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Improved robust model predictive torque control of a permanent magnet synchronous motor
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Abstract: There are shortcomings in the traditional model predictive torque control (MPTC) strategy of a permanent
magnet synchronous motor, such as large pulsation, poor anti-interference ability and repeated debugging of weighting
factors. Thus an improved robust MPTC strategy based on an active disturbance rejection controller (ADRC) is proposed.
First, a speed loop ADRC controller is designed, and a continuous and smooth new fa/ function is introduced to further
improve the control performance of the ADRC. Then, a value function without weight coefficient is designed to optimize
system control performance while simplifying the design process and solving the problem of weight factor debugging.
Finally, two-step prediction is used to reduce the influence of delay on the control system and improve the control
accuracy. Simulation and experimental results show that the proposed improved robust MPTC strategy effectively reduces
system pulsation and improves the control performance and parameter robustness of the system.

This work is supported by the Basic Research Program of Shaanxi Natural Science Foundation—Shaanxi Coal Joint
Fund (No. 2019JLM-51).
Key words: permanent magnet synchronous motor; predictive torque control; active disturbance rejection control; value

function; robustness

0 385

TR [E] 25 B AL (permanent magnet synchronous
motor, PMSM)FE {8 H A RRA i 4 )32 B H T Wi K
FiLAS s BTRERIR RS AR, oy kgt
JUT IR E, TER T k&1 (vector control, VC)
AN L He #5701 4% 1] (direct torque control, DTC)# K 4%

BEEWE: &4 f AT EmB RIS A 2R
B %8 (2019TLM-51)

OFEH SRS b, DTC BLE ML E T-HEsE M
HLR G ] BAr, B I B P ORI Bt
P SR AR T HEA L -0, SEERT FRATL 4 ] o
AT R ESER], DTC A 75 2 a5 i) 25 A0 L
RERARIEETL, B AR, TR IS AL (1) [F]
IR 7 R ER [A] . PRI, DTC SRR s g
AT N RSk 5 5 SN) N LAY A/ (P = R R F
THEIRLEEEEY, AN AE A AR K B K
LS ¥ CEh i g S PN TR il s e S K S et =11 () PR i
R, BN E #l (model predictive control, MPC)



- 156 - B R GARY 524

AR A, BT AR BE RS, X
PR TR ) B RN i . 43 AR U SR A AR
PMSM A5tk i P A2 ) 7 G2 iy i 712,

55 0 T3 U %% 4% 1l (model predictive torque
control, MPTC)#& DTC Al MPC 45 &, H4h #1151,
AT BRI RE, R AR 2 AR 1 R B
iz N — I 2R L R R, SEPU R R
ARG T A%, H28E T DTC il MPC 1)
s, J&—FhA AT SRS, 28] T ARE¥H
HIFF bk, AHE—BHm MPTC ITERE, WL Rt
FAT TIRAWT T RN A R EOB . R0
)R, SCHR[13- 1415 He 58 ARG SEEAT b L AL AL 2E,
VLR ARG VR ZE R e R 22 %, AT 75 3 oA &
BB R E . SCHER[15)R B 4 5 Rl TG 240
T, AEZRTHRDR — AT N =2
JER B, 4 R R A SR B AL G i 5
BRI R, JHB T MPTC FIRLE R%. SCHk
(1615 H 1 SR 425 1l A 5 B = R B 7, AR
W dq %l PRSI A R A R A E R
(4 [R) I 25 ) T 36 4B ARG RE Ik 3h o/ T AR S
R . AR RGP ENFIE = Ra s hIERe, SR
(17138 38 A 2 i e O i, e H F R R 7 T
ARSI AT, IR PR BRI AR
PSS Yk INFE R RIS % BN I R A K B B2 )
FePE . SCHR[ 18142 H AR R FnT 1 1 BE 48 Fn VTl
PREL, BT RGMKsh. SCHR[191R AR 2
Tl ash &M E KRR R EES, DUE TRBEMEL
FEARZENTIAN, 3 NIk F R R R I TR R A R
i, HFERESEIIMAZRRE, & T HEHEmN
N7 () TR B 5 B T BhAS T RE RV R ik Bl . SCRR[20]
R4 TG 2 A 35 1 S 45 30 F — J& R 3 B o R 2K
P UBNISIDANRE N CNAN N ey MU VAR (G
A RN T AR K AL BE SO0, R T RGN
EREVE. TRV B IR R, AR fE X i 0E
FRGEE BRI, el Mg ie R NG s R
o 25 LRI RE 2 LA T B AR R B, (AR
FEPOGE B A0 B (1) R B2 i T AR ERE . SCRR[22]
P& = O IR PO R 2 o SR, TR LT R
IR MR RS, $EHBTI A ST
T ZEIES], AR NS, e T RS
A8 o BRI Ik R X6 AL S A, SCR[23)
$E H —Fh RS v AR FEUATL S B0k T 1Y) S 28 Y0 6
PR SRmS, LT P B A SRS AR P 0 B T A
R, ZIRISTE S BUREL RIS 7 RE SRS BARS H
) SRR R B PO AL, SCHR[240 9 H — P gt v B
A ARSI R E B, ORI T

R R ZE I B B IR AR 2R
XL 48 MPTC SRRk K HrF4Rae i 2.
P DR 75 S RS r) d, ARSCHR T RT A
$t35#1] (active disturbance rejection control, ADRC)H]
MPTC #lg, it | #d 3 ADRC #1Hil4%, itk 7
PL 25 RGUHT RN, FETIN T —FhiELE A1
W fal KL, B 4EE T ADRC (R RE,
[FI Bt 7 — M E REBMME R EL RS
FEHIERE R A A 7B AR, RS T RGERE
HITERE I S B E .
1 R
AR PMSM ARFFIN G, N T 3RS
PMSM TG E 2=, 75 Z Rk T B i b
P, I8 K AT A BRI AT B, AR ARG A,
S5, AR,
dc  x(k+1)— x(k)
& _MED-xH (M)
d T
e x(k) o x(k+1) 233 0 A aidEm F .~
ARG HPRE LT T, R .
1E dq ¥R R T, PMSM fJHLE T RE N
%=&g+g%%—ggg
wt @)
u, =Ri, +L, d_;+ o,Li, +oy;
e, v ou, PRIONETHIER dv g B i, -
L BN T IR do g BAYRE: L. L, A0
EFHIRN dy g #ir B o, N THRMIERE; RN
JEFAHHIE sy, AR BENRE -
R A 7] Rz 2 20 PT 45 B I PN 5 2 A 2R Dy
ayu, (k) —ay,i, (k) +
a,;0,i, (k) }

i,(k+1) =id(k)+7;|:
ayu, (k) —ayl, (k) +j|
(3)

5@+n=g@9+z{

Ay, @01, (k) - @ O ¢

1 R, L,
au:L_d’alz:L_daan:L_d
a, = ! a R a L, a !
20 T oUp Ty = Uy =T
Lq Lq Lq Lq

ETHE E v, w, TSR

wy(k+1)=Lji,(k+1)+y,
w,(k+1)=Li (k+1)

Xty w, w, DANE THEBELE dv g BT &

4)



PR, & JKHERIS B e Y S PR Y T 4 S 4 1| - 157 -
e ) T 2 0 g, HpHEEE 2 .
nw+n=§pmzw+n 5) u

b TONHBEESE: p LRI .
R (3)—aR(S)HI T PMSM A TR AR

2 &% MPTC 154155 1%

PMSM 144t MPTC S0 R FR G 1 frow, A7 LL
B, HEARGEF DTC RGFEAMA, KX
BIET MPTC 5%+ ] MPC #8340 7 DTC
H A | 2R A R .

©w
~
@
&
<

Dyog L I ! ‘; >
Wl o> JE}
;
K
T.(k+1) v, (k+1)
Uy, E:
\4

wr
Vo~ V;
—>

[E 1 PMSM &% MPTC 5B RIEAEE
Fig. 1 Principle block diagram of PMSM
traditional MPTC strategy

4 MPTC WS (64 2 % (1R 1 P28,
HCTE PRI VIR TR S B 25 5 8 RS DU,
SIS RA AN AR B 57 AR
T 753 2R 5 43 1 4 S Ao

45 MPTC LLSE F R A0 B R e 47 o AR
e, DRI, HOA (A R A TR P
LA BT IR AR, BT A EA R ROk
5 H A5 5. 55 MPTC IHME B ¢ A

g=[T"" —T.(k+ 1|+ Al —y,(k+D|  (6)

A T Wl RN LR E T LR 2
HAH; w NE THEBERE; A NBUE R

A B ZEFM ARG RIVERE, — R UE FAE AT
BUERGEER LB E PR REYME, fEDEIERt |,
LA AN SLIG AWK, SRAF R A AU R EL

3 ET ADRC ¥i#t#IZ# MPTC KHBE

3.1 ADRC-MPTC %E& 2 A1ERE]

f&4; MPTC SEISAFTERKBI R PLF4kae i 2.
B R 7R B R F AT, SUFER, L
SHUR A A R AE S B R Gesh A5 B A RS PERE
MR U], AR —MIET ADRC # MPTC
WG RIER PMSM HIghd. faadtkge i THiae

YVYY

e :

AAA

i,(k+2)

T for 7 s

2 ADRC-MPTC RREHEE]
Fig. 2 Block diagram of ADRC-MPTC strategy

H P 2 7%, ADRC-MPTC Sl 3= % b s 3F
E Uil 4. P 2 A8 ek 2055 4 k-
3.2 HEFBmMMITHIER LT

n By ADRC #2288 Gk 3 fros, HAEh
ER R 2% (tracking differentiator, TD) 3 7KHR &M
M % (extended state observer, ESO)F1HEZE MR AR
7= 4% 14 (nonlinear states error feedback control
laws, NLSEF)3 #7340, AL LMEET ADRC A
AT IR AT

d(r)

NLSEF g L

A 4

ESO |«

3 n B ADRC {£HI25 4549
Fig. 3 Structure of n-order ADRC controller
1) TD: PAvA/ERHIA v~ v, N E) TD BR
B AT LR IR N

e=v,—v

v, =V, +hv,

v, =v, + hfh

Jh = fhan(e,v,,r,h)
RHF: e NRGMNTHRZE; b A fhan RECDK; 7
hy 533N fhan eREURE LR T FIUER 15 fhan 4
Pl LR i hl kAL @) FR.
>a

O

rsign(a), |a

fhan = — ®)

r£,|a|<a
d

K av d¥WRFEREG o NIEHFET; sign()
RFF5 R



- 158 - B R GARY 524

2) ESO: RGUREZRmASIE b THdFEnT

e=z -y
f, = fal(e,0.5,0); f, = fal(e,0.25,0)
z, =z, + h(z, - f€) ©)

Z, =z, + h(zy — B, f, +byu)

2.3 =z;+ h(_ﬂosfz)

Ref: oz ARGHHIES y 4 ESO WIEEI5 S,
2 Az MO S & ERBER T 2, T 0%t
R 2,2 2, 00z 2. W7
S Bo~ B~ Bos BIRREE R fal EEURES

|e|a sign(e), |e| >6
fal(e,a,8) = 51: <s (10)

3) NLSEF: L TD A1 ESO % S S 115 2 N
AR AR A &, |

€=V -z

& ="—5 (1)

u, = B fal(e,a,,0)+ B, fal(e,,at,,5)

X, e e ¥WARGIRE: u, NRGEEHIE: B

B BINREREG ) a, 4 fhan BREIVIIERA T
4) PhiMEILFE: BL ESO it R4 e hsh =

AMERGE R E u, , Rl

Z3
b
K u ARBEANE; b NFEE REL.
ADRC Z FrUlBA RIFMHTTHHtae 11, £2FE N
FLRENS SEI S T M RGBT RIS SE, M
98/ 0 BEAHKTH LB 0 43 1) 22 487 SR K152 o
RV ADRC #5428, K BHLE 3 7 2
MEN

(12)

u=u,

@ =p-T./1J+d(1) (13)
K o RRHVMABRER— S5 p KRB
W H J SRR R d() RoRSFLBh, W
AL T, A2 AR B B AL PN 38 S 508 b 51 A2 1
s,
R, ARG RE AN A H 208 T
HNLARER R o TESEhatEtl RaH, MBI T &
B TAEARBE AN E T R A 484k, LS E AR L
SRS, XL F) 2 B3 RS
PERE, RIL d () $ RN RG22 84830 .
JHJEIR ADRC il #HAE K & 4 fros, Hl—

Fr TD. NLSEF f1 —FrdE£k M ESO ZH 1%

d(t)

v

e VSIT

4 REF ADRC $54| SHHEE
Fig. 4 Block diagram of speed loop ADRC controller
HEEMR ADRC v, TD by i 2 9 85 #i0 F 1%
i

fhi= fhan[@, (k) = @ (k), @ (k),r, ]y ]
o, (k+1) = o, (k) + T.a, (k) (14)
@, (k+1)=a; (k) + T fh
Xt o, o ARG SHERE, TSR
59 o ATELENHMES.

HRGANSZ BT, K SRS i
HIBE R, hofIIUE AT AR T, BB R EA RS T
T, % h=1W, RERIEHAREERRE, 4
By TN, ZR ST B I B B I AH R ER 1 RE 1Y 5,
RZINR e r WA o HIERERTERE, 4 r IR/NET,
WA - BEOK,  PRERE AP PR AT, 2 - BER
— R, AR PRI E 2= K. W BLE H, b
A FENE 22 G0 08 M PR A R HP9 & AH B 2, 7T
DARR 428 11 R 5 (1 1tk B R T TR Le 40, AT
PR SRR TR 2 TR o i

Wi (14), o AT TR o,
PRI e PR L7 A bR B fhan (1 R3X 50N
Sfhan =—r(a/d —sign(a))s, — rsign(a)
a=(a, +y—a2)sy +a,
d=rh’,a,=hx,,y=x +a,

o =TT 03
a, =a, +sign(y)(a, —d)/2
s, = [sign(y +d)—sign(y— d)]/2
s, = [sign(a +d)—sign(a — d)]/2
X, x v xn, BHRGRE.
#it\(13), BEHEUY ESO T it N
e(k)= o, (k)—o.(k)
z,(k+1) = z,(k) - T. 3, fal(e(k), . 5)
f(k)=z,(k)~ B, fal(e,a,5) +bT, (k)
o, (k+1)=a,(k)+T f(k)

(16)



oo

R SF

KRG R Sk T 5 A R I e o 2 ) - 159 -

X o, N o, FETHE;  e(k) N o, M o, Z 18] 1
MIRZE; 2, (k) ARG B SIS AL THE; B B,
£9 ESO IFEHI S HAEIRAKREE EUE T R4t
BN FRE . EANERIE, B B, BB IR T
PR R GURFEIS (], A5 RAFES AR [, R ot
FAE, Wal LMERAAFER g A0 g, , B BEAE
(1 B, A0 B, » TIE RGRAT I ENERE: b TG E REL
T, R I E .

fal RS RGN EHRE VIS, A GEAR LN fal
BRI R IR R RURN 23 B R S, (HILAE 7y BURI I
THEAFE, BTG, shZESEM-PIPE, #Em
R GERE . L, FEARSCH, RAMARZAE fal
B st o, HOES HA
fisine— f, tane, [¢| <&

l(e,a,0)=1<" ., .
Jalte,a,0) {|e| 51gn(e),|e|>§

0" —ad* " -cos’S-tan S (17)
fl = - 3
sin” &
fe 5%cosd —ad® " sins
: sindtan’ &

R¥E TD #1 ESO Ky, NLSEF )& #0712
Wit N
{4@=q¢@—&%) as)
7;* = p fal(e(k),a,,06,)—z,/b
K, 6 NFRE RE, TR 5 A 42 i ROR
KK, 0<a, <1, 6=001.

3.3 FmERY

FEPIHAT T B2 ), R a s s
IR, M RGHIERIVERE . N T B E R X )
RAMFEM, ASCRAWIE T, SEIXT RS
TR, $Em ARG REREE . PE I E R &
BN 5 Frome P20 TN A2 28— 20 T 2R 47 L A £ b
%, B OPTWIN SRR BRI ERE, AR
T iH R4

iA

|

|

|

Etibgs |

¢ >

it (k+1)

|
|
u,, (k) !
|
kT, (k+ 1),

E 5 ALl ERE
Fig. 5 Schematic diagram of two-step prediction
HATSCAT AN, 72 dg R RN, (k+1) I ZE T
FL I R FIEINAE Dy

(k+27,

lg(k + 1) = id (k) 4 T; [allud (k) - alZid (k) +J

a0, (k)

ayu, (k) —ayi, (k) +

a,,0,i, (k) —a24a)e(//f]

Ay @ daalhi, i RITRE.

W (K + 2) B Z1) 5 5~ BRI B TN

ayu,(k+1)—a,i) (k+1)+

ay @i’ (k+1) J

aﬂu4k+4)—ang(k+1)+J

D
ay@,iy (k+1)— a0y,

(19)
gm+n=mm+n(

i§(k+2)=i§(k+l)+Ts[

i;’(k+1):i;’(k+1)+T{

20
QO (k+2) Hﬁﬂ%ﬂé&’fﬁﬁ@?ﬁwﬂﬂf(@;
wik+2) = L,if (k+2) +y,
wP(k+2)=L,i°(k+2) 1)
wP(k+2) = \Jwi(k+2) +y](k+2)
Ayl v, SN, v, TAE; P Ny, 1
T LB L
e i 1 TR 7. (22) BT
I+ 2)=2 pyid) k+2) 22)

X, TPONT, HTIGIAE .
3.4 MERFLZIT
&4 MPTC g, HBIFEESHEEKA P
el g, HAT B OB, RSO ENE
W5 2% H K 2 ADRC #Hil#s, &R AREIIT
FHaeS, mRG R, ¢ BHRKSEE N
2L
3py;
A, T RHRHEEN S %M.
W€ F RIS S ZERE I N

= Jwl LT Spy )T (24)

AT WAL, A4 SR A 5] A (56

R STEE IR . (EFTRRAN R, SR
HELT, P U

.ref
q

(23)

T=2pwoi =Splwllifeoss  @9)

K i NETFHRKRE; ¢ Ny, Ai Z B,
1E dg HMEr R T, QRSAIHETH
z:%mgg+%@+%5) (26)



- 160 - B R GARY 524

RSN N N A AL S S PR S R e A )
Trrefy\j
ref _3 (l//sref)z _‘//f2
Lo =yp—

F(27) KT E T (4% 1) A AL Rt R B
R, G, R E R T E TR T R N
AR,

Q)X (26) AT 15, SN R B FAE

T2+ 2) =2 pLLE G-+ 20 +yrif 6+ 2) + Lk + 27

@7

(28)
AR, S g WA
g =T =12 (ke +2)| + |17 - TP (k+2)| +

(29)

ir (ke +2) a7 (ke + D
K TP(k+2) TP (k +2) 73 )9 B RESE HE F0 B
FERRAE (K + 2) I Z1 0 P04 -

Q) H: AP Al SEI T FLRE % 56 N E 1
WEEE I PORBRER, TRIE T REMBIAERE: RfE—
T — AN E L R AR, 8 F IR I R R 2 A /)
1, AR FES T BB I RHR . Ah, A0
MBI A T BEARE K7, A TSN
PR BCRE S T B R IR R

4 HES5XE

4.1 {FEIE
N T KIFHEH ) ADRC-MPTC $E0& A %50k,
7£ Matlab/Simulink #F b5 75#8 @455 MPTC F
ADRC-MPTC [ EAEAL, MFETH, FAE AT AE
5 THGH X P e S 320475 B 7T 17 B R G5
# 1 R
=1 HERGEH

Table 1 Simulation system parameters

ZH A
e R U, IV 220
WU F53E n/(r/min) 1200
HIUE R 1, /A 3.3
BUE A T, /(N - m) 9.6
x4 p 4
SEF LB R /Q 2.87
BT HESE v, /Wb 0.1827
dgfh& L, L/ 0.0085
AR J(kg-m®) 0.0008

EHERNSET, LFEHERDRES MPTC
1 ADRC-MPTC FIf B an &l 6 FE 7 fraw.

1000~~~

N, /(r/min)
=Y
f=3 (=3
S 3

|

I

|

=z =z
555 E
583 3

—_

T/(N - m)
S wn OO N A N0 OO
|
i |
|

iJA

i

L
=

02 04 0.6 0.8 10
t/s

(=)

6 FIRRTEHMELG MPTC {HEK
Fig. 6 Simulation waveform of traditional MPTC

when the speed changes suddenly

_1000F ~TN]
g TN, m 10005
=  600f
= ‘ 1000.0
= 200 999.5 f
0
10
_ —
g 6t :
Z
S 4r
S /\ /\
0
10
5_
< on A
st
“10 . . . .
0 0.2 0.4 0.6 0.8 1.0

tls

B 7 #%iRRTRT ADRC-MPTC HEE
Fig. 7 Simulation waveform of ADRC-MPTC when
the speed changes suddenly

HE 6. B 7 07%0: HEE RN L5 MPTC
TR I SE PRSI ATAE — 2 M, 110 ADRC-MPTC 5K
brid vl G R P ERBE S X T R, 4
B RARI), A48 MPTC HYHEM 978 (E N 8 Nem,
ADRC-MPTC 5 1) 4B A% 4t MPTC #4555 58748
] 60%.

Kl 8 AT 9 % E LS R 1 51 AR I A%
4t MPTC il ADRC-MPTC Fi EE I, £ 0.3 s f10.4 s
A9 6 Nem A 4 Nomo  HIEATEN, 24581
#4498 MPTC SRS B RIH 22T 994 t/min, %
B> B NS HEEN 0.6%, HEEERYEE
6.7N-m, ¥%MEMBEFENSHELIEN 11.7%; 1
ADRC-MPTC #3588 %41 998 r/min, ¥/ b A



FK ) AL S TR 5 A TR N e R ) - 161 -

SHEEHEN 0.2%, HABAEIRIRIRIEH 251

1000
:‘5\ 1005
E 1000
= 995
=
990
0
10 . 8
L I |
e 8 Il or
= ! ‘ .
€ 4 1 ol !
=~ ! | I
2 = 2 i
0 P L J
10
5.
< o
-5
-10

(=1

0.2 0.4 0.6 0.8 1.0
t/s

8 AR RS MPTC {HEK T
Fig. 8 Simulation waveform of traditional MPTC

when load mutation

1000 \
1000
999
998
997

N, /(r/min)

0
0 T |
- 8 N ! [V
8 6 }_1‘ 6|[ I
< 4 i 4 :
&~ 2 | | |
L 2 ewhned |
0 L |
10
W=
,5_
-10
0 0.2 0.4 0.6 0.8 1.0

t/s

9 fa#ZRIEART ADRC-MPTC {HEK
Fig. 9 Simulation waveform of ADRC-MPTC

when load mutation

TERE LS EC R, 448 MPTC F1 ADRC-MPTC
FRASEF B 10 A1 11 fros. B A%
TSI LG MPTC Fs ik s RN, PR nr LA
LU M BR BE 2 25 Bl R RE U B Y LR
[-0.4,0.3]N'm, HAMEN 0.4 N'-m, ASHHEHN
20%; FIETAE4 MPTC, ADRC-MPTC #4331
BN, SebRER ] DAMERERIE S R, R ES
FER R ENVE R N[-0.2, 0.2] N-m, i KfEA 0.2 N-m,
NSHEFHEN 10 %; AT WARAR, Tk iEiE e
¥4, ADRC-MPTC & 13 sh#f b A& 5t MPTC %
N, PERETE AR R .

ML BRI K B ARG B S R A AN )
TR IAZALN, 448 MPTC 1 ADRC-MPTC (K1
PR aE 12 fE 13 frs. HEWE, LS
RS, TN, 55 MPTC [1)#H
I T KBTS, SUEFER, BREFEHE CAREIREE
HZ%E, Mamthil 7 EREAE, %5 MPTC
2 ) 1k )™ B AL, COEHEIEH TAE. SR,
ADRC-MPTC 3R el LLIEH TAE, #. ¥R
RS EE, MAERBEERET, SENSHEs
X} ADRC-MPTC Fl& = A= B 52 [ 5200

XTLEE 12 FTE 13 v LLE H, 48 MPTC 3ig
IS H &R 2, Tl ADRC-MPTC 5% BAG o
MSEE M, BHLSEE— R N 2R,
g B2 R A I RE

1000.5
)
§ 1000.0 Py s AR AAANA A A A A A A4 A At
\\,_} Dl Al il L AD A U B4 A AL aaliuid A e adidi e s A d
=
999.5
2.5
E
2
:J

<
N AVAVAVAVAVAVAN

0.5 0.6
tls

10 &% MPTC RASIHEREF
Fig. 10 Steady-state simulation waveform of traditional MPTC

1000.5

1000.0 pvvv

N, /(r/min)

TN -m)
(3]
=

<
:< 0 N\/WW

0.5 0.6
t/s

& 11 ADRC-MPTC F2&{HE K
Fig. 11 Steady-state simulation waveform of ADRC-MPTC



-162 - L EY N AR
_ HAH; X THHR, £4 MPTC 1 ADRC-MPTC
£ Hem (0 DETE 2 A % —Hf, (FAIELELTT %, ADRC-
= MPTC S0 AH FLI ) B BE /)N

~ I/N-m)
N N OO [\8} B (=)}
|
|
|
|

0.2 0.4 0.6 0.8 1.0
t/s

E 12 BASHEUEES MPTC (TEK
Fig. 12 Simulation waveform of traditional MPTC when the

motor parameters change

N T T
1000 - ' .
ic) — [
|
:i 600 | -
2- |
200 | '
0 1
8
—~  6f
=
z 47
= 9
0
10
6 L
< 2 ‘
:< -2 F l

0 02 04 0.6 0.3 10
/s

13 B ST ADRC-MPTC {HEE R
Fig. 13 Simulation waveform of ADRC-MPTC when

motor parameters change

4.2 LINIE

i — IR A MPTC 58 5 0% DL % 364iF
ADRC-MPTC ZEH& a7k, #5487 PMSM SL46-F
G, W E WK 14 fron. SLIMNEE. BRI
A AS TUAN J7 T 6 LA 78 AN ] 42 1] S s A P A
HET 56 E ADRC-MPTC SRS ¥ v 47 P AR ek

TERE HLSEUT ,, ££88 MPTC fil ADRC-MPTC
WS ) 2 F LI I an i 15 FE 16 Fiows

ML 1S AT LU H HATL 25 BT S, 4548 MPTC
TR % T H B 2, ) ADRC-MPTC JLT-%
HHBUETE, AL SR E T DR L R pE 2

MR A RARHT, ££48 MPTC Al ADRC-MPTC
RS S IR B 17 A 18 Fiox. MAHH R
TR EAE A [ ] LLE Y, AR AETRARRS, 1
%4 MPTC %433 100 ms #5406 B HERFE S %A,
HEMHNksh#K, M ADRC-MPTC X754 40 ms ¥
FEEHT IR S % (H HEL AR R /N . SRR, 7
ZRET, 4 MPTC MHIR BRI K, E5LER
%, 1M ADRC-MPTC AHH BRI F /N, 1EiZER -
Al AR T4 4 MPTC, ADRC-MPTC EA 5 i-1)
AR

14 LR ERE

Fig. 14 Figures of experiment installings

’

3% /(500 (r/min)/div)

/(2 s/div)

(a) e idi
E
e
<
E
/(500 ms/div)
(b) MY

15 ZHEJES MPTC $5iR AR IR LI R
Fig. 15 Speed and phase current experimental waveforms of

traditional MPTC under no-load condition



PR, S KIEIR) A EOL S TR A R T e R - 163 -

#3/(500 (t/min)/div)

/(2 s/div)
(a) eHP T

AHHL/(2 A/div)

#(500 ms/div)
(b) HH AL
16 ZSEFT ADRC-MPTC $5iRFIHEE R SL IR
Fig. 16 Speed and phase current experimental waveforms of
ADRC-MPTC under no-load condition

= r

S

g

Z | m !
N

e

&

#

/(100 ms/div)
(a) kT

z

=

<

e
2
by
=

/(1 s/div)
(b) AH BRI BT
=
2
<
&, o -
2
=z /(10 ms/div)
(c) A LR FF B

17 SAERERIMEGE MPTC $5 3B FNAH R SR SCU K 2
Fig. 17 Torque and phase current experimental waveforms

of traditional MPTC when load mutation

-E\ ;|
o m /
E “ '
Z o
S
:CU‘;.J
®
#/(100 ms/div)
(a) HHE Y
=
3
<
Q
2
=

(1 s/div)
(b) LI TE

#/(10 ms/div)
(o) HHHLRTTHIE
B 18 fa#383ERT ADRC-MPTC §: 5B ANAHEE T SC 00K 2
Fig. 18 Torque and phase current experimental waveforms of
ADRC-MPTC when load mutation

L LS ER A R R R AN AL G
MPTC 1 ADRC-MPTC 5256y B 19 A 20
i

FH P 19 AT, RS HURFRE LN M 38 R
SRR, 4 MPTC SRIgZid 200 ms J5, HHE
HHRBEH S, HEMHNKSECR, i ADRC-MPTC

A2 A/div)

z

=

g

Z e

S

®
#/(100 ms/div)
(a) FLIRPL I

=

5

<

g = «

B

=z (100 ms/div)

(b) FH R BT
19 SHKE. HEEERETES MPTC LXK
Fig. 19 Experimental waveforms of traditional MPTC when

parameter mismatch and load mutation



W) &Gk B

- 164 -
g
Z | A
g
w
#
#/(100 ms/div)
(a) Heli 0
z
=
<
g WA
S

/(10 ms/div)
(b) FH ALV IEIE
20 BHKREC. HIEEEIERE T ADRC-MPTC SERR 2
Fig. 20 Experimental waveforms of traditional ADRC-MPTC

when parameter mismatch and load mutation

il A7 50 ms FAERT DURBE 2510, HAGE
JikahEN: HIEFER, %4 MPTC SRS ROAR FRIUAR A
7 B AR H AT B B, 1T ADRC-MPTC
SRS (AR LT I T ) S iy 22 L 1 5% B2 B

5 £ip

1) X% 4 MPTC 5l R4uhka k. fitHhae
DT, AP —F T ADRC kit Ay
4 MPTC 0% o

2) B AL Gt fal BREL R = 35 S AP 1 )
GIN—FOES: H 0 fal A 304
7 ADRC [1:RE .

3) &5 A& G A48 bR AA7 75 AL E &R 40 H R R
B, Wit T MR E RN E RS, Eil
TR .

4) 3B A5 EASZLE, B1E T ADRC-MPTC 4%

SRS AR T R Gehksh, $Em 7 RGNz HIvERE
MSHE L
B33k

(11 &F%1E, MbkE. 2T 2808 &N 8K R P LG

ZH T AR SID]. B TREEAR, 2023, 42(4):
175-184.
SHU Chaojun, LIU Linzhi. Parameter-adaptive dead-beat
predictive current control of permanent magnet synchronous
motor[J]. Electric Power Engineering Technology, 2023,
42(4): 175-184.

(2] RSt BHEE, RAF, 5 BESHKEK PMSM &
PETCZEF T s R[], B R S HEAR SR, 2023,
38(4): 113-122, 168.

LONG Dan, TANG Runzhong, WU Gongping, et al.
Robust deadbeat predictive current control for PMSM

[3]

(4]

(5]

(6]

[7]

(8]

[9]

[10]

considering parameter mismatch[J]. Journal of Electric
Power Science and Technology, 2023, 38(4): 113-122, 168.
MRt 2E, 5K, R, 5. B RIEEHEME TN
K B L AR 3 A AT AL [D]. RO DR R,
2023, 42(3): 196-205.

CHEN Zhenfei, LI Jiayu, FAN Chenyang, et al. Analytical
modeling of armature magnetic field in spoke-type
permanent magnet machine considering saturation of
magnetic bridge[J]. Electric Power Engineering Technology,
2023, 42(3): 196-205.

BN, BRI, R, & — ok T ROW I S
PMSM KEEHIF T[] ARG 5456, 2021,
49(16): 104-111.

CAO Yali, CAO Jun’ao, SONG Xin, et al. Research on
vector control of PMSM based on an improved sliding
mode observer[J]. Power System Protection and Control,
2021, 49(16): 104-111.

VEOLIE, 1K, AR, 25 ZHIKRERD B LR H A
F IR R BB [T]. B RG RIS, 2022,
50(23): 104-111.

XU Guanda, XIAO Fei, LIAN Chuangiang, et al. A vector
control strategy using a single current sensor for a three-
phase permanent magnet synchronous motor[J]. Power
System Protection and Control, 2022, 50(23): 104-111.
TP, AR, THER, S SR K R A R LR
BTN BB 3 ) SEms [, bR SR (E SRR
Jiix), 2020, 40(6): 666-672.

SU Dandan, LI Haodong, YIN Yanzhou, et al. Improved
model predictive direct torque control strategy for permanent
magnet synchronous motors[J]. Journal of Hebei University
(Natural Science Edition), 2020, 40(6): 666-672.
GULZAR M M. Designing of robust frequency stabilization
using optimized MPC-(1+PIDN) controller for high order
interconnected renewable energy based power systems[J].
Protection and Control of Modern Power Systems, 2023,
8(1): 180-193.

FH, SN, EJEhE, 5. HETARERRINE
1 A 7 B [R5 LR K B3 (7). FELL S5 4% 1 R,
2020, 47(8): 13-18, 28.

LI Zicheng, YI Yawen, WANG Houneng, et al. Torque
ripple suppression of permanent magnet synchronous motor
based on finite set current predictive control[J]. Electric
Machines & Control Application, 2020, 47(8): 13-18, 28.
aE, B, W, 55 BT AROERR K LR
H LS EE TS R R[], B TRESAR, 2021, 16(3):
9-16.

GUO Xin, YAN Liming, TIAN Shun, et al. Robust
predictive torque control of PMSM using self-correcting
model[J]. Journal of Electrical Engineering, 2021, 16(3):
9-16.

A, kR —, S, 5 S8 RER =il
AR K MG [R) A F LR RS T A FE AR U 0], LR 2
#, 2016, 31(20): 83-92, 110.

XIA Changliang, ZHANG Tianyi, ZHOU Zhanqing, et al.
Model predictive torque control with switching table for



oo

R SF

KRG R Sk T 5 A R I e o 2 )

- 165 -

[11]

[12]

[13] fE

[14]

[15]

[16]

[17]

[18]

neutral point clamped three-level inverter-fed permanent
magnet synchronous motor[J]. Transactions of China
Electrotechnical Society, 2016, 31(20): 83-92, 110.
BHETE, RN, JERtl, &5 AKHEIRD LA B it
I 4= AL [, FB AL S 45 R, 2023, 50(4):
16-25.

LI Yaohua, QIN Hui, SU lJinshi, et al. Optimization of
cascaded model predictive torque control for permanent
magnet synchronous motor[J]. Electric Machines & Control
Application, 2023, 50(4): 16-25.

JHAL, MOVRTE, JEERS, 5. KBERE AR E A X
KBTI R [T]. B RG R SRR, 2023,
51(6): 63-72.

ZHOU Li, SHANG Zhibo, ZHOU Yuepeng, et al. Low
complexity dual-vector predictive current control for
permanent magnet synchronous motor[J]. Power System
Protection and Control, 2023, 51(6): 63-72.

EKER, 206, AR, 5. Bk Rk ) 2D L
RUTRI AL AR 4 w0 [7]. 91FE Tl K22 24, 2022, 36(2)
15-23.

XIONG Yongyue, LI Guangzhong, SHI Chuandong, et al.

Improved model predictive control of permanent magnet
synchronous motor[J]. Journal of Hunan University of
Technology, 2022, 36(2): 15-23.

B, XIVE, dGAEER. — AR KR P AL
BRORAS SRR BTN B B A (0], AL S ] 224k,
2020, 24(8): 33-43.

LI Yaohua, LIU Yang, MENG Xiangzhen. Finite control
set model predictive direct torque control of surface
permanent magnet synchronous motor[J]. Electric Machines
and Control, 2020, 24(8): 33-43.

s, RS, BEAI. AKHEIR A B AL A AR B T
B H]. b E AL AR 2R, 2017, 37(16):
4800-4809, 4905.

ZHANG Xiaoguang, ZHANG Liang, HOU Benshuai.
Improved model predictive torque control of permanent
magnet synchronous motor[J]. Proceedings of the CSEE,
2017, 37(16): 4800-4809, 4905

LM, DL, BREL S, S KR AU A
BRI L AR A I T]. LS i 2230, 2022, 26(1):
1-8.

SHI Cenwei, MA Hongru, CHEN Zhuoyi, et al. Fuzzy
turning of weight coefficient in model predictive torque
control of PMSM[J]. Electric Machines and Control, 2022,
26(1): 1-8.

A, A SR KGR AP B A T B e
). %Hﬁﬂiﬁaﬁﬁzow 19(12): 60-67, 74.
NIU Feng, LI Kui, WANG Yao. Model predictive direct
torque control

of permanent magnet synchronous

machines[J]. Electric Machines and Control, 2015, 19(12):

60-67, 74.

PR, MIAR, ZESL, 5. T HORIE S K #E R
A LA RS SR B T A (7], AL
EHIZER, 2021, 25(9): 94-103.

LI Yaohua, YANG Qidong, QIN Yugui, et al. Predictive

[19]

[20]

[21]

[22]

[23]

[24]

torque control for permanent magnet synchronous motor
based on dynamic finite state set model fuzzy control[J].
Electric Machines and Control, 2021, 25(9): 94-103.
=5, IN, FER, & ET SRR R KEER
A2 HUUR AR SO0 % 4 4 b (0], B R 24, 2023,
38(21): 5749-5757.
LAN Zhiyong, LUO lJie, LI Yanhao, et al. Model
predictive torque control of permanent magnet synchronous
motor based on fast selection table[J]. Transactions of China
Electrotechnical Society, 2023, 38(21): 5749-5757.
Xk, FhEER, MO, . ok KOs A 5 AL
R R R TN AR R I 3], LS IR, 2021,
48(6): 30-36.
LIU Shuxi, SUN Chaojun, DU Wenrui, et al. Improved
dual-vector model predictive torque control for permanent
magnet synchronous motors[J]. Electric Machines & Control
Application, 2021, 48(6): 30-36.
XU, v Bk, AR [ 25 F AL oS A 2 T B e e
FEHID]. LSRR, 2020, 24(1): 10-17.
LIU Shen, GAO Lin. Improved model predictive direct
torque control for permanent magnet synchronous motor[J].
Electric Machines and Control, 2020, 24(1): 10-17.
ZRERK, BEEM, B, S BT HIL R E PR
PR KT )25 FO L = 2R R B R T e 42l (0], R
AZEHR, 2022, 37(7): 1666-1678.
LI Xianglin, XUE Zhiwei, YAN Xueyu, et al. Voltage
vector rapid screening-based three-vector model predictive
torque control for permanent magnet synchronous motor[J].
Transactions of China Electrotechnical Society, 2022,
37(7): 1666-1678.
JAHE, BKS, B, % RASHERMERKEER
AP FUL e B TR A T AR (D], P HOR 2R, 2018,
33(5): 965-972.
ZHOU Zhanging, XIA Changliang, CHEN Wei, et al.
Modified predictive torque control for PMSM drives with
parameter  robustness[J]. Transactions of China
Electrotechnical Society, 2018, 33(5): 965-972.
JSL, ZE5i0H, RS, % 2T GPIO HIKWiFILH
NUBR UM 42 0 (], W00 R R 51, 2023,
51(6): 145-153.
ZHOU Li, LI Jingming, ZHOU Yuepeng, et al. Model
predictive torque control of permanent magnet synchronous
motor based on GPIO[J]. Power System Protection and
Control, 2023, 51(6): 145-153.

FSHER: 2023-07-09;

&EI BEA: 2023-11-26

fEH N
RWER1977—), B, i, #&, BRI A AHEHIE
B, T a LR R EMTEE. wHEF

# K; E-mail: hhch1@126.com

0%

B R 99T—), B, @, MERLE, FAS
@, 7 i, FFe i s FH AR, E-mail: sawher1997@163.com
(%#E R B



