1998, 34(4): 790~795

Boldea C L, Blaabjerg F. A modified direct torque control for induction motor
sensorless drive, IEEE Trans. Ind. Appl., 2000, 36(1): 122~130

Depenbrock M. Direct-self-lorque control (DSC) of inverter-fed induction machines,
a basis for speed control without speed measurement. PESC’89, 1989: 235~246
Yamamura S. AC motor for high performance application. NEWYORK: Marcel
Dekker, 1986

Toliyat A. A Novel Direct Torque Control (IDT'C) Mcthod for Five-Phase Induction
Machine. IEEE Annual Meeting, 2000:162~168

%fl\ﬁ FPHVE S D B OTS) LA BT, S 445, 199002): 15~20
e, ATHOALEAAR T RO R, Aai: PO AL, 1989

FER TR U RIE . dEn: BLA s, 1994

108



-

AP A I SE

[75]
[76]

[77]
[78]

[79]

[80]
[81]
[82]
[83]
[84]
185]
[86]
[87]
[88]
[89]
[90]
[91]
[92]
(93]

[94]

. RS UL L R R R A 5 BT KA T, R SR IR RS
w3, 1995

BEAGI, H O HEE) S B RGN R, Jbad: BUBR i REE, 1996
ZEik, BRGUL. DRSS REIBOR. BBG BDA A NAR AL, 1996

Van Der Breck, Skudelny, H. CH. Analysis and realization of a pulse width
modulator based on voltage space vectors. [EEE Trans. Ind. Appl., 1988, 24(1):
142~150

Lai Yen-shin, Bowes S R. Universal space vector modulation strategy based on
regular-sampled pulse width modulation. IEEE Trans. Ind. Appl., 1996, 75(6):
120~126

Depenbrok M. Pulse width control of a three-phase inverter with non-sinusoidal
phase voltages. IEEE Int. Semiconductor Power Converter Conf. 1979: 399~433
Kolar J W, Ertl H, Zach F C. Calculation of the passive and active component stress
of three phase PWM converter system with high pulse rate. EPE’89: 1303~1311
Trzynadlowski A M, Kirlin R L, Irie H. Space vector PWM technique with minimum
switching losses and a variable pulse inverters. IEEE IECON, 1993(1): 689~694
Trzynadlowski A M, Kirin R L, Irie H. Space vector PWM technique with minimum
switching losses and a variable pulse rate. IEEE Trans. Elec. 1997, 44(2): 173~181
Murai Y, Tsunehiro Y. Improved PWM method for induction motor inverters. IPEC,
1983: 407~417

Bellini A, Figalli G. A modulation technique for field-controller induction motors
easy to be implemented on a microcomputer. IEEE IECON, 1984:851~856

Holtz J, Lammert P, Lotzkat W. High-speed drive system with ultrasonic MOSFET
PWM inverter and single-chip microcomputer control. IEEE IAS Conf. 1986:12~17
Ogasawara S, Akagi H, Nabae A. A novel PWM scheme of voltage source inverters
based on space vector theory. EPE, 1989:1197~1202

Stefanovic V R, Vulosavic S N. Space-vector PWM voltage control with optimized
switching strategy. IEEE IAS Conf. 1992:1025~1033

Holtz I, Beyer B. Optimal Pulsewidth Modulation for AC servos and low-cost
industry drives. IEEE IAS Conf. 1992:1010~1017

Handley H G, Boys J T. Practical real-time PWM modulators: an assessment. IEE
Pro. 1992, 39(2): 96~102

Hava Ahmet M, Sul Seung-Ki. Dynamic overmodulation characteristics of triangle
intersection PWM methods. IEEE Ind. Appl. Annual Meeting, 1997(10): 1520~1528
Holtz J. Pulsewidth modulation for electronic power conversion. IEEE Pro. 1994,
8(8): 1194~1214

Hava A M, Kerkman R J. Simple analytical and graphical tools for carrier based
PWM methods. IEEE PESC Conf. Rec. Missouri, 1997:1462~1471

Hava A M, Kerkman R J. Carrier based PWM-VSI overmodulation strategies:
Analysis, comparison and design. IEEE Trans. Power Electronics. 1997, 33(10).
1100~1110

109



LY

Bl AR K F B R B R X

[951 Holiz J, Lotzkat W, Khambadkone A. On continuous control of PWM inverters in
the overmodulation range including the six-step mode. IEEE ~IECON Conf. Rec.,
1992:307~332

[96] Rowan T M, Kerkman R J, Lipo A. Operation of naturally sampled current
regulators in the transition mode. IEEE Trans. Ind. Appl. 1987, 23(4): 586~596

[97] Hava A M. Carrier based PWM-VSI overmodulation strategiecs. UW-Madison:
Wisconsin Ph. D thesis, 1997

[98] Jul-Ki S, Jhoon K. A new overmodulation strategy for induction motor drive using
space vector PWM. IEEE Applied Power Elect. Conf, Dallas USA: 1995(3):
211~216

{99] Bowes S R, Midoun A. Suboptimal switching strategies for microprocessor
controlled PWM inverter drives. IEE Proceedings, 1985, 132(3): 133~148

[100] Johann W, Ertl Hans, Franz Zach C. Influence of the modulation method on the
conduction and switching losses of a PWM converter system. IEEE Trans. Ind. Appl.,
1991,27(6): 1063~1074

(101] Holtz J. Pulsewidth modulation-A survey. IEEE Trans. Elect. 1992, 39(5): 410~420

f102] Holtz J, Springob L. Reduced harmonics PWM controlled inverters. IEEE IAS Ann.
Meet. , 1990; 959~964

[103] Murai Y, Watanabe T, Iwasaki H. Waveform distortion and correction circuit for
PWM inverters with switching lag-times. IEEE Trans. Ind." Appl. 1987, 34(4):
381~886

[104] Chung Dae-Woong, Sul Seung-Ki, Kim Joohn-Sheck. Unified PWM technique for
real time power conversion. IEEE PCC, 1997:265~270

{105} Chung D W, Kim J S, Sul S K. Unified voltage modulation technique for real time
three-phase power conversion. [EEE 1AS’96, 1996(2): 921~926

[106] XBERAK. KIEIE 4 43 DX I B MK S8 Wl HoR . R E AR TRES£4R. 2000, 20(6):

43~46
(107] fE4R%E. MR KR AHS M SPWM KMELBIIR. il TR, 1999(1):
25~28

[108) W%, DRI AMEITHR PWM 5 SO WEI . Ao FiiR.
1999(6): 49~50,57

[109] sk, KM LEFREZR). bt FEFRMEA, 1998

[110] YL, B EE /). dhgi: HE D HAR#, 1996

[111] VPscss. AZWmpLgea i, don: P T difs s, 1985

[112] TMS320C3X User’s guide. Texas: Texas Instruments, 1998

110



wok f K ¥

'

g

»

15

N

1

<
iy

-

L

M A

Al

1516

3132

W—AediR K

45 46

2

14 15

111

A2 SRS Y Rl
ny
*ibnt 1 2 1 4 ] 3 7 9 [ ir 12 13 14 [N
RIELN RRE
Fiy
P2 3 4 5 6 7 & 9 Wi azp )3 d ]S de pa? 19 )21 22023 P2 26|27 22| WM
TRy
332033 34035 36| 37 |30 4o [ 41 42| a3 a4 | 35 36| 37 3|49 so ] s1osx | 53 s4 |55 s6[s7 sk |50 no
5oy ol ool 2t 22123 w25 2T {29 3§33t 32031 34035 3] 3 o 404l a2]d43 4
TR
45 46 L 47 sa | s ) sy s lsy oselss oselwosap oy 2 )3 os)s o wlrosfe whar 2] o
-
A3 1548 4 47 24°H AL R A AT E




ok A B X F W ¥R X

HEB

B.l 18 Fmill, 450

B.3 JGIEA . BREhR L 1A

112



A

Edk Nen Tarkulyy fu

PR it o 4 o
b

C.1 X:¥Hi(CPU board)

A

Cobale Tem Tty Tu

¥
debbrn Ml S F ol Pabid iy N

i (Extensive Bus)

C.2 Lk

113



b AR ¥ W E ¥ B X

[ l 5 J 4 l 3 l 2 l 1

TIF Tan Yollmgy 20 A
W Rl mberduey thok Ieify 1100
Tiuduer WA TAM BB ML

Lobvk e Tuchoulayy Lo A
Abbam  WnPldmdervy bk el NS
Tonduw HAPUIIN TR0 RN NN

c.4 B KM (Input&Output)

114



oM K

g_

-Ann
ELRY
[ deull |

Bl % 9y 5oy vy g sy ey g ey g g "‘1'1-.'%":’}, E
v s o et SN _J:f___]"'

emt "}

B i v o g g g g g g g ""=’l-""='J.- it ,E,EI.EE:
SN e st e i o et O o ﬁ%’m;——-—..—
-— =—n — Jemx i w3

jAkASANASALAS
SEPTTTELTTTY

=R AAARANAREAAS
PN ok g

THEIETITILE
IR it g i g

=7 LITLEETIIEEE
i ot e it

ol Kan Tachulyy Co
e e Mldwtrduny ek I-'j'q I
Tohotuew WADEBHAM Tib GMUEN 4

(=]

<2

m

c.5 MR HAR(AD&DA)

115



g A R EMBERER ARG

317
B IMEY . 100008 A RIXBNE:
LRI A ARALT9S ‘ |
B F T U EHEER 1999 % 11 A 15 H
ARA
HI&S: 09123820. 6 | HamgKsEnemn
HHHRIFSEBEDE

RESHEE - FASERLEANE=tN&. BO+HFNE. REARURENS
HERGVERRASHRFUEE. RAREK PR SIHgHRRNT ©

HifFS:

99123820. 6

&

HiFE:1999 &£ 11 A 15 H

- REACDE PR SN

1
H

ENEE: SRLHE KBRS HAERE

£ 5K W B F AU BURE R R T 3

HR SRRz A2 WE R fif2
WEME S H¥k:2 WHBERY SHHAMN:L f:2
(LLER T TIR 3 w2 RYBHEA SHTH: 2

EHREER

WER:T2R

9947-1-D946W1

WA 100088 Stk LSRRI TS AS MRS SRERREEE MR 3 0020 4



	文摘
	英文文摘
	第一章绪论
	   §1.1课题来源
	   §1.2引言
	   §1.3多相感应电机变频调速系统的提出
	   §1.4多相感应电机变频调速系统综述
	   §1.5课题研究背景
	   §1.6本文主要研究内容
	   §1.7研究目的和意义
	第二章多相感应电机数学模型及谐波分析
	   §2.1引言
	   §2.2多相电机相数的定义
	   §2.3多相电机矢量空间解耦变换
	   §2.4标准基下的多相电机数学模型
	   §2.5谐波基下的多相电机数学模型
	   §2.6电磁转矩方程
	   §2.7逆变器供电下多相电机谐波分析
	   §2.8本章小结
	第三章多相感应电机变频调速PWM算法研究
	   §3.1引言
	   §3.2载波型脉宽调制方法
	   §3.3载波型PWM方法统一模型的分析
	   §3.4基于载波的多相SVPWM算法及其几何解释
	   §3.5本章小结
	第四章多相感应电机高性能控制策略研究
	   §4.1引言
	   §4.2多相感应电机等效电路变换
	   §4.3多相感应电机转差型直接转矩控制的仿真研究
	   §4.4本章小节
	第五章1 5相感应电机变频调速系统的设计及实验研究
	   §5.1引言
	   §5.2 15相感应电机变频调速系统硬件结构及设计
	   §5.3 15相感应电机变频调速系统软件结构及设计
	   §5.4 15相感应电机变频调速系统实验
	   §5.5本章小结
	第六章全文总结与展望
	   §6.1全文总结
	   §6.2未来展望
	致谢
	作者在攻读博士学位期间发表的论文与研究成果
	参考文献
	附录A
	附录B
	附录C
	附页



