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Adaptive Sliding-Mode-Based Speed Control in
Finite Control Set Model Predictive Torque Control
for Induction Motors
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Abstract—The conventional model predictive torque control
(MPTC) for induction motor drives evaluates the electromagnetic
torque and stator flux linkage in the cost function. However, in the
speed outer loop design, the torque reference in the cost function
generally utilizes a classic proportional-integral (PI) controller,
which is not only dependent on motor parameters but also sensitive
to the change of the load torque. In this article, an adaptive sliding-
mode-control-based MPTC (ASMC-MPTC) method is proposed
to improve the robustness of the finite control set model predic-
tive control (FCS-MPC). First, the influence of the mismatched
parameters for FCS-MPTC is introduced and the shortcoming
of the PI-based MPTC (PI-MPTC) is analyzed. Then, a sliding-
mode-control-based MPTC (SMC-MPTQC) is studied, in which the
exponential reaching law is introduced to control the trajectories of
the state variables. To further improve the control performance of
SMC-MPTC, the exponential reaching law is optimized to adjust
the switching gain adaptively, thus the ASMC-MPTC is proposed.
The PI-MPTC, SMC-MPTC, and ASMC-MPTC are compared
theoretically and experimentally, and the results show that the
proposed ASMC-MPTC has the best disturbance rejection ability
and robustness against motor parameters variation and load torque
change.

Index Terms—Induction motor (IM), model predictive torque
control (MPTC), robustness, sliding-mode control (SMC).
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NOMENCLATURE

U Stator voltage vector.

s and ¥, Stator flux linkage vector and rotor flux
linkage vector.

i;and i, Stator current vector and rotor current
vector.

T.and Ty, Electromagnetic torque and load torque.

we and w,- Electrical speed and mechanical speed.

Ly, L,,and L,, Stator, rotor, and mutual inductances.

R,and R, Stator and rotor resistances.

np Number of pole pairs.

~

Moment of inertia.

o(=1- L2 /LsL,) Leakage coefficient.

T.(= L./R,) Rotor time constant.

T Sampling period.

* Denotes commanded values.
AN

Denotes estimated values.
Denotes the induction motor parameters
used in the predictive process.

2

I. INTRODUCTION

ODEL predictive control (MPC) is becoming an attrac-
M tive control method for power converters and motor
drives [1], [2]. In recent years, it has become a popular research
topic due to its easy implementation, multiobjective control, and
easy inclusion of constraints and nonlinearities [3], [4]. Given
that it eliminates the pulsewidth modulation, MPC achieves a
faster dynamic response than that of the field-oriented control
[2]. In addition, compared with the direct torque control, the
voltage vector selected in MPC is more accurate and effective
owing to the online optimization of a cost function [5]. In the
field of electrical drives, MPC can be divided into two main cate-
gories: 1) continuous control set MPC (CCS-MPC), and 2) finite
control set MPC (FCS-MPC) [5]. For the CCS-MPC method, it
has a special case, which is called generalized predictive control
[6]. The CCS-MPC can achieve a good control performance but
it is complicated to apply and needs a pulsewidth modulator
[7], [8]. Compared with CCS-MPC, FCS-MPC is simpler for
handling various control objectives and constraints [9], [10]. By
considering the model of the inverter used in the control system,
FCS-MPC directly calculates all possible switching states and
selects the optimal switching state based on the principle of
minimizing the cost function [11]. Then the selected optimal
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switching signal is output to the inverter directly without any
modulators, and thus the drive system becomes simpler. Over
the past decade, FCS-MPC has already been extensively used
and investigated [12]-[14].

Finite control set model predictive torque control (FCS-
MPTC) is a typical case of FCS-MPC, in which the stator
flux linkages and electromagnetic torque are predicted as the
state variables in the cost function. The switching state that
minimizes the flux linkage and torque ripples the most is fi-
nally selected as the best voltage vector [15]. Then the optimal
switching state directly applies to the inverter without mod-
ulators, and in the next sampling instant, the voltage vector
produced by the inverter is applied to the motor [16]. FCS-
MPTC is regarded as a very promising method and has many
advantages, such as fast dynamics, straightforward structure,
easy implementation, and the easy inclusion of constraints
[17]. In recent years, the FCS-MPTC method has been widely
studied [18], [19].

Although there are good prospects for the model predictive
torque control (MPTC) method, some aspects should further
be investigated to improve its practicability, such as robustness
improvement [20]. It is well known that the MPC method is
based on the established model, thus it naturally depends heavily
on the motor parameters. Nevertheless, for the induction motors
(IMs), the temperature will affect the stator resistance and rotor
resistance, and the nonlinearity of the magnetic circuit will affect
the mutual inductance. Thus it is necessary to improve the robust
performance of MPTC, especially for the robustness against
motor parameters variation. In [21], an immune-optimized dis-
turbance observer-based MPCC method is presented, in which
the robust performance against the motor parameters variation
and step load disturbance have been enhanced. However, the
presented method is complex, which will increase the com-
putational burden. In [23], a novel disturbance controller is
presented to estimate the inductance value in the MPCC-based
system, and the parameter robustness of the SPMSM drive
system has been improved. Nevertheless, the torque response
can be further improved. For the encoderless FCS-MPTC drive
system, a full-order sliding-mode observer is constructed [23],
in which the stator resistance and rotor resistance online identi-
fications are used to improve the robust performance. However,
the chattering phenomenon needs to be further weakened. In
[24], the linear disturbance observer-based MPTC control of
the IM drive system is presented to suppress the mismatched pa-
rameters and load torque disturbances. Nevertheless, the added
coordinate transformation in the presented method increases the
complexity. In view of the uncertainty of permanent magnet
synchronous motor (PMSM) and the inaccuracy of its model,
which leads to the inaccuracy of its prediction performance, the
predictive current control method is extended in [25] to improve
the prediction accuracy. However, the verification of this method
can be more comprehensive. In [14], a novel DOB-based robust
predictive torque control method for the IM system has been
studied. By utilizing the disturbance estimation technique, the
load disturbance rejection ability and robustness have been
improved. Nevertheless, the current response can be further
improved. In [26], an active disturbance-rejection-based MPTC
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method has been presented to compensate for the torque pre-
diction error produced by mismatched parameters, in which the
robust performance has been enhanced. However, the parameter
selection of the active disturbance rejection (ADR) algorithm is
difficult.

Among the numerous motor control methods, the sliding-
mode control (SMC) is one of the effective nonlinear robust
control strategies. The SMC strategy has been successfully used
for the power electronics system since it provides system dynam-
ics with an invariance property to uncertainties once the system
dynamics are controlled in the sliding mode. In [27], an SMC
with a hysteresis control strategy is developed by combining the
practical application of the multimode hybrid energy storage
system, and thus the battery safety can be effectively ensured.
In [27], arobust adaptive sliding-mode controller is designed for
a boost converter with an unknown resistive load and external
input voltage, and the presented method is robust with excellent
recovery features to sudden input variations and unmodeled load
variations. In [28], SMC is applied on multiple input/multiple
output nonlinear systems, which allows chattering reduction on
the control input while keeping a high tracking performance
of the controller in the steady-state regime. To achieve the
chattering-free control in theory, Wang et al. [29] have presented
a high-order sliding-mode controller by shifting the discontinu-
ous control to the derivative of the control law. However, it makes
the sliding-mode controller more complicated and increases the
computational burden.

In a variety of robust performance improvement methods,
SMC is one of the effective nonlinear robust control strategies.
The SMC strategy has been successfully used to improve the
control performance of the drive system since it provides system
dynamics with an invariance property to uncertainties once
the system dynamics are controlled in the sliding mode. In
addition, SMC also has the advantages of a simple structure
and easy implementation. However, the chattering problem of
SMC should be solved. In this article, aiming to improve the
robust performance of FCS-MPTC on parameter uncertainties
and load disturbances, an SMC-based MPTC (SMC-MPTC) is
constructed, in which the exponential reaching law is introduced
to control the trajectories of the state variables. Moreover, to
further improve the control performance of SMC-MPTC, the
exponential reaching law is optimized to adjust the switch-
ing gain adaptively, which is called the adaptive SMC-based
MPTC (ASMC-MPTC). By using Lyapunov stability theory,
the stability of the proposed ASMC-MPTC is analyzed in de-
tail. The proportional-integral (PI) based MPTC (PI-MPTC),
SMC-MPTC, and ASMC-MPTC are compared theoretically
and experimentally, and the results show that the proposed
ASMC-MPTC has the best disturbance rejection ability and
robustness against motor parameters variation.

The rest of this article are summarized as follows. The math-
ematical models of IM and inverter are presented in Section II.
Section III provides the analysis of mismatched parameters for
PI-based FCS-MPTC. The proposed SMC-MPTC method is
designed in Section IV, and the comparative analysis of the pro-
posed ASMC-MPTC and conventional PI-MPTC is presented
in Section V. The simulation results are presented in Section VI,
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Fig. 1. (a) Two-level VSI circuit. (b) Voltage vectors.

and the implementation setup and experimental results are pre-
sented in Section VII. Finally, the conclusion of this article is
presented in Section VIII.

II. MODELS OF IM AND INVERTER

The state-space model of the IM in the stationary reference
frame (« and 3) can be described as follows:

d
s — Rs ‘s - ¥s 1
u, sts + dt¢ ey
. d )
0= err + 7¢T - ]w€¢T (2)
dt
¢s = Lsis + Lm.ir (3)
wr = Lrir + Lm"'s (4)
J dw,
T.—T, = — . 5
L= )

Rearranging (1)—(5), the four-order nonlinear state-space
model of the IM can be expressed as follows:

= Az + Bu (6)
R,
a_ |- (v ) Trwd - (F1-wd)| o
-R,I 0
B=[+11]" ®)
where © = [ 15 ]7 and u = [ugo usp]?.
The electromagnetic torque can be calculated as
Te = 1.5n,Sm {ps - 45} . 9)

Fig. 1 shows the two-level voltage source inverter (VSI)
circuit, in which the responding switching state S with every
phase S,, Sy, and S, can be expressed as follows:

2
S = g(sa + a8, +ad*S.) (10)
where a = ¢ />, §; represents the switches state, in which S;
= 1 means ON and S; = 0 means OFF, where i = a, b, ¢. The

relationship between the output voltage vector u; of VSI and the

switching state S can be described as
us = Vg8 (11

where Vdc is the dc bus voltage.
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III. ANALYSIS ON THE ROBUSTNESS OF PI-MPTC
A. Basic Principles of PI-MPTC Method

In the conventional PI-MPTC of IM drives, there are three
primary parts of the FCS-MPTC method: the observation of
stator flux linkage; the prediction of stator flux linkage and
electromagnetic torque; and the minimization of the cost func-
tion. The detailed explanation can be as follows: the predictions
of stator flux linkage vs(k + 1) and electromagnetic torque
T.(k + 1) should be carried out by each possible voltage vector.
By using the forward Euler discrete equation, the predictions of
the stator flux linkage and the stator current can be derived as

¢s(k + 1) = ¢s(k) + Ts(us(k) - RSZS(k)) 12)
ig(k+1) = {1 - (ﬁ + T jwr> Ts} is(k)
)
TS (; —jm) W, (k). (13)

Based on (12) and (13), the electromagnetic torque can be
predicted as

T,(k+1) = 1.5n,Sm {eps(k+1) - is(k+1)}. (14

B. Analysis of Parameters Mismatch for PI-MPTC

As mentioned above, the stator current and flux linkage pre-
dictions are calculated according to the discrete mathematical
model of IM, making the FCS-MPTC prediction procedure
dependent on motor parameters. To discuss the influence of
parameters mismatch on the prediction accuracy of MPTC, some
assumptions would be made: first, at kK sampling instant, the
stator current %, (k) and the stator flux linkage 14 (k) are precise
values; second, the stator leakage L, and the rotor leakage L,
are constant.

The specific implementation can be described as: itis assumed
that R and L,,, are the actual parameters, and then i (k + 1) and
T,(k + 1) are calculated by (12)—(14). R, and L, are the mis-
matched parameters, which are employed in the predictive pro-
cess. Therefore, i4(k 4 1) and T, (k + 1) based on the parame-
ters mismatch are obtained in (15)—(17), where Ly = Ly, + Lgs.
L.=1Ly+Lys,0 =1— L2 /L,L,,and T, = L, /R, respec-
tively. The prediction errors of the stator current and the electro-
magnetic torque are defined as Ai, = [ig(k 4+ 1) — i5(k + 1)]
and AT, = |T.(k 4+ 1) — T.(k + 1)|, respectively.

R, 1
- [t = —ju, | T
(6&Ls o1, 7 ) :

is(k+1) = is(k)

F o) 2 (2 =) 9.)
(15)
P (k+ 1) = (k) + To(us(k) — Reia(k)) (16)
[.(k + 1) = 1.5n,3m {{ps(k 1) sk + 1)} .an
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Fig. 2. (a) Prediction error of stator current with mismatched Rs and L,, at
the rated speed and rated torque. (b) Prediction error of electromagnetic torque
with mismatched R and L,, at the rated speed and rated torque.

Supposing that the IM operates at the rated speed with rated
load and the direction of the stator flux linkage 1) 5 coincides with
the a-axis. According to the parameters of the IM used in this
article, 7, = 4.1e?("/3) and ¢, = 0.95¢7° are true at this time. It
is known that there are seven different voltage vectors produced
by a two-level VSI, which will result in a great number of cases
for mismatched parameters analysis. To make the following
analysis convenient, the one voltage vector selected maximizes
prediction errors at k sampling instant. Fig. 2(a) shows the
prediction error of the stator current when the stator resistance
and mutual inductance are different from those true values.
When L,, /L., = 1and R, /Rs = 1, the prediction error of the
stator current is zero. Additionally, the stator current error is
susceptible to mismatched mutual inductance. Compared with
Lm /L., > 1, the prediction error of the stator current is quite
larger when Zm /L., < 1. Fig. 2(b) reveals the prediction error
of the torque with mismatched stator resistance and mismatched
mutual inductance. It shows that the influences of parameters
mismatch on the prediction error of stator current and the pre-
diction error of torque have the same trends.

C. Analysis of Uncertain Disturbances for PI-MPTC

In order to analyze conveniently, Fig. 3 shows a simplified
block diagram of the traditional PI-MPTC. The transfer function
of the PI controller can be described as follows:

k;
F(s) :k:p—&—; (18)
where k,, and k; are the proportional coefficient and the integral

coefficient, respectively.
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Fig. 3. Block diagram of the speed controller based on the PI controller.

The transfer function of IM can be described as

1

- Js
As can be seen in Fig. 3, the transfer function G.(s) of the

whole system can be derived as (20). Similarly from d(¢) to w,

the disturbance transfer function G,4(s) can also be derived as
(21)

G(s) (19)

&

(5)
i(s
(

kK s+ (ki/kp)
lan=0= 7 + (kp/J)s + (ki/J)
1 S
=0T T T (kD) + (Ri)T)

It can be seen that both the speed transient capacity and
the disturbance rejection capacity rely on the denominator
s? + (kp/J)s + (ki /J). The standard form of the denominator
can be described as

G.(s) =

(20)

&

S

— —

(s

a(s) 21

Ga(s) =

52 4+ 2Cwos + wg (22)

where ((¢ = k;,/(2v/Jk;)) is the damping ratio of the IM system
and wy(wg = +/k;/J) is the undamped natural frequency. When
0 < ¢ < 1, the drive system operates in the underdamping state.
¢ =1 dedicates that the drive system works in a critically
damping state. When ¢ > 1, the drive system works in the
overdamping state.

For the PI-MPTC controller, the load disturbance step Ad(r)
is taken into account for analyzing the disturbance rejection
performance, and the integer error IE can be derived as

IE = / edt = —limGy(s)
0 s—0

(23)

Based on the above-mentioned analysis, for better improving

the antidisturbance ability, ¢ should be smaller. However, if ( is

too small, it will result in the system instability. Therefore, for

the traditional PI-MPTC controller, there must be a tradeoff in

regard to the speed dynamic response and disturbance rejection
capability.

IV. DESIGN OF ASMC-MPTC

According to the above-mentioned analysis, it can be seen that
the conventional PI regulator has an inevitable tradeoff between
the dynamic response and the disturbance rejection ability. In
this article, unlike the linear controller or linear compensation
strategy, a nonlinear controller, i.e., the sliding-mode controller
is applied to improve the robust performance of FCS-MPTC on
parameter uncertainties and load disturbance.
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A. Basic Principles of SMC

The SMC is a kind of nonlinear control, which is based on
the phase plane control [30]. By guiding the state trajectory of
any point in space to a so-called sliding surface, SMC ensures
the asymptotical stabliity of the motion system, and this motion
process is called the sliding mode. In this article, for applying
SMC into the speed regulator, the state variables x; and xo are
designed as

T1 =W — Wy
. (24)
To =1 = —(.4..)7«
where wy. is the given speed.
Combining (5) and (24), it can be concluded
&1 = —w, = —(n,/J)(Te —T1)
e (25)
o = —w, = —(np/J)Te.

Assuming that b =n,/J, 7 =n,T1/J, and U = T, then
(25) can be rewritten as

.’bl 0 1 X 0
| = U. 26
R g [ R L
A first-order sliding-mode surface is selected as
s =cr1+ 2o 27)

where s is the sliding-mode surface and c is the sliding-mode
coefficient.

Normally for the SMC method, since the basicidea s to ensure
that the control system satisfies the stability criteria, the reaching
way of state variables to the sliding-mode surface also has a
significant effect on the control performance. Thus to improve
the control precision, the exponential reaching law is adopted
as a typical reaching law to control the trajectories of the state
variables, which is shown as [31]

§ = —esgn(s) — ks (28)

where ¢ is the switching gain with e> 0 and k is the exponent
coefficient with £ > 0. Based on (25), (27), and (28), the torque
reference T can be derived as

T = % / [cxs + esgn(s) + ks]dt. (29)

B. Proposed ASMC

For the basic SMC-MPTC method, the values of ¢ and k in
(29) will directly affect the dynamic performance. By integrating
(28) from O to the reaching time ¢, with s(f) = 0, the reaching
time 7 can be calculated as

[s(0)] =

N z—:sdt‘

3 (30)

It can be seen from (30) that by designing high values of ¢
and k, the reaching time ¢ will be reduced, which means that the
controller has a rapid speed response. Nevertheless, due to the
inherent characteristic of SMC, the high values of ¢ and & will
significantly aggravate the chattering phenomenon. Therefore,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021

Fig. 4.

Block diagram of the ASMC algorithm.

there exists a dilemma between the requirement of the chattering
phenomenon reduction and fast dynamic response, and multiple
factors, such as stability and rapidity, should be considered when
designing the parameters of the exponential reaching law.

In this article, the ASMC-MPTC is proposed to solve the
above-mentioned problem, in which the improved reaching law
is designed as

§ = —esinh ' (n |z, |)sat(s) — ks 31)
where sinh! () is the inverse hyperbolic sine function, x; is the
state variable of ASMC, and tlirgo |z1] = 0, n > 0. It is known

that the value of sinh!(-) decreases with the decrease of the in-
dependent variable, and the closer the independent variable is to
zero, the greater its slope will be. Based on this characteristic, the
inverse hyperbolic sine function is very suitable for regulating
the speed of the state variable reaching the sliding surface.

Itis noted from (31) that if the state variables are far away from
the sliding-mode surface, then a fast reaching speed is obtained.
Moreover, as the state variables get closer to the sliding surface,
the reaching speed gradually decreases from a large value to
zero. Therefore, the proposed ASMC-MPTC can guarantee
the rapidity and robustness of the controller, and suppress the
chattering phenomenon at the same time. Moreover, the design
range of the parameters in the ASMC algorithm is wider than
that of the traditional SMC, and it needs to be considered and
adjusted comprehensively in real implementation.

In addition, to further suppress the chattering phenomenon,
the saturation function sat(-) is selected to replace the sign
function sgn(-) in (28), and the saturation function is defined
as

1 s> A
sat(s) = { K's s<AK=1/A (32)
-1 s < —A

where A is a positive constant. The basic principle of sat(-)
can be expressed as: in the region represented by A, the linear
feedback control is used. Outside the region represented by A,
the switching control is used.

With the proposed ASMC-MPTC, the torque reference shown
in (29) can be rewritten as

1
T = 7 / [cxo + & sinh ™t (n |x1|)sat(s) + ks]dt.  (33)

According to the aforementioned derivation, the design of the
proposed ASMC algorithm can be described in Fig. 4.
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C. Flux Linkage Estimation

To obtain accurate stator flux linkage information, an adaptive
full-order observer is designed to estimate the stator flux linkage
of the IM. The adaptive full-order observer is derived based on
the IM model, which is shown as

& = Ai 4+ Bu+ G(i, — 1) (34)

where & = [1, ,]”.

It is known that the gain matrix G plays a significant role in
the adaptive full-order observer. Thus, a simplified design of the
gain matrix G is expressed as [9]

S
1/ (ALm)

where <0 and A = 1/(LsL, — L2)).

In the ASMC-MPTC algorithm, the predictions of stator flux
linkage . (k + 1) and torque 7. (k 4 1) can be calculated by
(12) and (14).

(35)

D. Design of Cost Function

In real-time implementations, the two-step prediction is used
to eliminate the well-known one-step delay, thus the designed
cost function is shown as

g= |10 = Tull+2)| + ko [[01] = 9o +2)| | G6)
where £, is the weighting factor, which increases or decreases
the relative importance of the torque versus flux control in the
MPTC system. If the same importance is assigned to both control
objectives, this factor would correspond to the ratio between the
nominal magnitudes of the torque 7', and stator flux |, |, which
is shown as

T,
|[snl|

ky = 37)

E. Proposed ASMC-MPTC

Fig. 5 shows the block diagram of the proposed ASMC-
MPTC. As shown, the execution of the ASMC-MPTC algorithm
includes two main steps: the predictions of the stator flux linkage
and torque; and the minimization of the cost function. The
ASMC determines the generation of the torque reference and
it has a very important impact on the performance of MPTC
since the torque reference plays an important role in the cost
function.

For the implementation of the proposed ASMC-MPTC, Fig. 6
presents the overall flow diagram.

V. COMPARISON BETWEEN PI-MPTC AND THE PROPOSED
ASMC-MPTC

A. Stability Analysis of ASMC-MPTC Method

In this article, the Lyapunov stability theory is used to prove
the stability of the proposed ASMC-MPTC. According to the
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Fig. 5. Block diagram of ASMC-MPTC for IM systems.
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flux linkage by | reference | End
(34

Fig. 6. Overall flow diagram of the proposed ASMC-MPTC.

Lyapunov stability theory, the Lyapunov function V(-) is de-
signed as

1
V(z) = 532 5 # 0. (38)
Based on (38), it can be derived that
V(x) = s8 s # 0. (39)

Since the accessibility condition of the sliding-mode theory
is that s$ < 0, then V(:v) < 0. Based on the Lyapunov stability
theory, it can be concluded that the ASMC-MPTC system is
asymptotical stable.

It is known from the sliding-mode theory that if the state
variables reach the sliding-mode surface, then it can be obtained
that

s=cx1+x9=cr;+21=0. (40)
By solving (40), it can be derived that
T =W, —wp = C’oefé 41

where Cy is a constant. It is noted from (41) that when r— oo,
then x; will tend to zero in the exponential form. Moreover,
it shows that the system performance is mainly determined
by c and it has nothing to do with the motor parameters and
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disturbances. Hence, the proposed ASMC controller has a very
good robust performance.

B. Comparison of PI-MPTC and ASMC-MPTC
When the PI-MPTC is adopted, 7 can be arranged as

1
Tg = kpxy + ky <Sl‘1> . 42)
In this case, it can be derived that
T+ bkpﬂil + bkjx1 — 7 =0. 43)

The comparison between PI-MPTC and ASMC-MPTC can
be analyzed from the following three aspects.

1) Complexity of Parameter Tuning: It can be concluded that
the PI-MPTC-based IM drives system is a second-order system
according to (43). Therefore, as long as the PI-MPTC parameters
(kp and k;) are designed properly, the control system will be
stable. However, the design process of the PI-MPTC parameters
is complicated for a second-order system. In ASMC-MPTC, the
IM drive system is reduced to a first-order system according to
(40) and the system stability only depends on the sliding-mode
coefficient c. If c is designed appropriately, then the system will
keep stable.

2) Complexity of Implementation: In comparison with (33)
and (42), the expressions of the two controllers are similar. It is
noted that ASMC-MPTC does not increase the complexity of
the controller. The difference between the two controllers is that
ASMC-MPTC is the variable structure control.

3) Disturbance Rejection Ability: When the external distur-
bance d(f) occurs, it can be seen that the parameters of ASMC-
MPTC can keep unchanged, and the system control performance
will not be affected based on (33) and (40). However, for
PI-MPTC, if the design parameters of the PI controller remain
unchanged, the system control performance will be affected
based on (43). Therefore, the ASMC-MPTC has a stronger
robustness than PI-MPTC.

In the real implementation, it is difficult to ensure that the
system moves along the sliding-mode line completely because
of time delay, space delay, and other factors. However, the
performance of ASMC is still better than that of the PI control.
Compared with the PI control, ASMC is as simple as the PI
control butit has better rapidity and robustness, which canrealize
higher performance control of IM.

VI. SIMULATION RESULTS

In order to verify the performance of the proposed ASMC-
MPTC, the simulations are carried out by MATLAB/Simulink.
The tested IM parameters are given in Table L.

Fig. 7 shows the starting responses from 0 to 1500 r/min for
PI-MPC and the proposed ASMC-MPTC methods. During the
accelerating stage, the torque is limited to 150% rated value.
Att = 1.5 s, an external load with the rated value is suddenly
applied to the motor, the drops of the rotor speed are 94 and
47 r/min for PI-MPTC and ASMC-MPTC, respectively. Mean-
while, the recovery times are 0.32 and 0.13 s for PI-MPTC and
ASMC-MPTC, respectively. It is clearly seen that the proposed

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021

TABLE I
PARAMETERS OF IM

parameter value parameter value
rated power/kW 1.1 pole pair 2
rated voltage/V 380 Jlkg m? 0.02
rated current/A 29 L/H 0.479
rated torque/N.m 7.45 L/H 0.479
R/Q 5.27 L,/H 0.421
R,/Q 5.07

ASMC-MPTC works better over a wide speed range and exhibits
stronger robustness against the load disturbance.

VII. EXPERIMENTAL RESULTS

The PI-MPTC, SMC-MPTC, and the proposed ASMC-
MPTC are tested on the same experimental test bench. The
experimental system is shown in Fig. 8, and it can be seen that
the system hardware consists of a 1.1 kW IM, an IM inverter, a
loading system, and an oscillograph. A digital signal processor
(TMS320F28335) is selected as the main processor, and the
loading system consists of a PMSM and a servo inverter. Some
experimental results are compared with the other robustness im-
provement methods of FCS-MPTC, which have been presented
in [21] and [26].

A. Overall Performance of ASMC-MPTC

Fig. 9 shows the overall performance of the proposed ASMC-
MPTC when the motor runs from standstill to 1500 r/min, in
which the waveforms from top to bottom are rotor speed, stator
current, torque, and stator flux linkage magnitude. As can be
seen, the overshoot of the speed responses is nearly zero, and
the electromagnetic torque ripple is very low. In addition, the
stator current is smooth and sinusoidal in shape, and the stator
flux linkage magnitude keeps stable. Therefore, Fig. 9 indicates
that the motor exhibits a good steady and dynamic performance
by using the proposed ASMC-MPTC method.

The ASMC-MPTC responses during the speed reversal at
1500 r/min are shown in Fig. 10, in which the waveforms
from top to bottom are rotor speed, torque, stator flux linkage
magnitude, and stator current. As shown, the motor accelerates
and decelerates quickly in the reversal process, and the stator flux
linkage magnitude of the proposed ASMC-MPTC method keeps
constant. There are no oscillations of the stator current response
in the process of motor speed reversal. It can be seen that
the proposed ASMC-MPTC has a good dynamic performance
during the speed reversal process.

The ASMC-MPTC responses during the speed reversal pro-
cess are shown in Fig. 11, in which the waveforms from top to
bottom are stator flux linkage in «, stator flux linkage in /3, stator
flux linkage magnitude response, and stator current response.
As can be seen from the figure, the accurate stator flux linkage
response is achieved in the whole range. In addition, the stator
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Fig. 7. Speed, torque, and stator current waveforms from standstill to
1500 r/min. (a) PI-MPTC. (b) ASMC-MPTC.

current response is smooth and without oscillations during the
speed reversal process.

B. Dynamic Performance Comparison

To validate the disturbance rejection capability of the pro-
posed ASMC-MPTC method, the experiments of step load
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Fig. 8.  Experimental platform.
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Fig. 9. ASMC-MPTC responses from standstill to 1500 r/min.
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Fig. 10. ASMC-MPTC responses of speed reversal at 1500 r/min.

variations are performed. Fig. 12 shows the comparison at the
speed of 1500 r/min with step rated load, in which the waveforms
from top to bottom are rotor speed, torque reference, torque,
and stator current. As shown, when the step load is suddenly
added, the drops of the rotor speed are 295, 240, and 200 r/min
for PI-MPTC, SMC-MPTC, and ASMC-MPTC, respectively.
Meanwhile, the recovery times are 0.4, 0.28, and 0.14 s for
PI-MPTC, SMC-MPTC, and ASMC-MPTC, respectively. It
indicates that the proposed ASMC-MPTC has the best perfor-
mance against the step load variations in the three methods and
it is better than the ADR-MPTC method used in [26].

To verify the torque dynamic response of the proposed
ASMC-MPTC method, the detailed experimental results of the
torque response have been carried out in Fig. 13, in which the
waveforms from top to bottom are torque reference and torque.
As shown, when the step load torque is suddenly given from 0
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Fig. 11.  ASMC-MPTC responses during a speed reversal process.
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Fig. 12.  Comparative results of dynamic response under the rated step load
torque. (a) PI-MPTC. (b) SMC-MPTC. (c¢) ASMC-MPTC.

to the rated torque at 1500 r/min, the rising times of the torque
response are 42, 32, and 18 ms for PI-MPTC, SMC-MPTC,
and ASMC-MPTC, respectively. It shows that the proposed
ASMC-MPTC has the fastest dynamic torque response in the
three methods and it is better than the RPCC with DOB-IA
method used in [21].

C. Parameter Sensitivity Comparison

In order to validate the robustness against motor parameters
deviation based on PI-MPTC, SMC-MPTC, and the proposed
ASMC-MPTC, the comparative results with |AR,| = 30% when
the motor operates at 60 r/min are shown in Fig. 14, in which the
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Fig. 13.  Comparative results of electromagnetic torque dynamic response un-
der the rated step load torque. (a) PI-MPTC. (b) SMC-MPTC. (c) ASMC-MPTC.
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Fig. 14.  Comparative results of robustness against R, deviation in the low-
speed range. (a) PI-MPTC. (b) SMC-MPTC. (c) ASMC-MPTC.
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Fig. 15. Comparative results of robustness against R deviation in the high-
speed range. (a) PI-MPTC. (b) SMC-MPTC. (c) ASMC-MPTC.
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waveforms from the top to bottom are rotor speed, torque, stator
flux linkage magnitude, and stator current. As shown, once R,
changes by 30%, then larger fluctuations of speed and torque
occur, and the speed fluctuation and the torque ripple based on
ASMC-MPTC is the lowest. For the stator current waveform,
the oscillations have occurred for PI-MPTC. However, the wave-
forms based on SMC-MPTC and the proposed ASMC-MPTC
keep smooth after R, changes. In addition, the stator flux linkage
magnitudes of the three methods keep stable after the resistance
changes. It shows that the robust performance of the proposed
ASMC-MPTC against R deviation is the strongest method.

For the robustness against |[AR,| = 30% in the high-speed
range, Fig. 15 shows the experimental result when the motor
operates at 1500 r/min, in which the waveforms from top to
bottom are rotor speed, torque, stator flux linkage magnitude,
and stator current. As can be seen, once R, changes by 30% in the
high-speed range, all the three methods keep stable. However,
the stator current becomes abnormal for PI-MPTC, and the stator
current of the proposed ASMC-MPTC is the smoothest and the
most sinusoidal in shape. In summary, Figs. 14 and 15 both show
that the proposed ASMC-MPTC is the most robust against R
deviation in the three methods.

Fig. 16 shows the comparative results with |AL,,| = 30%
when the motor operates at 60 r/min, in which the waveforms
from top to bottom are rotor speed, torque, stator flux linkage
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magnitude, and stator current. As shown, once L,, changes
by 30%, then larger fluctuations of speed and torque occur,
in which the speed fluctuation and the torque ripple based on
ASMC-MPTC is the lowest. For the stator current, the oscilla-
tions have occurred into the stator current for all three methods.
However, the stator current of the proposed ASMC-MPTC is
the smoothest and the most sinusoidal in shape. In addition, the
stator flux linkage magnitudes of the three methods keep stable
after L,,, changes. Itis noted from Fig. 16 that when L,,, changes,
all the three methods can remain steady; nevertheless, the ro-
bust performance against L,, deviation based on the proposed
ASMC-MPTC is the strongest.

For the robustness against |AL,,| = 30% in the high-speed
range, Fig. 17 shows the experimental result when the motor
operates at 1500 r/min, in which the waveforms from top to
bottom are rotor speed, torque, stator flux linkage magnitude,
and stator current. As can be seen, once L,, changes by 30%
in the high-speed range, then stator current amplitude becomes
abnormal, in which the stator current of the proposed ASMC-
MPTC is the smoothest and the most sinusoidal in shape. It
can be concluded from Figs. 16 and 17 that the proposed
ASMC-MPTC is the most robust against L,, deviation in the
three methods.

VIII. CONCLUSION

An ASMC-MPTC is proposed in this article to improve the
robustness of FCS-MPTC on parameter uncertainties and load
disturbance. The major contributions of this article include the
following.

1) The influence of the mismatched parameters for FCS-
MPTC is introduced and the shortcoming of the conventional
PI-MPTC is analyzed.

2) The SMC-MPTC is constructed, in which the exponential
reaching law is introduced to control the trajectories of the state
variables.

3) To further improve the control performance of SMC-
MPTC, the exponential reaching law is optimized to adjust the
switching gain adaptively, which is called ASMC-MPTC.

The PI-MPTC, SMC-MPTC, and ASMC-MPTC are com-
pared theoretically and experimentally, and the results show that
the proposed ASMC-MPTC has the best disturbance rejection
ability and robust performance against motor parameters varia-
tion.
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