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Sensorless control of PMSM using an improved quasi-type-1 phase-locked loop
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Abstract: Traditional quasi-type-I phase-locked loops ( QT1-PLLs) in sensorless control systems for permanent magnet synchronous
motors ( PMSMs) suffer from decreased rotor position estimation accuracy as operating conditions change. They also struggle to balance
dynamic response speed and steady-state accuracy. To address these challenges, we propose a parameter-adaptive phase-locked loop
(PLL) method based on an improved QT1-PLL structure. Building on the conventional QT1-PLL topology, we introduce a frequency-
adaptive hybrid filtering mechanism by cascading an adaptive notch filter with a moving average filter. This combination effectively
suppresses estimation errors and noise disturbances caused by frequency fluctuations while maintaining high filtering efficiency under
complex operating conditions. By coupling this hybrid filter with the QT1-PLL, we create the adaptive hybrid-filtering QT1-PLL ( AHF-
QT1-PLL) , which coordinates back-EMF filtering and harmonic suppression. This significantly enhances the system’s robustness and
stability , especially under low-speed operation, wide speed variations, and load disturbances. Compared to the traditional QT1-PLL, the
proposed method significantly improves dynamic tracking performance during fast speed changes and ensures high rotor position
estimation accuracy during steady-state operation, effectively balancing dynamic and steady-state performance. Simulation and
experimental results show that the AHF-QT1-PLL outperforms the traditional QTI1-PLL across a range of operating conditions,
demonstrating higher rotor position estimation accuracy, reduced steady-state errors, faster dynamic adjustment, and stronger disturbance
rejection and harmonic suppression capabilities. These results confirm the effectiveness and reliability of the AHF-QT1-PLL under both

dynamic and steady—state conditions, offering strong engineering application potential and practical value for optimizing sensorless control
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strategies in PMSM.
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A REA M 0.3 VilEA 0.1 Vi A
ZEAN
iR 2EE TRz iR 2 TR 2 fETFRZEME fThREIEE
AHF-QT1-PLL 2.3 3.1 2.8 4.3 2.2 3.0
MAF-PLL 2.5 3.1 16.2 27.5 8.3 14.2
or (&l 28 HE—ER B AL B A THE PO T 4R )45 0 1) ok

B3 /(r-min™)
IS

i /s
&l 26 R B S vt B ) R TR

Fig. 26  Torque waveform during step increase and decay

&l 27 AT, AHF-QT1-PLL 7£ %4> 17 #5284k T
T A BE R AR b, A H B Sk A R O RS AR
BB BRAS AN G R R 30, Bl R S BIRR S

~ _1s520f
=
51510» - SRR HE
11 500 Miapndhitirmemtadynds Vhosaiyisysision b
&]490> 1 L 1 1 1 1
0 1 2 3 4 5 6
B 18 /s

F27 A AHF-QT1-PLL (3 REAS T
Fig.27 Speed-estimation response of the AHF-QT1-PLL

under load variation

PR W LI IR 22 A I 0.5 rad , Ui W] BT
J7 GRAG IEW 5 B8 L AR A 8 0 Al T B R
HABE G R

2
1
(U T T e L e
1F
0 I 2 3 4 5 6
i /s

P28 AL T AHF-QTI-PLL HyFs 707 B iR
Fig. 28 The rotor position-estimation error of the AHF-QT1-PLL

AL E R Z A T /rad

under load variation

EEXT PMSM JC % il 38 G 2E AR i 1 100 T o
Fl TR BEAR A ()R, 5 8 T —Fh 36 F el QT1-PLL 4544



9

TR G5 T R — BB B ) A R IR A0 HL LG o7 A e ol 309

[ PMSM JCA AL SR A5 45 i S s, il 2 X £ 58 QT1-PLL
SRR AT, IS5 6 F IS N A IR AR 5 MAF 1
Y TR [ 38 R S IR DR A5 iR T —Fh AHF-QT1-
PLL 4h$h, 52 BE A% T BRI 2R 3 2 1m0 51 A Al i 22 A
MRS TP, R IE A 2 A T S R A A AL SEE T
FEAR TR T B S et R R G R vk, [RIRHZ 25 H
X S FE B AT D, Vel 3 e X 2R 4 RS BE R R
U5 B 5 S5 45 R A S0F T Ir 2 1 AHF-QT1-PLL 51£4¢
QT1-PLL LMt SRR S ah & &4 FH &K
PREEVERE , BE R T O B A TR R, R il
RE IR S AT R, Ju AR AR S A7 I R B A R
A, IR TE SE PR TR N LA I R T
AXIENS

S 3 Hk
[1] WANG G L, VALLA M, SOLSONA J. Position
sensorless permanent magnet synchronous machine

drives—a review [ J ]. IEEE Transactions on Industrial
Electronics, 2019, 67(7) : 5830-5842.

s EGR, FRERAR. KRR 2D F L JC AL AL s s i
AREEA[T]. BALSTEHINH, 2024, 51(1): 1-13.
ZHANG G Q, DU J H. Review of position sensorless

control technology for permanent magnet synchronous

(2]

motors [ J |. Electric Machines & Control Application,
2024, 51(1): 1-13.

BENEVIERI A, CARBONE L, COSSO S, et al. Surface
permanent magnet synchronous motors’ passive sensorless
control; A review[J]. Energies, 2022, 15(20) ; 7747.
LIX M, YAN Y, XU Y M, et al. Low-speed rotating

restart and speed recording for free-running sensorless

(3]

[4]

IPMSM based on ultrahigh frequency sinusoidal wave
injection[ J ]. TEEE Transactions on Power Electronics,
2022, 37(12) ; 15245-15259.

[5] X%, JE¥. Dk m g R A SPMSM e ' 14 2%
e AR ZE T S D (], P E LT
TR, 2018, 38(14) : 4232-4241, 4329.

LIU B, ZHOU B. Analysis and compensation of position
estimation error in SPMSM sensor-less control based on
high frequency pulsating voltage  injection[]].

Transactions of China Electrotechnical Society, 2018,

38(14) . 4232-4241, 4329.

JEIMR, AR, EFEUL, AR BT RE A U AR

AR RETR) A0 F BILA% R B 52 [0 ). F ML 42 1 2 4

2024, 28(2) . 64-74.

ZHOU L, LIN SH, WANG X H, et al

magnet synchronous

[6]

Permanent
motor based on high-frequency
orthogonal square wave injection method [ J ]. Electric
Machines and Control, 2024, 28(2) : 64-74.

(7]

[8]

(9]

[10]

[(11]

(12]

(13]

[14]

[15]

BT, HAE, SHE. ST UF i PMSM Jife
B EAEM L] BF R AR, 2024,
47(16) ; 41-48.

ZHAO H Y, TIAN W, JI J H. Sensorless composite
control method of PMSM based on I/F starting [ J].
Electronic Measurement Technology, 2024, 47(16) ; 41-
48.

YAO G ZH, YANG Z X, HAN SH J, et al. Full-speed
domain position sensorless control strategy for PMSM
based on a novel phase-locked loop [ J ]. Control
Engineering Practice, 2024, 152. 106058.

SUN H B, ZHANG X Y, LIU X B, et al. Adaptive
robust sensorless control for PMSM based on improved
back EMF observer and extended state observer [ J ].
IEEE Transactions 2024,
71(12) : 16635-16643.

ZEMER, RO, SRiEE, AF. T EGH SMO ) Tk
i IPMSM e Or 8 A T[], AR5 R,
2021, 35(9): 65-72.

LIP F, GAO W G, ZHANG G, et al. Rotor position

estimation of sensorless

on Industrial Electronics,

ipmsm based on improved

SMO[J]. Journal of Electronic Measurement and Instru-
mentation, 2021, 35(9) . 65-72.

ZHANG H, RAN P, ZHANG Z H. PMSM sensorless
control based on super-twisting algorithm sliding mode
observer with the TAORLS parameter estimations [ J].
Scientific Reports, 2025, 15(1) : 22386.

R0, RAR, B, S KRBEIR D B AL W R
ARSI [T]. BT IEEAR, 2023, 46(6) : 37-
43.

LI ANG, YUAN J J, ZHAO F, et al. Improved sliding
mode observer vector control for permanent magnet
Electronic ~ Measurement

synchronous motors| J].

Technology, 2023, 46(6) . 37-43.
QUANG N K, HIEU N T, HA Q P. FPGA-based
sensorless PMSM  speed control using reduced-order
extended Kalman filters [ J ]. IEEE Transactions on
Industrial Electronics, 2014, 61(12) : 6574-6582.

PAL A, DAS S, CHATTOPADHYAY A K. An improved
rotor flux space vector based MRAS for field-oriented
control of induction motor drives[ J]. IEEE Transactions
on Power Electronics, 2017, 33(6) : 5131-5141.
ThRE, 2, TE4, % 5 TER AT 80 1
KGR L LG T B A ek (0], RER,
2024, 25(8) . 18-26.

YU L X, YUAN X, DING G H, et al.

sensorless control of permanent magnet synchronous motor

Research on

based on model predictive method based phase locked



310 DO O a6tk
loop[ J]. Electrical Engineering, 2024, 25(8) . 18-26. [23] AHMED H, TIR Z, VERMA A K, et al. Quasi type-1
[16]  HIZKME, KPR, THEm, 5. T PLL H S A IE AL PLL with tunable phase detector for unbalanced and
BRIy PMSM O st [ 1], It 5 2% distorted three-phase grid [ J]. IEEE Transactions on
s
i, 2020, 34(8) ; 22-29. Energy Conversion, 2021, 37(2) : 1369-1378.
SHEN Y P, ZHENG ZHF, WANG Y N, etal. Adaptive )\ (] ESTAN S, FREIEDO F D, VIDAL A, et al. A
sliding mode observer based on PLL in sensorless control
. quasi-type-1 phase-locked loop structure [ J ]. IEEE
of PMSM [ J]. Journal of Electronic Measurement and
Instrumentation,, 2020, 34(8) ; 22-29 Transactions on Power Electronics, 2014, 29 (12):
[17] MRS, R, EIFR. TR LB 6264-6270.
RGP R [ 7], 24N 22 3], 2025, [25] WANG Y CH, ZHANG H L, LIU K, et al. A forward
46(3) . 307-315. compensation method to eliminate DC phase error in SRF-
JIJJ, CUL'Y L, WANG K Y. Sensorless vector control PLL [ J]. IEEE Transactions on Power Electronics,
of induction motors based on phase-locked loop [ J]. 2022, 37(6) . 6280-6284.
Chinese Journal of Scientific Instrument, 2025, 46(3) H [26] GOLESTAN S, GUERRERO J M, ABUSORRAH A M.
3(?7_315' N B . MAF-PLL with phase-lead compensator [ J ]. IEEE
(18] E&by, @k, T BB PR A W) 2D H LG A% 2% . . .
5 PR Transactions on Industrial Electronics, 2014, 62 (6):
A S A TERE [T ], LS R, 2021, 36913605
48(10) ; 20-28. T
PR
WANG J K, GAO Q. Dynamic performance improvement TEE RN
of sensorless control based on sliding-mode phase locked FHRE 2012 4EF UL R TR 223k 15 2%
loop for permanent magnet synchronous motor [ J ]. 24,2015 4F T ok FRIE TR =R 1 A -2
Electric Machines & Control Application, 2021, 37,2022 4F T AR R FAS 407, R
48(10) . 20-28. Ve PHEE TR 2= R b7, B 58 7 ) A FL AL
[19] CHEN SH, DING W, HU R M, et al. Sensorless control Jrac s
of PMSM drives using reduced order quasi resonant-based E-mail ; yulinxin@ sylu. edu. cn
ESO and Newton-Raphson method-based PLLLJ]. IEEE Yu Linxin received his B. Sc. degree from Shenyang Ligong
Transactions on Power Electronics, 2022, 38(1): 229- University in 2012, received his M. Sc. degree from Shenyang
244. Ligong University in 2015, received his Ph.D. degree from
T I Y 7 TE0 5 B R 3 B
[20] %%’ RIRT, J%%{$’ S HETORR i B BN SR Northeastern University in 2022. He is currently an associate
KRR A AL TC A B AR AR [0 ], P R AL T . N o
X professor at Shenyang Ligong University. His main research
224, 2025, 45(5) ; 1968-1980. . . . . . .
WU CH. WU CH H. KANG L ] LS ' interest includes intelligent control of electrical machines.
, , , et al. ensorless N
ol of . ovnels rors hased RUTCGEARAEH) 2022 4F TR BT
control of permanent magnet synchronous motors based on . . .
o - _ KRR, B D B T2 11
a new high-order phase-locked loop[ J]. Proceedings of A
the CSEE, 2025, 45(5) ; 1968-1980. JUE, BRI T A A =
By
[21] YUL X, WANG D ZH. A hybrid filtering stage-based il
rotor position estimation method of PMSM with adaptive E-mail ; yuanxin(0822@ 163. com
parameter] ] 1. Sensors, 2021, 21(14) ; 4667. Yuan Xin ( Corresponding author) received
[22] WANG Y CH AHMED H ZHANG H L et al. his B. Se. degree from Shaanxi Universily of Technology in 2022.

Feedforward PLLs for motor position estimation using
embedded magnetic encoder[ J]. IEEE Sensors Journal
2024, 24(7) : 10307-10315.

He is currently pursuing his M. Sc. candidate at Shenyang Ligong
University. His main research interest includes sensorless control

of permanent magnet synchronous motor (PMSM).



