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Fig.3 Drive circuit of the coils
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Fig.4 Effect of voltage state on air gap flux

10 08 ) AR A T3 1) B A A, 0 D 5 R 0 7 2 1
KANFIT5 o Z5 BTk, A SR E 0 &gk
Pl 1) P H IR A B T A 25 il A g IX — ¥R 3E BPMA 3]
BEHEMATZE. AELBNARBERS, o
FREWE 1. R, Son(un) Ny EEE%*XT"
W BT ) BN s Pon(ue) N ue HLHR XS 73
A IR A% 38 1) 5
*1 BEREXE
Tab.1 Voltage state vectors

N y G om(un) ur Pom(ur)

1 0 1 0

2 0 t ~Unc 1
3 0 t +Upc 1
4 ~Upc 1 0 3
s ~Une 1 ~Une i
6 ~Ue 1 +Upc 1]
7 +Upc ‘1 0

8 +Unc 1l ~Upc 1
9 +Upc \1 +Upc /HI

KL Bl [v] It Jah Bk % 50y 2k 0 3 By 389 5 Jon Ja 1 i
SRR G IR S A B, 0 RS 2k PSR HT M 1K) PWM
P, D0 LS AY . A el B R A R0, A
LGN FCS-MPC J5¥%, #5r. & nlS Bfd o 2 o
B P B AR O A AR R B, AR 1 R
PERIAE, &5 O G Om T RS AL [ R 1 1 HROIRAS
WA R B e, SRR, AR
TR —#E A 2 RPmER IR,
oy B WA BRER R I TS A S %, SR
Fl s o

3 FCS-MPC KBS Y%t

3.1 HLEIM R IR R B it

30 i DA BRI, o R S LN 2% Ok i) 2 A5 2
g~ T O 1 A IR . X (20 WSCE
(3) P e .

¢f/h(k) ¢f/h(0) + Z (”f/h(k) - lf/h(k)Rf/h )} (3)
N

Xrf, T oOHBEERENHER Y. R (3,
7 R AR AT W0 5 A TG B L wpngy~ 53/
T S Pl FIR gy, B ATOULIN 43 /5 )0 ) J 3
Demyo

e D@ T E A A, (2D s By
TG BEAT ER B B i, W43



2444 SR B 27 NI S 4

2025 4 4 H

¢f/h(k+1) = ¢f/h(k) + N_(uf/h(kﬂ) ~ Igmr 1) Rem ) 4
f/h

K Bonerry I UM T2 A1 A B 1 43/ Tl A< B T
Wi Do WIS HT SR & FE B0 50/ T < BR
W5 wgmpen M k+1 JE T N A 26 P8 E ) R
Emeeey M S k+ 1 8] U TR 2 P PRV

HH 3~ 2 J8l I 1 T it Ay s R A R T AR D
FrEh s (4 Y ey AT dne A0, 3 (4D 77
B

T .
¢f/h(k+1) = ¢f/h(k) +N—(”f/h(k+1) — Igmgey Rem ) (5)
f/h

ﬁ (3) 53 (5) 4y, WHEE 5 Proa<

T PRI R PRI ABE Y < i S SR R 2 i 4 o ] A 1
Umy~ Tonye MR (3D THEA 2 Y151 40/6 W<
WL B a0 FC A TR 5 8K 5 LA U 3380 66 e
KFEHIL ionnVTE N HAN, 0 T3 1 g s RS H
1E wempery, HRIEZ (5D RERT M~ — 44 6 & 3 op pr
A 0 BEI 20 /A TSR Pomrenrys 50 AT TR o

| MBI Ry 7

¢f/h(kr¢f/h(0) E{_("f/h(k) ’f/h(k)Rf/h \] ‘

5 BRI PR U A Tt i A 7Y
Fig.5 Air gap flux observation and prediction model
3.2 U E ARt
AR o8 E I BT I Dy AR R M R
3 16 T I R P PRI AR N 23 R TR B S
e, PRI AT AR & 0l

g(n)= (¢f(k+1) ~ Priet )2 +(¢h(k+1) ~ Prret )2 (6)

A, g MAAANTE 1 P HORA o BEAT 130 F500
IS AR RR B B0 Y 5 Prgan)y A 20 T BT 38 000 B 5
Pragiesy M B T B TR s Per ) 5 T BRI
ZEAN . Prer N0 WAL 2 AH .

TEES kAN G R A, R 113 g(1)~g(9),
6 B /B i X DR HL R ES I3 8 8 JF G4
WENE S, FFAES k1 SR R sh v i . 78
A BR B DS RE T 43 /4 ) =B G 3 3 T A AT
TR BSHAE, SR L0 ) A RS 425 )

3.3 E{KiHIRE

FCS-MPC # (A [ BLANIE] 6 TR o Hiff 8 R AR
ﬁJ\/ﬁ\l'ﬂéﬁEﬁgx EE/}ZI‘*M%‘% Un(k)~ ih(k)\ Uiy~ if(k)7
BN S TR gy 5 Tel R G A XL K T A Y
455 R R R 1, TN 73 & 1o BTG TE by )
5 @rhnye APrer 12K 2 0 BCTT IV, 192140 &S
BRI 2 6 AH Pprer~ Preers FF 5T~ A ) P i 38 J 2

g m i N BB Co), BEATE A, S
MM BREUE i, PRIEIEER 1 WS M G X MY
FER — 0 A 30 g Sl 0)
, 5E FCS-MPC "< 5 1l

S~ Sg M HAIF IR,

IV T KA (0 A 42 71

| L _ . |
i uh(;l ,h(k,f um le |
i AFSE e Eﬁi )| 43 TR |
| WK [ | S T wmm ||| |
| AR N i
| N )
‘ FCS-MPC gln) | Pt Frxet ‘
| shsisis, fg@ﬁﬂf%ﬂ%% min pey=m |
|
|

| S0 SUTSTPRRE RS |masE
‘ siﬁ? tﬁ j& REHKI (Y

Kl 6 FCS-MPC %1 7 #f
Fig.6 The overall principle of FCS-MPC

4 BEMESH

4.1 FCS-MPC %EM{FE

RAEE 6 5 H, KA Multisim Al LabVIEW #J
LA RS E Multisim 7 kg 2 25 P8l 9K 5 |
B TR K R TR R SR AR A 7E LabVIEW
rh g it FCS-MPC fiff 1 S5 g 1152 284, [5] 15 ¥4 48 BPMA
BT ETBEN, & FRERE 7 ronEE. H
BPMA Z) &4 5 A5 H 73 o 5 T 2 Bl H U Ly
Ly, HIE M, 55 G WM H Epnes Epmns BT
“ FCS-MPC fiff A 2% g B 20 4 I IR BN % 5 S1~
Ss, [l N 3] £z Pl 5K By v B 1 R 20 R i e 1Y) P
SRR R, BT BPMA B B 25 I 45 1 K 5 e 1
KR i AL aE un w, 9 A
IFe) £ FB] HL 9L i iy, 0 A\ 31 FCS-MPC fif K SR s 7 455 78
ML B W5 5, R ues w, i N BPMA 335
PIETFHR, B SRMEg). & FRBEAERA



40 &5 8 I

PiBb Kp AT Bt B2 e A A L L K
PFFE T SR BPMA AN 4K 2 5] 328 153 AT 3R IR I 5 17 3 o

BPMAZ 5 11 2 HWOED

EL?}?%UJ?&EQ 5 TAE

LabVIEW
______________ (lh lfx)

V/pmh mef

|

|

|

|

|

|

|

| FCS-MPCAFHSENG | T
‘ ISINSS ’ ' /s

\ —
L ] ‘%‘ Lf MEpmh Epmf

Kl 7 BPMA B& 1 R G
Fig.7 Co-simulation system of the BPMA

X A )i REREAT A B, BEE Adre=—0.000 15 Wb,
Upc=400 V, A@ BTN S FZAH Purer Prrers FCS-
MPC #0788k 50 ps, k4 26 Pl i i
T35 SR o IO FEAT 638 A I BR R 1, o 28 e
HLUL BRI £50 A, (i BB WK 8 . B, T,
Shy it o il 2 ) Bk I AR B B IR s By I TR], T R Bk
O HFIRIZ BN BE ) 85 R SIAE I E], T, 4 M il 3
12 B 45 IR I 1]

(1) gy BEZ, FRURXT 26 Bl il i, 2848 o SR s A
TG R up e N B2 18 s A T 26 6l PRI 4,
554 el S SR @y TFUR ETE, o LR e R i S 4y
W) B EIE pe FF UG T, gy P tRIBUEIT T-75 B
S A8, MY BB O D T B, EHLA
PRV SN NS SEi N [ Z(SUN e

(2) 1, W, ¢ BB ZHE 0, WEEhAYEF:
FEZAR S T8 G0 4 1) A< B = A BELAS 2 Bk 00 B 10 1R 0 0 5
t WZ, iy BB RARE G A& EE, B 32k A7
¥ x BTN, ¢ R R, 2 24, I8 B S HAH,
2R A, INAG BIL BB (A iy
FHURIB HIRBOIRES s ARG REAE x 38, i, & it
PR A3, KAg B SEFRAESHEE: ¢
W%, SOzl B A MRS E, HE v BN o,
BANG . i~ MB, BEOAXAE @, IHE ) 1E
Figdh,

BB KRR K R Bl ATUAL) S50 R 78 A 42 1 B R 2445
500 T i T T T T ;
25 208 :
To2000 £ 4% P L P
-500 ;
60 ,
|
|

i/A
o838
e
=V
=
=
&
i

T
| L I
1 ] | |
| | |
|

|
i)
< 10} I I
! I///ffi/mwﬂ ww&ﬂ%ﬁ@}L——
= | B AR BRREE 6, |
|

|
T
I
431 43 B o P |

|

; |

| |

| | I e 5} |‘ﬂ F@mﬁ%%{g¢fmf
o\ — AR |

#e/mWb

Bt id iy

v/(m/s)
O= N W

0'00003 ...... Bl KT BB A
— WEEFEAS !

-0.00005 -
-0.00010 -
—0.00015 {471
—0000200 oL

A¢rcf A¢

] }

D Gy 1y . Isy Lo

10 20 30 40 50
t/ms

8 FCS-MPC fift #5 1 3L
Fig.8 Simulation of FCS-MPC decoupling control
(3) ty~ts WP B, W ARUEHLAL AT FE5 W), gk 2 4

FFAG=AG s ts W ZI, KA B IT R, T
2ol B A, SRR i RETFORAE Soy S5

PR R LW, AT uy A—Uper @y PR, HLH
PR &t WX, LR Em e 0, BT
e, 2R MUK FE K G AT A TR S PR 4
KA Ao T 11 28 B8 L3 A B0 B8, G ]
9 7o
WL 7D WHHEIEL RN EAEL woh
Wb=I;Qmmwmh (7
ﬁEP’ ucoil%%l%llzﬁﬂ_{:

ooit H B PEI LU s 10 Ay il



2446 SR B 27 NI S 4

2025 4 4 H

%

0

5

0

5

-10

30
£ 20 .
R x4
= 10

5_ 1 1

0 30 40 50

t/ms

B9 FLFAIALES 1 FON EE
Fig.9 Simulation comparison of current and displacement
BRI E] s o R AE A O M) . 45 9 wf
R 2, RYY Ve NG BHLEE S H 1
A, BEAT APrer 200 B A HE K, S0 47 I 8] 328 37 4 4
ENAEDHFEZ WG R o PG, )i I 1A A A5
RO B E L, (HE B ERAED) .

K2 TRAS.HIBIERE

Tab.2 Simulation action characteristics of different A@,.¢

\A% :‘f(y/h,ef /Ny )2 T/ms  Twims  Tu/ms Woll
0.000 05 3.81 1930 23.11  99.59
0.000 10 3.81 1634  20.15  171.62
0.000 15 3.81 1548 1929 23075
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Air Gap Flux Decoupling Control Technology for
Bi-Stable Permanent Magnet Actuator
Tang Longfei Chen Mingjun Luan Shixu
(School of Electrical Engineering and Automation Fuzhou University Fuzhou 350108 China)

Abstract A Bi-stable permanent magnet actuator (BPMA) shares the same magnetic circuit as the
breaking and closing coils, and the magnetic flux generated by any coil passes through the breaking and closing
air gaps. The permanent magnet automatically distributes the permanent magnetic flux according to the dynamic
reluctance of the air gaps. The electromagnetic flux and permanent magnetic flux in the upper and lower air gaps
always cause the moving iron core to be coupled by two opposite magnetic forces. As the motion of the moving
iron core and the change of coil current, the magnetic circuit quickly saturates, and the electromagnetic flux and
permanent magnetic flux interact, exacerbating the complexity of nonlinear coupling in the breaking and closing
air gaps. To flexibly control the action characteristics of permanent magnet switches, it is necessary to
simultaneously control the air gap flux and the magnetic force pointing to the breaking and closing positions.
Therefore, this paper proposes an air gap flux decoupling control method based on finite control set-model
predictive control (FCS-MPC). Decoupling control can be achieved by rapidly weakening the magnetic force
pointing to the non-excited coil and rapidly increasing the magnetic force pointing to the excited coil.

Firstly, according to the operating principle of BPMA, the vector magnetic force acting on the moving iron
core depends on the “magnetic flux squared difference” of the breaking and closing air gaps. Therefore, only
controlling this vector magnetic flux square difference in real-time can dynamically control BPMA. Secondly, a
predictive model of the breaking and closing air gap magnetic flux is designed through discretization of the
voltage balance equation, which can predict the magnetic flux at the next moment based on the voltage and
current values collected at the current moment. Thirdly, the breaking and closing air gap magnetic flux and the
mechanism drive circuit are regarded as a whole. A set of switching states is constructed through the excitation

intensity analysis under different switching states. Predictive magnetic flux is obtained by traversing all
(T4 % 2463 )
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current is tiny, which proves that the proposed current reconstruction has high accuracy in both steady-state and
transient states. Under the dynamic working conditions of fixed load torque of 2 N-m with the rotation speed of
300 r/min and 600 r/min back and forth and fixed speed of 400 r/min with load torque switching back and forth
between 1 N'm and 3 N'm, the motor speed, g-axis current, and three-phase current do not cause great
disturbance due to the switching of the algorithm.

The following conclusions can be drawn. (1) The combination of the IRTPWM algorithm and BSPWM
algorithm effectively eliminates the influence of the dead zone of current reconstruction. (2) The IRTPWM
algorithm has higher current reconstruction accuracy and lower current harmonic value than the traditional
RTPWM, and the BSPWM algorithm has higher current reconstruction accuracy than the traditional
phase-shifting method. (3) The improved two-point sampling strategy can reduce the number of current
compensations and current reconstruction errors, simplifying the experimental algorithm and improving the
control performance of PMSM.

Keywords: Permanent magnet synchronous motor, single current sensor, reconstruction dead zone, mixed
pulse width modulation, current compensation

(HiE EXLH)
BB B B B B
( E#% 2450 1)
switching state combinations. Finally, a decoupling control cost function is designed, the predictive magnetic flux
under different switching combinations is input into the cost function, and the optimal control is selected for the
next control period. In rolling optimization over multiple control periods, the breaking and closing air gap
magnetic flux quickly approaches their respective reference values, achieving decoupling control.

A co-simulation platform for intelligent control is designed based on LabVIEW and Multisim, and hardware
testing circuits are constructed. The simulation and experimental waveforms show that this proposed scheme can
effectively control the breaking and closing air gap flux. As a result, the non-excited air gap flux to zero is
quickly reduced, approaching the set reference value of the excited air gap flux and effectively weakening the
coupling between the air gaps. Compared with the traditional current closed-loop control scheme, the proposed
control scheme reduces the energy loss during the entire action process and improves the response and action
time of the core action.

Keywords: Bi-stable permanent magnet actuator (BPMA), permanent magnet switches, finite control
set-model predictive control (FCS-MPC), decoupling control
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