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Development of variable-flux machine system and its key technologies

ZHENG Ping, WANG Mingqiao, QIAO Guangyuan, LIU Faliang, ZHANG Shukuan

(School of Electrical Engineering and Automation, Harbin Institute of Technology, Harbin 150080, China)

Abstract: Variable-flux machine ( VFM) is designed to solve the problems of energy crisis and environmental
pollution for traditional automotive industry, which satisfies the requirements of high-efficiency operation of new
energy vehicle driving machines in a wide speed range. The development of VFM system and its key technologies
were reviewed. First, the application background and operating principle of VFMs were introduced. Then, the
topologies, advantages, and disadvantages of various VFMs (including VFMs using AC flux-adjustment coils, DC
flux-adjustment coils, and mechanical structures) were analyzed, and the structure characteristics and design
methods of different VFMs were summarized. Finally, in view of the special working principle of VFMs and the
requirements of on-line parameter identification, flux-adjusting current control, and torque ripple suppression
during load and on-line flux-adjustment operations, the control strategies specific to VFMs (including flux observer,
current and torque control strategies, flux-adjustment, and speed regulation strategies) were summarized. The
theoretical method, implementation approach, system structure, advantages, and disadvantages of various control
strategies of VFMs were analyzed. Results show that the air-gap magnetic field of VFMs could be adjusted to expand
the speed range and improve the efficiency of machines in high-speed range. By adopting advanced control
methods, the on-line flux-adjustment and speed regulation could be realized, and the system could operate
efficiently and steadily with torque ripple and flux-adjusting loss reduced. Thus, with the development of VFM
topologies and related technologies, VFMs have great application prospects in the fields of electric vehicles and
numerically controlled machines, and will become one of the key technologies in the future development of new
energy fields.
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Fig. 18  Structures of VFM with excitation windings on rotor
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Control system diagram of VFMs with fractional-slot
concentrated winding'®’
2.4 TIE#LEBYIEE RS

FREE T AL GEK R 1) A0 v BIL, T 90 3 H AL ) 7K
TG ] 22, AT S 22 B4 A i R (s 1
IZZE H LY AR . AT 98 3 R () 25 HR AL ) 9
TGS WS P A nl Aoy S AR 3 Ay 2 1) fE4
ANBEMCRZS TS F0 i L 4R ) 5 2) R AOIR 2 Y ik
PERMG 53 ) PR AR P A LR SRS ol

] i P BT o SRS (A T 7 B R )
4G 1) HLAE B 4% T 00 T as A7 i, w5 AR 4 T 00 93t
FUE AL REAARZS , 1 rp ALER 28 A7 I Y 45 6
FRe/0N T 8t T 0] P, 2 77 A A R ) ] i 4
¥, AT RE - R ECRALA SRR N, T3 245 5 T OLHT
FEE TR RE AR S B B0 m% ; 2) ZE P mE i Bh, 7
B AT ORAUE AL AILAE — R Y B0 T R R AT
AR R G RE ) L T8 R GG L5 3) T BT
AT iR Sl 25 e 107 4 R I A ) SR L 5 B TE 2 T
Vi, [RI b T Pl A v r R 7, HK 5 K 2R
Ak, S AL A G 3 AR v P A R e R 3
it EERIT ST AR IV B4 2 42 o SR

3 #iE5RE

1) 3l s 368 P AL DR HG B8 9 B o )
P, T EL AT G A 8] 3 P R B o a8 A AR
T BN AR LR AT 58 I8 3 [ 9 107 FH 451k
WRAE G T RN [R] , n] 8 e e AL A et T 58 i
VAITE Y | LU VR AT o B 25 22 A N2 A

2) DR B RILE R 5 o 4 BE T AN T 0
i R RE T 2 g F b , i 28 Al 3 1 e e LAE e O T
A5 AR 2% <3 5 P R RE AR R 7 B A2 BB
TE TG vh VS TG W LA K ekt R s R e iy A



At

- 216 - MR T

=4
/

NAAVNEE S

552 4%

FBAR I T 280l Yo fd 8 LIS, BLAE T H
PGSO ALY RE RS AL, 25 1 T AN )
AR e A LAY BT

3) RS AT 3 F AL R A o A A B R
P T 0 AT ) SR e BOR DAT R R < R
TR LR B A O T 2 ) e 2 B 5 4
B e VR T L AR R 0 B0 i 2 R O e B
PSR PR T RERS IR RE AL R s AT
BRI IR TT R GUAGE W AR PR R B e 342 T SR .

4) bt B 220 B NG AL B 4 Y, A SR AILAG
BT I7 i NG T2 P e R T AR
PEBOANWT K S , T 8 R 3 H FLAE A (R B A ) L
7T 9 TR REDRE 328 A0 B ik ke, w30 1 e PR MLt AT B
B2 AR AT 2 ST S5 4

5%

[1]TIWARI A, JAGA O P. Component selection for an electric vehicle ;
a review [ C]//International Conference on Computation of Power.
Melmaruvathur; TEEE, 2018

[2]5kpE. REFAEBEIRE W BORMFE[D]. mat: Batiik
2, 2019
ZHANG Hu. Research on China’s new energy automobile industry
policy[ D]. Nanjing: Nanjing Normal University, 2019

[3]F&). WRE SN EL LR AR R R B[], R,
2018(6): 4
CHENG Yichuan. On the core technology and development trend of
electric vehicle[ J|. Vehicle Maintenance, 2018(6) : 4

[4 ] OSTOVIC V. Memory motors [ J]. IEEE Industry Applications
Magazine, 2003, 9(1) . 52

[5]LIMSUWAN N, KATO T, KAN A, et al. Design and evaluation of a
variable-flux flux-intensifying interior permanent-magnet machine
[J]. IEEE Transactions on Industry Applications, 2014, 50 (2) :
1015

[6 ] MAEKAWA S, YUKI K, MATSUSHITA M, et al. Study of the
magnetization method suitable for fractional-slot concentrated-winding
variable magnetomotive-force memory motor[ J]. IEEE Transactions
on Power Electronics, 2014, 29(9) . 4877

[7]HUA H, ZHU Z Q, PRIDE A, et al. A novel variable flux memory
machine with series hybrid magnets [ J ]. IEEE Transactions on
Industry Applications, 2017, 53(5) : 4396

[8]SAKAI K, YUKI K, HASHIBA Y, et al. Principle of the variable-
magnetic-force memory motor [ C ]//International Conference on
Electrical Machines and Systems. Tokyo: IEEE, 2010 1

[9]CHEN Y, YING W, SHEN Y, et al. Magnetic circuit design and
finite element analysis of wide-speed controllable-flux PMSM [ J ].
Proceedings of the CSEE, 2005, 25(20) . 157

[10]CHEN Y, ZHONG W, SHEN Y. Finite element analysis of interior
composite-rotor controllable flux permanent magnet synchronous
machine[ J |. Proceedings of the CSEE, 2009, 29(6) : 1

[11]SUN A, LI J, QU R, et al. Magnetization and performance analysis
of a variable-flux flux-intensifying interior permanent magnet machine

[ C 1//Electric Machines & Drives Conference. Coeur d’Alene:

IEEE, 2016 369

[12]ZHOU Y, CHEN Y, SHEN J X. Analysis and improvement of a
hybrid permanent-magnet memory motor[ J]. IEEE Transactions on
Energy Conversion, 2016, 31(3): 915

[13] ATHAVALE A, SASAKI K, GAGAS B S, et al. Variable flux
permanent magnet synchronous machine ( VF-PMSM) design to meet
electric vehicle traction requirements with reduced losses [ C |//
Energy Conversion Congress and Exposition. Milwaukee: IEEE,
2017 1

[14]YANG H, LYU S, LIN H, et al. A novel hybrid-magnetic-circuit
variable flux memory machine[ J]. IEEE Transactions on Industrial
Electronics, 2019, 67(7) : 5258

[15]YANG H, ZHENG H, LIN H, et al. A novel variable flux dual-
layer hybrid magnet memory machine with bypass airspace barriers
[ C]//2019 IEEE International Electric Machines & Drives
Conference (IEMDC). San Diego: IEEE, 2019 2259

[16]ZHANG S, ZHENG P, JAHNS T M, et al. A novel variable-flux
permanent-magnet synchronous machine with quasi-series magnet
configuration and passive flux barrier [ J]. IEEE Transactions on
Magnetics, 2018, 54(11): 1

[17]WANG M, TONG C, ZHENG P, et al. Analysis of a novel hybrid-
PM variable-flux machine using new magnet material CeFeB [ J].
IEEE Transactions on Magnetics, 2019, 55(7) . 1

[18]WANG M, TONG C, QIAO G, et al. Research on electromagnetic
performance of a novel hybrid-PM variable-flux machine [ C ]//
International Conference on Electrical Machines and Systems.
Harbin: IEEE, 2019

[19]LIU F, CHENG L, WANG M, et al. Comparative study of hybrid-
PM variable-flux machines with different series PM configurations
[J]. AIP Advances, 2019, 9(12): 125241

[20]LI W, CHAU K T, GONG Y, et al. A new flux-mnemonic dual-
magnet brushless machine [ J]. IEEE Transactions on Magnetics,
2011, 47(10) : 4223

[21]LI W, LEE C H T, LIU C. A dual-memory permanent magnet
brushless machine for automotive integrated starter-generator
application[ C ]//IECON 2012—38th Annual Conference on IEEE
Industrial Electronics Society. Montreal : IEEE, 2012 . 4076

[22] WU D, ZHU Z Q, LIU X. Novel external rotor switched flux
memory motor with hybrid magnets[ C]//International Conference on
Electrical Machines and Systems. Hangzhou: IEEE, 2015, 3324

[23]ZHU X, CHEN Y, XIANG Z, et al. Electromagnetic performance
analysis of a new stator-partitioned flux memory machine capable of
online flux control[ J]. IEEE Transactions on Magnetics, 2016, 52
(7): 1

[24]YANG H, LIN H, ZHU Z Q, et al. A dual-consequent-pole vernier
memory machine[ J]. Energies, 2016, 9(3) :134

[25]SAKAI K, HASHIMOTO H, KURAMOCHI S. Principle of hybrid
variable-magnetic-force motors [ C ]//Electric Machines & Drives
Conference. Niagara Falls: IEEE, 2011 . 53

[26 ] AYDIN M, HUANG S, LIPO T A. A new axial flux surface
mounted permanent magnet machine capable of field control [ C]//
Conference Record of the 2002 IEEE Industry Applications
Conference. 37th TAS Annual Meeting. Pittshburgh: IEEE, 2002, 2.
1250

[27]AKEMAKOU A D, PHOUNSOMBAT S K. Electrical machine with



5 6 1]

FRHE, 45 T PR RE i H B R G B HOCHER AR K i - 217 -

double excitation, especially a motor vehicle alternator; US6147429
[P]. 2000-11-14
[28]LUO X, LIPO T A. A synchronous permanent magnet hybrid AC
machine[ J]. IEEE Transactions on Energy Conversion, 2000, 15
(2):203
[29] KOU B, LI C, CHENG S. A new flux weakening method of
permanent magnet synchronous machine [ C ]/ / International
Conference on Electrical Machines and Systems. Nanjing: IEEE,
2005, 1. 500
[30]ZHOU G, MIYAZAKI T, KAWAMATA S, et al. Development of
variable magnetic flux motor suitable for electric vehicle[ C]//The
2010 International Power Electronics Conference — ECCE ASIA.
Sapporo: IEEE, 2010 2171
[31] YU C, FUKUSHIGE T, LIMSUWAN N, et al. Variable-flux
machine torque estimation and pulsating torque mitigation during
magnetization state manipulation[ J]. TEEE Transactions on Industry
Applications, 2014, 50(5) : 3414
[32]ATHAVALE A, SASAKI K, KATO T, et al. Magnetization state
estimation in variable-flux PMSMs [ C ]//International Electric
Machines and Drives Conference (IEMDC). Miami; IEEE, 2017 1
[331BRHIZR. A R I AZ LG PR B K B - i i WL B A
FELD]. WRRIE: W/REE TR, 2017
CHEN Jingdong. Research on magnetization model and rotor flux
observation of combined-magnetic-pole memory motor[ D|. Harbin
Harbin Institute of Technology, 2017
[34] WANG M, TONG C, ZHENG P, et al. An adaptive rotor flux
observer for variable flux machine[ C]//International Conference on
Electrical Machines and Systems. Jeju: IEEE, 2018 1352
[35] GAGAS B, FUKUSHIGE T, KATO T, et al. Operating within
dynamic voltage limits during magnetization state increases in variable
flux PM synchronous machines[ C]//2014 IEEE Energy Conversion
Congress and Exposition. Pittsburgh: IEEE, 2014 5206
[36]CHEN J, LI J, QU R. Analysis, modeling, and current trajectory

control of magnetization state manipulation in variable-flux permanent
magnet machines[ J |. IEEE Transactions on Industrial Electronics,
2019, 66(7) : 5133
(37 1xME 1. FIAERGE K RECIZHBALA BIE R [ D]. riat: ARE
K2, 2010
LIU Hengchuan. Theoretical research on variable flux permanent
magnet motor[ D]. Nanjing: Southeast University, 2010
(38 T BHME. Br B g iE V)4 8 nl AR R @ LA Z e MLF SR [ D). M &R
R, 2017
YANG Hui. Research on novel variable flux switched flux memory
machines[ D]. Nanjing: Southeast University, 2017
[39 ] MASISI L, PILLAY P. Control strategy for a variable winding
synchronous reluctance machine for traction applications[ C]//IEEE
Vehicle Power and Propulsion Conference. Montreal ; IEEE, 2015 1
(402K 59, &bk, ko, 45, REETCAZE BN AR AR R 4 7k g HL L
ORI T AR I T]. o E AL TR 2R, 2016,
36(17) : 4712
ZHU Xiaoyong, ZHU Feng, ZHANG Chao, et al. Open-circuit
fault analysis and fault-tolerant control of non-rare-earth flux
mnemonic doubly salient permanent magnet motors[ J]. Proceedings
of the CSEE, 2016, 36(17) : 4712
(4118008, MR, 2248, 55 IR G K RE 1) RESA REGE V) 3112
PLorBe s ez ()], s E L LR 24, 2017, 37(22) : 6557
YANG Gongde, LIN Mingyao, LI Nian, et al. Flux-weakening
stage control of hybrid permanent magnet axial field flux-switching
memory machines[ J]. Proceedings of the CSEE, 2017, 37(22) .
6557
[42] FUKUSHIGE T, LIMSUWAN N, KATO T, et al. Efficiency
contours and loss minimization over a driving cycle of a variable flux-
intensifying machine [ J ]. IEEE Transactions on Industry

Applications, 2015, 51(4) . 2984

(Wi HAAE)



