
Progress In Electromagnetics Research C, Vol. 149, 25-35, 2024

(Received 11 September 2024, Accepted 11 October 2024, Scheduled 21 October 2024)

Design of Compensated PLL for Position Sensorless Drives
of PMSMs

Lin Han1, Shanshan Wang1, *, Zhonggen Wang1, Xiaobing Zhu1, and Wenyan Nie2

1School of Electrical and Information Engineering, Anhui University of Science and Technology, Huainan 232001, China
2School of Mechanical and Electrical Engineering, Huainan Normal University, Huainan 232001, China

ABSTRACT: To filter out the high harmonic content of the back electromotive force (EMF) in the conventional sliding mode observer
(SMO), a novel flux SMO (FSMO) is designed in this paper. The feedback matrix is designed to replace the external filter or other
modules, and its higher-order feedback characteristics further enhance the convergence of the FSMO. The Lyapunov function is used
to assess the stability of the FSMO. Importantly, a compensated phase-locked loop (CPLL) with an angular compensation strategy is
used to extract both position and speed information, resulting in less speed fluctuation and lower position estimation error. Furthermore,
the simulation model and experimental platform are developed to evaluate the reliability of the proposed method. Both simulated and
experimental results confirm that the proposed hybrid control algorithm performs well in both steady state and dynamic one, high or low
speed of the system, with suppressed harmonics of 50.1% and 7.3%, respectively, and an improved response time of 54.1%, providing a
concrete program for sensorless control of permanent magnet synchronous motors (PMSMs).

1. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) have been
widely applied in computer numerical control (CNC) grind-

ing machines [1] or other intelligent software, due to their
advantages, such as high torque output, elevated power den-
sity, and exceptional energy efficiency. Field-oriented control
(FOC) is a commonly used strategy for PMSM drives that re-
quires precise rotor position information. However, some me-
chanical components, such as encoders, resolvers, andHall sen-
sors, may introducemechanical noise, reducing system stability
[2]. Therefore, position sensorless control methods for PMSM
have become a popular topic in many studies.
Position sensorless methods can be classified into two types:

high-frequency signal injection [3] for zero or ultra-low speed
and back electromotive force (EMF) extraction for medium-
high speed, which includes sliding mode observer (SMO),
model reference adaptive system [4], and extend Kalman fil-
ter [5]. SMO is widely used for position sensorless control of
PMSMs due to its high robustness, immunity to external distur-
bances, and parameter tunability.
In the conventional SMO method, the switching function is

always used to extract the back EMF, and the inherent discon-
tinuous characteristics of the switching function can lead to sig-
nificant challenges in the modulation process, causing the sys-
tem to chatter. Recognizing these issues, [6] introduces a sig-
moid function as a replacement for the discontinuous function
in fault-tolerant permanent magnet motors used in electric ship
propulsion systems. Meanwhile, a control method that com-
bines the piecewise root function with a low-pass filter (LPF)
has been introduced in [7], and the limitations of the LPF cause
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the inaccuracy of the position estimates. To address this, Ding
et al. present an adaptive filter designed to improve the robust-
ness against system uncertainties [8]. Furthermore, to tackle
the phase lag issue in back EMF estimation, a phase-shifting
method is proposed in [9], which helps mitigate phase lag and
enhances the accuracy of back EMF estimates. Although these
advancements have made significant strides, they still face lim-
itations when dealing with inverter nonlinearity. As noted in
[10], neglecting the nonlinear characteristics of the inverter can
result in observed currents containing high harmonics, which
adversely affects the accuracy of back EMF estimates. To
tackle this challenge, some researchers proposed a sensorless
control method based on flux linkage. In [11], a second order
generalized integral flux observe is used for estimating rotor
flux linkages of PMSMs, in which the dc component is lim-
ited to a certain value. Given the urgent need to further im-
prove the accuracy of rotor flux estimates, a novel approach
that integrates rotor flux estimation with a sliding mode ob-
server has been proposed by other researchers. In [12], an adap-
tively tuned observer gain method is proposed that iteratively
employs a flux sliding mode observer within one current cycle,
improving position tracking ability and reducing chatter phe-
nomena. However, the performance of this observer is limited
due to its dependency on parameters. To address this issue, a
modified flux SMOwith a parameter identification algorithm is
proposed, significantly improving the system’s robustness and
parameter identification capability [13]. Building on this ap-
proach, [14] introduces a real-time adjustment of the observer
gain to improve position estimation. Additionally, a control
strategy that uses simultaneous rotor position and flux estima-
tion to eliminate flux warping caused by inverter nonlinearity
is proposed [15].
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The arc tangent function is commonly used to extract posi-
tion and velocity information [16], but its inherent limitations
can cause singularity problems. As a result, phase-locked loop
(PLL) control methods are widely used for position estimation
[17]. In [18], the authors describe the adoption of a second-
order generalized integrator within the PLL to eliminate low
harmonics and enhance position estimation capability. Addi-
tionally, the transfer function of a quadrature PLL is discussed
for rotor position estimation [19], although adjusting the PI pa-
rameters in this controller can be challenging.
Unlike the conventional method that combines the sliding

mode observer with a phase-locked loop, this paper presents
a novel method that integrates a flux sliding mode observer
(FSMO) with a compensated phase-locked loop (FSMO-
CPLL) for the sensorless position control of PMSM. The main
contributions of this strategy can be summarized as follows:

1) Because conventional SMOs contain a high harmonic of
back EMF, an FSMO is designed to minimize rotor flux
linkage distortion. The feedback matrix is designed to re-
place an external filter, and the stability of the FSMO is
investigated.

2) When being combined with an angle compensation strat-
egy, the proposed compensated phase-locked loop (CPLL)
significantly reduces phase lag and improves rotor posi-
tion stability. This improvement results in more accurate
motor control, particularly in dynamic scenarios.

3) Rotor position and speed estimation are performed on a
PMSM-driven platform; experimental results demonstrate
that the proposed method has excellent performance in
eliminating system chatter.

2. CONVENTIONAL SMO
Asmentioned in the introduction, slidingmode control is a vari-
able structure control that can be implemented for both speed
tracking and position tracking. Specifically, for position track-
ing, a sliding mode control law is designed by constructing the
stator current equation to estimate the back-EMF. For instance,
Liu et al. [20] integrated the conventional slidingmode observer
with a phase-locked loop, creating an SMO-PLL system to ex-
tract rotor information. In this system, the SMO is utilized to
reconstruct the back-EMF using phase voltages and currents,
while the PLL tracks the rotor position.
Based on the analyses and taking the surface-mounted

PMSM as the subject of this article, it is assumed that the stator
is a three-phase symmetrical winding, and the stator current
equation in the stationary coordinate system is as follows:{

diα
dt = − R

Ls
iα + 1

Ls
uα − 1

Ls
Eα

diβ
dt = − R

Ls
iβ + 1

Ls
uβ − 1

Ls
Eβ

(1)

where uα, uβ , iα and iβ are stator voltage and stator current;
R and Ls are resistance and stator inductance, respectively;Eα

and Eβ are the extend back EMF in the stationary coordinate
system and satisfy:[

Eα

Eβ

]
= ωeλf

[
− sin θe
cos θe

]
(2)

where λf is the permanent magnets flux linkage, and ωe and θe
are the electrical angular velocity and position angle, respec-
tively.
According to Eq. (2), the extended EMF includes rotor po-

sition information, so the conventional SMO is constructed as
follows:

d

dt

[
îα
îβ

]
=

[
− R

Ls

0

0
− R

Ls

] [
îα
îβ

]

+
1

Ls

[
uα

uβ

]
− 1

Ls

[
k · sign(̃iα)
k · sign(̃iβ)

]
(3)

Taking ĩα = îα − iα and ĩβ = îβ − iβ as sliding mode
surfaces, the stator current error equation is obtained as follows:

d

dt

[
ĩα
ĩβ

]
=

[
− R

Ls

0

0
− R

Ls

] [
ĩα
ĩβ

]

+
1

Ls

[
Eα − k · sign(̃iα)
Eβ − k · sign(̃iβ)

]
(4)

where “ˆ” denotes the estimated value, “∼ ” the error, and k the
gain of SMO. When the state variable reaches the sliding mode
surface, the current error becomes zero, and the back EMF can
be extracted using the sliding mode control law, as shown in
Eq. (5):[

Eα

Eβ

]
=

[
k · sign(̃iα)
k · sign(̃iβ)

]
= ωeλf

[
− sin θe
cos θe

]
(5)

The sliding mode observer gain k satisfies: k > max
{−R|̃iα| + Eαsgn(̃iα),−R|̃iβ | + Eβsgn(̃iβ)}. Since the
discontinuous switching function is used to estimate the back
EMF, an LPF is typically used to filter out the higher har-
monics, and the arctangent function extracts the rotor position
information.

θ̂e = − arctan(Êα/Êβ) (6)

where θ̂e represents the estimated position angle, and Êα and
Êβ are estimated values of back EMF along with α and β axes.
The block diagram of conventional SMO is shown in Fig. 1.

3. PROPOSED FLUX SMO

3.1. Design of Flux SMO
The relationship between rotor flux linkages and rotor angle is:

λ =

[
λα

λβ

]
= λf

[
cos θe
sin θe

]
(7)

where λα, λβ are permanent magnet flux linkage along the α
and β axes, respectively. Thus, the mathematical relationship
between the back EMF and rotor flux linkages is further trans-
formed as: [

Eα

Eβ

]
= ωe

[
−λβ

λα

]
(8)
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FIGURE 1. Block diagram of conventional SMO.

Therefore, Eq. (1) is further written as:{
diα
dt = − R

Ls
iα + 1

Ls
uα + ωe

Ls
λβ

diβ
dt = − R

Ls
iβ + 1

Ls
uβ − ωe

Ls
λα

(9)

In a current cycle, the mechanical time constant is greater than
the electrical time constant, and the electrical angular velocity
ωe can be regarded as a constant, i.e., ω̇e = 0. The rotor flux
linkage equation is expressed as follows:

d

dt

[
λα

λβ

]
=

[
0 −ωe

ωe 0

] [
λα

λβ

]
(10)

Combining Eqs. (9) and (10), the extended state space equa-
tion taking stator current and rotor flux as variables can be writ-
ten as

d

dt

[
i
λ

]
=

[
A11

0
A12

A22

] [
i
λ

]
+

[
B
0

] [
uα

uβ

]
(11)

where i = [iα, iβ ]
T and λ = [λα, λβ ]

T are the stator current
vector and rotor flux vector in the stationary coordinate system,
respectively. The matrices are constructed as follows: A11 =[

− R
Ls

0

0
− R

Ls

]
, A12 = 1

Ls

[
0 ωe

−ωe 0

]
, A22 = ωeJ,

J =

[
0
1

−1
0

]
, B = 1

Ls
I. Unlike the back EMF-based

method, in this article, the rotor flux linkages are used as the
observed object, so the FSMO is designed as:

d

dt

[
î
λ̂

]
=

[
A11

0
A12

A22

] [
î
λ̂

]
+

[
B
0

] [
uα

uβ

]

+

[
I
F

] [
−g · sign(̃iα)
−g · sign(̃iβ)

]
+

[
Hi

Hλ

]
(12)

where F ∈ R2×2 is the feedback matrix, and g represents the
flux SMO gain. Subtracting Eq. (12) from Eq. (11), the obser-
vation error equation is as follows:

d
dt

[
ĩ
λ̃

]
=

[
A11

0
A12

A22

] [
ĩ
λ̃

]

+

[
I
F

] [
−g · sign(̃iα)
−g · sign(̃iβ)

]
+

[
Hi

Hλ

]
(13)

From Eq. (13), ĩ = [̂iα − iα, îβ − iβ ]
T and λ̃ = [λ̂α − λα,

λ̂β − λβ ]
T are the current and flux observation errors, respec-

tively. If the system does not reach a steady state, i.e., the an-
gular rate observing error is non-zero, the observing error ma-
trix is calculated as follows: Hi = ∆A12 = (−1/Ls)ω̃eJλ̂,
Hλ = ∆A22 = ω̃eJλ̂.

3.2. Design of Feedback Matric
According to [21], a model reference adaptive system observer
is used to estimate the rotor position angle. This method em-
ploys an error correction term as input to the observer, contin-
uously minimizing the discrepancy between observed and ac-
tual currents. Following this consideration, the feedback ma-
trix is required to form a closed loop of FSMO. This section
presents the specific design steps. First, when the state variable
is asymptotically stable on the sliding mode surface, the current
observation errors should be zero. The equivalent control law
is derived from the first variable of Eq. (13) as follows:

ueq−i =

[
ueq−α

ueq−β

]
=

[
g · sign(̃iα)
g · sign(̃iβ)

]
= Hi + A12λ̃ (14)

Secondly, by substituting Eq. (14) into Eq. (13), the rotor flux
differential equation can be further derived as:

dλ̃

dt
= A22λ̃+ F(−ueq−i) +Hλ

= A22λ̃+ F(−Hi − A12λ̃) +Hλ

= (A22 − FA12)λ̃+Hλ − FHi (15)

Substituting matrices Hi and Hλ into Eq. (15), Eq. (16) be-
comes:

dλ̃
dt

= ωeJQλ̃+ ω̃eJQλ̂ (16)

The expression of matrix Q is served as: Q = I+ F 1
Ls
, and Q

is required to be equal to lJ. As a result, the feedback matrix
can be written as:

F = Ls(−I+ lJ) (17)

where l > 0 is the feedback matrix gain. Substituting Q = lJ
into Eq. (16), the equation of flux linkages errors can be ob-
tained as follows:

dλ

dt
+ lωeλ̃ = −lω̃eλ̂ (18)

Eq. (18) can be written in the form of a transfer function as:

(s+ lωe)λ̃ = −lω̃eλ̂ (19)

Eq. (19) shows that the pole of the flux SMO is (−lωe, 0)
(where l > 0, the pole falls on the left half of the system, and
the observer is asymptotically stable). The bandwidth of the
observer is lωe, and with the increase of l, the response speed
increases, while the chatter phenomenon will be serious; with
the decrease of l, the speed response decreases, with chatter re-
duction and robustness improvements.
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If a suitable value of l is chosen, the estimated rotor angu-
lar velocity will gradually converge to the real value, while the
observation error of the rotor flux linkages will be zero. As a
result, the flux linkages along with α and β can be served as the
objects to replace the back EMF, which realizes the decoupling
of the flux linkages in the α and β axes. The overall diagram
of the proposed flux SMO is shown as Fig. 2.
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FIGURE 2. Block diagram of FSMO.

3.3. Stability Analysis of Flux SMO
The sliding mode gain g determines the convergence rate of the
state variables, so designing the constant to ensure the stability
of the proposed FSMO becomes critical. Typically, the Lya-
punov function is used:

v = 0.5̃iT ĩ = 0.5
(̃
i2α + ĩ2β

)
(20)

Differentiating Eq. (20) and bringing in the first-order equation
of Eq. (13) yields

v̇ = ˙̃iαĩα + ˙̃iβ ĩβ = − R

Ls
(̃i2α + ĩ2β) +

ωe

Ls
(λ̃β ĩα − λ̃αĩβ)

−g(sign(̃iα)̃iα + sign(̃iβ )̃iβ) (21)

Tomeet the principle of asymptotic stability, there is a condition
that the flux SMO gain g must satisfy:

g > max
{
ωe

Ls
λ̃β ,

ωe

Ls
λ̃α

}
(22)

4. PROPOSED CPLL

4.1. Analysis of Conventional PLL Algorithm
Typically, extracted back EMFs from observers are fed into a
PLL to estimate rotor position and speed, but high harmonics
in the back EMF reduce estimation accuracy. Thus, [22] pro-
poses a flux sliding mode observer combined with a conven-
tional PLL (FSMO-PLL) for improved sensorless control. The
following section provides a detailed explanation of the con-
ventional PLL algorithm, and the block diagram of the conven-
tional PLL is illustrated in Fig. 3.
The rotor flux linkages inherently contain information about

the rotor position. To establish the relationship between the ro-
tor flux linkages and rotor position, the expression for the rotor

sin()
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λ∆
i

p

k
k

s
+

1

s

ˆ
eω

+

-

ˆ
αλ
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ˆ
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FIGURE 3. Block diagram of conventional PLL.

flux linkages is written as:

λ̂ =

[
λ̂α

λ̂β

]
= λ̂f

[
cos θe
sin θe

]
(23)

where λ̂f represents the estimated value of permanent magnets
flux linkage. As shown in Fig. 3, ω̂e and θ̂e are estimates of the
electrical angular velocity and rotor angle, respectively, and the
position error signal∆λ can be derived as:

∆λ = λ̂f sin(θe − θ̂e) (24)

To improve rotor movement velocity, assume that:

∆θ = sin(θe − θ̂e) = θe − θ̂e (25)

Therefore, Eq. (24) can be transformed into Eq. (26):

∆λ = λ̂f∆θ (26)

By analyzing the structure of the conventional PLL, the trans-
fer function between the estimated position and real position is
obtained:

G(s) =
θ̂e
θe

=
λ̂f (kps+ ki)

s2 + λ̂fkps+ λ̂fki
(27)

where kp and ki are proportionality and integration coefficients,
respectively.

4.2. Analysis of CPLL Algorithm
The principle of proposed CPLL: To enhance the performance
of the sensorless control system for PMSMs, this section out-
lines the specific steps of the proposed CPLL. Firstly, a pre-
filter is applied to filter out the harmonics present in the rotor
flux linkages, and the filtered flux linkages are then fed into the
CPLL. A reference speed is added to the integral controller to
improve the dynamic performance of the CPLL. Immediately,
the estimated electrical angular velocity is fed into the pre-filter
stage with the objective of reducing the rotor flux’s high har-
monics. The whole position estimation process is shown in
Fig. 4.
As shown in Fig. 4, the extracted fundamental rotor flux link-

ages equation is expressed as:{
λ̂bα = λ̂f1 cos(θm)

λ̂bβ = λ̂f1 sin(θm)
(28)

where λ̂bα and λ̂bβ are the filtered flux linkages along the α and
β axes; λ̂f1 is the fundamental amplitude of the filtered rotor
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PI current

controller

PI current

controller

ⅠⅡⅢ

Ⅳ
Ⅴ
Ⅵ

PI speed

controller
Ipark

transform

/dq αβ

Pluse Six-phase

inverter

Clark

transform

/abc αβ

Park

transform

/dqαβ

PMSM

FSMO

*eω

dcu

SVPWM

+

+

−
−

+

−

uα

qi

di

uβ

ˆ
eθ

ˆeω

0dI =

ai

bi

ci

ˆ
αλ

ˆ
βλ

NPLL

(block

diagram in

Fig. 4)

uα
uβ

iα
iβ

FIGURE 6. Block diagram of the sensorless FOC based on the proposed
method.

 

TMS320F28335 

DSP
PMSM DC brush motor

Host computer

 

FIGURE 7. Experimental platform.

flux linkages; θm is the phase tracking angle. Differentiating
Eq. (28), the expression containing the position information is
obtained as follows:{

θm = tan−1(λ̂bβ/λ̂bα)

pθm = (−(pλ̂bα)λ̂bβ + (pλ̂bβ)λ̂bα)/λ̂
2
f1

(29)

where p represents the differential operator. Furthermore, the
differential equation for the prefilter link can be written as:{

pλ̂bα = kaω̂e(λ̂α − λ̂bα)− ω̂eλ̂bβ

pλ̂bβ = kaω̂e(λ̂β − λ̂bβ) + ω̂eλ̂bα
(30)

Eq. (23) is used as the input of CPLL, and assuming that θe =
θm, λ̂f = λ̂f1, combining Eqs. (28)–(30), Eq. (29) can be trans-
formed to Eq. (31):

pθm = ω̂e + kaω̂e sin(θe − θm)

≈ ω̂e + kaω̂e(θe − θm) (31)

The linearized model of the CPLL is shown in Fig. 5, and the
control system’s closed-loop transfer function is

θ̂e
θe

=
kakpω̂es+ kakiω̂e

s3 + (kaω̂e + kp)s2 + kakpω̂es+ kakiω̂e
(32)

As the transfer function of the third-order dynamic system, if
the system is kept stable, the appropriate function should be

chosen so that the pole falls in the left half plane. According to
the stability principle, the appropriate polynomial is chosen as
follows:

M(s) = (s+ n)(s2 + 2ξωns+ ω2
n) (33)

where n is the root of this function, which should satisfy n > 0;
ζ is damping coefficient of 0.707; ωn represents center angu-
lar frequency and is set to 0.3ωe. If the appropriate parameters
of kp and ki are selected, the observed position angle will syn-
chronize with the actual value.

5. PMSM SENSORLESS FOC STRUCTURE AND
HARDWARE CONFIGURATION
In this paper, the FOC method with id = 0 is used to simplify
the stator current, and proportional-integral (PI) controllers are
used uniformly in the speed and current loops. Space vec-
tor pulse width modulation is used to generate pulses, which
are then converted into three-phase sinusoidal waveforms by
the inverter. More importantly, the conventional SMO-PLL
method and the method of FSMO-PLL are used to demonstrate
the superiority of the proposed method. The overall diagram
of the proposed FSMO-CPLL for PMSM sensorless control
is shown in Fig. 6. Simulation models are built using MAT-
LAB/Simulink, with specific parameters listed in Table 1.
Figure 7 depicts an experimental platform using the

TMS320F28335 DSP. It consists of four main parts: the
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FIGURE 8. Estimation results of the back EMF and flux linkages using (a) SMO-PLL, (b) FSMO-PLL, (c) FSMO-CPLL.

PMSM and DC brushless motor pair of bracket platforms,
drive control test box, torque sensor, and cSPACE host
computer. In addition, a 2500-line incremental encoder is
integrated to detect position and speed, as well as provide
velocity compensation for the CPLL. Table 2 shows the
experimental parameters of the PMSM.

TABLE 1. FSMO and CPLL parameters.

Parameters Values Notes
g 1000 Sliding mode surface gain
l 3 Feedback matrix coefficient
ka 0.707 Prefilter gain
kp −15 Proportion coefficient of CPLL
ki −30 Integral coefficient of CPLL

TABLE 2. Experimental parameters of PMSM.

Parameters Values Notes
Udc 4.8V Rated voltage
Te 1.27N ·m Rated torque
n 4500 rpm Maximum speed
I 12.5A Rated current
J 0.00003 kg ·m2 Rotational inertia
Rs 0.25Ω Stator resistance
Ld 0.5mH d axis inductance
Lq 0.5mH q axis inductance

6. SIMULATION RESULTS AND EXPERIMENT VERIFI-
CATION

6.1. Simulation Results
1) Comparative results for medium and high PMSM speeds: In
this section, the effectiveness of the proposed control strategy is
evaluated under the condition that the motor runs at 1000 rpm.
Figures 8(a), 8(b), and 8(c) show the estimated back EMF

of the SMO PLL, as well as the rotor flux of the FSMO-PLL
and FSMO-CPLL. Figs. 9(a), 9(b), and 9(c) show the Fast
Fourier Transform (FFT) in the three methods. The results
show that at the fundamental frequency of 60Hz, the total har-
monic distortions in the SMO-PLL and FSMO-PLL are 66.66%
and 35.92%, respectively, while in the FSMO-CPLL, the total
harmonic distortion is 33.29%, which is reduced by 50.1% and
7.3%. It can be explained that the high harmonics in the ro-
tor flux linkages are effectively suppressed due to the intrinsic
filtering properties of the FSMO, whereas the LPF in conven-
tional SMO is not well adapted to different systems by setting
a low-pass cutoff frequency.
Figures 10(a)–(c) are the rotor position and estimation error

profiles for SMO-PLL, FSMO-PLL, and FSMO-CPLL, respec-
tively. Fig. 10(a) demonstrates that the observed rotor position
angle has a significant phase lag, with an observation error of
approximately 0.5 rad. In Figs. 10(b) and 10(c), there is a sig-
nificant overlap between the estimated and real values, and the
estimation error for both is close to 0 rad. Additionally, the es-
timation error with the FSMO-CPLL is smoother, indicating
that the rotor position is more stable. In conclusion, the pro-
posed CPLL with angular compensation significantly improves
the accuracy of the extracted position, aligning with the theo-
retical analysis presented in Section 3.
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(a)

(b) (c)

FIGURE 9. Harmonic analyses of back EMF and flux linkages using (a) SMO-PLL, (b) FSMO-PLL, (c) FSMO-CPLL.
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FIGURE 10. Position and estimation errors at a speed of 1000 rpm using (a) SMO-PLL, (b) FSMO-PLL, (c) FSMO-CPLL.

2) Comparative results at relatively low PMSM speeds: To
further validate the effectiveness of the proposed control strat-
egy, the estimation results with the motor running at a lower
speed of 500 are shown in Figs. 11(a)–(c).
The start-up process is first analyzed using the same PI

controller. According to Figs. 11(a) and 11(b), the speed
curves overshoot to some extent when using the SMO-PLL
and FSMO-PLL; the overshoot amount for both methods is
nearly 200 rpm, and the maximum estimation errors for them
are 290 rpm and 250 rpm, respectively. In Fig. 11(c), the over-

shoot amount is reduced to 50 rpm, and the speed estimation
error is almost 0 rpm.
Furthermore, when the motor has reached a steady state,

there is a little chatter in the SMO-PLL and FSMO-PLL. When
using the FSMO-CPLL, the high harmonics of the rotor flux
linkages are filtered out before speed estimation, resulting in an
estimated speed that is nearly identical to the real one. When a
load of 10Nm is applied in 0.2 s, the absolute values of the esti-
mation errors in the SMO-PLL and the FSMO-PLL are around
72 rpm and 20 rpm, respectively, while the maximum error re-
mains stable at 0 rpm in the FSMO-CPLL.
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FIGURE 11. Speed and estimation errors at a speed of 500 rpm with a sudden load of 10N ·m at 0.2 s using (a) SMO-PLL, (b) FSMO-PLL, (c)
FSMO-CPLL.
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FIGURE 12. Estimation results of flux linkages using (a) FSMO-PLL, (b) FSMO-CPLL at a low-speed operation of 50 rpm.

In conclusion, the high harmonic distortion in FSMO-CPLL
is reduced by 50.1% and 7.3%, respectively, while the po-
sition estimation accuracy has been greatly improved due to
a lower phase lag. Moreover, the starting performance and
load-carrying ability have been significantly improved com-
pared to the SMO-PLL and FSMO-PLL. Therefore, the pro-
posed FSMO-CPLL for PMSM sensorless control is extremely
important, whether at medium and high or low speeds.

6.2. Experiment Results
1) Steady state performance validation: This section presents
the experiment results for FSMO-PLL and FSMO-CPLL,
with the motor running at 50 rpm and starting with no load.
Figs. 12(a) and 12(b) show the estimation results for flux
linkages in the FSMO-PLL and FSMO-CPLL. The results
demonstrate that when the two strategies are applied to an
actual motor operation, the obtained flux linkages take the
form of sinusoidal stable changes, which is consistent with
simulation results. The difference is that the larger the flux

amplitude is in FSNO-CPLL, the more stable the system is,
as evidenced by the smaller jumps in the rotor flux linkages
in Fig. 12(b).
Figures 13(a) and 13(b) depict the results of speed and esti-

mation errors in the FSMO-PLL and FSMO-CPLL. Obviously,
the absolute value of estimation errors in Fig. 13(a) reach ap-
proximately 25 rpm, whereas in Fig. 13(b), the speed profile is
basically consistent with the real one, with the maximum es-
timation errors of no more than 4 rpm. The larger the speed
fluctuation is, the more the system chatters are, indicating that
the FSMO-CPLL outperforms the FSMO-PLL in maintaining
position stability.
Figures 14(a) and 14(b) depict position and estimation er-

rors in FSMO-PLL and FSMO-CPLL. The experimental results
within 3–6 s show that the estimated rotor position in Fig. 14(a)
has a significant hysteresis, and the delay of this method is
about one cycle, whereas in Fig. 14(b), the phase delay is re-
duced by half. Furthermore, the estimation errors in Fig. 14(b)
follow a regular pattern, ranging from−4 to 3 rad. Conversely,
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FIGURE 13. Speed and estimation errors at a speed of 50 rpm using (a) FSMO-PLL, (b) FSMO-CPLL.
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FIGURE 14. Position and estimation errors using (a) FSMO-PLL, (b) FSMO-CPLL.
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FIGURE 15. Estimation results of speed using (a) FSMO-PLL, (b) FSMO-CPLL at an increase in speed from 30 rpm to 50 rpm, then to 70 rpm.

the estimation errors are almost exceeding 3 rad with an irreg-
ular shape, as shown in Fig. 14(a). The irregular variation of
estimation errors in the FSMO-PLL reflects the vicious chat-
tering of rotor position, which is reduced by the FSMO-CPLL.
To summarize the experimental results, Table 3 compares the

proposed FSMO-CPLL method with FSMO-PLL method. The
results show that using the FSMO-CPLL method for sensorless
control of PMSM significantly reduces phase delay, achieves
the lowest maximum speed error, and provides the most stable
rotor position.
2) Dynamic performance verification: Due to the motor’s

uncertainty in various conditions, the effectiveness of the pro-
posed method in a dynamic environment has yet to be ver-
ified. Fig. 15 shows the speed estimation results obtained
using FSMO-PLL and FSMO-CPLL as the motor speed in-

creased from 30 rpm to 50 rpm and then to 70 rpm. According
to Fig. 15(b), as the motor speed increases, the estimation errors
become more compact and show a decreasing trend; the fluc-
tuation range is between 24 and 21 rpm, with a maximum esti-
mation error of no more than 25 rpm. According to Fig. 15(a),
although the estimation errors decrease as the motor speed in-
creases, the instability of the rotor position occurs, shown as
the fluctuation range of 34–25 rpm, and the maximum estima-
tion errors occur at around 35 rpm.
The comparison of Figs. 15(a) and 15(b) indicates that the

higher the speed is, the better the dynamic performance of the
motor is in both methods. The difference is that in FSMO-
CPLL, the rotor behaves more consistently, resulting in greater
PMSM control accuracy. In addition, as the speed increases
from 30 to 50 rpm, the FSMO-PLL’s response time is approxi-
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TABLE 3. Comparison of experimental results of two method.

Control Methods Phase Delay (cycle) Position Error Range (rad) Maximum Speed Error (rpm)
FSMO-PLL 1 −4 to 4 25
FSMO-CPLL 0.5 −4 to 3 4

mately 2.31 s, while the response time for FSMO-CPLL is only
1.06 s, resulting in a 54.1% improvement in system response.
The same happens when the speed increases from 50 to 70 rpm.
Therefore, the proposed FSMO-CPLL achieves faster dynamic
performance with less speed fluctuation, making it an effective
strategy for PMSM drives.

7. CONCLUSION
This paper proposes a compensated PLL controller in conjunc-
tion with an FSMO for PMSM sensorless drives. By consid-
ering harmonics in FSMO, a feedback matrix is constructed to
enhance the accuracy of flux linkages observation, thereby re-
placing the conventional LPF. To reduce phase lag, the angular
rate compensation strategy is applied to the conventional PLL
to improve position accuracy. Both simulated and experimental
results demonstrate that the proposed method significantly re-
duces rotor fluctuations and effectively filters out high harmon-
ics. Notably, even at low operating conditions of the PMSM,
the proposed method achieves a 50% reduction in phase de-
lay and a 16% suppression of speed fluctuations compared to
FSMO-PLL method.
Due to the sensitivity of flux linkages, only experimental val-

idation of the proposed sensorless method for low-speed motor
operation is performed. Therefore, our future research should
focus on two aspects: 1) Improving the performance of the ob-
server so that it can be applied to medium- and high-speed do-
mains. 2) Combining this sensorless control method with the
speed loop to improve the speed adaptive rate of the FSMO.
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