2 M processes

Article

Continuous Nonsingular Fast Terminal Sliding Mode Control
for Speed Tracking of PMSM Based on Finite Time
Disturbance Observer

Yaobin Yue 12, Yanfeng Geng * and Weiliang Wang !

check for
updates

Citation: Yue, Y.; Geng, Y.; Wang, W.

Continuous Nonsingular Fast
Terminal Sliding Mode Control for
Speed Tracking of PMSM Based on
Finite Time Disturbance Observer.
Processes 2022, 10, 1407. https://
doi.org/10.3390/pr10071407

Received: 11 May 2022
Accepted: 17 July 2022
Published: 19 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

College of Control Science and Engineering, China University of Petroleum (East China),

Qingdao 266580, China; ybyue2020@qust.edu.cn (Y.Y.); wangwl@upc.edu.cn (W.W.)

College of Automation and Electronic Engineering, Qingdao University of Science and Technology,
Qingdao 260061, China

*  Correspondence: gengyf@upc.edu.cn; Tel.: +86-136-9766-9053

Abstract: A continuous nonsingular fast terminal sliding mode (CNFISM) control strategy with an
automated double power reaching law is proposed to improve the performance of speed dynamic
response and accuracy tracking for the permanent magnet synchronous motor (PMSM) servo system.
In pursuit of robustness against system uncertainties, a finite-time convergent extended state observer
(ESO) is designed to estimate external disturbances, parameter variation, and unmodeled dynamics
as a feedforward compensation to the output feedback control system. The developed controller,
based on Lyapunov stability theory analysis, can guarantee finite time stability from any initial state
in the presence of internal and external disturbances. The modified sliding mode reaching law can
achieve enough convergence rate compared with the exponential reaching law, and the inherent
chattering of sliding mode is reduced when system states approach the equilibrium point. Theoretical
analysis and simulation results demonstrate that the proposed composite controller can achieve
higher performance than the conventional sliding mode method.

Keywords: continuous fast terminal sliding mode; finite-time convergence; disturbance observer;
permanent magnet synchronous motor

1. Introduction

As a typical alternating current electric machine drive system, the permanent magnet
synchronous motor (PMSM) attracts huge attention because of its advantages, such as
high efficiency, high power density, high torque to inertia ratio, low noise, and simple
maintenance, which is widely considered as a higher precision machine drive with the
most potential application [1,2]. Not surprisingly, ensuring the fast-tracking and anti-
interference performance of linear and nonlinear dynamic control systems has always been
a fundamental problem of modern control theory [3]. To achieve the desired high precision
servo performance, the design of the PMSM controller is still crucial and challenging due to
the large quantities of disturbances and uncertainties which are derived from the multiple
sources of disturbances [4]: induced torque, mechanical and electrical parameters, load
torque, to name but a few [5,6]. When the ambient temperature of the motor changes,
the parameters of the motor vary accordingly, it is generally assumed that the variation is
within a specific range. In the practical PMSM system, the external load signal is complex
and usually contains high-frequency components, which are difficult to measure directly
and eliminate. In addition, although the magnetic field orientation mechanism is generally
employed, it is still nonlinear and strongly coupled during the electromagnetic conversion
in the PMSM system [7].

The sliding mode control (SMC) technique as a particular approach to a robust nonlin-
ear control system has the excellent advantage of fast transient response, insensitivity to
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uncertainties, and simplicity of practical application [8-13]. In recent decades, much fruitful
research based on sliding mode control for PMSM has been vigorously investigated. In the
reference [14], to improve the convergence rate, the nonlinear sliding surface proposed in
the reference [8] is used for the speed closed-loop control of PMSM. Because of the existence
of a terminal attractor, the states converge to the origin in finite time; compared with the
linear sliding surface, the convergence performance is improved, and chattering is reduced
to some extent. Further, A global fast terminal sliding mode (FTSM) has been introduced
for the PMSM drive system in [15]. In [16], by introducing a virtual control, a continuously
improved sliding mode controller is developed based on the terminal sliding mode surface
and has globally asymptotic stability for the PMSM drive system with matched and mis-
matched disturbances. Compared with the terminal sliding mode (TSM), the PMSM control
system achieves faster convergence in both the sliding mode stage and the arrival stage,
resulting in fast response and high control accuracy. Nevertheless, it should be pointed
out that the robustness and rapidity of the sliding mode controller, mainly referring to
the insensitivity to system uncertainties, are guaranteed by increasing the switch gain.
Consequently, the control gain will cause greater chattering with the significant disturbance.
In this respect, it is essential to avoid the tradeoff by adjusting the sliding mode reaching
law, with which the reaching rate is increased accordingly before getting to the setpoint of
the motor speed. At the same time, the acceptable chattering level of the controller can be
maintained when it is close to the sliding mode surface.

Another attractive topic is to combine SMC with other disturbance estimation tech-
niques to reject the disturbance and improve the robustness. The main advantage is that the
online estimation of the system uncertainty can be compensated to the feedback controller
to achieve the so-called dynamic compensation linearization [17,18] and reach the control
effect of the nominal system. This idea of disturbance feedforward compensation control
has been applied in PMSM drive motion systems [5,19-21]. The combination of disturbance
observer and sliding mode control not only improves the ability to reject disturbances of
the system but also is authentically resultful in weakening the requirement of control gain
for chattering. These methods have been widely used and tested in PMSM drive control
systems, and the test results show that good performance can be obtained.

In recent years, the ESO-based SMC method has provided an intuitive solution for
robustness and chattering attenuation [4,7,22]. However, it is worth noting that only asymp-
totic convergence can be achieved due to the structural limitation of linear extended state
observer (LESO), not the fast finite-time convergence property. Further, as a disturbance
observer in the PMSM system, the estimation error is obviously not small enough for the
application, which affects the high control performance.

In this paper, a continuous nonlinear sliding mode surface is introduced to the FTSM
controller for the speed closed-loop PMSM drive system. Involving the absolute value
and signum operator [23], it is naturally singularity-free; as a result of that, there is not
any negative fractional power term. For the adaptability of reaching law, the coefficient
of which takes the tracking error as an adjustable parameter; thus, an improved double
power reaching law (DPRL) is designed to obtain a faster speed when it is far from the
origin and less chattering when close to the equilibrium point. Besides, a finite time ESO
based on the PMSM state equation is proposed for rejecting disturbance actively, which can
estimate the total disturbance [24] caused by parameter perturbation, unmodeled dynamics,
and external load torque. Combined with the output-feedback sliding mode control, a
comprehensive controller is constituted via the feedforward method and disturbance
observer (DO) technique to achieve high-performance motion control. The paper’s main
contribution is summarized as follows: (1) for the practical PMSM servo system under a
disturbance observer-based SMC strategy, the control problems on reducing the adverse
effects caused by excessive gains are considered and addressed. Unlike the solutions
seeking a method different from the composite strategy, the proposed method in this paper
aims to improve sliding mode reaching law and develop the extended state observer for
enhancing fast convergence and rejecting disturbance ability. (2) a continuous nonsingular
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fast terminal sliding mode with an improved double power reaching law is proposed to
ensure rapid convergence near and far from the equilibrium point, naturally avoiding the
singularity problem. As a matter of fact, the variation range of the PMSM speed will be
relatively large; this will inevitably result in the need for a larger control gain to obtain a
better tracking dynamic. Therefore, based on this proposed sliding mode controller, enough
tracking speed can be obtained precisely due to the adaptable reaching law, compared
with other results of PMSM servo control methods. 3) instead of the traditional design, a
reconstructed nonlinear extended state observer (NESO) with finite-time convergence is
proposed to improve the disturbance observing ability. The estimation error can be reduced
exponentially in contrast to the traditional LESO under the same observer gains. In this
way, the adverse effects of the composite control scheme, such as chattering, are acceptable
largely depending on the observer’s accuracy.

The rest context of this paper is arranged as follows. The dynamic model of the PMSM
is described in Section 2. Based on the adaptive fast power approach law, a continuous
nonsingular fast terminal sliding mode (CNFTSM) controller is designed in Section 3. In
Section 4, a finite time nonlinear extended state observer for disturbances estimation is
studied. The paper is concluded in Section 5.

2. Dynamic Model of PMSM

According to the motor vector control (VC) theory, through coordinate transformation,
the current vector is decomposed into the current components generating flux and torque.
These two components are perpendicular and independent of each other; in this way, they
can be adjusted separately for the double closed-loop control similar to the direct current
(DC) motor. Making d-axis consistent with the excitation axis of the permanent magnet,
the electrical and mechanical dynamic equations of PMSM can be described in the rotor
rotating coordinates (d-g axis) as follows:

dw/dt = (Kt/])lq — (Bm/])w —TL/]
did/dt = _(Rs/Ld)id + pwzq + (1/Ld)ud (1)
dig/dt = —(Rs/Ly)ig — pwig — (p¢r/Lg)w + (1/Ly)ug

where w is the rotor velocity; iy, ig, g4, g, Ly, Ly denote stator currents, stator voltages,
and inductances of the d-axis and g-axis, respectively; T} denotes the load torque, which is
usually unknown disturbance; R; is the stator resistance; p is the number of pole pairs, ¢ is
the rotor flux linkage; | is the moment of inertia and By, is the viscous frictional coefficient.
Ki = 3p¢r/2 is defined as the torque constant.

In this paper, the surface-mounted PMSM,, i.e., L; = L; = L, is studied. The corre-
sponding electromagnetic torque is obtained as

T, = Kiig @)

From (2), the torque is linearly related to the g-axis current so that the speed of
PMSM can be controlled by adjusting the g-axis current. In the field-oriented control
(FOC), the maximum torque control can be achieved by keeping the d-axis current at zero.
Consequently, the decoupling dynamic equation can be expressed as

{ dw/dt = —(Bu/])w + (1/])Keig — (1/]) T 3)
dig/dt = —(Rs/Lg)ig — (p¢r/Lg)w + (1/Ly)uy

where u, is the control signal. It is obvious that the load torque T}, here is the unmatched
disturbance [25].

Although the definite motion model is established, a practical PMSM servo system still
has to face multiple sources of uncertainties/disturbances arising from the current sensor,
encoder, inverter module, flux harmonics, and the external torque. This paper attempts to
design a composite high-performance speed controller for a PMSM system based on the
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sliding mode theory and disturbance observer so that the output of the system can track
its given speed with rapid response and small fluctuation as possible under matched and
unmatched uncertainties.

3. Design of the NFTSM Controller for PMSM

The objective of the proposed control strategy is that the PMSM speed tracking system
can not only run reliably and achieve satisfactory dynamic response and accuracy tracking
performance but also be strongly robust to model uncertainties and external disturbances
with the attenuated chattering caused by switching. As shown in Figure 1, the schematic
diagram of the proposed PMSM control system is a typical cascade control structure [26].
Under the FOC strategy, the PMSM drive system consists of two current loops that adopt
standard proportional-integral (PI) controllers for the stability of the d-axis and g-axis
current [7]. Subsequently, we will pay attention to exploring a controller for the speed loop
to obtain higher performance. The proposed control method based on the sliding mode
feedback control and a nonlinear ESO is illustrated as follows.

T
@

o % NFTSM | o PMSM drive

(0]
D
NESO ¢

Figure 1. Schematic diagram of PMSM control system.

3.1. Speed Control Model

For the electromagnetic parameters of the motor varying with the external working
conditions (i.e., temperature), the PMSM mathematical model is perturbed. Considering
these variations, we can define

AA = A(By/]),A=—Buy/]
AB = A(K¢/]), B = (1/])K 4
AC=A(1/]),C=-1/]

where AA, AB, AC are perturbations of electrical and mechanical parameters.
Let A" = A+ AA, B’ = B+ AB,C' = C + AC, then the first equation in the speed loop
of (3) can be rewritten as
dw/dt = Alw + B’iq +C'Ty (5)

In addition, considering the electromagnetic characteristics of the motor, such as
magnetic circuit saturation, hysteresis, and eddy current loss, as well as the nonsinusoidal
spatial distribution of the magnetic field, which is also the unique uncertainty of the motor
system, the lumped uncertainties of PMSM, can be expressed as follows:

AF = AAw + ABig + ACT;, + AD )

where AD denotes other uncertainties caused by unmodeled dynamics. It should be
pointed out that in the practical system, the value i; can not be absolutely zero, and there
is always a dynamic change. However, it is very small for the stabilization of closed-loop
systems with linear controllers. In summary, AF is an entirely unknown uncertainty in a
comprehensive sense.

Substituting (6) into (5) gives

dw/dt = Aw + Biy + CTy + AF @)
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Define the tracking error between reference speed and output speed as
e=w*—w (8)
where w* is the reference speed.
The error differential equation of (8) becomes
¢=w" — Aw — Bi; — D(t) )

where D(t) = CT, + AF represents the lumped disturbances, including the system uncer-
tainties AF and the external disturbance CTj..

In the speed control system, let the state variable x; = e, x, = ¢, the output feedback
state equation is described as follows:

561 = X2 . ' (10)
Xy = Axy — Biq — D(t)

From (10), the load torque in (3) has been lumped into D(t), which meets the matched
condition so that the traditional sliding mode control method can be designed for the PMSM
system. However, due to the constraints of D(f) including the uncertainties originating
from the system hardware itself and model parameters with the exception of T}, a large
control gain is needed. This will, in turn, produce adverse effects on the system, such as
amplifying measurement noise. Ideally, an observer is designed to estimate the disturbance
and then compensate it to the output feedback controller to obtain the nominal performance
of the system [18].

3.2. Nonsingular Fast Terminal Sliding Surface

To enhance the rapidity of system response, the terminal sliding mode (TSM)
controller [27] and the fast terminal sliding mode (FTSM) controller [28] are developed to
achieve finite-time convergence using adopting nonlinear sliding surfaces. The difference
is that the FTSM has ensured a faster convergence rate when states are both far from and
close to the equilibrium point.

For system (10), the robust nonsingular fast terminal sliding mode surface [29] is
designed as follows:

s(t) = x1 + kq|xq|"sign(xq) + ko |xo|"?sign(xz) (11)

where the symbol sign denotes the signum function, k1 and k; are the positive constants,
and a1 > ap,1 < apy < 2.

By using the sliding surface described in Equation (11), the system can quickly con-
verge from any initial state to zero in finite time, yet without singularity [26]. In fact, the
first item of (11) guarantees fast convergence when the system state is far away from the
equilibrium point. In contrast, when it is close to equilibrium, the second item plays a
leading role in ensuring the system converges in finite time.

After reaching the sliding surface, i.e., s = 0, the dynamic trajectory of the system state
is determined by

k2a2|€2|k271é1 + (1 + a1k1|€1|a171)é1 =0 (12)

It is not hard to observe that the state variables x;, x, — 0 from any initial condition
in finite time with dynamics described by (11), and the settling time is discussed and given
in [29]. In SMC application, the control law should be designed after selecting the above
sliding surface so that the system can achieve finite-time convergence even in the presence
of disturbances. For this goal, the following assumption is required.

Assumption 1. The derivative of lumped disturbances D(t) in (10) is bounded, satisfying
D(t) < L fort > 0, where L > 0 denotes the upper bound of the lumped disturbances.
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3.3. Double Power Fast Reaching Law

For the speed tracking control system of PMSM, the sliding mode variables often have
a significant initial value when the motor starts or the speed of its changes. In view of this
control characteristic, this paper proposes a fast double power reaching law with a variable
coefficient to improve the convergence rate in the reaching phase. At the same time, the
control effect will adjust based on the distance between the state and the equilibrium point
to reduce the chattering while maintaining faster convergence.

To make the tracking error dynamic system fast converge to the sliding surface (11)
from the initial state, the double power sliding mode reaching law is designed as

1 P2sign(s) (13)

s = —myqls|” sign(s) — myls
where mq,my > 0,0 < by <1,b1 > 1.

The outstanding advantage of the double power reaching law is that it can achieve
fast convergence when the initial value of sliding mode is large due to the interaction
of the two terms in the Equation (13). Furthermore, the dynamics of (13) without any

disturbances can converge in a fixed time, and the settling time is bounded by [30].

1 1

< Tmax = my(by —1) * ma(1—by)

(14)

From (14), it can be seen that the four constant parameters determine the convergence
rate regardless of the initial conditions s(0). This means that the settling time can be arbi-
trarily tuned; however, too large gains will increase the chattering in practical application.
From this point of view, it is impossible to achieve absolute perfection, which is restricted
by the nature of the sliding mode control method. On the other hand, when in the presence
of uncertainties and external disturbances, the system state s can not be guaranteed to
converge to zero but to a neighborhood of the origin s = 0 in finite time. In this way, for
the PMSM speed tracking system, the parameters can be designed appropriately according
to the control accuracy index for the dynamic and steady-state performance requirements.

To overcome the influence of disturbances, the consequent system chattering also
occurs due to the action of the switching signal. It is better to control the system to maintain
a small enough neighborhood of zero, which is entirely acceptable relative to the enormous
initial state value. On the other hand, the convergence rate is still expected to be relatively
large when the state value is outside the origin until the system dynamic approaches the
equilibrium point. Given this, we propose a variable coefficient fast double power reaching
law based on tracking error state for the quicker convergence in the approaching phase, yet
reducing chattering near the equilibrium point.

The new reaching law is designed as follows:

(p+ le)lel

‘hl
14 qle|

s = —(myls \bz

sign(s) + my|s|"sign(s)) (15)
where p > 0 and g > 0 are the modified factor. Letting p = (p + |e|)|e| /1 + gle|, it can be
observed that the added coefficient term is monotonically increasing with respect to the
error e. This means that if the system state is far away from the origin, the gain is large,
and the reaching speed is fast, even when s — 0; while close to the origin, it is precisely
because the value of p is positive in the state space beside the equilibrium point that the

stable convergence of the system can be guaranteed.

Remark 1. Parameter myandmyin (14) determine the intrinsic velocity of the designed approach
law; if too large, it will produce oscillation. This tradeoff problem can be solved by the adjusting
parameter p, which is mainly used to vastly accelerate the convergence speed when the error is large.
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3.4. CNFTSM Control Law

To achieve fast convergence of the state variables x1, x; in the Equation (10) to zero in
the presence of the disturbances, we have to drive the variable s in the equation (11) to zero
in finite time and then make the system states stay on the sliding surface s = 0 utilizing the
control i; in the Equation (10).

By setting s = 0, which is a necessary condition for the states maintaining on the
sliding surface, then we have

(1) = ey + arky e | ey + askylea|2 ten (16)

Substituting the Equation (10) into (16), the overall control signal is derived as

ig = ig +igp

in = b7 fy [ gy - a2~ -sign(xa) - (Ut ky - - [ 7Y) 60" — a0+ D)dt

igy = b1 [ [mpls|Psign(s) + mapls|P2sign(s)]dt (17)
Xl = X7

% = Axy — Big — D(t)
To facilitate the analysis, the following lemma is introduced.

Lemma 1. Ref. [31] Suppose that V (x)is a continuously differentiable function and it is positive

definite, there exists an open neighborhood Qg C Q) of the origin x = 0 such that V (x) +cV*(x) <
0,c > 0and « € (0,1). Then the equilibrium x = 0 is finite-time stable. Moreover, when
Q = Qo = R", x = 0is globally finite-time stable.

The main result of the proposed control law is summarized as follows.

Theorem 1. Consider the uncertain system 10 satisfying the condition of Assumption 1. Given the
sliding mode surface (11), the reaching law (13), and the control law (17), the system trajectory will
reach the following neighborhood As of s = 0 in finite time. That is

As = {s|[s| <As}, A5 = (L/(sz))l/bz (18)

The system states that it will reach the following neighborhood A, and Ay, of x =0
in a finite time. That is

Ay, = 4x1]xq] < (As /)Y@

Ay, = {x2||x2] < (As/kz)l/le (19
Proof. A candidate Lyapunov function is introduced, taking the form
V=s/2 (20)
By differentiating (20) and substituting (10) into it, we obtain
V =8 = s(x2 + kyag 21| g + koo | x2| 2 (Axa — Big — D(t))) (21)
Substituting (17) into (21) yields
V= —skaao|xa| 21 (D + pmy [s|Psign(s) + pma|s|Psign(s)) )

—kaap| 2|2 (sD + prmy [P+ + prg|s|V2HT)
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Let 57 = kpay|x5| . Then, in terms of Assumption 1, it is obtained
vV < *V(Pm1|5|bl+l +A0m2|5‘bz+1 — LJs) (23)
= =1 (pm s+ + [s|(pmals|"* — L))

Therefore, for the case xp # 0, i.e., 7 > 0, as long as the condition pm2|s\b2 —L>0is
satisfied, we can get

|b1+1 —

V < —npms —qpmlv(b1+1)/2 (24)

Where 0.5 < (b; +1)/2 < 1. From Lemma 1, it can be recognized that the system is
finite-time stable, but with the convergence region

Js| < (L/(pm2))"" (25)
Then for x, = 0, substituting (16) into system (10) yields

|bl

xp = —pmy|s|’ sign(s) — pm2|s|bzsign(s) -D (26)

For both s > 0 and s < 0, we can obtain x, < —pm;|s|” and x, > pmy|s|"1. Thus it
shows that x, = 0 is not an attractor if |s| > (L/ (pmz))l/ %2 Therefore, the sliding mode s
will be reached within a finite time in the area A;.

When system states enter the convergence region, there exists |5| < A, satisfying

6 = x1 + ky|xq|"sign(x1) + ka|xz| sign(xz) (27)
Simply transforming yields
x1 + (ky — 6/ (|x1|"sign(x1))) ey " sign(x1) + ka|x2|sign(x2) = 0 (28)

Considering (11), it is deduced that when k; — &/ (|x1|"sign(x;)) > 0, the system
can be guaranteed to converge in finite time, but the trajectory is limited in the region of
ky < 6/(|x1|"sign(x1)), not zero point. Thus, the convergence region Ay, is obtained

| < 817k < (8s/k) N (29)
Using the same procedure, the convergence region Ay, can be obtained
[xal < (617k2)™ < (85 /k2) 2 (30)

Therefore, the sliding mode (11) can be reached into Ay, stats x1 and x; of the system
(10) will reach into Ay, and Ay,, respectively. Thus, the proof is completed. [

Remark 2. From (17), it can be seen that there exists no high-speed switching term, which is
nonsingular and continuous in the control law, thus avoiding the chattering enlarging caused by
frequent switching.

Remark 3. Without any disturbance, it can be obtained from Theorem 1 that the system states will
converge to zero in a finite time; that is, no static error tracking can be realized. When disturbances
exist, the system states will converge to a neighborhood of x = 0 in finite time. In this case, the
disturbances can be estimated by designing an observer and compensating into the control law.
Therefore, even if disturbances exist, the stable convergence of the system can be guaranteed, and the
convergence region can be reduced to meet the requirements of control accuracy.
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4. Disturbance Observer

It can be seen from (25), (29), and (30) that the error convergence performance of
the speed tracking system largely depends on the amount of the uncertain part of the
system and the control parameters. Obviously, the method of increasing the control gain is
practical and easy to achieve. However, the well-known reason is that this will consume
more control energy and increase the chattering of the system, although the chattering has
been reduced by using the reaching law (13), compared with the constant rate reaching
law (CRRL).

For another way of thinking, the total disturbance D(t) can be estimated and then
compensated as a feedforward control segment to attenuate or even eliminate the influence
of the disturbances, that is, diminishing L in (25), to realize active disturbance rejection
control. To achieve this goal, a new disturbance observer is introduced.

Considering (7) and (9), the dynamic equation of PMSM can be expressed as

w = Aw + Big + D(t) (31)
According to the theoretical method of ESO, D(t) is defined as a new extended state,

then the state equation of PMSM can be obtained as

{(yzAw+Bg+Da) 2)

D = ¢(t)

where ¢(t) is the derivative of D(t). For (28), a second-order extended state observer can be
designed as follows

{ = A&+ Big+D
D = n1|&1|sign(G1) + n2|Ga|?sign(&2)

-

(33)

where & and D denote the estimates of w and D, respectively; {1 = w — @, 8 = D — D; the
observer parameters 17 > 0 and 1, > 0 are designed such that the characteristic polynomial
§% 4+ nps + ny is Hurwitzand 0 < ¢; < 1,0 = 2¢1 /(14 ¢1).

Substituting (34) from (33), the error dynamic equation can be obtained

&y = &(t) — n1|G1[sign(81) — n2|Ca|?sign(¢2)

Remark 4. Referring to [32], the selected parameters can ensure that the reduced system of (34)

withe(t) =0, i.e., & = &, &y = —nq|&1|sign(&1) — np|&a|?sign(&y) is stable in finite time.
The convergence of (34) is guaranteed by the following theorem.

Theorem 2. Suppose that the extended state observer (33) for (32) in which the disturbance is

satisfying the condition of Assumption 1. Then the system (34) is stable, and the disturbance D of

(33) can be estimated by Din finite time with the observer error convergent to the small neighborhood
near the origin, satisfying that

&a| < (L/np)"/ e (35)

Proof. Consider a Lyapunov function candidate for (34)

V(E) =n1/(c1 +1)|&[TF +1/28> (36)
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It can be seen that V() is Lipschitz continuous, then the derivative of (36) along the
dynamic of (34) is

V(&) = m|é1|"sign(81)G) + Gale(t) — my|G1|sign (&) — na|&a|?sign(é2))
= gZ(E(t) - 712|€’2|C2Jrl (37)
< |&[e(t)] — np|E2| >

—[&2|(n2]G2]? — le(t)])

According to Assumption 1, we can obtain

V(&) < —|&| ()& — L) (38)

From (38), if 13|¢>|> — L > 0, then V(@) < 0. This means that the dynamics of (34)
will enter the neighborhood defined by (35) in finite time. Thus, the proof is completed. [

Remark 5. The main objective of this designed disturbance observer is to track the internal system
dynamic uncertainties and external disturbances in time and quickly, not considering the conver-
gence of state &10f (33). Certainly, its effectiveness has been verified by the subsequent simulation.
Compared with the traditional linear observer, it has the characteristics of finite-time stability.

5. Simulation Results

Simulation analysis is carried out to verify the performance of the proposed nonlinear
extended state disturbance observer and the effectiveness of the continuous NFTSM con-
trol strategy for speed tracking response of PMSM. The simulations are implemented in
MATLAB/Simulink, and the PMSM parameters are listed in Table 1. For performance com-
parison with our proposed control strategy, the other four methods are nonsingular terminal
sliding mode with fast power reaching law (NTSM-FPRL) [23], nonsingular terminal slid-
ing mode with double power reaching law (NFTSM-DPRL), the proposed NFTSM control
with state-based double reaching law without disturbance observer (NFTSM-SBDPRL) and
the algorithm NFTSM-SBDPRL with the linear extended state observer (NFTSM-SBDPRL-
LESO) are also employed for the speed loop of the PMSM system. The LESO method
and parameter design refer to the paper [7]. The same PI controller is employed for the
d-axis and g-axis current loop with the same parameters: proportional gain Kp = 0.162 and
integral gain Ki = 892.

Table 1. Parameters of PMSM system in simulations when the ambient temperature is 25 °C.

Meanings Parameters Nominal Value
Pole pairs 1p 2
Rotor flux linkage ol 0.21167 wb
Stator inductance L 0.81 mH
Rotor inertia I 1.4 x 1072 kg-m2
Viscous friction coefficient B 0.45 x 1072 mNm/rpm
Stator resistance R 0.446 O)

The parameters of the proposed NFTSM-DPRL-NESO method are designed as
ki =5%x10°,ky, =5%x107% a4y = 2,4, = 1.5, m; = 0.08, my = 1x107°, b; = 1.5,
by =05,P=1x10% Q=5x10%n; =200, 1, =1 x 10*, ¢; = 0.5, ¢, = 2/3.

For fairly and effectively showing the superiority of the designed control strategy, the
parameters of the other four control methods are consistent. The simulations are carried
out with the variation of load torque and motor parameters for practicality. In practice,
the change is mainly caused by the external temperature. See Table 2 for the specific
parameter variation. The following simulation scenarios are set: sudden load disturbance
Tr = 0.5N for 0.2 < t < 0.4, time-varying load disturbance T;, = 0.5N + 0.3 sin(207tt)N
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for 0.4 <t < 0.6, and motor working temperature varying from 20 degrees to 100 degrees
for 0.6 < t < 0.8. Response curves of speed control under the four methods are shown
in Figure 2. The corresponding g-axis voltage signals are shown in Figure 3, and the
three-phase currents signals of the PMSM in Figure 4.

Table 2. Parameters of PMSM system in simulations when the ambient temperature is 150 °C.

Meanings Parameters Nominal Value
Pole pairs 1p 2
Rotor flux linkage Pf 0.0206 wb
Stator inductance L 0.81 mH
Rotor inertia ] 1.4 x 107> 1<g~m2
Viscous friction coefficient B 0.45 x 1073 mNm/rpm
Stator resistance R 0.575 Q)
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Figure 2. Response curves of the PMSM under NFTSM-SBDPRL-NESO and the other four control
methods for comparison: (a) NTSM-FPRL and NFTSM-SBDPRL-NESO, (b) NFTSM-DPRL and
NFTSM-SBDPRL-NESO, (¢) NFTSM-SBDPRL and NFTSM-SBDPRL-NESO, (d) NFTSM-SBDPRL-

LESO and NFTSM-SBDPRL-NESO.
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Figure 3. Control signals (g-axis voltage) of the PMSM under the five control methods for
comparison: (a) NTSM-FPRL and NFTSM-SBDPRL-NESO, (b) NFTSM-DPRL and NFTSM-
SBDPRL-NESO, (¢) NFTSM-SBDPRL and NFTSM-SBDPRL-NESO, (d) NFTSM-SBDPRL-LESO and
NFTSM-SBDPRL-NESO.
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Figure 4. Three-phase currents of the PMSM under the five control methods for compar-
ison: (a) NTSM-FPRL, (b) NFTSM-DPRL, (c) NFTSM-SBDPRL, (d) NFTSM-SBDPRL-LESO,
(e) NFTSM-SBDPRL-NESO.

From Figure 2, it can be observed from 0 s to 0.2 s that the convergence rate of the
proposed NFTSM-SBDPRL algorithm is obviously better than the traditional NTSM-FPRL
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e
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and NFTSM-DPRL. It is mainly due to the effect of changing coefficient p, as stated in
Remark 1. When a sudden load torque of 0.5 Nm is imposed on the PMSM at 0.2 s, the
motor speed appears drooped and is regulated to the target speed after a short transient. For
the ability of our improved NESO to estimate the constant torque disturbance in advance
and a more accurate estimate than LESO, the proposed NFTSM-SBDPRL-NESO controller
has better disturbance rejection performance from the transient response.

To verify the robustness of the control algorithm to time-varying disturbance, a sinu-
soidal torque is applied to the motor at t = 0.4s. From the operation results, the advantages
of the algorithm presented in this paper are illustrated: after a short transient, it is almost
entirely unaffected by the sinusoidal time-varying disturbance compared with the other
four controllers, which can be observed apparently in Figure 5. Finally, the practical sce-
nario simulation of the motor parameters changed due to the temperature varying from
25 °C to 150 °C at t = 0.6s shows that the proposed NFTSM-SBDPRL-NESO controller
can regulate the motor speed to the desired setpoint flowing a short transient with the
fourth-smallest fluctuation.

-
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Figure 5. Performance comparison of two observers under the disturbance of (a) Ty = 0.5N and
(b) Tp = 0.5N + 0.3sin(207tt)N.

It is noted here that the classical terminal sliding mode and double power reaching
law do not show a convincing effect for the high-speed motor servo system, as shown in
Figure 2. However, the tracking performance and disturbance resistance ability are greatly
improved by using our improved reaching law and disturbance observer for compensation
under the same parameters condition. Furthermore, the control scheme integrated with
a remarkable disturbance observer shows nominal performance recovery property in the
presence of disturbances. Given all of that, all of the above is consistent with the theoretical
results, which illustrates the effect of the proposed control method.

6. Conclusions

An improved continuous nonsingular fast terminal sliding mode control algorithm is
proposed for the speed tracking of permanent magnet synchronous motor. Moreover, to
solve the problem of performance degradation caused by external torque disturbances and
motor parameters perturbation, a modified nonlinear extended state observer is designed to
estimate these disturbances to feedforward compensation into the sliding mode controller,
thus improving the robustness and rapidity of PMSM servo control system. The simulation
results and theoretical analysis show that there are several significant properties. Firstly, a
reaching law based on speed error adjusting is proposed to make fast-tracking whether the
system state is far from or close to the equilibrium point. Secondly, the proposed method
involved continuous sliding mode surface and reaching law can alleviate the chattering
essentially. Finally, using the designed disturbance observer, the restraining disturbance
ability of the system is vastly improved comparatively confronting, whether external or
internal disturbances. Further, for the practical application of PMSM, it is crucial to use the
composite control strategy that overcomes defects from the feedback control and observer
gains effectively.
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The major strength of this study is the application significance for actual output
tracking systems in the presence of disturbances. Further study is warranted for more
experimental results to verify the superiority of the proposed controller. In addition, we
have begun investigating a robust finite-time disturbance observer to obtain an unbiased
estimation. In this way, by using the feedforward compensation, the finite-time stability
of the system can be easily realized through smooth output feedback control for higher
performance, which is divorced from the disadvantages of high gain on the system.
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