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a b s t r a c t

Nonlinear robust receding-horizon control is designed and applied to fifth-order model of induction
motor in cascade structure. The controller is based on a finite horizon continuous time minimization
of the predicted tracking errors and no online optimization is needed. The initial system is decomposed
into two sub-systems (mechanical and electromagnetic sub-systems) in cascade form. An integral action
is incorporated in external loop to increase the robustness of the controller with respect to unknown
time-varying load torque and mechanical parameters uncertainties. The control uses only measurement
of the rotor speed and stator currents. The rotor flux is estimated by Kalman filter. The proposed nonlin-
ear controller permits to achieve asymptotic speed and flux tracking in presence of mechanical parame-
ters uncertainties, unknown variable load torque and resistances variations. In addition, it assures
asymptotic decoupling of the speed and flux subsystems. The controller is applied, via simulation, to a
benchmark example.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Induction machines are very attractive and widely used in many
industrial applications owing to their size, low cost, simple struc-
ture and high reliability. Nevertheless, they represent a highly cou-
pled and nonlinear multivariable system. Furthermore, the rotor
flux is not usually measurable and there are uncertain critical
parameters in addition to load torque, which is typically unknown
in all electric drives. Thus, the induction motors constitute an
important area of application for nonlinear robust control theory.

The field-oriented control technique has been widely used in
industry for high performance induction motor drive because it
gives control characteristics similar to separately excited DC
motor. However, the performance is sensitive to the variation of
motor parameters, especially the rotor time constant which varies
with temperature [1–3]. To increase the performance of field-ori-
ented control, much attention has been given to the possibility of
identifying the changes in the motor parameters of an induction
motor while the drive is in normal operation. Indeed, most of the
proposed nonlinear control strategies use online rotor resistance
estimator to achieve better tracking performance and to maintain
the decoupling property. Indeed, authors in [4–6,35] have pro-
posed a speed/torque and flux tracking adaptive controller without
measurements of the rotor fluxes while adapting to both rotor
resistance and unknown load torque. However, to ensure the
convergence, the persistent excitation condition should be
satisfied. It is stated in [7] that the persistent excitation condition

is not satisfied when the electric torque is absent due to lack of cur-
rents. While in [9], authors have proposed an indirect field oriented
control (IFOC) which guarantees global exponential speed-flux
tracking but under the condition of constant value of load torque
and rotor resistance. The load torque estimator was utilized in this
control scheme. Also in [10], authors have proved the asymptotic
stability of indirect field oriented control of induction motor in
the presence of rotor resistance and load torque variations.

Moreover, the stator resistance may also vary up to 50% during
motor operation. It becomes critical in low speed region [8]. Thus,
both of stator and rotor resistances have been estimated online and
the convergence is also under persistent excitation condition
[7,8,17].

Many other researchers have designed nonlinear controllers for
induction motors which are robust to mechanical parameters vari-
ations and load torque variations only [11–13]. A discrete-time
sliding mode control has designed and applied to induction motor
[14]. This control algorithm is robust to unknown load torque vari-
ations. However, the robustness of this algorithm to resistances
variations has not been reported.

A predictive optimal control strategy has been proposed for the
control of the flux and speed of an induction machine [15]. In this
work, authors use a linearized model and good tracking perfor-
mances have been obtained. The load torque is estimated and
the robustness of this control scheme to resistances variation has
not been mentioned.

Recently, artificial intelligence has been used to control the
speed and rotor flux of induction motor [16]. Here also the robust-
ness of the algorithm to resistances variations has not been
reported.
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Consequently, for better performances, many authors have used
online parameters estimation schemes, especially for unknown ro-
tor resistance and load torque variations, which are available in the
literature, and broadly classified in [18].

The proposed algorithm in this work does not need to estimate
unknown mechanical parameters neither resistances variations
nor load torque variations.

Nonlinear model predictive control (NMPC) of nonlinear sys-
tems has received considerable attention in the last years owing
to its robustness with respect to parameter variations and allows
the explicit consideration of state and input constraints [19]. Thus,
the NMPC is evaluated implicitly online by solving a constrained
optimization problem. A serious limitation in using NMPC is the
presence of fast plant dynamics, which require high sampling fre-
quencies that do not allow to perform the constrained nonlinear
optimization problem online [19–21]. For the above reason, this
kind of control scheme is usually applied to industrial processes
characterized by a slow dynamics such as chemical processes. Con-
sequently, the application of NMPC with online optimization to
systems characterized by fast dynamics (like asynchronous
machine), sounds like an unusual proposal. To avoid this, several
offline nonlinear predictive laws have been developed in [22,23],
where the one-step ahead predictive error is obtained by expand-
ing the output signal and reference signal in a rith order Taylor ser-
ies, where ri is the relative degree of the ith output. Then, the
continuous minimization of the predicted tracking errors is used
to drive the control law.

This work examines the nonlinear receding-horizon control ap-
proach with integral action based on a finite horizon dynamic min-
imization of the tracking errors, to achieve torque and rotor flux
amplitude tracking objectives. An extension to speed control is
realized using a cascaded structure. This is a modified version of
the Ping’s method [22]. Note that the proposed approach in [22]
cannot be applied to induction motor since the derivative of the
control signal will appear in the cost function. The advantages of
the proposed control law include good tracking performance and
good robustness property with respect to mechanical parameters
uncertainties, unknown and variable load torque and resistances
variations. Moreover, the flux weakening operation has no effect
on the speed behavior.

This paper aims at the development of:

1. Asymptotically stable output feedback controller with
speed-flux-tracking capability in the presence of unknown
load torque.

2. Robustness of the closed loop algorithm against stator and
rotor resistances variations.

3. Robustness of the closed loop algorithm against mechanical
parameters uncertainties.

4. Less power consumption with regards to many proposed
algorithms in [9,32–34].

The present contribution is an improvement of the previous
work [24] in terms of the robustness of the nonlinear receding-
horizon control algorithm against mechanical parameters uncer-
tainties. Moreover, a global convergence and stability analysis of
the closed-loop system have been investigated in this work.

The paper is organized as follows. After the mathematical mod-
el of the induction motor developed in Section 2, a brief overview
of the optimal nonlinear receding-horizon control theory is pre-
sented in Section 3. In Section 4, the previous scheme is extended
to speed control by a cascaded nonlinear control structure. Stabil-
ity and robustness of the proposed algorithm are treated in this
section. The rotor flux observer is presented in Section 5. Signifi-
cant simulation results are given in Section 6 for the nominal
and mismatched model of the induction motor with bounded

and unknown time-varying load disturbance. The paper ends up
with the concluding remarks and suggestions in Section 7.

2. Mathematical model

Assuming linear magnetic circuits, the dynamics of induction
motor are given by the well-known fifth-order model, see for in-
stance [1] for its derivation and modeling assumptions:

_x ¼ fðxÞ þ g u ð1Þ

with x ¼ ½isa isb /ra /rb X�T ; u ¼ ½usa usb�T

where isa, isb: stator currents, /ra, /rb: rotor fluxes,X: speed, usa, usb:
stator voltages.

Vector function f(x) and constant matrix g are defined as
follows:

fðxÞ ¼

�c isa þ k
Tr

/ra þ pXk/rb

�c isb þ k
Tr

/rb � pXk/ra

Lm
Tr

isa � 1
Tr

/ra � pX/rb

Lm
Tr

isb � 1
Tr

/rb þ pX/ra

p Lm
JLr
ð/raisb � /rbisaÞ � ðTLþfXÞ

J

2666666664

3777777775
;

g ¼ g1 g2½ � ¼
1

r Ls
0 0 0 0

0 1
r Ls

0 0 0

" #T

All required parameters above have the following meanings:
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where Ls, Lr are stator and rotor inductances, Lm is the mutual induc-
tance, Rs, Rr are stator and rotor resistances, Tr = Lr/Rr is the rotor
time constant, p is the pole pair number, J is the inertia of the ma-
chine, f is the friction coefficient, TL is the load torque considered as
an unknown disturbance.

Considering the torque and squared rotor flux modulus as out-
puts of the AC drive, the following equations can be derived, with
y1 as the torque and y2 as the rotor flux norm:

y1 ¼ h1ðxÞ ¼ p Lm
Lr
ðuraisb �urbisaÞ

y2 ¼ h2ðxÞ ¼ u2
ra þu2

rb ¼ u2
r

(
ð2Þ

3. Nonlinear receding-horizon law

In the receding-horizon control strategy, the following control
problem is solved at each t > 0 and x(t):

MinuðtÞJðxðtÞ; t;uðtÞÞ ¼
1
2

Z tþT

t
LðsÞds

¼ MinuðtÞ
1
2

Z tþT

t
½xðsÞT QxðsÞ þ uðsÞT R uðsÞ�ds

ð3Þ

subject to the Eq. (1) and x(t + T) = 0 for some T > 0, where Q is po-
sitive definite matrix and R positive semi-definite matrix. To solve
this nonlinear dynamic optimization problem with equality
constraints is highly computationally intensive, and in many cases
it is impossible to be performed within a reasonable time limit,
especially for systems with extremely fast dynamics like induction
motor. Furthermore, the global optimization solution cannot be
guaranteed in each optimization procedure since; in general, it is
a non-convex, constrained nonlinear optimization problem.
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