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Abstract: This paper delves into a comprehensive study of a wide-speed-range sensorless control
approach for surface-mounted permanent magnet synchronous motors (SPMSMs). In the low-
speed range, a novel high-frequency pulse voltage injection (HFPVI) method is introduced for rotor
position estimation, which does not depend on motor saliency and is well-suited for SPMSMs.
This method incorporates a second-order generalized integrator (SOGI) and a new modulation signal
to enhance the accuracy of rotor position estimation. For medium-to-high speeds, an improved
super-twisting sliding mode observer (STSMO) utilizing a continuous hyperbolic tangent function
is proposed to mitigate chattering. Additionally, a new phase-locked loop (NPLL) is introduced
to accurately obtain the rotor position. Furthermore, this paper designs an exponential weighted
switching function to facilitate a smooth transition of the motor from the low-speed domain to the
medium- and high-speed domains. The effectiveness and superiority of the proposed methods are
validated through simulations and experiments conducted on an RTU-BOX platform. The rotor
position estimation errors of the proposed new HFPVI method and the improved STSMO method
under various operating conditions are both approximately 0.05 rad (2.8 elc·deg), and the SPMSM
can switch smoothly from the low-speed range to the medium- and high-speed ranges.

Keywords: surface-mounted permanent magnet synchronous motor (SPMSM); wide-speed range
sensorless control; high-frequency pulse voltage injection (HFPVI) method; super-twisting sliding
mode observer (STSMO)

1. Introduction

Permanent magnet synchronous motors (PMSMs) are widely utilized in industrial
manufacturing, household appliances, and various other fields due to their compact
size, robust structure, high power density, and excellent speed regulation capabilities.
The use of mechanical sensors in PMSMs poses challenges such as large size, high cost,
and complex wiring. As a result, sensorless control has emerged as a significant research
focus in the control field of PMSM. Sensorless control methods for PMSMs can be cat-
egorized into two main types based on the speed ranges at which the motor operates:
high-frequency injection (HFI) methods and model-based methods [1–4]. HFI methods
are primarily suitable for low speeds, where high-frequency signals are injected into the
motor to obtain the rotor angle position based on motor saliency [5,6]. On the other hand,
model-based methods rely on the back electromotive force (EMF) of the motor to estimate
the rotor angle position. These methods are not effective at low speeds because the motor
back EMF is minimal, making it challenging to accurately obtain the rotor angle position.
In contrast, at medium-to-high speeds, the motor back EMF provides sufficient information
for precise rotor angle estimation, making model-based methods more suitable. In situa-
tions that involve operations across both low and medium-to-high speeds, integrating both
high-frequency injection and model-based methods is essential for achieving sensorless
control over a wide-speed range. By combining these two control strategies tailored for
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different speed domains, comprehensive sensorless control for PMSMs in a wide-speed
range can be realized.

HFI methods can be categorized into different types, including high-frequency ro-
tating voltage injection (HFRVI) method [7–9], high-frequency pulsating voltage injec-
tion (HFPVI) method [10–12], and high-frequency square wave voltage injection (HFSVI)
method [13–15]. The HFRVI method involves injecting high-frequency sinusoidal voltage
into the three-phase stator of the motor, which is not suitable for SPMSMs. On the other
hand, the HFPVI method injects sinusoidal high-frequency voltage into the estimated d-axis
of the motor to saturate the magnetic circuit, create a difference in the d–q axis inductances,
and then determine the rotor position based on the saturated saliency of the motor. This
method features a straightforward demodulation process and is well-suited for SPMSMs.
In comparison, the HFSVI method is similar to the HFPVI method but involves injecting a
high-frequency square wave voltage instead. In [16], a second-order generalized integrator
(SOGI) is employed instead of the traditional bandpass filter (BPF) to reduce phase delay.
However, all these methods are dependent on motor saliency. For SPMSMs, a substan-
tial voltage amplitude is required to induce saturated saliency in the motor, resulting in
increased noise levels.

The model-based methods mainly include the flux linkage observation method [17–19],
model reference adaptive system method [20–22], sliding mode observer (SMO) method [23–25],
and extended Kalman filter method [26–28]. The flux observation method obtains the angle
position of the rotor by directly calculating the motor’s flux linkage with sampling voltage
and current, which relies on the precision of the motor model. The model reference adaptive
system method obtains the rotor’s angle position on the basis of the mathematical model
of the motor, so the accuracy of motor parameters will affect the observation accuracy.
The extended Kalman filter method has strong anti-interference ability, but the calculation
is very complicated. The SMO method has advantages such as simple structure, strong
robustness, parameter changes that have little impact on the observation accuracy, etc.,
and is extensively employed in sensorless control of PMSMs. However, the switching
property of the SMO will result in chattering due to the system moving back and forth
on the sliding mode surface, which deteriorates the estimation precision. In [29], the sign
function is adopted, which leads to significant chattering, and then a low pass filter (LPF)
is necessary to improve the estimation accuracy. In [30,31], to eliminate the chattering
and avoid using the LPF, the continuous sigmoid function and hyperbolic function are
employed as alternatives to the sign function. In [32,33], a super-twisting sliding mode
observer (STSMO) is utilized, and its effectiveness in suppressing chattering is validated
through simulations and experiments. For the SMO, a phase-locked loop (PLL) is widely
employed to estimate the rotor’s position and speed. In [34], a traditional PLL is introduced
for the estimation of the rotor’s speed and position of PMSM. However, a certain estimation
error exists, prompting the exploration of alternative methods to improve accuracy.

To achieve a smooth transition of the motor from low speed to medium and high
speeds, a suitable switching strategy is essential, as the sensorless control techniques
differ between these speed ranges. The most frequently adopted switching methods in-
clude the hysteresis switching and the weighted switching method [17,35]. The hysteresis
switching method is relatively simple but may cause position and speed fluctuations [35].
The weighted switching method generally weights the rotational speed or position. Com-
pared with the hysteresis switching method, the weighted switching approach is more
effective in reducing fluctuations in both position and speed within the transition zone.

The main contributions of the paper are as follows: (1) proposing a new HFPVI method
that does not rely on motor saliency and is suitable for the SPMSM. In addition, a SOGI
and a new modulation signal are adopted to enhance the estimation position accuracy of
the rotor. (2) Proposing an improved STSMO that uses a continuous hyperbolic tangent
function to reduce chattering and introduces an NPLL to accurately estimate the rotor
position. (3) Designing an exponential weighted switching function to facilitate a seamless
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transition between the two control methods in the transition interval. (4) Validating the
effectiveness of the above method through simulation and experiments on a 1.5 kW SPMSM.

2. Sensorless Control Methods for SPMSM
2.1. New HFPVI Method

This section proposes a new HFPVI method that is essentially different in principle
from the traditional HFPVI method. It injects high-frequency voltage into the estimated
d-axis of the motor, and the current is extracted from the α − β axis. Then, a SOGI is
employed to replace the traditional BPF for extracting high-frequency components, and
a new modulation signal is designed for frequency separation, which enhances the rotor
position estimation accuracy.

Under high-frequency excitation, the voltage equation of PMSM can be written
as follows: [

ud
uq

]
= Rs

[
id
iq

]
+

[
Ld 0
0 Lq

]
d
dt

[
id
iq

]
+ ωe

[
−Lqiq

Ldid + ψ f

]
(1)

where ud and uq are the d − q axis voltages, respectively, id and iq are the d − q axis currents,
respectively, Ld and Lq are the d − q axis inductances of the motor, respectively, ωe is the
motor electrical angular velocity, and ψ f is the motor flux linkage.

When the motor runs at a low speed, the motor’s electrical speed ωe is small, the
fundamental frequency of the motor is negligible compared to the frequency of the injected
high-frequency pulse voltage, and resistance is negligible compared to high-frequency
inductance. Therefore, Equation (1) can be simplified as follows:[

udh
uqh

]
=

[
Ld 0
0 Lq

]
d
dt

[
idh
idh

]
(2)

where udh and uqh are the high-frequency voltages in the d − q axis, respectively, and idh
and iqh are the high-frequency currents, respectively.

Figure 1 depicts the transformation relationship between the stationary α − β axis, the
actual d − q axis, and the estimated d̂ − q̂ axis. ∆θ is the angle position error of the rotor,
that is, ∆θ = θ − θ̂, where θ is the actual position of the rotor, θ̂ is the estimated position of
the rotor.
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Figure 1. Transformation relationship between the stationary α − β axis, the actual d − q axis, and the
estimated d̂ − q̂ axis.

According to the relationship between each axis system shown in Figure 1 and the
mathematical model Equation (2), the high-frequency voltage can be obtained as follows:[

udh
uqh

]
=

[
Ld 0
0 Lq

]
d
dt

[
idh
idh

]
=

[
Ld 0
0 Lq

][
cosθ sinθ
−sinθ cosθ

]
d
dt

[
iαh
iβh

]
(3)

where iαh and iβh are the high-frequency currents in the α − β axis, respectively.
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On the basis of the principle of coordinate transformation, the relationship of high-
frequency voltage in the d − q axis and the d̂ − q̂ axis can be obtained as follows:[

udh
uqh

]
=

[
cos(∆θ) sin(∆θ)
−sin(∆θ) cos(∆θ)

][
ûdh
ûqh

]
(4)

Assuming that the voltage injected into the estimated d̂ − q̂ axis is as bellow:[
ûdh
ûqh

]
=

[
Uh cos(ωht)

0

]
(5)

where ûdh and ûqh are the high-frequency voltages injected into the d̂ − q̂ axis, respectively,
and Uh and ωh are the amplitude and angular frequency of the injected high-frequency
voltage, respectively.

Substituting Equations (4) and (5) into Equation (3):

d
dt

[
iαh
iβh

]
=

[
cos θ − sin θ
sin θ cos θ

][ 1
Ld

0
0 1

Lq

][
cos(∆θ) − sin(∆θ)
sin(∆θ) cos(∆θ)

][
ûdh
ûqh

]

=

[
cos θ − sin θ
sin θ cos θ

][ 1
Ld

0
0 1

Lq

][
cos(∆θ) − sin(∆θ)
sin(∆θ) cos(∆θ)

][
Uh cos(ωht)

0

]
(6)

From Equation (6), the current with high frequency in the α − β axis can be expressed
as follows: [

iαh
iβh

]
=

Uh
ωh

 cosθcos(∆θ)
Ld

+ sinθsin(∆θ)
Lq

sinθcos(∆θ)
Ld

− cosθsin(∆θ)
Lq

sin(ωht) (7)

The above formula is the response current of the stationary α − β axis coordinate sys-
tem under high-frequency excitation. When the rotor’s estimated angle position converges
to the actual value, ∆θ is small enough, which can be written as follows:[

iαh
iβh

]
=

Uh
ωhLd

[
cos θ
sin θ

]
sin(ωht) (8)

It can be seen that iαh and iβh contain rotor position information. The traditional
HFPVI method uses BPF to extract high-frequency current signals, but it will cause phase
lag and reduce the angle position estimation accuracy of the rotor. To avoid using BPF, a
SOGI is used instead of BPF in this paper, which can reduce the amplitude attenuation
and phase offset caused by BPF. The structure diagram of SOGI is illustrated in Figure 2.
The parameter ω0 is the frequency to be extracted, and output Y is the component of
input X that only contains frequency ω0. The coefficient k affects the filtering effect of SOGI;
the smaller the k chosen, the better the filtering effect is, but the slower the response speed
of the filter is. Therefore, k needs to be determined after weighing the filtering effect and
response speed. The transfer function of SOGI is as follows:

G(s) =
kω0s

s2 + kω0s + ω02 (9)

The parameter k affects the filtering characteristics of SOGI. Therefore, parameter k
needs to be determined after weighing the filtering effect and response speed, combining
the filtering effect in actual experiments. Figure 3 depicts the amplitude–frequency and
phase–frequency curves corresponding to different k values of SOGI. The filtering effect of
SOGI becomes better and better as the k value decreases. The value of k is chosen as 0.1 in
this paper, except for the center frequency; the other frequencies are well attenuated.
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After being extracted by SOGI, the high-frequency current signals containing the rotor
position need to be multiplied by the modulation signal. A new modulation function
cos(ωht)sin(2ωht) is introduced in this paper, which is multiplied by the corresponding
high-frequency current in the α − β axis and then passed through LPF, the modulated
current can be expressed as follows:[

iαl
iβl

]
= LPF(

[
iαh
iβh

]
cos(ωht)sin(2ωht))

= LPF( Uh
ωh Ld

[
cos θ
sin θ

]
sin(ωht)cos(ωht)sin(2ωht))

= LPF( 2Uh
ωh Ld

[
cos θ
sin θ

]
sin(2ωht)sin(2ωht))

= LPF
(

Uh
ωh Ld

[
cos θ
sin θ

]
− Uh

ωh Ld

[
cos θ
sin θ

]
cos(4ωht)

)
= Uh

ωh Ld

[
cos θ
sin θ

]
(10)

where LPF is low pass filter. From Equation (10), it can be seen that the signal multiplied by
the new modulation function consists of a signal containing the rotor’s angle position and a
signal four times the injection frequency. However, the signal multiplied by the traditional
modulation function sin(ωht) consists of a signal containing the rotor’s angle position and a
signal two times the injection frequency. Compared to the traditional modulation function,
the frequency of the high-frequency signal increases by two times. Signal separation is
easier, and the signal containing rotor position information contains fewer high frequencies,
effectively reducing the position estimation error of the rotor. Then, a PLL is introduced to
obtain the rotor’s angle position. Figure 4 depicts the structure of the PLL, and the structure
diagram of the rotor’s angle position information extraction process when using the new
modulation method is shown in Figure 5.
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In Figure 4, kp and ki are the PI controller’s gains of the PLL, respectively. ω̂e and θ̂e
are the rotor’s estimated electrical velocity and electrical position angle obtained through
the PLL, respectively.

In Figure 5, iαβ represents the current in the d − q axis of the motor, iαβh represents
the high-frequency current in the α − β axis of the motor after SOGI extraction, and
iαβl represents the current in the α − β axis of the motor that contains rotor’s position
information after modulation and low-pass filtering.

2.2. Improved STSMO Method

When the PMSM operates in medium- and high-speed domains, the SMO can be uti-
lized to estimate the position of the rotor because the back EMF is sufficient.
The traditional SMO has defects such as chattering and angle lag, which affect the perfor-
mance of sensorless control. An improved STSMO with an NPLL is adopted in this section
to reduce chattering and improve rotor position estimation accuracy.

The voltage equation of SPMSM under the α − β axis can be written as follows:[
uα

uβ

]
= Rs

[
iα
iβ

]
+

[
Ls 0
0 Ls

]
d
dt

[
iα

iβ

]
+

[
Eα

Eβ

]
(11)

where uα, uβ and iα, iβ are the stator voltages and currents in the α − β axis, respectively,
Rs and Ls are phase resistance and phase inductance, respectively, and Eα and Eβ represent
the back EMF, respectively. The back EMF can be expressed as follows:[

Eα

Eβ

]
= ωeψ f

[
− sin θe
cos θe

]
(12)

where θe is the electrical angle position of the rotor. The back EMF contains position
information of the rotor, which can be obtained by designing an observer. Formula (11) can
be rewritten as follows:

d
dt

[
iα

iβ

]
=

1
Ls

[
uα

uβ

]
− 1

Ls

[
Rs 0
0 Rs

][
iα

iβ

]
− 1

Ls

[
Eα

Eβ

]
(13)

Taking the Formula (13) as a reference model, the expression of the designed traditional
SMO is as follows:

d
dt

^
iα
^
iβ

 =
1
Ls

[
uα

uβ

]
− 1

Ls

[
Rs 0
0 Rs

]^
iα
^
i β

− 1
Ls

[
vα

vβ

]
(14)
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where
^
iα and

^
iβ represent estimated currents, vα and vβ are estimated back EMF. s =

^
i − i

is chosen as the sliding mode surface. Subtracting Formula (14) from Formula (13), the
current error formula is written as follows: d

~
iα
dt = − Rs

Ls

~
iα + 1

Ls
(Eα − vα)

d
~
iβ
dt = − Rs

Ls

~
iβ + 1

Ls
(Eβ − vβ)

(15)

where
~
iα and

~
iβ are the current errors in the α − β axis. The sliding mode control rate of

the traditional SMO is as follows: [
vα

vβ

]
=

[
ksign(

~
iα)

ksign(
~
iβ)

]
(16)

When the system reaches and moves back and forth on the sliding mode surface,
vα = Eα and vβ = Eβ. The back EMF is as follows:

[
Eα

Eβ

]
=

[
vα

vβ

]
=

[
ksign(

~
iα)

ksign(
~
iβ)

]
(17)

The basic model of the STSMO can be written as [36]:
dx̂1
dt = −k1

∣∣∣∼x1

∣∣∣ 1
2 sign

(∼
x1

)
+ x̂2 + ρ1

dx̂2
dt = −k2sign

(∼
x1

)
+ ρ2

(18)

where x̂1 and x̂2 represent estimated state variables of the system,
∼
x1 represents the error

between the actual state variable and the estimated state variable, k1 and k2 are sliding mode
coefficients, k1 affects the rate of convergence of the STSMO, and the value of k2 is related
to the effect of suppressing chattering. The larger k1, the faster the convergence rate; the
larger k2, the better the effect of suppressing chattering. ρ1 and ρ2 are disturbance terms.

On the basis of the Lyapunov stability theorem, the STSMO is stable and can converge
to the sliding mode surface in a limited time. ρ1, ρ2, k1, and k2 in Equation (18) need to
satisfy the following conditions [37]: {

ρ1 ≤ δ|x1|
1
2

ρ2 = 0
(19)

{
k1 > 2δ

k2 > k1
5δk1+4δ2

2(k1−2δ)

(20)

where δ is a constant greater than 0.

Replacing the state variables with
^
iα,

^
iβ,

~
iα, and

~
iβ, Formula (18) can be rewritten

as follows: 
d

^
iα
dt = −k1

∣∣∣∣~iα∣∣∣∣ 1
2
sign

(
~
iα

)
−
∫

k2sign
(

~
iα

)
dt + ρ(

^
iα)

d
^
iβ
dt = −k1

∣∣∣∣~iβ∣∣∣∣ 1
2
sign

(
~
iβ

)
−
∫

k2sign
(

~
iβ

)
dt + ρ(

^
iβ)

(21)



Electronics 2024, 13, 1131 8 of 23

Formula (21) is the STSMO model of the PMSM, and the disturbance terms can be
expressed as follows [38]: 

ρ

(
^
iα

)
= 1

Ls
uα − Rs

Ls

^
iα

ρ(
^
iβ) = 1

Ls
uβ − Rs

Ls

^
iβ

(22)

where ρ

(
^
iα

)
and ρ(

^
iβ) are the disturbance terms of estimated currents in the α − β axis

of the motor, respectively.
From Formula (20), the following conditions for system stability need to be satisfied:

1
Ls

uα − Rs
Ls

^
iα ≤ δ

∣∣∣∣^iα∣∣∣∣
1
2

1
Ls

uβ − Rs
Ls

^
iβ ≤ δ

∣∣∣∣^iβ∣∣∣∣
1
2

(23)

From Equations (13) and (21), the error of the current is written as follows:
d

~
iα
dt = − Rs

Ls

~
iα − k1

∣∣∣∣~iα∣∣∣∣ 1
2
sign

(
~
iα

)
−
∫

k2sign
(

~
iα

)
dt + Eα

Ls

d
~
iβ
dt = − Rs

Ls

~
iβ − k1

∣∣∣∣~iβ∣∣∣∣ 1
2
sign

(
~
iβ

)
−
∫

k2sign
(

~
iβ

)
dt +

Eβ

Ls

(24)

The estimated back EMF value is approximately equivalent to the actual back EMF
value when the observer reaches and moves back and forth on the sliding mode surface.
The back EMF is expressed as follows:

Eα = Ls(k1

∣∣∣∣~iα∣∣∣∣ 1
2
sign

(
~
iα

)
+
∫

k2sign
(

~
iα

)
dt)

Eβ = Ls(k1

∣∣∣∣~iβ∣∣∣∣ 1
2
sign

(
~
iβ

)
+
∫

k2sign
(

~
iβ

)
dt)

(25)

Since the discontinuous sign function will lead to chattering, to improve the observer
performance and suppress chattering, the continuous hyperbolic tangent function is chosen
as the switch function instead of the sign function in this paper, whose expression is
as follows:

h(s) =
ems − e−ms

ems + e−ms (26)

where m > 0, which is utilized to control the thickness of the boundary layer. The smaller
m is, the larger the boundary layer is, and the better the chattering repression effect is,
but it will reduce control accuracy. The larger m is, the smaller the boundary layer is,
and the control accuracy is better, but the system chattering will also increase. Therefore,
selecting an appropriate m can achieve system control accuracy while also suppressing
system chattering. The system back EMF is written as follows:

Eα = Ls(k1

∣∣∣∣~iα∣∣∣∣ 1
2
h
(

~
iα

)
+
∫

k2h
(

~
iα

)
dt)

Eβ = Ls(k1

∣∣∣∣~iβ∣∣∣∣ 1
2
h
(

~
iβ

)
+
∫

k2h
(

~
iβ

)
dt)

(27)
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The arctangent function method is utilized to obtain the position and speed of the
rotor of PMSM in traditional SMO, which can be expressed as follows:{

ω̂e =
dθ̂e
dt

θ̂e = −arctan( eα
eβ
)

(28)

When the observer moves up and down on the sliding mode surface, the back EMF
contains discontinuous high-frequency switching noise signals; using the arctangent func-
tion method leads to serious chattering, leading to inaccuracies in determining the rotor’s
position angle. To enhance estimation accuracy, a novel phase-locked loop (NPLL) is de-
vised in this paper to extract the estimated back electromotive force (EMF) and precisely
ascertain the rotor’s position angle. The structure of the NPLL is shown in Figure 6.
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From Figure 6, the position error ε can be expressed as follows:

ε =

(
E2

α−E2
β

)
2 sin

(
2θ̂e

)
− EαEβcos

(
2θ̂e

)
= (ωeψ f )

2sin(θe)cos(θe)cos
(
2θ̂e

)
+

(ωeψ f )
2sin(2θ̂e)
2

(
sin2(θe)− cos2(θe)

)
= (ωeψ f )

2(
sin (2θe)cos(2θ̂e)

2 − cos (2θe)sin(2θ̂e)
2 )

= 1
2 (ωeψ f )

2
sin

(
2(θe − θ̂e)

)
≈ (ωeψ f )

2(θe − θ̂e)

(29)

The closed-loop transfer function of the NPLL is written as follows:

GNPLL(s) =
θ̂e(s)
θe(s)

=
2kps3 +

(
2ki + k2

p

)
s2 + 2kpkis + k2

i

(s2 + kps + ki)
2 (30)

According to [39], Formula (30) can be rewritten as follows:

GNPLL(s) =
θ̂e(s)
θe(s)

=
4ζωns3 +

(
4ζ2 + 2

)
ω2

ns2 + 4ζω3
ns + ω4

n

(s2 + 2ζωns + ω2
n)

2 (31)

Comparing Formula (30) with (31), parameters kp and ki can be designed as follows:{
kp = 2ζ

√
ki

ki = ω2
n

(32)

where ζ is the damping factor, which can affect the dynamic response and overshoot of
the system, ωn is the natural frequency, which determines the convergence time and noise
suppression effect of the system. The larger the ζ, the slower the dynamic response, and
the smaller the overshoot; the larger the ωn, the faster the convergence time, the larger
the noise bandwidth, and the worse the noise suppression effect. In this article, ζ and ωn
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are chosen as 0.707 and 50 rad/s. According to the Routh–Hurwitz stability theorem, the
conditions for the stability of the NPLL need to satisfy ζ > 0 and ωn > 0 [39].

2.3. Transition between Low Speed and Medium and High Speeds

The back EMF of the PMSM is negligible in the low-speed domain, resulting in large
position errors when estimated using the SMO. To address this challenge, the new HFPVI
method is employed for low speeds, while the SMO is employed in the medium-speed
domain and high-speed domain in this paper. Due to the use of different estimation
strategies to make the motor smoothly transit from the low-speed range to the medium-
to-high-speed domain, a new exponential weighting function α is designed in this paper
to achieve smooth switching between the transition process, which can be expressed
as follows:

α =


1 n̂ ≤ n1

e
n2−n̂

n2−n1 −1
e−1 n1 < n̂ < n2

0 n̂ > n2

(33)

{
θ̂ = αθ̂l + (1 − α)θ̂h

ω̂ = αω̂l + (1 − α)ω̂h
(34)

where θ̂l and ω̂l are the rotor’s angle position and velocity estimated by the proposed new
HFPVI method, respectively, θ̂h and ω̂h are the rotor’s angle position and velocity obtained
by the improved STSMO, respectively, n1 is the speed value to start the switching, and
n2 is the speed value to end the switching; n1 can be chosen as about 10% of the motor’s
rated speed. When n̂ ≤ n1, the position and velocity of the rotor are obtained by the
proposed new HFPVI method. When n1 < n̂ < n2, the rotor’s position and velocity are
obtained by the proposed new HFPVI method and the improved STSMO; when n̂ > n2,
the rotor’s position and velocity are obtained by the improved STSMO. The weighted
switching function curve is depicted in Figure 7.
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3. Simulation Results

To confirm that the control strategies are effective, simulation models are constructed
in Simulink. The FOC control strategy is adopted in this article and idre f is set to 0.
The reference angular velocity ωre f is the control input; the estimated electrical angle
position θ̂e and electrical angular velocity ω̂e are the control outputs. The main parame-
ters of the SPMSM are shown in Table 1. Tables 2 and 3 provide hyperparameters of the
proposed new HFPVI method and improved STSMO in simulation, respectively.
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Table 1. Basic parameters of the SPMSM.

Rated power (kW) 1.5
Rated speed (rpm) 2500
Rated torque (N·m) 6
Stator inductance (mH) 1.975
Stator resisitance (Ω) 0.64
Pole pairs 4

Table 2. Hyperparameters of the proposed new HFPVI method.

SOGI K = 0.1
PLL kp = 50, ki = 600

Table 3. Hyperparameters of the improved STSMO.

STSMO k1 = 50, k2 = 2500
NPLL kp = 50, ki = 2500

3.1. Sensorless Control Based on the Proposed HFPVI Method

The model diagram of the proposed new HFPVI method for SPMSM is depicted in
Figure 8. In Figure 8, ωre f represents the reference angular velocity and PI stands for the PI
controller in the d–q axis current loop. High-frequency voltage is applied to the estimated
d-axis. The high-frequency current signal, which includes the angle position information
of the rotor, can be extracted in the α–β axis by SOGI. Subsequently, the high-frequency
current is multiplied by a modulated signal cos(ωht)sin(2ωht), filtered by a LPF, and
eventually, the estimated rotor’s position of the SPMSM is determined through a PLL. The
amplitude and frequency of the injected high-frequency cosine voltage are 0.4 V and 1 kHz,
respectively. The reference speed is set at 200 rpm.
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Figure 8. Block diagram of the proposed new HFPVI method.

3.1.1. Simulation Results of the Proposed New HFPVI without Load

Figure 9 depicts the corresponding simulation results of the proposed new HFPVI
without load. As depicted in Figure 9, the motor runs from 0 to 200 rpm without load.
The error of position during acceleration is less than 0.25 rad (14 elc·deg) when the motor
runs steadily at 200 rpm; this is approximately 0.025 rad (1.4 elc·deg).
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3.1.2. Simulation Results of the Proposed New HFPVI with Constant Load

Figure 10 depicts the corresponding results of the new HFPVI’s simulation with a
constant load torque of 2 N·m. As depicted in Figure 10, the motor runs from 0 to 200 rpm
under a constant load of 2 N·m. The position error during acceleration is less than 0.2 rad
(11.5 elc·deg). When the motor is running stably, the error of position estimated by the new
HFPVI is approximately 0.04 rad (2.3 elc·deg).
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3.1.3. Simulation Results of the Proposed New HFPVI with Sudden Load

Figure 11 depicts the corresponding results of the simulation of the new HFPVI when
the motor is suddenly loaded with 2 N·m. As depicted in Figure 11, the motor runs steadily
at 100 rpm, and a load torque of 2 N·m is suddenly applied to the motor at 0.4 s. When
the motor runs stably, the error of position estimated by the new HFPVI is about 0.02 rad
(1.1 elc·deg). When the motor is loaded, the error of position is up to 0.06 rad (3.4 elc·deg).
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3.2. Sensorless Control Based on Improved STSMO Method

The improved STSMO sensorless control model is depicted in Figure 12, and related com-
parative simulations and analyses are performed to verify the effectiveness and superiority.
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The simulation comparison between the traditional SMO and the improved STSMO is
conducted to verify that the improved STSMO reduces chattering to a certain extent and
enhances the rotor position estimation accuracy.
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3.2.1. Simulation Results of the Traditional SMO and the Improved STSMO without Load

Figure 13 depicts the results of the comparative simulation of the traditional SMO
and the improved STSMO without load. The initial reference speed is determined as
300 rpm, and the reference speed is adjusted to 800 rpm at 0.1 s. As depicted in Figure 13a,
the position error estimated by the traditional SMO is approximately 0.07 rad (4 elc·deg);
the position error converges slowly when using the traditional PLL, and the position error
has an increase of 0.15 rad (8.6 elc·deg) during the acceleration process. The chattering
phenomenon is inevitable owing to the sign function. As depicted in Figure 13b, the
chattering is suppressed when the improved STSMO is adopted, and the position error is
less than 0.02 (1.15 elc·deg) rad and is close to 0.0025 rad (0.14 elc·deg) when the motor
runs steady. The position error converges very fast when the NPLL is adopted, and the
position error decreases during the acceleration process.
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3.2.2. Comparative Simulation Results of the Traditional SMO and the Improved STSMO
with Constant Load

Figure 14 depicts the results of the comparative simulation of the traditional SMO and
the improved STSMO under a constant load torque of 2 N·m. The initial reference speed is
set at 300 rpm; the reference speed is adjusted to 800 rpm at 0.1 s. As depicted in Figure 14a,
a chattering phenomenon exists when using traditional SMO. The position error of the
traditional SMO is about 0.07 rad (4 elc·deg), and the position error converges slowly when
using the traditional PLL; the position error has an increase of 0.15 rad (8.6 elc·deg) during
the acceleration process. As depicted in Figure 14b, the chattering is suppressed when the
improved STSMO is adopted. The position error converges very fast when the NPLL is
adopted, and the position error increases by 0.005 rad (0.29 elc·deg) during the acceleration
and is close to 0 rad when the motor runs steady.
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constant load torque of 2 N·m. (a) Traditional SMO; (b) improved STSMO.

3.2.3. Comparative Simulation Results of the Traditional SMO and the Improved STSMO
with Sudden Load

Figure 15 depicts the results of the comparative simulation of the traditional SMO and
the improved STSMO with a sudden load torque of 2 N·m. As depicted in Figure 15a, the
motor obviously suffers from chattering. The position error is around 0.06 rad (3.4 elc·deg),
and the speed drops by 18 rpm when the motor is loaded. As depicted in Figure 15b, the
chattering is reduced significantly when the improved STSMO is employed. When the
motor is suddenly loaded, the error of the rotor’s position is less than 0.01 rad (0.57 elc·deg),
and the speed drops by 15 rpm. Compared with traditional SMO, the estimation accuracy
of the rotor’s position is enhanced, and chattering is reduced.
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3.3. Transition from Low Speed to Medium and High Speeds

The model diagram of sensorless control in a wide-speed range is depicted in Figure 16,
and related simulations are conducted to validate its effectiveness. When the specified
speed is below 300 rpm, the proposed new HFPVI method is utilized to determine the rotor
position. For speeds exceeding 400 rpm, an improved STSMO is utilized for rotor position
estimation. In the speed domain between 300 and 400 rpm, the rotor’s position is provided
by both the new HFPVI method and the improved STSMO. A constant load torque of
2 N·m is applied in the simulations.
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Figure 17 depicts the simulation results of sensorless control in a wide-speed range.
The motor reference speed is determined as 800 rpm. In the process of transition from
300 rpm to 400 rpm, the switching is relatively smooth, and there is no fluctuation.
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4. Experimental Results

Experiments were carried out to validate the effectiveness and superiority of the
proposed new HFPVI and improved STSMO on the platform, as shown in Figure 18.
The RTU-BOX serves as a real-time digital controller, with the inverter’s switching fre-
quency set at 10 kHz and a dead time of 0.1 µs. The test motor used is a 1.5 kW SPMSM,
and the key parameters of this motor are detailed in Table 1. The incremental encoder
resolution is 2500 bits, while the load motor is a 4.5 kW SPMSM controlled by a 220 V
servo drive.
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4.1. Experimental Tests Based on the Proposed New HFPVI Method
4.1.1. Experimental Results of the Proposed New HFPVI without Load

Figure 19 depicts the experimental results of the proposed new HFPVI method under
no-load conditions. The initial reference speed is determined as 50 rpm, and it is adjusted
to 200 rpm at 1 s. The proposed new HFPVI method can accurately track the rotor position
with a position error of about 0.05 rad (2.87 elc·deg), a speed error of less than 20 rpm
during acceleration, and less than 10 rpm when the motor runs stably.
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Figure 19. Experimental results of the proposed new HFPVI method without load.

4.1.2. Experimental Results of the New HFPVI with Constant Load

Figure 20 illustrates the results of the experiment of the proposed new HFPVI method
under a constant load torque of 2 N·m. The initial reference speed is determined as 50 rpm,
and at 1.2 s, it is adjusted to 200 rpm. The position error is around 0.06 rad (3.44 elc·deg),
with the speed error during acceleration being less than 20 rpm. These experimental
findings validate the effectiveness of the proposed new HFPVI method.
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Figure 20. Experimental results of the proposed new HFPVI method under a constant load torque of 2 N·m.

4.2. Comparative Experiments of the Traditional SMO and the Improved STSMO Method

The comparison tests between the traditional SMO and the improved STSMO method
are illustrated in Figures 21–23.
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Figure 21. Comparative experimental results of the traditional SMO and the improved STSMO
without load. (a) Traditional SMO; (b) improved STSMO.
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Figure 22. Comparative experimental results of the traditional SMO and the improved STSMO with
a constant load torque of 2 N·m. (a) Traditional SMO; (b) improved STSMO.
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Figure 23. Comparative experimental results of the traditional SMO and the improved STSMO with
a sudden load torque of 2 N·m. (a) Traditional SMO; (b) improved STSMO.



Electronics 2024, 13, 1131 20 of 23

4.2.1. Comparative Experimental Results of the Traditional SMO and the Improved STSMO
without Load

Figure 21 illustrates the results of the comparative experiments of the traditional SMO
and the improved STSMO without any load. In Figure 21a, the initial reference speed is
determined as 300 rpm and adjusted to 800 rpm at 0.75 s. While the motor operates steadily
at 300 rpm, the position error of the traditional SMO is approximately 0.05 rad (2.9 elc·deg).
However, during acceleration, the position error increases to as high as 0.28 rad (16 elc·deg),
with slow convergence when using the traditional PLL. The speed error estimated by the
traditional SMO is approximately 13 rpm during stable operation and can reach up to
20 rpm during acceleration. In Figure 21b, the initial reference speed is determined as
300 rpm and adjusted to 800 rpm at 0.65 s. The position error of the improved STSMO
remains close to 0 rad during stable motor operation. When utilizing the NPLL, the
position error only experiences a small increase of 0.08 rad (4.6 elc·deg) during acceleration.
The speed error estimated by the improved STSMO is approximately 5 rpm during stable
operation and does not exceed 10 rpm during acceleration. Table 4 shows the experimental
results of the two methods without load.

Table 4. Comparative experimental results of the traditional SMO and the improved STSMO
without load.

Methods Traditional
SMO Improved STSMO

Steady-state position error 0.05 rad (2.9 elc·deg) Near 0

Maximum position error
during acceleration 0.28 rad (16 elc·deg) 0.08 rad (4.6 elc·deg)

Maximum speed error 20 rpm 8 rpm

4.2.2. Comparative Experimental Results of the Traditional SMO and the Improved STSMO
under Constant Load

Figure 22 illustrates the results of comparative experiments of the traditional SMO and
the improved STSMO under a constant load torque of 2 N·m. The initial reference speed is
determined as 300 rpm; at 1 s, the reference speed is adjusted to 800 rpm. In Figure 22a,
the position error of the traditional SMO is approximately 0.2 rad (11.5 elc·deg) when
the motor operates steadily at 800 rpm, and it increases to about 0.25 rad (14.3 elc·deg)
during the acceleration process when using the traditional PLL. The speed error estimated
by the traditional SMO is around 15 rpm during stable operation and can reach up to
25 rpm during acceleration. In Figure 22b, the position error of the improved STSMO is
approximately 0.05 rad (2.9 elc·deg) during stable motor operation, with the position error
only increasing by 0.1 rad (5.8 elc·deg) during acceleration when the NPLL is employed.
The speed error of the improved STSMO is approximately 5 rpm during stable operation
and remains below 10 rpm during acceleration. Table 5 shows the experimental results of
the two methods with constant load.

Table 5. Comparative experimental results of the traditional SMO and the improved STSMO with
constant load.

Methods Traditional
SMO Improved STSMO

Steady-state position error 0.2 rad (11.5 elc·deg) 0.05 rad (2.9 elc·deg)

Maximum position error
during acceleration 0.25 rad (14.3 elc·deg) 0.1 rad (5.8 elc·deg)

Maximum speed error 25 rpm 8 rpm
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4.2.3. Comparative Experimental Results of the Traditional SMO and the Improved STSMO
with Sudden Load

Figure 23 illustrates the results of comparative experiments of the traditional SMO
and the improved STSMO under a sudden load torque of 2 N·m. The motor operates
steadily at 400 rpm. In Figure 23a, when the motor runs consistently, the position error
of the traditional SMO is approximately 0.1 rad (5.7 elc·deg) with a speed error of about
15 rpm. However, when the motor is suddenly loaded, the position error increases to as
high as 0.2 rad (11.5 elc·deg), and the speed error rises to around 21 rpm. In Figure 23b, the
position error of the improved STSMO is about 0.05 rad (2.9 elc·deg) during stable motor
operation. The position error reaches up to 0.1 rad (5.8 elc·deg) when the motor is suddenly
loaded. The speed error of the improved STSMO is approximately 4 rpm during steady
operation and remains below 7 rpm when the load is abruptly added to the motor. Table 6
shows the experimental results of the two methods with sudden load.

Table 6. Comparative experiments of the traditional SMO and the improved STSMO with
sudden load.

Methods Traditional
SMO Improved STSMO

Steady-state position error 0.1 rad (5.7 elc·deg) 0.05 rad (2.9 elc·deg)

Maximum position error 0.2 rad (11.5 elc·deg) 0.1 rad (5.8 elc·deg)

Maximum speed error 21 rpm 4 rpm

5. Conclusions

In this paper, the research work on sensorless control of SPMSM in a wide-speed
domain is as follows:

(1) A new HFPVI method is proposed for SPMSMs in a low-speed domain that does not
rely on motor saliency. Then, during the modulation process, a SOGI is utilized instead
of traditional BPF, and a new modulation signal is designed to separate frequencies
more easily.

(2) An improved STSMO method is proposed for the medium- and high-speed domains.
The STSMO and a continuous hyperbolic tangent function are employed to suppress
chattering, and an NPLL is adopted to accurately obtain rotor position information.

(3) An exponential weighted switching function is designed to achieve smooth switching
between the low-speed domain and the medium- and high-speed domains.

(4) The effectiveness of the new HFPVI and the improved STSMO have been verified
by the simulations and experimental tests on the RTU-BOX platform under different
operating conditions, which provide the foundation for practical applications in the
industrial field.

(5) In this paper, we only conducted experiments with a sudden load of 2 N·m and a
constant load of 2 N·m applied to the motor. In the future, we intend to evaluate
the anti-disturbance performance of the methods proposed in this paper across a
broader range of different loads. For example, the load is configured to the rated load
torque of the motor. Furthermore, we plan to improve SOGI and STSMO to improve
the rotor position estimation accuracy. This future research can potentially enhance
the robustness and effectiveness of the methods across an even broader spectrum of
operational conditions.
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