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Abstract: A robust sliding mode approach combined with a field oriented control (FOC) for induction motor (IM) speed control
is presented. The proposed sliding mode control (SMC) design uses an adaptive switching gain and an integrator. This approach
guarantees the same robustness and dynamic performance of traditional SMC algorithms. And at the same time, it attenuates the
chattering phenomenon, which is the main drawback in actual implementation of this technique. This approach is insensitive to
uncertainties and permits to decrease the requirement for the bound of these uncertainties. The stability and robustness of the closed-
loop system are proven analytically using the Lyapunov synthesis approach. The proposed method attenuates the effect of both
uncertainties and external disturbances. Experimental results are presented to validate the effectiveness and the good performance of

the developed method.
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1 Introduction

Due to the advances in power electronics and micropro-
cessors, induction motor (IM) drives used in variable speed
and position control have become more attractive in in-
dustrial processes, such as robot manipulators, factory au-
tomations, and transportation applications. However, the
dynamic characteristics of the induction motor drive are
complex, highly nonlinear and coupled. In addition, the
drive control is sensitive to machine parameter variations
and load disturbances.

In the past years, many techniques for the control of IMs
have been investigated. Among them, the field oriented
control (FOC) is the most popular one. The availability
of high-performance digital signal processors (DSPs) makes
field oriented control a practical choice for a wide range of
applications. The rotor flux orientation is generally pre-
ferred, owing to the obtained high dynamic and steady-
state performance. Nevertheless, the control performance
of the resulting system is still influenced by the uncertain-
ties, which are usually composed of unpredictable param-
eter variations, external load disturbances and nonlinear
dynamics. Therefore, many studies have been made on the
motor drives in order to preserve the performance under
these uncertainties™ 4. For example, new nonlinear con-
trol approaches were proposed such as neural controll®?!,
fuzzy control™¥ and sliding mode control (SMC)P~8,

In the last few years, the variable structure control strat-
egy using the sliding mode has received much attention in
the electrical drives control areal® 4. The main objective
is to close the dynamic system with a sliding surface. The
most significant property of the sliding mode control (SMC)
concerns its robustness, fast dynamic response and insensi-
tivity to parameter variations!** =% Usually, the SMC has
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some intrinsic problems, such as discontinuous control that
often yields chattering which may be considered a problem
for implementing in some real applications. Recently, differ-
ent methods have been suggested to reduce the chattering
using the continuous approximation techniques such as the
boundary layer[3’15718].

The aim of this paper is to develop a nonlinear sliding
mode control law which incorporates an adaptive switching
gain according to a sliding surface, angular speed and its
derivative. An improvement of this method was verified by
a practical implementation with comparison between sig-
moid function, relay function and hyperbolic tangent func-
tion.

However, the use of classical SMC approach via an
adaptive switching gain permits to reduce chattering phe-
nomenon but leads to a steady-state error created by dis-
turbance. Then, we added an integral action when the tra-
jectories of states approach their references to eliminate this
steady-state error'*®=22l. The proposed algorithm provides
better convergence than those proposed in the literatures
while keeping the robustness properties. We used this ap-
proach to control the speed and flux of an induction motor.

The implementation of this algorithm requires the real
time availability of the time-derivatives of the speed. To do
this, we use a robust differentiator via the sliding model”
which is applied to angular speed measurements. Exper-
imental results are presented to validate the effectiveness
and the good performance of the developed method.

The paper is organized as follows. In Section 2, we
present the model of IM. Section 3 is devoted to the non-
linear sliding mode control where the robust speed control
design uses an adaptive switching gain and integrator. The
experimental results are presented in Section 4. Section 5
draws the conclusions.
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2 Induction motor model

The dynamic equation of an IM in a synchronous refer-
ence frame is!'®

. 1 L

wdr = _*wdr + wrwq'r + m—[ds
Tr 1 LTT

wqr = _wr’(/)dr - ;wqr + ?qus

. 1 1
Ids = Lwd'r + gpwm'l/]qr - *Ids + wS[qS + Vds
T1L1 Ly T1 1 Lll
o o
_a S N P V,.
Llpwmwd + TlLlwq Wslas = —los & 7 Vas

m = Bla(arlss = YorTas) = T

iy =

(1)
where Vys and Vs are the stator voltage components, I4s
and I, are the stator current components, and ¥4, and g,
are the rotor flux components.

And wr = ws — pwm, L1 = Ls — alm, a = %’:, T = é—:,
T = I%, Ri = R, + ozzRT7 where R, and R, are the rotor
and stator resistances, L, and Ls are the rotor and stator
inductances, L, is the mutual inductance, p is the number
of pairs of poles, w,, ws and wy, are the slip speed, electrical
synchronous speed and rotor speed, Ty, is a load torque, and
J is the inertia.

Conventionally, the d-axis is the magnetising axis and
g-axis is the torque axis, so we can write the following

expressions (61

Yar = Ya
Pgr = 0.

Then, the rotor flux is oriented to the d-axis. This ori-
entation leads to the decoupling between flux and torque,
resulting in a linear and decoupled machine control, an op-
timal developed machine control and an optimal developed
torque[ls’].

Thus, b = 0 or g, = 0 with t,,(0) = 0. This allows
eliminating the terms g4, in (1), which reduces the model
order to four. Indeed, the second state equation of system
(1) becomes
L Igs
Trwd'r '

Ws = Pwm + (2)

This gives the expression of the stator pulsation accord-
ing to the variables of states. Then, the state space equa-
tions become

. 1 L,
wd'r = 7*wdr + 7Ids
. v b 1
Ias = L"pdr — —1gs +Wqus + —Vas
TlL& T1 1 L1 1 (3)
Iqs = - 7pwmwd'r - wsjds - *Iqs + 7‘/115
» Ly T1 Ly
Wm = j [ wd'rlqs - Tm} .

3 Control design

3.1 Sliding mode control

The drawback of the classical sliding mode control is the
well-known chattering phenomenon, which may excite un-
modeled high-frequency modes and can also lead to high de-
terioration of moving mechanical parts and high heat losses
in electrical power circuits.

The sliding mode controller was designed to operate over
the same variables used in the FOC method. The main ob-
jective of this approach is to obtain a sliding mode controller
with all the qualities of FOC, which calculates the optimal
stator voltage vector to maintain the stator winding linkage
flux magnitude and speed within the desired ranges[lg].

In general, the design procedure of the sliding mode con-
trol technique can be divided into two steps. In the first
step, we can design a switching surface. Such system re-
sponse in the sliding mode has the desired properties. The
second step, is to design the control law to achieve the reach-
ing condition for a sliding mode to be achieved in a finite
time.

3.2 Flux regulation

Considering the first and second equalities of system (3),
we can obtain the expressions as

. 1 L
wdr = *71/% + Tlds
o 1 1 (4)

T 'r_*-[s sIs Vs~
T1L1wd gl + wsly +L1 4

jds =
For simplicity, we define the following flux error:

ef = wdr - wdr,ref

where g, _res is the flux magnitude reference and g, is
estimated from the measured value of I4s by using the first
equality of (4).

The sliding mode flux surface is defined as

Sy =cief +é;. (5)

Taking the derivative of the previous equality by substi-
tuting the first equality of (4) with ¥g4r_r.y = constant, we
obtain

Sf =ciéy +é5 =

Clqbdr"rqﬁdr:
RV Ta) — —thar fas.
(c1 TT)( Tr% +— ds) TTW + 1l (6)

By substituting 'l/.)d,« and I4s from (3) into (6), we obtain

1 Lo
Sy :(61* =2t — )¢dr+
1 1.Ln,
(1 — — = =—)—Ilas + Uy (M

Tr T Tr

where Uy = Zm (w, Iy + L%Vqs) is the new control function.

Tr

In order to obtain the so-called equivalent control uyeq,
we can resolve (6) and obtain

1 1 Lo
11l

Igs. (8)

)wdrf

Tr T1 Tr

The function AUy is the discontinuous term employed to
eliminate the influence of the uncertainties, which are usu-
ally composed of unpredictable parameter variations, exter-
nal load disturbances, unmodelled and nonlinear dynamics,
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etc. AUy can be represented as
AUy = —Kysgn(Sy). (9)

3.3 Speed regulation

The equations used for angular speed regulating are writ-
ten as
1

o 1
Iqs = - flpwmwdr - u-}sIds - ;Iqs + qus
p

d}m - j [ 1/}d7“lq3 - m] . (10)

From the second equality of (10), we can write
T JOm
+

I, = .
7 athar  patpar

(11)

The elimination of the state variable I, gives the follow-
ing differential equation in wy,:

Om = g [awdrqu — Tl =
? [awdr(f gpL’-’mwdr7Wsjds*iqu + i‘/qs)*jﬂm =
J L1 T1 L1
L. & P P
- Ewm - Epwdrwm - TTle - ij + Uy (12)

We note that the mechanical load torque T3, is assumed
to be a slowly varying function of time

where u, = ﬁpwdrvqs — %pwdrwslds represents the con-
2
trol input, A = f%, B = *%pwﬁm and C' = fJL;le —

LT
The error on the angular speed is written as

€y = Wm — Wref
Sy = caey + €y (14)
where cs is a positive constant.
The derivative of (14) can be written as
Sv =C2€y + €y =

CZ(U.Jm - U:}ref) + ("Jm - d-')ref)- (15)

The equivalent control Useq is defined by

Uveq = _(02 - A)d)rn + me + C + C2wref + wref~ (16)

And the discontinuous control is

Au, = —(Ky)sgn(Sy). (17)

To satisfy more performance with the sliding mode con-
troller, we must choose a large value of K,. But a larger
value of K, may lead to more chattering of the control vari-
able and system states. A boundary layer of definite width
on both sides of switching line is introduced to reduce chat-
tering.

We know that sliding mode techniques can generate
undesirable chattering. To eliminate the chattering phe-
nomenon, we replace a discontinuous signum function by a
smooth function like sigmoid function or saturation func-
tion sat (S) or hyperbolic tangent function tgh (S). Con-
sequently, the robustness will decrease.

The chattering problem is overcome using a hyperbolic
function for the sliding surface. To eliminate the chattering
without losing the robustness, the gain K, was replaced by

Ky = K16m + Kowm + K3 |Sy]. (18)

It should be noted that our proposition is used to over-
come the undesirable chattering. By using this function, the
switching gain is adapted according to Sy, wm and Wm,. The
switching gain is adapted using a simple algorithm which
does not imply a high computational load.

Note that the better choices of K1, K2 and K3 allow to
satisfy the sliding condition S,S, < 0 .

3.4 Robust differentiator

In the experiment tests, it is known that the derivation
of the angular speed using Matlab block differentiator may
generate the accurate derivative and some high frequency
noise.

In this section, a robust differentiator via sliding mode
technique is studied. Indeed, a robust exact differentiation
via sliding mode technique was proposed in [20]. The differ-
entiator considered features of simple form and easy design.
It was synthesized to be employed in real-time control sys-
tems.

Without lost of generality, let the input signal f(¢) be a
measurable function and let it consist of a base signal having
a derivative with Lipschitz’s constant C > 0. In order to
differentiate the input signal, consider the auxiliary equality

= u. (19)

Consider the following sliding surfaces which represent
the difference between x and f(t) :

s=x — f(t). (20)
By differentiating s, we obtain the relationship
s=u— f(t). (21)

The super twisting algorithm defines the control law u as
uU=u — A |s\% sgn(s) (22)

where u; = —wsgn(s), A\, w > 0, and wu is the output of the
differentiator.

Indeed, the super twisting algorithm converges in a finite
time, so the following relationship can be obtained in a finite
time: ) )

- f(t)=u—f(t)=0
or )
u= f(t).

The corresponding sufficient conditions for a finite time

convergence are

w > C

+C
A2 > 2
C’w c (23)
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Fig. 1 presents the structure of the differentiator®®!. The
separation principle is fulfilled for the proposed differentia-
tor. A combined differentiator-controller output feedback
preserves the main features of the controller with the full
state available[?4],

Super twisting p
13

Fig.1 Structure of the differentiator

3.5 Interpolation of the integrator con-
troller

In this section, our object is to reconstitute a control
law to eliminate the speed steady-state error creation by
disturbance. We propose to insert an integrator when the

trajectory of state approaches its referencel?*.

v, — | Usea+ AU, i ey —wmll >8
Uveq + AU’U + Uint, if ||w'ref - wm” <46
where
Uint = —ko / eodt (25)

k., is the integral constant.

4 Simulation and experimental results

The Simulink/Matlab software package implementation
was adopted because of its inherent integration of vectorized
system representations. Moreover, the simulation provides
valuable information about the dynamic behavior of the
plant. The proposed approach has been simulated using the
induction motor with the following parameters as shown in
Table 1.

Table 1 Motor parameters

Parameters Value
Rr 4.2Q
Rs 5.72Q
Lr 461 mH
Ls 462 mH
Lm 460 mH
J 0.015 kg-m?>
P 2 Pair of poles
Power 1500 W

Typical test simulations of a speed induction motor con-
trol include an internal parameter variation.

A periodic trapezoidal reference speed is used here to
study the tracking performance of the drive system. The
speed profile is increased linearly to 50rad/s during 3s. It
is kept constant at 50rad/s till ¢ = 8.5s, and decreased

linearly to Orad/s at ¢ = 11.5s, then kept constant at
Orad/s for 1s. Then it is decreased linearly to —50rad/s at
t = 15.5s. It is kept constant at —50rad/s till ¢ = 20.5s.
After that, it is increased linearly to Orad/s at ¢t = 23.5s.

In the following test, we use the classical discontinuous
control defined by

Au = —Ksgn(S)

where K is a positive constant.
The rotor speed and stator voltage are illustrated in
Figs. 2and 3.
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Fig.2 Behavior of speed rotor (measured and reference)
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Fig.3 Behavior of stator voltage

In order to avoid chattering problem and noise distur-
bances, we used a proposed discontinuous control described
in (18). The behavior of speed in the closed loop without
the integrator controller is illustrated in Fig.4. In Fig. 3,
rotor flux of a d-component is shown. Fig.5 shows the best
flux tracking and robustness for the change of speed refer-
ence.

The behaviors of two components stator voltages are pre-
sented in Fig. 6.
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Fig.4 Behavior of speed rotor (measured and reference)
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To eliminate speed steady-state error creation by distur-
bance, we inserted an integrator control.
Fig. 7 shows the behavior of the angular speed with in-

tegrator component. It demonstrates that the convergence

of the speed was achieved.
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Fig.7 Angular speed with integrator component

After the simulation tests and in order to verify the per-
formance of the proposed method, the experimental activ-
ities were carried out using the benchmark presented in
Fig.8. It includes electronic circuits and electro-mechanical
devices. Figs.9-11 display the built experimental setup
during the development phase.

The motor nameplate is presented in Fig. 12.

The experimental benchmark consists of a dSpace board
(DS1104) connected to a three-phase inverter by an adapter
card in order to drive a 1.5kW induction motor. The
dSpace board operates with a 0.1 ms sampling period and
the pulse width modulation (PWM) worked at 5kHz. At
each sampling instant, the dSpace board receives the mea-
sured current and actual position through the current trans-
ducer board and a 5000 points incremental encoder.

Fig.8 The benchmark used in the experiment tests (IUT
Soissons-France)

Fig.10 Adaptor electronic card

Fig.11 The position incremental encoder

The torque load is a powder brake. It is used to create
external disturbances in order to verify the robustness of
our approach. The conditioning signal board is necessary
to acquire the motor state variables from a high level of
current to an appropriate voltage level.
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Fig.12 Motor nameplate

The different tests for the sliding mode controller com-
bined with the field orientation principle of induction mo-
tor have proven the improvement made by our approach by
comparison with the classical switching gain.

To prove the performance of the proposed function for
the different speed conditions, several tests are performed
and the results are shown in Figs. 13-24.

Both the sign and the relay functions do not perform ac-
curately in a discrete-time system and the practical test,
resulting in oscillation and undesired chattering. This un-
desirable chattering can deteriorate the inverter electronics
components.

With the discontinuous control described by (17), it was
clear that the stator voltage component V;s may give rise to
chattering. In this case, we may risk destroying the motor
and the inverter arms. For this reason, we did not take this
experiment.

The first test was performed in order to test the efficiency
of the proposed method and evaluate the performance and
stability of the system. We used the sliding control mode
using the discontinuous control described as

AU, = —Kysat(Sy). (26)

Figs. 13 and 14 present the time evolution of the angular
speed with its reference and the behaviors of the stator
voltage, respectively.

The oscillations, usually referred to as chattering, are
known to result in a low control accuracy, high heat losses
in the electrical power circuits, and high wear of moving
mechanical parts. These phenomena have been considered
as serious obstacles for applications of the sliding-mode con-
trol.

Despite the use of saturation function, the stator voltage
presents undesirable oscillations that lose robustness.

Fig. 15 shows the evolution of the measured angular speed
and its reference using the discontinuous control described
by (18) and without interpolation of the integrator con-
troller.

Figs. 16—18 show the evolutions of I4s current, the rotor
flux magnitude (¢Yar_rey and tq,) and the stator voltages
(Vas and V), respectively.

It should be noted that the adaptive sliding gain allows
employing a smaller sliding gain, so that the value of the
sliding gain does not have to be chosen high enough to
compensate for all the possible system uncertainties.
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As can be seen from this experimental result, the speed
steady-state error was about 3 rad/s as show in Fig. 15.

In Fig. 17, high flux tracking and good rotor flux orien-
tation can be observed.

In order to overcome the speed steady-state error, we in-
troduced the integrator controller. We noticed that the er-
ror made in the speed converged to zero as shown in Fig. 19.

Fig. 19 shows the speed response of the motor, i.e., a very



K. Jamoussi et al. / Robust Sliding Mode Control Using Adaptive Switching Gain for Induction Motors 309

good speed regulation is obtained. One can see that the
obtained speed results are satisfactory and the oscillations
are minimal.
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Fig. 17 Estimated and reference d-axis rotor flux
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Fig.19 Real speed and reference speed with sliding mode and
integrator controller

As can be seen from this experimental result, the pro-
posed algorithm is very robust and reliable for any speed
condition.

In the same way, we applied the same condition for high
speed control. In Fig. 20, the speed profile is increased lin-
early to 150 rad /s during 3s. It is kept constant at 150 rad/s
till ¢ = 8.2, decreased linearly to Orad/s at ¢ =11.2s, and
kept constant at Orad/s for 1s. Then it is decreased linearly
to —150rad/s at t =15.5s. It is kept constant at —150rad/s
till ¢=17s.

To test the robustness of the proposed method, we intro-
duced change on the load torque applied on the shaft motor
between 9s and 14s.

Fig. 22 shows the desired and real rotor speeds. As may
be observed, the sliding mode control is very robust to ex-
ternal load disturbances.

Figs.23 and 24 show the responses stator voltage and

the rotor flux magnitude during variation of load torque,
respectively.

These results show that the proposed sliding mode
control can track the reference command accurately and
quickly.
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Fig.20 Angular speeds (measured and reference)
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5 Conclusions

The robust sliding mode speed control has been devel-
oped to control the induction motor.

This technique is realized with rotor field orientation in
the synchronous reference frame. The main objective of this
work is to compensate the disturbance effect that happens
from change of torque and incertitude of electrical parame-
ter due to temperature and saturation.

A robust sliding mode speed control was employed to
obtain the better performance in practical validation from
the induction motor. Some simulation and experimental
results under various operating conditions were provided to
illustrate the effectiveness and robustness of the developed
methodology.

The efficiency of the robust sliding mode control pre-
sented in this paper has been successfully verified by simu-
lation. The proposed algorithm demonstrated very good
performance.  Especially, it is robust under rotor re-
sistance variation, external load disturbances and speed
tracking. This study was successfully implemented on a
DSPACE1104 card, in the Laboratory of Innovative Tech-
nology, University of Picardie Jules Verne, France in order
to overcome the external disturbances and parameter vari-
ations for the rotor speed control of an IM drive.

It is shown through all the achieved experimental results
that the proposed technique gives good performance for the
speed regulation of induction and confirm good robustness
of the controlled system.
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