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ABSTRACT

In order to improve the performance of a permanent magnet synchronous motor (PMSM) speed
controller, an advanced reaching law sliding mode control (ASMC) strategy is proposed in this study.
The advanced sliding mode reaching law (ASMRL) introduces a power term of the system state
and a checkmark function term about the sliding mode function based on the traditional constant-
proportional rate reaching law(TSMRL) , and replaces the sign function with a hyperbolic tangent
function. A detailed theoretical analysis of the characteristics of the ASMRL is then presented. The
theoretical analysis shows that the ASMRL converges to the sliding mode surface more quickly and with
less chattering than the TSMRL. In addition, a sliding mode disturbance observer (SMDO) is designed
to estimate the total disturbance of the system, and the estimated disturbance is compensated to
ASMC. Then the stability of the system with ASMC and the stability of the system with ASMC+SMDO is
proved by Lyapunov’s theorem. Finally, the proposed control strategy is validated on an experimental
platform of PMSM. The experimental results show that the ASMC has a faster convergence speed,
smaller chattering, better disturbance rejection performance than the traditional constant-proportional

rate reaching law sliding mode control(TSMC), and better performance with the addition of SMDO.

© 2023 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

PMSMs are increasingly widely used in many modern alternat-
ing current servo systems such as robotics, electric vehicles, com-
puterized numerical control (CNC) machine tools, and aerospace
due to their high performance, high power density, simple struc-
ture, and light weight [1]. The most classical control strategy is
proportional-integral (PI) control, which is widely used in linear
constant systems because of its advantages such as simple struc-
ture and good stability [2]. However, the PMSM is a multivariable
strongly coupled nonlinear system [3]. In practical application,
PMSM is affected by various disturbances, such as external load
disturbance and internal parameter mismatch, etc. [4], all these
factors make it difficult to achieve higher control performance
with the PI control strategy.

To overcome the influence of various disturbances mentioned
above and to improve the performance of control strategies, more
and more high-performance and high-precision control strategies
have been proposed in recent years. Such as fuzzy control [5,
6], model predictive control [7,8], active disturbance rejection
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control [9,10], neural network control [11-13], sliding mode con-
trol (SMC) [14,15], etc. Among them, SMC has attracted high
attention in the control field because of its simple structure, low
requirements for model accuracy, and insensitivity to perturba-
tions [16]. At present, SMC has been successfully applied to motor
speed control systems [17]. However, sliding modes have inher-
ent chattering problems, and Arie Levant classified sliding mode
chattering and also studied the effect of each type of chattering
on control [18]. In conventional sliding mode control, chattering
caused by the discontinuity of the system and the switching
term in the sliding mode reaching law is very detrimental to the
control process [19]. Therefore, the chattering phenomenon is one
of the important problems to be solved in SMC.

In order to solve the chattering of SMC and to improve the
performance of SMC, scholars have continued to deepen the
research on SMC. Various forms of SMC have been proposed, such
as high-order SMC [20], fast terminal SMC [21], and non-singular
terminal SMC [22]. There are also studies that combine SMC with
other control algorithms to improve the control performance of
SMC. In [23], Sami et al. combined fuzzy control with fractional-
order terminal SMC to solve the inherent chattering problem and
maintain the robustness and stability of the system. Fei et al. pro-
posed an adaptive SMC system using a two-loop recurrent neural
network structure [24]. This method can achieve good tracking


https://doi.org/10.1016/j.isatra.2023.04.016
https://www.elsevier.com/locate/isatrans
http://www.elsevier.com/locate/isatrans
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isatra.2023.04.016&domain=pdf
mailto:chuhr@ciomp.ac.cn
https://doi.org/10.1016/j.isatra.2023.04.016

Y. Qu, B. Zhang, H. Chu et al.

performance and can estimate the unknown disturbances quickly
and accurately. However, in the actual control process, the sys-
tem is affected by various internal and external disturbances.
In order to attenuate the effects of these disturbances on the
system, the SMDO is proposed. In recent years, the SMDO and
various composite control strategies combined with the SMDO
have been intensively studied. Guo et al. proposed an improved
SMDO in [25]. The low-pass filter of the conventional SMDO
is replaced with an adaptive complex coefficient filter. Also, a
nonlinear saturation function is used instead of the sign function
to reduce the chattering of the SMDO. This method can improve
the speed and position observation accuracy of the SMDO. Wang
et al. proposed a speed adaptive flux SMDO [26]. A transition
mode is introduced between the reaching mode and sliding mode
of this observer, and an algorithm based on the error criterion
function is designed to adjust the sliding mode gain online. In
addition, a new speed adaptive law is proposed based on the
model reference adaptive system and the speed adaptive flux
SMDO. Yan et al. proposed a sliding mode observer to estimate
the system state and an adaptive law to estimate the unknown
parameters. Simulations of the bioreactor system showed the
effectiveness of the method [27].

An overview of the research on SMC reveals that the inher-
ent chattering of SMC is fundamentally due to the switching
term in the reaching law [28]. Therefore, in addition to the
above-mentioned methods to improve chattering, a fundamen-
tal approach to improve the reaching law is also an effective
way to solve sliding mode chattering. Mozayan et al. proposed
a control scheme for a variable speed direct drive wind en-
ergy conversion system (WECS) based on sliding mode control
(SMC) for grid-connected permanent magnet synchronous gen-
erators. This control strategy modifies the reaching law (RL) of
the sliding mode technique to reduce the chattering problem and
improve the total harmonic distortion performance compared to
the conventional RL SMC [29]. Lesniewski et al. introduced a new
non-switching reaching law for sliding mode control of discrete-
time systems. These improvements were obtained by applying
a modified definition of quasi-sliding mode and introducing a
tunable, state-dependent sliding variable descent rate factor was
obtained [30]. In [31], Wang et al. proposed an SMC method
based on a new sliding mode reaching law. This new reaching
law includes the system state variables and a power term of the
sliding surface function that is bounded by the absolute value of
the switching function. In addition, an extended state observer
is introduced to centrally observe the disturbances. Experimental
results show that the method not only reduces chattering but also
improves the speed of the system state reaching the sliding mode
surface. Junejo et al. proposed a new adaptive terminal sliding
mode reaching law and continuous fast terminal sliding mode
control [32]. Secondly, an extended SMDO is designed to estimate
the total disturbance of the system to improve the disturbance
rejection of the system. The proposed adaptive terminal sliding
mode reaching law can improve the arrival speed under startup
and load transients and can effectively suppress the chattering
phenomenon.

Consequently, an ASMRL is proposed in this paper. The ASMRL
introduces a power term concerning the system state and a
checkmark function term concerning the sliding mode function,
and replaces the sign function with a hyperbolic tangent function
to further reduce chattering. The ASMRL has a faster convergence
rate and less chattering than the TSMRL. In addition, to further
enhance the robustness of the system, an SMDO is designed to
estimate and compensate for the total disturbance of the system.
Regarding the system stability of the ASMC and ASMC+SMDO
control strategies proposed in this paper, it is also proved using
Lyapunov’s theorem. The main contributions of this paper are as
follows.
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(1) An ASMRL is proposed to reduce the arrival time while also
reducing chattering.

(2) An SMDO is designed to observe and compensate for the
total disturbance of the system, which improves the robustness
of the system.

(3) Several sets of experiments are designed to verify that the
proposed sliding mode anti-disturbance controller based on the
ASMRL has better dynamic and steady-state characteristics.

The rest of this paper is organized as follows. Section 2 gives
the mathematical model of PMSM. Section 3 gives the expres-
sions of the ASMRL with its characteristics in detail. Then the
discrete form of the ASMRL is given, and the performance of
several different forms of reaching laws is compared. In Sec-
tion 4, a sliding mode controller based on the ASMRL and an
SMDO are designed. And the system stabilities of ASMC and
ASMC+SMDO control strategies are proved. Section 5 compares
and analyzes the experimental results of PI, TSMC, RSMC, ASMC,
and ASMC+SMDO control strategies on the PMSM experimental
platform. Conclusions are drawn in Section 6.

2. Mathematical model of a PMSM

Assuming symmetrical windings and neglecting core satura-
tion and disregarding eddy current losses and hysteresis losses,
the mathematical model of a PMSM can be obtained according to
the motor control theory in [33].

The stator voltage equations in the d-q synchronous rotating
coordinate system are given as follows:

d

Us = Rig + T~ oy, (1)
dt
d

Uq = Riq + % + werg (2)

where Ug, Uy, ig, and ig are the stator voltage and current in
the d-q coordinate system, respectively. w, is the electric angular
velocity, and R is the stator resistance. ¥y Lgiq + ¥y and
Yq = Lqiq are the stator flux linkages in the d-q coordinate system,
where Ly and Ly are the inductances in the d-q coordinate system
and vy is the flux amplitude of the permanent magnet.

The electromagnetic torque equation is expressed as follows:

3
T. = Enp (\/fdiq - 1,Z/qid) (3)

where T, is the electromagnetic torque and n, is the number of
pole pairs.
The motion equation is as follows:
down
4
I~ (4)
where | is the moment of inertia, w,, is the mechanical angu-

lar velocity, T; is the load torque, and B is the viscous friction
coefficient.

e—TL—Ba)m

3. Sliding mode control based on an advanced reaching law
3.1. SMC design with TSMRL

SMC is a special type of variable structure control, which is es-
sentially a nonlinear control. The following second-order system
is used as an example to design the SMC [34].

|

where X1, X, is a system state variable, b is a constant, and
b # 0, f(x) is a continuous function, d(x, t) is the total system
perturbation, and d(x, t) is bounded.

X1 =).(2

Xy = —f(x) + d(x, t) + bu(t) (5)
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Fig. 1. Schematic diagram of the sliding mode motion process.

The design of the SMC is divided into two steps, first a sliding
mode function is designed as follows :

S=CX1+ X

(6)

where c is a constant that satisfies the Hurwitz condition.
The second step is to design the sliding mode reaching law.
The TSMRL was first proposed by Gao [35], as shown in (7).

§ = —esgn(s) — ks

(7)

where ¢ and k are parameters to be determined, and ¢ > 0, k > 0.
According to (5)-(7), the controller is designed as:
u(t) = d(x,t) — ks — esgn (s)]

L0k 400~ ®

3.2, Characteristic analysis of TSMRL

The control characteristics of SMC can force the system state to
move along a sliding mode, which is designable and independent
of the system parameters and perturbations. Therefore, once the
system state trajectory reaches the sliding mode surface, the
system has strong robustness. The motion of the system state
trajectory is divided into two processes, reaching motion and
sliding mode motion, as shown in Fig. 1. After the system trajec-
tory enters the sliding mode motion process, its motion trajectory
will make small amplitude and high frequency motion along the
sliding mode surface s = 0. Therefore, the design of the reaching
law directly affects the trajectory of the system state.

In the TSMRL (7), —esgn(s) is the constant rate reaching term
and —ks is the proportional rate reaching term. The proportional
rate reaching term —ks ensures that the system state can con-
verge to the sliding mode surface with a large velocity when s
is large. However, with only the proportional rate term, the ve-
locity of the moving point approaching the sliding mode surface
becomes smaller and smaller as it approaches the sliding mode
surface, which is an asymptotic process and cannot guarantee a
finite time arrival, so the constant rate reaching term —esgn(s) is
introduced. The constant rate reaching term can guarantee that
the approaching velocity is ¢ instead of zero when the moving
point reaches the sliding mode surface, i.e., it can guarantee a
finite time arrival. When ¢ is small, the approaching velocity is
slow, and when ¢ is large, then the moving point arrives at the
sliding mode surface with a large velocity, which will cause a
large chattering phenomenon. In summary, it can be seen that
the faster the system state reaches the sliding mode surface, the
larger the chattering will be caused, so in order to solve the con-
flict between the sliding mode approaching speed and chattering,
the design of an effective new reaching law is a feasible and
effective solution.
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Fig. 2. Images of tanh(As) and sgn(s).

3.3. Design and analysis of the ASMRL

In this paper, based on the TSMRL and reference sliding mode
reaching law (RSMRL) in [31], an adavanced reaching law in the
form of (9) is proposed.

§ = —|x|* tanh(As) — ks <o¢1|s|b n |O[T2b> (9)
s

where x denotes the system state and lim |x| = 0. ¢, k, a, b, o1,

o are parameters to be determined, and eoo> 0,k>0,1>a=>0,
1>b>0a1 >0, >0.

In the constant rate reaching term, an power term about the
system state |x|® is introduced, so that the constant rate reaching
term decreases gradually from a large value in the process of
the system state from far away from the sliding mode surface to
reaching the sliding mode surface, which ensures a reasonable
change of the approaching speed and reduces the chattering. In
addition, the sign function sgn(s) is replaced by the hyperbolic
tangent function tanh(As) to further reduce the chattering. The
expression of tanh(\s) is shown in (10), and the images of func-
tion tanh(As) and sgn(s) are shown in Fig. 2. It can be seen that the
smaller the parameter X is, the smoother the isokinetic reaching
term is in the process of convergence to zero, and the smaller the
chattering is.

AS —As

—e

tanh(is) = (10)

ers + e—As

In the proportional rate reaching term, a checkmark function

aqls|” + =2 is introduced and its image is shown in Fig. 3. In the

I \
figure, y = aqls|® and y = “;% are the two asymptotes of the

checkmark function, respectively. The two extreme points of the

checkmark function are (— 2\'/% 2@), (2\’/% Zm),
respectively. The proportional rate reaching term with the check-
mark function has the following characteristics. Taking the ex-
treme point as the dividing point, when the system state is far
away from the sliding mode surface, i.e., |s| > 2{/% the coeffi-

cient of the proportional rate term increases with the increase of
s. In other words, the farther the system state is from the sliding
mode surface, the faster the approaching speed can be. When
the system state gradually approaches the sliding mode surface
to |s| < 2\7% < 1, and then reaches the sliding mode surface

s = 0, the traditional constant rate term —ks will gradually
converge to 0 in this process. And the closer to the sliding mode
surface, the smaller the approaching speed. While in the case
of |s] < 2 Z—f < 1, the checkmark function is increasing as |s|

decreases, so the checkmark function improves the approaching
speed of this process, making the approaching speed of this phase
faster than TSMRL.
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Fig. 4. Influence of different parameter variation on the reaching law when
the system sliding mode is approached from far to near. (a) Three-dimensional
diagram of the effect of parameter «;. (b) Three-dimensional diagram of the
effect of parameter «;. (¢) Three-dimensional diagram of the effect of parameter
a. (d) Three-dimensional diagram of the effect of parameter b.

In order to analyze more intuitively the influence of each
parameter on the newly proposed advanced reaching law, the
three-dimensional diagrams shown in Fig. 4 are given. Fig. 4
shows that «; mainly affects the reaching law when the system
state is far from the sliding mode surface. The larger «; is and
the farther the system state is from the sliding mode surface,
the larger the reaching law is. In addition, the increase of o,
hardly affects the reaching law when the system state reaches
the sliding mode surface, i.e., the increase of @y does not increase
the chattering. «, also increases the reaching law, but unlike o1,
with the increase of «, the reaching law when the system state
reaches the sliding mode surface also increases, i.e., the larger
oy is, the larger the chattering will be. a has a weaker effect on
the reaching law. With the increase of a, the reaching law of the
system state at the same position increases weakly. The increase
of b will increase the reaching law when the system state is far
away from the sliding mode surface and arrives at the sliding
mode surface, i.e., the increase of b will speed up the reaching
speed, but it also tends to cause chattering. In summary, a and o
can be taken as larger values in their respective ranges, but b and
o, are preferred to be taken as smaller values in their respective
ranges to avoid aggravating chattering.

3.4. Discrete form of the ASMRL

In practical engineering applications, the implementation of
control algorithms is in discrete form. So in this section, the
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Fig. 5. Comparison of system state trajectories. (a) TSMRL (b) ASMRL.

discrete form of the ASMRL is analyzed. If the sliding mode
function s converges to 0, Eq. (9) can be approximated as Eq. (11).

§ ~ —gl|x|* tanh(\s) (11)
Its discrete form can be expressed as
s(n+ 1) —s(n) = —eT,|x|* tanh(As(n)) (12)

where T; is the sampling time.

Assume that the system trajectory can reach the sliding mode
surface from s > 0 in finite step, which indicates that s(n) = 0%.
Also combining with Eq. (10) and Fig. 2, we have |tanh(As)| <
| sgn(s)|, that is, sgn(s) can be regarded as the boundary of
tanh(\s). It can be derived that tanh(As) < sgn(s) when s > 0.
Then, using the inequality scaling method, the following equation
can be obtained in the next period.

s(n+ 1) > —eTs|x| (13)

Similarly, assume that the system trajectory can reach the
sliding mode surface from s < 0 in finite step, which shows that
s(n) = 07. Ats < 0 it can be derived that tanh(As) > sgn(s). Then,
using the inequality scaling method, the following equation can
be obtained in the next period.

s(n+ 1) < eT|x|° (14)

Combining (13) and (14), it can be deduced that the width of
the discrete sliding mode band A satisfies

A < 2eTg|x|* (15)
The discrete form of the TSMRL (7) is

so(n + 1) — so(n) = —&oTssgn (so(n)) (16)

The width of its discrete sliding mode band A is

Ag = 2eT (17)

Comparing (14) and (17), it can be seen that the bandwidth
of the sliding mode band of the TSMRL is a constant, which
causes the system to fail to reach the equilibrium state, and the
system state will generate chattering between —&T; and ¢T;. In
contrast, the bandwidth of the sliding mode band of the ASMRL
is a variable quantity that varies with the system state, and the
system state will converge to an equilibrium point, as shown in
Fig. 5.

3.5. Performance comparison of several reaching laws

To compare the performance of the TSMRL, RSMRL, and
ASMRL, the classical motor model shown in (18) is established
[34].

6(t) = —f(6, t) + bou(t) + d(t) (18)
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where f(6,t) = 256 is the position signal, u(t) is the control
input, bg = 133 is a constant, and d(t) is the lumped disturbance.
The sliding mode surface is chosen in the following form.

s(t) =ce(t)+é(t) (19)

where c is a positive constant that satisfies the Hurwitz condition.
The error e(t) = 64(t) — O(t), and 64(t) is the reference position
signal.

Combining (9), (18), and (19), the control input can be derived
as follows.

1 . . o
u(t) =— [c (6a — 6) +6a +f(6, £) — d(1)
bo
. (20)
~+¢&|x|* tanh(As) + ks (oq Is|® + ||2b)]
s
The parameters are set as follows, ¢ = 5, k = 25, ¢ = 5,

A =1a =050>b =03, 01 = 10, ; = 0.1, the reference
position signal is set as 64(t) = sin(t), the lumped disturbance
is set as d(t) = 10sin(srt), and the initial system state is set
as [x1,x] = [—2, —2], x; and x, are the state variables of the
system.

Fig. 6 compares the performance of TSMRL, RSMRL, and
ASMRL. Fig. 6(a) shows the phase trajectory of the system state
from the initial position to the sliding mode surface with the
three reaching laws. It can be seen that ASMRL has a faster
convergence rate than TSMRL and RSMRL. Fig. 6(b) illustrates the
control inputs with the three reaching laws, which shows that
ASMRL has smoother control inputs with minimum chattering
than TSMRL and RSMRL. Fig. 6(c) shows the position tracking
curves with the three reaching laws, showing that ASMRL is the
fastest to keep up with the reference position signal. Fig. 6(d) and
Fig. 6(e) present the convergence process of the system state with
the three reaching laws, as seen that ASMRL has a smaller steady
state error compared to TSMRL and RSMRL. In summary, ASMRL
has superior performance in terms of convergence speed, steady
state error, and chattering suppression.

4. Design of speed controller based on the ASMRL

4.1. Design of the advanced reaching law sliding mode speed con-
troller

According to the mathematical model of PMSM (1)-(4), the
speed control object of the motor can be deduced as a first-order
system of the following form.

3npy . 1 B
m = lg— —Ip — ~wn
2] J J (21)
= aig — BIL — yom
Where, o = 3“;;”. B = ]1 y = jﬁ. When considering the case of
parameter mismatch, (21) is rewritten as
3 (Wt Ay, _(B+4B)
"To0+a) U+ant g+ant (22)
=(a+ Aa)ig — (B + AB)TL — (¥ + Ay )om
_ 3mp(Ayp—yra)) _ -4 _ JAB-BA
where Aa = SO AB = TTEAD” and Ay = TGTan are

the corresponding parameter mismatch terms.

The total system perturbation is defined as d(t), which consists
of the internal parameter perturbation and the external load
perturbation of the system. Its expression is as follows.

d(t) = Aaig — (B + AB) T, — Aywn (23)
And assume that the total system perturbation satisfies
ld ()] < do (24)
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Fig. 6. Performance comparison between TSMRL, RSMRL, and ASMRL. (a) Phase
trajectory (b) Control input (c) Position tracking (d) System state convergence
process (e) Sliding mode convergence process.

where dp is the upper bound of the system perturbation. So
Eq. (22) can be rewritten as

Wm = alg — yon +d(t) (25)
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The speed error is defined as

(26)

€ = Wref — W,

where wys is the speed reference value and wy, is the actual speed
feedback value. In this paper, the integral type sliding surface is
chosen in the following form.

t
s=e+c/ edt (27)
0
The derivative of the sliding mode surface is
§=é4ce (28)

Using the advanced reaching law (9) proposed in this paper,
combined with (25)-(28), the current reference value ig.s, i.e., the
speed control input, can be deduced as

)

From (29), it can be seen that the total disturbance of the
system is feedback to the control law as a known variable, which
affects the control performance. However, in practical applica-
tions, the total disturbance of the system is not measurable.
Therefore, it is necessary to design an anti-disturbance observer
to observe the variation of the disturbance d(t) to obtain a good
anti-disturbance performance with high accuracy.

u(t) = 1

b [(bref + com — d(t) +ce

(29)
+e|x|* tanh(As) + ks <a1 Is|® +

4.2. Stability proof of the system with sliding mode speed controller
based on ASMRL

Theorem 1. For a continuous time system, if it is possible to
construct a scalar function V(x) with a continuous first-order partial
derivative function for x, and V(0) = 0, and the following condition
is satisfied for all non-zero states x in the state space:

1. V(x) is positive definite.

2.V ) 2 qv (x)/dt is negative definite.

3. When ||t|| — oo, there is V (t) — oo.

Then the equilibrium state of the system origin x
range of uniformly asymptotic stability [36].

0 is large

Proof. To prove the stability of the system with a sliding mode
controller based on the ASMRL, the Lyapunov stability theorem,
i.e.,, Theorem 1, is chosen to expand the proof.

The Lyapunov function of the following form is constructed.

1,
V= 55 (30)
The derivative of V is
V =s$
(31)

o
=—s [slxla tanh(\s) + ks <oz1 Is|® + ﬁ)}

S
where ¢, k are all positive constants, the checkmark function
aqls® + ‘:Zb is also positive, and the hyperbolic tangent function
tanh(As) and the sign function sgn(s) are the same positive or
negative, so that (31) satisfies

V<0 (32)

The reaching condition of the sliding mode control and the Lya-
punov stability condition are guaranteed.
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4.3. Design of the SMDO

In the control object model (25), the total perturbation d(t) of
the system cannot be measured in practical applications. In order
to further improve the robustness of the sliding mode control,
an SMDO is designed in this study. This observer can observe
the motor speed and disturbance, and compensate the observed
disturbance to the control input, thus improving the robustness
of the system. Extending d(t) as a system state variable, (25) is
then extended to a system of the following form.

[ om | [ -8 -1 W 1
i = 7 L ][]

For the system (33) an SMDO of the following form is designed.
A 1 A 1

Wm - Wm - 1

N — ~ J

w =3 T [ ] e

(34)
where y(e,,) is the sliding mode rate of the sliding mode observer
error, e, = wm — Wm, and | is the observer gain.

(33)

0

I
~I

e, =—"2e, — jeq—y(e,)
{ éq = —ly (e.) (33)

where e, and ey are the speed observation error and the distur-
bance observation error, respectively.

In the SMDO, the integral type sliding mode surface is chosen
as follows.

Sw = €y + Co / e, dt (36)
where the derivative of the sliding mode surface (36) is

S = €, + Coly (37)
Next, the reaching law is selected as follows.

S‘w = —&,58n (Sw) (38)

where ¢, is the switching gain of the reaching law.
Considering —1e, as the disturbance term, the control law of
the SMDO can be obtained according to Egs. (35)-(38) as
B
y(ey) = (cw - ]) €w + £,58N (Sw) (39)
With the above designed SMDO, the total disturbance d(t)
of the system can be estimated, and then the estimated total

disturbance is compensated into the speed control input u(t), and
the compensated control input is rewritten as

(e%) )
b
N

Theorem 2. For the observation error function e(t) between the
observer (34) and the observed system (33), if there exist undeter-
mined parameters that make the error function satisfy whent — 0,
e(t) — 0, then the observer is convergent [19].

1 ~
ue) = 4 [cz)ref + Cam — (1) + ce

(40)
+ ¢|x|* tanh(As) + ks (m Is|® +

4.4. Convergence proof for SMDO

Proof. The convergence of the SMDO proposed in the previous
subsection is in the first place proved. It can be deduced that the
reaching law (38) and the sliding mode surface (37) can satisfy
the Lyapunov stability condition V = 5,5, < 0, i.e,, under the
effect of the sliding mode control law (38), the system trajectory



Y. Qu, B. Zhang, H. Chu et al.

will eventually reach the sliding mode surface, and then the

following equation is satisfied.
Sw =35,=0
e, =2¢6,=0 (41)

Substituting (41) into (35), the error function of SMDO can be
written as:

eqa = —Jy (ew)
: 42
éq = —ly (ew) (42)
Solving the first-order derivative function (42) gives
1
eq = cqel’ (43)

where cq is a constant. From Eq. (43), it is clear that for the error
of the disturbance observer to converge to zero, the observer gain
needs to satisfy | < 0, and [ directly affects the convergence rate
of the observer.

4.5. Stability proof of the system with the ASMC combined with
SMDO

To verify the stability of the system under the ASMC combined
with the SMDO, the Lyapunov stability theorem, i.e., Theorem 1,
is chosen to expand the proof.

Proof. The following Lyapunov function is constructed.

1
V=—s 44
58 (44)
Combining (25)-(28) and (40), it can be deduced that
sz-—um“mnhus)—ks<aﬂﬂh+%%>-+(dty—aug (45)
N

Further, the derivative of V is given by
V=s5
(&%)

=—s [8|x|“ tanh(\s) + ks (oﬁ Is|® + 5P
s

) +(d(t) — a(r))}

(46)

According to the proof of convergence of SMDO, we can get
eq — 0, and ey = d(t) — d(t), so d(t) — d(t) — 0. Therefore, (46)
satisfies

V<o (47)

The Lyapunov stability condition is satisfied.
5. Experimental results and discussion

In order to verify the effectiveness of the ASMC proposed in
this study, the speed and current waveforms of PI, TSMC, refer-
ence reaching law sliding mode control (RSMC) in [31], ASMC and
ASMC combined with the SMDO (ASMC+SMDO) control strategies
are compared in this section under several operating conditions,
such as motor startup, motor forward and reverse rotation, sud-
den load and parameter mismatch. The structure diagram of the
PMSM servo system based on ASMC+SMDO is given in Fig. 7.
The flow chart of the ASMC+SMDO control strategy is given
in Fig. 9. The PMSM is controlled by the field-oriented control
(FOC) method, and ASMC+SMDO is used as the speed controller,
where SMDO observes the estimated total disturbance d(t) of the
system, and then compensates the estimated total disturbance to
ASMC, and finally the reference current igs of the current loop is
output by ASMC.

The 707 W PMSM driver platform is given in Fig. 8, where
the corresponding technical parameters of the PMSM are shown
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Table 1
PMSM parameters.
Symbol Description Value and unit
P Rate power 707 W
R Armature resistance 0.12
Ly Inductance of d axis 0.2 mH
Ly Inductance of q axis 0.2 mH
K; Torque coefficient 0.46 Nm/A
np Number of pole pairs 10
J Moment of inertia 221 x 1073 Kg - m?
Table 2

Parameter values of the five control strategies.

Control strategy Parameter value

PI k, =0.12, k; = 0.6

TSMC £=05c=8 k=20

RSMC £=05,¢c=8,k=20 a=0.5,
b=0.3

ASMC =05 1=1c=8, k=20,
a=05b=03 a =2,
ay; = 0.1

ASMC+SMDO =05 1=1,c=38, k=20,

a=05b=03 a1 =2,
o, =0.1, ¢, = 0.5, ¢, = 30,
| = —0.005

in Table 1. The control algorithms involved in this study are
implemented in digital signal processing (DSP) using a C program
and the core component of the controller is DSP-TMS320F280049.
The core components of the driver are a DRV8350 three-phase
smart gate driver and a power MOSFET. Load torque is generated
by a hysteresis brake. An absolute encoder is installed at the end
of the motor shaft to measure the digital position to obtain the
speed of the PMSM.

To ensure the validity of the comparison experiments, PI con-
trol with the same parameters was used for the current loop
controller for all experiments. The relevant parameters of the five
control strategies for the speed loop are listed in Table 2.

5.1. Motor startup experiment

The first experiment compares the motor starting effects un-
der five control strategies: PI, TSMC, RSMC, ASMC, and
ASMC+SMDO. Fig. 10 shows the speed waveforms of the motor
startup experiment under the five control strategies. Fig. 13
shows the local zoom of the motor startup speed waveforms
under the five control strategies, and the speed overshoot § and
response time t; are marked in Fig. 13. The motor starts at 1 s
with a reference speed of 120 r/min. From Fig. 13, it can be seen
that the overshoot of PI and TSMC is 9.9 r/min and 8.4 r/min,
respectively. However, RSMC, ASMC, and ASMC+SMDO almost
have no overshoot. The response times of PI, TSMC, RSMC, ASMC,
and ASMC+SMDO are 0.85 s, 0.77 s, 0.095 s, 0.069 s, and 0.043 s,
respectively.

Fig. 11 shows the g-axis current waveforms for the motor
startup experiments under the five control strategies. The local
zoom in Fig. 11 shows that the g-axis currents under ASMC and
ASMC+SMDO control strategies are able to converge to a steady
state more quickly.

Fig. 12 gives the histograms of the experimental performance
comparison of the motor startup, and the speed overshoot and
response time are selected as the comparison terms. As shown
in Fig. 12, PI overshoot is larger than TSMC, while RSMC, ASMC,
and ASMC+SMDO have almost no overshoot. The response time
from slow to fast is PI, TSMC, RSMC, ASMC, ASMC+SMDO. In the
overall comparison, ASMC+SMDO has the best performance with
the fastest response time and no overshoot.
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Fig. 7. Structure diagram of PMSM servo system based on ASMC+SMDO.
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Fig. 10. Speed waveforms of motor startup.

5

443

Pl ——TSMC RSMC
———ASMC——ASMC+SMDO

2 3
Time(s)

Fig. 11. g-axis current waveforms of motor start.

5.2. Motor forward and reverse rotation experiment

The second experiment compares the experimental effect of
motor forward and reverse rotation under the PI, TSMC, RSMC,
ASMC, and ASMC+SMDO control strategies. Fig. 14 shows the
speed waveforms of the motor forward and reverse rotation
under the five control strategies. The two local zooms of Fig. 14
show that PI and TSMC have obvious speed overshoot and long
response time. The speed waveforms of RSMC, ASMC, and
ASMC+SMDO control strategies can keep up with the reference
speed well. The performance of ASMC+SMDO is better than ASMC,
and ASMC is better than RSMC.

Fig. 15 shows the g-axis current waveforms of the motor in
forward and reverse rotation for the five control strategies. From
the two local zooms of Fig. 15, it can be seen that ASMC and
ASMC+SMDO can make the g-axis current converge to a steady
state more quickly than the other three control strategies.

In summary, among the five control strategies, PI and TSMC
have poor effects, and RSMC, ASMC, ASMC+SMDO have better
performance in the motor forward and reverse experiments. And
with reference to the speed and current waveforms, ASMC+SMDO
has better performance than ASMC and ASMC has better perfor-
mance than RSMC.

5.3. Load torque experiment

The third experiment is the comparison of experimental ef-
fects of sudden load torque under the PI, TSMC, RSMC, ASMC, and
ASMC+SMDO control strategies. The speed waveforms and the g-
axis current waveforms of the five control strategies are shown
in Fig. 16 and Fig. 17, respectively, for a sudden load of 0.8 N - m
at a speed of 120 r/min. Fig. 18 gives a performance comparison
histogram of the load torque experiment for the five control
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strategies. As shown in Fig. 18, the maximum speed drop of PI,
TSMC, RSMC, ASMC, and ASMC+SMDO are 97.6 r/min, 83.2 r/min,
14.0 r/min, 8.6 r/min, 7.4 r/min, respectively. The adjustment
times are 1.08 s, 1.07 s, 0.69 s, 0.62 s, 0.37 s, respectively.

Comprehensive analysis shows that the maximum speed drop
value of PI, TSMC, RSMC, ASMC, ASMC+SMDO decreases succes-
sively and the adjustment time also decreases successively. In
other words, the proposed ASMRL has better anti-disturbance
performance, and ASMC+SMDO has the best anti-disturbance per-
formance.

5.4. Parameter mismatch experiment

The fourth experiment is the parameter mismatch experi-
ment under the PI, TSMC, RSMC, ASMC, and ASMC+SMDO control
strategies. The experiments were done with the inertia J mis-
matching to half of the calibration value and double the cali-
bration value, respectively. Fig. 19 and Fig. 20 show the speed
waveforms and g-axis current waveforms when the inertia J is
suddenly mismatched to half of the calibration value (0.5]) at
2 s, respectively. Among them, the speed maximum wp,y, speed
minimum wpi,, maximum speed fluctuation Aw and the standard
deviation o at 4 s-5 s steady state are given in Table 3. Consider-
ing Fig. 19 and Table 3 together, it can be seen that the maximum
speed fluctuation values of TSMC, RSMC, ASMC, and ASMC+SMDO
are 36.3 r/min, 11.1 r/min, 7.7 r/min, and 4.2 r/min with the
parameter | mismatch to 0.5]. Among them, TSMC, RSMC, and
ASMC all have obvious speed drop phenomenon. It is worth
noting that under the ASMC+SMDO strategy, the speed almost did
not drop suddenly. After the speed drop, all four control strategies
converge the speed to the reference speed. After speed stability,
the standard deviations of TSMC, RSMC, ASMC, and ASMC+SMDO
at 4 s-5 s are 0.9479 r/min, 0.5067 r/min, 0.4624 r/min, and
0.8042 r/min, respectively. Compared to TSMC, the steady state
performance of RSMC, ASMC, and ASMC+SMDO after parameter
mismatch has been improved in different degrees.

The local zoom in Fig. 20 shows that the g-axis currents
under the control of TSMC, RSMC, and ASMC have different de-
grees of decrease in the case of sudden parameter mismatch.
Among them, TSMC decreases more than RSMC, RSMC decreases
more than ASMC, and the larger the current decrease, the longer
the time to recover the steady state. And under the control of
ASMC+SMDO, the g-axis current has no significant mutation.

Figs. 21 and 22 show the speed waveforms and g-axis current
waveforms when the inertia J is suddenly mismatched to dou-
ble calibration value (2]) at 2 s, respectively. Among them, the
speed maximum wnax, Speed minimum wpi;, Maximum speed
fluctuation Aw and the standard deviation o at 4 s-5 s steady
state are given in Table 4 . Considering Fig. 21 and Table 4
together, it can be seen that the maximum speed fluctuation
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Table 3

Performance comparison of parameter mismatch experiment (0.5]).
Control Wmax Wmin Aw o
strategy (r/min) (r/min) (r/min) (r/min)
TSMC 125.7 89.4 36.3 0.9479
RSMC 121.0 109.9 11.1 0.5067
ASMC 120.8 113.1 7.7 0.4624
ASMC+SMDO 121.8 117.6 42 0.8042

Table 4

Performance comparison of parameter mismatch experiment (2]).
Control Wmax Wmin Aw o
strategy (r/min) (r/min) (r/min) (r/min)
TSMC 142.0 117.6 24.4 0.5861
RSMC 126.7 118.2 8.5 0.4301
ASMC 124.6 118.1 6.5 0.4383
ASMC+SMDO 121.1 118.2 2.9 0.4483

values of TSMC, RSMC, and ASMC are 24.4 r/min, 8.5 r/min,
6.5 r/min and 2.9 r/min, respectively. Among them, TSMC, RSMC,
and ASMC all showed significant speed rise. Similarly, there is
almost no sudden speed rise under the ASMC+SMDO strategy.
After the speed drop, all four control strategies converge the
speed to the reference speed. After speed stability, the standard
deviations of TSMC, RSMC, ASMC, and ASMC+SMDO at 4 s-5 s are
0.5861 r/min, 0.4301 r/min, 0.4383 r/min, and 0.4483 r/min,
respectively. Compared to TSMC, the steady-state performance
of RSMC, ASMC, and ASMC+SMDO after parameter mismatch has
been improved in different degrees.

It can be observed from the local zoom of the currents in
Fig. 22 that the g-axis currents under the control strategy of
TSMC, RSMC, and ASMC have different degrees of rising in the
case of sudden parameter mismatch. Among them, the rising
value of TSMC is larger than RSMC, and RSMC is larger than
TSMC, and the larger the rising value of current, the longer it
takes to recover the steady state. However, under the control
of ASMC+SMDO, there is no significant mutation of the g-axis
current.

In summary, the speed fluctuations and current fluctuations
of the two groups of parameter mismatch experiments show that
the control strategies affected by parameter mismatch are TSMC,
RSMC, ASMC, and ASMC+SMDO in descending order. However,
after returning to the steady state, the steady state performance
under RSMC, ASMC, and ASMC+SMDO control strategies are im-
proved in different degrees compared to TSMC. In other words,
the ASMC control strategy has better dynamic characteristics
under the same parameter mismatch. And the ability to resist
parameter mismatch is better by adding SMDO based on ASMC.

6. Conclusion

In this paper, an ASMRL is proposed based on the TSMRL, a
sliding mode controller is designed based on the ASMRL. Then
SMDO is designed to observe the total disturbance of the system,
and the estimated total disturbance is compensated to ASMC to
improve the anti-disturbance performance of the system. The
stabilities of the system applying ASMC, ASMC+SMDO control
strategies are proved by Lyapunov’s stability theorem. The ASMRL
has a faster convergence speed and smaller chattering. The per-
formance of several control strategies, including PI, TSMC, RSMC,
ASMC, and ASMC+SMDO, are compared on the PMSM experi-
mental platform. The experimental results show that ASMC has
better performance than PI, TSMC, RSMC under the conditions
of motor startup, motor forward and reverse rotation, sudden
load disturbance, and parameter mismatch, and the performance
of ASMC combined with SMDO is better after compensating the
disturbance.
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