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Fig. 4. State response curves of PMSM system.

Kl 5 451 T PMSM RGEEEEHIGEH TRE
AR AEA S (B N B 2. 5 G ph 2R A d 2%
i, PMSM RS AHE 2B RS, h 2.2 0]
PRI SR PR Ay A A 0 A A i 3 v s PR OO
&SP, BRI S SPASP_. In A Es il 2%
J5i, BRGAPIRA A R 4 (o ih 2R s e s s e
P18 A

—5 —10

& 5 PMSM R GRS pAH
Fig. 5. Phase portrait of PMSM system state.

K16 25 T A8 i o mymm iz i . FENE i
e, MR 2 AR 4 IR o s =l sl =
W o =0, Fr L2248 5 M PMSM &R Ge7e W [R5
Tl 4 E TS ERIE » = 0, I H PMSM
RY o — HAARUE RSB TT. T REL R o)
i Jo7 2SR 2 1Y, i AP )4 il o HAT S 2L i 45
il A LA RGE S s il B i RHR LS.

12

10 ¢

8+

]
o
wo, L

-2 1 1 1
440 445 450 455 460
18] /s

K6 ARt o RS N 25

Fig. 6. State response curve of macro-variable ¢ .

ARSI S 8a% PMSM & 4874
AR FIRCR, LK 7 FE 8 45 T PMSM
RGP AT 0 528 R o B TS
Fes 2R A B ) 17 £

BT o = poe T, FILZ AR bt o B I ] ¢ 10
A DR BOE Ao, How ol 25 TH K. W
E 7 R, SIEGRISRSE k) = ke = k3 = 0.8 AR
F, TR, @ AR & o BT RS, B

210501-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 21 (2020) 210501
1.0
— K3=0.05
— K3=0.2
— K3=0.8
— K3=1.0
0.5 — K3=1.2
13 13 0
—0.5
(a) (a)
s . . . 1o . . .
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0
Al /s Fid i) /s
2.5 2.5
— T—0.05 — K3=0.05
— T=0.2 — K3=0.2
2.0 — T=0.5 — K3=0.8
— T=08 2.0 — K3=1.0
— T=1.0 — K3=1.2
1.5 — T=1.2
1.5
S 1.0 S
1.0
0.5 H
0.5
0 -
(b) (b)
o5 . . . . 0 . .
0 1 2 3 4 5 0 0.5 1.0 1.5 2.0
IR E] /s i) /s

B 7 PMSM R 4t M % 28 hik o B 2 %0 778 fK 69 1R B i
& (a) o WML, (b) 22485 o By MR L 2R

Fig. 7. Response curves of PMSM system and macro-vari-
able ¢ as T changes: (a) Response curves of @; (b) re-

sponse curves of macro-variable ¢ .

UYL w oV T Y (SWSE X R ka0 I N DS E
Tl S AR SR ks WARTERRR R, B8 i T
PRI S8 ky = ke = 0.8, T = 02478, kg 1.2
W/NE] 0.05 B @ R AR B o MR R, o] LA
W, BEZE ks BRI/, T R R R R B Y
ki = ko = ks = kIRBHASALES, ANFEM o FIZZ AL &
(R 7 SR 5 I L2 Koy B Ko BRI AR AR, M) 17 T 2
AR E AN AN Fog B AL BH ., BIOAR SCAR XS AR B
PEARTE. MRIEE 7 F1E 8 458 PMSM &40
FZE AR 1 o W O 5 P8 o S50 TR ey K,
T H1 ks /N, PMSM 28 50 1 %2 7% it o 118 M) Jo] 3 3

PMSM R GAEAF AN ARSI LT 2
AR R, TS R (L 5 R sh T &5
FRG AN R 04 3 8, S5 A s ) 2R T
SO AR R KRG

8  PMSM ARGt Ml % 28 &t o bl 2 40 ks 78 A6 89 ) B iy
& (a) @ R HIZE; (b) A8t o By e Rl 2k

Fig. 8. Response curves of PMSM system and macro-vari-
able ¢ as ks changes: (a) Response curves of @ ; (b) re-

sponse curves of macro-variable ¢ .

h T BAEP R A A, B9 AT
IR A S20 R B9 PMSM 240 thHUB A 3 & 1Y
i 7 i 2% 3 ek s NS R sh T RS A, 7E
450 s AN A PMFHE IR, &L 450 s ZHi, PMSM

— A=12
— A=13
— A=14
— A=15
— A=16
— A=17
—4
400 420 440 460 480 500

IfH] /s

B9 AREPEEHT B PMSM £ Gt AR 250 i
Fig. 9. State response of PMSM system under different per-
turbations.

210501-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 21 (2020)

210501

RGULAEA R IR RARGARE T, A B 742 1l
)i, RGEPBERGE B EPIRAS, UEW T AR SO
P A ] s SR A S5

5 % @

PMSM Z %: 3z £ JE 3 1 S5 2k 4 3, 24
o 3 B8R 5 R G0 0 18 A MR A A B R =T
PMSM FR 4t 274 « R X PR =0 G Y Hopf #7
RID” . ARCEE G IS 8 125 ik o 2 388,
RIS TANEN RGE R ESEL, @l it R 5
W18 78 SRR AT A 25 o AT 2 S R G e
HEWZME, #n TR ARG WEAHLEE. T
i PMSM R 40 H IR FE £ IR, FE T IR 45l
MR T HAE SRR A, PR R R
B: 1) PMSM RS MAE BRI IR &, #RAR
RGN LRGP SRR e R, Hl sl £&
ST, A 50 G T i AR i T R 3 B
M, IWIRIE T PMSM RSk Eia17; 2) 1EHh
[FHERIERVER T, 6188 S50 T M kil PMSM
RGETNEAR L o (A0 ] 3R B AR 3) i i Il
Pl 28 Re A SN RIS A Br S BU0 &
Y7, PMSM RGPk m iy, k& Bk e 217
RS

ARSI b R 9 i 25 BE A5 5 i R Gk
FIREHLAYF A, 78 3 PMSM RS 1 E A&
W, T — PR R el R A e e 2
B2 ] B r.

S 3Lk

[1] Ananthamoorthy N P, Baskaran K 2015 J. Vib. Control 21
181

[2] Wang L B, Fan J, Wang Z C, Zhan B S, Li J 2016 J. Dyn.
Syst. Meas. Contr. 138 011003

3] LuSK, Wang X C, Li Y N 2019 AIP Adv. 9 055105

(10]

(1]
(12]
(13]

(14]

(15]
(16]

17]
18]
[19]
[20]
21]
[22]
23]
[24]
[25]
[26]
[27]

(28]

210501-8

Zhang F C, Liao X F, Mu C L 2017 Adv. Differ. Equations
2017 76

Li Z, Park J B, Joo Y H, Zhang B, Chen G R 2002 [EFEE
Trans. Circuits Syst. I Fundam. Theory Appl. 49 383

Singh J P, Roy B K, Kuznetsov N V 2019 Int. J. Bifurcation
Chaos 29 1950056

Luo X S, Zhang B, Qiu D Y, Wei D Q 2009 Acta Phys. Sin.
58 6026 (in Chinese) [&'BEIE, 5Kk, FA0C, T HL 2009 #3
“F4f 58 6026]

Tang C S, Dai Y H 2013 Acta Phys. Sin. 62 180504 (in
Chinese) [FEfEE, #RHE 2013 Y324 62 180504]

Xing Y Q, Chen X K, Zhang Z D, Bi Q S 2016 Acta Phys.
Sin. 65 090501 (in Chinese) [JRFHETR, B/NaT, SKIEEE, B8k
2016 =4 65 090501]

Zhang Z D, Liu Y, Zhang S Z, Bi Q S 2017 Acta Phys. Sin.
66 020501 (in Chinese) [TKRIEES, X%, 5KI5E, L8k 2017 )
F#47 66 020501]

Hodgkin A L, Huxley A F 1952 J. Physiol. 117 500

Izhikevich E M 2000 Int. J. Bifurcation Chaos 10 1171

Wu T Y, Chen X K, Zhang Z D, Zhang X F, Bi Q S 2017
Acta Phys. Sin. 66 110501 (in Chinese) [&K—, F/INAT, 5K IE
W, TKIRSS, Sk 2017 YRR 66 110501

Wu H G, Bao B C, Liu Z, Xu Q, Jing P 2016 Nonlinear Dyn.
83 893

Wen Z H, Li Z J, Li X 2019 Chaos, Solitons Fractals 128 58
Li X H, Bi Q S 2012 Acta Phys. Sin. 61 020504 (in Chinese)
(24T, SEBE 2012 WIBE~AAR 61 020504]

Razvan M R, Yasaman S 2020 Chaos, Solitons Fractals 132
109482

Ryashko L, Slepukhina E 2020 Commun. Nonlinear Sci.
Numer. Simul. 82 105071

Han X J, Zhang Y, Bi Q S, Kurths J 2018 Chaos: An
Interdiscip. J. Nonlinear Sci. 28 043111

Peng M, Zhang Z D, Qu Z F, Bi Q S 2020 Pramana - J.
Phys. 94 14

Yu Y, Zhang Z D, Han X J 2018 Commun. Nonlinear Sci.
Numer. Simul. 56 380

Zhang Z D, Chen Z Y, Bi Q S 2019 Theor. Appl. Mech. Lett.
9 358

Han X J, Xia F B, Zhang C, Yu Y 2017 Nonlinear Dyn. 88
2693

Bi Q S, Ma R, Zhang Z D 2015 Nonlinear Dyn. 79 101

Wei D Q, Zhang B, Luo X S 2012 Chin. Phys. B 21 030504
Han X J, Bi Q S 2011 Commun. Nonlinear Sci. Numer.
Simul. 16 4146

Wang J B, Liu C X 2020 J. Xi'an Jiaotong Univ. 54 26 (in
Chinese) [TYTAH, RISSH 2020 P25 K424 54 26]
Wang J B, Liu L, Liu C X 2019 Int. J. Bifurcation Chaos 29
1950130


http://doi.org/10.1177/1077546313484349
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1177/1077546313484349
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1115/1.4031726
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1063/1.5094574
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1186/s13662-017-1118-1
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1109/81.989176
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.1142/S0218127419500561
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.58.6026
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.62.180504
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.65.090501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.7498/aps.66.020501
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1113/jphysiol.1952.sp004764
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.7498/aps.66.110501
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1007/s11071-015-2375-8
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.1016/j.chaos.2019.07.032
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.7498/aps.61.020504
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.chaos.2019.109482
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1016/j.cnsns.2019.105071
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1063/1.5012519
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1007/s12043-019-1871-7
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.cnsns.2017.08.019
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1016/j.taml.2019.05.010
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-017-3403-7
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1007/s11071-014-1648-y
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1088/1674-1056/21/3/030504
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.1016/j.cnsns.2011.02.021
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.7652/xjtuxb2020010044
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1142/S021812741950130X
http://doi.org/10.1142/S021812741950130X
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 69, No. 21 (2020) 210501

Bursting oscillation analysis and synergetic control of
permanent magnet synchronous motor”

Zhang Shao-Hua  Wang Cong’ Zhang Hong-Li

(School of Electrical Engineering, Xinjiang University, Urumqi 830047, China)

( Received 19 March 2020; revised manuscript received 5 July 2020 )

Abstract

The main purpose of this paper is to reveal the evolution mechanism of the bursting oscillation and
suppress the bursting oscillation. The permanent magnet synchronous motor (PMSM) system is taken as a
research object, and the case of the PMSM with periodic external load perturbation is considered. The first part
in this paper is for the analysis of bursting oscillation. First, a mathematical model of the non-autonomous
PMSM system with external load perturbation is established, and the frequency of the external load
perturbation is set to be far less than the natural frequency of the PMSM system, so that the PMSM system
has a fast-slow coupling effect. Then, the non-autonomous PMSM system with external load perturbation is
transformed into a generalized autonomous PMSM system by taking the external load perturbation as a slow-
varying parameter of the PMSM system. In order to obtain the bifurcation behaviors and different equilibrium
types of the PMSM system, the time series diagram, the equilibrium point distribution curve that changes with
slow-varying parameter, and the transformed phase portrait are analyzed. Finally, the evolution mechanism of
bursting oscillation is revealed by analyzing the overlay of the equilibrium point distribution curve and the
transformed phase portrait, and it is found that the change of the equilibrium type and the corresponding
bifurcation behavior will cause the PMSM system to exhibit “periodic symmetrical subcritical Hopf bursting
oscillation”. The second part focuses on the control of the bursting oscillation. First, a macro-variable is defined
by using the synergetic control strategy, which is a linear combination of all state variables of the PMSM
system. Then, the synergetic controller is designed based on the constraint that the macro-variable converges to
the invariant manifold. When the macro-variable converges to the invariant manifold, the PMSM system is also
stabilized to the equilibrium. In addition, in order to explore the influence of controller parameters, a large
number of simulation experiments are carried out, and the relationship between the control parameters with the
response speed of the PMSM system is obtained. Finally, the effectiveness of the synergetic control strategy is
verified by changing the amplitude of the external load perturbation. The simulation results show that the
synergetic control strategy has a continuous control law when the system has external load perturbations, and
can effectively suppress the bursting oscillation phenomenon of the PMSM system, so that the PMSM system

runs stably.

Keywords: permanent magnet synchronous motor, bursting oscillation, synergetic control, bursting

suppression
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