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Abstract: Aimed at the high harmonic content of a model predictive controller (MPC) without modulation
modules, a novel model-based variable sampling period MPC strategy is proposed and applied to a five-phase induction
motor drive system. The problem caused by the fixed-discretization of time in the MPC is analyzed, but the introduction
of modulation or modulation substitution to solve this problem will increase the complexity of the control system.
Therefore, a simpler and more natural idea is adopted. Specifically, the sampling interval is changed based on the
pursuit algorithm, and the optimal control action and implementation time are determined by combining with the MPC,
thus realizing the variable sampling period MPC strategy. Experiments were carried out using the five-phase induction
motor drive system, and experimental results verified the excellent reference tracking and current harmonic
performance of the novel variable sampling period MPC.
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Fig. 1 Block diagram of power electronic system with
direct digital controller
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Fig. 4 Block diagram of five-phase induction motor drive

system and FCS-MPC with variable sampling period

AR SKAE S WA FREE MPC 16 STt 75 R4 R 4L
R, BUTARBAN HEILE TR, R EZRE
R BT BRI S R A, I 20
WEARANFIER S AE, ARG RS i, of T
2 (] (R R BF REAH OG0 A S A b 2 D) i ey 1
2 H) (A5 F, 0 P R TFG O A RS 7 O 2 T ) )
JETTRE AT FoR

di di
U, = (RS + L, %} i+ L, abs p o —r (4)

dr Tode



322 i, b

E 4 %22 %

di di
L, = o (L,

0 = Rsiocﬁr + Llr dt 'm dt affs + Llriaﬁr)
(5)
uxy = (Rs + Lls %j l‘xy (6)

Lo, =[ias iﬂST’ Lopr =[im l'/;rT (7

i,=[i 1]
s ROAETHI; Lo L 1 L 2350 05E | #
F IR IEAN R o WEEF M dn. g
Mli. i M a. IR x. y BETHI; in. ip N
o, BT HI; tess ups M sy us N oy B5HAD
x. yHIETFHE. 2 RERE x=ins, igs ixss by dar
ig]", ETHEERVEAMA 4=t g, i, U]
TETH AR X ias i b is] > MRS

{x(r) = Ax(t) + Bu,(t)

x,(t) = Cx(t) (8)

K, 4. B, C 53 RASHERE . B AJERE . B
H S

u, G ERER | JFXORAA e, A T e
A RO R, TPk A B A
BEVH T 5 B =[S, S, Sc, Sp, Se]", WUJ5E T
JEH

u,(f) = %UdCMCnu(t) 9)

K. U WETBHHE; M %I T BlgEd
23 6] 3 AT A A R A4 R 5 €, St 78 s 1 I A il {5
SRR, OEW, REFHET 1x2° FAF IR
BE . BoraR@)M(9), & FHRIRMAELTE
A

x,(t) = Ax(t) + Bu(t)

A=CA (10)

~ 1
B = gUchBMCn

P 4 e il 28 G P4 5 e o SR ER RT3 Y

R, Hoh g BEANRIE T PLIAY 2505 g e T2 %
R i, d WSH R iy, T E A, LW r B -
i My T3 Park USSR of TISFH L I,
Fild,, , Hiris Park ZSHHE D' R

D :[cose —sine} (n

sind  cos@

A, 0 WERES% RSB, T P45 % A
il 2 MO R AR 5

Wi R Ty BB R A ST
BEH 7 RAE I B MPC oh, AR 0
T, KX e T B ot p B2 LAE PR AS
xs (19), HP

X, (1) =, iy iy i) (12)

ty+ip

TERRS I R s BT 140 0 AE tottp I
M O(tottie)o — BIHRHPRR ISH I T
LR RGURTS x(to), WA LUE SR AR(2) P TT
TR S, H x B Ax, u)=A x+ B u 8751017384k ;
SRR, IR AESE S, AR T 41
X S, K 2R GRS PRI 1) BRCAE 2 FCf T F00 A 3k
SERE ARG AR, R

Xt + T, ) = x,(t) + Tf[x(1,). 5, ] (13)

NIRRT R, ARG T Tk
fig, B

o f1x(,),S,] (1)
| /T2, 8,07

EEENE, x B, Frimang, B
PO HAEATAG B, 3 AT S T (AR 3 25 A R e
UL 5 P58 B, A T AL G BB e T
AT ARG B, (HTTIR R T 28 I ES
()T RGBT R AA AR E 2 REL A2, AT
RAS XA 1A S AETRZE BUE AL IESA

x=A%+Bu—L(Ck - x,) (15)
K, w MRS R, I g AT E ST
VPR AT (19 A—LC WRRHEAE, PR3k Seq i (B ke i
TIN5 2 P SRR o — PR T R R RN £

T, = [x: (2) — x,(4)]




5544

WrRoshty, 5. TORHEON A HLAR SRAE o SRS TR o n] 7 ol SR mes 323

ARFHE(E O A/ AR 2 R R O R, X0
o7 1A~ A Pl S A e e vk LIS B0
M ARSCHIFER G, B 2, o RGR
A 2 AT, X 2 AR TE I g s AR
FEAE . DB 2T 3R
B,(s)=y's* +2.6131°s" +
3.4142 475" +2.6131ys +1 (16)

A, x Jyme R RS, 1 e R R
b, — FLBEHE T BT i AR 25 AR A, e vl feff 1
Kautsky—Nichols &2 S L,

4 HESTSLEEIE

4.1 RS
ZIRIE] 4 TRy AR A SRS R ST MATLAB
A A, R LSS SR —
2, W&k 1.
x1 HERBREBEHNSE
Tab. 1 Parameters of five-phase induction motor

SR Bl SR EAQIE]
FEFHFH R/Q 19.45 || B w,/(r-min") 1000
T R/Q 6.77 BUEFEM T/N'm 47

FEFRE L/mH  100.7 HE B I/A 25
T L/mH  38.6 WXt P 3

JRERLR L/mH  656.5

i T, A UERCE R I A RS MPC
W, wRRe) TS x, HAT#IH
TGS o [EAERAE, R A BUkTH T
SR o, WOV XoF AN () 2 0 Ak PR A AR o5 I 5 )
M, $FZ, WA 25 AR R L
P, SRR o, PATHE TR R T A 153
T LI R 22 B /N RIAG T T L S
EE T Z A 2206 i x (8, AnE s Birs . il I,
XF T @, FFFER/NIIIRZ X, $Eit, [
FIEM LRGSR G 2 , 154 %=0.001 s
AL

JRUAE it T 6 FF IR A R ) T, 7R SR A S
WA IR MPC %, (HJHFTE . TR

Tonax T Tin, LIFFEEPRRGEHATBRE o Toin BRI
T A B 1SR B [A] R ) F AR 4 9 F ok A
VEF MR, ZREPRMER REME, EH
Tinin=100 ps AT 34 2 N5 XFF Tinax, D670
B PRk G KORAE R R R Ge e o T8
TESEL Tnax, FRRE IR o, RN [R5 205
BT 3T AT E T, IR HIR RIS AL T
Wl st T, R, WK 6 R, H, LA
BUEFM E b, v, ERZHIENT, T,
AL 200 ps, BOEE Tma=300 ps BOAGHE, DU
B 0 R, R G T SRAR ] K
B RGEERE

0.06
< 0.04
ﬁg ®,=700 r/min @,=500 r/min
= 0.02
@, =300 r/min
N\
; L L L 1 1 ! ! 1

Q o SQ o QQ N 60 -“@QQ N 60 NS QQ NS ‘JQ N QQ N ‘JQ N 0
Xls
B 5 ABEFTHRTFEEVWMRESIHXER
Fig. 5 Relationship between rotor current observation

error and X at typical speed

600

400

Trnax/1s

200

0

2 500 100

7, 50
%’,\j 1000 ¢ 7%

B 6 AREFHEFMEENEHEX T,
Fig. 6 Maximum T, corresponding to different speeds
and torques

BT AR KA RIAA BRAE MPC IS4, &
BHH o) = 500 v/min, d WS % i,=0.57 A,
SR Ti=60%, TUPIRTI] 4p =100 ps, fHEZEFN
K7 R B 7(a) ke FHRURIETE , £ M f i hE
SEENT S (I IR, HABE RO ’T(0) A T,
BUEASAL, $97E Toin A1 Toax BRETEBIN; K 7(c)
Hoa, pFASEM x, y FARPREERAERTZ] S,
LR AR S L TOIR ASHE 221k, B R i x]



324 i, T

s

il 5522 %

WAk, K3, 4. 8, 15, 19, 20, 24, 27, 31
HIAREITF ARSI LR B AR AL, KT Rl
fith o AT RBTERE, e TR QBRI
IEAE ARSI i 5 F ok & i AR fe , PR R
WEETHREAENTES S,

< 35

Bl lelelalalalolot s

0.02 0.04 0.06 0.08 0.10
t/s

(a) & HIR B

0.95 0.2
0.1
0.85F 2
< < 0
R S Rt
0.75}-
-0.1
20
0.65 I — -0.2 I S
14 -13 =12 -1.1 -1.0 =03 -02 —0.1 0 0.1
io/A i/A
(c) FPIRZS R £
7 HEER

Fig. 7 Smulation results
4.2 SEIGTGIE

P4 s ORI FELATLIK Bl R e T 5 %A SR
WA SRAE S MPC #1780, SIS
GnE 8 FrR, Horh HARBN AL E S 07 FSL 5
—2, W1, HALH 2 4 Semikron = AHIS AR Z5 K
B, EREHREE S 300 V, EEHIEEEET TI A H
i MERE TMS320C28x #5132 75 DSP Ab¥i#:
TM320F28335 SCHEH. [RIA, foff b 7 4 il A B3R
HBLAE BN AT A () 1 2L, DR ICE T Sl e
GHMS510296R/2500 il &% 4%

T, A S0 E—S0 TALHE TR, 2551
WK 9 Fs, b 9(a) b E TRIRBIE , 18 9(b)
NFEHTE | T 9(c) A B SRAE S BA S R 0 42 1) 5
VESH SARHE] To AT UL, 248 Sl T RAFER

ERPERE, MRSGMEIR, SO7HEEAR—, FRHE
e Y S T Al AR A S

AW

DSP# &

_EArAL
AR HUBLA
H AL

B8 xIWw¥FEE
Fig. 8 Experimental platform

/A

i5,iAs»iBs>ICs»iDs»lEs

kY

,@p/(r/min)

s
m

250

200

T/us

0.1 0.2 0.3 0.4 0.5 0.6 0.7
t/s
(e)T,

9 HEETWHER
Fig. 9 Seady-state experimental results

K10 RS as R, 76 =04 s, FlS% N
500 r/min Bk Z—500 r/min. & 10(a) A E T HL
WOV BIE T L I B S AR RE O R HE k.
I 10(b)A] LAE Y, St g,  bFHitaE]
0.9 s,

e, WE 3 A T AU R RE R R,
AR T B AR T 1 0,=300 t/min,



55 4 1] WRoxl, S5 TUARRRN UL SRAE Jo] SRR Tt il S e 325

T1=40%; T.02: 0,=700 r/min, T;=60%; T./% 3:
0x=700 r/min, T1=70%. MWK I =0iktT,
R 5454555 [ 2 SRR R MPC J7 X L 2 Tif8hR, 43
A E F AL A RUE 5 K2 H HZ B 2R
BR2E RMS; 578 F AN L FLTHD, X Hhgs R

WE FoR. UL, RSO AR RAE JE B MPC 482
&4 MPC 78 H i BR B PR RE A e X HoAA o

PERIZRBL,  RIEA AR A v 0 R 1R 2 T
i, Rk TASSCOT R T A R

(Mi? %ﬁ{&’ﬂb
600
S 400F
£ 200}
% of
€ 200}
£ a00f
_600 L 1 — 1 1 1 1 1
05 1.0 1.5 20 25 30 35 40
t/s
(b) %1 &
B 10 sHEXWER
Fig. 10 Dynamic experimental results
025 &G MPC(T=40%) fEGEMPC(T1 =60%)
0.20 | /1§%MP(‘(TL 70%).
< : R
o 015+
= .
2 0.10F :
0.05 I%#HE@MPC( TL40%)1{%#H JIMPC(T=60%)

7250 350 450 550 650 750

@,/ (r/min)
(a) BRI

25 TEBRNIPC (T —10%)

20 PC(T1.=60%)
215 1§2ﬁMPC(TL 70%)
Elo e

5 %#F]B;HMPC(T 70%)

o ZERAEFIIMPC(T; =40%) BERAEARIMPC(T] =60%)

250 350 450 550 650 750
@,,/(r/min)
b) P& IR

B LRI EER
Fig. 11 Comparison of experimental results

5 #it

FEISEH A g 1A FREE MPC PR RESE

F, &It T 1 AR TR AR R ASRAE I MPC
T, FEAE AN LIRS R G A T T SIE,
2T,

(A FREE MPC A R GRS R, i Hst ] ) [
TE BB S i, BUA LR e 21
SNV RRBE b | ATRIAH DGR 28, Mg T 4 il
A E IR

(mmAT SRAE BRI R MPC 1k

s BRI T A AR SR A FR A
meiﬁﬁﬁé& S TSI E R B A E R T

(3) LA FLAH BN B HLER 31 72 G2 Sk S 48] f) 3 2
R, S5E5ARSE MPC ML, AU
AR BRI REFIIR I R B0y T LA AR R AR, AT
M) 2 AR NSS4 F ) F R R A

B2 3K -

(1] MR, FESEF, FR&ak. A3 BRABIR B e Hs g

HLT RGBTSR A & R[], L TR 4R,
2017, 32(22): 58-69.
Liu Zhifei, Du Guiping, Du Fada. Research status and
development trend of finite control set model predictive
control in power electronics [J]. Transactions of China
Electrotechnical Society, 2017, 32(22): 58-69 (in Chinese).

2] ZROL, BN, XIEFE, S — R R AU

WiAZER FCS-MPC JiA[1]. LA 4K, 2021, 55(1):
121-124, 132.
Li Youguang, Hu Cungang, Liu Haoyang, et al. An
improved FCS-MPC strategy of single-phase nine-level
inverters [J]. Power Electronics, 2021, 55(1): 121-124,
132 (in Chinese).

(31 XUARHE, WRA 2. ASP-fi H I 5 000 536 728 g Dy A< A5 1

BRERI[D]. B R A SR, 2021, 33(2):
129-135.
Liu Siyan, Chen Caixue. Power model predictive control
of grid-connected inverter under unbalanced grid [J].
Proceedings of the CSU-EPSA, 2021, 33(2): 129-135 (in
Chinese).

(4] RERUBK, ARE R, BB, SF. R T BCAME B AN
PWM % Jii 6 M SR HERSCT TU B0 ], AL 4%~
#2, 2020, 24(11): 93-101.



326 i, b

Eie ERLE

Xiong Chenglin, Song Zhiwei, Huang Lu, et al. A virtual-
flux-linkage model predictive control of single-phase
PWM rectifier based on harmonic compensation [J]. Electric

Machines and Control, 2020, 24(11): 93-101 (in Chinese).
KL, FWGT, e, S PRk S RO TR 7

AP AR BES AR ]. R, 2019,

43(5): 1543-1549.

Zhang Ying, Lei Mingyu, Yang Zilong, et al. An improved
predictive control strategy of continuous control set model
for PV power fluctuation damping [J].
Technology, 2019, 43(5): 1543-1549 (in Chinese).
SR, A, RS, A AT R E R R
XU HLFEHE [F) A0 2R G AT FRAE AR O P ] 0], v [l e
HLT 224K, 2019, 39(15): 4531-4541.

Power System

Shi Tingna, Yang Yuyao, Zhou Zhanging, et al. FCS-MPC

for dual-motor torque synchronization system based on

quadratic form cost function [J]. Proceedings of the CSEE,

2019, 39(15): 4531-4541 (in Chinese).
KR, BREM, BeBl., — M T B s | K s
B Vienna #EFAEAI TINS5k [J]. HEBEIL TR
241, 2019, 39(20): 6008-6016, 6181.

Zhu Wenjie, Chen Changsong, Duan Shanxu. A model
predictive control method with discrete space vector
modulation of Vienna rectifier [J]. Proceedings of the
CSEE, 2019, 39(20): 6008-6016, 6181 (in Chinese).
X s, Whatt, skig, 58 Rl T AR g
PR R[], AT TR, 2020, 54(10): 83-86.
Liu Yuxin, Xie Yunxiang, Zhang Feng, et al. Model
predictive power control for a single-phase T-type inverter
[J]. Power Electronics, 2020, 54(10): 83-86 (in Chinese).
SRIEE, ARAE, TAER, S5 BET RO il
Fe a2 il SR 52 0]
47(1): 129-137.

\ﬂ’l‘

Zhang Mingrui, Song Baihui, Wang Jiaying, et al. Control
strategy for solid state transformer based on model
predictive control [J]. Power System Protection and Control,

2019, 47(1): 129-137 (in Chinese).

[10] Hoffmann N, Andresen M, Fuchs F W, et al. Variable

sampling time finite control-set model predictive current
control for voltage source inverters [C]// 2012 IEEE Energy
Conversion Congress and Exposition (ECCE). Raleigh,

- I RGP ST, 2019,

[11]

[12]

[13]

[14]

[15]

[16]

[17] &

(18]

NC, USA, 2012: 2215-2222.

Mehrandezh M, Sela M N, Fenton R G, et al. Robotic
interception of moving objects using ideal proportional
navigation guidance technique [J]. Robotics and Autonomous
Systems, 1999, 28(4): 295-310.

KR, Wt M. Sl & LA 0]
P S 5, 2003, 20(1): 13-16, 20.

Zhang Youan, Hu Yun’an, Lin Tao. Robust geometric
approach to missile guidance [J].
Applications, 2003, 20(1): 13-16, 20 (in Chinese).

B, I, KOO, FE LA AP B IR FGE 53
ERFSELI]. HE, 2014, 40(3): 75-79.

Huang Wei, Yang Wei, Zhang Wendong. Study of four

Control Theory &

quadrant pursuit algorithm based on robot platform [J].
China Measurement & Test, 2014, 40(3): 75-79 (in Chinese).
Barrero F, Duran M J. Recent advances in the design,
modeling, and control of multiphase machines: Part I [J]. IEEE
Transactions on Industrial Electronics, 2016, 63(1): 449-458.
TR, Wi, THE, & ERDKRERL i LE kR
SIRETE RG], ALUREAAE, 2024, 22(2): 378-385.
Zhang Huixuan, Fan Tao, Ning Pugqi, et al. Flux-weakening
control strategy for permanent magnet synchronous motor
used in electric vehicles with high performance [J]. Journal
of Power Supply, 2024, 22(2): 378-385 (in Chinese).

iy, Aitise. SR AHEGE MPC #EFAHAE R G0 R A
FEEERFFE[I]. HR2EHR, 2024, 22(2):242-249.

Bao Jian, Yang Peihao. Research on improving voltage
transient characteristics of energy storage system with
improved MPC [J]. Journal of Power Supply, 2024, 22(2):
242-249 (in Chinese).

W, FREAR, XIEFE, S5 BT RIS A A B
v 14 FUAR RN FRL AL G B2 A R A R T R SR )], F
THARR, 2018, 33(21): 4949-4961.

Peng Zhong, Zheng Zedong, Liu Zicheng, et al. A novel
sensorless fault-tolerant control of five-phase induction
machine using virtual winding and full-order observer [J].
Transactions of China Electrotechnical Society, 2018,
33(21): 4949-4961 (in Chinese).

Kazmierkowski M P, Malesani L. Current control techniques

for three-phase voltage-source PWM converters: A survey [J].
(T4 % 338 W)



338 i, T

il %020 %

Machines, 2018, 46(10): 75-78 (in Chinese).

[17] R, B, Ediuk, 55 TR E K #E

] 20 L A I (0], L TR SR 4R, 2017,
32(15): 89-99.
Song Zhengguang, Xia Changliang, Wang Zhigiang, et al.
Direct torque controlfor permanent magnet synchronous
motor using super twisting algorithm [J]. Transactions of
China Electrotechnical Society, 2017, 32(15): 89-99 (in
Chinese).

(18] B/, BUEIE, TEWy, &% HE T (L5 MEL A /e bR

BT I E B P HUF AR Dk ShAm il (1. sEAL-S 42 0 H,
2018, 45(12): 6-11, 18.
Fei Chen, Yan Jianhu, Wang Pan, et al. Torque ripple
suppression of switched reluctance motor based on
genetic algorithm and torque sharing function [J]. Electric
Machines & Control Application, 2018, 45(12): 6-11, 18
(in Chinese).

(19] £HF, Wrskes, Bk, 55 FETREREN SRM #%
FEOMIC PREAR ], B RGBSk, 2019,

31(9): 144-150.

Wang Hui, You Zilu, Li Menggqiu, et al. Optimization of
torque distribution function for switched reluctance motor
based on genetic algorithm [J]. Proceedings of the CSU-
EPSA, 2019, 31(9): 144-150 (in Chinese).

{EEE T

PR (1975—), B, EfEES,
Wi, YRl WFE e B S
RERGE . LHLEHIHR ; E-mail : asasasas
2021@126.com,

_ HI%5(1990—), %, fit:, YHil, ©F
071 WS E), E-mail:
559841774(@qq.com,

FRIAF(1985—), 2, mit:, i,
WL Ty 1 . LR HOR . E-mail :
2540184375@qq.com,

FE1981—), F, WL, R,
W drm . KOk apLE . E-mail:
88741152@qq.com,

R e e e e e e e e e ) ) e e e e e A e e e e A A A ) U U U

(L34 326 W)

IEEE Transactions on Industrial Electronics, 1998, 45(5):
691-703.

[19] Miranda H, Cortes P, Yuz J I, et al. Predictive torque
control of induction machines based on state-space
models [J]. IEEE Transactions on Industrial Electronics,
2009, 56(6): 1916-1924.

[20] Martin C, Arahal M R, Barrero F, et al. Multiphase rotor
current observers for current predictive control: A five-
phase case study [J]. Control Engineering Practice, 2016,
49: 101-111.

[21] Kautsky J, Nichols N K, Van Dooren P. Robust pole

assignment in linear state feedback [J]. International

Journal of Control, 1985, 41(5): 1129-1155.

| AEEE

PRexfb(1983—), o, HEEY:
DGy, Wik, BlEER. W5 B
PR AR 5% REfEHH . BE-mail: chenhuig
1 2183@126.com,

EXUE(1981—), i, PR
b, JEEEE, Wk, RIEdR. BT
i ) B FH AR E-mail : wangshI2181
@126.com,



