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Nonlinear Magnetic Flux Identification of Permanent Magnet
Synchronous Motors Based on Gaussian Process Regression
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Abstract: In the burgeoning field of new energy vehicles, silicon carbide representing a new generation of semi-
conductor power devices is progressively replacing silicon-based 1GBTs, which also sets higher standards for the motor
control performance within the corresponding innovative technological ecosystem. The precision of motor parameters is
becoming increasingly critical for enhancing the performance of electric control systems as they evolve from the tradi-
tional PI control and direct torque control to advanced algorithms such as model predictive control and neural network
control. Aimed at the problem that the classic linear model for permanent magnet synchronous motors cannot adapt to
complex and variable conditions due to nonlinear factors such as cross-saturation, a nonlinear magnetic flux identifica-
tion method based on Gaussian process regression is proposed. By employing a second-order generalized integrator to
acquire the magnetic flux data under dynamic conditions, the system identification is completed. Finally, the effective-
ness of the proposed approach and the accuracy of parameter identification were verified through simulation and experi-
mental results.

Keywords: Silicon carbide; motor control; parameter identification; Gaussian process regression

TE“BR AT BRI R N, ik — D4R
AT RE TRV BIRICR ST SE Mk, FE 0 A HE IR AL Ak
SiC (silicon carbide) %5 T8 254 2 AR ZF 1 L

YR B #A:2024-01-31; fEE HHA:2024-02-17; FABH:
2024-02-21; M4 H % H#:2024-03-09

BRI : FERE R ARG H (2021YFB2500600)
This work is supported by National Key Research and Develop-
ment Program of China under the grant 2021 YFB2500600

R R B T 2t — PR T2 5 (A PR BE
UTAEA , BEFA P TS RE T A R T, AR
o) 25 R TR R ) B (0 A A T O T LB
il BT EDRAIE 2R GUASE PR (Y [, B S B
PRSI RLER L | T R B R LS
YE NS AL Y SERES, B AL LIS AT R rh i 4% 2
RN N R T B S HUN S G 2 L 1 3
FERITERE , L HL SRR o L 1 R G



%5 3 4]

REIK A BT e i A2 1m0 B8 K R TR A0 F LA e PR B H R 173

AN PTG — B HER ) S EOHR A R BEIE =
P A R B FIRCR T LA T b BRR Lt P R
BB AP B2

TEK R AL PMSM (permanent magnet syn-
chronous motor) & PERIAIHELL N | FF PR RS
BN SR L BHL K R W RN A8 L (dg ) H
JEe AR SE Priz A7 i #2 v, PMSM. R 30 H 0 1)
LN, 52 L A SUR NS, dg il R AE SE B i
Frad e X PRI RE P A AR, PRI A 4% 5
PR, L BE S5 T KRR RAE R G
RS R ™ AR FE U R b T REEE R BT
AT, B WL 5y B T LA Ay SR i
SE AR T R E AR R LI A TR AR IO
(RRSCREA ; 36T PMSM. LR S SR AY | B 1S
V2 2 AR IBURE 5 dee EOWLY J7 X2 (2 iy T AR
(BN | HL T v A D 5% 22 S L I Ak R B v 2
BRI 22 5 TERUV G5 BRI 1 A Ena g as
AL BRI O B A , (E2 0B B A O T 2
i (VR AN AR AL AR | 75 2 HgE A A M

KR [ 25 B AL 1) 2 RO R R O3 R e 4k B
PRSI P 2 B, TELR PN S SEA
AR, BRI TR LR I, BN AE R BN T
PR, AT A S 4 250 R R 2k
e MZsE G N TR B Se b A5 B R — ko
TR AT R IT /A2 RIE T 6 ) S B A
FE 2 A P AT BROT o ikl B e F AL BT Be
SEI, (HITR SR 5 B ILs T IE B Fr 22 57
SERBRE R, MR T EAIMNEAG TN 2
JE T 0 R AL ARFE (S 5, B T Ho i
PLSE R T T AR 7E iz A ad e i
ARG T | AR R R R R AR A
SR A SR AR RS A 55 LSRR 19108 22 de /N
E SN FRIRTE AT LU LA AL m] LA
At A 2R X Pl P ek B0 TR
0 i S A AR LTI AR R X R R R
B AT, R S HHR R B AR et Blif e
TES W R, PERBRI AT BB 25 th AR 22 5 15
Bt #2M1H GPR (Gaussian process regression ) 42 H]

TR IR T ) [T U1 77 329 8 S R/ N i
DT 777 T AT U pR AR5 20 22 Rl A iR 2E AR O
P SRR PR B L R, PRAIE B RL RE S
i A AR, TR R AR AR A
PRLHOXT T ANB E PR A H R AR R

25 BRI AR SO —Fh R T g A [ 9
PMSM AR PEREEESRIR 1 | R HLTE LAz A7 I e
FAEE BT R348 SOGI (second-order generalized
integrator) HE1T B 4E VLN | BB 4% A 2500 B ELIEFR 43
T A BT B S, ST SR TOSE AL
PO, AT TR TR0 =X,
RERS MRS T HHFUICR W REHE-HLIROC S e it
RN A T N —IRFE  RERS b B
At Z AR SR AR HERBERETR,

1 kR Z B

N B K [F) 20 L2 LM SRRy
wi=R.ig+ Ld%—wiqiq

(D)

u,=R.i,+ L(,%er;diﬁwelpf

:—EtEF' RN 7"7 d\q %%E;id\iq 7"7 d\(] %Eﬁbﬁ W,
NEG TR Lo L, 4 d g BHAEG R, A
BH 0, 19 d g BURERE ;o K RERE S  AE AL DL
IR L, L, HEEEE o, W PITE L, R4
LMD OCFR o R 3238 SUIRRISE W) | 76 = 425 (A DY
R G T L T AR LA ST, 0 SCRIE -

{‘/’d:Ldl.de'»bfﬁ{%:ﬁz(l.d,llq) 2)

y,=Lg, v, =f,(la,i,)

2 FEEENMEL K
PR FEL M L JBGE X, PMSM 7E5E TR 2 T 1)
HE - R ARy

. d
u=R i+ C‘iid —w,

(3)

u,=R.i,+ d(;’i” +odf,



174 5 T

o i 5522 %

TR (S BN AT EOHEE, PRI B
SRR AR EE TAAR R (oB) T, B
LR LHEXT 5 T AR 2 LR S e BT R v =
e v BT RV | AT A5 T AT R R =[1h s U,
RN

uo‘sti”_'_% l/}a:L(ua_Rsia)zLVa
S K

dt s
a1 W
uB:RSiB‘FTtB wB:?(uﬁ_Rsiﬁ>:TVB

FHEAT park 284 RI AT 7532 dg fihwg 5 I .
M TR WA A N, X v, HAEFMS B I REHEA T
FEMTHR 22, B2 2RO I Kl e 22 A5 E BLAE
A, BIR(E S e al fER S B IR 2, th TR
Sy xd B g JOBROC, LI b b s £ 35 BT
] R A BRI, A1 EHEAR kb A 2R R
AP Z AR A R, 7EAR a8 e R 1 A il D8
for, Al —EPEEETHBR LR . R A Rl U At
FRIETE 1 AMRIE IS gy G(s), B

cis)=L 5 -1 (5)

S S+w, B s+w,
A, 0, WUENE EEUEIR, RS20 6(s)JF
2 R 15U AR A 3R 0 PR AR R Ay,
S ICE UE I I i Ry, — B AESE AR
PRE LSRN 1 BT, By 1k b
R TR T H LI A T3 78 rh S B Ay
B, ANESEE,

B

& « V= (U R.ig)
& J’\F(Moﬂ—R\iw):f
s dro(ugReig) L

E1 WNesgExE
Fig. 1 Vector of observed magnetic flux
BT ORI R I FH T L IR A R
T RBECTAR T MR SR, HHE5H
(7B, TEHEAAE AT LA A2 SE R0 T A4 20 5
1 HIESSfR S  JF HoaT ARSI AAE 5 F & B bR

HORIATR . SOGT JFFHERIUNE 2 s, K kN

B2 ZHT XRSRER

Fig. 2 Block diagram of second-order

generalized integrator
K2 v A v qv' A ELIE SS RS S
5 HAG R RO

V'(s) kw.s
D(s)= = .
() v(s) s*hostw?

0(s) = qv'(s) _ ka?

v(s)  sMhow.s+w?
D (s) N 1 AHE ISP AR 15148 R, U o, 8
AR, DEBRAEBAE D 2R (RO B ) 5 Q(s) A
1 AMIGIE D8 10 R, 3 AR AT S AR AR 1
I3NFIRA

(6)

. jhwo, kow,
D(jw)l=|———— |=
—WHEOWHO: |\ /() +(kow,)?
. C jhoo. ‘ w—w’ |
ya = PRI PN
D(jw) atan( T ) atan( hoo. )
10 (o)1 =D (jw) =2 oo
s © \/(0-0) +(koo,)?
£Q(w) = £D(jw)~7

(7)
SOGI 7] BfAF PR FPL R 00K w=w, IR
A5 MRSk
ID(jw)l=1 /D(jw)=0
1Q(jw)l=w, ®)
FH W AT BRIE v Ay 0 8 R ek M AR 67 928 3R 1) B
HES g WS o FWHIERUMES , &AM
EInE 3 iR,
FET SOGI FREAE LI #1527 Ay

=L D)=L Q(H(s) 9)

AD@wz-g



3 XK, 5 BT 1= Wil A5 101 051 A 7k R [ 25 e LA R 2 e e IR 175
’ | B A
= z o3t ) MRmksts
%5: | é 51 & A
2 20 b
=30k 1 I 1 gi
10 10° 10° 10*
P (rad-s™)
(a) o1 300 308 D 48 W AR
0 I (b)) VLI 255
=] 0.4
;( 20 | AR %
E | O BN
= 4ot = e (UYL B
= | Sof 0 SB B
60k — i #
10 10° 10° 10* §
B/ (rad-s™)
() fER3E I8 IRt 25 W AR R . . . Pi—
100 0010 0012 0014 0016 0018 0.020
| tls
o I () Bl (a) W JRERTsR
Z .l 04
3 —— TR
g | 03 e Uit
% — @5@;{{&»{{2%{3/
100 ) I | % o2 T —Fr) SRR
10! 10° 10° 10* i ——
A%/ (rad 1) § 0.1F h-""--__ R
()5 S I8 TR 75 R AU = ok
0 0.1 1 1 1 !
I 0.010 0.012 0.014 0.016 0.018 0.020
f; I t/s
= -0} () B (b) FJR R
g I B4 wEHEMNERITEE
00 | l . Fig. 4 Comparison of magnetic flux observation result
10! 10 10° 10*
) 3 BHiEE
() fERIE IR I A AR AT R
E 3 SOGI:D(s)&
o ;;’)&QQ‘(S’) R LRI (GPR) SRR 22 e F L, 2
ig. : s s
ETEERA S CE T L= B — P ETHIE AR, SRk 2mA
/\%gmﬁ;m;%ﬁ“%” BB o i ol S L, 5 7 ORI —
Y B RE S L 2 4 FI7R NN NN g
A arR R RN AR 4 i LR 1 T 0 B B 55 2 AT 0 50
Y e 2 IR RO o R 4R R S
= e (G5
2 oaf ——— e P Jed A2 (WL L) HORIAELI , 2P A B EA Yy
= AR Y, Y ZRBR R AT 122 Ei%%ZI‘EMH
s
s HPRST, TGPR AR Y 2R B e & A 1Y, A2
e 1 K%%%Mﬁif%%%%%iﬁ%* H

0 0.02 0.04 0.06 0.08 0.10

tls

(a)p WLINZS S

R Z M E ML, X FREFERA ny DIIZREL
Pl ,y], 8 S i R 1 2 (x) il 22 R PR



176 5 T

o i 5522 %

B £ ()0 BJREB R 2 s (o) AL, Forp £(x) 254
53 R KR B 0 G B ik R R R R 1 A
TR, B0E R SE B np ,0 AR R R
B, () RN 0,972 o AR 0 HIES
BEHLE L, Mz () FmH

ﬁw%mwu> (10)
s.t. s(x)~N(0,0?)

T RELAL R 77 e, BT Tz (o) B LI
AORA, E AT A AR SRR m Z A AR D A
TRt i Z TR A RS I LI P 2 B 8 o
TN, RH ORI A R EOE S, A SR A b
BOwAR R R, YIZREHE 5 B AR R
o TR AR MR I e ESEOh B, BOTE
WAy o, DA o) ik R R S

R=[R(x;,x)] k,l=1,2,-- ny
r(x)=[R(x;,x)] k=1,2,-,ny (11)
R(x;,x;) =exp[—(xd/h)*] xa=llx,—x)ll

W ny BB SIIEA R £(x) 43 T2

MBI RELRE X
&(x) &i(x) &(xy) - é:llp—l(xl>

X= fo(.xz) fl(.xz) 52(.3‘72) fnp—l.(xZ)

§o(x,y) &i(xy) &(x,) -0 Eypoi(Xy)
(12)
WIS A A5 AL 3 5 B2 W 8 E RLSR
PR, HI

2 1
|6 = .
ﬂyﬁ>(%wﬁW|
exp| - O-XOR"(y-X0) (13)
‘ 207

I SR AR AR ARISR PRE T 15 21 42 =) pR A
T80 02 BARS RGN IS b 551
0=(XR'X)"X'R"y
2o (7-X0)'R(y-X8) (14)
ny—-np
h= argmin (In( a2 |RI))
Jrr B 2 R BRI FR T X, T Bl fe e

F AT BN R o5 BB 40L G L0 AT SOR T U1 2
BE S EREAA Bl
() =W (x)y =10, ()t wa(X )yt 410, (%),
(15)
A, whx)=[wi(x) ,wy(x), - w,, (x) I FL R EL 0]
i, RIS 5 LS 2 (R A e N iR 2%
& () Flw (x) B AR ET I RIB A0 R
e(x) =z (x)-z(x) =w'(x)y—E(x)0+s(x)  (16)
w(x) =R'r+R'X(X'R'X)"'(&-X'R'r) =
R'r-R'X(X'R'X)"'XX'R'r+
R'X(XR'X)E" (17)
B QDAL (15) , T 452 w3 R [ )H Y
wLFREH
2(x) =£0+'R™ (y-X0) (18)
3 (18) I R 42 Jm pRE S Jmy 0 s 2 oA ER 1T
A, R w22 B R A OB s S 2R
HAHIC REEE

4 {FES5ZLI

41 HE

R UEAS ST PR BRI A R, BT
MATLAB BP0 ESHIE, (5B AL 240
PR, 4 E U 484 i2=[0:100] A, 6.=[0:m/
2], i AE K 10 AR A EE DK 10 ©, Bt
A AR H S ORI e O ELAE SR 5 B

®1 KBRSEHSY
Tab. 1 Parameters of PMSM

S Bl
TR STEL p 4
TGRS /Wb 0.085

FHEBE R, /mQ 35
d ShHLER Ly /uH 208
q W L, /WH 708

BT T AR [ U5 P 05 OB S R S B
ZENIE 6 Pz, (Efi b LBAR AR R S A5 Ol
EARVOE SIS Sy E VNSRS RO 275 o (B BuiaiaFind
TFORMER (7 E LR MR SR I | B L 5



%5 3 4]

REIK A BT e i A2 1m0 B8 K R TR A0 F LA e PR B H R 177

PERGRARARAMERT 2 AR ALV, N
PR, — AR T U ZRBE R G S

d SRR (/A

1H/Wh

=
(&}

d UL R

{E/Wh

=
HH

d DL REEE

g SRR (/A

d I REEEIRAL/Wh

|
[}
[=)

T

|
IS
o

T

|
[=2)
[=)

T

-80 }

t/s

(a)d %L IR

t/s

(c)d FURESE-FRL IR R 5 R

100

80

60

40

20

0 .3

(e)q hREHEMISS

q SO BEHE IR (/WD

/é/')ér 0 100 1 wﬂ\jﬁnl A

(f)q ShmEsE-HL TR IV E £
E5 hE-UNEESER
Fig. 5 Simulation of observed magnetic flux

and current

EE 6 L H AR KRR — 4 BRI IE
AL ER Y, 2 IR, 7EE 6 L= MIE
AFIR o B AR 28080 FT M dg SRERE A T
RYFHRZE N 0.003 Wh, e KHIXHRZE K 2.2%,,

0.10
0.09
0.08
0.07
0.06

0.05
/00

* Yl
A
e

d SMEESE IR/ Wh

So

74 30
lé/,/?/(q 0 00 . E&V\‘jﬁ'l\

(a), BrR4E
%

LA
m— e

q SHREEEIR /WD

v S0 50
/Z?///?/(q 0 AN 1 "%\W\\jﬁ' A

(b), PERZ,

7 50
%/Z’/‘sz“@ 0 A0 e »

(e )ipy BERAENS R 22



178

500 #

q FIRESEIIR 22 MR (E/ (107 Wh)

AHRERZE T 43 L%

AHRJERZE T 43 L%

%///?/4 0 /\0\3 dmm:g{\jlb

(d)ep, BERLE RS 1R IE

0 20 40 60 80 100
b

(e)py BERAHXF 1R 22

3
2k
]._
x X X Xx xX
x
0 e
x x
x . %
X xXx
,1_
2k
_3 'l L 1 1

0 20 40 60 80 100
b

(D), FEFARRT 122

6 HE-SHTELEMAER

Fig. 6 Simulation of identification results based on

42 SLIf

Gaussian process regression

T —E2 AR RS TRE, 115
BAIGIEF T A F AR P2 1 TMS32028388 £ 4406 A,
FEXAFRN 10 kHz, SRR RERE DI S 3545 5 4n
B 7 s, FE T s AR A A SR A SR S Ao
IRZEMNE 8 Fi7R , dg FlREEE A FL T — 423 [a] g 23R
LMo, T AR AL N R A R
P, U285 A B T, S5 s A
THRRAESHRZE N 0006 Wh, e AMXTRZE A 3.1%,

4.3 INgs

F I, T H S T i A ]

AR
8

-100
0 50 100 150 200
tls
(a)d HlHRIR
0.10
=
fos
D_EE
o 0osF
& 006}
0 50 100 150 200
tls
(b)d R LI 25
Z 0.10
=
tE_E
=
=
=
&3005
g
50 0
7 -0
’17/"@1 0 AW | gy
(c)d FlRGEAE-FL RN R G 2R
100
<
3
g
250
2
=
=
E’»
=
4
=
E B
0 L L

50 100 150 200
tls

(e)q FhmEHEMI 45 R



REIK A BT e i A2 1m0 B8 K R TR A0 F LA e PR B H R

179

Wi
°
)

A

q FOLIRE SR

50
L

() q R BE-HL PR IV O
7 WMiNEEESHERKBER

Fig. 7 Experimental results of observed magnetic flux

IHHER

and current

SR AR T8 9 5 L5 S A REBE X

FOZEAE AT 0 ECHh B Y BEAEUR Y | S04
R ESRAAELNE 1878 T HEHESLPR TS

d FlREEENR I Wh

q SREEE IR (/WD

0.10
0.09
0.08 F
0.07
0.06
0.05

0.04
100

o UG
A it
m— e

S0 0

’%%/‘;«x

/4/4

14 -
0 /\00 . m\)ﬁ:ﬁ“lh

(a)ihy BERGE R

0.10
0.08
0.06
0.04
0.02

o U
A it
m— e

0

% ) -
@,‘ﬁr 0 /\00 . mm:‘ﬁ,f N

Ty

(b)), HERZER

{E/(10° Wh)

d i
i
I

20
oo PE e A

(e )i BERAE X125

0
20
?’% o 2 Q 40 .
Uiy o - et

(), FERLE R R

4
o
3k o
s 2F o
b 1
xR B [¢] o %
S o
s P 3 M o
X O o W
B 5
= Qo )
m ®
= -2F
3t
-4 1 1 1 1
0 20 40 60 80 100
Hidla i
(e )iy BHFAHXS 1R 22
4 X
3 x
g 2r <X
S 7« o
= 1k L Lo
o X R x% x Xx
i 0 * TR X x
Bop ) x X x
= X
£ -2r = x x
I )
-4 1 1 1 1
0 20 40 60 80 100

iR
(D), BEPUEXT R 2E

B8 BENIEEFPHASLIESR

Fig. 8 Experimental results of identification based on

Gaussian process regression

TR UL 2R AR AR S 1 A
R, VISR S RIS R M S A Msh S84 Uk
B T REREAR L R L B

0.14
0.13
0.12
g_ 0.11
= 0.10

= 0.09 |
= o
& 0.08

B 0.07
0.06
0.05
0.04

— d g - SR

(‘d)l/’d ﬁkﬁﬁjﬁ Lt

120



180 5 T

o i 5522 %

0.14
012 F
0.10

g 0.08

h- 0.06

5»*3 0.04

'»:%i
0.02 |

-0.02

0 20 40 60 80 100 120

(b)y, Blixs e
B9 HFESKERHEXILL
Fig. 9 Comparison of magnetic flux between simulation

and experimental results
5 #5ig

A SCEE X T — AT 3 AR R S 5 R
rPERE AR TR SR, R I — AT S B R [ T A
PMSM JEZMRESEHFR T FE T A T LR ICE
R, Rouia T BT SOGI HEAT w4 WL
W, B L AT U AR mUH R G HEN, 5 BN,
W KA %R 2% R 0.003 Wh, it KA R R 2% N
2.2%; SEER PR EGE R e KA 15222 4 0.006 Wh, fi
KA RZE ] 3.3%, WEBH T AR ST 77 A 3K
P B BOHER B R

B3

(1] [, 5, Bk, 55, mod R LR g [ 20 il
HUEIARGENE AT (], AL T AR, 2019, 39(24):
7336-7346, 7506.
Guo Jing, Fan Tao, Zhang Huixuan, et al. Stability analysis
of permanent magnet synchronous motor current loop con-
trol at high speed and low carrier ratio [J]. Proceedings of
the CSEE, 2019, 39(24): 7336-7346, 7506 (in Chinese).

[2] XLEIK, M, AR, 2. o PR AT A5 H B2 5
AU R SRR, TR 244, 2023, 38(22):
6039-6058.
Liu Zhongyong, Fan Tao, He Guolin, et al. Research on
high-performance explicit model predictive control algo-
rithm for permanent magnet synchronous motors [J]. Trans-
actions of China Electrotechnical Society, 2023, 38 (22):
6039-6058 (in Chinese).

[3] Odhano S A, Pescetto P, Awan H A A, et al. Parameter
identification and self-commissioning in AC motor drives: A
technology status review [J]. IEEE Transactions on Power
Electronics, 2019, 34(4): 3603-3614.

[4] Underwood S J, Husain 1. Online parameter estimation and
adaptive control of permanent-magnet synchronous machines
[J]. IEEE Transactions on Industrial Electronics, 2010, 57
(7): 2435-2443.

(5] VEJRHR, BHFE, M7 5, 5. FE 05 Rk A A RE R B

PLSEAELHFRI/OL). RLE~#HE,2023: 1-14.(2023-05-

06) [2024-02-29]. https://kns.cnki.net/kems/detail/12.1420.
TM.20230505.1512.004.html.
Wang Zhaodong, Hu Xuan, Mei Lixua, et al. Parameter iden-
tification of swrface nounted permanet magnet synchronous
machines based on affine projection algorithm [JJOL]. Journal
of Power Supply, 2023: 1-14. (2023-05-06) [2024-02-29].
https://kns.cnkinet/kecms/detail/12.1420.TM.20230505.1512.
004.html (in Chinese).

(6] BEWI%E, Jal47 8. BT WU Y 3 e/ N —Sfesk ik [l 2

HARPLAR IS EAELINI/OL]. LTI, 2022:
1-14. (2022-08-26) [2024-02-29]. https://kns.cnki.net/kcms/
detail/12.1420.TM.20220826.1220.003.html.
Bao Mingkun, Zhou Yangzhong. Online identification of
electrical parameters of dual-model recursive least squares
permanent magnet synchronous linear motor [J/OL]. Journal
of Power Supply, 2022: 1-14.(2022-08-26) [2024-02-29].
https://kns.cnki.net/kems/detail/12.1420.TM.20220826.1220.
003.html (in Chinese).

[7] Odhano S A, Bojoi R, Popescu M, et al. Parameter identi-
fication and self-commissioning of AC permanent magnet
machines: A review [C}// 2015 IEEE Workshop on Electrical
Machines Design, Control and Diagnosis(WEMDCD). Turin,
Italy, 2015: 195-203.

[8] Pellegrino G, Armando E, Guglielmi P. Direct flux field-
oriented control of IPM drives with variable DC link in the
field-weakening region [J]. IEEE Transactions on Industry
Applications, 2009, 45(5): 1619-1627.

[9] Hadziselimoviz M, Stumberger G, Stumberger B, et al. Mag-
netically nonlinear dynamic model of synchronous motor
with permanent magnets [J]. Journal of Magnetism and Mag-
netic Materials, 2007, 316(2): €257-e260.

[10] Zhang Huixuan, Fan Tao, Meng Liu, et al. Polynomial es-



%5 3 4]

REIK A BT e i A2 1m0 B8 K R TR A0 F LA e PR B H R 181

timation of flux linkage for predictive current control in
PMSM [J]. IEEE Journal of Emerging and Selected Topics
in Power Electronics, 2022, 10(5): 6112-6122.

[11] Choi K, Kim Y, Kim K S, et al. Using the stator current
ripple model for real-time estimation of full parameters of
a permanent magnet synchronous motor [J]. IEEE Access,
2019, 7: 33369-33379.

[12] Feng Guodong, Lai Chunyan, Mukherjee K, et al. Online
PMSM magnet flux-linkage estimation for rotor magnet
condition monitoring using measured speed harmonics [J].
IEEE Transactions on Industry Applications, 2017, 53(3):
2786-2794.

(13] Eh{mrds. AR il bE T e o R R [ 2 R AL B LM 7

WEFED]. Kb HIRE K27, 2019.
Ma Hetao. Research on flux observation method of high
speed permanent magnet synchronous motor with low mod-
ulation ratio [D]. Changsha: Hunan University, 2019 (in
Chinese).

[14] M. 7K R IR A0 v Sl L JE A A% a2 ] 45 i PE ki
FTRmE BIBESE[D]. B : Wi, 2017,

Sun Wei. Study of PMSM position sensorless control and
high-performance operation strategy [D]. Hangzhou: Zhe-
jiang University, 2017 (in Chinese) .

[15] Dang D Q, Rafag M S, Choi H H, et al. Online parameter
estimation technique for adaptive control applications of
interior PM synchronous motor drives [J]. IEEE Transactions
on Industrial Electronics, 2016, 63(3): 1438-1449.

[16] Rafaq M S, Jung J] W. A comprehensive review of state-of-
the-art parameter estimation techniques for permanent
magnet synchronous motors in wide speed range [J]. IEEE
Transactions on Industrial Informatics, 2020, 16(7): 4747-
4758.

[17] Nalakath S, Preindl M, Emadi A. Online multi-parameter
estimation of interior permanent magnet motor drives with
finite control set model predictive control [J]. IET Electric
Power Applications, 2017, 11(5): 944-951.

(18] XILEJK, AL, Y, 55, mtERe K ER L & LG A S
PRI SR [J]. & T4, 2022, 43(11): 2761-
2772.

Liu Zhongyong, Guo Jing, Fan Tao, et al. A high-perfor-

mance sensorless control strategy using a permanent mag-

net synchronous generator [J]. Acta Armamentarii, 2022, 43
(11): 2761-2772 (in Chinese).

[19] Gebregergis A, Islam M, Sebastian T, et al. Evaluation of
inductance in a permanent magnet synchronous motor [C]//
2011 IEEE International Electric Machines & Drives Con-
ference (IEMDC). Niagara Falls, ON, Canda, 2011: 1171-
1176.

[20] Almandoz G, Poza J, Rodriguez M A, et al. Modeling of
cross-magnetization effect in interior permanent magnet
machines [C]// 2008 18th International Conference on Elec-
trical Machines. Vilamoura, Portugal, 2008: 1-6.

[21] Isermann R, Miinchhof M. Identification of Dynamic Sys-
tems: An Introduction with Applications [M]. Berlin Heidel-
berg: Springer Berlin Heidelberg, 2011.

[22] Kim N H, An D, Choi J H. Prognostics and Health Man-
agement of Engineering Systems [M]. Cham: Springer Inter-
national Publishing, 2017.

[23] Rasmussen C E, Williams C K I. Gaussian Processes for
Machine Learning [M]. 3rd ed. Cambridge, Mass MIT Press,
2008.

[24] Ciobotaru M, Teodorescu R, Blaabjerg F. A new single-
phase PLL structure based on second order generalized
integrator [C}/ 2006 37th IEEE Power Electronics Special-
ists Conference. Jeju, Korea(South), 2006: 1-6.

[25] Xin Zhen, Wang Xiongfei, Qin Zian, et al. An improved
second-order generalized integrator based quadrature sig-
nal generator [J]. IEEE Transactions on Power Electronics,

2016, 31(12): 8068-8073.

EEE T

B (1995-), 5 WL wF5e e, oF
FEI7 1] BRI ] S EHRN, E-mail
lzy@mail.iee.ac.cn,
) W (1981-), 55 lAE 1R, it o
& FEOL o WFFETT ) - o ) 38 B K G AL B

8
;% IXHN RS, E-mail:fantao@mail.iee.ac.cn,

T EAR(1991-) 58 At AF5ET7 1]
i T 5 g, E-mail ; heguolin@
mail.iee.ac.cn,

B (1963-) 2, Tt BF5E 61, BFSE
T3 1] e B AR R s B L S K B R 5 -

mail: wxh@mail.iee.ac.cn,





