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Abstract: The permanent magnet synchronous motor (PMSM) has been of interest to eco-friendly
industries on account of its advantages such as high performance, efficiency, and precision control.
However, perturbations due to PMSM parameter uncertainty, load torque, and external disturbance
interfere with the construction of PMSM precision control systems. Therefore, a robust control
system is needed to avoid unnecessary system movement caused by perturbations. In this paper,
sliding mode control (SMC) is adopted to implement a robust control system for the PMSM. In order
to reduce the reaching time from the initial system state to the sliding surface and the chattering
phenomenon that can cause the system to malfunction, the adaptive quick sliding mode reaching
law based on an exponential function and power equation is proposed. Although the SMC is robust
to disturbance and parameter uncertainty, unexpected disturbances can destabilize the system. To
estimate the unmatched disturbance in a short time, the second-order fast terminal sliding mode
observer (SFTSMO) is proposed. The results show that the motor control system based on the
proposed method has a fast convergence speed to an objective value, position tracking performance,
and robustness.

Keywords: permanent magnet synchronous motor; sliding mode control; sliding mode observer;
quick reaching law; chattering suppression

1. Introduction

Recently, many countries and companies have begun to establish policies for eco-
friendly industries to protect the environment and convert energy systems. The permanent
magnet synchronous motor (PMSM) is an important motor and power device for generating
electric fields. Since PMSM is advantageous in low- and mid-power applications and has
high performance, various industries, i.e., electric vehicles, aerospace works, and robotics,
have adopted PMSM-based systems [1-3]. The strengths of PMSM systems compared to
other motor systems, such as brushless motor or direct current motor systems, include high
air-gap flux density, high torque-to-inertia ratio, and high efficiency. However, the PMSM
is associated with the nonlinear and time-varying parameters from unshaped dynamics,
uncertainty, and internal or external perturbations. Therefore, the proportional-integral
(PI) control method is limited regarding high performance since there are no mathematical
components to counteract external and internal errors. In addition, the cascade control
system is not able to satisfy or handle precisely the specific requirements of the motor,
which contains nonlinear parameter variations and coupling [4,5].

To overcome the limited performance of PI control systems, many researchers have
studied nonlinear control systems for PMSM speed regularization, e.g., predictive [6,7],
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neural network control [8,9], fuzzy control [10], stepping control [11], and sliding mode
control (SMC) [12-14]. Among various nonlinear control methods, SMC, which has the
advantages of robustness to external disturbance and low sensitivity about parameter
uncertainty, is frequently used. Liu [15] proposed an SMC method based on a second-order
nonsingular terminal sliding surface for the combined controller that can handle current
and speed together. Leu [16] proposed a fuzzy-based sliding mode controller for PMSM
control by combining the fuzzy control method and the SMC method. Using the fuzzy-
based sliding mode controller, the system’s nonlinearity and unmolded uncertainty can be
mitigated. Qian [17] designed a nonlinear sliding surface improved by the damping ratio
of a variable system. Based on the nonlinear sliding surface, the PMSM control system
mitigates the unmatched uncertainties and alleviates the system chattering caused by the
signum function. Merabet [18] established a cascade second-order sliding mode control
system. To improve the robustness of the system, the control system consists of inner and
outer loops, which are the g-current controller and speed controller, respectively.
However, robustness is related to the switching gain that is represented by the signum
function. To ensure the robustness of the SMC system, a large switching gain is required.
The large switching gain can derive the time delay in the switching control law and high-
frequency dynamics known as the chattering phenomenon. Therefore, an adaptive system
that changes with time is required to improve the performance of the controller [19,20].
Many methods have been designed to suppress the chattering phenomenon such as the
high-order sliding mode control [21], nonsingular sliding mode control [22], and fuzzy logic
combined sliding mode control method [23]. Nevertheless, for the sliding mode controller
with an improved sliding surface, the reaching speed to the sliding surface is increased
by a functional sliding surface. Moreover, it is difficult to determine the upper and lower
bounds of the disturbance caused by the signum function using a constant switching gain.
The main contributions of the proposed control system are as follows:

¢ To reduce the strength of the trade-off between large constant switching gains and
improve the reaching time, in this paper, a novel reaching law termed the adaptive
quick reaching law (AQRL) is proposed. The AQRL is based on second-order sliding
mode characteristics and switching function. In addition, the switching function is
based on an exponential term and system state.

* By utilizing a sliding mode disturbance observer (SMDO), we obtain robustness
against a sudden disturbance and parameter uncertainty. SMDO methods have
been studied to estimate disturbance and mismatched parameter uncertainty [24,25].
Moreover, to respond to disturbance more accurately and avoid the immoderate
switching gain for SMDO, a high-order terminal sliding mode observer (HOTSMO) is
also used in this paper.

e The proposed AQRL is verified by the Lyapunov second method, and it is also mathe-
matically demonstrated that this reaching time is faster than that of the conventional
reaching law.

The rest of this paper is organized as follows: In Section 2, the AQRL is introduced, and
the reduced reaching time and chattering are verified. In addition, the results of simulations
using a second-order single-input single-output (SISO) system are presented to demonstrate
the improved performance compared with the conventional sliding mode reaching law.
Section 3 presents a PMSM mathematical model. To establish a robust PMSM speed
controller, the sliding surface is designed and the AQRL is applied. Furthermore, SFTSMO
is introduced to estimate the disturbance that can interrupt PMSM speed regulation. In
Section 4, the simulation is presented to demonstrate the effectiveness of the proposed
method for PMSM control. Finally, Section 5 concludes the study.

2. Adaptive Quick Reaching Law Design and Analysis
2.1. Adaptive Quick Reaching Law-Based Sliding Mode Control Design

SMC is a nonlinear control method with less sensitivity to parameter fluctuations
and disturbances when the system trajectory reaches a sliding surface (s()) established
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by the error between the desired value and measured value. To design controller input
for manipulating the controlled object, the switching term enables the state to be reached
and maintained at the sliding surface. In order to achieve stability of the sliding mode
controller, the Lyapunov function is used to process the controller input. The Lyapunov
stability criterion [26] is expressed as follows:

V(s) = 55
V(s) =s$ <0. (1)

To satisfy the condition of the derivative of the Lyapunov function being less than or equal
to zero, the conventional sliding mode reaching law denotes § = —#sgn(s), where the
switching gain (7) is a positive constant. Equation (2) represents the reaching time ()
based on the conventional reaching law (CRL). From the initial state (s(0) # 0) to the
sliding surface (s(t) = 0), the reaching time t, derived according to the conventional sliding
mode reaching law, is as follows:

_ s
—

)

Equation (2) indicates that the reaching time is influenced by the initial state and
switching gain #. A large value of 77 reduces the reaching time for faster responses by the
system. However, with a large #, the chattering phenomenon that adversely affects system
performance occurs due to the sgn(-). Therefore, a suitable value of 77 needs to be chosen to
suppress chattering while maintaining a fast reaching time on the sliding surface [27,28].
In this paper, an AQRL is proposed to overcome the vulnerability of SMC.

§ = —g(x1,5)sgn(s),
ot

—bs|
e , 3
T+ )

g(x1,8) = ky ("l —1) + ky
where x1 denotes the system state and the final value of x1 (c0) is supposed to be 0. The pa-
rameters a, b, k1, and kj represent positive tuning parameters with the boundary conditions
0<a<1,0<b<In2 k; >0,and ky, > 0, respectively.

Assumption 1. The first interval is assumed as ty, which is from s(0) > 1 to s(t) = 1, and the
second interval is assumed as tp, which is from s(t) = 1 to s(t) = 0.

To verify the stability of the proposed reaching law, which establishes a sliding surface
with an exponential function, the constraint in Equation (1) is used.

5§ = s | —kq (el — 1)sgn(s) — kzl —illx |e*b‘s‘sgn(s)
1
= —ky (e — 1) - |s| — ky m2e*Wﬂ<O. (4)
1+ x|

In Equation (4), (e?*l — 1) is a positive value regardless of s and a. Similarly, e*/*l also
produces a positive value. Therefore, the proposed method satisfies the inequality for the
Lyapunov stability criteria. The inequality shows that the system induced in Equation (3)
achieves stabilization within a finite time.

The proposed switching gain g(x1,s) has been designed based on an exponential
function and a nonlinear sliding surface. In addition, the initial sliding surface is affected
by the switching gain g(x1, s). The reaching process can be divided into two intervals when
the initial condition s(0) is greater than one: the first interval means the time consumed
to reach from the initial condition s(0) to s(t) = 1, and the second interval is the time
consumed to reach from s(t) = 1 to the sliding surface s(¢) = 0 [29]. For the first interval,
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the term e5l — 1 in Equation (3) becomes much larger than the second term e~l*! with the
positive parameters kq and k;. In the first interval, the impact of the first term in Equation (3)
is much greater, which means that the second term can be treated as trivial. Therefore,
Equation (3) is transformed as follows:

§ ~ —ki (e — 1)sgn(s)
= —k1(e"* —1). (5)

When the system is in the first interval, the reaching time is obtained by integrating
Equation (5) as follows:

1 1
h= /sm) T — ey ©)

where t; denotes the reaching time required in the first interval. From Equation (6), t; is

1—5(0) In(1—e") —In(1— e
b= kj()_n( e)akT( ) @)

In calculating the reaching time of the second interval, the second term in Equation (3) has
a greater effect since the second term is larger than the first term. Therefore, the switching
gain can be changed as

2
X _
17 bl

~ 7k21 Py sgn(s)

S G ®)
Hlal
The process of calculating the time taken for the system state to move from s(t) = 1
to s(t) = 0 is the same as derived in Equations (6) and (7). The reaching time (t) in the
second interval is as follows:

x| +1 7,
tr = —1). 9
2= d? (¢"-1) ©)

By combining Equations (7) and (9), the time (,1) required for the system to reach the
sliding surface in the initial system state is obtained. Since the value of ¢’ — 1 is between 0
and 1 according to 0 < b < In2 with optimally chosen k; and ky, t,1 is represented by the
inequality condition as

th =t +1i
_1-5(0) In(1—e?) —In(1—e®©))  |x|+1
k1 lel bk2x%
_1-5(0)
S (10)

To prove the effectiveness of the proposed method, t,1 is compared with ¢ by subtracting
Equation (2) from Equation (10),
1—s(0) s(0)

Therefore, with k; that satisfies the condition k; > #, we can prove that the proposed
reaching law attenuates the reaching time to the sliding surface in comparison with the
conventional sliding mode reaching law. The reaching time t,, from s(0) < —1tos(t) =0
is the same with the time required for s(0) > 1 to become s(t) = 0. The process from
s(0) < —1tos(t) = 0is divided into two intervals: the first interval is between s(0) < —1
and s(t) = —1, and the second interval is between s(t) = —1 and s(t) = 0. t,» obtained
under the similar process from Equation (5) through (9) is shown as,
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C1+5(0)  In(1—e") —In(1—e ™) |xq[+1 b
2= aky by (¢'-1). (12)

Through the inequality condition similar to Equation (10), t,2, i.e., the time spent on the
process to reach s(t) = 0 from s(0) < —1 is also reduced compared to the conventional
sliding mode reaching law.

According to the proposed reaching law, when the system state approaches to a sliding
surface, the switching gain kpx12/ (1 + |x1|) since the AQRL is based on an exponential
function. The discrete expression is shown as

kyx2T
s(n+1)—s(n) =~ — 1 i fxl‘sgn(s[n}), (13)

where T denotes the sampling period. Assuming that the system trajectory is traced by
the sliding surface in a finite time, the sliding surface at the n-th step represents s[n] = 0"
or s[n] = 0~. When the system moves into the next (n + 1)-th step, the sliding surface is
expressed as follows:

kzx
1~ -l f =0"
s[n+1] T+l sln] =07,
kox2T
s[n+1]z+1i|11|, fors[n] =0~. (14)

Therefore, the discrete sliding mode boundary (A;) obtained through Equation (14)
is denoted by A, & kox3T/(1 + |x1]). On the other hand, using the conventional sliding
mode boundary, which is expressed as A = kT, the chattering phenomenon is not reduced
when the system approaches the equilibrium point (0, 0) since k is a constant. However, in
the proposed reaching law, A, approaches zero as the sliding mode is reached. The system
state (x1) converges to zero in finite time as the system state is close to the equilibrium
point. With the convergence of A, to zero, the chattering phenomenon of the sliding mode
control system driven by the proposed reaching law efficiently decreases while overcoming
the disadvantage caused by the constant switching gain of a conventional sliding mode
control system. When the initial states approach the vicinity of the sliding surface, they
do not remain on it; instead, they perpetually oscillate across the sliding surface resulting
in chattering. Consequently, an adaptive reaching law has been formulated, as illustrated
in Figure 1, to mitigate chattering and enhance controller efficiency. Figure 1 shows the
chattering phenomena for the conventional sliding mode reaching law and the proposed
reaching law, respectively.

X,

(a) (b)

Figure 1. System trajectory of the conventional and adaptive sliding mode reaching laws. (a) Conven-

tional reaching law; (b) adaptive reaching law.
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2.2. Numerical Simulation

In the discussion above, the proposed quick reaching law can cause the system to
converge to the sliding mode surface at a fast speed. In addition, the system state follows
the sliding surface to converge to the equilibrium point quickly after the system reaches
the sliding surface. Although the sliding surface is designed based on a linear function, the
proposed reaching law induces the system to maintain the sliding mode and reduce the
chattering phenomenon. Therefore, a sliding mode controller based on the proposed quick
reaching law can be designed to improve control performance. To verify the performance
of the proposed reaching law, a second-order SISO system is established as follows:

x = Ax + Bu,
yCx, (15)
where x represents [ x, X, |7 with the initial state of the system as | x,(0)

[ 3 0 ]. The matrices A, B, and C are representedby [ 1 0; 1 0],[1 0]7, and
[ 0 1 ], respectively. The sliding surface is designed as follows:

51 = (Xa — Xga) + C(xp — Xpa), (16)

where x,; and x;; are the desired values of x and represent zero, while { denotes one.
Combining the proposed reaching law based on Equations (15) and (16), the control input
is set as

u = —2x, —g(x1,51)sgn(s1), (17)

for the SISO numerical simulation. The system state (x1), which consists of Equation (3),
represents x;, in the numerical simulation. Figures 2 and 3 show the system trajectory of each
conventional and proposed sliding mode reaching law on the closed-loop system and reaching
phase from the initial system state and sliding surface, respectively. In this simulation, the
switching gain (1) of SMC is set as 3. a,b,kq, and kp, which are parameters of the proposed
reaching law, are set to 0.5, 0.3, 5, and 2.5, respectively. In Figure 2, the thin bold and dashed
lines show x,; and x;, which are controlled by the conventional sliding reaching law-based
SMC. The thick dash—dotted and dotted lines denote x, and x;, which are controlled by the
AQRL-based SMC. Figure 2 shows that a smaller overshoot and fast settling time are obtained
by the AQRL-based SMC. Figure 3 represents the controller inputs, which are designed using
the conventional sliding mode reaching law and AQRL. Since the sliding mode reaching law
has a constant value, the controller input (1) of the conventional SMC exhibits the chattering
phenomenon. In contrast, the AQRL-based SMC shows a smooth control input after the system
arrives at the sliding surface. Figure 4 represents a sliding trajectory in which the proposed
sliding reaching law approaches the sliding surface in a faster time than a CRL. The dashed line
shows the AQRL-based SMC, and the solid line denotes the CRL-based SMC.

—X, with CRL | |
==X with CRL
........... X, with AQRL | |
b

----- x, with AQRL

System states

Time [s]

Figure 2. Closed —loop state response of the conventional and adaptive quick reaching laws.
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T
]
1
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] —CRL
78: -=--AQRL
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Figure 3. Control input comparison between the conventional and adaptive quick reaching laws.

(3% ]
T

Figure 4. The phase trajectory using the conventional reaching law and the adaptive quick reach-

ing law.

3. Mathematical Model of PMSM and Control Schemes

3.1. PMSM Electrical Model

The PMSM'’s high-performance motor control features smooth rotation over the entire
motor speed range, maximum torque control at zero speed, and fast acceleration and
deceleration. Field-oriented control (FOC) techniques are used for PMSM to achieve control,
which derives PMSM'’s high accuracy and efficiency. Based on the FOC technique, the three-
phase current, which refers to the abc coordinates of the PMSM, can be transformed into a
two-phase current on dg rotating coordinates using the Clark/Park transformation. Figure 2
shows the block diagram of FOC based-PMSM speed control [12]. The stator voltage (i, ;)
equations of the PMSM control system in dg coordinates are written as Equation (18). In this
paper, the model equations are based on a surface-mounted PMSM (SPMSM). The SPMSM
has the same value for d- and g-axis inductance (L; = L; = Ls) according to a permanent
magnet that is placed around the rotor and has a constant thickness [30].

di
ug = rig — wlsig + Lsf,

. . di
Ug = rig +stzd+wgo+Lsd—Z, (18)

where i;, i, represent the d- and g-axis stator currents, respectively. r is the resistance, and
@ is the flux linkage of the permanent magnet. The measurement speed of the PMSM is
expressed as w. The electromagnetic torque (T,) generated by the SPMSM depends on
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the flux linkage, the number of pole pairs (11,), and inductances. Based on the uniform
inductance values of the SPMSM, the equation that expresses T, of the PMSM can be briefly
represented as follows [31]:

3 ) ..
T, = 5 [@ig + (Lg — Lg)igig]
3 .
= inpq)zq. (19)

A general PMSM control system is established based on the principle of FOC control,
as shown in Figure 5. Under the vector control strategy, i} is set to zero to decouple the
speed and current. Equation (20) shows the mechanical dynamics of the PMSM system [32]

0 =w,
Jio+Bw+T, =T, (20)

where 0 represents the rotor angle of the PMSM. |, B, and T}, denote the rotational inertia,
viscous friction coefficient, and load torque, respectively.

i*
q
O— Speed [ »0O—»| Current dq
a) N |- -
RS Controller + Controller | ] ap —»SVPWM l.“:] Eehriii
A K 'y
ld :__>
I ...
N N . a b i,0,,1,
@ d ] K
- af Nl abe |~
o
—1 SFTSMO [+ l
A I.[‘ :
Sensor [« H =
-

PMSM
Figure 5. Block diagram of PMSM speed control.

3.2. Design of the PMSM Sliding Mode Controller Using the Adaptive Quick Reaching Law

Under the occurrence of disturbance and parametric uncertainty, the mechanical
modeling of the PMSM can be converted by combining Equations (19) and (20) as follows:

@ = (x +Bx)ig — (11 +An)w — (e + Ae) Ty
= Xnlg — nw +d, (21)

where ), 77, and e represent 311%(;) /2],B/],and ny/], respectively. Ax, An,and Ae represent
the parameter uncertainties. To represent parameter uncertainty and load torque, the
perturbation (d) denotes Axi; — Anjw — (& + Ae) Ty To trace the reference angular velocity
(wy) on PMSM speed modulation, the tracking error (e) is defined as the difference between
w, and the measured angular velocity (w) obtained by an encoder. Based on the tracking
error, the integral sliding surface (s;) is designed as follows:

ot
si=e+ C/o e(t)dr, (22)

where c is a positive constant. Under the designed sliding surface with Equation (22), the
AQRL-based sliding mode controller input (i) is set up to reach wr,
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ko l . a\s\ . X12 fb\s|
g = p [wr d+ce+ (kl(e 1) +k21 - ‘x1|e sgn(s) |. (23)

The control input of Equation (23) is not completely achieved since the unknown lumped
perturbation d is included. Therefore, the controller is not a fully stable input [33]. To
overcome the system weakness caused by disturbance, the SFTSMO in section IIL.C is
proposed to increase the robustness of the APRL-based SMC.

3.3. Design of a Second-Order Fast Terminal Sliding Mode Observer for PMSM

To predict and identify the perturbation accurately under the parameter uncertainty
and load torque, a second-order fast terminal sliding mode observer (SFTSMO) is designed
as a state equation under Equation (21),

d=1, (24)

where [ represents the derivative of the lumped perturbation. Then, the SFTSMO is designed
based on the terminal sliding mode,

w = Xniq — n@ + d+ U1,

d=up, (25)
where & and d denote the estimated angular velocity of the PMSM and the estimated
perturbation, respectively. u;; and uy represent the designed control law and lumped
disturbance derivative, respectively. The estimated angular velocity error (@) and estimated
disturbance error (d) are derived by subtracting Equation (24) from (25). To reduce the

estimation time and achieve better tracking accuracy, the second-order fast terminal sliding
surface (sf;) is designed for SFTSMO as follows: [34]

Sp=d+@+@m, (26)

where n1/m is the rational number under the condition 0 < n/m < 1. n and m are positive
odd numbers. By substituting s; for Equation (25), the uy; is derived as,

up = (1—mn)@+@n +d —sg. (27)
According to the terminal sliding mode control law [35], the 14, is obtained as,
v +q0 = hisgn(ss),
Upp = thgH(Sft), (28)

where v represents d — s #+ and g, hy, and hy denote the designed positive constants. To
prove the stability of the proposed observer, the Lyapunov function shown in Equation (1)
is used as follows:

Spispe = spe | (d — hosgn(sp)) — (msgn(sp) — o),
_<d5ft—h2’5ft‘)—(h1‘5ft‘—qv) <0. (29)

Here, 1y and h; satisfy the conditions of 1; > |qu| and hy > |dmax|, respectively. Therefore,
the stability of the proposed observer is obtained in a finite time. Under the designed
sliding surface as shown in Equation (26), the reaching time ¢, taken to reach s¢(t) = 0
from initial state s¢;(0) # 0 is reduced compared to the conventional high-order terminal
sliding surface-based observer. The reaching time t, obtained by the high-order terminal
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sliding surface (s, = @ + B&™/™) from s;,(0) # 0 to s;(t) = 0 is derived in a similar way as
in Equation (2) [36]. The difference between t; and £, is represented as follows:

mln[cD(O) 4 1} - m|d)(0)|"’;”

m-—n m-—n

b —ty = (30)

To prove the reduced reaching time of the designed terminal sliding surface, by
applying the exponential function to t¢; and f,, Equation (30) is derived as,

m—n m—n

etft — el = |@(0)|"" +1 -0 <, (31)

The reaching time reduction is proved as in Equation (31). Under the terminal sliding mode
control law, estimated disturbance () is obtained by integrating the u, value. Therefore, the
proposed SFTSMO ensures a smooth disturbance observation since u, equals to hpsgn(sg).

From the obtained cf, the controller input is converted as,

X12
1+ [xq]

g el 4 cel. (32)

1 ;
=y —d+ k(e = 1) +ky
X
Therefore, the robustness of the controller input is obtained from the estimated disturbance
for the PMSM control system.

4. Simulation

This section describes the simulations carried out using the conventional SMC and the
AQRL-based SMC (AQSMC) with SFTSMO in the PMSM speed regulation system to verify
the effectiveness of the proposed PMSM speed controller design method. The PMSM system
was established based on a block diagram, as shown in Figure 2, using MATLAB/Simulink.
The numerical SPMSM parameters used for the simulation are denoted in Table 1. Moreover,
we set the control parameters of 4, b, ¢, kq, ko, hy, hp, n,m, and Q in the simulations as 0.1, 0.5,
100, 5, 2.4, 1, 10, 11, 13, and 100, respectively. Three types of simulations were performed to
confirm the advantage of the SMC: position tracking, sudden speed shift, and sudden load
disturbance of the SPMSM.

Table 1. Numerical parameters of the SPMSM model [37].

Parameter Value Unit
R, 24 [Q)]
Ls 0.65 [mH]
¢ 0.003 [Wb]
] 0.004 x 1074 [kg- m?]
B 0.004 x 104 [N- m- s/rad]
ny 4

Figure 6 shows the position error between the measured rotor position signal of the
PMSM and the reference position signal represented by a sine function with respect to time.
The bold line represents the reference position signal. In this position tracking simulation,
we conducted the simulation using a different sliding surface, s, = é; + c1e1, where ¢;
denotes the positional error between the ideal position signal (6;) and measured position
signal () with ¢; = 15. The position controlled system is 6(t) = —f(0,t) + eu(t) + 5(t)
in which f(6,t) = 256, ¢ = 133, and §(t) = 10sin(7tt) with an assumption that the ideal
position signal is 6; = sin(t). The initial position is set up as —2. To follow the reference
position signal, we induced u(t) = [c1(6; — 0) + 6 + f(6,t) + g(6,51) - sgn(s1)] /e as the
AQSMC-based control input. The AQSMC indicated by the thick dotted line has a faster
tracking time than the conventional SMC.
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Figure 6. Tracking performance comparison between the SMC and the AQRL—based SMC.

Figure 7 shows the tracking angular speed when the reference speed changes suddenly.
The reference speed changes for three intervals to compare the speed tracking performance
between the conventional SMC and QSMC. The thin black dashed line and thick dotted line
indicate the speed responses based on the SMC and the AQSMC, respectively. The initial
speed of the PMSM, which is represented as a thin solid line, started at zero and reached
the target value of 700 rad/s. Att =0.2 s and t = 0.45 s, the desired speeds were converted
to 400 and 800 rad /s, respectively. The conventional SMC and QSMC have no overshoot
on the system, while the controller works to reach the desired speed; however, the error of
the QSMC-based PMSM speed controller, which occurred between the reference angular
speed and measured angular speed of the SPMSM, decreases faster than the conventional
SMC. Moreover, the settling time and rising time are smaller than the conventional SMC
for all changes in the reference angular speed. We can therefore verify that the AQSMC has
better performance than the conventional SMC.
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Figure 7. Speed tracking performance between the SMC and the AQRL-based SMC.

Figure 8a—d show the speed tracking performances when a sudden load disturbance
occurs. To prove the performance of the proposed reaching law and SMDO, the simulation
was proceeded by the SFTSMO-based SMC and the SFTSMO-based AQSMC for equitable
comparison. The reference speed was fixed at 700 rad/s. In Figure 8, the thin dashed
and thick dotted lines denote the angular speed of the SFTSMO-based SMC and the
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SFTSMO-based AQSMC, respectively. Figure 8a shows that the SFTSMO-based QSMC has
a reduced settling and rising time and less overshoot compared with the SFTSMO-based
SMC. Figure 8c shows the SFTSMO performance in the presence of the external disturbance
and load torque. In the simulation, the sudden load disturbances T} =2 N- m and T} =
—4 N- m were added at t = 0.8 s and t = 1.4 s until the simulation ended, respectively.
The SFTSMO-based AQSMC proved to be more robust against sudden disturbance and
quickly recovered to the desired speed compared to the conventional SMC. Therefore, we
can confirm that the performance of the SFTSMO-based AQSMC is better than that of the
SFTSMO-based SMC for handling disturbance in the PMSM speed regulation system.
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Figure 8. Control performance comparison between the SMC and the QSMC with SFTSMO.

5. Conclusions

In this paper, we proposed an AQRL-based PMSM speed controller for a robust speed
control PMSM system and SFTSMO to estimate the disturbance and parameter uncertainty.
We set up a model according to an FOC-based SPMSM system. To improve the robustness
of the PMSM control system, we designed an AQRL based on an exponential function
and power equation to overcome the trade-off between the reaching time and chattering
phenomenon. Moreover, to deal with perturbations such as load torque and parameter
uncertainty, the SMDO was proposed. To enhance the estimation performance and reduce
the estimation time, we suggested SFTSMO, which is based on a second-order terminal
sliding surface. We derived the adaptive control input i; using QSMC and SFTSMO. We
confirmed and proved the increased performance of a speed control system driven by
QSMC with SFTSMO.
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Abbreviations

Abbreviations represented in this paper:

PMSM permanent magnet synchronous motor
PI proportional-integral

SMC sliding mode control

AQRL adaptive quick reaching law

SMDO sliding mode disturbance observer

HOTSMO  high-order terminal sliding mode observer
SFTSMO  second-order fast terminal sliding mode observer

SISO single-input single-output
CRL conventional reaching law
FOC field-oriented control

SPMSM surface-mounted PMSM
AQSMC AQRL- based SMC
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