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Abstract—This paper presents an integral sliding mode surface-
based super-twisting control (ISMS-STC) strategy for speed
regulation, integrated with finite set-model predictive flux control
(FS-MPFC), aimed at improving the dynamic performance of
linear induction motors (LIMs) across their entire speed range.
The approach begins with the design of the FS-MPFC method,
which mitigates the drawbacks associated with conventional finite
set-model predictive thrust control (FS-MPTC), notably the
complex tuning of weighting factors and computationally intensive
processes. Subsequently, the ISMS-STC technique is developed
for the speed loop, leveraging FS-MPFC to deliver rapid transient
behaviors and robust tracking capabilities, characterized by
reduced thrust and flux ripples. A comprehensive examination of
the ISMS-STC-MPFC methodology is undertaken, covering its
fundamental design principles, implementation procedures, and
stability assessment. Extensive simulations and experimental
validations are performed on a 3-kW prototype arc induction
motor under startup, varied speed and load conditions to
demonstrate the efficacy and advantage of the proposed ISMS-
STC-MPFC approach.

Index Terms— Integral sliding mode surface-based super-twisting
control (ISMS-STC), finite set-model predictive flux control (FS-
MPFC), linear induction machine (LIM), Lyapunov function.

I.  INTRODUCTION

Linear induction machines (LIMs) are a promising
technology for various industrial applications, particularly light
rail transit [1]-[3]. Their advantages include direct thrust
generation, a small turning radius, low maintenance costs, fast
acceleration/deceleration, reduced noise, and excellent hill-
climbing ability [4]. LIMs are theoretically derived from rotary
induction machines (RIMs) by cutting and flattening the rotor.
To date, 30 commercial metro lines worldwide utilize this
technology [5]-[7]. However, LIMs suffer from end effects due
to magnetic field distortions at the ends of the primary winding.
This phenomenon, which varies with speed, adversely impacts
dynamic performance and results in lower efficiency compared
to RIMs [8]-[11]. Furthermore, implementing control
strategies is more challenging for LIMs than for RIMs since of
their highly nonlinear and strongly coupled primary and
secondary structures [12]. The two primary control structures
for drive systems are field-oriented control (FOC) and direct
thrust control (DTC) [13]-[15]. FOC, known for its robust
performance, is commonly used in RIM traction drives. In
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FOC, maintaining a constant rotor flux (d-axis current)
provides operation under constant torque. Under this condition,
the motor torque is proportional to the slip frequency (g-axis
current). Though, the performance of FOC-based drives can
degrade due to parameter variations in the LIM system.

Thus, research has explored the application of indirect FOC,
direct FOC, and conventional DTC for LIMs. While viable,
indirect and direct FOC exhibit slower dynamic behaviors and
require knowledge of numerous parameters. These methods
also necessitate the careful tuning of three Pl regulators (for
speed, thrust, and flux loops) and two Clark transformations for
full dynamic operation. In contrast, DTC is often a superior
choice for small to medium-power applications requiring fast
behavior. DTC for LIMs operates differently from FOC. It
directly controls primary flux and thrust in the stationary
reference frame. Error signals from flux and thrust comparators
are used with a switching table to select the optimal voltage
vector. Despite its advantages, conventional DTC has
significant drawbacks, including poor thrust and flux control at
low speeds, high thrust ripple, high current distortion, acoustic
noise, and variable switching frequency caused by the
hysteresis comparators [13], [14].

To overcome the limitations of both traditional DTC and
FOC, model predictive control (MPC) approaches have gained
attention in LIM drive systems. MPC offers benefits such as
quick dynamic behavior, online optimization, low current
fluctuation, and reduced switching losses [16], [17]. MPC is
categorized into two main types: finite-set MPC (FS-MPC) and
continuous-set MPC [18]. FS-MPC is further divided into
model predictive current control (FS-MPCC) and model
predictive thrust control (FS-MPTC) [19]. FS-MPCC can suffer
from long computation times, while FS-MPTC requires a
weighting factor in its cost function to balance thrust and flux
errors, adding complexity to the system design. FS-MPC is
well-suited for use with a voltage source inverter (VSI) due to
the discrete nature of the inverter's limited switching states. In
the FS-MPTC method, the cost function typically evaluates the
errors in thrust and flux linkage [18]. The switching vector that
minimizes this cost function is selected for each control cycle.
To eliminate the need for a weighting factor, recent studies have
proposed factor-less cost functions [19]. Some methods modify
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the flux term with the thrust term, while others optimize the
terms in parallel [20]. Although these approaches remove the
weighting factor, they can still involve significant
computational steps [21]. In this paper, a simplified approach is
designed: the thrust error term is entirely removed from the cost
function, leaving only the primary flux vector error (in the of-
frame) as the control variable. This technique is termed finite-
set model predictive flux control (FS-MPFC). The
conventional control schemes for LIMs typically employ PI
controller for the speed loop. Yet, the use of Pl regulators in the
loop often results in a slow dynamic behavior, steady-state
variations, and poor performance under load disturbances. As
established in the literature, Pl controllers generate significant
ripple in flux and thrust behaviors, making them unsuitable for
smooth control across the entire operating range of LIM.

Consequently, there is a clear need for more robust control
methods to achieve superior performance, particularly during
transient conditions. The rapid advancement of modern control
technology has led to the application of various sophisticated
techniques to LIMs, including adaptive control [21], back-
stepping [11], model predictive control [14], intelligent
methods [10], and sliding mode control (SMC) [21]. Among
these, SMC is particularly suitable due to its simple structure,
fast dynamic behavior, and inherent robustness to load
disturbances and parameter uncertainties. While SMC offers
superior performance over Pl control and is widely used in
motor drives, it is plagued by the problem of high-frequency
chattering. This chattering can be lessened by using higher-
order SMC (HOSMC), which is achieved by considering the
derivatives of the sliding surface variable [15]. The super-
twisting SMC (ST-SMC) algorithm provides a simplified
approach to designing a second-order SMC. A key advantage
of ST-SMC is that its control law does not require direct
information about the derivative of the sliding surface, avoiding
the need for discontinuous control signals and resulting in a
continuous control action that effectively reduces chattering
amplitude. Although ST-SMC is robust against disturbances, it
often requires high switching gains to compensate for them,
which can, in turn, re-introduce chattering into the system.
While ST-SMC represents a significant improvement over
conventional SMC by reducing chattering, its transient and
steady-state performance still requires further enhancement.

Therefore, an integral sliding mode surface-based super-
twisting control (ISMS-STC) strategy is adopted for the speed
controller to attain a quicker transient behavior, high tracking
precision, and lesser thrust and flux ripple. This combination
effectively reduces noise and vibration in the LIM. The rest of
manuscript is organized as follows. Section Il presents the
dynamic modeling of the LIM drive system. The design the FS-
MPFC method is detailed in Section I1l. Section 1V describes
the design of the ISMS-STC -based speed controller for the FS-
MPFC strategy. Comprehensive simulation and experimental
results in Sections V and VI demonstrate that the proposed
ISMS-STC based FS-MPFC scheme offers robust anti-
disturbance capability, quicker convergence, and lesser thrust
and flux ripples. Finally, conclusions are presented.
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Il.  MODELING OF THE LIM DRIVE SYSTEMS
The mathematical model of the LIM is derived from its
equivalent circuit in the af-axis, as illustrated in Fig. 1 [18].
The corresponding equations are presented under:

The voltage expressions on the aS-axes are described as
u, =Ri, +py,—joy, (1)
U, =Ryi, + py, — joy,w, =0 2
where u, =u,, +ju,, and u, =u,, + ju,, demonstrate the

primary and secondary voltages, i,=i,,+ji,, and

i, =l,, +Ji,, display the primary and secondary currents, p
denotes the differential operator, y,=w,, +jy,, and
Wo=W¥,,+iy,, show the primary and secondary flux

linkages, and R represents the resistance of the LIM,
respectively. Additionally, the wsiip = w1-w> represent the slip
angular velocity, where w1 and w; are the simultaneous and
rotating speeds, distinctly.
The flux expressions on the af-axes can be uttered as
Vai= L1i1+|-meqi1 (3)
W, =L, + Logl, 4)
where Lj and L, are the the primary and secondary inductances,
and Lmeq is the equivalent magnetizing inductance adapted by
f(Q) [12]. Electromagnetic thrust is stated as:

F = (3”/2T)(‘//a1i/11 _Wﬁliql) (5)
where 1 is the primary polar length. The mechanical dynamics
of the LIM is given by:

F. =F +(Gv, +Hv,)J (6)
where F, denotes the load thrust the mass, H the viscous friction
coefficient, v, the rotor speed, and J the compensate coefficient
of the LIM. To account for longitudinal end effects, the
equivalent magnetizing inductance is updated using the
correction factor f(Q), following the method in [27].

f(Q)=@1-exp(-Q))/Q )

Q=LR, /Ly, 8)
The L. and L. can be expressed as Ly =Ly +Ly, and

L, =L, + Ly the primary and secondary inductances,

respectively, as determined by the revised magnetizing
inductance.

Leq =[1— F(Q)IL, 9)
where L, is the magnetizing inductance at still.

I1. FINITE SET MODEL PREDICTIVE FLUX CONTROL OF
LIM
In this part, the finite set-model predictive flux control (FS-
MPFC) approach is developed for LIM drive system. The cost
function in the conventional finite-Set model predictive thrust
control (FS-MPTC) incorporates both thrust and primary flux
terms. Since these variables are dissimilar physical units, their
direct combination in a single cost function presents an
optimization challenge, typically requiring a weighting factor
to balance their respective errors.
To address this issue and simultaneously reduce
computational burden and minimize thrust/flux ripples, the FS-
MPFC method is designed. In FS-MPFC, the cost function is



simplified to utilize only the primary flux linkage for

prediction, thereby eliminating the need for a weighting factor

entirely. The FS-MPFC strategy retains the same three-step

predictive control structure as FS-MPTC for effective control

of the LIM drive system. These steps can be given as:

e Step 1: The flux observer is adapted to estimate the primary
flux-linkage 141 (k)and secondary flux-linkage ¥4, (k),
as confirmed by

Vo (K) =War (K =1) +T (Ugg (K) ~ Rilgg k))
v (k) =vn (K=1)+ T (un (k) = Riia (K))

LlLZ] (k) @

(10)
(11)

Va2 (k ) l//azl + I-meq
meq

meq

1L2

]m(k) (13)

o Step 2: The first-order Euler method is adopted to predict the
primary and secondary flux linkages, which are illustrated as
follows:

Voap (k) =Vap1 (k _1)+Ts (uaﬁl (k)_ Riigs (k))

L L L
L_s‘//aﬁz(k)"{l-meq L ZJ aﬂl(k) (15)
meq
Again, same procedure can be adopted to predict the primary
flux linkage v, (k +1), which is given by
Wapr (K1) = 1o (K) + T, (uaﬂl (K)—Rai_, (k)) (16)

e Step 3: The cost function's design for the FS-MPFC is
described by

3=y kD) + -y’ @7)

It can be noted from (17) that the cost function has only

primary flux linkage error without weighting factor. The
primary flux is commonly selected as v .

vi|=vi (18)

The maximum thrust of the LIM can be attained when
primary current reached at nominal value. The secondary flux

linkage is previously known v, , then the reference thrust Fe*

wﬂz<k>:L—wﬂl<k>+[Lmeq

meq meq

(14)

’//a/zz(k):

meq

and flux w, can be illustrated as

3
Fe =§T—(‘//zX l//l) (19)
vy =viexp( sy (20)
R - ( 2z0F,
2y, =4;u1+arcsm( A j (21)
Sy

First, the cost function J is evaluated for each possible
voltage vector (V, -V, ). The vector that minimizes the cost

function is then selected and applied during the next sampling
interval.
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IV. INTEGRAL SLIDING MODE SURFACE BASED SUPER-
TWISTING CONTROL FOR SPEED CONTROL OF THE LIM UNDER
FS-MPFC

The speed control loop of the LIM based on integral sliding
mode surface under super-twisting control with FS-MPFC is

designed. The goal is to control the speed v, of the LIM drive
system to track a reference signal, the error of the linear speed
of LIM can be v, defined as

e=v, —v, (22)

Subsequently, the integral sliding mode surface is chosen to
reduce the steady state error of the linear speed of LIM, which
can be used to design the super-twisting control method and

written as
s=e+c_[e dt (23)

where ¢>0 is the design constant. The control objective is to
force the sliding variable s to zero in finite time. Once s=0, the
dynamics are governed by s =0, which implies ¢ = -ce, ensuring
exponential convergence of the error e to zero. By taking the
derivative of (13), which described as
§=6+ce (24)
From the LIM mechanical equations, the derivative of the
actual speed is given by:
v, =B, F,+Z,F +M,v, (25)
where G is the total mass, H the viscous coefficient of LIM,
and M,=-H/G and B,=-Z,=(JG)* are dissimilar coefficients
based on nominal situation, individually. The mechanical
dynamics of the LIM under load disturbance is revised as
v, =(B, +AB)F, + (D, + AZ)F, + (M, + AA)v,
v, =B,F, +Ad (18)
Unlike conventional super-twisting control, which typically
uses the speed error as the sliding surface, this paper improves
the design by adopting an integral sliding mode surface (ISMS),
as defined in (23). Consequently, the control law for the
proposed ISMC-STC is designed as follows:

u=—k|s["* sign(s) + &

(26)

: (27)
¢ =-k;s—k,sign(s)

In the ISMC-STC system $=f —gu, where: u=F",, total
lumped uncertainty F(t)=v, +ce—Ad(t)and g =B, , which

is a known control gain of the close loop system. It is assumed
the disturbance Ad (t) and its derivative are bounded, so F(t)

and F(t) are bounded: F(t)<F and F(t)<L for some

known constants F, L >0. Therefore, the final control law can
be described as

F * = Fe* = Bnil(usta)

e

Uy, = —k|s["* sign(s) + & (28)

sta
o =-k,s—k;sign(s)
Based on ISMS has been designed in (20) for the speed loop
of the LIM drive system. The system state can be reached on a
designed sliding mode surface with faster convergence and less
chattering by adjusting the control parameters of the ISMS.
Moreover, the DTC technique for the LIM system based on the



ISMS is illustrated in Fig. 1.
V. SIMULATION AND ANALYSIS

To validate the superiority and effectiveness of the MPFC-
based ISMS-STC method, Section V and VI presents
simulation and experimental studies. The control parameters
for the three methods are listed in Table I, and the LIM
parameters are in Table Il. Two different operational scenarios
for the LIM are presented below.
Case 1: Start-up and Steady state Behavior

The performance of the ISMS-STC+MPFC, STC+MPFC,
and PI-MPFC controllers is evaluated under a common test
scenario involving a startup with a braking under load of 130 N
and a speed reference change from 0 to 11 m/s, as shown in Fig.
2. Analysis of the speed behavior in Fig. 2(a) reveals that the
proposed ISMS-STC+MPFC method achieves a faster transient
behavior with superior reference tracking and quicker
convergence than the other two methods. Furthermore, the
thrust behavior in Fig. 2(b) demonstrates that the ISMS-
STC+MPFC controller not only reaches a steady-state
condition more rapidly but also maintains it with the smallest
thrust ripple. Fig.2(c) indicates that the primary flux behavior
is nearly identical for all control techniques in this scenario.
Finally, the phase current under no-load conditions, shown in
Fig. 2(d), confirms a significant advantage for the proposed
method, as it operates with a markedly lower peak current
compared to the STC+MPFC and PI-MPFC controllers. Case
2: Speed and Load Change Behavior

This subsection evaluates the speed change behavior of the
LIM drive system under the ISMS-STC+MPFC, PI-MPFC, and
STC+MPFC controllers using a combined scenario of speed
and load variation. The test conditions are as follows: a constant
load of 70 N is applied as the speed reference is set to 6 m/s
from 0 to 8 s, and then increased to 10 m/s from 8 to 15 s.
Simultaneously with this speed increase, the load is changed
from 70 N to 250 N. As shown in Fig. 3(a), the ISMS-
STC+MPFC controller demonstrates a faster behavior in
reaching the reference speed and a smaller tracking error
compared to the PI-MPFC and STC+MPFC methods.
Furthermore, the thrust behavior in Fig. 3(b) confirms that the
proposed ISMS-STC+MPFC method exhibits lower thrust
ripple than the other two controllers. The primary flux for all
techniques, shown in Fig. 3(c), remains nearly identical under

these operating conditions. Finally, the Phase-A current results
in Fig. 3(d) indicate that the ISMS-STC+MPFC controller
drives the current to its rated value more rapidly than the
alternative methods. The STC+MPFC controllers using a
combined scenario of speed and load variation. The test
conditions are as follows: a constant load of 70 N is applied as
the speed reference is set to 6 m/s from 0 to 8 s, and then
increased to 10 m/s from 8 to 15 s. Simultaneously with this
speed increase, the load is changed from 70 N to 250 N.
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Fig. 1. The FOSMC based FSC-MPFC for the LIM drive system.
TABLE |
THE CONTROL METHODS PARAMETERS
Name Value
PI-MPFC 300and 0.1
STC+MPFC k =250, k, =30, k, =8
ISMS-STC ¢ =300,k =250, k, =30, k, =8
TABLEI
MAIN PARAMETERS OF THE AIM
Quantity Symbol Value Unit
Rated thrust Fn 280 N
Rated speed VN 11 m/s
Rated current Iy 22 A
Pole pitch T 0.1485 m
Primary length I 1.3087 m
Secondary resistance Rp 24 Q
Primary leakage inductance Lia 0.0114 H
Primary resistance Ra 1 Q
- 1 40 T T
© 19} -~ 20
2 0.8 wb e 220
S 2
0 -40
s 40
o ~ 20
z 3
S w? Y30 TN
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: 40 ~ -
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(@)
Fig. 2. The startup and braking profiles for MPFC+PI, MPFC+STC, and MPFC+ISM-STC of the AIM under 11 m/s speed with 130 N load change from top to

bottom, respectively.
979-8-3315-8138-1



— i 10 m/s = P
w / - = o
£ 12-‘-’-““ Load | £ 509 . TO}N U—?EO.S 7
NG 7(5] Speedrchange ﬁ‘!changi‘, [, o soNZ o 0.8 wb

15 - 400 1
—_ 10 m/s [ _ P
@ 10t 6mss "~ - =
B 5k=s - L Load | Z 5pp N 205! 7
—= ()¢ Speed change  change| . = 0.8 wb
> b 250 N~

-3 0 0'

15 T T 7 400 1
—_ 10 m/s — o
= 10 6mks - e S
g st Load | Z 509 | 10N [ r0=F 5. ’
NG -(5) ~"Speed change Ichange 3 . t soNE . | 0.8 wl?

0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
Time(s) Time(s) Time(s) Time(s)
........ — mm m
1 “ombined Combined
/mﬁ_ esponse responses
responses ‘ 7 AARAS
(@) (b) (©) (d)

Fig. 3. The startup and braking profiles for MPFC+PIl, MPFC+STC, and MPFC+ISM-STC of the AIM under 11 m/s speed with 130 N load change from top to

bottom, respectively.
VI. CONCLUSIONS

This article presents a novel control strategy that integrates
an integral sliding mode surface-based super-twisting control
(ISMS-STC) for speed regulation with a finite set-model
predictive flux control (FS-MPFC). The FS-MPFC simplifies
traditional designs of MPC by eliminating the need for a
weighting factor in its cost function. Simulation and
experimental results demonstrate that the combined ISMS-
STC+MPFC method achieves a quicker dynamic behavior,
lesser steady-state error, and reduced thrust and flux ripples
compared to common STC+MPFC and PI-MPFC methods.
These improvements effectively lower noise and vibration in
the LIM drive system. The stability of the proposed ISMS-STC
is proven using the Lyapunov theorem, and its effectiveness is
comprehensively validated under various operating conditions,
including startup, speed variation, and load variation.
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