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Abstract—In this article, a new supertwisting sliding mode direct
thrust control (NSTSM-DTC) scheme is proposed to improve the
dynamic response, robustness ability of the linear induction ma-
chine, and overall drive performance. First, a NSTSM algorithm
is proposed and implemented in both electromagnetic thrust and
primary flux-linkage control loops. The design aspects, implemen-
tation process, and stability analysis of the NSTSM based on the
DTC method are fully investigated, which can effectively achieve
faster dynamic response, smaller steady state speed tracking er-
ror, lower electromagnetic thrust ripple, and increase the system
robustness against load variation in comparison to those of the con-
ventional control methods. The proposed method is fully confirmed
by the comprehensive simulations and experiments based on one
prototype of 3 kW arc induction machine.

Index Terms—Direct thrust control (DTC), end effects,
linear induction machine (LIM), sliding mode control (SMC),
supertwisting sliding mode (STSM).
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ABBREVIATION LIST

LIM Linear induction machine.
NSTSM-DTC New super-twisting sliding mode direct thrust

control.
NSTSM New super-twisting sliding mode.
DTC Direct thrust control.
AIM Arc induction machine.
SMC Sliding mode control.
STSM Super twisting sliding mode.
RM Rotary machine.
DTC-SVM DTC with the space vector modulation scheme.
PI Proportional-integral.
CSTSM Conventional STSM.
CDTC Conventional DTC.

I. INTRODUCTION

R ECENTLY, linear induction machines (LIMs) have been
widely used in modern industrial applications, especially

for urban transportation drives [1]–[3]. This kind of application
needs direct linear motion, strong acceleration/deceleration, low
cost, minimum mechanical losses, and so on [4]. These industrial
requirements can be achieved more easily by using the LIMs in-
stead of the conventional rotary machines (RMs). Unfortunately,
the control techniques for LIMs are more complicated than those
of RMs due to stronger nonlinear traits and greater coupling
relationship between primary and secondary mainly resulted
from the end effects coming from open-magnetic circuit [5],
[6], which would deteriorate the drive performance of the whole
system as the speed goes up. Therefore, it is very necessary to
develop one appropriate control strategy to strengthen the drive
capability of the LIM and drive.

Direct thrust control (DTC) strategy has been paid a little
attraction to the linear metro for its faster dynamic response,
less dependency on machine parameters, stronger redundancy
ability, simpler implementation, and so on [8]–[10]. Several
modified schemes for the DTC methods have been introduced
to achieve high dynamic performance for RMs in transient and
steady-state operations [11]–[16]. Among these modifications,
the use of DTC with the space vector modulation scheme
(DTC-SVM) can overcome the variable switching frequency
problem [11]. Comprehensive experiments have shown that the
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DTC-SVM scheme can get better steady-state drive performance
than other conventional DTC schemes in terms of the ripples of
both primary flux and electromagnetic thrust [12]. Moreover, it
is common to use a linear proportional-integral (PI) controller in
the DTC-SVM method for the thrust and flux control loops. As
it is known, the traditional PI controller has a poor behavior at
load variations, especially for multi-variable nonlinear control
systems [14]–[16]. Moreover, the thrust and flux-linkage ripples
are still larger, and the dynamic characteristics of the control
method are insufficient in this method. Hence, it is very neces-
sary to put forward further improvements for the DTC-SVM to
enhance the dynamic performance of the LIM drive system.

Thereof, one high performance LIM drive system can be
achieved by using a robust controller instead of the PI controller.
One of the potential techniques suitable to the transportation is
the sliding mode control (SMC) due to its adaptability to load
variations, robustness, insensitive to unknown parameter and
disturbance, and easy implementation in practice. By compar-
ing with the intelligent control techniques, such as fuzzy and
neural network control techniques [17], [18], the SMC has been
gradually used in some industrial applications, which can benefit
from one better dynamic performance at the transient condition.
Unfortunately, the SMC suffers one inherent chattering problem
with high-frequency as produced by the controlled variables in
different working states [19], [21].

Recently, the supertwisting sliding mode (STSM) controller
has been developed for the RM drive system, which is totally
different from the conventional SMC. In this condition, the
STSM is working in high order sliding modes to eliminate the
steady-state chattering and enhance the drive system perfor-
mance. Moreover, the STSM control technique can enjoy merits
of easy implementation, strong robustness, accurate operation,
small control error of the first derivation, fast dynamic response,
and so on [22]–[24]. In [25], the STSM algorithm is implemented
for the current loops. In both [26] and [27], the STSM algorithm
is implemented for the speed and flux control observers. These
studies in [25]–[27] mostly focus on the STSM algorithm based
on the field orientation control strategy. Fortunately, the STSM
is an effective tool for controlling uncertain nonlinear systems,
few studies have been conducted on the STSM control for LIMs
and drives in the past research. Moreover, until now the STSM
algorithm based on the DTC strategy (CSTSM-DTC) have not
been fully introduced to LIMs and drives except for [28]. But, the
original contribution of this study is employing the conventional
STSM (CSTSM) control algorithm, as proposed by [29], in the
torque and flux loops for induction motor without any modi-
fication. On the other hand, few studies have been done on the
CSTSM algorithm to further improve the dynamic characteristic
of the drive system. Therefore, it is very necessary to adopt the
conventional STSM based on DTC strategy (CSTSM-DTC) to
the LIM drive system, and then modify this control strategy to
achieve fast dynamic response and low thrust chattering.

In order to improve the transient and steady-state operation
of the LIM drive system, one DTC-SVM strategy based on
new STSM (NSTSM) algorithm is proposed in this article,
which can get faster speed response, lower thrust chattering,
etc. The NSTSM is implemented for both thrust and flux control

loops simultaneously. Moreover, by the development of one
dynamic model considering the end effect, the NSTSM-DTC
can reduce the vibrations and noise problems in the LIM drive
system. The NSTSM algorithm can be achieved by adding
one power exponential term (|s|α2) in the dynamic equation of
the CSTSM, which can help the system state reach the sliding
mode surface much quicker with smoother steady-state oper-
ation. The NSTSM-DTC can effectively reduce the chattering
phenomenon of the whole control system.

II. PRELIMINARIES FOR THE LIM BASED ON

DTC-SVM METHOD

A. LIM Drive System Modeling

The LIM dynamic model based on the equivalent circuit in-
troduced in [2], can be obtained with the help of the synchronous
reference frame [30]. The LIM model can be described by the
following equations. The dynamic voltages, flux-linkages and
thrust equation can be described as follows:

The dq-axis voltages can be calculated by

udq1 = R1idq1 + pψdq1 − jω1ψdq1 (1)

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

where the primary and secondary variables are represented in
the subscripts of 1 and 2, respectively. The d-axis and q-axis
are referred to dq-axis of synchronous reference frame. Further-
more, R is the resistance, u the voltage, i the current and Ψ the
flux-linkage of the LIM system, separately. Also, the slip speed is
denoted as ωslip = ω1-ω2, where ω1 and ω2 are the synchronous
and the secondary speed.

The dq-axis linkage fluxes relationship can be written by

ψdq1 = L1idq1 + Lmeqidq1 (3)

ψdq2 = L2idq2 + Lmeqidq2 (4)

where L1 is the primary inductance, L2 the secondary induc-
tance, and Lmeq the effective magnetizing inductance.

The electromagnetic thrust can be determined by

Fe = (3π/2τ)(ψd1iq1 − ψq1id1) (5)

where τ is considered as the pole pitch. Meanwhile, by con-
sidering the attraction force and end-effect dynamics, the LIM
parameters, such as mutual inductance and secondary resistance,
would be modified by one coefficient, f(Q), as dependent on the
end-effect factor Q as follows [2]:

f(Q) = (1− exp(−Q))/Q (6)

Q = LpR2/Lb0vr (7)

where Lp and Lb0 are the primary length and the secondary
inductance at standstill, respectively. The adapted mutual in-
ductance can be described as

Lmeq = [1− f(Q)]Lm (8)

where Lm is the mutual inductance without end effect, similar
as that of rotary induction machine [2], [30].
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B. Primary Flux and Electromagnetic Thrust Dynamics

The DTC-SVM control method can be achieved through the
primary flux-linkage orientation idea, where Ψd1 = Ψ1 and
Ψq1 = 0. According to this concept, the primary d-axis voltage
equations can be revised as follows [10]–[12]:

ud1 = R1id1 + pψd1. (9)

Also, the electromagnetic thrust equation can be expressed as

Fe = (3π/2τR1)ψ1(uq1 − ω1ψ1). (10)

It can be concluded from (9) and (10) that the value of primary
flux-linkage can be controlled through the d-axis secondary
voltage and the electromagnetic thrust can be adjusted by q-axis
primary voltage, respectively.

III. PROPOSED CONTROL STRATEGY FOR THE LIM

In this section, the design procedure of the conventional and
the new super-twisting SMC based on DTC-SVM for LIMs will
be discussed in details as follows.

A. Design of the Conventional Supertwisting Sliding Mode
Direct Thrust Control

In the CSTSM-DTC, the primary flux-linkage and thrust
errors can be represented as the state-space of the LIM drive
system, as illustrated by⎧⎨

⎩
x =

[
ed eq

]T
=
[ |ψ1

∗| − |ψ1| Fe∗ − Fe
]T

u =
[
ud1 uq1

]T (11)

where ψ1
∗ and Fe

∗ are the references of the electromagnetic
thrust and primary flux-linkage, respectively. The state variables
ed and eq are the primary flux-linkage and thrust errors, respec-
tively. Meanwhile, u is the output of the control method. The
surface of the super twisting structure, s, is designed to equal
the errors of flux and thrust, ed and eq, respectively, [27], [28].
The dynamic equations for the flux control loop based on the
CSTSM algorithm can be described by

ud1 = kd|ed|r sgn(ed) + wd

ẇd = −εd sgn(ed) (12)

where kd, εd, and r are the selected positive switching gains. The
output variable of the CSTSM has a nonlinear continuous term,
which is controlled by adjusting the exponent r, as recommended
as 0.5 in this article [31].

Moreover, the dynamic error of the primary flux-linkage can
be obtained by adopting the d-axis voltage, ud1, as the control
input for (9), as given by

ėd = −kd|ed|rsgn(ed)− wd +R1id1. (13)

It is seen that the CSTSM algorithm can be designed to
make the variable states arrive at the sliding surface in a finite
time. On the other hand, the additional feedforward term, R1id1,
can be compensated by wd effectively. Meanwhile, the CSTSM
algorithm for the thrust control loop is described by the similar

Fig. 1. Schematic illustration of the CSTSM-DTC for thrust and primary flux
control loops.

way as

uq1 = kq|eq|r sgn(eq) + wq

ẇq = εq sgn(eq) (14)

where (εq ≥ 0) and (kq> 0) are constant coefficient gains, which
are both greater than zero.

For the desirable constant magnitude of the primary flux, the
thrust dynamic error can be obtained by evaluating the derivation
of (10), as given by

ėq = κi̇q1 = −Nkq|eq|rsgn(eq)−Nwq + E (15)

where κ = 3πψd1/2τ , N = 3πψ1/2τL1σ, and E is one dis-
turbance. According to the theory of SMC, wq would become
equivalent to E in a finite time. The flux and thrust control
strategies based on CSTSM are designed to adjust the d- and
the q-axis voltages simultaneously. In this way, the output of the
CSTSM-DTC can be obtained by[

u∗d1
u∗q1

]
=

[
kd|ed|rsgn(ed) +

∫
εdsgn(ed)

kq|eq|rsgn(eq) +
∫
εqsgn(eq)

]
. (16)

The schematic illustration of the CSTSM for both flux and
thrust control loops is shown in Fig. 1.

B. Design of the New Supertwisting Sliding Mode Direct
Thrust Control

The CSTSM reachability condition ensures that the moving
point at any position in the state-space can reach the switching
surface within a limited time, and there is no restriction on the
motion trajectory. Moreover, the CSTSM control output law
plays the main role of improving the dynamic quality of the
reaching movement. Therefore, a new STSM control output law
is designed in such a way to improve the dynamic response of
the system and reduce the chattering phenomena effectively by
adding a second exponent power term. It can be described as

u = −kp|s|α1sgn(s)− ki|s|α2 + wd

ẇd = εsgn(s) (17)

where s is the system surface, kp and ki are constant positive
gains, and α1 and α2 the exponent gains with a small positive
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value less than one. The second exponent power term, ki|s|α2,
plays a leading role in both transient and steady state operation.

This NSTSM algorithm makes the system states reach faster
the sliding surface and achieve smoother transition to the sliding
surface, which can dramatically weaken the system chattering
phenomenon. More information can be found below.

The Primary Flux and electromagnetic thrust control loops
based on the NSTSM algorithm are described by

u =

[
ud1
uq1

]
=

[
kpd|ed|α1sgn(ed) + kid|ed|α2 − wdn
kpq|ed|α1sgn(eq) + kiq|ed|α2 − wqn

]
.

(18)
The parameters kp, ki and εp are positive and constant to be

selected for both thrust and flux loops. The second terms, wdn

and wqn, appear as perturbations in (18), as described by[
ẇdn
ẇqn

]
=

[−εpdsgn(ed)
−εpqsgn(eq)

]
. (19)

So, the first derivative of the sliding surface for the elec-
tromagnetic thrust and primary flux-linkage control loops are
described by

ṡd = −kpd|ed|α1sgn(ed)− kid|ed|α2 − wdn +R1id1

ṡq = −kpq|ed|α1sgn(eq)− kiq|ed|α2 − wqn + E. (20)

Hence, the novel STSM controller based on the two exponent
power terms is proposed for the thrust and primary flux control
loops in this article, as given by[
ud1
uq1

]
=

[
kpd|ed|α1sgn(ed) + kid|ed|α2 +

∫
εdsgn(ed)

kpq|eq|α1sgn(eq) + kiq|eq|α2 +
∫
εqsgn(eq)

]
.

(21)
Due to the serious chattering phenomenon of the discontin-

uous sign function, sgn(s), the boundary layer method is used
instead of the sgn function because it depends mostly on the
continuous saturation function, as defined by

sgn(sy) =

⎧⎨
⎩

1if(sy > γ)
sy/γif(|sy| ≤ γ)
−1if(sy < −γ)

(22)

where γ is a small value and the subscript y denoted to the
d- or q-axis error, the primary flux-linkage or electromagnetic
thrust error, respectively. For further improvement, the function
sgn(sy) can be expressed by

sat(sy) =
sy

sy + γ
. (23)

Finally, the control law of the NSTSM-DTC can be further
modified as[
u∗da
u∗qa

]
=

[
kpd|ed|α1sat(ed) + kid|ed|α2 +

∫
εdsat(ed)

kpq|eq|α1sat(eq) + kiq|eq|α2 +
∫
εqsat(eq)

]
.

(24)
The schematic illustration of the proposed NSTSM for thrust

and primary flux control loops according to (24) is illustrated
in Fig. 2. The block diagram of the LIM drive system based on
the NSTSM-DTC strategy is illustrated in Fig. 3. As seen from
Figs. 2 and 3, the PI controller uses the linear speed error to
obtain the dynamic electromagnetic thrust reference. The actual

Fig. 2. Schematic illustration of the NSTSM-DTC for thrust and primary flux
control loops.

Fig. 3. Block diagram of the NSTSM-DTC for the LIM drive system.

electromagnetic thrust is calculated by (5) and the primary flux-
linkage can be estimated by the voltage model equation using
the discrete simulation technique, as given by

u∗α1 = R1iα1 +
ψ∗

α1−ψα1

Ts

u∗β1 = R1iβ1 +
ψ∗

β1−ψβ1

Ts

}
ψ∗
1 =

√
(ψ∗
α1)

2 +
(
ψ∗
β1

)2

(25)

where Ts is the sample time. Moreover, the thrust and primary
flux errors are executed by the NSTSM controller to generate
the reference dq-axis primary voltages. These reference values
are converted to the αβ-axis coordinates using the primary
flux angle. Finally, the αβ-voltage vectors (uα1

∗ and uβ1∗) are
handled by the space vector pulse width modulation technique
to get the switching states for the voltage source inverter.

C. Stability Analysis

To check the proposed control methods, the stability condi-
tion based on Lyapunov theorem is proven as follows. For the
electromagnetic thrust loop, it can get

v(x) =
1

2
s2

v•1 = sd ∗ ṡd
= sd(−kpd|sd|α1sgn(sd)− kid|sd|α2 − wdn +R1id1)
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TABLE I
MAIN PARAMETERS OF THE PROPOSED NSTSM-DTC AND THE CSTSM FOR

BOTH THRUST AND FLUX CONTROL LOOPS

TABLE II
MAIN PARAMETERS OF THE LIM

= sd(−kpd|sd|α1sgn(ed)− kid|sd|α2 − wdn +R1id1)

= sd(−kpd|sd|α1sgn(ed)− kid|sd|α2 − εd

∫
sgn(sd) +R1id1)

= −kpd|sd|α1+1 − kid|sd|α2+1 − εdζd +R1id1 ≤ 0. (26)

For a large enough εd, the above inequality condition can be
satisfied easily. For the primary flux-linkage loop, it can get

v•2 = sq ∗ ṡq
= sq(−kpq|ed|α1sgn(eq)− kiq|ed|α2 − wqn + E)

= sq(−kpq|ed|α1sgn(eq)− kiq|ed|α2 − εq

∫
sgn(sq) + E)

= −kpq|sq|α1+1 − kiq|sq|α2+1 − εqζq + E ≤ 0. (27)

According to the Lyapunov theorem, the reaching condition
(s∗ś<0) can be satisfied for both thrust and primary flux loops. It
can guarantee that the NSTSM-DTC strategy is stable, and the
sliding mode trajectory will reach zero in a finite time.

IV. SIMULATION AND EXPERIMENTAL VALIDATIONS

In order to investigate the advantages of the NSTSM-DTC
method, comprehensive simulation and experiments have been
made based on one prototype of the LIM with 3 kW rated
power. The LIM drive system is simulated considering the end
effect. The results based on the NSTSM-DTC are compared with
those obtained under both CSTSM-DTC and CDTC strategies.
The optimized control parameters of the NSTSM-DTC and the
CSTSM-DTC control methods are given in Table I, which are
used for both simulation and experiments. Main parameters of
the employed LIM are given in Table II.

Fig. 4. Speed responses of the LIM under the CDTC, CSTSM-DTC, and
NSTSM-DTC strategies.

Fig. 5. Corresponding LIM electromagnetic thrust during the starting up
operation.

Fig. 6. Primary flux of LIM during the starting up process.

Fig. 7. Linear speed profile for the three control methods.

Fig. 8. Corresponding electromagnetic thrust response for the three control
methods under sudden linear speed change.
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Fig. 9. Input Phase-A response for the three control methods under sudden
linear speed change.

Fig. 10. Behavior of electromagnetic thrust.

Fig. 11. Linear speed responses under thrust load variation for the three control
strategies.

Fig. 12. Response of the primary flux-linkage under thrust load variation for
the three control strategies.

Fig. 13. Input Phase-A current response under thrust load variation based on
the three control strategies.

TABLE III
COMPARISON OF THE TRANSIENT AND STEADY-STATE PERFORMANCE AMONG

CDTC, CSTSM-DTC, AND NSTSM-DTC STRATEGIES

Fig. 14. Experimental platform of the AIM drive system.

A. Simulation Results

In this section, the LIM performance is analyzed under the
NSTSM-DTC, CSTSM-DTC, and CDTC strategies with three
different operating conditions. In order to obtain a fair compar-
ison, the three control strategies have been done under the same
thrust limitation and the same gain parameters of the speed con-
trol loop. Meanwhile, the control parameters for thrust and flux
control loops are same in both NSTSM-DTC and CSTSM-DTC
methods.

Case 1 Starting up Process: In this studying case, the
system performance is tested under no load. Simultaneously,
the linear speed is changed from standstill (0 m/s) to 10 m/s.
The speed responses of the LIM under CDTC, CSTSM-DTC,
and NSTSM-DTC strategies are depicted in Fig. 4. It is observed
from this picture that the actual speed response under the pro-
posed NSTSM-DTC can follow the desired speed very well in
term of the quickest response, which confirms the effectiveness
of the NSTSM algorithm. The corresponding LIM electromag-
netic thrust is shown in Fig. 5. It can be noticed from this figure
that the thrust response under the proposed NSTSM-DTC can
settle to the steady-state in smaller time than those of CDTC and
CSTSM-DTC, separately.

Moreover, Fig. 5 clearly shows that the ripples of the LIM
electromagnetic thrust under the proposed NSTSM-DTC are
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Fig. 15. Starting-up drive performance from 0 to 5 m/s for linear speed, electromagnetic thrust, input phase-A current, and primary flux-linkage. (a) New
supertwisting sliding mode direct thrust control. (b) Conventional supertwisting sliding mode direct thrust control. (c) Conventional DTC.

Fig. 16. Comparison of the AIM speed responses for the three control
strategies.

Fig. 17. Comparison of thrust responses for three control strategies under
starting up.

Fig. 18. AIM estimated primary flux-linkages for the three control strategies
under starting up.

smaller than those obtained from CDTC and CSTSM-DTC
methods. In addition, the resulting primary flux-linkage of the
LIM is constant during the starting up process, as illustrated in
Fig. 6.

Case 2 Variable LIM Speed Under Constant Thrust: The
drive performance of the LIM system controlled by the CDTC,
CSTSM-DTC, and NSTSM-DTC strategies is fully observed
under a sudden linear speed change with a constant load. The
LIM speed profile is presented in Fig. 7, where the desired linear
speed is decreased from 10 to 8 m/s at t = 10 s.

Meanwhile, the load is maintained constant at 60 N. It
is noted from the Fig. 7 that the speed response under the
proposed control strategy, NSTSM-DTC, takes smaller settling
time to reach the desired linear speed and smaller speed tracking
error compared with the other two control methods, CDTC
and CSTSM-DTC. The corresponding electromagnetic thrust
responses of CDTC, CSTSM-DTC, and NSTSM-DTC under
the sudden linear speed change are shown in Fig. 8. It can be
observed that the speed change of LIM is directly proportional to
the electromagnetic thrust that help to track the actual reference
speed gradually. Also, from this picture, it can be observed
that the thrust ripple based on the NSTSM-DTC strategy has
lower value. On the other hand, the corresponding input phase-A
current during speed changes is shown in Fig. 9. It is seen that the
input Phase-A current changes directly with the variable linear
speed, which similarly happens in the three controlled strategies
aforementioned.

Case 3 Thrust-Load Change at Constant Speed: In this test,
the NSTSM-DTC strategy is verified under a constant linear
speed and variable thrust load. The linear speed is fixed at
8 m/s, while the load is decreased from 100 to 75 N at t =
10 s, and after 5 s it is increased again to 100 N. The behavior
of electromagnetic thrust during three different loading levels
based on the three control strategies are depicted in Fig. 10.
As seen from this figure, the NSTSM-DTC can get the fastest
dynamic response with smallest thrust ripple among the three
algorithms.

Moreover, the linear speed responses under CDTC, CSTSM-
DTC, and NSTSM-DTC strategies are depicted in Fig. 11,
respectively. It can be seen that the actual linear speed can
quickly follow the desired value with small steady state error,
which ensures the effectiveness of the proposed NSTSM-DTC
strategy. Fig. 12 describes the performance of primary flux-
linkage, which is constant under load change for the CDTC,
CSTSM-DTC and the NSTSM-DTC, individually. Finally, the
LIM input phase-A current under different control strategies
is shown in Fig. 13. It is seen that the input current response
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Fig. 19. Responses of speed variation under constant load for linear speed, electromagnetic thrust, input phase-A current, and primary flux-linkage. (a) New
supertwisting sliding mode direct thrust control. (b) Conventional supertwisting sliding mode direct thrust control. (c) Conventional DTC.

Fig. 20. Comparison of the AIM speed response for the three control strategies
under the speed variation.

Fig. 21. Comparison of the thrust response for the three control strategies
under the speed variation.

can be modified in the same way as the load change by the
three control methods. According to the simulation results, the
comparison of the LIM performance under the three control
strategies for different operating conditions is given in Table III.
It is clear from Table III, that the NSTS-DTC strategy has the
smallest settling time of linear speed response during the start-up
operation compared to CSTSM-DTC and CDTC. Also, the pro-
posed control strategy has the smallest steady-state speed error
during load and speed variation as given in Table III. Moreover,
the NSTSM-DTC strategy can reduce the steady-state ripple
in electromagnetic thrust under different operating conditions
compared to the other two control strategies. It is difficult to get
accurate information, how much percentage improvement on
the dynamic response and the steady-state tracking error, which
varies with the operation states, such as the reference speed and
the loading requirement, as illustrated in Table III. Meanwhile,

Fig. 22. AIM input Phase-A current based on the three control strategies under
the speed variation.

the NSTSM-DTC strategy can reduce the steady-state ripple in
electromagnetic thrust under different operating conditions by
7% compared to the other two control strategies.

B. Experiments and Analysis

For experimental verifications, one prototype, arc induction
motor (AIM) with large radius, is built up to simulate the
drive performance of practical LIM, as illustrated in Fig. 14.
An incremental encoder and a hall current sensor are used to
measure the rotating speed and the primary current, respectively.
For the large radius, the circular movement can be approximated
as linear movement. The load is managed by a permanent magnet
synchronous generator coupled to the shaft of AIM, whose
terminal is connected with three-phase variable resistance. The
proposed NSTSM-DTC strategy executed in this prototype is
fully compared with those of CSTSM-DTC and CDTC, respec-
tively. The parameters of the employed AIM are listed in Table II.
For a fair comparison, the thrust limitation and the speed gains
are kept the same in all control methods.

In order to keep the safe operation, the dc voltage is limited
to 340 V, and the maximum speed is about 6 m/s. Full investiga-
tions are made on the NSTSM-DTC strategy in three operating
conditions, including starting up, speed variation under constant
thrust load, and thrust load variation under constant speed. More
details are given out as follows.

Case 1: Starting up Process: The starting up performance
of the AIM is examined for the three control methods, where the
speed is changed from 0 to 5 m/s with a light load representing
the coupling and shaft losses. The dynamic responses of the
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Fig. 23. Load variation responses for linear speed, electromagnetic thrust, input phase-A current, and primary flux-linkage. (a) New supertwisting sliding mode
direct thrust control. (b) Conventional supertwisting sliding mode direct thrust control. (c) Conventional DTC.

Fig. 24. Comparison of the AIM speed responses for three control strategies
under thrust load variations.

Fig. 25. Comparison of the thrust response of the three control strategies under
the thrust variations.

Fig. 26. AIM estimated primary flux linkage for three control strategies under
thrust variations.

linear speed, electromagnetic thrust, input phase-A current, and
primary flux-linkage for the NSTSM-DTC, CSTSMC-DTC, and
CDTC methods during the starting up process are shown in
Fig. 15(a)–(c), respectively. To illustrate the advantages of the

Fig. 27. AIM input Phase-A current for the three control strategies under the
thrust load variations.

NSTSM-DTC over the other two control methods, the linear
speeds of the three control methods are given out in Fig. 16.
The AIM speed response during the starting up based on the
NSTSM-DTC has faster response in comparison to the other
two control methods. In the similar way, the electromagnetic
thrust responses for the three control strategies are illustrated in
Fig. 17. This figure proves that the thrust ripple of the proposed
strategy, NSTSM-DTC, has the smallest value. Furthermore,
Fig. 18 shows the estimated primary flux-linkages of the CDTC,
CSTSM-DTC and NSTSM-DTC, which is almost constant un-
der the three different algorithms.

Case 2: Variable Speed Under Constant Thrust Load: This
test is presented to check the capability of the NSTSM-DTC over
the other two control methods under variable linear speed and
constant thrust load. The speed changes from standstill to 6 m/s
during the first 20 s, and then the AIM speed decreases to 4 m/s
while the thrust load is kept constant. The dynamic responses of
the linear speed, electromagnetic thrust, input Phase-A current,
and primary flux-linkage for the NSTSM-DTC, CSTSMC-DTC,
and CDTC during the speed variation are shown in Fig. 19(a)–
(c), respectively. Comparison of the AIM speed responses for
the three control strategies are shown in Fig. 20. It is known that
the AIM speed response under the NSTSM-DTC has the fastest
response among these three methods. Also, the electromagnetic
thrust response under the proposed method has the smallest
ripple as illustrated in Fig. 21. Briefly, a small effect on the
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thrust load happens due to the changing effect of the AIM
speed in response to the rotating permanent magnet synchronous
generator. Furthermore, the AIM input phase-A currents based
on the three methods are altered due to the speed variation, as
illustrated in Fig. 22.

Case 3: Variable Thrust Load Under Constant Speed: This
testing is proposed to investigate the validity of the NSTSM-
DTC under load variation condition. In general, the load changes
from 80 to 225 N firsty, and after 15 s, the load decreases again
to 80 N at constant speed of 3 m/s. Fig. 23(a)–(c) illustrates
the dynamic responses of the linear speed, electromagnetic
thrust, input phase-A current, and primary flux-linkage for
the NSTSM-DTC, CSTSMC-DTC, and CDTC during the load
variation. Comparison of the AIM speed responses for three
control strategies under thrust load variations is shown in Fig. 24.
As seen from this picture, the speed response of the proposed
method has the smallest speed drop and speed overshoot during
the load increase and decrease. In addition, the speed response
under the NSTSM-DTC strategy has the fastest response ap-
proaching to the reference speed. Moreover, the electromagnetic
thrust responses for the three-control strategies are illustrated in
Fig. 25. As seen from this picture, the electromagnetic thrust
response under the proposed method has the smallest value
among the three methods. The estimated primary flux-linkage
is kept constant for the three-control strategies as observed from
Fig. 26. Finally, Fig. 27 shows the input Phase-A current, which
would follow the load variation in the three control strategies.
Some fluctuation can be observed in the current response for the
three control strategies due to some end effect existing in the
LIM drive system.

V. CONCLUSION

In this article, an NSTSM-DTC was proposed for the LIM
drive system. The NSTSM algorithm was first employed for
both electromagnetic thrust and primary flux linkage control
loops. Then the Lyapunov theorem was adopted to analyze
the stability of the NSTSM-DTC. The LIM drive performance
under the proposed NSTSM-DTC strategy was fully com-
pared with those of the conventional DTC and the CSTSM-
DTC methods. Both simulation and experiments have veri-
fied that the NSTSM-DTC can get faster dynamic response,
stronger robustness, lower thrust chattering in comparison to
those of CDTC and CSTSM-DTC. Moreover, the electromag-
netic thrust ripple reduction based on the NSTSM-DTC is 7%
compared to other two control methods, which can reduce
the noises and vibrations effectively in the whole LIM drive
system.
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