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Abstract: To improve the sensorless control performance of electrical drive systems, a nonsingular
terminal sliding mode observer (NTSMO) and adaptive observer are proposed to solve the chat-
tering and phase delay problems. Firstly, by defining a new nonsingular terminal sliding mode
surface, the sliding mode observer based on the fast reaching law is designed to estimate the back
electromotive force (EMF). The observer enhances the robustness and system performance elimi-
nates the singularity and attenuates the chattering. Next, to obtain the accurate back-EMF signal,
an adaptive observer is designed instead of a traditional low-pass filter to filter out the harmonics.
The adaptive observer can avoid the phase delay problem and further improve the signal observation
accuracy. Then, the rotor position and speed information are accurately tracked. The proposed
method is applied to the speed control system of a permanent magnet synchronous motor (PMSM),
and the effectiveness and feasibility of the proposed sliding mode observer are demonstrated by
the experiment.

Keywords: permanent magnet synchronous motor; nonsingular terminal sliding mode observer;

adaptive observer

MSC: 93A30

1. Introduction

Permanent magnet synchronous motor (PMSM) has the characteristics of high power density,
high efficiency, and high reliability [1], and it is widely used in industrial applications [2]. The
advanced technologies based on vector control or direct torque control are often used in
the field of high-performance electrical drive systems, and the rotor position and speed
information are usually obtained by installing an encoder or resolver [3,4]; however, the use
of mechanical sensors will increase the size and cost of the motor drive system; therefore,
the sensorless speed control technologies of PMSM have received extensive attention [5,6].

According to the running speed of the motor, the sensorless control strategies of PMSM
can be divided into two categories. One is the high-frequency signal injection method,
which does not depend on the model of the motor, but is easily affected by high-frequency
noise. It is suitable for the zero low-speed range [7,8]. The other is sensorless control based
on back electromotive force (EMF) [9,10]. The back-EMF is estimated by the model of the
motor, and the speed and position are further calculated. Because it is difficult to derive
the accurate back-EMF at a low speed, this method is usually applied in the medium and
high-speed range. Recently, a lot of sensorless methods based on back-EMF have been
proposed, such as the sliding mode observer [11,12], model reference adaptive control [13],
flux linkage observation [14], and Kalman filter observer [15].

Among these methods, because of its low requirements on the model of the control
system, the sliding mode observer (SMO) is widely used in sensorless control of electrical
drive systems [16,17]. Sliding mode control is usually divided into two parts, one is sliding
mode surface design and the other is reaching law control [18]. The reaching law control is
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directly related to the process of reaching the sliding surface. Sliding mode control (SMC)
is a kind of variable structure control, which has the advantages of fast convergence speed
and strong robustness [19]. Although SMC has attractive advantages, it has an inherent
feature of chattering may hinder its application; therefore, it is a challenge to suppress
chattering in sliding mode control [20,21]. Considering the influence of VSI nonlinearity,
in [22], an adaptive super-twisting algorithm-based sliding mode observer (STA-SMO) is
proposed to estimate the speed and position information. Compared with conventional
sliding mode observer, the estimation accuracy is improved and the speed estimation
accuracy is improved. To solve the delay problem existing in SMO, a hyperbolic function is
proposed in [23] as a switching function to solve the delay problem. In [24], a sensorless
speed control approach of the induction motor applying full-order terminal sliding mode
(FOTSM) control theory is proposed, and the accuracy of the sensorless control system
is improved. To reduce the chattering effect and improve control accuracy, an improved
sliding mode observer by redesigning the sliding switching function is designed for surface-
mounted PMSM; through the introduction of an intermediate variable, the back-EMF is
extended at a low speed [25]. To suppress the estimated position error, a full-order sliding
mode observer with a novel phase-locked loop is designed in [26] for sensorless control
of PMSM. In [27], a novel adaptive-gain SMO is designed for sensorless control, and the
gain can dynamically adapt to a changing operation condition. In [28], a super-twisting
sliding mode observer (STSMO) is proposed to realize high-performance sensorless control.
The effectiveness of this method is verified by experiments and simulations.

In this paper, to improve the control accuracy of the sensorless speed control system,
a composite control method based on a nonsingular terminal sliding mode observer and
an adaptive observer is proposed. Compared with the conventional sliding mode ob-
server to achieve sensorless control, the method designed in this paper can further reduce
the chattering problem of the system, improve the observation accuracy, and effectively
improve the system performance. Moreover, compared with STSMO [28], the observer
structure designed in this paper is simpler, and the chattering problem of the system is
further suppressed. The experimental results show that the method can effectively improve
the observation accuracy and anti-disturbance performance. The main contributions are
as follows.

(1) A nonsingular terminal sliding mode observer is designed for the sensorless speed
control of PMSM by using an improved sliding mode reaching law. The estimation
accuracy of the speed is improved.

(2) Anadaptive observer is used to replace the low-pass filter in the conventional slid-
ing mode observer, which effectively avoids the phase delay problem and further
improves the observation accuracy.

(8) The stability of the system is proved by the Lyapunov function. Compared with the
conventional SMO and super-twisting SMO, the experimental results show that the
proposed method can improve the observation accuracy of the speed and effectively
reduce the chattering.

This paper is organized as follows. In Section 2, a sliding mode observer for permanent
magnet synchronous motor is designed, which includes conventional sliding mode observer
and nonsingular terminal sliding mode observer. In addition, the new reaching law used is
numerically simulated, and the stability of the designed observer is verified by Lyapunov
function. Experiments are verified in Section 3. Conclusions are provided in Section 4.
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2. Design of the Observer
2.1. Conventional Sliding Mode Observer

The mathematical model of the surface-mounted PMSM in two-phase stationary
coordinate system can be represented as [29]

d: _ _Rs: 1 1

El“ = 7f§10c + Eua — Eeu (1)
Bjg = Rsjpp Ly Le

dat LB T Is"B— LB

B
{ eq = — s, sin b, o)

ep = Prw, cos 0,

where iy, i p are the phase currents in the stationary reference frame. u,, u p are the phase
voltages in the stationary reference frame. e,, ep are the back-EMF components of the shaft.
Ls, Rs are the stator inductance and stator resistance, respectively. i¢ is the permanent
magnet flux linkage. w, is the rotor electrical angular velocity. 6, is the rotor electrical
angle position.

According to the sensorless control method of permanent magnet synchronous motor
based on sliding mode observer [30], the sliding mode surface is defined as

i I — i
S(x) = ( ir“ ) = ( '.\DC . .“ ) (3)
B lp—1p
where 7, and 7, p are the current estimation errors. 7, and 1, p are the estimation values of the

phase currents.
Then, the sliding mode observer is usually designed as
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dile = —Tola T T jUa — 0 @)
I A S W

at'p LA T LM~ LY

where v, and vg represent the control functions of the sliding mode observer.
Subtract (1) from (4), the differential of current estimation errors can be obtained as

d[ i ] _ Rs[ia 1] ex—wa
dt[fﬁ} Ls[fﬁ]+Ls[eﬂ—vﬁ] ®
Next, the sliding mode control law is designed as
|: Oa :| _ |: klsgn(i:a —iy) ] ®)
Uﬁ klsgn(ilg — lﬁ)

where, kq is the SMO gain and k; > 0. If the value of k; is too large, the chattering of the
system will increase. If the value of k; is too small, the dynamic performance of the system
will be affected.

According to the equivalent control principle of sliding mode [31], the back-EMF is

derived as
[ _ Oy _ k 1 Sgn ( ;“ )
= =« x (7)
ep g 1sgn (i rg)
Since the estimated back-EMF contains higher harmonics, it is usually filtered with
a low-pass filter [32]. Rotor position and speed information can be calculated from the

filtered back-EMF. Considering the delay of the low-pass filter, certain phase compensation
is required. The estimated rotor position and speed after compensation are

A

0, = — arctan f—'x + A, (8)
g
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where é&,, ép are a-axis and B-axis estimation of back-EMF. 0, is the estimation of electrical
angle. @, is the estimation of electrical angular velocity. Al = arctan(@,/w,) is to compen-
sate for the angle of the rotor. w, is the cutoff frequency of the low-pass filter. For different
rotational speeds and cut-off frequencies, the compensation angles are different.

2.2. Design of Nonsingular Terminal Sliding Mode Observer

In order to achieve good performances, such as fast convergence and better tracking
precision, the nonsingular terminal sliding surface is designed as [33]

£ = () + B / i) | sgn(i(1))dr (10)

O] sgn(i(0))
is defined as |17(T)|Asgn(17('r)) = [ |17“(T)|Asgn(fa(r)) |55(T)\Asgn(z75(T)) } )

Let x;(t) = |x(t)|/\sgn(x(t)) and x;(0) = —x(0)/B , when the system moves on
an ideal sliding surface, it can be obtained x(¢) = —px; () and x;(t) = —‘B|x1(t)|/\sgn(x1(t)).

where 8 > 0,A =p/q,p,

The finite time of x(¢) from x(0) to x (tf) is the same as the finite time of x;(¢) from x;(0)

to xp (tf> = 0. From Equation (10), it can be calculated as t; = (1 — ) Hx(0)F A,
so the observer can converge to a steady-state in a finite time.

When the system reaches the sliding mode surface, then s = s = 0, the following can
be obtained from (10) as

5+ B|i| sgni = 0 (11)
Then

i=— ,8|17])‘sgru7 (12)

The sliding mode control law usually consists of equivalent control and switching
control [34]. According to the model of current estimation errors (5) and the sliding mode
surface (10), the sliding mode control law is designed as

U = Ueq + Usw N
Veg = Rsl - LsB|i|" sgni (13)
. @
Usw = _WM sgn(s) — ﬁs
where0 < ¢ <1,0<0<0.1,0< @ <1,k > 0. v is the equivalent control. vy is the
switch control, and it can also be seen as sliding mode reaching law. The equivalent control

rate is obtained without considering the back-EMF.
The back-EMF can be observed as

€ =70 = Vg + Vs (14)
To ensure the stability of the system, the Lyapunov function is selected [35]

V =52/2 (15)
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The derivation of V can be expressed as
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Beyond |s| < min((2|e| /)Y@, 20e|/ e) , V is negative definite. The solution starting in-

2
side V < c remain inside it at all future times, where ¢ > 1/2 (min ((2|e| /)M, 2|e| /e))) ,

since V is negative on the boundary V = ¢, and hence the solution is uniformly bounded.

To filter the high-frequency noise signal and solve the phase delay problem of the low
pass filter, an adaptive observer is designed to derive the accurate back-EMF. Assuming that
the motor speed is constant within an estimation period. According to (2), the differential
of the back-EMF can be expressed as [28]

dey
=t = —we
I — Wea

The adaptive observer is designed as

déy _ _ 5 5
el (18)
T = —wéa —ka(ép —ep)

where k3 and k4 are observer gains, and k3 > 0, k4 > 0. The adaptive observer has good
robustness and can effectively filter high-frequency noise to obtain accurate back-EMF
signal. The phase delay problem caused by the traditional filter is avoided.

Finally, the motor speed and position can be estimated from (9) and (19).

o= / @t (19)

The system structure is shown in Figure 1. The control system includes an interior
mounted PMSM, an inverter, a pulse width modulation (PWM) module, two coordinate
transformation modules, the PI speed controller, the PI current controller, the nonsingular
terminal sliding mode observer, and the adaptive obvserver. w* is the reference speed.
The d-axes reference current i;* is usually set to zero to ensure a constant flux operating
condition. The nonsingular terminal sliding mode observer is used to estimate the motor
back-EMF, and the adaptive observer is used to filter the back-EMF signal and estimate
the motor speed information and rotor position information, so as to realize the sensorless
control of permanent magnet synchronous motor. The parameters of control system are
obtained by trial and error method. The designed NTSMO not only ensures the fast
response of the system, but also effectively weakens the chattering problem of the system.
The adaptive observer filters out the high-order harmonics in the estimated value of the
back-EMF signal and avoids the phase delay problem, which makes the rotor position
estimation more accurate and suppresses the chattering.
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Figure 1. System structure diagram.

2.3. Numerical Analysis of Reaching Law

To verify the performance of the proposed sliding mode reaching law vs, a typical
system (18) is taken as an example.

X = Ax+ Bu (20)
The sliding mode surface of the system is chosen as s = Cx, then
§=Cx (21)

As shown in (13), the sliding mode reaching law is selected as s = — ﬁ s|“sgn(s) —

ﬁs, then

€

7(_: e Cx] (22)

k
_ —1 _ _ @ _
u=(CB) ' [-CAx o |Cx|“sgn(Cx)

where x = [x xz]T, x1, and x, are the system state variable and the initial state of the
system, x(0) = [10 10]7, X = x1, k = 300, ¢ = 0.5, 0 = 0.01, @ = 0.5, ¢ = 50. The
simulation comparison results of the new reaching law and the exponential reaching law
are shown in Figure 2 and Figure 3, respectively.

Figure 2 shows the numerical simulation of the performance of the new reaching
law, and Figure 3 shows the numerical simulation of the performance of the exponential
reaching law. By comparing the simulation results, it can be obtained that the new reaching
law is better than the exponential reaching law in reaching speed and buffeting suppression;
therefore, the new reaching law can shorten the time required for the system to reach the
sliding mode surface, improve the speed of the system approaching the sliding mode
surface, and reduce the chattering of the system.
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Figure 2. The performance of new reaching law. (a) Controller output; (b) approach time; (c) system
status; (d) phase trajectory of sliding mode motion.
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Figure 3. The performance of exponential reaching law. (a) Controller output; (b) approach time;
(c) system status; (d) phase trajectory of sliding mode motion.

3. Experiment Analysis

In this part, to further verify the effectiveness of the proposed algorithm in this paper,
the experimental verification was carried out on a motor-driven system; the experimental
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platform is shown in Figure 4. It mainly consists of the servo driver, PMSM, special
motor control module, load control module, real-time simulator, and torque sensor. The
control algorithm was compiled into the target code in MATLAB/Simulink. Then, it was
downloaded to the real-time simulator. The motor was controlled by an RT-SIM software,
which can observe the experimental waveform and data in real time. The experimental
structure diagram of the drive system is shown in Figure 5. The motor parameters are
shown in Table 1.

Braking Resistor

Simulation
computer

O—
PMSM
US| -
Upe| T voltage
Bus current
o— o —— choder
signal
== Iair
Load Current

detection

pACI! Analog
Real e ial
ﬁ . ' boxks iﬁf’.ﬂﬁ. oliput i =
[Downlcady RT-Sim| VXwort card i,

card N Detection Output

o

- m - Real time 2]

MATLAB/simulink [ managemen) X . 0
Real-time simulator

PC

Figure 5. Experimental structure diagram of the drive system.

Table 1. Parameters of PMSM.

Description Value Unit
rated speed 1000 r/min
rated torque 14.5 N-m
stator resistance 1.84 (@)
d-axis inductance 6.65 mH
g-axis inductance 6.65 mH
rotor flux 0.32 Wb
moment of inertia 0.0027 Kg - m?

To verify the control performance of nonsingular terminal sliding mode observer, the
proposed method is compared with conventional sliding mode observer and super-twisting
sliding mode observer [28]. The parameters of control system are obtained by trial and
error method. The parameters of nonsingular terminal sliding mode observer are chosen
ask=2,=050=001,©=05¢=05 A=0.5,and p = 5. The mechanical sensors
used in the experiment only record the actual rotor position and speed, and the detected
information is not used for closed-loop control.
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Firstly, the reference speed is given as 200 r/min. The estimated motor speed wave-
forms by the sensorless control algorithm are shown in Figure 6a. The actual motor speed
waveforms by the mechanical sensors are shown in Figure 6b. The errors waveforms of
actual speed and estimated speed are shown in Figure 6¢. It can be seen from Figure 6,
the fluctuations of observed speed with conventional SMO, FTSMO, and NTSMO are
9.4 r/min, 5.8 r/min, and 5.1 r/min, respectively. The fluctuations of actual speed are
8 r/min, 6 r/min, and 5 r/min, respectively. The fluctuations of speed error are 15 r/min,
12.5 r/min, and 11.2 r/min, respectively. The experiments are also completed with the
reference speed of 600 r/min and 1000 r/min. The experimental results are shown in
Figure 7 and Figure 8, respectively. Similarly, it can be seen from Figures 7 and 8 that when
the speed is 600 r/min, the fluctuations of speed errors with conventional SMO, FTSMO,
and NTSMO are 17.2 r/min, 13.3 r/min, and 8.7 r/min respectively. When the speed is
1000 r/min, the fluctuations of speed error with conventional SMO, FTSMO, and NTSMO
are 23.2 r/min, 14.3r/min, and 12.6 r/min respectively. The detailed comparison is shown
in Table 2. The experimental results show that the proposed NTSMO can reduce chattering
and improve speed estimation accuracy.

220

—SMO
—STSMO
210 —NTSMO|

180

time(s) time(s)

(a) (b)

Speed(n/min)

time(s)
(c)

Figure 6. The speed waveforms with 200 r/min. (a) estimated speed; (b) actual speed; (c) speed error.

In addition, the rotor position waveforms with the proposed method are shown in
Figures 9-11. Firstly, the reference speed is given as 200 r/min. The rotor position wave-
forms by the NTSMO are shown in Figure 9a. The rotor position error waveforms by the
NTSMO are shown in Figure 9b. Because the rotor position changes periodically, rotor posi-
tion tracking error will also appear a larger value periodically, but the actual rotor position
tracking error is constant. As seen in Figure 9, the estimated rotor position can track the
actual rotor position very well. The rotor position tracking error is 0.5 rad. The experiments
were also completed with the reference speed of 600 r/min and 1000 r/min. It can be seen
from Figures 10 and 11 that the rotor position error with 600 r/min is 0.08 rad and the rotor
position error with 1000 r/min is 0.025 rad. It can be seen from the experimental results
that the proposed method has good rotor position tracking performance. The phase delay
problem caused by the low pass filter in the traditional method is solved.
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Figure 7. The speed waveforms with 600 r/min. (a) estimated speed; (b) actual speed; (c) speed error.
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Figure 8. The speed waveforms with 1000 r/min. (a) estimated speed; (b) actual speed; (c) speed error.
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Table 2. Detailed comparison of the three control algorithms at different speeds.

Speed Method Actual Speed Estimated Speed Error
(rpm) Speed (rpm) (rpm)

SMO —192~208 —191.5~209.3 —15.1~14.8

200 rpm FTSMO —194~206 —194.1~205.8 —12.5~14.4

NTSMO —195~205 —194.9~205.1 —-11.2~11.3

SMO —596~604 —584.9~615.1 —17.2~17.3

600 rpm FTSMO —593~602 —588.2~612.3 —13.3~13.1
NTSMO —599~601 —592.2~607.5 —8.7~8.7

SMO —996~1004 —978.6~1021.5 —23.2~23.8

1000 rpm FTSMO —997~1003 —981.3~1013.2 —14.3~18.8

NTSMO —999~1002 —988.8~1011.2 —12.6~12.9

30

0

time(s) time(s)

(a) (b)

30
— Mearsuered
— Estimated

n
=]
N
=]

=
o

Position(rad)
Position(rad)

=
=)

Figure 9. The rotor position waveforms with 200 r/min. (a) Rotor position curve; (b) rotor position
error curve.

20 30

—Mearsuered
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N
=]

P

o

Position(rad)
-
o
Position(rad)
.
L)

=)

o
&

time(s) ) time(s)
(@) (b)

Figure 10. The rotor position waveforms with 600 r/min. (a) Rotor position curve; (b) rotor position
error curve.

30 30
—Mearsuered
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520 s 10
g g
S g0
] g
o o
o o
10 -10
-20
0 -30
time(s) time(s)
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Figure 11. The rotor position waveforms with 1000 r/min. (a) Rotor position curve; (b) rotor position
error curve.
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The back-EMF waveforms with the proposed method are shown in Figures 12-14.
Firstly, the reference speed is given as 200 r/min. It can be seen from Figure 12a that
the estimated back electromotive force is sinusoidal, but there are many harmonics in the
signal and the curve is not smooth. It can be seen from Figure 12b that the filtered back
electromotive force signal is relatively smooth. The experiments were also completed with
the reference speed of 600 r/min and 1000 r/min. It can be seen from the experimental
results that the proposed adaptive observer can filter out high-frequency chattering and
harmonics of the estimated back-EMF and improve observation accuracy.

40 40
—eu 790
—% —%
20 20
S S
L w
= =
i o
§ 0 5 0
-20 -20
time(s) time(s)
(a) (b)
Figure 12. The back-EMF waveforms with 200 r/min. (a) Before filtering; (b) after filtering.
100 . 100 e
—% —
50 50
S S
w w
= =
o g
g o R
1] [+s]
-50 -50
time(s) time(s)
(a) (b)

Figure 13. The rotor position waveforms with 600 r/min. (a) Before filtering; (b) after filtering.
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e

i
Q
=]

a
=)

=)

&
S

KN
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150

Back-EMF(V)
, =
& o o
S o & &

&
5
8

«
—e,
B

&
I
3

time(s)

(b)

Figure 14. The rotor position waveforms with 1000 r/min. (a) Before filtering; (b) after filtering.

To verify the control performance of the proposed observer with uncertain parameters,
the reference speed is given as 600r/min, and the experiments were completed under
different parameter conditions. Suppose x = xo(1 + Ax), x = (R;, Ls), where xp and Ax
represent the nominal values and disturbance of the parameters, respectively. The results
are shown in Figures 15-17. As seen in the figures, when the motor parameters are changed,
the actual speed of the motor can track the reference speed well with the proposed sliding
mode observer, and the system still has good speed control performance. The designed
observer has strong robustness for the uncertain parameters.

To further verify the effectiveness of the proposed method under load disturbance.
Figures 18 and 19 show the experimental waveforms and Q-axis current waveforms of
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different speeds under 1 Nm load disturbance, respectively. It can be seen from Figure 18a
that the speed drop and recovery time of NTSMO at 200 r/min is 18 r and 0.2 s. When
the load disturbance is removed, the speed fluctuation and recovery time is 18.5 r and
0.25 s. Similarly, it can be seen from Figure 18b,c that at 600 r/min and 1000 r/min, the
speed drop and recovery time are 17.5 1, 0.2 s and 23.5 1, 0.25 s, respectively. When the
load disturbance is removed, the speed fluctuation and recovery time is 18 r, 0.25 s and
24.5 1, 0.3 s, respectively. The experimental results show that the proposed observer can
accurately estimate the rotor position and speed with load disturbance and the sensorless
control system still has good speed control performance.

610 610
605 605
< o
£ E
E 600 -\geoo
& @
595 595
590 590
time(s) time(s)
(@) (b)
Figure 15. The speed waveforms with a sudden change of parametric values. (a) ALs; = —50%;

(b) ALs = +50%.
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Figure 16. The speed waveforms with a sudden change of parametric values. (a) ARs = —50%;

(b) ARy = +50%.
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Figure 17. The speed waveforms with a sudden change of parametric values. (a) AL = —50%,

ARs = —50%; (b) ALs = +50%, ARs = +50%.
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Figure 18. Experimental waveforms of different speeds under 1 Nm load disturbance. (a) 200 r/min;
(b) 600 r/min; (c) 1000 r/min.

5
4
4
<3
c <3
S H
= o
32
1 1
0 0
time(s) Time(s)
(a) (b)
5
4
I3
5
G2
1
0

time(s)
(0)

Figure 19. Q-axis current waveforms of different speeds under 1 Nm load disturbance. (a) 200 r/min;
(b) 600 r/min; (c) 1000 r/min.

4. Conclusions

In this paper, a nonsingular terminal sliding mode observer and an adaptive observer
are designed for the sensorless control system of a permanent magnet synchronous motor.
Smooth back-EMF estimates are obtained by filtering the adaptive observer. Its stability
was verified by Lyapunov criterion. The experimental results show that, compared with
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the conventional sliding mode observer and super-twisting sliding mode observer, the
designed nonsingular terminal sliding mode observer has the advantages of high tracking
accuracy, low chattering of rotational speed and low chattering of the counter electromotive
force, and has strong robustness to load disturbance and better system stability.

Since the design of the sliding mode observer is based on the back-EMF model of the
motor, this method is not suitable for zero and low-speed control. To better realize the
sensorless speed control of PMSM, the control strategy considering the full speed range
will be studied in the future.
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Abbreviations

The following abbreviations are used in this manuscript:

NTSMO nonsingular terminal sliding mode observer

EMF estimate the back electromotive force
PMSM  permanent magnet synchronous motor
SMO sliding mode observer

SMC sliding mode control

VSI voltage source inverter

STSMO  super-twisting sliding mode observer
FOTSM  full-order terminal sliding mode
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