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Nonlinear modeling of bearingless permanent magnet synchronous

motors with least squares support vector machine
SUN Xiao-dong, ZHU Huang-qiu, YANG Ze-bin, ZHANG Tao

(School of Electrical and Information Engineering, Jiangsu University, Zhenjiang Jiangsu, 212013, China)

Abstract: The flux linkage characteristic of the bearingless permanent magnet synchronous motor (BPMSM) is high
nonlinear, and the conventional mathematic model established by analysis method can not reflect the real characteristics
of the BPMSM. Therefore, a novel modeling method is proposed for the BPMSM to take into account its nonlinearity
more accurately by using the least squares support vector machine (LS-SVM). After the regression theory of the LS-SVM
is introduced, the LS-SVM model of the BPMSM is built up by using the sampled data obtained from the experimental
prototype with the finite elements method. Moreover, the LS-SVM model is compared with the model based on neural
network method. Simulation results show that the proposed model has good robustness and high accuracy. Finally, the
optimal controller based on the modeling for the BPMSM is developed.
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Fig. 1 Result comparison chart with ¢ 5 fixed and 7, change

03

o o IZRFEA AT
=== BRI ik

0.2 /s

w/Wb

0.1 \ N /p
O e m2A, m=2A | NNy s,
bs iy=2A, ig=SA

0207750 100 150 200 250 300 350

0/

(a) WNIZRESR 5 ShrfE AL



4 oh o w s N 3 oxx &
0.3 0.15 —
oo itk o oo NIAFEALM
S L L A Y 1
02t [ RR Y | L SR Cae N § R e
/(0-‘\.\ /‘/\ A N
'y e 0.05F-% \\
s ) a 4
- 0.1 i 0 ‘ \ ‘
z ¢ /4\ \ \ s
s N | o ¥ /
0 S ; £ 0.05} N e
Vs n BN . /
A / N P
0.1 - - (RN LAgR 0.1 4
Sl ar iv=2A, igT2A | N A ’/,/ ) o
b i 24, iSA | N ey 0.15) |2 BT A %
i i i i i f i : LR
0267750 100 150 200 250 300 350 b ¢ J*fhi L:0.9mm

a/(°)
(b) WAL, 5 S b e bh i
B 2 iy [E5E, i g2 R 45 R EL s

Fig. 2 Result comparison chart with i, fixed and ¢ g change

oo YIZHEA

=== BRI GRf i

a: KHEARJEE S Tmm Py /
be AKBEASERE 2mm | N

=
d
&

o

037750 100 150 200 250 300 350
o1

(a) VIZRETIR 5 SLPrfi tEL
02—

oo JIAFEA £
\\ =R
.

o1s) AN
§

ol £l
v

0.05r¢
o

N\

0F \\
005 » \'\\ i
-0.1r : '\\ .\& ._o“
@ KBS IES Imm R /./
b: AREERESE S 2mm| > L 4
0350 100 130 200 250 300 350
0/(°)
(b) MR 2k 5 SEPrE b
3 KRR R BEAR AR (1) 45 SR e A 1]

Fig. 3 Result comparison chart with change of Permanent

v /Wb
™

.

-0.1

W

magnet’s thickness

0.15
01 7’ ===HIRYI g b
YN ]
0.05 {/// ' \\
S ’ \ ¢!
5.-0.05 : \ sl
AN s/
0.1 \-./'//
Se—e
015 2 BT AR ol
b: BT f020.9mm
0.2

0 50 100 150 200 250 300 350
1)

(a) VIZREE R S HUL

20 50 100 150 200 250 300 350
a/(°)
(b) WAL, 5 S b L
4 BEF OB 5 S B A P

Fig. 4 Result comparison chart with rotor eccentricity

5 LS-SVMA AL 5 4% [n] FE #h 28 0 2% 2 15 2K
B L (Comparison of LS-SVM model and
REFNN model)

5500 25 W 2% M EL, LS-SVMIAE /N K AS Hi4f 46 8t
BEAEIR KPS, AT 3 — 2 R W R T
LB R, 79 9 2K FHLS-SVMAI 42 [i] 5 i 8 )
#% (Radial basis function neural network, RBFNN)# v/
(RS 2R, 0 1 84H I A A H5 i %) Tl 359 5 AR i 2
Fld K gt 22 45 R, DL L CPUIE AT I [A] 1E4T T
Phfg, 25 RO ER2. HaR2nT W, T Pridk #E A g b,
RBENN #0822 0K, 15 W] LG50 RS 452 /M Dy
S HUN FRBENN H I T3 2% ) B Ge, FRAK T %07
Z AR J1. ILS-SVMEI A 45 EL i 4t 1 0L 45 it
77, WA MBI 2 S I g, T HL R ZE AR, TR
TR AR AR, 1 BHLS-SVMEL i Hh 5 filk T RBFNNJF) ik
&, BRIz A RE ) FEpe b, Tk bl RE i 2
£ FRBENNTI 772,

4 2 LS-SVM5 REFNN# A4 R 3t 1k
Table 2 Comparison of LS-SVM and REFNN models

LS-SVM  RBENN
eRMSE  2.9053e-04  0.0118
eMaxe 8.7303e-04  0.0051

t/s 0.3260 1.0302

g LA I, RSB OL T, FEPLA P 58
ZJE, TRMEAR R FE DAy — 8 AE, G IR PR 8 A R N
K0, i, in, lo), WX S VAT, W] LUK H
F3BPM SMA s > 1 N7 Rh B 1) 2 2R AT, e A L5 il
AR, WSO, i, ip, AF RN, W LA
B ) 48, KR4 X (5) BN A5 2145 1) B V7 ) RIVEE AR,
NI SEIRAE B A7 o
6 %58 (Conclusion)

A K HLS-SVM#E . TBPMSM#
FE(0,in,ip, Ly lo) AELPERE Y X B R T



x 34 PIGEIRTE

s O AR A5 R LR AN —

FeSCHF I A LAR e A 5

IR FEAS, AN 75 2 f AL AT o] R 5 2 2, IR Uk,
EARE T H A o R £k PR 4 M IBPMSMIT £
5. 5RBENNZE A 7 v A0 Lb, T w8 78 1 A 7 18 &
PRag kb, #R A AR K B, BT R AR B R T A
2 BRBPMSMIF G PE. i B &5 ] R W, K HILS-
SVM T A5 2k AR RO 52 vy, LA 3803 11 TN
S BPMSM ) SE I 7E 28 42 il G T 4% 1, A5 JLi
FEFNJEAL 53k [ A 38 FH 1 A 2 R 1 TE il A FEL AL

Reference(References):

[1] CHIBA A, FUKAO T, ICHIKAWA O, et al. Magnetic bearings and
bearingless drives[M]. Boston, MA: Elsevier Newnes Press, 2005,
361-374.

[2] ZHU H Q, CHENG Q L. Bearingless motor’s radial suspension force
control based on flux equivalent with virtual winding aurrent analysis
method[J]. Chinese Science Bulletub, 2009, 54(9):1590-1598.

[3] OOSHIMA M, CHIBA A, FUKAO T. Characteristics of a permanent
magnet type bearingless motor[J]. I[EEE Transations on Industry Ap-
plication, 1996, 32(2): 363-370.

[4] REICHERT T, NUSSBAUMER T, GRUBER W, et al. Design of
a novel bearingless permanent magnet motor for bioreactor appli-
cations[C]. 35th Annual Conference of IEEE Industrial Electronics,
Porto, IEEE, 2009: 1086-1091.

[S] VAPNIK V N. An overview of statistical learning theory[J]. IEEE
Transactions on Neural Networks, 1999, 10(5): 988-999.

[6] SUYKENS, J A K. Support vector machines: a nonlinear modeling
and control perspective[J]. European Journal of Control, 2001, 7(2):
311-327.

[71 GAOJ B, GUNN S R, HARRIS C J, et al. A probabilistic framework
for SVM regression and error estimation[J]. Machine Learning, 2002,
46(3): 71-89.

[8] %%, Bk, B H 2, X5, A TSR ] HLAG HL I L
PEIRRI. 2 RS 5 N, 2010, 27(11): 1455-1462.

(LI Lei, MAO Zhizhong, JIA Mingxing, et al. Support-vector-
machine-based inverse internal model controller for electric arc fur-
nace[J]. Control Theory & Applications, 2010, 27(11): 1455-1462.)

[91 YUAN X, WANG Y, WU L. SVM-based approximate model con-
trol for electronic throttle valve[J]. IEEE Transactions on Vehicular
Technology, 2008, 57(5): 2747-2756.

[10] UM, £S5, G250, AR OR 1R A8 AR - Foe /s — SRS
RN A, FHIE R 5N H. 2011, 28(4): 485-490.
(LIU Sheng, WANG Yuchao, FU Huixuan. Variable universe fuzzy-
least squares support-vector-machine compound control for ship
course-keeping[J]. Control Theory & Applications, 2011, 28(4): 485-
490.)

[11] FEEHER, skhm b, PMVKHL FE TR REOUAL AR M R G dm ) —ofe
SCFF ) AL 7 0], P EE L5 1 H.2010, 27(2): 164-
168.
(MU Chaoxu, ZHANG Ruimin, SUN Changyin. LS-SVM predictive
control based on PSO for nonlinear systems[J]. Control Theory &
Applications, 2010, 27(2): 164-168.)

[12] BOSER B E, GUYON I M, VAPNIK V N. A training algorithm for
optimal margin classifiers[C]. Proceedings of 5th Annual Workshop
on Computational learning theory, Pittsburgh, ACM, 1992: 144-152.

e A

IMRAR  (1981—), 5, P, W LwFoTA:, H ooy b e
7R RUL, AEZR MR e 5E,

RIRAK (1964—), ), BfZ, AR, HETRISTS oG
AR B, T AR S AR s AL B R G, A HLALAR R R A R
4, E-mail: zhuhuangqiu@ujs.edu.cn;

B (1976—), 3, BIHEE, W L0r5TE, Harersios i
Teth& HLHL, E-mail: zbyang @ujs.edu.cn;

sk ¥ (1978—), B, YR, BELATCAE, HETRIFA T 100 4 TG
& 7K g FEL L, E-mail: zhangtaohyit@ 126.com.

E-mail: xdsun@ujs.edu.cn;



