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Abstract: This article presents an improved super-twisting high-order sliding mode observer for per-
manent magnet synchronous motors to achieve high-performance sensorless control. The proposed
observer is able to simultaneously estimate rotor position and speed, as well as track parameter
disturbances online. Then, according to the back-EMF model, the sensorless observer is further
constructed to improve the estimation effect. The estimated rotor position and speed are used to
replace the actual values detected by the sensor, and the estimated parameter disturbances are
considered as feedback values to compensate the command voltage. In this way, not only is the
estimation accuracy improved, but the robustness against uncertainties is also enhanced. Simulation
and experimental results show that the proposed observer can effectively track the rotor position and
speed and obtain good dynamic and steady-state performance.

Keywords: super-twisting sliding mode observer; sensorless control; permanent magnet

synchronous motor

1. Introduction

The permanent magnet synchronous motor (PMSM) incorporates the advantages of
high efficiency, high power density, and simple structure, which is widely used in many
highly dynamic and high-precision engineering applications, such as industrial drive,
aerospace, electric vehicle, and so forth [1]. On the other hand, PMSM is a nonlinear
control object affected by parameter uncertainties and external disturbances, which makes
it difficult to obtain satisfactory performance during the entire operation [2—4]. The control
performance can be improved by optimizing the machine design or applying advanced
control strategies. Most control methods and modern control techniques require accurate
position and speed information for field orientation and closed-loop control. It can be
detected by mechanical sensors, such as encoders, tachometers, and resolvers. However,
the application of actual sensors increases the cost and size of the motor, reduces the
reliability of the system, and limits the application in harsh environments [5]. Hence, the
PMSM sensorless control strategy is considered a suitable and effective solution, where
position and speed information are estimated through electromagnetic information instead
of mechanical sensors.

In recent years, many methods have been studied in the literature for sensorless
control of PMSM drives [6-10]. Most of the sensorless control technologies are divided
into two categories. One is based on the magnetic circuit saturation [11,12], where the
position information can be obtained from the response of the injected signal. Due to the
requirement of the magnetic saturation-caused saliency, this method can only be applied
to the interior permanent-magnet synchronous motor (IPMSM) with the salient polarity.
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However, signal processing increases system complexity and is more suitable for low-speed
operation [13]. The other is based on back electromotive force (EMF), which extracts the
position information from the back-EMF of the motor [14-16]. However, this method
cannot be directly applied to IPMSM. Due to the existence of the saliency, the rotor position
information of IPMSM is reflected not only in the back-EMF, but also in the inductance.
The back-EMF-based method is considered as a suitable sensorless control strategy for the
surface permanent magnet synchronous motor (SPMSM), but it is affected by the accuracy
of the motor model [17]. The sliding mode observer (SMO) is a nonlinear observer based
on the variable structure theory, which reduces the dependence on the system model to
some extent [18]. In [19], the sliding mode observer was used to estimate the rotor position,
which has good robustness against load disturbance and parameter perturbation. In [20],
a full-order sliding mode observer based on synchronous frequency tracking filtering
was presented to track the estimated back-EMF harmonics. However, the high-order
harmonics in SMO are usually mixed with the back-EMF signals [21]. The low-pass filter
(LPF) is needed to extract the fundamental back-EMFs. Nonetheless, the introduction
of filters may cause phase delay and complicate the control system, which considerably
deteriorates the dynamic performance of PMSM [22]. Another main issue of the traditional
SMO is related to chattering caused by discrete-time switching [23]. Several methods
have been investigated to weaken the chattering phenomenon. The soft-switching sliding
mode observer is suggested to solve the chattering problem of the observer estimation,
where the variable boundary layer function is used instead of the traditional switching
function [24]. The major drawback of this method is that control input that is too large may
lead to saturation of the actuator. In [25], the fast terminal sliding mode for a linear motor
positioner is proposed. In this method, the continuous function is employed to approximate
the SGN function, which can considerably weaken the chattering issue. Although the
system state can be close to the equilibrium point, it will not be achieved in a short time.
A similar problem also appears in [26], where the SGN function is substituted with the
smooth function of the angle error to weaken the chattering phenomenon. In [27], an
improved SMO is applied to obtain rotor position and speed, in which the stator current
frequency-variable tracker function is used instead of the switching function to reduce
the influence of torque ripple and harmonic components on the back-EMF signals. A
nonlinear observer method based on the adaptive sliding mode observer is presented, but
the chattering problem still exists with the inclusion of the switching term [28]. In [29], a
super-twisting structure was introduced into the design of SMO to estimate rotor position
and speed, which uses integral function to eliminate sliding-mode chattering. It can
be noted that the aforementioned methods were designed based on the ideal situations
without considering the parameter uncertainties, even though the control goals in these
methods are achieved. In practical applications, the motor parameters such as resistance
and inductance are affected by many factors, resulting in the mismatch between the
nominal and actual values. In this case, the estimation accuracy of rotor position and speed
is degraded. In [30], a PMSM model with parameter uncertainties is established, in which
a high-order sliding mode observer is utilized to reduce chattering and enhance robustness.
Nevertheless, the effect in improving the robustness only through the adaptive super-
twisting structure is not satisfactory. The accurate position estimation requires exact motor
parameters. Generally, disturbance observers are selected by some researchers to provide
precise disturbance compensation and improve system performance [31,32]. For instance,
in [33], a compound terminal SMO is applied to estimate the parameter disturbances in
real time. In [34], an extended sliding mode disturbance observer is designed to observe
the system disturbances caused by mismatched parameters and external load, and provide
a feed-forward compensation to the controller. However, the introduction of disturbance
observers complicates the control system.

Motivated by these problems, an improved super-twisting high-order sliding mode
observer is proposed to meet the high-performance sensorless control requirements of
SPMSM. The proposed observer is able to simultaneously estimate the rotor position and
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speed as well as track system disturbances caused by parameter mismatches in real-time.
Moreover, an adaptive observer is integrated to extract the required back-EMF signals,
thus improving the estimation accuracy. Finally, simulations and experiments verify the
effectiveness of the proposed method. According to the results, the proposed method has a
good response performance and precision to ensure the stable operation of the SPMSM
system.

The main contributions of this paper are listed as follows:

1. By introducing the super-twisting structure into SMO, the chattering phenomenon
and settling time can be reduced.

2. High estimation precision requires accurate motor parameters. Different from the
traditional method of applying two observers for PMSM sensorless control with
mismatched parameters, only one super-twisting sliding mode observer is designed
to simultaneously estimate the rotor position and speed as well as track the parameter
disturbances online. In this way, not only is the robustness against the parameter
uncertainties enhanced, but the model structure is also simplified.

3. Anadaptive observer instead of the low-pass filter and phase compensation module
is applied to extract the desired back-EMF signals, so as to further improve the
estimation accuracy.

This article is organized as follows. Section 2 describes the improved super-twisting
high-order sliding mode observer. Section 3 illustrates and discusses the simulation and
experimental results. Some conclusions are drawn in Section 4.

2. Design of the Observer

First, the drive control system structure of PMSM is shown in Figure 1. The control
system includes a PMSM, an inverter, a pulse width modulation (PWM) module, two
coordinate transformation modules, the PI speed controller, the PI current controller, and
the improved super-twisting SMO. The proposed observer is shown in Figure 2. The d-axis
reference current i is usually set to zero to ensure constant flux operating [3]. w* is the
reference speed. i; is the reference g-axis current. The rotor position and speed estimated
by the observer are used for field orientation and closed-loop control. The parameter
disturbances estimated by the observer provide the feed-forward compensation terms for
the controller after coordinate transformation. In addition, the input of the observer is the
given motor voltage recovered from the actually measured dc bus voltage and the duty
cycle calculated from the space vector modulation module, which can partially eliminate
the dead time effect of the inverter, so as to obtain more accurate actual given motor voltage.

The main work of this paper is to design a back-EMF observer to estimate the rotor
position and speed to realize the sensorless speed-tracking control.

2.1. Improved Super-Twisting High-Order Sliding Mode Observer

The dynamics model of the SPMSM in the «-8 frame is more convenient for the ob-
server design based on the back-EMF signals. Thus, its mathematical equation considering
the model uncertainties can be expressed as follows [30]:

di 1)

{ L% = _Rsia_ea+ua+fa
LTf = —Rsil; —ep +M/5 +fﬁ

with
i _p
T = ta
g 2)
{ ot =Fp

where i, and ig are the phase currents in the stationary reference frame, and u, and ug are
the phase voltages in the stationary reference frame. R; is the stator resistance. L is the
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stator inductance. f, and fg represent the uncertainty term vectors, and F, and Fg are the
variation rates of uncertainties f, and fg, respectively. The back-EMF signals e, and eg are
given by the following equation:

ey = —npwdsind
eg = @ cos 6 @)
g = npwd cos
where w is the mechanical angular speed. 0 is the angle of the motor. ® is the permanent
magnet flux. n, is the number of pole pairs. From (3), it can be seen that the back-EMF
signals contain the rotor speed and position information.

* oK
w l uq u,
—q>C\—> > - —>
—Q—— Q- PI dq o
_ - N ,
i " u PWM Inverter
d R d afp B —>
+xe PI > > —>]
> A
fq fd v ;
Iy d a i
i ,. a4 ==1
q ’ o
op apf |« abcle ke
A A fad
e
Il 1. Improved
Super-twisting " PMSM
& SMO o,

Figure 1. Block diagram of the sensorless control system of PMSM.
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Figure 2. Block diagram of the improved super-twisting SMO.

For the purpose of rotor position estimation and parameter disturbance tracking, the
super-twisting high-order sliding mode observer is designed as:

{ Lo = —Rla + tta + fo — 01 @
dfu
Tft = —kav1
di A A
Lﬂ—f = _Rslﬁ+uﬁ +fﬁ—Z)2 (5)
afg _

T = —kpo2

where i, and 7, p are the estimations of the phase currents, fu and f/gz, are the estimations of
the uncertainties, k, and kg are the design parameters, and v; and v; represent the observer
control functions.



Energies 2021, 14, 6047 50f 18

The SMO with a super-twisting algorithm can effectively weaken system chattering
and shorten the tracking time, which is defined as:

[ 01 } _ [ k1|fa]1/§sgn(z}) —l—szsgn(z})dt ©
%)} k1|iﬁ| / sgn(iﬁ) +fk25gn(i/5)dt

where ki and k; are sliding-mode gains, k1 > 0 and k, > 0.
According to (1), (2), (4), and (5), the error equation can be obtained as:

Ldix = _Rs{a + ex +fa — 0 ?)
dflx —k,ﬂ)1 Fp‘

di, T ~
Lﬁ;tﬁ = 7Rsl'3+e‘5 +f;3 — Uy ®)
s — _kgo, —F

dat Bo2 B

where I, = iy — i, and 17/3 = fﬁ — i/g are the current estimation errors, and f,X = fa — fa
and fﬁ = fﬁ — fp are the uncertainties’ estimation errors.
The estimation errors of stator currents are selected to construct the sliding surface as:

S:[IT,X 1,3] (9)

The first derivative of the sliding surface is:

i = %( kl\fa|1/25gn(17“) — szsgn(fa)dt) + Dy
Dl = Lfa
i %( k1 lﬁ’ sgn(zlg) — szsgn(fﬁ)dt) + Dz
D2 Tip+1es+ 1fp

(10)

Compared with the standard form of the super-twisting algorithm [35], it is found
that D; and D, are considered as the disturbance terms of the observer. Once the system

reaches the sliding surface, i iy = /5 =0and i, = /5 = 0, the estimated back-EMF signals
can be expressed as:

v 1/2 ¥ v

ey = k1|z,X] sgn(za) + [ kosgn(iy)dt an
eg = k1‘15| sgn(ig) + [ kosgn(ig)dt

According to (11), the back-EMF equivalent signals can be obtained, but the estimated

signals still contain high-frequency components. An adaptive observer instead of the

traditional low-pass filter is applied to extract the required back-EMF signals. Since the

change rate of the motor angular velocity is much lower than that of the stator current, we
can assume that w = 0. Then, the back-EMFs model of the PMSM can be expressed as [26]:

dey __
-5 = —Nnywe
{ & PP (12)

B _
aF = npwea

Based on (12), the adaptive observer is constructed as:

de A n
;f = np@éy — ky(ép — ep) (13)
W =y [(6a —ea)ip — (65 — ep) ]

where k3 and k4 are the observer gains, k3 > 0 and k4 > 0.



Energies 2021, 14, 6047 6 of 18

The error equation of the adaptive observer is derived by subtracting (12) from (13):

dé - - ~
di;‘ = —np@eg — npwég — kaéy
e o - ~
dd't'ﬁ = r;pwea + npwéy — k4eﬁ (14)
o __ ~ A ~ A
@t = ny, [enp — 2pea]

where &, = é, — e, and &g = ég — ep are the back-EMF estimation errors, and @ = @ — w
are the speed estimation errors.

According to (13), the rotor position can be calculated from the relationship between
the back-EMF and the rotor position.

f = arctan (—?) (15)
cp

According to the Lyapunov stability theorem, the sliding mode system is stable if:

2.2. Observer Stability Analysis

1. t— 00,5 —0;
2. ss<0.

A Lyapunov function is selected to ensure that all trajectories of the system converge
to the origin in finite time [35].

V = 3Va(in) + 3Vp(ip) )

= 2hofa| + 362 + & (k| sgn (i) — o) (16)
- - - 2

+2Ua | + 363 + & (kaFp| s (p) — 2p)

Since i, = 1, g = 01is an equilibrium point of the super-twisting function, the proposed
Lyapunov function can be written in quadratic form V(x) = ATPA + BT PB, where

(4 B]-= [ o] *sgn(ic)  [ig|"*san (i)

Ca C/B
[ —4k2+k% _kil ]
P = 2 2
_%1 1
[Ca Zp ] =] — [ kosgn(iy)dt fszsgn(fﬁ)dt ] (17)

Note that V(x) is a strong Lyapunov function which is continuous everywhere but
non-differentiable at i, = 1, g =0.
Suppose that D; and D; are globally bounded by:

|1/2

D1 S (T‘{,x (18)

D, < olig|”* (19)

for any constants o > 0. Then, the convergence of all trajectories in finite time can be
guaranteed when the gains are properly selected.
By taking the time-derivative of (16), we get:

1/2

. 1 . -1,2 1, = -
V = —Jalid 2 ATPA~ s 578 @

where
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ki[ 2kp + K2 —k
p:;[ Z_kll 11 (21)
V(x) is negative-definite if:
{ ki > 20 22)
50k +40?
ko >k 2£(Tk11 —25)

Hence, the global asymptotic stability of the proposed observer can be proved by using
the Lyapunov stability theory. Moreover, the sliding chattering is effectively weakened
since the sign function is hidden in the integral term.

3. Simulation and Experimental Results
3.1. Simulation Results

In order to demonstrate the effectiveness of the proposed observer, the simulation
model based on a sensorless SPMSM drive system is built in MATLAB/Simulink, where the
motor position and speed information are obtained from the proposed observer. Moreover,
the mechanical sensor is applied to record the actual position and speed for comparison.
The motor parameters are listed in Table 1. The observer parameters are set as k; = 500,
ky = 0.1, ky =10, kg = 10, k3 = k4 = 170.

Table 1. PMSM parameters.

Description Value Unit
rated speed 1000 r/min
rated torque 10 N-m
stator resistance 0.93 (@)
d-and g-axis inductance 3 mH
permanent magnet flux 0.32 Wb
moment of inertia 0.0027 kg-m?

Figure 3 shows the simulation waveform of the proposed observer, and the load
torque is 5 Nm. The speed response is given in Figure 3a. As depicted, it takes very little
time for the actual speed to be adjusted to the reference speed. The estimated speed is
closely related to the actual speed, and the estimated error quickly converges to zero after
the short transient period, as shown in Figure 3b. The maximum dynamic error of the
estimated speed is 5 rpm and the steady-state error is within 0.1 rpm. In Figure 3c, two
quadrature smooth estimated back-EMFs are obtained. Figure 3d displays the electrical
position response, which shows an excellent estimation performance with the proposed
observer. The position estimation error is given in Figure 3e. Figure 3 indicates that the
proposed observer can effectively estimate the speed and position and track the reference
signal well.

Figure 4a shows the speed response with the load torque stepped from 5 Nm to 10 Nm
at 1s. As shown, the estimated speed keeps a close track with the actual value. After the
step load occurs, the estimated speed quickly returns to the reference, and the steady-state
error increases from 0.1 rpm to 0.4 rpm. The robustness of the proposed observer is verified.
The three-phase current response is presented in Figure 4b.

Since it is inevitable that the motor parameters vary with the operating conditions,
the influence of parameter deviations is considered. The speed response and disturbance
estimation results under different parameter mismatches are presented in Figures 5-10. The
load torque is 5 Nm. Figures 5 and 6 respectively show the speed response and estimation
error with different stator inductance values. In Figure 5, when the inductance increases
from L to 2L, the adjustment time increases by 0.04 s, and the steady-state fluctuation
values of f; and f; are 4 V and 0.4 V, respectively. In Figure 6, when the inductance is
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reduced from L to 0.5L, an overshoot of about 2 rad occurs, and the fluctuations of f; and

fqare 3V and 0.6 V, respectively.

— 20
200 - €
g
= L — 10
5_150 s
g 5}
100 2 0%/“
g - - ‘Reference %
o 50f ——Measured e -10
—Estimated 4
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(a) Speed response. (b) Speed estimated error.
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(e) Position estimated error.

Figure 3. Simulation results of the proposed observer under nominal parameters.

Figures 7 and 8 respectively show the speed response and estimation error with differ-
ent resistance values. The fluctuations in the estimated speed and the estimated disturbance
are much increased compared to other parameter-mismatched situations, especially when
the resistance increases, where the f; and f; rise to 10 V and 5 V, respectively. The speed
estimates and disturbance estimates when the stator inductance and resistance change
simultaneously are given in Figures 9 and 10. From these Figures, it can be observed that
the proposed observer can still track the reference signal quickly and accurately even if the

parameters are mismatched.
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Figure 4. Simulation results of the proposed observer with stepped load.
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Figure 5. Simulation results under L= 2Lj.
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Figure 6. Simulation results under L = 0.5L,.
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Figure 7. Simulation results under R = 10Ro.
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Figure 8. Simulation results under R = 0.1Ry.
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Figure 9. Simulation results under L = 2Ly, R = 10R.
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Figure 10. Simulation results under L = 0.5Ly, R = 0.1R.
3.2. Experimental Results

The experimental results were obtained using the AC servo system rapid prototyping
experimental platform. The experimental platform diagram is given in Figure 11. The
platform consists of hardware and software. The hardware includes the servo motor, real-
time simulator, and torque sensor. Software includes MATLAB/Simulink and RT-SIM. The
platform uses MATLAB/Simulink to build and compile the model of the control system,
then download it to the simulator to drive the motor. The real-time transmission of the
data and signal can be realized by using RT-SIM. The configuration of the experimental
system is shown in Figure 12.

A senstrol 130MB150A type SPMSM is applied in the experiment. All the parameters
in the experiment are consistent with the simulation. The sampling interval is 0.0002 s and
the PWM sampling frequency is 10 kHZ. It should be emphasized again that the use of
a mechanical sensor in the experiment is only to record the actual position and speed for
comparison.

The proposed observer is compared with the other two observers, and the tradi-
tional SMO and the traditional super-twisting algorithm (STA) as presented in [30]. The
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experimental results investigate the dynamic and steady-state performance of the pro-
posed observer. Figures 13-26 show the estimated speed and estimation error in different
speed ranges.

Figures 13-15 illustrate the experimental results of three observers from zero speed to
high speed (1000 rpm). The estimated speed of the three observers is basically consistent
with the actual speed. In Figure 13, with the traditional SMO, the estimated speed quickly
tracks the actual speed in the transient state, whereas serious chattering occurs in the steady
state. As shown in Figure 14, the traditional STA-based observe has lower steady-state
estimation error since the super-twisting structure provides accurate speed estimation and
weakens sliding chattering. However, more adjustment time is needed for PMSM to reach
the steady state. In Figure 15, the proposed observer could reduce transient and steady-
state errors and provide better estimation accuracy, which can be confirmed by comparing
the estimation errors in Figures 13b, 14b and 15b. It indicates that the proposed observer
has faster convergence speed and minimal error compared to the other two observers.

The motor speed response and estimated error from zero speed to medium speed
(600 rpm) are presented in Figures 16-18. In Figure 16, the traditional SMO has overshoot
and fluctuation. In Figure 17, by applying the super-twisting algorithm, the chattering
caused by repeated overshoot is reduced, but the dynamic estimation performance is
compromised to some extent. In Figure 18, the estimated speed converges quickly to the
actual value. It can be seen from the steady-state error in Figures 16b, 17b, and 18b that the
proposed observer has better estimation accuracy compared with the other two observers.

The low-speed estimation result is given in Figures 19-21, where the speed changes
from 60 rpm to 30 rpm. In Figure 19, significant fluctuation appears with the traditional
SMO. In Figure 20, the issue is improved by the super-twisting algorithm, but the distinct
estimated adjustment period and dynamic estimation error appears after the speed is
changed. It can be seen from Figure 21 that the speed estimation error of the proposed
observer has been drastically reduced. Compared with the other two observers, the
proposed observer still maintains good estimation accuracy in the process of speed change,
which can be proved from the estimation error in Figures 19b, 20b, and 21b.

Then, the speed estimation performance under a variable speed reference profile
(industrial benchmark) is evaluated. The test can be regarded as including all the previous
experimental tests. Figures 22-24 show the speed estimation and estimation errors of all
observers from zero to medium speed (400 rpm) to high speed (1000 rpm) and then to
medium-high speed (700 rpm). It can be observed from Figure 22 that the traditional SMO
shows high error and unacceptable overshoot. The super-twisting structure could eliminate
this phenomenon, but more regulation time is required in the transient one, as shown
in Figure 23. In Figure 24, the smaller estimation error in the steady state and the fast
convergence speed in the transient state are provided by the proposed observer. Figure 25
shows the position estimation performance of the proposed observer when the speed steps
at 8 s from 400 rpm to 1000 rpm. The position maintains a good position performance even
if the speed is changed. Thus, the proposed observer gets the best speed estimation during
the change of speed reference. The quantitative comparison of the three observers is shown
in Table 2.
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Figure 11. Experimental configuration of PMSM system.
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Figure 12. Experimental configuration of PMSM system.

The feasibility experiment in the high-speed and stepped load is carried out, and
the result is shown in Figure 26. The motor operates in 1000 rpm with the load stepped
from 2 N to 4 N at 1 s. Figure 26a gives the measured and estimated speeds, which shows
that the actual speed quickly returns to the reference speed after load torque-stepping.
The estimated speed is still close to the measured speed. The position maintains a good
estimation performance both in the dynamic and steady state, as shown in Figure 26b.
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Figure 13. Experimental results of SMO at 1000 rpm.
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Figure 14. Experimental results of STA at 1000 rpm.
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Figure 15. Experimental results of the proposed observer at 1000 rpm.
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Figure 17. Experimental results of STA at 600 rpm.

600 !
—_ 1
§ 400} :
o :
% 200 L 1

& ! - - ‘Reference

——Measured

0 ——Estimated

0 1 2 4 5

(@) Speed response.

4o
1S
S
= 20
S
5]
s 0
@
T
£-20
k73
i
40 ] ] ] ]
0 1 2 3 4 5
Time (s)
(b) Estimated disturbance.
40

)
o

Estimated error (rpm)
o 3

A
<)

o
-

2 3 4 5
Time (s)

(b) Estimated disturbance.

Figure 18. Experimental results of the proposed observer at 600 rpm.
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Figure 19. Experimental results of SMO under 60 rpm to 30 rpm.
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Figure 20. Experimental results of STA under 60 rpm to 30 rpm.
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Figure 23. Experimental results of STA at variable speed.
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Figure 24. Experimental results of the proposed observer at variable speed.
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Table 2. Comparison analysis of experimental results.
Speed Method Steady-State Error ~ Tracking Time  Estimated Time
1000 rpm traditional SMO 10 rpm 2.19s 222s
traditional STA 7 rpm 2.55s 2.56s
proposed observer 4 rpm 220s 220s
600 rpm traditional SMO 9 rpm 223s 225s
traditional STA 5 rpm 251s 252s
proposed observer 3 rpm 222s 222s
60 — 30 rpm traditional SMO 1rpm 09s 1s
traditional STA 0.8 rpm 03s 0.5s
proposed observer 0.5 rpm 03s 04s

Tracking time refers to the time taken for the measured position to reach the reference position. Estimated time
refers to the time taken for the estimated position to reach the reference position.

4. Conclusions

In this article, an improved super-twisting sliding mode observer was presented for
the sensorless control of the SPMSM system. The purpose of the proposed observer was
to accurately estimate the rotor position and speed. The main idea is to use only one
observer to simultaneously estimate the rotor position and speed, as well as track the
parameter perturbation in real time. The robustness and estimation accuracy of the system
can be ensured even under the influence of parameter uncertainties. Moreover, both good
dynamic and steady-state performance can be achieved. The simulation results show that
the proposed method performs well for nominal or uncertain parameters. The advantages
and benefits of this method in sensorless speed-tracking were verified by comparative
experiments. Therefore, the effectiveness and feasibility of the method proposed in this
paper in practical engineering can be guaranteed.

Although the proposed method maintains a correct estimation at zero speed, its
steady-state error and overshoot increases to some extent. In future research work, we
plan to design a sensorless control scheme which can realize high-performance operation
in a full speed range by combining the respective advantages of the magnetic circuit
saturation-based method and back-EMF-based method.
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Abbreviations

The following abbreviations are used in this manuscript:

PMSM  Permanent Magnet Synchronous Motor
IPMSM  Interior Permanent Magnet Synchronous Motor
SPMSM  surface permanent magnet synchronous motor

EMF Electromotive Force
SMO Sliding Mode Observer
LPF Low Pass Filter
HSMO  High-order Sliding Mode Observer
STA Super Twisting Algorithm
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