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Abstract—In this article, a robust cascade sliding mode control
is proposed for the direct thrust control (cascade-DTC) to achieve
quicker transient response and high tracking capability with lower
thrust and flux ripples for the linear induction machine (LIM).
First, the fast terminal sliding mode control (FTSMC) method
is designed for the speed loop to improve the speed response
of LIM under DTC control structure compared to the conven-
tional SMC (CSMC) and proportional integral control methods.
Second, a supertwisting sliding mode control (ST-SMC) method
is designed for both electromagnetic thrust and primary flux-
linkage control loops to further improve the dynamic response
in terms of transient response, steady-state response with smaller
thrust and flux ripples. Third, combined speed, thrust, and flux
controllers are implemented based on the FTSMC and ST-SMC
for the LIM, known as the cascade-DTC technique. Afterwards,
the close loop stability of the speed loop is checked by the Lya-
punov function. Finally, comprehensive simulation and experi-
mental analyses have been carried out based on one prototyped
3 kW arc induction machine to demonstrate the superiority of
the cascade-DTC method than those of conventional direct thrust
control, CSMC with DTC, and FTSMC based on DTC methods,
respectively.

Index Terms—Cascade direct thrust control (DTC) control,
direct thrust control (DTC), fast terminal sliding mode control
(FTSMC), linear induction machine (LIM), sliding mode control
(SMC), super-twisting sliding mode control (ST-SMC).

Manuscript received 28 December 2023; revised 9 May 2024; accepted 9 June
2024. Date of publication 17 June 2024; date of current version 16 July 2024.
This work was supported in part by the National Natural Science Foundation
of China under Grant 52277050, in part by the High-level Talent Program at
Chinese Academy of Sciences under Grant 2Q2024000076, in part by Shenzhen
International Collaboration Project under Grant GJHZ20210705142539007, and
in part by Shenzhen Fundamental Research Project (General Program) under
Grant JCYJ20230807143701003. Recommended for publication by Associate
Editor D. Xu. (Corresponding author: Wei Xu.)

Abdul Khalique Junejo, Yirong Tang, Kaiju Liao, and Han Xiao are with
the State Key Laboratory of Advanced Electromagnetic Technology, School
of Electrical and Electronic Engineering, Huazhong University of Science and
Technology, Wuhan 430074, China. (e-mail: ak.junejo@gmail.com; yirtang@
hust.edu.cn; kaijuliao@hust.edu.cn; hanxiao@hust.edu.cn).

Wei Xu and Yaohua Li are with the Key Laboratory of High Density Elec-
tromagnetic Power and Systems (Chinese Academy of Sciences), Institute of
Electrical Engineering, Chinese Academy of Sciences, Beijing 100190, China,
and also with the University of Chinese Academy of Sciences, Beijing 101408,
China. (e-mail: weixu@mail.iee.ac.cn; yhli@mail.iee.ac.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2024.3415050.

Digital Object Identifier 10.1109/TPEL.2024.3415050

NOMENCLATURE

LIM Linear induction machine.
RIM Rotary induction machine.
AIM Arc induction machine.
DTC Direct thrust control.
PI Proportional integral.
SMC Sliding mode control.
Cascade-DTC Cascade-Direct thrust control.
FTSMC Fast terminal sliding mode control.
SVM Space vector modulation.
ST-SMC Supertwisting sliding mode control.

I. INTRODUCTION

THE LIM are frequently used in modern industry be-
cause of their benefits of linear motion, strong acceler-

ation/deceleration ratio, small mechanical losses, lower noise,
etc., particularly in linear metro [1], [2], [3], [4], [5]. The various
control methods of RIM are very simple to design, while LIMs
are difficult to implement because of their nonlinear behavior
and relationship between primary and secondary, which are
generally produced by the end effects (EE). The drive response
of the LIMs will be degraded when speed goes up because of
the EE [6], [7], [8]. Hence, robust nonlinear control methods
are required to be implemented for reliable drive performance.
Nowadays, DTC is getting more focus from academia and
industry because of its quick dynamic performance, ease in
design, insensitive to machine parameters, robust redundancy
ability, etc. [9], [10], [11], [12]. However, the conventional DTC
has a problem with variable switching that can be resolved by
adopting the SVM method (DTC-SVM) [13]. The DTC based
on SVM is better regarding the primary flux and thrust ripples
under whole dynamic operation than the conventional DTC [14].
Usually, conventional PI regulators have been implemented for
the speed, thrust, and primary flux loop with the DTC based on
the SVM scheme, separately. Due to the overshoot, steady state
error, speed fluctuation, and lower anti-disturbance ability of the
PI controller in a nonlinear system [15]. Therefore, the novel
control methods are required to enhance the dynamic behavior
of LIMs under whole control operation. It is known from the
literature survey that the flux and thrust ripples of the LIMs
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are larger under PI regulators with DTC based on SVM. Since,
the higher flux and thrust ripples are inadequate for the reliable
control dynamics of the LIM systems. Hence, robust nonlinear
control techniques are essential to the design for better control
realization of the electric drive systems. The various control
techniques are designed and implemented for the RIMs and
LIMs to achieve smooth control operation, such as adaptive
control [16], back-stepping technique [17], model predictive
method [18], intelligent systems [19], SMC [20], [21], [22], [23],
and so on. The SMC control method is more reliable under load
disturbances and transient and steady state operation than other
nonlinear methods. The SMC control method has the ability to
attain quicker convergence, but it suffers from high-frequency
chattering.

Recently, in [16] and [24], the SMC is used for the speed
control system of the DTC-SVM method, while in [9] and [25],
the SMC is designed for the current controller. These control
strategies are completely examined for RIMs to decrease the sen-
sitivity to load change. Thereof, conventional SMC is adopted to
guarantee robustness and finite time convergence of the system
[25], [26], [27], [28], [29]. The prominent drawback of the
CSMC is slow convergence and the chattering phenomenon.
These issues of the CSMC appear in the control input of the
system because of the discontinuous control law and periodic
switching action near the sliding surface [30].

To achieve faster transient response and high tracking ability
with lower thrust and flux ripples, fast terminal sliding mode
control (FTSMC) is considered for the speed controller under
the SVM-DTC method for the LIM drive system. The FTSMC
has the ability to achieve fast finite time convergence, stronger
tracking precision, and a robust steady-state response in the
whole dynamic operation. But the chattering phenomenon is
still present under the FTSMC, which produces the ripples in
the thrust and flux of the LIM system. To address this issue, a
ST-SMC technique is designed for both electromagnetic thrust
and primary flux-linkage control systems. The combined speed,
thrust, and flux controllers are designed and implemented based
on the FTSMC and ST-SMC for the LIM, known as the pro-
posed cascade-DTC method. The proposed cascade-DTC has
the ability to reduce thrust and flux ripples very effectively
and has faster convergence, robust antidisturbance ability, and a
smooth steady-state process than the CDTC, CSMC-DTC, and
FTSMC-DTC, respectively. Moreover, the dynamic model of the
LIM with consideration of end effects has been developed under
cascade-DTC. The developed model with the cascade-DTC
method can minimize the vibrations and noise problems of the
LIM.

This rest of this article is organized as follows. In Section I, the
appropriate literature analysis is fully reviewed. The dynamic
modeling of the LIM drive system is given in Section II. The
speed method based on FTSMC under the DTC strategy is
designed for the LIM, as represented in Section III. In Section IV,
the ST-SMC method is designed for both electromagnetic thrust
and primary flux-linkage control loops. Comprehensive sim-
ulation and experimental results are presented in Sections V
and VI, which fully establish that the proposed cascade-DTC can
have stronger anti-disturbance ability, faster convergence speed,

smaller thrust and flux ripples, and so on. Finally, Section VII
concludes this article.

II. DYNAMIC MODELING OF THE LIM DRIVE SYSTEM AND

CONVENTIONAL DTC

The dynamic model of the LIM drive system can be obtained
by adopting the synchronous reference frame. The LIM equa-
tions related to the DTC based on SVM are as follows.

The dq-axis voltage equations of the LIM are described as

udq1 = R1idq1 + pψ
dq1

− jω1ψdq1
(1)

udq2 = R2idq2 + pψdq2 − jωslipψdq2 = 0 (2)

where 1 and 2 subscripts of (1) and (2) define the primary and
secondary variables under the dq-axis frame. The u, i, Ψ, and
R are the voltage, current, flux linkage, and resistance of the
LIM, individually. Furthermore, the slip speed can be defined
as ωslip = ω1-ω2, where ω1 and ω2 are the synchronous and
secondary speeds, respectively.

The flux linkage equations are illustrated as

ψdq1 = L1idq1 + Lmeqidq1 (3)

ψdq2 = L2idq2 + Lmeqidq2 (4)

where L1, L2, and Lmeq are the primary, secondary, and magne-
tizing inductances of the LIM. The LIM thrust under the dq-axis
is written as

Fe = (3π/2τ)(ψd1iq1 − ψq1id1) (5)

where τ is represents the pole pitch. Therefore, the mechanical
expression of the LIM is stated as

Fe = Fl + (Rv̇r + Tvr)Ω (6)

where vr, R, T, and Ω are the speed, total mass, the viscous
friction coefficient, and compensated coefficient, respectively.
Then, some parameters have been changed after the end-effect
impact is taken into account in LIM, such as mutual inductance,
which relies on the value of f(Q) that describes the average
attenuation value of the flux based on the end-effect coefficient,
as given by

f(Q) = (1− exp(−Q))/Q (7)

Q = L1R2/L2vr (8)

where L1 and L2 are the primary length and secondary induc-
tance, respectively. The modified mutual inductance is described
as

Lmeq = [1− f(Q)]Lm (9)

where Lm is the mutual inductance without end effect.
The design of the DTC-SVM can be obtained by using the

primary flux linkage coordination method, where Ψd1 = Ψ1

and Ψq1 = 0. The d-axis voltage of the LIM based on primary
flux linkage can be illustrated as [9], [10], [11]

ud1 = R1id1 + pψd1. (10)
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The reference thrust of the LIM can be obtained by adding
(1)–(5), and it is described as

Fe = (3π/2τR1)ψ1(uq1 − ω1ψ1). (11)

The flux and thrust of the LIM can be adjusted by the dq-axis
voltage, as illustrated in (10) and (11).

III. SPEED CONTROL LOOP BASED ON FTSMC TECHNIQUE

FOR THE LIM

The speed controller of the LIM is designed under FTSMC
with DTC (FTSMC-DTC) in this section.

A. Speed Regulation of the Speed Loop Based on Fast
Terminal Sliding Mode Control (FTSMC) for LIM

The speed controller of the LIM based on FTSMC can
enhance the transient response, tracking ability, and anti-
disturbances capability of the LIM dive system in its whole
dynamic operation. The design of the FTSMC requires state
variables (speed error) for the sliding mode surface and reaching
law, which are designed as follows:

ε = v∗r − vr
ε̇ = v̇∗r − v̇r

}
(12)

where v∗randvr are the reference and actual speed of the LIM
drive system, correspondingly. Then, the sliding trajectory of
the FTSMC is illustrated as

s = ε̇+ k1|ε|α1sign(ε) + k2|ε|α2sign(ε). (13)

The speed loop of the LIM based on the SMC can be developed
using (13) and (14). Therefore, the input of the thrust control loop
based on FTSMC is designed as follows:

ṡ = σ1s+ σ2sign(s). (14)

The derivation of the actual speed can be taken from the
mechanical equation of the LIM drive system, as written
by

v̇r = BnFe +WnFl +Anvr (15)

where R is the total mass, T the viscous coefficient of LIM, and
An = -T/R and Bn = -Wn = (ΩR)-1 are various coefficients.
Equation (6) of the LIM with load disturbance can be modified
as

v̇r = (Bn +ΔB)Fe + (Wn +ΔW )Fl + (An +ΔA)vr
(16)

v̇r = BnFe +ΔH. (17)

Since the lumped uncertainties (ΔH) of the LIM can be
illustrated as

ΔH = ΔB(Fe
∗ − Fe) + (Wn +ΔW )Fl + (An +ΔA)vr.

(18)

By adding (17) to the derivative ε (12) then ε̇ can be expressed
as

ε̇ = v̇∗r − v̇r = v̇∗r −BnF
∗
e −ΔH. (19)

Hence, the ṡunder derivative of the speed error of the LIM
drive system can be described as

∫
{σ1s+ σ2sign(s)} dt =

⎧⎨
⎩
v̇∗r −BnF

∗
e −ΔH

+k1|ε|α1sign(ε)
+k2|ε|α2sign(ε)

⎫⎬
⎭ . (20)

The thrust reference under FTSMC can be attained by sim-
plifying (20), which is written as follows:

Fe
∗
= Bn

−1(μeq + μb)

μeq = v̇∗r + k1|ε|α1sign(ε) + k2|ε|α2sign(ε)−Δd(t)

μb =

∫
{σ1s+ σ2sign(s)} dt. (21)

The bounded functions of the disturbances in the system are
classified as upper and lower bounded functions, which have
been derived by taking the derivative of (19)

ε̈ = v̈∗r − v̈r = v̈∗r −BnḞ
∗
e −ΔḢ

= E− ΓḞ ∗
e (22)

where E = v̈∗r −ΔḢ and Γ = Bn are the bounded variables
with definite limits, which can be defined as |E| ≤ ρ 0 < ∂min ≤
Γ ≤ ∂max. The γ1and γ2are developed to enhance the conver-
gence and stability of the LIM. The γ1and γ2are described as
follows:

γ2 > ρ/∂min

γ1 = 4ρ/∂2min {∂max(γ2 + ρ)/∂min(γ2 + ρ)} (23)

where ρ,∂min, and ∂maxare the bounded limits.

B. Stability Check

Assumption 1: The ΔH is the disturbance of (16), and by
taking the derivative of the ΔḢ , the derivative of the ΔḢ is
bounded, and there is a gain ξh > 0 that holds true, For every t
≥ 0. The system error will converge to zero in finite time when
the system (16) meets assumption 1. But it is important that
the σ2switching gain of the reaching law satisfy σ2> ξh. The
Lyapunov theorem is designated to check the stability of the
close-loop system.

Therefore, the sliding mode trajectory of the FTSMC is
demonstrated as

s = v̇∗r −BnF
∗
e −ΔḢ + k1|ε|α1sign(ε) + k2|ε|α2sign(ε).

(24)

Substituting (24) into (22), the sliding mode surface is gained
as

s = v̇∗r −Bn[Bn
−1(μeq + μb)]−ΔḢ. (25)

Also, (25) can be revised as

s = −μb −ΔḢ. (26)

Equation (26) can be modified by using the Lyapunov stability
function as
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ṡ = −μ̇b −ΔḢ

= −σ1s− σ2sign(s)−ΔḢ. (27)

Then, the ṡs condition is revised as

ṡs = −σ1s2 − σ2s− sΔḢ. (28)

It can be obtained by applying the Lyapunov function to

ν(x) =
1

2
s2

V̇ = sṡ

= −σ1s2 − σ2 |s| − sΔḢ

≤ −σ1s2 − σ2 |s| −ΔḢs

− σ1s
2 −

[
σ2 −ΔḢ

]
|s|

≤ −σ1s2 − [σ2 − ξh] |s|
= −2σ1V −

√
2(σ2 − ξd)V

1
2 . (29)

From the above inequality, it can be proved that if σ2 > ξh
the speed error will arrive at the sliding mode trajectory s = 0
in finite time. All switching gains are obtained by adopting the
trial-and-error method so as to get better convergence, quicker
tracking, and stronger robustness against load disturbances.

IV. FLUX AND THRUST CONTROLLERS BASED ON SUPER-
TWISTING ALGORITHM FOR THE LIM

This section provides a detailed explanation of the design
process for the thrust and primary flux linkage based on ST-
SMC.

A. Thrust and Primary Flux Dynamics Under DTC Method

The primary d-axis voltage of the LIM under DTC-SVM con-
trol technique can be obtained through flux orientation method,
i.e., ψd1 = ψ1and ψq1 = 0. Hence ud1 is achieved by the pri-
mary d-axis voltage equation as follows [33]:

ud1 = R1id1 + ρψd1 . (30)

Also, the thrust of the LIM is written as

Fe = (3π/2τR1)ψ1(uq1 − ω1ψ1). (31)

It can be said from (30) and (31) that the primary flux and
thrust of the LIM can be regulated by the d-axis and q-axis
primary voltages, correspondingly.

B. ST-SMC for Thrust and Primary Flux

The primary flux and thrust errors of the LIM in state space
are represented as{

x = [edeq]
T = [|ψ∗

1| − |ψ1|F ∗
e − Fe]

u = [ud1uq1]
T (32)

where ed and eq are the state variables for the ST-SMC and ud1
and uq1 are the inputs for the LIM. The sliding mode surface of
the ST-SMC is taken as the error of the thrust (eq) and primary

flux (ed) of the LIM. The dynamic equation for the primary flux
based on ST-SMC can be defined as

ud1 = λ1|ed|δsign(ed) +Nd

Ṅd = −η1s− η2sign(ed) (33)

where λ1,η1, and η2 are the positive gain values of the ST-SMC
and the value of the δ is selected as 0.5 which is the best
value for the design and implementation on various control
method [34].

Moreover, the input dynamics of primary flux loop under
ST-SMC is realized by adopting the d-axis voltage, which is
described as

ėd = −λ1|ed|δsign(ed) +R1id1 −Nd. (34)

The primary flux loop under ST-SMC for LIM is designed
in (32) and R1id1 feed-forward term can be compensated by
Nd effectively. Furthermore, the thrust loop controller can be
designed under ST-SMC method in the similar way

uq1 = λ1|eq|δsign(eq) +Nq

Ṅq = −η1s− η2sign(eq) (35)

where λ1,η1, and η2 are the positive gain values of the ST-SMC.
The thrust error dynamics of the LIM for ST-SMC can be
obtained through the derivation of (31), as written by

ėq = κi̇q = −μλ1|eq|δsign(eq)− μNd + E (36)

where κ = 3πψd1/2π, μ=3πψ1/2πL1δand Nd is the distur-
bances of the system. The reliable and safe operation of the
LIM under ST-SMC would be happened when Nd is equivalent
to the E. Hence, the u∗d1 and u∗q1under the ST-SMC for the LIM
can be described as follows:[

u∗d1
u∗q1

]
=

[
λ1|ed|δsign(ed) +

∫
η1s+ η2sign(ed)

λ1|eq|δsign(eq) +
∫
η1s+ η2sign(eq)

]
. (37)

The chattering phenomenon in the SMC appears due to the
sign function. Therefore, the sign function can be changed to the
boundary layer function, which can be written as

sign(sg) =

⎧⎨
⎩
1 if(sg > ϑ)
sg
ϑ if(|sg| ≤ ϑ)
−1 if(sg < −ϑ)

(38)

where ϑ is a small gain and the subscript g represents the dq-axis
errors of the flux and thrust loop of the LIM, respectively.
Moreover, to reduce chattering in the drive system, the sign
function can be further modified as

sat(sg) =
sg

sg + ϑ
. (39)

Hence, the modified flux and thrust loop under the sat function
for ST-SMC can be described as[

u∗d1
u∗q1

]
=

[
λ1|ed|δsat(ed) +

∫
η1s+ η2sat(ed)

λ1|eq|δsat(eq) +
∫
η1s+ η2sat(eq)

]
. (40)

Fig. 1 shows the overall structure of the LIM drive systems
based on proposed method and Fig. 2 displays the speed con-
troller of the LIM based on FTSMC, respectively. The whole
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Fig. 1. FTSMC-based DTC (FTSMC-DTC) method for the LIM.

Fig. 2. FTSMC-based speed controller structure of the LIM.

Fig. 3. ST-SMC-based thrust and speed controller for the reference voltage of
LIM system.

control structure of the ST-SMC for thrust and primary flux is
shown in Fig. 3. The actual thrust can be obtained by (5), and the
primary flux linkage would be calculated by the voltage model
with the discrete function method, as written by

u∗α1 = R1iα1
+

ψ∗
α1−ψα1

Ts

u∗β1 = R1iβ1 +
ψ∗

β1−ψβ11

Ts

}
ψ∗
1 =

√
(ψ∗
α1)

2 + (ψ∗
β1)

2 (41)

TABLE I
MAIN PARAMETERS OF THE AIM

where Ts is the sample time. The flux and thrust errors can
be regulated by the ST-SMC method to obtained the reference
primary voltages for the dq-axis separately. Then these primary
voltages are inverted to theαβ-axis coordinates with the primary
flux angle. Hence, theu∗α1andu∗β1 voltage vectors are used by the
SVPWM method to obtain the switching state for the inverter.

C. Stability Check

In this section, the close loop stability checks for the flux
and thrust loops are analyzed by using the Lyapunov function
(s ∗ ṡ < 0), respectively. The close loop stability of flux and
thrust loops is demonstrated as

V̇ ≤ s.ṡ

V̇1 ≤ sdq ṡdq = sdq(−λ1|sdq|δsign(sdq))−Ndq

≤ sdq(−λ1|sdq|δsign(sdq))−Ndq

≤ sdq(−λ1|sdq|δsign(sdq))−
∫

(η1sq + η2sign(sdq))dt

≤ −λ1

∣∣sdq∣∣δ+1 −
∫

(η1s
2
dq + η2sdq)dt

= −2
δ+1
2 λ1V1

δ+1
2 −

∫
2η1V1 −

√
2η2V1

1
2 . (42)

According to (42), the stability condition of the Lyapunov is
verified for both the flux and thrust loops of the LIM. Hence, the
ST-SMC method is asymptotically stable, and the sliding mode
surface converges to zero in a finite time.

V. SIMULATION VERIFICATION

The simulation has been conducted to check the strength of the
proposed method (cascade-DTC) over conventional and existing
techniques individually. The dynamic behavior of the LIM has
been fully demonstrated by linear speed, thrust, primary flux
linkage, and phase current based on three typical working states,
separately. The main parameters of the LIM have been given in
Table I.

In this article, the simulation of the LIM has been presented
in three different scenarios: startup response; speed variation
response with constant load; and load variation response with
fixed speed. The control parameters of the speed, thrust, and flux
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TABLE II
CONTROL GAIN VALUES OF THE DIFFERENT CONTROL ALGORITHMS

Fig. 4. Speed performance of the LIM during startup under 50 N load.

loops for the CDTC, CSMC, FTSMC-DTC, and cascade-DTC
techniques are given in Table II.

A. Case 1: Start-Up and Steady-State Response

The starting response of the LIM has been fully compared
among the CDTC, CSMC, FTSMC-DTC, and cascade-DTC on
light load. Fig. 4 shows the linear speed response of the LIM. As
seen from the same picture, the speed behavior under cascade-
DTC has a quicker performance, a smaller starting transient time,
and a reduced tracking error than those of CDTC, CSMC-DTC,
and FTSMC-DTC, respectively. Moreover, the dynamic thrust
response of the LIM has been depicted in Fig. 5, which illustrates
that the cascade-DTC method has a smaller thrust rippler with
faster convergence than the other three methods. Furthermore,
the startup behavior of the LIM primary flux and phase current
have been shown in Figs. 6 and 7 with light loads. It can
be observed from Fig. 6 that the cascade-DTC method has a
lesser flux ripple than CDTC, CSMC-DTC, and FTSMC-DTC
individually.

It can be noted from Fig. 7 that the phase current peak
amplitude under the cascade-DTC technique is less than that
of the CDTC, CSMC-DTC, and FTSMC-DTC techniques. It

Fig. 5. Thrust behavior of the LIM during startup under 50 N load.

Fig. 6. Flux behavior of the LIM during startup under 50 N load.

Fig. 7. Input Phase-A behavior of the LIM during startup under 50 N load.

can be concluded from the startup behavior of the LIM with
CDTC, CSMC, FTSMC-DTC, and cascade-DTC that the pro-
posed method is 7%, 6%, and 4% faster than CDTC, CSMC, and
FTSMC-DTC, respectively. Likewise, the thrust response with
the cascade-DTC technique is 5%, 5.3, and 7.5% smaller than the
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TABLE III
THRUST AND FLUX RIPPLES FOR CDTC, CSMC-DTC, FTSMC-DTC, AND

CASCADE-DTC

Fig. 8. Speed behavior under speed change behaviour of the LIM under 100 N
load.

other three methods. Moreover, the flux ripple under cascade-
DTC is significantly less than CDTC, CSMC, and FTSMC-DTC
separately. The comparative analysis among the four methods
for thrust and flux ripples is given in Table III. It is observed
from Table III that the proposed method has advantages over
the CDTC and FTSMC-DTC in terms of lower thrust and flux
ripples, respectively.

B. Case 2: Speed Variation Performance of the LIM With
Fixed Load

The speed change scenario has been established for the LIM
drive system under CDTC, CSMC-DTC, FTSMC-DTC, and
cascade-DTC with a 100 N load to verify the superiority of the
cascade-DTC technique. In this test, the speed change system
is applied to four control methods. The LIM has been started
with a 0 to 6 m/s speed with a 100 N load, then the speed has
been varied from 6 to 8 m/s at the time of 10 s, and again the
speed has been changed from 8 to 9 m/s at the time of 15 s with
the same load. The linear speed, thrust, flux, and phase current
responses of the LIM are shown in Figs. 8, 9, 10, and 11 under
the speed change scenario with constant load. It can be seen from
Fig. 8 that all control methods track the reference speed during
the whole dynamic speed operation. It can be seen from the
same picture that the speed under the cascade-DTC method has
quicker behavior with a better tracking error than CSMC-DTC
and FTSMC-DTC individually.

Fig. 9 demonstrates the thrust response of the LIM under
speed change conditions for four control methods. It can be noted

Fig. 9. Thrust behavior under speed change behaviour of the LIM under 100 N
load.

Fig. 10. Flux behavior under speed change behaviour of the LIM under 100 N
load.

Fig. 11. Phase-A current behavior under speed change behaviour of the LIM
under 100 N load.

from this picture that the thrust behavior under CDTC, CSMC-
DTC, FTSMC-DTC, and cascade-DTC tracks the reference
thrust with speed change. It can be further observed from Fig. 9
that the thrust ripple is smaller in the proposed technique than
the three methods, correspondingly. The primary flux linkage
is displayed in Fig. 10 for the four control techniques. It is
obviously shown in this picture that the cascade-DTC technique
has a significantly smaller flux ripple than CDTC, CSMC-DTC,
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Fig. 12. Thrust behavior under load change behaviour of the LIM under 8 m/s
speed.

Fig. 13. Speed behavior under load change behaviour of the LIM under 8 m/s
speed.

and FTSMC-DTC. The Phase current of the LIM drive sys-
tem for CDTC, CSMC-DTC, FTSMC-DTC, and cascade-DTC
is shown in Fig. 11 for speed change conditions. The phase
current is changing as speed changes, but it is observed from
the same figure that the peak value of the Phase current is
less with cascade-DTC than with CDTC, CSMC-DTC, and
FTSMC-DTC, completely.

C. Case 3: Load Variation Response of the LIM Drive

The load change scenario has been developed for the LIM
drive system under CDTC, CSMC-DTC, FTSMC-DTC, and
cascade-DTC with a speed of 8 m/s to check the robustness
of the cascade-DTC technique. In this test, the load change is
applied to four control methods. The LIM has been started with
a 150 N load at a fixed speed of 8 m/s, then the load has been
varied from 150 to 250 N at the time of 10 s, and again the load
has been altered from 250 to 150 N at the time of 15 s with
the 8 m/s speed. The thrust, linear speed, flux, and phase current
responses of the LIM are shown in Figs. 12, 13, 14, and 15 under
the load change scenario with 8 m/s speed, individually. It can
be seen from Fig. 12 that all control methods track the reference
thrust throughout the whole dynamic operation of the LIM.

It can be observed from the same image that the thrust re-
sponse under CDTC, CSMC-DTC, FTSMC-DTC, and cascade-
DTC tracks the reference thrust with constant speed. It can be
further realized from Fig. 12 that the thrust ripple is less in the

Fig. 14. Flux behavior under load change behaviour of the LIM under 8 m/s
speed.

Fig. 15. Phase-A current behavior under load change behaviour of the LIM
under 8 m/s speed.

proposed technique than the three methods, correspondingly.
Fig. 13 displays the speed response under load change condi-
tions. It can be observed from this figure that the cascade-DTC
technique has quicker behavior with a better tracking error than
CSMC-DTC and FTSMC-DTC, respectively. The flux response
to the load change scenario is depicted in Fig. 14, which shows
that the primary flux linkage has a significantly smaller flux
ripple than CDTC, CSMC-DTC, and FTSMC-DTC. The phase
current of the LIM under CDTC, CSMC-DTC, FTSMC-DTC,
and cascade-DTC is shown in Fig. 15 for load change conditions.
The phase current is changing as load changes, but it is observed
from the same figure that the peak value of the phase current
is less with cascade-DTC than with CDTC, CSMC-DTC, and
FTSMC-DTC, finally.

VI. EXPERIMENTS AND ANALYSIS

In order to check the superiority of the cascade-DTC
technique, an experimental platform has been established in the
laboratory, as displayed in Fig. 16. The saturation limit of the
thrust loop and the control gains of the CDTC, FTSMC-DTC,
and cascade-DTC are kept constant to ensure fair validation. The
dc voltage has been fixed at 300 V for the CDTC, FTSMC-DTC,
and cascade-DTC, and the linear speed is fixed up to 8 m/s for
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Fig. 16. Experimental platform of AIM.

the reliable and safe control of the induction machine AIM. In
this article, the experimental analysis of the AIM is conducted
to verify the robustness of the cascade-DTC method under
three different scenarios: startup performance; speed variation
response with constant load; and load alteration response with
constant speed. Furthermore, the startup response of the LIM
primary flux and phase current have been displayed in Fig. 18(c),
and (d), with 100 N thrust load. It can be observed from Fig. 19(c)
that the cascade-DTC method has a smaller flux ripple than those
of the CDTC, and FTSMC-DTC individually. It can be noted
from Fig. 18(d) that the phase current peak amplitude under the
cascade-DTC technique is smaller than that of the other three
control techniques.

A. Case 1: Start-Up Response and Harmonic Analysis

The starting response with a speed of 0 to 7 m/s of the AIM
has been fully compared among the CDTC, FTSMC-DTC, and
cascade-DTC on the 100 N fixed load shown in Fig. 17(a),
(b), and (c). Fig. 18(a) displays the dynamic linear speed of
the AIM drive system. As realized from the same picture, the
speed profile under cascade-DTC has a faster response and a
lesser tracking error than CDTC and the same as FTSMC-DTC,
respectively. It can be further noticed that the CDTC has an
overshoot. It can be concluded that the speed behavior of the
AIM under cascade-DTC and FTSMC-DTC has a 20% faster
response than the CDTC. Moreover, the thrust performance of
the AIM has been depicted in Fig. 18(b). As shown in the same
image, the cascade-DTC method has a smaller thrust rippler
with faster convergence than the other three methods. Besides,
the harmonic analysis test has been conducted by using the
fast Fourier transform on the three phase currents of the AIM
during steady state conditions under Cascade-DTC, CDTC, and

TABLE IV
PERFORMANCE INVESTIGATION OF THE LIM FOR TRANSIENT TIME AND

CURRENT THD UNDER CDTC, FTSMC-DTC AND CASCADE-DTC METHODS

TABLE V
COMPUTATION TIME OF THE CONTROL METHODS

FTSMC-DTC, respectively. The comparative harmonic spec-
trum analysis of the aforementioned techniques is displayed in
Fig. 19.

It can be observed from Fig. 19 that the magnitude component
and total harmonic distortion (THD) of the current are smaller
under the proposed method other than CDTC and FTSMC-DTC
(about 5% and 1% current THD reduced) separately. The tran-
sient time and THD of cascade-DTC, FTSMC-DTC, and CDTC
are given in Table IV.

Moreover, the computational burden of the CDTC, FTSMC
and cascade-DTC has been checked online from the DSP board,
which is shown in Fig. 20.

It can be realized from the same picture that the CDTC has
lower computational burden than the FTSMC and proposed
method, respectively. The computational time is given in Table V
for four control methods. However, the proposed method has
more robust performance than that of the CDTC and FTSMC
in terms of quicker dynamic response in transient time, better
steady state performance, lower thrust and flux ripples with
lower THD and robust anti-disturbances property, correspond-
ingly.

B. Case 2: Speed Variation Performance of the LIM With
Fixed Load

The speed change state is established for the AIM under
CDTC, FTSMC-DTC, and cascade-DTC with a 100 N load to
verify the effectiveness of the proposed method. In this test, the
speed change system is applied to three control methods. The
AIM has been started with a 0 to 6 m/s speed with a 100 N load,
then the speed has been changed from 6 to 8 m/s at the time of
35 s, and again the speed has been changed from 8 to 6 m/s at the
time of 70 s with the same load. The linear speed, thrust, flux,
and phase current responses of the LIM are shown in Fig. 21(a),



11526 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 9, SEPTEMBER 2024

Fig. 17. The startup profiles of the AIM under 7 m/s speed with 100 N load. (a) CDTC. (b) FTSMC-DTC. (c) Cascade-DTC.

Fig. 18. Startup and steady-state performance of CDTC, FTSMC and cascade-
DTC techniques under light load at 7m/s. (a) Speed. (b) Thrust. (c) Flux.
(d) Phase current.

(b), and (c) under the speed change scenario with constant load,
correspondingly. It can be realized from Fig. 22(a) that all control
methods track the reference speed during the whole dynamic
speed operation. It can be seen from the same figure that the
speed under the cascade-DTC technique has a quicker response
with a better tracking error than CDTC and FTSMC-DTC,
respectively. Fig. 22(b) shows the thrust profile of the LIM under
speed change conditions for four control methods. It can be
noted from this picture that the thrust behavior under CDTC,
FTSMC-DTC, and cascade-DTC tracks the reference thrust with
speed change. It can be further noticed from Fig. Fig. 22(b)
that the thrust ripple is lesser in the proposed method than the
three methods, similarly. The primary flux linkage is displayed
in Fig. Fig. 22(c) under three control methods. It is obviously
shown in this picture that the cascade-DTC technique has a
significantly smaller flux ripple than CDTC, and FTSMC-DTC.
The Phase current of the LIM under CDTC, FTSMC-DTC, and
cascade-DTC is shown in Fig. 22(d) for speed change conditions.
The phase current is changing as speed changes, but it is observed
from the same figure that the peak value of the Phase current is
less with cascade-DTC than with CDTC, and FTSMC-DTC,
completely.

C. Case 3: Load Variation Response of the AIM Drive System

The load change scenario has been developed for the AIM
under CDTC, FTSMC-DTC, and cascade-DTC with a speed of
7 m/s to check the robustness of the cascade-DTC technique.
In this test, the load change is applied to three control methods.
The AIM has been started with a 150 N load with a fixed speed
of 7 m/s, then the load has been varied from 150 to 100 N at the
time of 35 s, and again the load has been altered from 100 to
150 N at the time of 70 s with the 7 m/s speed. The thrust, linear
speed, flux, and phase current responses of the LIM are shown
in Fig. 23(a), (b), and (c) under the load change scenario with
7 m/s speed, individually. It can be seen from Fig. 23(a), (b), and
(c) that all control methods track the reference thrust throughout
the whole dynamic operation of the LIM. It can be observed
from the same picture that the thrust behavior under CDTC,
FTSMC-DTC, and cascade-DTC tracks the reference thrust with
constant speed. It can be further observed from Fig. 24(b) that
the thrust ripple in the cascade-DTC method is less than the other
two methods, correspondingly.



JUNEJO et al.: ENHANCED CASCADE SLIDING MODE DIRECT THRUST CONTROL FOR LINEAR INDUCTION MACHINE 11527

Fig. 19. Harmonic spectrum of the current response of the AIM under steady state condition. (a) CDTC. (b) FTSMC-DTC. (c) Cascade-DTC.

Fig. 20. Computation time response of the four control methods. (a) Conven-
tional direct thrust control. (b) CSMC-DTC. (c) FTSMC-DTC. (d) Cascade-
DTC.

TABLE VI
SPEED, THRUST, AND FLUX RIPPLE ANALYSIS UNDER CDTC, FTSM-DTC,

AND CASCADE-DTC METHODS FOR THREE DIFFERENT CASES

TABLE VII
PERFORMANCE ANALYSIS OF THE CDTC, FTSM-DTC, AND CASCADE-DTC

METHODS FOR THREE DIFFERENT CASES

Fig. 24(a) shows the speed response under load change con-
ditions. It can be noted from this figure that the cascade-DTC
method has a quicker response with a better tracking error than
CDTC-DTC and FTSMC-DTC, respectively. The flux behavior
to the load change scenario is depicted in Fig. 24(c), which dis-
plays that the primary flux linkage has a significantly smaller flux
ripple than CDTC, and FTSMC-DTC. The phase current of the
LIM drive system under CDTC, CSMC-DTC, FTSMC-DTC,
and cascade-DTC is displayed in Fig. 24(d) for load change
conditions. The phase current is changing as load changes, but
it is observed from the same figure that the peak value of the
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Fig. 21. The speed change profiles of the AIM under 100 N load with 6 to 8 m/s speed. (a) CDTC. (b) FTSMC-DTC. (c) Cascade-DTC.

Fig. 22. Speed change performance of CDTC, FTSMC and cascade-DTC
methods under 100 N load at 6 to 8 m/s and 8 to 6 m/s, respectively. (a) Speed.
(b) Thrust. (c) Flux. (d) Phase current.

phase current is lesser with cascade-DTC than with CDTC, and
FTSMC-DTC, finally.

Furthermore, the AIM has been started with a 150 N load
with a constant speed of 6 m/s, then the load has been varied
from 150 to 250 N, and again the load has been changed from
250 to 150 N under same speed for the three control methods.
The thrust, linear speed, flux, and phase current responses of
the LIM are shown in Fig. 25 under the load change scenario
with 6 m/s speed, individually. It can be observed from the same
picture that the thrust behavior under CDTC, FTSMC-DTC, and
cascade-DTC tracks the reference thrust with constant speed. It
can be further observed from Fig. 25(b) that the thrust ripple
is lesser in the cascade-DTC method than FTSMC-DTC and
CDTC, respectively. Fig. 25(a) shows the speed response under
load change conditions. It can be noted from this figure that
the cascade-DTC method has a quicker response with a better
tracking error than CDTC-DTC and FTSMC-DTC, respectively.

The flux behavior to the load change scenario is depicted
in Fig. 25(c), which shows that the primary flux linkage has a
smaller flux ripple than the both methods. The phase current of
the LIM drive system under CDTC, FTSMC-DTC, and cascade-
DTC is displayed in Fig. 25(d) for load change conditions. The
phase current is varying as load changes, but it is seen from the
same figure that the peak value of the phase current is smaller
with cascade-DTC than with CDTC, and FTSMC-DTC.

Moreover, Figs. 21 and 23 show the speed change and load
change scenarios under the cascade-DTC, CDTC, and FTSMC-
DTC methods. It can be seen from Figs. 21 and 23 that there
are oscillations in speed response because of end effects and the
complex friction dynamics of the AIM. Due to these oscillations
in speed under three control methods, there is a ripple in the
thrust and flux. But it can be seen from the same pictures that
the proposed methods have a smaller thrust ripple than the CDTC
and FTSMC-DTC, respectively.

The speed, thrust, and flux ripples of the CDTC, FTSMC-
DTC, and cascade-DTC can be obtained through following
expressions:

v(ripple)(%) =

√
1
N

∑N
i (v(i) − vav)

2

vav
× 100 (43)
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Fig. 23. The load change profiles of the AIM under 7 m/s speed with 150 N to 100 N load. (a) CDTC. (b) FTSMC-DTC. (c) Cascade-DTC.

Fig. 24. Sudden load change performance of CDTC, FTSMC and cascade-
DTC methods under 7 m/s at 300 to 50 N and 50 to 300 N, respectively.
(a) Speed. (b) Thrust. (c) Flux. (d) Phase current.

Fig. 25. Sudden load change performance of CDTC, FTSMC and cascade-
DTC methods under 6 m/s at 150 to 250 N and 250 to 150 N, respectively.
(a) Speed. (b) Thrust. (c) Flux. (d) Phase current.
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Fe(ripple)(%) =

√
1
N

∑N
i (F(i) − Fav)

2

Fav
× 100 (44)

ψ(ripple)(%) =

√
1
N

∑N
i (ψ(i) − ψav)

2

ψav
× 100 (45)

where N represents the total number of sampling points. It is
observed from Table VI that the proposed method has advantages
over the CDTC and FTSMC-DTC in terms of quick transient
performance and lower thrust and flux ripples in all operating
conditions. Furthermore, the comparative performance of the
CDTC, CSMC, FTSMC, and proposed cascade method under
three operating scenarios has been tested on AIM, which is given
in Table VII. The superior performance of the propose method
can be realized from Table VII than other three control methods,
separately.

VII. CONCLUSION

In this article, a cascade sliding mode control based on DTC
(cascade-DTC) is established to enhance the dynamic response
of the LIM in a whole speed range. The summary of this article
has been given below.

1) One cascade-DTC technique is established for the speed,
thrust, and flux controllers to ensure fast dynamic per-
formance, better tracking accuracy, strong steady state
response, and a small thrust and primary flux ripples in
the LIM. It can be observed from the simulation and
experiments that the cascade-DTC method has a faster
dynamic response with a smaller steady state error and a
smaller thrust ripple than the CDTC and FTSMC-DTC,
respectively. The decrease in thrust and flux ripples under
cascade-DTC can reduce the noise and vibration of the
LIM successfully.

2) It is verified from the experiments that the cascade-DTC
method has a 4.84% and 0.77% smaller THD in the phase
current than the CDTC and FTSMC-DTC, respectively.

3) The Lyapunov has been adopted to check the stability of
the speed, thrust, and flux loop, respectively.

4) A comparative study is conducted over comprehen-
sive simulation analysis among the CDTC, CSMC-
DTC, FTSMC-DTC, and cascade-DTC methods, respec-
tively. Moreover, the CDTC, FTSMC-DTC, and proposed
(cascade-DTC) methods have been fully tested experi-
mentally in three different operation scenarios.

It can be concluded from the simulation and experiments that
the cascade-DTC method has superior response than the two
other methods in terms of faster dynamic response, stronger
robustness against load, and lower thrust and flux ripples, sepa-
rately.

REFERENCES

[1] I. Boldea, L. Tutelea, W. Xu, and M. Pucci, “Linear electric machines,
drives and MAGLEVs: An overview,” IEEE Trans. Ind. Electron., vol. 65,
no. 9, pp. 7504–7515, Sep. 2018.

[2] K. Wang, Y. Li, Q. Ge, and L. Shi, “An improved indirect field-oriented
control scheme for linear induction motor traction drives,” IEEE Trans.
Ind. Electron., vol. 65, no. 12, pp. 9928–9937, Dec. 2018.

[3] W. Xu, X. Xiao, G. Du, D. Hu, and J. Zou, “Comprehensive efficiency
optimization of linear induction motors for urban transit,” IEEE Trans.
Veh. Technol., vol. 69, no. 1, pp. 131–139, Jan. 2020.

[4] R. Dian, W. Xu, J. Zhu, D. Hu, and Y. Liu, “An improved speed sensorless
control strategy for linear induction machines based on extended state
observer for linear metro drives,” IEEE Trans. Veh. Technol., vol. 67, no. 10,
pp. 9198–9210, Oct. 2018.

[5] J. Lim, D.-Y. Park, and J.-H. Jeong, “A study on optimal operating
point of linear induction motor considering normal force and efficiency
in MAGLEV vehicle,” IEEE Trans. Magn., vol. 54, no. 11, pp. 1–5,
Nov. 2018.

[6] W. Xu et al., “Advanced methodologies on design and control for linear
induction machine and drive adopted to urban transportation,” CES Trans.
Elect. Machines Syst., vol. 6, no. 2, pp. 216–222, Jun. 2022.

[7] J. Ge, W. Xu, Y. Liu, F. Xiong, and D. Li, “Investigation on winding theory
for short primary linear machines,” IEEE Trans. Veh. Technol., vol. 70,
no. 8, pp. 7400–7412, Aug. 2021.

[8] W. Xu, Y. Tang, D. Dong, X. Xiao, E. Rashad, and A. K. Junejo,
“Optimal reference primary flux based model predictive control of lin-
ear induction machine with MTPA and field-weakening operations for
urban transit,” IEEE Trans. Ind. Appl., vol. 58, no. 4, pp. 4708–4721,
Aug. 2022.

[9] C. Lascu, A. Argeseanu, and F. Blaabjerg, “Super-twisting sliding-mode
direct torque and flux control of induction machine drives,” IEEE Trans.
Power Electron., vol. 35, no. 5, pp. 5057–5065, May 2020.

[10] R.-J. Wai and C.-C. Chu, “Robust Petri fuzzy-neural-network control for
linear induction motor drive,” IEEE Trans. Ind. Electron., vol. 54, no. 1,
pp. 177–189, Feb. 2007.

[11] A. Berzoy, J. Rengifo, and O. Mohammed, “Fuzzy predictive DTC of
induction machines with reduced torque ripple and high-performance
operation,” IEEE Trans. Power Electron., vol. 33, no. 3, pp. 2580–2587,
Mar. 2023.

[12] A. K. Junejo, W. Xu, C. Mu, M. M. Ismail, and Y. Liu, “Adaptive
speed control of PMSM drive system based a new sliding-mode reaching
law,” IEEE Trans. Power Electron., vol. 35, no. 11, pp. 12110–12121,
Nov. 2020.

[13] W. Xu, A. K. Junejo, Y. Liu, M. G. Hussien, and J. Zhu, “An efficient anti-
disturbance sliding-mode speed control method for PMSM drive systems,”
IEEE Trans. Power Electron., vol. 36, no. 6, pp. 6879–6891, Jun. 2021.

[14] A. K. Junejo, W. Xu, F. F. M. El-Sousy, A. A. Hashmani, M. M. Ismail,
and M. G. Hussien, “One new terminal reaching law based sliding mode
with direct thrust control for the linear induction machines in metro
transportation,” IEEE Energy Conv. Cong. Exp., 2022, pp. 1–6.

[15] W. Xu, M. M. Ali, M. F. Elmorshedy, S. M. Allam, and C. Mu, “One
improved sliding mode DTC for linear induction machines based on
linear metro,” IEEE Trans. Power Electron., vol. 36, no. 4, pp. 4560–4571,
Apr. 2021.

[16] S.-K. Kim, J.-S. Lee, and K.-B. Lee, “Offset-free robust adaptive back-
stepping speed control for uncertain permanent magnet synchronous
motor,” IEEE Trans. Power Electron., vol. 31, no. 10, pp. 7065–7076,
Oct. 2016.

[17] C. S. Lim, S. S. Lee, and E. Levi, “Continuous-control-set model predictive
current control of asymmetrical six- phase drives considering system
nonidealities,” IEEE Trans. Ind. Electron., vol. 70, no. 8, pp. 7615–7626,
Aug. 2023.

[18] E. Quintero-Manriquez, E. N. Sanchez, R. G. Harley, S. Li, and R. A. Felix,
“Neural inverse optimal control implementation for induction motors via
rapid control prototyping,” IEEE Trans. Power Electron., vol. 34, no. 6,
pp. 5981–5992, Jun. 2019.

[19] S. Lian et al., “Adaptive attitude control of a quadrotor using fast nonsin-
gular terminal sliding mode,” IEEE Trans. Ind. Electron., vol. 69, no. 2,
pp. 1597–1607, Feb. 2022.

[20] Y. Su, “Comments on ‘A new adaptive sliding-mode control scheme for
application to robot manipulators,” IEEE Trans. Ind. Electron., vol. 67,
no. 8, pp. 7116–7120, Aug. 2020.

[21] S. Oucheriah and L. Guo, “PWM-based adaptive sliding-mode control
for boost DC–DC converters,” IEEE Trans. Ind. Electron., vol. 60, no. 8,
pp. 3291–3294, Aug. 2013.

[22] M. V. De Paula, S. S. Williamson, and T. A. .. S. Barros, “Four-quadrant
model following sliding mode cruise control for SRM with DITC applied
to transportation electrification,” IEEE Trans. Transport. Electrific., vol. 8,
no. 3, pp. 3090–3099, Sep. 2022.

[23] F.-J. Lin and R.-J. Wai, “Robust control using neural network uncertainty
observer for linear induction motor servo drive,” IEEE Trans. Power
Electron., vol. 17, no. 2, pp. 241–254, Mar. 2002.



JUNEJO et al.: ENHANCED CASCADE SLIDING MODE DIRECT THRUST CONTROL FOR LINEAR INDUCTION MACHINE 11531

[24] Y. Kali, J. Rodas, M. Saad, R. Gregor, K. Benjelloun, and J. Doval-Gandoy,
“Current control based on super-twisting algorithm with time delay esti-
mation for a five-phase induction motor drive,” in Proc. IEEE Int. Elect.
Mach. Drives Conf., 2017, pp. 1–8.

[25] M. Rasheed et al., “Sensorless second-order sliding-mode speed control
of a voltage-feed induction-motor drive using nonlinear state feedback,”
IEEE Proc. Elect. Power Appl., vol. 152, no. 5, pp. 1127–1136, Sep. 2005.

[26] L. Zhao, J. Huang, H. Liu, B. Li, and W. Kong, “Second-order sliding-mode
observer with online parameter identification for sensorless induction
motor drives,” IEEE Trans. Ind. Electron, vol. 61, no. 10, pp. 5280–5289,
Oct. 2014.

[27] C. Lascu, A. Argeseanu, and F. Blaabjerg, “Super twisting sliding-mode
direct torque and flux control of induction machine drives,” IEEE Trans.
Power Electron, vol. 35, no. 5, pp. 5057–5065, May 2020.

[28] A. Levant, “Sliding order and sliding accuracy in sliding mode control,”
Int. J. Control, vol. 58, no. 6, pp. 1247–1263, Dec. 1993.

[29] W. Xu, R. Islam, and M. Pucci, Advanced Linear Machines and Drive
Systems, Berlin, Germany: Springer, Aug. 2019.

[30] R. Seeber, M. Horn, and L. Fridman, “A novel method to estimate
the reaching time of the super-twisting algorithm,” IEEE Trans. Autom.
Control, vol. 63, no. 12, pp. 4301–4308, Dec. 2018.

[31] W. Xu, A. K. Junejo, Y. Liu, and M. R. Islam, “Improved continuous
fast terminal sliding mode control with extended state observer for speed
regulation of PMSM drive system,” IEEE Trans. Veh. Technol., vol. 68,
no. 11, pp. 10465–10476, Nov. 2019.

[32] M. M. Ali, W. Xu, A. K. Junejo, M. F. Elmorshedy, and Y. Tang, “One
new super-twisting sliding mode direct thrust control for linear induction
machine based on linear metro,” IEEE Trans. Power Electron., vol. 37,
no. 1, pp. 795–805, Jan. 2022.

[33] R. Seeber, M. Horn, and L. Fridman, “A novel method to estimate
the reaching time of the super-twisting algorithm,” IEEE Trans. Autom.
Control, vol. 63, no. 12, pp. 4301–4308, Dec. 2018.

[34] A. K. Junejo et al., “Novel sliding mode reaching law based on DTC for
linear induction machine applied to linear Metro,” IEEE Trans. Transport.
Electrific., to be published, doi: 10.1109/TTE.2023.3340343..

Abdul Khalique Junejo (Senior Member, IEEE)
received the B.E. and M.E. degrees in electrical en-
gineering from Quaid-e-Awam UEST Nawabshah,
Sindh, Pakistan, in 2011 and 2015, respectively, and
the Ph.D. degree in electrical engineering with the
School of Electrical and Electronics Engineering,
State Key Laboratory of advanced Electromagnetic
Engineering, Huazhong University of Science and
Technology, Wuhan, China.

He is currently a Postdoc Fellow with the School
of Electrical and Electronics Engineering, Huazhong

University of Science and Technology, Wuhan, China. He is also an Assis-
tant Professor with Quaid-e-Awam UEST Nawabshah, Sindh, Pakistan. He
has authored or coauthored 22 SCI Journal papers including 15 IEEE papers
(IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, IEEE TRANSACTIONS

ON POWER ELECTRONICS, IEE-TTE IEEE-EC, IEEE INDUSTRY APPLICATIONS

SOCIETY, and IEEE ACCESS), 2 others, 1 ESCI and 15 national and international
journals, respectively. Furthermore, he attended and published international
conferences on machines including ICEMS, LIDA and ECCE separately. His
research interests include the sliding mode control, direct torque control, model
predictive control and sensorless control methods for permanent magnet syn-
chronous machines, Induction machines, linear IM and drives and renewable
energies.

Dr. Junejo was a Reviewer for IEEE journals (including IEEE TRANSACTIONS

ON INDUSTRIAL ELECTRONICS, IEEE TRANSACTIONS ON POWER ELECTRON-
ICS, and IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, IEEE
TRANSACTIONS ON INDUSTRY APPLICATION SOCIETY, IEEE TRANSACTIONS ON

MECHATRONICS, Article in Journal and IEEE JOURNAL OF EMERGING AND

SELECTED TOPICS IN INDUSTRIAL ELECTRONICS and Emerald Group Publishing
Ltd. Assembly Automation). His paper has been selected as one of the best papers
published during 2019–2020 in IEEE TRANSACTIONS ON ENERGY CONVERSION

IN THE POWER GENERATIONS SYSTEMS AND GRID INTERFACES AREA.

Wei Xu (Fellow IEEE, 2024) received the double
B.E. and M.E. degrees from Tianjin University, Tian-
jin, China, in 2002 and 2005, and the Ph.D. degree
from the Institute of Electrical Engineering, Chinese
Academy of Sciences (IEECAS), Xi’an, China, in
2008, all in electrical engineering.

His research topics mainly focus on design and
control for linear machines and drives. From 2008
to 2012, he was a Postdoctoral Fellow with the Uni-
versity of Technology Sydney, the Vice Chancellor
Research Fellow with Royal Melbourne Institute of

Technology, Japan Science Promotion Society Invitation Fellow with Meiji Uni-
versity, respectively. From 2013 to 2023, he was one Professor with Huazhong
University of Science and Technology, China. Since 2024, he has been one
Professor with IEECAS.

Dr. Xu is a Fellow of the Institute of Engineering and Technology. He is the
General Chair for 2021 International Symposium on Linear Drives for Industry
Applications and 2023 IEEE International Conference on Predictive Control of
Electrical Drives and Power Electronics. He has been an Associate Editor for
ten peer-review IEEE journals, including IEEE TRANSACTIONS ON INDUSTRIAL

ELECTRONICS, IEEE TRANSACTIONS ON POWER ELECTRONICS, and so on.

Yirong Tang (Student Member, IEEE) received the
B.E. degree in electrical engineering in 2020. from
the Huazhong University of Science and Technology,
Wuhan, China, where he is currently working toward
the Ph. D. degree with the State Key Laboratory of
Advanced Electromagnetic Engineering and Tech-
nology.

His research interests include advanced control
methods for permanent magnet synchronous ma-
chines, linear induction machines and drives.

Kaiju Liao was born in Linyi, China. He received the
B.E. degree in automation from the Shandong Univer-
sity of Technology, Zibo, China, in 2017, and the M.E.
degree in control engineering from Tianjin University,
Tianjin, China, in 2020. He is currently working
toward the Ph.D. degree in electrical engineering with
the State Key Laboratory of Advanced Electromag-
netic Engineering and Technology, Huazhong Uni-
versity of Science and Technology, Wuhan, China.

His research interests include position sensorless
control and resonant frequency tracking control for
linear compressor.

Han Xiao was born in Henan, China. He received
the B.S. and M.S. degrees in electrical engineering
and automation from Zhengzhou University of Light
Industry, Zhengzhou, China, in 2019 and 2022, re-
spectively. He is currently working toward the Ph.D.
degree in electrical engineering with the Huazhong
University of Science and Technology.

His research interests include model predictive
control for linear induction machines and power con-
verters.

Yaohua Li (Member, IEEE) was born in Henan,
China, in 1966. He received the Ph.D. degree in
power electronics and power drives from Tsinghua
University, Beijing, China, in 1994.

From 1995 to 1997, he was a Postdoctoral Research
Fellow with the Institute of Electrical Machines,
Technical University of Berlin, Berlin, Germany. In
1997, he was with the Institute of Electrical Engineer-
ing, Chinese Academy of Sciences, Beijing, China,
where he is currently a Professor and the Director.
His current research interests include the analysis and
control of electrical machines and power electronics.

https://dx.doi.org/10.1109/TTE.2023.3340343


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


