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Abstract. In this paper the rotor speed and the rotor flux control based on an output feed-

back adaptive backstepping controller for an induction motor drive, is proposed. The proposed 

strategy is asymptotically stable in the context of Lyapunov theory. The unavailable rotor flux 

is recovered via an adaptive Backstepping rotor-flux observer provided with an adaptive 

mechanism of rotor resistance.  The effectiveness of this strategy has been successfully con-

firmed through computer simulations in terms of the reference tracking ability and the robust-

ness against parameters variations. Only the control strategy is applied on an experimental 

set-up located at Monastir National Engineering School (Tunisia). 

 

Keywords. Induction motor, nonlinear control, Backstepping control, Lyapunov stability, 

Backstepping rotor-flux observer, on-line rotor resistance adaptation. 

1.   Introduction 

Among AC drives, the induction motor, compared to other types of electric machines, 
are the workhorses of many industrial applications due to their excellent reliability, 
great robustness and cost-effectiveness. However, the control of the induction motor is 
complex due to the nonlinearities included in its dynamic model. The state variables 
are not easily measurable and they are dependent on the machine parameter variations 
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[1-3]. Induction motor control strategies based on linear system theory present limita-
tions, especially during transient operation [4]. It has been reported in the literature [1-
5] that the nonlinear multivariable dynamic model of the induction motor can be ex-
actly linearized by using nonlinear pre-compensation so that linear control theory can 
be applied. Nevertheless, the nonlinear behavior of the system is ignored.   

One of the most popular control strategies of the induction motor is the field-oriented 
control proposed by Blaschke [3]. However, this strategy is very sensitive to parame-
ter variations. To discard this limitation, many modified nonlinear state feedback 
schemes have been proposed in the literature such as, the sliding mode control [6], the 
input-output linearization control [7], the passivity-based control [8], the direct torque 
control [9] and the backstepping control [4], [10-13]. 

In the last two decades, the backstepping control technique has been widely studied 
and developed for the control and state estimation problems since the study presented 
in [4]. This control technique offers good performance in both steady state and tran-
sient operations, even in the presence of parameter variations and load torque distur-
bances [10-13]. Several methods of applying the backstepping control to induction 
motor drives have been presented. In [4], a robust adaptive backstepping control for 
efficiency optimization of induction motor with uncertainties is designed. In [14], the 
nonlinear adaptive backstepping control is designed to compensate the unknown sys-
tem parameters and disturbances. In [15], a new adaptive backstepping control that 
achieves global asymptotic rotor speed tracking for the full-order, nonlinear model of 
an induction motor, despite the uncertainty in rotor resistance and time-varying load 
torque conditions. The adaptive backstepping control is applied to induction motor 
drives with good performance for trajectories tracking [4], [10-13].  

The synthesis of the output feedback adaptive backstepping controller considers that 
the state variables are available for feedback and the induction motor parameters are 
known exactly. Unfortunately, the rotor flux is inaccessible for measurement. Re-
cently, the observer-based state feedback control of nonlinear systems remains an 
important area of research in the field of process engineering. Like this, considerable 
efforts were dedicated to the concept of an adaptive observer, namely model reference 
system [14], Kalman filtering technique [15], high gain [16], sliding mode observer 
[14], [16-17] and backstepping observer [18-23]. Among these approaches, backstep-
ping observer, constitute one of the prospective state observation methodologies for 
the electric machines [18-23]. Several theoretical solutions have been proposed in the 
literature. For instance, In [18], the Backstepping observer is compared to the speed 
estimation algorithm based on the High Gain Observer for Sensorless Induction Motor 
Control against Low Frequencies Benchmark. In [19], a backstepping observer to 
reconstruct the angular speed of induction motor and an estimator of fluxes and load 
torque is presented. In [20], a two control strategies for a synchronous motor are pre-
sented. In the first one, field oriented control and a designed backstepping observer 
have been chosen for the healthy conditions. In the second approach, a developed 
nonlinear backstepping observer is used in case of loss of current sensors. A new 
adaptive backstepping observer for the speed–sensorless vector control of induction 
motor is proposed in [21]. Where, the observer detects the rotor flux components in 
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the two-phase stationary reference frame, using the motor voltage equations. So, both 
the motor speed and the rotor resistance are estimated by an adaptive law based on a 
Lyapunov stability theory. In [22], an adaptive backstepping observer is used to esti-
mate simultaneously the rotor flux, the rotor speed, the rotor and the stator resistance 
for an induction motor used in series hybrid electric vehicule.   . 

However, the performance accuracy is affected by load torque and the machine pa-
rameters uncertainties. To overcome this problem, a rotor resistance estimation tech-
nique is given in this paper to compensate the unknown variations. Some researchers 
have proposed various induction motor drives with online rotor resistance or rotor 
time-constant adaptation [23-28] to produce better control performance. To estimate 
the rotor flux, an adaptive backstepping observer based on Lyapunov theories is de-
veloped in [23].  In [24], A global output feedback control for induction motors which 
is adaptive with respect to both load torque and rotor resistance and guarantees as-
ymptotic tracking of smooth speed references for any initial condition of the motor is 
proposed. An adaptive field-oriented control with rotor time-constant tuning is devel-
oped in [25-26]. A novel eighth-order dynamic nonlinear adaptive control is designed 
following the field-oriented control strategy and feeding back only stator current 
measurements: it includes a closed loop adaptive observer which provides estimates 
for the unmeasured state variables (rotor speed and fluxes) and for the uncertain pa-
rameters (load torque and rotor resistance) is analyzed in [27] . In [28], a simple struc-
ture has been designed to estimate the rotor resistance of induction motors: The rotor 
resistance is estimated and its online implementation does not require the assumption 
of slowly variation of the rotor speed.  

In this paper, a new adaptive backstepping observer is developed for the simultaneous 
estimation of the rotor flux components and of the rotor resistance for an induction 
motor under the assumption that only the rotor speed, the stator currents and the stator 
voltages are available for measurement. The controller of induction motor is designed 
based on backstepping technique. The combination of these two methods represents 
both a contribution of this work and a good possibility to achieve classical control 
objectives for systems having unmodeled or parasitic dynamics and parametric uncer-
tainties. All the control strategies are derived in the sense of Lyapunov stability theory 
so that the stable tracking performance can be guaranteed under the occurrence of 
system uncertainties and external disturbances.       

Within this trend, this work deals with the synthesis of a speed and rotor flux control 
strategy for an induction motor drive based on a new adaptive backstepping control 
using an adaptive sliding mode rotor-flux observer. The paper is organized as follows: 
section 2 recalls the dynamic model expressed in the rotor field oriented control (d-q) 
frame. Then the synthesis of the nonlinear backstepping control is presented. Section 4 
deals with the backstepping rotor-flux observer. The stability analysis and the estima-
tion of the rotor resistance are developed in section 5.  Simulation results, following 
the proposed control strategy, are illustrated and discussed in section 6. Experimental 
results, concerning the implementation of the control algorithm only, are presented in 
section 7.     
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2.   Rotor Field Oriented IM Dynamic Model 

The equivalent two-phase model of the symmetrical IM, under assumptions of lin-
ear magnetic circuits and balanced operating conditions, is presented in a reference 
rotating frame (d-q) [10-23], as: 
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where the state variables are the stator currents ( ,sd sqi i ), the rotor fluxes ( ,rd rqϕ ϕ ) 

and the electrical rotor speed rω . The stator voltages ( ,sd squ u ) and slip frequency slω  

are considered as the control variables. With the constants defined as:  
2
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The electromagnetic torque expressed in terms of the state variables is given by:  
3
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2

p
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Assuming that d-axis is held by the rotor flux phasor, the IM equations given by 
Eq.(1) turn to be: 
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where slω is given by: 

sq
sl r

rd

i
Mω α

ϕ
=                                                                                                   (4) 

and where the different functions 1f  to 4f  are expressed as:  
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with: 
23

2
p

c
r

n M
k

JL
=   

The control objective is to make the speed rω and the rotor flux rdϕ , track desired 
references such a tracking can be achieved through a backstepping controller algo-
rithm by finding a direct relation between these two variables and the stator voltages 

,sd squ u considered as inputs.  

3. Speed and Flux Backstepping Controller 

The backstepping controller mechanism for the rotor angular speed regulation and 
the flux generation can be better applied to replace the traditional linear feedback PI 
controller considered in conventional field oriented control strategies. The basic idea 
of the backstepping control design is the use of the so-called “virtual control” to sys-
tematically decompose a complex nonlinear control design problem into simpler and 
smaller ones. Backstepping control design is divided into various design steps. Each 
step deals with a single input-single-output design problem, and each step provides a 
reference for the next design step. The overall stability and performance are achieved 
by Lyapunov theory for the whole system. The synthesis of this control can be 
achieved in two successive steps. 

 
i) Step 1: Computation of the reference stator currents  
 
In the first step, it is necessary that the system follows given trajectory for each out-

put variable. To do so, a function ( , )c c cy ω ϕ=  is defined, where cω and cϕ  are the 
speed and rotor flux references, respectively. The speed and rotor flux tracking error 
eω and eφ are defined by: 

c r

c rd

e

e
ω

φ

ω ω
ϕ ϕ

= −�
� = −�

                                                                                            (6) 

The derivative of Eq. (6) gives 
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Accounting for Eq.(3), one can rewrite Eq.(7) as follows: 
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In order to check, let the tracking performances choose the first Lyapunov candi-
date function 1v  associated with the rotor flux and speed errors, such as: 

2 2

1 2

e e
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Using Eq. (8), the derivative of Eq. (9) is written as follows: 
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Which can be rewritten as follows: 
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where 1k and 2k should be positive parameters, in order to guarantee a stable track-
ing, which gives: 
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where: 
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Eq.(13) allows the synthesis of stator current references, such as: 
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ii) Step 2: Computation of the reference stator voltages  
 
In this step, an approach to achieve the current references generated by the first 

step is proposed. Let us recall the current errors, such as: 
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Accounting for Eq.(14), Eq.(15) turns to be:  
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The time derivative of Eq.(15) yields: 
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Following the substitutes of Eq. (3) in Eq. (17), one can obtain: 

 
3

4

( ) ( )

( ) ( )
d

q

i sd c sd sd c sd

i sq c sq sq c sq

e i i i f u

e i i i f u

β

β

� = − = − −�
� = − = − −��

� � ��

� � ��
                                                                (18) 

One can notice that Eq.(18) include the system inputs: the stator voltage. These 
could be found out through the definition of a new Lyapunov function based on the 
errors of the speed, of the rotor flux and of the stator currents, such that: 
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The derivative of Eq.(19) is given by: 
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By setting Eq. (16) in Eq. (19), one can obtain:  
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The derivative of the complete Lyapunov function Eq.(21) could be negative defi-
nite, if the quantities between parentheses in Eq. (21), would be chosen equal to zero.  
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The stator voltages then deduced as follows: 
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where 3k and 4k are positive parameters selected to guarantee a faster dynamic of 
the stator current, rotor flux and rotor speed. 
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4. Backstepping rotor-flux observer  

The synthesis of the Backstepping control considers that the state variables are 
available for feedback and the IM parameters are known exactly. Unfortunately, the 
rotor fluxes are inaccessible for measurement. In this section we will propose a new 
algorithm based on Backstepping observer under the assumption that only the stator 
currents and the rotor speed are available for measurement. The rotor fluxes and rotor 
resistance are replaced by those delivered by the observer via an adaptive law based 
on a Lyapunov stability theory [18-23].  

We consider the stator currents as the system outputs: 

1 1y x= , 2 2y x=                                                                                               (24) 
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where,  
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where ˆix  is the estimation of ix for { }1,2,3, 4i ∈ .  vα and vβ are the control input 

to be designed by backstepping method. So, all parameters of induction motor will be 
considered as constant except rotor resistance. The rotor resistance rR  is considered 
as uncertain parameter with rnR  as its nominal value. 

We define state error equation as follows:  
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where ie  and eϕ , the stator current and the rotor flux observer errors, respectively. 

Using Eqs.(24), (25), (29) and (30), the dynamical equations for the prediction errors 
are  
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In order to solve the tracking problem, and to overcome the difficulties that arise 
due to the unavailability of one of the state variables for measurement [11-12], a 
nonlinear tracking controller is proposed using the observer based backstepping algo-
rithm.  

 
i) Step 1 
The first step in the backstepping observer, is to design a stable controller for the 
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and we define the tracking errors zα  and zβ of the tracking prediction currents er-

rors
1ye ,

2ye , by 
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Knowing that the observer's dynamics is based on the exponential convergence, we 
can impose the variations of the reference trajectories for virtual variables as follows: 
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ii) Step 2 
 
In this step, setting the Eq.(34) in Eq.(33), we can find the expression of the track-

ing errors zα  and zβ  
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Using Eqs.(30) and (32) and Eq.(35)  and selecting following control inputs: 
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5. Stability Analysis and Estimation of the Rotor Resistance 

To design the observer and parameter updating laws, one can define the following 
Lyapunov candidate: 
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Where rδ is positive design constant of adaptive gain. 
So that the Lypunov function is defined positive and its derivative definite negative 

it is necessary that:  
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Which leads to write the mechanism of adaptation of the rotor resistance as follows: 
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Fig.1. Block diagram of the proposed control-observer structure of induction motor drives.  
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6. Simulation results  

Based on the described control-observer theory, the overall block diagram of the 
induction motor drive is shown in figure1. A Matlab/Simulink computer program was 
developed to model the whole system shown in figure1. In this program, the system 
equations (14), (23), (31), (36), (37) and (40) are solved to obtain the system state 
variables by using the static fourth-order Runge-Kutta method. Simulation results 
were obtained for a two horse three-phase squirrel cage induction motor, fed by a 
PWM voltage-source inverter, with 4 N.m as rated torque and 1435 rpm as rated 
speed at 50Hz. The PWM voltage-source inverter composed of a diode rectifier and a 
three-leg voltage-source IGBT inverter are working at a switching frequency of 20 
KHz with a did time of 2 �s. The motor data are provided in appendix 1 [29].  

The rotor flux reference has been fixed to 0.9 Wb. The different parameters of the 
backstepping control and the Backstepping observer parameters are given in table1. 
The developed control law supposes that only the stator currents, stator voltages and 
rotor speed are available. 

 

Table 1. Backstepping control-observer parameters 

Control parameters Observer parameters 

k1 k2 k3 k4 �1 �2 �r 

500 200 150 55 200 10 1000 

 
In order to confirm the validity and the effectiveness of the implementation of the 

proposed backstepping control-observer with online rotor resistance adaptation ap-
proach, the performance of the induction motor drive is investigated theoretically at 
different operating conditions. In this study, we make attention toward rotor field 
orientation, speed tracking performance and rotor resistance adaptation for wide range 
of reference speed. The simulation results are illustrated by figures 2,3 and 4. 

From the first test, we have illustrated the response of the machine under three dif-
ferent profiles form reference speed. The corresponding results are illustrated by fig-
ure 2. This figure is obtained if the machine parameters are supposed to be constant.  
This simulation is carried out by applying the different references speed illustrated by 
figures 2 ((1.a), (2.a) and (3.a)), note that the decoupling control is very quite main-
tained with the wide speed range variations. Both, rotor speed and rotor flux converge 
perfectly to their reference value. Thus, in the rated case, the control gives good qual-
ity response.  

The following test consists in increasing the rotor resistance with load torque ap-
plied at 0.6s. As shown in figure 3 (a), the motor is started with its nominal rotor resis-
tance value Rr,n=4.282�. Then, the rotor resistance of the motor model is suddenly 
set to 1.5Rr,n at t=1s, and to 2Rr,n at t=1.6s. The reference speed and reference rotor 
flux are maintained at 100 (rd/s) and 0.9 Wb, respectively. 

The corresponding results are illustrated by figures 3 and 4; one respectively pre-
sents the machine response with variation of rotor resistance without and with adapta-
tion.  
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Fig.2.  Sensitivity of the system performances to change in the reference speed, critical speed 
reference profiles 1-2-3 ; (a) reference, real and estimated rotor speed  ; (b) �- component of 
actual and estimated stator current ; (c) �- component of actual and estimated stator current ; 
(d) �- component of actual and estimated rotor flux ; (e) �- component of actual and estimated 
rotor flux. 
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Fig.3. Sensitivity of the system performances to change on the rotor resistance trajectory with-
out adaptation; (a) reference of rotor resistance; (b) reference, real and estimated rotor speed; 
(c) error rotor speed; (d) Load, real and estimated torque; (e) zoom of (d); (f) error torque; (g) 
real and estimated current; (h) zoom of (g); (i) error stator current; (j) reference, real and esti-
mated rotor flux; (k) zoom of (j); (l) error rotor flux. 
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Fig.4.  Sensitivity of the system performances to change on the rotor resistance trajectory 

with adaptation; (a) reference and estimated rotor resistance; (b) reference, real and estimated 
rotor speed; (c) error rotor speed; (d) Load, real and estimated torque; (e) zoom of (d); (f) error 
torque; (g) real and estimated current; (h) zoom of (g); (i) error stator current; (j) reference, real 
and estimated rotor flux; (k) zoom of (j); (l) error rotor flux. 
 

7. Experimental results 

The effectiveness of the proposed control algorithm was tested experimentally. The 
block diagram of the developed test bench is shown in figure 5. The proposed control 
scheme has been implemented in the Matlab/Simulink environment combined with the 
Real Time Interface (RTI) associated to the dSpace DS 1104 control board. The de-
veloped experimental test bench shown in figure 6, is composed by a 2hp squirrel 
cage IM, a magnetic powder brake, a Semikron voltage converter and interfaces which 
allow to measure the position, the speed, the currents, the voltages and the load and 
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the electromagnetic torques. Figures 5 and 6 illustrate a general scheme of the bench 
and its photograph, respectively. 

The IM parameters are provided in table 1. The DC bus voltage has been kept 
equal to 400V. The rotor flux reference has been fixed to 0.9 Wb. The developed 
control law supposes that only the stator currents, stator voltages and the mechanical 
speed are available. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. Block diagram of the developed test bench 
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Fig.6. General view of the developed test bench. 
 

 

 

 

 

 

 

 

  

 
 
Fig.7. Experimental results obtained following the implementation of the proposed control 
strategy, for a high reference speed equal to 1500 rpm. 
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(a) Measured rotor speed   (b) Measured stator voltages     

(d) Measured stator voltages α β−  axis  (c) Measured stator currents     

(e) Measured stator currents α β−  axis  (f) Estimated rotor flux α β−  axis  
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In this section, two experimental tests have been performed with the backstepping 
controller. The first test consists to verify the drive performance at high reference 
speed, is given by figure 7. Fig.7 (a) shows the speed and its reference which is a 
pulse of 1500 rpm.  One can notice the high performance of the speed loop. Fig. 7(b) 
and fig. 7(c) represent the acquisition of the stator voltages and currents fed in three 
phase’s induction machine, respectively.   Figs. 7(d), 7(e) and 7(f) show the measured 
stator voltages, the measured stator currents and the estimated rotor flux in the refer-
ence frame α β−  axis, respectively. 

To check the speed loop performance, the reference speed is increased from stand-
still to the rated value +314 rd/s, and then it is reversed to reach -314 rd/s. The ob-
tained results are shown in figure 8(a), one can notice that following the implementa-
tion of the proposed backstepping controller, the speed follows its reference without 
any overshoot. Referring to figure 8(b), it is to be noted that the rotor flux follows its 
reference equal to 0.9 wb in the whole speed range; except for the speed reversal dur-
ing which the rotor flux is affected.  Figures 8 (c) and 8(d) show the measured α β−  
components of the stator voltages and the measured (d-q) components of the stator 
current, respectively. It’s clear that this strategy of control leads to satisfactory results. 
One according to the experimental results that the variations of the real and reference 
speed and flux present a similar dynamic in terms of continuation and establishment.   
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Fig.8. Experimental results obtained following the implementation of the proposed control 
strategy, for reversal of rotation sense, the speed command being 314 (rad/s). 

 
  

  

  

 

  

(a) Reference and measured speed   

(c) Measured stator voltages  α β−  axis  (d) Measured stator currents d q−  axis  

(e) Zoom of (c) around 13.74 s   (f) Zoom of (d) around 21 s   

(g) Zoom of (c) around 35.06 s   (h) Zoom of (c) around 21 s   

(b) Reference and estimated flux    
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8. Conclusion 

 

In this paper, an adaptive backstepping observer for speed and flux backstepping 
control of induction motor drives was presented. Global asymptotic stability was 
achieved via the Lyapunov stability analysis. The proposed observer was combined 
with online adaptive rotor resistance estimation. The insertion of an adaptive mecha-
nism of rotor resistance consolidates of advantage the robustness characters of the 
system. Hence, the observer is capable of exhibiting high steady-state and dynamic 
performances over a wide speed range. The obtained results show that the Backstep-
ping nonlinear control with a backstepping observer is robust against parametric varia-
tions. The main contributions of the paper have been validated by means of simulation 
and experimental results in a laboratory prototype. 
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Appendix1. Rating parameters of induction motor 
 

Rotor inductance 0.464    H 
Stator inductance 0.464    H 
Mutual inductance 0.4417  H 
Stator resistance 5.717    � 
Rotor resistance 4.282    � 
Number of pole pairs 2 
Motor-load inertia 0.0049 Kg.m2 
rated power 1.5       Kw 
rated Voltage 230/400 V 
rated current 3.2/5.5  A 
Viscous friction coefficient 0.0029 N.m.s/rad 
rated speed  1435 rpm 
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