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Sensorless model predictive torque control using
sliding-mode model reference adaptive system observer for
permanent magnet synchronous motor drive systems
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Abstract: A novel sensorless model predictive torque control (MPTC) strategy is proposed for the three-phase per-
manent magnet synchronous motor (PMSM) drive system with sliding-mode model reference adaptive system (MRAS)
observer. Making use of techniques of MRAS and sliding-mode, we design a sliding-mode MRAS observer to improve the
estimated speed accuracy and enhance the system robustness. In order to reduce the torque and flux ripples and improve
the control performance, we employ the MPTC strategy in the approach. Numerical simulation validates the feasibility and
effectiveness of the proposed scheme. In comparison with the sensorless MPTC involving MRAS observer, the proposed
MPTC with sliding-model MRAS observer provides stronger robustness and achieves satisfactory torque and speed control.
Meanwhile, comparing to the sensorless direct torque control (DTC) and sensorless field-oriented control (FOC), we find
the proposed sensorless MPTC reduces the average inverter switching frequency and decreases the total harmonic distortion
(THD) of the phase current, and thus improves the industrial reliability.
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Fig. 1 Block diagram of sensorless MPTC system using sliding-mode MRAS observer
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Fig. 2 Block diagram of the sliding-mode MRAS observer
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applied at 0.2 seconds
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Fig. 8 Dynamic responses of sensorless MPTC using MRAS observer when load torque is changed to 0.3 N - m at 0.4 seconds
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Fig. 9 Dynamic responses of sensorless MPTC using sliding-mode MRAS observer when load torque is changed to

0.3N - m at 0.4 seconds
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Fig. 10 Speed comparison between MRAS and sliding-mode MRAS observer in the case of stator resistance variation
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Fig. 11 Speed comparison between MRAS and sliding-mode MRAS observer in the case of stator inductance variation
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Fig. 12 Dynamic responses of sensorless MPTC using MRAS observer in the case of speed change
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Fig. 13 Dynamic responses of sensorless MPTC using sliding-mode MRAS observer in the case of speed change
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Fig. 14 Dynamic responses of sensorless DTC using sliding-mode MRAS observer when load torque of 0.2N - m is

applied at 0.2 seconds



52 JRTT 0 Ak T BRI 2 S I U 5% ) I T P A Tl — AT 7RI )20 PR LR T e A ) 159

1200 T T T T T T T T 0.6 T T T T T T T T 0'08 T T T T T T T
1000} 05f i 0.06 - |
g - 0.04} 1
£ so0f { g8 04r 1 o oo
g Z 03 s
£ 600} 1% . Z o000} 1
= w02 ® 002k |
2400 | {1 % © 00
#® R | -0.04 - .

200 1 ool 006k |
0 1 1 1 1 1 1 1 1 _0.1 1 1 1 1 1 1 1 1 —0.08 1 1 1 1 1 1 1
00 02 04 06 08 10 0.0 02 06 08 10 008 004 000 004 008
t/s t/s ¢,/ Wb

(a) He T ey

(b) HEREm N

(c) & T bR

15 $idkfEt =0.2sHON - mAIE N 0.2 N - mitf e T-HIHEMRAS B2 AT PMS MG [ A FOC R ZE )y A5 .
Fig. 15 Dynamic responses of sensorless FOC using sliding-mode MRAS observer when load torque of 0.2N - m is

applied at 0.2 seconds

F 1 Bl —54E40K(0.0291) F 34745 4] ok
WALIE ) 2 449 14 3T 28-F 3 TF KA F
Table 1 The average inverter switching frequency
for three control schemes with
the same torque ripple of 0.0291

PSR HES BN
MPTC 49.66
DTC 50.47
FOC 51.55

422 W & W B Kk H(THD) b #(THD
comparison of the phase current)

THD R AEAH WL A 5 AN R B R 23 2 SR,
BT LUK S LB L. th i AR S8 TR
FEWERT AR R B e U DRk AR 5 kS
HSCHER B U EAIR D, i AV AR IR THD Fia b
SRR .

BT FIFEHAEMRAS LI 2, % T 43 5l R FH 3
P 1 SRS R FONLIR B R ¢, B S R A I 2 8, A
F3AH N 3 42 1 2R 8 B AT [R)A: B 20 AR 45 T SR MR,
X J5 ) FIMATLAB$E it [/ Powergui FFT I B4 i1
SR LR s U AR 5 B BRI 5 Z UM R AR
SHF K60 Hz), N3 THDFE b5, 2245 T 15
[Fi] — AR 2% T AN 2.(49.66 kHz) FEUE T 3Fh s il 5
W A LIK B RS THD TR ARx] 4 2R

MR T, A H R A iR

1) MKE6ME7E H: Joie K HIMRASHLI ¢ it
ST BIMRAS UL &, BT Bt HIPMSM G Ji 44 8%
AMPTCIKB)) R Ge# /& A€ 1K, Pfili v 1R 4 1 e
PRIERSE € S5 e, i A2 i G e Re g W Sl
FBUEM.

2) K TMRASUMIZS A BIMR AS LI 35 1) 65
Pk L

@© YA, W L e K8, Jf L4
K79, W LU e J 5 2 0 2 MPTC FL LK
BN ARG, R 5E T HERER SR B U T i W
DMEEMPTCHIN AKX R Ge 255, AL, HHEMRASH
W25 EEMRAS LIS T A BB e ) 29,

@ HPMSMIE T HIBH R L&A LI, 3l it 1510
LT, 7 LUE i 1 BMRASYL I #5 EEMRASH
M H S EIN B R ER (R S I )2, € T
IR L E 1 F B S0 3 G e 52 1 28R B W
2, JRRE TS RGN M 3 5E T HUBRE).

@ MLE S LA, T L B 1200 K]
13, AT LUA H: ST MRASHLIIAS L LMPTC R4t
FHEEG, JET- 1 BEMRAS ML &5 LA IMPTC 3 4t 1133
FERRFRG REAE TR AL SO

£ 2 Bl —if B BIKINE (49.66 kHz) T34+

F2 ) Rk W AUIR 3) & 449 THD

Table 2 THD of the current for three control

schemes with the same average inverter

switching frequency of 49.66 kHz

Ja il e HIFALE B R FTHD
MPTC 46.74%

DTC 73.18%

FOC 95.80%

3) S FMPTC, DTCHIFOC 3Fhf4 il 5 LA

O MET, 14150 R 1A LUE H: ARk 2 Ak
SIATERERTHE , 5DTCHIFOCHALIKS) REALL,
MPTC HEHLERS)) 22 5 fig I 1 PRI AR 28 T AR

@ L FR20T LA Y 78 AT R R AR 28 T ¢
44 F, 5 DTC Al FOC HL LUK 3) & 48 M L,
MPTCHHLIKS) RGEfe W% PR THD TR 5.

ZE LR, A TSR W BT e vh 1 2 T A
MRASHLI# PMSMUGH FEAL I E MPTCIR 3] 52 48



160 7

E

N H 324

Fare . AT RUrahasrkae, H s HHR v B ATk
AN 2 AV N = ¥ e S X W W [ L Rt S S U
FEORARZE L P/ FF IR, P/ DAH FL R THD, ZE1 42
ARG

5 458 (Conclusions)

ASCHE T HEF- M AR MR AS VLI 2% 1) I35 55 4
JEAIMPTC/K il 7] 20 B NLIK Bl &R 48 1 vF g 1. &5
HrMRASFIE AR G5 R AR ) MR AS WL 5 H
A R U R B R B 3l e 0, MPTC3R
W REAE Yok N RE R RES0NE, % RGBS YERE, A
IR PR AT AR 8 T OG0 FE. 1 EEWE SR W] 5MRAS
MDES AL, HIIMRAS WM A bk, AT
FRG IR B R IR R AR Ha ), 5 DTCHIFOC
5 T S AH bE, MPTC S BEJsk/ >0 AR 48 T AR |
AT OCHFE, dhimdem R ] Stk

W NS R e B Sl R N/ (VA WO 1D B R
FATIZAT (1) LIRS T R &, 3K AN AP R
RS OLR, PR SR T TVS o
FEIEZRIFAR N BIMPTC /K [0 ALK B R Gk
Y ] S EE B R T TVS TEA% 5% 31 5 T g
MRAS AW 2 1) 58 T ] P P ik 9 2 X el 2 28
E e A AN (S Y

S 3C#k (References):

[1] ZHU Z Q, GONG L M. Investigation of effectiveness of sensorless
operation in carrier-signal-injection-based sensorless-control meth-
ods [J]. IEEE Transactions on Industrial Electronics, 2011, 58(8):
3431 —3439.

[2] FOO G, RAHMAN M F. Sensorless sliding-mode MTPA control of
an IPM synchronous motor drive using a sliding-mode observer and
HF signal injection [J]. IEEE Transactions on Industrial Electronics,
2010, 57(4): 1270 — 1278.

[3] ACCETTA A, CIRRINCIONE M, PUCCI M, et al. Sensorless con-
trol of PMSM fractional horsepower drives by signal injection and
neural adaptive-band filtering [J]. IEEE Transactions on Industrial
Electronics, 2012, 59(3): 1355 — 1366.

[4] LEIDHOLD R. Position sensorless control of PM synchronous mo-
tors based on zero-sequence carrier injection [J]. IEEE Transactions
on Industrial Electronics, 2011, 58(12): 5371 — 5379.

[S] CUPERTINO F, PELLEGRINO G, GIANGRANDE P, et al. Sensor-
less position control of permanent-magnet motors with pulsating cur-
rent injection and compensation of motor end effects [J]. IEEE Trans-
actions on Industry Applications, 2011, 47(3): 1371 — 1379.

[6] BOLOGNANI S, CALLIGARO S, PETRELLA R, et al. Sensorless
control of IPM motors in the low-speed range and at standstill by
HF injection and DFT processing [J]. IEEE Transactions on Industry
Applications, 2011, 47(1): 96 — 104.

[71 YANY,ZHUJ G, GUO Y G. Initial rotor position estimation and sen-
sorless direct torque control of surface-mounted permanent magnet
synchronous motors considering saturation saliency [J]. IET Electric
Power Applications, 2008, 2(1): 42 — 48.

[8] MORALES-CAPORAL R, BONILLA-HUERTA E, ARJONA M A,
et al. Sensorless predictive dtc of a surface-mounted permanent-
magnet synchronous machine based on its magnetic anisotropy [J].

[9]

(10]

[11]

[12]

[13]

(14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

(22]

[23]

(24]

[25]

IEEE Transactions on Industrial Electronics, 2013, 60(8): 3016 —
3024.

JANG J S, PARK B G, KIM T S, et al. Parallel reduced-order ex-
tended Kalman filter for PMSM sensorless drives [C] //Proceedings
of IEEE Industrial Electronics Society Annual Conference. Orlando
FL: IEEE, 2008: 1326 — 1331.

SMIDL V, PEROUTKA Z. Reduced-order square-root EKF for sen-
sorless control of PMSM drives [C] //Proceedings of IEEE Indus-
trial Electronics Society Annual Conference. Melbourne, VIC: IEEE,
2011: 2000 — 2005.

JANISZEWSKI D. Load torque estimation in sensorless PMSM drive
using unscented Kalman filter [C] //Proceedings of IEEE Interna-
tional Symposium on Industrial Electronics. Gdansk: IEEE, 2011:
643 — 648.

ORLOWSKA-KOWALSKA T, DYBKOWSKI M. Stator-current-
based MRAS estimator for a wide range speed-sensorless induction-
motor drive [J]. IEEE Transactions on Industrial Electronics, 2010,
57(4): 1296 — 1308.

KANG J, ZENG X, WU Y, et al. Study of position sensorless con-
trol of PMSM based on MRAS [C] //In Proceedings IEEE Industrial
Technology Conference. Gippsland, VIC: IEEE, 2009: 1 —4.

ABU-RUB H, KHAN M R, IQBAL A, et al. MRAS-based sensor-
less control of a five-phase induction motor drive with a predictive
adaptive model [C] //Proceedings of IEEE International Symposium
on Industrial Electronics. Bari: IEEE, 2010: 3089 — 3094.

CHU J B, HU Y W, HUANG W X, et al. An improved sliding mode
observer for position sensorless vector control drive of PMSM [C]
/IProceedings of IEEE Power Electronics Motion Control Confer-
ence. Wuhan: IEEE, 2009: 1898 — 1902.

CHI S, ZHANG Z, XU L Y. Sliding mode sensorless control of direct
drive PM synchronous motors for washing machine applications [J].
IEEE Transactions on Industry Applications, 2009, 45(2): 582 — 590.

VELUVOLU K C, SOH Y C. High-gain observers with sliding mode
for state and unknown input estimations [J]. IEEE Transactions on
Industrial Electronics, 2009, 56(9): 3386 — 3393.

NGUYEN Q D, UENO S. Improvement of sensorless speed control
for nonsalient type axial gap self-bearing motor using sliding mode
observer [C] //Proceedings of IEEE Industrial Technology Confer-
ence. Vi a del Mar: IEEE, 2010: 373 — 378.

JAAFAR A, GODOY E, LEFRANC P, et al. Nonlinear sliding mode
observer and control of high order dc-dc converters [C] //Annual Con-
ference of the IEEE Industrial-Electronics-Society. New York: IEEE,
2010: 180 — 186.

KIM H, SON J, LEE J. A high-speed sliding-mode observer for the
sensorless speed control of a PMSM [J]. IEEE Transactions on In-
dustrial Electronics, 2011, 58(9): 4069 — 4077.

SABANOVIC A. Variable structure systems with sliding modes in
motion control-A survey [J]. IEEE Transactions on Industrial Infor-
matics, 2011, 7(2): 212 —223.

YU X H, WANG B, LI X J. Computer-controlled variable structure
systems: the state of the art [J]. IEEE Transactions on Industrial In-
formatics, 2012, 8(2): 197 — 205.

YU X, KAYNAK O. Sliding-mode control with soft computing: a
survey [J]. IEEE Transactions on Industrial Electronics, 2009, 56(9):
3275 - 3285.

LIU J, NONDAHL T A, SCHMIDT P B, et al. Rotor position estima-
tion for synchronous machines based on equivalent EMF [J]. [EEE
Transactions on Industry Applications, 2011, 47(3): 1310 — 1318.
QIAOZ W, SHIT N, WANG Y D, et al. New Sliding-Mode Observer
for Position Sensorless Control of permanent-magnet synchronous
motor [J]. IEEE Transactions on Industrial Electronics, 2013, 60(2):
710 -719.



2

JHeTT 0555

o TR 2 3 N R 5% ) G T A s — A 7RI ) 20 PR LR T A ) 161

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

FALME, TR, XUFFI. A AN LG A e R e T R
GEIBVT SOP R (7], $2HIE R 5 N, 2012, 29(2): 199 - 204,
(WANG Lipeng, ZHANG Huaguang, LIU Xiuchong. Integral back-
stepping controller in the sensorless vector-control system for perma-
nent magnet synchronous motor [J]. Control Theory & Applications,
2012, 29(2): 199 —204.)

KIM H, SON J, LEE J. A high-speed sliding-mode observer for the
sensorless speed control of a PMSM [J]. IEEE Transactions on In-
dustrial Electronics, 2011, 58(9): 4069 — 4077.

YUAN L, XIAO F, SHEN J Q, et al. Sensorless control of high-
power interior permanent magnet synchronous motor drives at very
low speed [J]. IET Electric Power Applications, 2013, 7(3): 199 —
206.

LEE H, LEE J. Design of iterative sliding mode observer for sensor-
less pmsm control [J]. IEEE Transactions on Control Systems Tech-
nology, 2013, 21(4): 1394 — 1399.

GAETA A, SCELBA G, CONSOLI A. Sensorless sensorless vector
control of PM synchronous motors during single-phase open-circuit
faulted conditions [J]. IEEE Transactions on Industry Applications,
2012, 48(6): 1968 — 1979.

PREINDL M, SCHALTZ E. Sensorless model predictive direct cur-
rent control using novel second-order PLL observer for pmsm drive
systems [J]. IEEE Transactions on Industrial Electronics, 2011,
58(9): 4087 —4095.

RASHED M, MACCONNELL P F A, STRONACH A F, et al. Sen-
sorless indirect-rotor-field-orientation speed control of a permanent-
magnet synchronous motor with stator-resistance estimation [J].
IEEE Transactions on Industrial Electronics, 2007, 54(3): 1664 —
1675.

KONGHIRUN M, XU L Y. A Fast transient-current control strategy
in sensorless vector-controlled permanent magnet synchronous mo-
tor [J]. IEEE Transactions on Power Electronics, 2006, 21(5): 1508
—1512.

WANG G, YANG R, XU D. DSP-based control of sensorless IPMSM
drives for wide-speed-range operation [J]. I[EEE Transactions on In-
dustrial Electronics, 2013, 60(2): 720 — 727.

BERNARDES T, MONTAGNER V F, GRUNDLING H A, et al.
Discrete-time sliding mode observer for sensorless vector control of
permanent magnet synchronous machine [J]. IEEE Transactions on
Industrial Electronics, 2014, 61(4): 1679 — 1691.
GHAZIMOGHADAM M A, TAHAMI F. Flux estimation by asym-
metric carrier injection for sensorless direct torque control of
PMSM [J]. Power Electronics and Drive Systems Technology (PED-
STC), 2012, 2(1): 44 - 50.

KAR S, MISHRA S K. Direct torque control of permanent magnet
synchronous motor drive with a sensorless initial rotor position es-
timation scheme [C] //2012 International Conference on Advances
in Power Conversion and Energy Technologies (APCET). Mylavaram
Andhra Pradesh: IEEE, 2012: 1 —6.

BUJA G S, KAZMIERKOWSKI M P. Direct torque control of PWM
inverter-fed AC motors-a survey [J]. IEEE Transactions on Industrial
Electronics, 2001, 51(4): 744 - 757.

KOURO S, CORTES P, VARGAS R, et al. Model predictive control—
a simple and powerful method to control power converters [J]. I[EEE
Transactions on Industrial Electronics, 2009, 56(6): 1826 — 1838.
MIRANDA H, CORTES P, YUZ ] I, et al. Predictive torque control
of induction machines based on state-space models [J]. IEEE Trans-
actions Industry Electronics, 2009, 56(6): 1916 — 1924.

PREINDL M, BOLOGNANI S. Model predictive direct torque con-
trol with finite control set for pmsm drive systems, part 2: field
weakening operation [J]. IEEE Transactions on Industrial Informat-
ics, 2013, 9(2): 648 — 657.

AGUILERA R P, LEZANA P, QUEVEDO D E. Finite-control-set
model predictive control with improved steady-state performance [J].
IEEE Transactions on Industrial Informatics, 2013, 9(2): 658 — 667.

[43] GEYER T. Model predictive direct current control: formulation of
the stator current bounds and the concept of the switching horizon [J].
IEEE Transactions on Industry Applications, 2012, 18(2): 47 — 59.

[44] GEYER T. A comparison of control and modulation schemes for
medium-voltage drives: emerging predictive control concepts ver-
sus pwm-based schemes [J]. IEEE Transactions on Industry Appli-
cations, 2011, 47(3): 1380 — 1389.

[45] GEYER T. Model predictive direct torque control-part I : concept,
algorithm, and analysis [J]. IEEE Transactions on Industrial Elec-
tronics, 2009, 56(6): 1894 — 1905.

[46] TENG Q F, WANG J Y, ZHU J G. Fault tolerant model predictive
control of three-phase permanent magnet synchronous motors [J].
WSEAS Transactions on Systems, 2013, 12(8): 385 — 397.

[47] GARCIA CE, PRETT D M, MORARI M. Model predictive control:
theory and practice—a survey [J]. Automatica, 1989, 25(3): 335 — 348.

[48] ZHANG Y C, ZHU J G, XU W. Predictive torque control of per-
manent magnet synchronous motor drive with reduced switching fre-
quency [C] //International Conference on Electrical Machines and
Systems (ICEMS). Incheon: IEEE, 2010: 798 — 803.

[49] GEYER T. Generalized model predictive direct torque control: long
prediction horizons and minimization of switching losses [C] //Pro-
ceedings of IEEE Conference Decision Control. Shanghai: IEEE,
2009: 6799 — 6804.

[50] HU J, WU B. New integration algorithm for estimating motor flux
over a wide speed range [C] //The 28th Annual IEEE Power Electron-
ics Specialists Conference (PESC). St. Louis, MO: IEEE, 1997: 1075
—1081.

[51] KIM S K, KIM J S, LEE Y I. Model predictive control (MPC)
based direct torque control (DTC) of permanent magnet synchronous
motors (PMSMs) [C] //IEEE International Symposium on Industrial
Electronics (ISIE). Taipei: IEEE, 2013: 1 - 6.

[52] ZHU Z Q, UTAIKAIFA K, HOANG K, et al. Direct torque control
of three-phase PM brushless AC motor with one phase open circuit
fault [C] //IEEE International Electric Machines and Drives Confer-
ence (IEMDC). Miami, FL: IEEE, 2009: 1180 — 1187.

[53] UTAIKAIFA K. Performance comparison of DTC of open-circuit
fault PM BLAC motor based on modified voltage and current model
flux estimators [C] /2011 International Conference on Electric In-
formation and Control Engineering(ICEICE). Wuhan: IEEE, 2011:
6369 — 6372.

[54] TENG Q F, ZHU J G, WANG T S, et al. Fault tolerant direct torque
control of three-phase permanent magnet synchronous motors [J].
WSEAS Transactions on Systems, 2012, 11(11): 465 — 476.

[55] PAPAFOTIOU G, KLEY J, PAPADOPOULOS K G, et al. Model
predictive direct torque control-part II: implementation and experi-
mental evaluation [J]. IEEE Transactions on Industrial Electronics,
2009, 56(6): 1906 — 1915.

e A~
HH  (1964-), Lo, B2, WL, TEUOr RIS S

TR LIRS R G415, B-mail: tenggf@mail.lzjtu.cn;

WEE  (1988-), B, WLAFFTAE, FERFFH7 10k HpLAz s
FHAL RS R 2 5712, E-mail: bai_jian_yong @163.com;

REE  (1958-), 55, #d%, 1L, IBEER 4 b, FHERFFT )7 In)
SR LB S CIRBN R Gl REEAT RN e S iR i
3BT MG SRR AR BT L W R ) R R VR R AR,
E-mail: Jianguo.Zhu@uts.edu.au;

WHN  (1965-), 53, FIEH%, Wiz, IEEEmZ & i, EEEHIT
1)k B ot S AL . OIS R Gzl WAkl i g, vy
WA EAE 474, E-mail: Youguang.Guo-1@uts.edu.au.



