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Fig. 1 Flux linkage observation of voltage-current hybrid model



1642 b M & MR K ¥ %W 2024 4F
FL LR TR A AR A s =Yrcosd =,/ tand
=g N Y Sury PR (=Y = o 2 2 ( 19 )
FE BTN 6, (i 1) dE i R IR B . i sl = /i =3

G Gt ST g+ ey i = O, i) = i 0 25 2
S, i)l =0, m iS5 d i E G, W6 =0; M
B, mBh S d 5o, 6 # 0, S BR REEE gt
FE, T 5 FELRK SIS, 20 TSR P I

W 2 s, d %l e e 0 B A 808 3 1 8 4%

AR B, m o BlE B L8 AR L TE 2o R 0L A%
(GEIN

P2 BRI RE i o5 B A
Fig.2 Vector diagram of air gap magnetic field

directional control

i 2 G EE = AT A 15 gy
Y =5 =Y. = s/ cosd (17)
s g G RESE s s BRI BE s W AR B
k.
FL G N
Tem = npllﬁ&'ist ( 18 )
N5 s TEZE, a5 g T I A e 250 B

LU 22 25 BB AT, s fE A4, 4, R AL
T, s 4, B 3 B A4, IRE AR & A,
O R JF A, s\ Ry [0 JE 2 4%, BV o] i H R 6% 18, 447K
% (] v 1) — BE BRI, 3 A A4, 14k, 15 A il T
TR =V BRI W5 =08 o A e 44" b EsE =
DI P S Wi R o G A VA i )
T R SR AS AL, SR i R A . HALE T
FL P e J R FEL X e T ERL X S R i th 2 A T
— =M e IR AE S B AR T R E A OG, 2 17
L I HE R, 7 AR Y FL AR M e 3 K Zeg, N HL
=M. ik u = le PR FFE E, [ B cosp =1,
Iei) B AT, Bl 2 AR K, eo LA O R JEAS, gl Ry
4% BT i Y e AR, BB A L B ) — BRI,
AL N B 2T F R N B, b Bl B B, TR E AN
RHEME

25 LTk, B R ALE T B B R i AR 1k, 1A
WG LA e, TR B G B B s A TR e TR
AA'. BB7EALIY B, W 2 5 ¢, IE 3 | cose = 171

Iusl = |eo|‘fE%o

3 MERSERER

Jm R IAE R E 3 BrR, Hoh, PTRIR L
B> 42 1 4% . SVPWM 3K 7R 25 1) 2k £ Jok w58 152 4
il , abe/mtF 7 abe HabR ZR A me AL bR R T A AR
L K mt HER T B HLTL, Trer A HLRERG HE HRLIRE A 2
Tl Dyer AU HE LTI S B M, o, N E T 58
HA MRS, Ui B mt bR R T IR, U N

wE Sl > ]
Y ki
ik P
A4 — T e
f(’/?l il
Uipei
o i
174 1 f ref
1 Meref [€T
I £ ref Ol
A
a&&;f%xmmu Ffs
B R

P 3 ASBRRESEE 7 < B I 1A

Fig. 3 Block diagram of air gap flux-oriented vector control



55 5 3]

FERR5E, A MREH A BB RE B 5 1] O Bt 2 o B2 R 1643

abe MR FR T WY HL R, f )2 HL W 75 7%, U R b
WERBLTE, It R ARG R I

PEHCLL T S 8Ok AT 05 LI IE: Py =2400 W,
Tx =100N-m, ny = 155r/min, R, =0.4578Q, Ly =
0.002 85 H, L, =0.003 34 H,J = 0.001 469 kg - m?, B =
0.0003 (N-m)/(rad-s™"),¢, = 0.171 Wb, n, = 4,
3 BRI THHE

5 0 e T, ARG B A an ] 4 B .

P B85 SR B, F AL 2 25 B, e T el 1
KEZEEB n=155r/min, B TH#H B o =1%,
EAR PRI /I o A0 A P R BR3P 42

160

140
120
100
80
60

ZSAHHULL /(- minT!)

40
20

0 0.0050.010 0.015 0.020 0.025 0.030 0.035 0.040
i ]/s
(a) 380w i

FSAHHLLHL R 3% /(N-m)

5 1 1 1 1 1 1 1
0 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
A al/s
(b) HLIE I

FSAHFLHLE T HU/A

15 . . . . . . .
0 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
1] /s
(c) 7SAHE FHUR
Bl 4 AR ZS 3R ShIAH DG B

Fig. 4 Related simulations at ideal no-load start-up

FRFA)E, RS ERZA N 0, N AHE T HUR N IE
%
32 EmMHEMAE

FEAE 0.02 s BFZEAN 10 N-m 1) f 2k, A 547 2Ll
LN 5 s o

D7 ELEE LW, 2G5 10 N-m i 3 mf, RG89
SISl 7, = 0.005 s, 7 d A 258, A AL A % R TR
B LT B 65/ 20 CRAF NS, R 7S AH E - FL I TR
R ERBEAR AL

AR S B AR AR R ) B
FRUNFE 1 Fis

160

S5 R PR RE R

140
120
100
80
60

FSAHHL LS #/(r-min )

40
20

0 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
i ] /s
(a) %z M ]

FSAHA ML R 5 HE/(N - m)

0 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
A ) /s
(b) FLfE I

FAHHLALE T HLHT/A

.
0 0.0050.010 0.015 0.020 0.025 0.030 0.035 0.040
i 1H]/s
() AR FHU
5 g Ea A B

Fig. 5 Related simulations with sudden load



1644

B AT /O NN S

2024 4%

®1 HRMTEAMREET

Table 1 Performance index of speed simulation
SRS - [ S WS s
UPdite R b s e
PR 2R Bl 1 0.01 0.011 0
RNk 1 0.01 0.011  0.0005 0.67
4 &

1) AR SCHE i Bt T R SR 22 A0 KB A 42
WA, AR Y % 6s/2075 A1 [ 25 B AL A 491 320 47 75
FLOMT, I KUHLZS M SE 5~ FL R L B R i R e
FEE5 B, Bk T A SCRE AR AL #OE 3l S
ZEIM I BA By iR S RE PN Sh SR RE . %
P AT KL R G B A RS, (5 FLAs AR
TR —LYHAGE NS TN T HOR
s

2) 7N KR [ A5 B AL RS R S AR i vl LY
AL ZAHBAL, 0+ ZAHRHL A PO LA,
Xt Z R I RA —E NS EMES RS E L.

ARSCABHE TASCHRIEAR, IR SN %4: &
oAt il BE , i — 0 ok KU R GE P R GE R
PERE .

2 E Xk ( References )

(1] 2% ARSRERAR SN S L HLEH AR RE S TR AT S (D). P % P2
R RHRAE, 2007: 1-4.
LI Y. Study on intelligent control of variable-pitch variable-speed
wind turbines[D]. Xi’an: Xidian University, 2007: 1-4(in Chinese).

[2] DEVASHISH, THAKUR A, PANIGRAHI S, et al. A review on
wind energy conversion system and enabling technology[C]//Pro-
ceedings of the 2016 International Conference on Electrical Power
and Energy Systems. Piscataway: IEEE Press, 2017: 527-532.

03] Rmouk, 20mS, IO, 5. v sl 4 I ACRE R 25 o AU 7S5 A X 5
FAREPERE ST )], WK TR 22224, 2019, 24(6): 73-78.
WEN J B, GUO H, JING C, et al. Analysis of the speed adjusting
ability with field weakening of rotor structure of permanent magnet
synchronous motor for electric vehicle[J]. Journal of Harbin Uni-
versity of Science and Technology, 2019, 24(6): 73-78(in Chinese).

(4] WA4ER, TR, 220E, 55 2T MRAS BYZAHUKRE EEREUR T &
HL 3R 5T TC B A% AR P SR MG BT 5T (0] B ) RGP S,
2014, 42(23): 118-124.
HU W H, WANG Y, LI M X, et al. Research on sensorless control
strategy of direct drive multi-phase PMSG wind power generation
system based on MRASJ[J]. Power System Protection and Control,
2014, 42(23): 118-124(in Chinese).

(5] XUME, F8HEZR, 7K 22 53 /N AH K RE IR A0 o ML 19 3 7 2 20 T A
AR [I]. LS HERI 2441, 2020, 24(5): 68-T8.
LIU S, GUO X J, ZHANG L Y. Robust adaptive backstepping slid-
ing mode control for six-phase PMSM system with open phases[J].
Electric Machines and Control, 2020, 24(5): 68-78(in Chinese).

6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

WRAR, A, 25T, A5, R 1 X AL & JR IR B S B
BRI W R G A Bk, 2021, 4521): 33-47.

YAO G, YANG H M, ZHOU L D, et al. Development status and
key technologies of large-capacity offshore wind turbines[J]. Auto-
mation of Electric Power Systems, 2021, 45(21): 33-47(in Chinese).
XU, TR, BN, S5 FSAHAKRETR) 25k v ML R o i D
HMEBTTEN]. LSRRI, 2014, 18(1): 1-10.

LIUJ, SUJY, YANG G J, et al. Study of harmonic compensation
for six-phase PMSG in fault tolerant control[J]. Electric Machines
and Control, 2014, 18(1): 1-10(in Chinese).

ZHANG C, YIN Z D, YANG L, et al. Model-free adaptive iterative
learning control for six-phase propulsion PMSM[C]//Proceedings of
the 2021 24th International Conference on Electrical Machines and
Systems. Piscataway: IEEE Press, 2021: 1889-1893.

RIC, B BIRE, BERL, 25, iR Ak R 2D L B A ).
HLAL P l2Ad), 2021, 25(6): 72-81.

ZHU Y, XIAO M K, LU K, et al. Rotor temperature estimation for
permanent magnet synchronous motors in electric vehicles[J]. Elec-
tric Machines and Control, 2021, 25(6): 72-81(in Chinese).
KUMAR R R, CHETRI C, DEVI P, et al. Design and analysis of
novel dual stator hybrid operational six-phase permanent magnet
synchronous machine for wind power application[J]. GMSARN In-
ternational Journal, 2021, 15: 211-216.

WANG B. Simulation of field oriented control algorithm of per-
manent magnet synchronous motor based on SVPWM][J]. Mobile
Information Systems, 2022(10): 1839488.

RACEE . AR L 7SR TR D L S LR ) R SERT S [D]. MR
1 PR/RIE TR EE, 2009: 52-56.

ZHANG J N. Six-phase synchronism motor control system for the
ship electric propulsion[D]. Harbin: Harbin Engineering University,
2009: 52-56(in Chinese).

RAE, A8 B SR A BRRE S T P i+ AR R 2P B gL
HETU[T]. H/NELRLATL, 2004, 31(2): 21-27.

LIN H, ZOU Y P. Mathematical models of 12-phase synchronous
machine with air gap flux-oriented control[J]. Electric Machines &
Control Application, 2004, 31(2): 21-27(in Chinese).

LEVI E, JONES M, VUKOSAVIC S N. A series-connected two-
motor six-phase drive with induction and permanent magnet ma-
chines[J]. IEEE Transactions on Energy Conversion, 2006, 21(1):
121-129.

R, B, 2RI, B KREIRIAD L B R A R R S
AT sE PEXT HERFFE]. B S DS K25 3R (AR R, 2018,
18(1): 30-36.

LIHY, QIU X, LI S X, et al. Comparative study on operating sta-
bility of direct torque control and vector control using in permanent
magnet synchronous motor[J]. Journal of Nanjing Normal Uni-
versity (Engineering and Technology Edition), 2018, 18(1): 30-
36(in Chinese).

WOLDEGIORGIS A T, GE X L, WANG H M, et al. A new fre-
quency adaptive second-order disturbance observer for sensorless
vector control of interior permanent magnet synchronous motor[J].
IEEE Transactions on Industrial Electronics, 2021, 68(12): 11847-
11857.

SRR, Bt E, R, A5, ACRE IR A0 HU AL 0 7 1 o 7
HOMHT]. SR £ TR, 2019, 40(12): 105-109.


https://doi.org/10.7500/AEPS20210416003
https://doi.org/10.7500/AEPS20210416003
https://doi.org/10.7500/AEPS20210416003
https://doi.org/10.3969/j.issn.1007-449X.2014.01.001
https://doi.org/10.3969/j.issn.1007-449X.2014.01.001
https://doi.org/10.3969/j.issn.1007-449X.2014.01.001
https://doi.org/10.1109/TEC.2005.853737
https://doi.org/10.1109/TIE.2020.3047065
https://doi.org/10.11809/bqzbgcxb2019.12.021

55 W FERR5E, A MAREHE A LB RGBS SE 11 2% B Pl AR 1645

ZHANG Q Y, TU Q Z, ZHOU J B, et al. Simulation analysis of air- [19] Hh, FhGE, X, 55, —FhKEERIE AL E4E 6] SVPWM FEX
gap field oriented control for permanent magnet synchronous mo- BROREAELRAMEE T (0], R AL TAR224R, 2018, 38(2): 620-627.
tor[J]. Journal of Ordnance Equipment Engineering, 2019, 40(12): HAN K, SUN X, LIU B, et al. Dead-time on-line compensation

105-109(in Chinese).

(18] JBUHE, E I3k, XA SR, — b 5L T LT BiRH B A e A 9 26 H,
BUE T B A TR 22 A B2 D7 i (0] o [ A ML TR 2412, 2020,
40(3): 962-970.
GU C, WANG X L, DENG Z Q. A rotor position estimated error

scheme of SVPWM for permanent magnet synchronous motor drive
system with vector control[J]. Proceedings of the CSEE, 2018,
38(2): 620-627(in Chinese).
[20] ZHANG A L, CHEN Z F, GAO R Z, et al. Crowbarless symmetric-
correction method for high-speed permanent magnet synchronous al low-voltage ride through based on flux linkage tracking for
motor based on dual-phase-locked-loop[J]. Proceedings of the brushless doubly fed induction generators[J]. IEEE Transactions on

CSEE, 2020, 40(3): 962-970(in Chinese). Industrial Electronics, 2020, 67(9): 7606-7616.

Air gap flux-oriented vector control techniques of wind
power synchronous motor

WANG Jiahao', TIAN Yuru"", YU Naizhao®

(1. School of Intelligent Systems Science and Engineering, Harbin Engineering University, Harbin 150001, China;
2. Yangzhou Marine Electronic Instrument Institute, Yangzhou 225001, China)

Abstract: Wind energy is one of the most promising renewable energy sources in China, and the main factors
affecting the application of wind energy conversion are the control method and characteristics of wind turbines. This
study proposes a vector control technique based on air gap flux orientation, addressing the problem that the wind
turbine control method is difficult to achieve effective capture of wind energy in wind energy conversion. We obtain
the mathematical model in the rotating coordinate system through 6s/2r vector transformation. The vector control
technique of directional air gap flux is studied, the observation model of the motor-current-voltage hybrid flux linkage
is designed, and the torque and flux of the motor are controlled independently. The double Y-shift 30°six-phase
synchronous motor is taken as an example for simulation analysis. Results show that the proposed technique has good
steady-state performance and dynamic performance when the motor is started without load and with sudden load. The
proposed technique solves the nonlinearity and coupling of polyphase motor control, and improves the universality
and rapidity of the model.

Keywords: wind power system; six-phase synchronous motor; vector coordinate transformation; air gap flux

orientation; vector control
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