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Abstract—In this paper, the problem of controlling three-phase
induction motors with unmeasurable states is tackled. To that
end, a finite-time robust nonlinear current control is applied.
The controller employed is the first order sliding mode with
exponential reaching law variant. Moreover, in order to estimate
some variables that are not measurable, such as the rotor current,
a state observer based on Luenberger observer is implemented.
Simulation results show a good tracking of the desired reference,
given that there exist some dynamics which were not modeled
and there are fast changes in the reference.

Index Terms—Current control, induction motor drives, sliding
mode control.

NOMENCLATURE

ERL Exponential reaching law.
IM Induction motor.
PI Proportional-integral.
SMC Sliding mode control.
VSI Voltage source inverter.

I. INTRODUCTION

Induction Motors (IMs) have been widely applied in
industrial applications due to its merits of low cost, simple
and robust construction and ease of maintenance [1]. Currently,
the focus of the study of new control techniques is oriented
towards multi-phase IMs with more than three phases,
which are gaining terrain in high power applications [2]–[6].
However, in low to medium power requirement applications,
three-phase IMs keep its validity, being the preferred choice
of the industrial complex for the mechanical propulsion of
the machinery of the various processes. Although there is
over a century of experience with three-phase IMs, developing
precise control systems is still a challenge, considering that
these machines are modeled as multi-variable systems and
not all variables are available for measurement, in addition of
having the aggravating factor of being related non-linearly to
each other which leads to inaccuracies in the estimations and
control of variables when classic control methods are applied
to simplified and linear models of IMs [7]–[9].

The traditional method for controlling a three-phase
machine is the field-oriented control with Proportional-Integral
(PI) controller [10]. For the mitigation of harmonic currents,
one PI and multiple resonant controllers can be implemented
in just one rotating frame at the fundamental frequency, so
as to reduce the computation required when using multiple
synchronous frames [11]. Other popular techniques are the
direct torque control and the current control using the model
predictive control, in which the main advantage is that
no modulator is needed [12], [13]. Among various control
methods of IMs, sliding mode control (SMC) is gaining
more and more attention in both academic and industrial
communities [14], [15]. Compared to the conventional vector
control using linear controller plus modulation, SMC is a fast
and robust alternative for nonlinear systems, when the response
with the traditional PI has not enough quality [16].

Within the range of control algorithms related to the
sliding mode, the Exponential Reaching Law (ERL) [17], [18]
provides an adaptation of the gains depending on the sliding
surface, this allows to reduce the chattering phenomenon
during the sliding phase and with the appropriate parameters
the convergence can be increased during the reach phase.
These characteristics are suitable to implement in three-phase
induction motors. Therefore, it is proposed to simulate this
algorithm for the current control of these motors. In general,
the speed or the torque is controlled in an outer loop and the
current controller in the inner loop can be replaced in order
to get a better response [19]. This work aims to improve the
current control of the inner loop, so only the current control
is considered.

The present paper is divided into five sections as follows.
In the following section, the full mathematical models of
the three-phase induction motor and the rearranging of
these equations for the sliding mode controller mathematical
structure are presented. In Section III, the sliding mode
controller with ERL is developed. In Section IV, numerical
simulations of IM studied to show the performance of the



proposed controller. The conclusion is in the last section.

II. MATHEMATICAL MODEL

The dynamical model of the IM depicted in Fig. 1 is
modeled as an electromechanical system that transforms
electrical energy into mechanical defined by a set of
differential equations. In order to reduce the complexity and
apply control techniques over the machine, the equations are
presented in stationary reference frame.

A. IM model in stationary reference frame (α− β)

The IM model considering a stationary reference frame
α− β for describe the dynamic of the machine, is given by:

vαs = Rsiαs + λ̇αs

vβs = Rsiβs + λ̇βs

λαs = Lsiαs + Lmiαr

λβs = Lsiβs + Lmiβr

vαr = 0 = Rriαr + λ̇αr + wrλβr

vβr = 0 = Rriβr + λ̇βr − wrλαr
λαr = Lriαr + Lmiαs

λβr = Lriβr + Lmiβs

(1)

where Ls, Lr, Lls, Llr and Lm are the stator and rotor
inductance, estator and rotor leakage inductance and the
magnetization inductance respectively. The resistances for
estator and rotor are Rs and Rr. Voltages, currents and flux
in α−β plane are represented by v, i and λ respectively. The
electromagnetic torque Te is given in terms of the rotor and
stator current as:

Te =
3

2
PLm (iβs iαr − iαs iβr), (2)

being P the pole pairs of the IM. The relationship between the
electrical variables of the machine and the load TL in terms
of the rotor speed, is given by:

J ẇr = −Bwr + P (Te − TL) , (3)

where J represents the moment of inertia while B is the
friction coefficient. The rotor speed wr which is related to
the mechanical speed by the number of pole pairs by:

wr = wmP. (4)

B. IM model in state variables

The model of the IM in state variables is obtained from
(1)-(3), and is represented by:

ẋ(t) = f(x, t) + g u(t) (5)

where x(t) ∈ R5 is a five-dimensional vector of state variables
and u(t) ∈ R2 is a two-dimensional vector of inputs.

Fig. 1. 3-phase 2-level VSI scheme connected to a IM.

By considering flux equations, their derivatives are
represented by:

λ̇αs
λ̇βs
λ̇αr
λ̇βr
ẇr

 =


Ls 0 Lm 0 0
0 Ls 0 Lm 0
Lm 0 Lr 0 0
0 Lm 0 Lr 0
0 0 0 0 1



i̇αs
i̇βs
i̇αr
i̇βr
ẇr

 (6)

with:

λ̇αs = −Rsiαs + vαs

λ̇βs = −Rsiβs + vβs

λ̇αr = −Rriαr − wr (Lm iβs + Lr iβr)

λ̇βr = −Rriβr − wr (Lm iαs + Lr iαr)

ẇr = −
B

J
wr +

3

2
P 2 Lm

J
(iβs iαr − iαs iβr)−

P

J
TL

(7)
Then, by rearranging (6) and (7) the following equivalences

are given:

x(t) =
[
iαs iβs iαr iβr wr

]

L =


Ls 0 Lm 0 0
0 Ls 0 Lm 0
Lm 0 Lr 0 0
0 Lm 0 Lr 0
0 0 0 0 1



f(x, t) = L−1



−Rs iαs
−Rs iβs
−Rr iαr − wr (Lm iβs + Lr iβr)

−Rr iβr + wr (Lm iαs + Lr iαr)

3

2

P 2

J
Lm (iβs iαr − iαs iβr)..

.. − B

J
wr −

P

J
TL



g = L−1


1 0
0 1
0 0
0 0
0 0

 u(t) =
[
vαs , vβs

]T



Comparator
Sliding Surface 

Eq.(9)
Sliding Mode 

Controller Eq.(10)

Luenberger 
Observer Eq.(16)

Fig. 2. Block diagram of the closed-loop IM.

III. PROPOSED SMC-BASED CURRENT REGULATOR

The proposed controller (Fig. 2) consists of a first-order
SMC with ERL that will force the output vector χ = Cx(t) =
[ iαs, iβs ]

T to converge to the desired reference currents χ∗

= [ i∗αs, i
∗
βs ]

T . For this purpose, the matrix C is:

C =

[
1 0 0 0 0
0 1 0 0 0

]
(8)

Hence, the sliding surface selected here is a PI surface that
has the following expression:

S = (χ− χ∗) +Ki

∫ t

0

(χ− χ∗) dt. (9)

where Ki is a positive constant. Otherwise, the SMC with
ERL is described by the following equation:

Ṡ = −K1 S− K2(S) sign(S) (10)

where K1 is a definite positive diagonal matrix and K2(S) is
defined by:

K2(S) =


k21

N(S1)
0

0
k22

N(S2)

 (11)

where N(Si) = δ0 + (1 − δ0) e
−a |Si|p for i = 1, 2 with

0 < δ0 < 1 and a, p > 0 [18]. The constants k21 and k22 are
positive constants and sign(S) = [sign(S1), sign(S2)]

T is the
signum vector with:

sign(Si) =

 1, if Si > 0,
0, if Si = 0,
−1, if Si < 0.

for i = 1, 2 (12)

The law control equation is obtained by applying the first
derivative of (9) and adding the equations (5) - (10):

Ṡ = (χ̇− χ̇∗) +Ki (χ− χ∗) (13)
−K1 S− K2(S) sign(S) = (χ̇− χ̇∗) +Ki (χ− χ∗) (14)
−K1 S− K2(S) sign(S) = Cf(x, t) +Cgu(t)..

.. − χ̇∗ +Ki (χ− χ∗) (15)

Isolate the variable u(t) of the expression (15) gives the
following control law:

u(t) = (Cg)−1 (−K1 S− K2(S) sign(S)−Cf(x, t) ..

.. + χ̇∗ −Ki (χ− χ∗))
(16)

The stability analysis of the closed-loop system can be found
in [20].

A. Luenberger-Based Rotor Current Estimation

Since the rotor currents in the three-phase induction motor
cannot be measured in practice, an estimator based on the
Luenberger observer is used [21]–[23]. The equations of this
observer are shown in the following expression:

˙̂
ζ = A(wr) ζ̂ + BU+ L (χ− C ζ̂ )

Y = C ζ̂
(17)

where ζ̂ =
[
îαs, îβs, îαr, îβr

]T
with îxx as the estimated

stator and rotor currents in α−β, and U = [ vα, vβ ]
T (Fig. 2).

The matrices associated with Luenberger observer are:

AA =


Rs Lr −L2

m wr −Rr Lm −Lr Lm wr
L2
m wr Rs Lr Lr Lm wr −Rr Lm

−Rs Lm Ls Lm wr Rr Ls Lr Ls wr

−Ls Lm wr −Rs Lm −Lr Ls wr Rr Ls


A(wr) =

1

D1
AA

B =
1

D1


−Lr 0
0 −Lr
Lm 0
0 Lm

 C =
[

1 0 0 0
0 1 0 0

]

where D1 = L2
m − Ls Lr.
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Fig. 3. Stator currents in α− β sub-space for transient and steady-state.
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Fig. 4. Stator currents in the α − β planes for a desired AC currents
( i∗αs, i

∗
βs ) of: 5[A] (RMS).

IV. THEORETICAL ANALYSIS BY SIMULATIONS

By applying the equations that define the dynamics of the
three-phase IM in simulations through MATLAB/Simulink
software, the operation of the designed controller is evaluated.
The mechanical and electrical parameters of the IM are shown
in Table I.

TABLE I
PARAMETERS OF THREE-PHASE IM

Rs 0.7384 w Lm 124.1 mH
Rr 0.7402 w P 2
Lls 3.045 mH B 0.000503 kg.m2/s
Llr 3.045 mH J 0.0343 kg.m2

Ls 127.1 mH Nominal speed 1500 rpm
Lr 127.1 mH Nominal power 7.5 kW

Three-phase voltage source inverter (VSI) with VDC =
620[V] and Sinusoidal Pulse Width Modulation (SPWM) with
15[kHz] switching frequency are used to power the IM.

-15 -10 -5 0 5 10 15
-15

-10

-5

0

5

10

15

12.5 13 13.5 14 14.5

-8

-6

-4

-2

0

2

4

6

8

Fig. 5. Stator currents in the α − β planes for a desired AC currents
( i∗αs, i

∗
βs ) of: 10 A (RMS).

The stator currents and mechanical speed of rotor are
measured, and rotor currents are estimated using (17).
L matrix coefficients (18) and SMC’s gains in Table II were

found heuristically.

L =


5726.60 0

0 5726.60
−5712.55 0

0 −5712.55

 (18)

The simulation consists in the current control of a
three-phase induction motor using the α− β reference frame
(Fig. 3) with a constant load TL = 1 N m, initially the desired
AC currents ( i∗αs, i

∗
βs ) have a RMS current value of 5 A,

then at the instant 0.162 s with a step changes to an RMS
current value of 10 A. As an uncertainty parameter, the mutual
inductance Lm was varied, increasing its value to Lm =
170 mH, for the controller and the observer the Lm value
is shown in the Table II and with this the results of Fig. 3,
Fig. 4 and Fig. 5 were obtained.



TABLE II
SMC GAINS.

Gains Values Gains Values
k11 1000 Ki 100
k12 1000 p 1
k21 1000 a 20
k22 1000 δ0 0.01

V. CONCLUSIONS

In this work, a first-order sliding mode controller was
simulated with exponential reaching law for three-phase motor
induction, under uncertain conditions the controller performs
well and can be improved by optimizing the controller’s gains.
The application of the proposed controller has been tested on
simulations where the results obtained showed good reference
tracking performance.
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