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COMBINED FIRST AND SECOND-ORDER SLIDING MODE
CONTROL OF INDUCTION MOTOR
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This paper uses hybrid sliding mode control to solve an output feedback tracking problem for the induction motor (IM). The main
idea of this approach lies in the design of a law that ensures a smooth transition between two sliding regimes based on the choice
of two sliding surfaces, one being linked to the other. The control is a combination of first and second-order sliding modes. The
proposed approach controls the speed and rotor flux amplitude of the induction motor and guarantees the stability of the
decoupled speed and rotor flux by using a Lyapunov method. The hybrid sliding mode algorithm provides robustness despite
external disturbances and parameter variations. The controller has been implemented on an experimental setup, and results are
presented to confirm the proposed method's effectiveness, robustness, and good performance.

1. INTRODUCTION

Induction motors (IM) have been widely employed in
industrial applications. With the development of power
electronics technology, several control approaches,
including field-oriented control (FOC) and variable structure
control, have been used to regulate the IM in high-
performance systems [1-5].

The sliding mode (SM) approach has received worldwide
recognition and much attention in recent years for controlling
induction machines. Ideal sliding mode control (SMC) is a
unique nonlinear regulation approach with a particularly
dynamic performance for IM, such as high resilience, quick
response, and easy implementation in theory and practice—
moreover, the most significant property of its robustness, fast
dynamic response and insensitivity to parameter variations.
We can see in [1] the basic concepts and principles of sliding-
mode control of electric drives, and some aspects of the
implementation are illustrated in [2].

However, the SMC suffers from chattering, which is a
significant drawback. The chattering problem is due to the
SMC's discontinuous nature, the control algorithm period,
and the maximum power inverter switching frequency [1].

Several searches have proposed integral sliding mode
control to ensure asymptotic tracking with zero steady-state
error and reduce chattering [6-9]. For instance, in [6,7], the
sliding control law in the form of an integral switching
surface has been defined to improve the high performance of
an IM. In [8], the proportional-integral (PI) speed controller
of conventional indirect field-oriented control is replaced
with a sliding mode controller, in which the hyperbolic
tangent function is used as a switching function aiming for a
reduction in the chattering effect. Moreover, in [9], an
integral sliding mode controller with a new anti-windup
mechanism is used to speed up IM.

In [10], the authors utilized the integral sliding mode
technique to design an observer for the IM’s predictive stator
current control algorithm.

Some authors have used other methods, such as the
saturation function, variable-bandwidth filter [11], and
boundary-layer solutions [12]. However, integral action can
achieve zero steady-state error. Due to the nonlinearity of the
IM, such controllers do not handle well and lead to
deterioration of the system's transient response.

Furthermore, in [13,14], the authors suggested an SMC with
other advanced control methods. [13] proposes a combination
of the backstepping control and the synergetic-sliding mode

controller. This control relies on combining backstepping and
synergetic SMC advantages to control the IM speed.
Moreover, in [14], the hybrid control is designed to regulate
the speed of IM and to reduce chattering by embedding a fuzzy
logic control into the sliding mode control. It is essential to
consider that using SMC in combination with other control
methods increases the regulator’s complexity, which contrasts
with the simplicity of SMC.

Concerning chattering reduction, a novel class of SMC
algorithm called the second-order sliding mode (2-SMC)
algorithm has been developed [15-17]. This approach allows
finite-time convergence to zero of the sliding manifolds and
their derivatives. Several studies have used this approach to
achieve high performance and robust control of IM and reduce
the chattering phenomenon [18-21]. For instance, in [18],
authors present a novel cascade proportional-integral (PI)
continuous second-order sliding mode control for IM using
two loops; the inner-loop SMC controls the current dynamics
of the motor, while the outer loop is the PI controls speed.

[19] propose the input-output feedback linearization for
the exact decoupling of electromagnetic torque and rotor flux
using a fractional-order sliding mode controller for speed
control. In [20], a super twisting sliding mode algorithm is
employed for direct torque and flux control for speed control
of IM and reducing the chattering phenomenon. Moreover,
[21] presents a second-order terminal sliding-mode speed
controller with a nonlinear control gain using the anti-
windup mechanism. However, at some operating points,
these solutions cause instability.

The subject of this paper is concerned with the application of
hybrid SMC for vector-controlled IM speed and rotor flux. The
control idea is based on employing two sliding surfaces, and the
first surface's convergence depends on the second's
convergence. A first- and second-order SMC combination is
proposed to achieve input-output decoupling between speed and
rotor flux and ensure tracking with high dynamic performances.
The experiment results are presented and discussed.

The paper is prepared as follows. Section 2 explains the
IM model. Section 3 presents a novel combined first- and
second-order sliding mode control. Section 4 contains a
discussion and experimental results. Finally, section 5
presents the conclusion.

2. MODEL DESCRIPTION OF INDUCTION MOTOR
WITH FIELD ORIENTATION

The vector control concept has become a standard tool for
high-performance control of AC motors. The ultimate
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objective of vector control is to enable decoupling control of
torque and flux like the power of separately excited direct
current (DC) motor. The flux vector ¢, is forced on the d-
axis of the (d—q) synchronous reference frame of Park [3],
@Pra = Pr) 'q)rq =0

In this case, the two phase equivalent IM model, with rotor
field orientation, is described by the following equations:
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where @4 is the rotor flux, and (is4, isq) are the stator currents.
The control vector is defined by Vs = [Vsg, Vg 1T, and T7. is
the load torque, w is the mechanical frequency of the electrical
rotor speed, o is the total leakage factor. Rs and R- denote stator
and rotor resistance, Ls and L. are stator and rotor inductance,
M is mutual inductance, p is the number of pole pairs, J is the
moment of inertia, and F is the friction coefficient.

3. NOVEL COMBINED FIRST AND SECOND-
ORDER SLIDING MODE CONTROL

3.1 PROBLEM FORMULATION

The proposed method's objective is to control the rotor
speed and the square of the rotor flux separately. The control
is based on the employing of two sliding surfaces "S" and " I'".
To apply our control technique, we need to choose two sliding
surfaces S and I" as follows:

The first sliding surface S:

S Wyef — W
SRk e
S¢ q)ref - q) ( )
The second sliding surface I is [16]:
I' =S +Kk|S|sng($), 3)

where & = @Z; and orer, Grer are the desired speed and square

of the rotor flux references signals with: ' = [F:]’ k=

ky, O
0] 0
The first surface is dependent on the convergence of the
second. The system's state transits from the first surface, S to
the second surface I' , and arrives at the origin in finite time.
At first, the system states @ and ¢ will converge, in finite
time, to the reference values when they are kept on the
sliding surface I’ = 0 then: S + k|S|sng(S) = 0. We obtain:

S =-K|S|sng(S) —» S=-kS. (4

Equation (4) ensures the states of speed and the square of
rotor flux will exponentially converge to the reference values
when they are kept on the sliding surface S =0

Next, the control law is designed for the second-order
sliding-mode which drives the state variables to the sliding
surface ' = 0, = 0, converging to the zero point along it.

When I' = 0, we can write:

S+KkS =0, 5)

we obtain § = —k§.
In this case, the trajectories are characterized by second-
order sliding mode around the origin of a sliding variable.

3.1.1. CONTROL LAW
The derivative of the sliding manifold given by (3) is:
I'=S§+KS. (6)
To design the control law, the reaching law is chosen as:

= —A.sng(D). @)

Ao O )
A= [ 0 ], which the constants A, 7\4) > 0.
Substitute (3) and (6) into (7), and we can write:
S+ kS = —A sng($ + k|S|sng(s)),
§ = —\sng(S + k|S|sng(S) — kS
Hence, the dynamic of first sliding surface S:
. TL
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The second derivatives of sliding surface S:
Se = ha(x) + Dy (x)Vs
S¢ = ha(x) + Dy (x)Vs
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Equation (10) can take the following form:
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By replacing (11) with (5), the second-order sliding mode
control law of the system (1) is given as:

Vsa hy (x)
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The inverse D! exists for all time. h; (x) and h,(x) must
satisfy: |h, (x)| < Cy, |, (x)| < C; , which Co and C1 are the
positive constants.

The algorithm's convergence with a prescribed
convergence law differs; it's a smooth transition between two
sliding modes. This technique can be considered as a
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where: D(x) =
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(12)
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combination of two sliding mode regimes. The first is a
classical sliding mode, reached when the surface I' = 0. At
this time, the system can leave the original surface S =
-k|S|sgn(S) towards a second-order sliding mode with I' =
0. When the trajectory approaches the second-order sliding
mode, set $ =S =0, which will be guaranteed, hence the
existence of a second-order sliding mode.

To guarantee the global stability of the proposed sliding-
mode control system, the sliding-mode controller should
satisfy Lyapunov’s stability theory [3]. The Lyapunov’s
positive function is selected as:

V=-rTT (13)

The sliding mode is obtained provided that the Lyapunov
attractivity relation is less than zero, i.e., V.= I''T < 0.

By replacing (11) into (6) the derivative of V is:

V = (h(x) + DGOV, + kS)(S + kIS sgn(S)). (14)

Substituting (12) into (14), the derivative of Lyapunov
function V becomes:

V= —7\0)|$m + kaSmlsng(Sm)| - )L¢|.S.‘¢ +
ky[So|sng(Se)| < 0. (15)

With the developed nonlinear sliding-mode controller (12)

the reaching Lyapunov function condition V < 0 is satisfied,
and the controlled system will be stabilized.
Remark: From the above control law of eq. (12),
implementing these algorithms requires the load torque and
rotor flux estimations since stator currents, voltages, and
rotor speed are available by measures. The rotor flux is
estimated by a 3" equation of system (1). A simple estimated
rotor flux @, is given by the following equation:

~

r= Trstl lsq (16)
with: ¢, = @,%, and s the Laplace’s operator.

The estimated load torque can be easily obtained using the
motor model's mechanical equation, estimated rotor fluxes,
and measured stator currents.

(PWM) inverter (Fig. 2) is connected to DC bus voltage, with
a switching frequency of 10 kHz. The experimental system
has analog inputs, encoder inputs, and PWM output
channels.

Tests and results are conducted in the L.T.I laboratory at
the University of Picardie Jules Verne, Soissons, France.

(b)

Fig. 1 — (a) Graphical user interface, (b) Real-time visualization on
Simulink/Dspace.

(b)
4. EXPERIMENTAL SETUP Fig. 2 — (a) Darlington assembly to supply the drivers with 15 V,
The proposed control has been implemented on an (b) PWM Inverter.
experimental setup, which consists of a Dspace card DS1104
with a TMS320F240 slave processor and an ADC interface
board CP1104 (Fig.1). A three-phase pulse width modulation
P Inverter

\Y -DSP1104

Orey ,é% V*‘; — Graphic

Ores Sy Hybrid SMC 7 > |- interface

—’@— Eq. (12) = /3 >
¢ o 9 b
M q 2/ (abc)

Rotor Flux
Estimator

Fig. 3 — Block diagram of the proposed SMC of induction motor.
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The control program is written in MATLAB/Simulink real-
time interface with a sampling time of 10 s. Figure 3 depicts
the control system for IM's configuration. The induction motor
parameters are listed in Table 1.

Table 1.
Induction Motor Parameters

Nominal rate power | 1.5 kW R, [14.20Q

Nominal rotor speed | 1440 rpm R, 1 5.72Q
Nominal Voltage | 220/380 V M | 0.4402 H

Rated load | 10 Nm Ly, L, | 0462 H
Number of pole pairs ) J | 0.0049 kg.m?

F | 0.003 ST

It is assumed that all the parameters are known and constant
except for the rotor time constant 7, which will change during
the motor operating

4.1. DISCUSSION AND EXPERIMENTAL RESULTS

The motor is required to track the reference speed and
square of the rotor flux. Some experimental results are
provided here to verify the effectiveness of the proposed
method. The reference flux is set to 0.7 Wb, and the load
torque () is applied throughout the simulation.

Several tests have been performed to prove the proposed
sliding mode approach's performance and robustness, and the
results are given in the following figures.

First, we test the speed evolution of the system, given in
Fig.4, and show the disturbance rejection. The induction
motor is operated from 50 rad/s to 140 rad/s under no load,
then a load torque of 7 Nm is applied at £ =3 s, and afterward,
at =9 s, the motor is decelerated to 10 rad/s. The rated load
is removed at £ =13 s. We can see the rotor flux and speed
tracking are very good with a well rejection of the load
torque. The stator current in the rotating reference frame (izq,
isq), and the control vector (Stator voltage Vg4, Vsq) is used
to confirm that the decoupling control is perfect. Also, we
note that the chattering in the stator current waveform isa is
very weak. In this test, the control performances are very

satisfactory.
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Fig. 4 — Experimental dynamic responses of rotor speed variation under
load torque T=7 Nm: (a) Rotor speed, (b) Rotor flux, (c) Stator voltage
(Vs4,Vsq), (d) Stator current isa..

Another reference trajectory of rotor flux is tested, as shown
in Fig. 5. The rotor flux varies from 0.7 Wb to 0.9 Wb and then
decreases to 0.6 Wb. The speed tracking is well maintained,
and the reject of the load torque is achieved.

Rotor Flux (Wb)

o 2 4 6 8 10 12 14
@ time (s)

Rotor Speed (rad/s)
150 [
100 /
15
50

0

o] 2 4 6 8 10 12 14
(b) time (s)

Fig. 5 — Experimental responses of rotor flux variation under load
torque Tr=7 Nm: (a) Rotor flux, (b) Rotor speed.

A last test was performed to validate and evaluate system
performance and robustness against the parameters variation.
The results reported in Fig.6 illustrate the robustness of the
proposed control under increasing in inverse of rotor time
constant 1/T,., with the presence of load torque at = 4.2 s.
The motor is started with its nominal rotor time constant,
then, 1/T,. , it is suddenly set to +100% variation at t =8.2 s
and eliminated at 12.2 s. The rejection of load torque is very
efficient, and a perfect rotor flux orientation on the d-axis of
the synchronous reference frame is noted. Thus, good speed
regulation and no appreciable variations occur when the
torque increases and there is no considerable chattering.
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Figure 7 shows the convergence of the speed and flux sliding o1 Flux Sliding Surface
manifold to zero. Experimental results validate the
effectiveness of the proposed technique. 0,05}
Rotor Speed (rad/s) ok
150 T - ;
7 2 I s e e By R -0.05 r
100 _0'10 2 4 6 8 10 12 14 175
15 (b) time (s)
50 TL 1/Tr Fig. 7 — Responses of sliding mode surfaces: Rotor speed surface SQ.,
l Rotor Flux surface S¢.
¥
| R 1
ol r 5. CONCLUSION
0 2 4 6 10 12 14 15 . . .
@ time (s) It is concluded from the experimental results that this study
L Rotor Flux (Wb) has successfully demonstrated the design and implementation
of a new sliding mode induction motor control. The developed
08 sliding-mode control law combines first- and second-order
e — sliding-mode techniques using two sliding surfaces. At the
0.6 o8 7 same time, the selected sliding surfaces can allow a smooth
' T ] transition between the two regimes. The proposed approach
0.4 | | | . . . qe . .
0.7 e preserves the merits of classic sliding mode, realizes the merits
02 ||| given by second-order sliding mode, and demonstrates
0.6— 5 3 i 10 léi 14 excellent performance and stability under rotor time constant
o | | | variation, external load disturbances, and speed tracking with
0 2 4 6 8 10 12 14 15 _ . . .
(b) time (s) negligible chattering. Experimental results are satisfactory, the
Stator Current (isd, isq) (A) req.ul.red performance and robustpess are achieved, and the
4 validity of the proposed approach is proved.
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Fig. 6 — Experimental dynamic responses with Tr=7 Nm and 100%
1/Tr variation. (a) Rotor speed, (b) Rotor flux,
(c) Stator current (isd, isq), (d) Control vector components (Vsd, Viq).
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