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Abstract: A new approach is proposed for the design of an adaptive variable speed controller for 
an induction motor. This design approach is based on a new model for induction motors in the 
(α/β) reference frame. The model state variables are constant in steady state and therefore enable 
the application of adaptive backstepping control design techniques to find controller equations 
and adaptation laws that ensure that the rotor speed and flux track their reference values despite 
significant changes in machine resistances and inductances due to temperature and magnetic 
saturation. The proposed controller is tested in simulation. Results show robust steady state and 
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1 Introduction 
Many industrial electromechanical drive systems such as 
fans and conveyor belts use induction motors (Saravanan  
et al., 2012). These AC motors have gradually replaced DC 
motors because of their low purchase and maintenance 
costs, and their high reliability (Costa et al., 2018; Traoré  
et al., 2012). However, the design of high-performance 
variable speed control systems for induction machines is 
still an open challenge for researchers and engineers. The 
complexity of the problem is that induction machines are 
nonlinear time-varying parameter systems due to the 
magnetic core saturation and operating temperature that 
change the machine inductances and resistances with 
operation conditions. It is therefore very common to make 
simplifying assumptions to design a control system for an 
induction machine. The magnetic core is generally assumed 
linear which implies that machine inductances are fixed and 
the effects of temperature on machine resistances are 
sometimes neglected. 

The literature reports several methods that have been 
proposed for the design of variable speed control of 
induction machines. One can distinguish the conventional 
scalar controls (Derouich and Lagrioui, 2014; Jannati et al., 
2017; Dos Santos et al., 2014), vector controls (El Ouanjli  
et al., 2017; Nishad and Sharma, 2018), input-output 
linearisation controls (Chiasson, 1993; Chiasson, 1998; 
Marino et al., 2010), direct torque controls (DTC) 
(Takahashi and Noguchi, 1986; Depenbrock, 1987) , sliding 
mode controls (Horch et al., 2019) and backstepping 
controls (Krstic et al., 1995; Okou et al., 2009; Khalil and 
Grizzle, 2002; Liu et al., 2020). Although these control 
methods provide good dynamic performances, they remain 
very sensitive to changes in machine parameters. They are 
based on simplified induction machine models in which 
rotor and stator resistances as well as rotor, stator 
inductances and the mutual inductance are assumed known 
and constant. However, in practice, these parameters can 
change during the machine operation (Ebrahim and 
Murphy, 2010). For stator and rotor resistances, the increase 
in temperature and the skin effect can cause a change up to 
50% of the rated values (Chen and Huang, 2016). For 
inductances, the change in rotor flux due to the magnetic 
core saturation can cause a change up to ±20% of the rated 
values (Mengoni et al., 2012). The difference between 
controller parameters and actual machine parameters greatly 
reduces the performance of the controller and in some cases 
can even destabilise the closed loop system. 

The literature reports several robust or adaptive control 
variable speed control drives to address the aforementioned 
issue. Indeed, in Fateh and Abdellatif (2017), Mehazzem  
et al. (2011), Hajji et al. (2019), Aichi et al. (2020) and 
Horch et al. (2017), the authors use integrators in the control 
loop to reduce the speed and flux errors in steady and thus 
improve the system robustness. However, the integrators 
increase the complexity of the proposed control system and 
the stator resistance and inductance are assumed constant 
during simulations. In Belkheiri and Boudjema (2008), the 
authors propose a control approach to address the tracking 

problem of an induction machine based on a modified  
field-oriented control (FOC) method. A backstepping 
control strategy augmented by an adaptive neural network 
(NN) is used. Neural network weights are adjusted using 
adaptation laws derived from a Lyapunov function. The 
method drawback is the partially known machine model 
used for the design. Zhao et al. (2014) propose an adaptive 
flux observer to estimate stator and rotor resistances. 
However, uncertainties on inductances are not taken into 
account. Ouadi et al. (2002) and Accetta et al. (2016) use a 
magnetisation curve to estimate the value of the mutual 
inductance Lm. The disadvantage of this method is that this 
curve depends on the magnetising current. Therefore, it 
must be adjusted when the operating point changes. This 
estimation method is therefore not suitable for applications 
in which the speed changes frequently over a wide range. In 
Alonge et al. (2015), the authors present an estimation 
method for the rotor resistance and the mutual inductance 
but it does not take into account the uncertainties on stator 
and rotor inductances due to magnetic saturation. A model 
reference parameter identification algorithm is used to 
estimate the unknown inductances. Saad et al. (2019) and 
Yang et al. (2018) propose to estimate stator and rotor 
resistances and the mutual inductance. The rotor and stator 
inductances are assumed know and constant. The main 
drawback of the aforementioned works is that they consider 
either changes in resistances only, or changes in both 
resistances and mutual inductance. Stator and rotor 
inductances are assumed constant and known. 

Several identification methods are proposed in the 
literature for the online estimation of induction machine 
parameters. These methods can be used in conjunction with 
conventional control methods for the design of robust and 
adaptive variable speed drive for induction machines. 
Indeed, Barut et al. (2011), Regaya et al. (2012) and Li et al. 
(2019) propose an online estimation for the rotor resistance 
only using an extended Kalman filter and fuzzy logic, 
respectively. Results show that the proposed algorithms do 
not guarantee a good estimate when the motor speed 
changes abruptly. Moreover, the stator resistance and motor 
inductances are assumed known and constant. Mapelli et al. 
(2017) propose to estimate the rotor resistance from the 
reactive power. The main drawback of the approach is that 
it is too sensitive to load torque changes. Huynh and 
Dunnigan (2012) propose a parameter estimation approach 
based on two advanced particle swarm optimisation 
algorithms. The proposed algorithms use experimental 
measurements of machine currents and active powers. Its 
main drawback is that it cannot be implemented in  
real-time. A neural network is proposed in Xu et al. (2019) 
and Bousserhane et al. (2006) for the design of a machine 
parameter identification algorithm. Only rotor and stator 
resistances are estimated. Inductances are assumed known 
and constant. It is worth mentioning that changes in the 
resistance and inductance values are caused by different 
physical phenomena. Indeed, it is the motor operating 
temperature that causes the change in the resistance values 
while the magnetic core saturation causes the change in 
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inductance values. Moreover, it is shown in Hinkkanen et 
al. (2006) and Fattah et al. (1999) that the magnetic core 
saturation in induction machines has a significant impact on 
stator and rotor inductances. 

This paper assumes that all machine parameters namely 
rotor and stator resistances, stator, rotor and mutual 
inductances are unknown for the design of the variable 
speed drive for wound rotor induction motors. The design 
approach that is proposed uses a novel modelling approach 
for the induction machine in the (αβ) reference frame. This 
model has two main advantages: 

1 its state variables are constant in steady state 

2 it has a triangular structure which enables the use of the 
backstepping control design technique. 

The contribution of the paper is therefore an adaptive 
control for an induction machine assuming that rotor and 
stator resistances as well as stator, rotor and mutual 
inductance can change. A backstepping control design 
method is used to design the proposed variable speed 
control for induction machines. The result is a control 
structure in which a speed control is in series with a torque 
control in one side and a magnetic flux control is in series 
with a current control in the other side. An adaptation 
module is used to adjust the proposed controller parameters 
to ensure robust tracking performances in the presence of 
changes in machine resistances and inductances due to 
temperature and magnetic core saturation. The proposed 
controller is tested in simulation in the MATLAB/Simulink 
environment under various operating conditions. 

The paper is organised as follows. Section 2 presents the 
novel model for induction machines. The model is used in 
Section 3 for the design of the proposed adaptive 
backstepping variable speed drive. The proposed controller 
is evaluated in Section 4. The paper ends with a conclusion. 

2 Wound rotor induction motor model 
The three-phase induction motor is the most widely used 
electric machine in the industry. Its operation and dynamic 
model are also well documented. This section presents the 
so-called energy model for the induction machine in which 
the state variables are stator and rotor currents. Note that the 
model can easily be obtained from the conventional 
induction machine model in which state variables are rotor 
and stator fluxes (Marino et al., 2010). 
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with Δ = LSLr – M2. 
isα and isβ are stator and rotor currents in the α/β 

reference frame. irα and irβ are rotor currents in the α/β axis 
reference frame. ω is the rotor speed in rad/s. TL is the load 
torque N.m. J is the moment of inertia. 

Lr, Ls and M: are respectively rotor, stator and mutual 
inductances. Rr and Rs are rotor and stator resistances. 

Unlike the squirrel cage induction machine whose rotor 
windings are short-circuited and therefore not accessible, 
the rotor currents of the wound rotor induction machine are 
measurable. This machine is therefore suitable for the use of 
model-based nonlinear control design methods, which 
generally require that all system state variables be 
measurable. Indeed, these design methods require dynamic 
models whose state variables are constant in steady state. 
That is not the case for the energy model since its state 
variables are sinusoidal in steady state. This problem could 
easily be solved by transforming the state variables from the 
(α/β) reference frame to the d/q reference frame. However, 
the main disadvantage of the d/q transformation is that it 
must be used in conjunction with its inverse transformation 
and both transformations are nonlinear and time varying. 
They require the rotor position and this considerably 
increases the computation required to perform the 
transformations. The following time invariant changes of 
variables are proposed in this paper instead. It consists of 
either equations (6) and (7) or equations (6) and (8). 
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The variable ∑ is proportional to the electromagnetic 
torque. The variable Ф is the dot product between the stator 
and rotor currents. The physical meaning of this variable 
remains to be determined. The variable R is the square of 
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the RMS rotor current. The variable S is the square of the 
RMC stator current. These variables are constant when the 
machine is in steady state. θs is the angle of stator current 
and θr is the angle of rotor current. The proposed novel 
model for induction motor has the following equations: 
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Variables θs and θr are essential for the change of variables 
to be a diffeomorphism. They are not required for the design 
of the variable speed control therefore their dynamics are 
omitted for the sake of simplicity. The rotor flux (actually 
the square of the rotor flux) can be written in terms of the 
novel variables as follows. 

2 2
2Ψ 2 2 Φ 2r r rL R L M M S= + +  (14) 

The following rotor flux dynamics are obtained by 
differentiating equation (14) and substituting equation (10), 
equation (11) and equation (12). 
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The rotor flux dynamics take the following form: 
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A new variable K is defined and its dynamics have the 
following equation: 
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The dynamic equations necessary for the design of the novel 
adaptive variable speed control are given below. This model 
has a triangular form and therefore enables the utilisation of 
the recursive backstepping control design technique. 

Σ LM Tω
J J

= −  (20) 

( ) ( )

2

2 ( )Σ Σ
Δ Δ

2 ( ) ( )Φ
Δ Δ

Δ Δ

r s s r s

r s r

r
s s s s r s r s

R L R L ML ω t S

ML ω t M L LR ω t

M Li u i u i u i u

+= − −

+− −

+ − + −α β β α α β β α

 (21) 

2 2
2Ψ Ψ Κr r

r r
r r

R R
L L

= − +  (22) 

( )

( )

2 2

3 2

2 3

2

2

2 2Κ
Δ Δ

Φ
Δ Δ

( )Σ
Δ Δ

Δ

Δ

r s r s r

r s r

s r r

r
s s s s

r
r s r s

R L L R L MR S

R M R ML

ML L M L ω t

M L i u i u

ML i u i u

= −

 + − 
 
 + − 
 

+ +

+ +

α α β β

α α β β

 (23) 

Next section presents a systematic design of the proposed 
adaptive variable speed drive for induction motors. 

3 Adaptive backstepping control design 
This section presents a new variable speed controller for 
wound rotor induction motors. The machine stator and rotor 
currents are measurable. However, machine parameters are 
assumed unknown, uncertain, or may change. These 
unknown parameters are machine resistances and 
inductances. The structure of the proposed control system as 
well as controller equations will be obtained from a 
recursive backstepping design approach. The main objective 
is to control the rotor speed and flux at their reference 
values despite the possible change in stator and rotor 
resistance and inductance values as well as the mutual 
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inductance value due to magnetic core saturation or to a 
change in machine operating temperature. A direct adaptive 
control design method will therefore be proposed to 
strengthen the robustness of the control structure against 
motor parameter changes. The adaptation module equations 
are derived from a stability study to ensure that the closed 
loop system remains stable. 

3.1 Equations for the speed control loop 
The equations for the speed control loop are presented in 
this section. The controller main task is to ensure that the 
motor speed tracks a speed reference value. A model based 
design strategy is proposed. Therefore, the dynamics of ω 
and Σ will be used to find the controller equations. For the 
sake of clarity, these dynamics are rewritten below: 

1 2

3 4

5 6 7 1 8 2

Σ
Σ Σ ( )

( ) ( )Φ

ω p p
p p ω t S

p ω t R p ω t p v p v

= −


= − −
 − − + +

 (24) 

where 

1 2 3 4
2; ; ; ;

Δ Δ
L r s s r sM T R L R L MLp p p p

J J
+= = = =  

2

5 6 7 8
2 ; ; ;
Δ Δ Δ Δ

r s r rML M L L M Lp p p p+= = = =  

( ) ( )1 2;s s s s r s r sv i u i u v i u i u= − = −α β β α α β β α  

The values for p1, p2, …, p8 are unknown since machine 
parameters Rs, Rr, Ls, Lr and M are uncertain because they 
may change with operating conditions. An adaptive 
backstepping control design method is therefore used to find 
the controller equations along with the adaptation module 
that will adjust the controller parameters to ensure that the 
motor speed effectively tracks its reference despite 
uncertainties on the machine parameters. It is convenient to 
rewrite equation (24) into the following form that includes 
estimated model parameters 1 2 8ˆ ˆ ˆ( , , , )p p p…  and estimation 
errors 1 2 8( , , , )p p p…  that are differences between true and 
estimated parameters. 
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where 1 7 1 8 2ˆ ˆ ˆ .U p v p v= +   
The design procedure is now presented. The following 

variable which is the speed error is defined first. 

refω ω ω= −  (26) 

ωref is the reference value for the mechanical speed. The 
speed error dynamics are easily obtained by differentiating 
equation (26). For the sake of simplicity, it is assumed that 

the speed reference value is constant therefore its derivative 
is zero. 
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Equation (27) is used to find the value that the variable Σ 
should have to make the speed error converge to zero. This 
desired value for the variable Σ has the following 
expression: 
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The gain k1 is a positive number. Note that equation (28) 
depends on estimated parameters that are provided by an 
adaptation module whose equations are yet to be 
determined. Σ* is used to define the following new variable 
that represents the error between Σ and its reference Σ*. 

Σ Σ Σ∗= −  (28) 

The speed error dynamics can be rewritten in terms of the 
new variables defined above. The equation will be used to 
verify the closed loop stability of the system. 
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Next, the expression for 1Û  that will guarantee that the 
variable Σ will converge to its desired value is now 
obtained. This requires the dynamics for Σ  which are easily 
obtained by differentiating equation (29) and substituting 
equation (25). 
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The following expression is proposed for 1ˆ .U  One can note 
that it depends on estimated parameters that are provided by 
the adaptation module. The gain k2 is a positive number. It’s 
worth mentioning that 1Û  will be used to find the true 
controller output signals later. 
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Substituting equation (32) into equation (31) yields the 
following dynamics that will be used to assess the closed 
loop stability of the system. 
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The adaptation module equations are now presented in the 
next paragraph. These equations are normally derived from 
the closed loop stability of the system. However, for the 
sake of simplicity, the result of this stability study is shown 
first and the stability is verified later. The following 
equations represent the adaptation laws. They are the 
estimated parameter dynamics and are used to adjust the 
controller parameters so that the speed error and Σ  
converge to zero despite that machine parameters are 
unknown. 

1
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Parameters γ1, γ2, …, γ8 are positive adaptation gains that are 
selected by the designer. 

3.2 Equations for the flux control loop 
The objective in this section is to find the flux control loop 
equations. This controller ensures that the motor flux 
remains constant or tracks a reference value. Dynamics that 
are used for the design are rewritten below. 
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Parameters θ1, θ2, …, θ8 are unknown since they depends on 
unknown machine parameters Rs, Rr, Ls, Lr and M. An 
adaptive backstepping control design approach is used to 
find the controller equation. Equation (42) is rewritten in 
terms of estimated model parameters 1 2 8

ˆ ˆ ˆ( , , , )θ θ θ…  and 

estimation errors 1 2 8( , , , )θ θ θ…  as follows: 

2 1 2 1 1 2 1

3 4 5 6 2

3 4 5 6 7 3 8 4

ˆ ˆΨ̂ Ψ 2 Κ Ψ 2 Κ
ˆ ˆ ˆ ˆˆ ˆ Κ Φ ( )Σ

Φ ( )Σ

r r rθ θ θ θ

θ R θ S θ θ ω t U

θ R θ S θ θ ω t θ v θ v

 = − + − +
 = − + + +


+ − + + + +

 (43) 

where 2 7 3 8 4
ˆ ˆˆ .U θ v θ v= +   

Next paragraph presents the step by step design 
procedure. The following variable which is the flux error is 
defined first. 

2 2 2Ψ Ψ Ψr r rref= −  (44) 

Ψ2rref is the reference value for the flux rotor. The flux error 
dynamics are obtained by differentiating equation (44). It is 
assumed that the flux reference value is constant for the 
sake of simplicity. The dynamics have the following 
expression: 

2 1 2 1 1 2 1
ˆ ˆΨ Ψ 2 Κ Ψ 2 Κr r rθ θ θ θ= − + − +  (45) 

Equation (45) is used to find the value that the variable K 
must have to make Ψ2r converge to zero. This value is 
denoted K* and it has the following expression: 

( )1 2 3 2
1

1 ˆΚ Ψ Ψˆ2
r rθ k

θ
∗ = −  (46) 

The gain k3 is a positive number. Note that equation (46) 
depends on estimated parameters coming from an 
adaptation module yet to be designed. K* is used to define 
the following new variable which represents the error 
between K and its reference K*. 

Κ Κ Κ∗= −  (47) 

The flux error dynamics can be rewritten in terms of the 
new variables defined above. Equation (48) will be used to 
verify the closed loop stability of the system. 

2 1 3 2 1 2 1
ˆΨ 2 Κ Ψ Ψ 2 Κr r rθ k θ θ= − − +  (48) 

Next, the expression for 2Û  that will guarantee that the 
variable K will converge to its desired value is now 
obtained. This requires the dynamics for Κ  which is easily 
obtained by differentiating equation (47) and substituting 
equation (42). 
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( )( )

( )( )

( )

3 4 5 6 2

3 4 5 6 7 3 8 4

1
2 1 3 1 2 1

1 1

1 3 1 2 1
1

1
1 2 3 2

1

ˆ ˆ ˆ ˆ ˆΚ Φ ( )Σ
Φ ( )Σ

ˆ 1 ˆ ˆ ˆΨ Ψ 2 Κˆ ˆ2 2
1 ˆ Ψ 2 Κˆ2
ˆ ˆ Ψ Ψˆ2

r r

r

r r

θ R θ S θ θ ω t U

θ R θ S θ θ ω t θ v θ v

θ θ k θ θ
θ θ

θ k θ θ
θ

θ θ k
θ

= − + + +

+ − + + + +

− − − +

− − +

+ −

 (49) 

The following expression is proposed for 2ˆ .U  One can note 
that it depends on estimated parameters that are provided by 
the adaptation module. The gain k4 is a positive real 
number. 

( )

( )( )

2 3 4 5 6

1 1
1 2 3 2 22

11

1 3 2 1 2 4

ˆ ˆ ˆ ˆˆ Φ ( )Σ
ˆ ˆˆ Ψ Ψ Ψˆ ˆ2 2

1 ˆ ˆΨ 2Κ 2 Ψ Κ
2

r r r

r r

U θ R θ S θ θ ω t

θ θθ k
θ θ

θ k θ k

= − + − −

− − +

+ − − − −

 (50) 

Substituting equation (50) into equation (49) yields the 
following dynamics that will be used to assess the closed 
loop stability of the system. 

( ) ( )1 3 1 2 1 3 4
1

5 6 7 3 8 4 1 2 4

1 ˆΚ Ψ 2 Κˆ2
ˆΦ ( )Σ 2 Ψ Κ

r

r

θ k θ θ θ R θ S
θ

θ θ ω t θ v θ v θ k

= − − + + −

+ + + + − −
 (51) 

Estimated parameters that appear in equations (46) and (50) 
are obtained from the following adaptation laws: 

( ) ( )1 1 2 2 2
1

1ˆ Ψ Ψ 2Κ Κ Ψ 2Κˆ2
r r rθ δ

θ
  = − + − +  

  
 (52) 

3 3 2
ˆ Ψ rθ δ R=  (53) 

4 4 2
ˆ Ψ rθ δ S= −  (54) 

5 5 2
ˆ Ψ Φrθ δ=  (55) 

6 6 2
ˆ Ψ ( )Σrθ δ ω t=  (56) 

7 7 2 3
ˆ Ψ rθ δ v=  (57) 

8 8 2 4
ˆ Ψ rθ δ v=  (58) 

Parameters δ1, δ3, …, δ8 are positive adaptation gains that 
are selected by the designer. These equations are derived 
from the closed loop stability of the system. The stability 
study is presented later. Next paragraph shows how the 
stator voltages usa and usb. are computed from  
equations (32) and (50). Indeed, U1 and U2, in terms of 
estimated parameters, stator and rotor currents and stator 
voltages are as follows: 

( ) ( )
( ) ( )

1 7 8

2 7 8

ˆ ˆ ˆ
ˆ ˆˆ

s s s s r s r s

s s s s r s r s

U p i u i u p i u i u

U θ i u i u θ i u i u

 = − + −


= + + +

α β β α α β β α

α β β α α β β α
 (59) 

Stator voltages that are the controller output signals have the 
followings expressions therefore 

( ) ( )
( ) ( )

1
7 8 7 8 1

7 8 7 8 2

ˆˆ ˆ ˆ ˆ
ˆ ˆ ˆ ˆˆ

s r s rs

s s r s r

p i p i p i p iu U
u θ i θ i θ i p i U

−
 − − +   

=      + +      

α β α αα

β β α β β
 (60) 

The matrix that appears in equation (60) is invertible when 
the machine is in normal operation mode and estimated 
parameters are kept away from zero. Indeed the matrix 
determinant has the following form: 

( )7 7 8 8 8 7 7 8
ˆ ˆ ˆ ˆˆ ˆ ˆ ˆΛ 2 2 Φp θ S p θ R p θ p θ= − − − +  

In normal operation, variables R, S and Φ are not zero. 
Estimated parameters can easily be forced to remain within 
a predefined domain using a projection method not 
discussed in the paper for the sake of simplicity. 

Figure 1 summarises the control structure that results 
from the proposed design approach. It has two control 
loops: the speed and flux control loops. The speed control 
loop consists of two sub-controllers in series: The speed 
controller represented by equation (28) and the torque 
controller given by equation (32). The speed controller 
provides the reference signal for the torque controller. The 
flux control loop has two controllers in series: The flux 
controller represented by equation (46) followed by a 
current controller described by equation (50). The flux 
controller provides the reference signal for the current 
control. The proposed control structure also includes two 
adaptation modules which are used to adjust the controller 
parameters when motor parameters change. Although the 
proposed control structure looks very similar to 
conventional control structures for asynchronous motors, it 
has the advantage that it is not only nonlinear but also 
adaptive. Moreover, it guarantees that the system is stable 
and that the speed and flux always converge to their desired 
values although motor resistances and inductances are 
subject to changes. 

Figure 1 The proposed control structure 
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Figure 2 The proposed variable speed control structure (see online version for colours) 
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3.3 Stability analysis 
The stability analysis is done in this section using the 
Lyapunov method. We define the following Lyapunov 
candidate function therefore 

( )
8 8

2 2 2 2 2 2
2

1 1

1 1 1 1 1Σ Ψ Κ
2 2 2i ir

i ii i

V ω p θ
γ δ= =

= + + + + +   (61) 

V is differentiated and equation (62) is obtained 
8 8

2 2
1 1

1 1 ˆˆΣΣ Ψ Ψ ΚΚr r i i i i
i ii i

V ωω p p θ θ
γ δ= =

= + + + − −   (62) 

Substituting equations (30), (33), (48) and (51) in  
equation (62) we have: 

2 2 2 2
1 2 3 2 4Σ Ψ ΚrV k ω k k k= − − − −  (63) 

0V ≤  for all ki ≥ 0 {i = 1, 2, 3, 4}. The system is therefore 
stable. Next paragraph shows that the motor speed and the 
rotor flux converge towards their reference values. The 
objective is to show that ,ω  Σ,  2Ψ ,r  Κ  converge to zero 
as time goes to infinity. 

Indeed, V(t) < V(0) since V(t) is a decreasing function. 

Moreover 2rω Σ Ψ Κ  are bounded since the system is 
stable. In addition, 

1 2 3 2 2 42 2 ΣΣ 2 Ψ Ψ 2 ΚΚr rV k ωω k k k= − − − −  (64) 

( )V t  is bounded therefore V(t) is uniformly bounded. By 
the Barbalat lemma ,ω  Σ,  2Ψ ,r  Κ  converge to zero as 
time goes to infinity. 

3.4 The proposed variable speed drive 
Figure 2 shows the proposed control system for the wound 
rotor induction motor. The three-phase stator and rotor 
currents as well as the speed of the motor are measured. The 
α/β components of the currents are then obtained using two 
Clark transformation modules. Then, the proposed change 
of variables is performed. The new variables and motor 
speed are used in the adaptive backstepping control module 
to compute the controller output signals. These signals are 
converted back to the three-phase ABC reference frame 
using the Clark transformation module and applied to the 
PWM that is connected to the motor. The outputs of this 
inverter are applied to the motor stator. 

4 Simulation and results 
The proposed adaptive variable speed control is evaluated in 
this section. Several simulations were carried out under 
different operating conditions. This includes a starting-up at 
rated load, load changes, and speed and flux reference 
changes. Machine resistances and inductances change 
during each of the test conditions. The rated parameter 
values for the wound rotor induction motor are as follows: 
Rs = 5.3 Ω, Rr = 3.3 Ω, Ls = 0.365 H, Lr = 0.375 H,  
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Lm = 0.34 H and J = 0.0075 kg.m2 the rated load torque is  
TL = 5 N. The maximum stator voltage is 700V. Controller 
gains are k1 = 180, k2 = 80, k3 = 930 and k4 = 1,245. 
Adaptation law gains are set to zero except for γ3 = 5.5 and 
δ3 = 5.67. In the first test, the motor operates in an 
overspeed condition. The objective of this test 1 is to 
evaluate the performance of the proposed controller in 
tracking the rotating speed and rotor flux references. 

Note that the machine resistances and inductances 
change during this test as illustrated in Figures 3 and 4. The 
stator and rotor resistances Rs and Rr generally change with 
the temperature. We have therefore assumed that the 
increases of 63.77% for Rs and 68.03% for Rr occur 
simultaneously with the increase in load torque. At start-up, 
the load torque is 2.5 Nm and it increases to 5.8 Nm at 2.5 s 
as shown in Figure 6. 

When operating in the overspeed condition, the rotor 
flux reference is reduced (as illustrated in Figure 5) to limit 
the machine input voltage. This is referred to as Field 
weakening. The resulting decrease in rotor flux will induce 
an increase in stator, rotor and mutual inductances due to 
the magnetic core saturation. In our test, this increase in 
inductances is 13.7% for Ls, 13.3% for Lr and 14.7% for Lm. 
At t = 5 s, the speed is increased up to 10% of its rated value 
as shown in Figure 7 and the rotor flux is reduced by 21.2% 
as illustrated in Figure 5. Figure 6 shows a good transient 
response for the motor torque. The controller does not 
induce some ripples in the torque as it is the case in certain 
works in the literature (Saad et al., 2019). In Figure 7, the 
speed reference ωref is increased from 104.5 rad/s to  
115 rad/s between 5 s and 6.5 s. We observe that the motor 
rotation speed follows its reference speed ωref despite 
changes in the motor parameters. At t = 2.5 s during the 
change in resistances Rs and Rr, a slight increase in ωr 
compared to ωref is observed but the speed quickly returns to 
its reference value. The controller is therefore robust in the 
presence of changes in Rr and Rs. Also, at t = 5 s, the 
inductances Ls, Lr and Lm change. The motor speed 
increases slightly and quickly return to its reference value. 
The speed control is also robust against changes in 
inductances due to saturation of the magnetic flux. In  
Figure 8, we observe that the flux reference is reduced from 
its rated value of 1.16 Wb to 0.98 Wb to limit the voltage at 
the inverter terminals while maintaining the maximum 
torque. The resulting reduction in flux will cause 
inductances Ls, Lr and Lm to increase. It is observed that the 
flux Ψ2r follows its reference Ψ2rref with a slight error in 
steady state although the parameters Ls, Lr and Lm change. 
This result confirms that the controller is robust. Controller 
parameters θ3 and θ6 are illustrated respectively in  
Figures 18 and 19. We can see that they remain bounded.  
 
 
 
 
 
 
 
 

Figures 10, 11, 12, 13 and 14, respectively illustrate the 
variables Σ, Φ, R, S and K of the proposed new model for 
induction motors. It is observed that these signals are 
constant in steady state. The proposed model is in the (α/β) 
reference frame however it has the same advantage as the 
traditional model in the (dq) reference frame for the design 
of nonlinear controllers. Contrary to the traditional model 
the new model does not require the electrical angle θs. 
Figure 15 shows the stator current. It is observed that it 
increases when the load increases. At t = 2.5 s, the increase 
in the load torque to 5.8 N.m (see Figure 6) causes an 
increase in the stator current to its nominal value of 4.5 A. 
Figures 16, 17, 18 and 19 show the controller parameters. 
We see that these parameters are bounded. The main 
objective of the second test is to assess the effectiveness of 
the proposed controller when the machine starts at its rated 
load, the speed deceleration and the change in the rotation 
direction in the presence of changes in machine resistances 
and inductances. Figure 20 shows the rotor speed. One can 
observe that the speed tracks its reference value with a 
steady-state error close to zero. In addition, at t = 2.5 s, Rs 
and Rr increase respectively to 63% and 68% of their rated 
values respectively. The system remains stable. The 
tracking error remains negligible. We can also observe an 
increase in the inverter terminal voltage when Rr and Rs 
change. The system remains stable during the deceleration 
and change in rotation direction. However, during this 
change, we observe that the electric torque Te (see  
Figure 24) drops during 0.5 s and then returns to its initial 
value. Figure 21 shows that the rotor flux increases from its 
rated value of 1.16 wb to the value of 1.24 wb. This increase 
leads to a reduction of the inductances Ls, Lr and Lm due to 
the magnetic core saturation. A peak of increase in the rotor 
flux is observed then the flux perfectly tracks its reference 
Ψ2rref. Figure 24 shows that the stator current returns to its 
rated value after a change of the machine rotation direction. 

Figure 3 Stator and rotor resistance change profiles 
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Figure 4 Inductance change profiles 

 

Figure 5 Flux reference change profile 

 

Figure 6 Load torque and electric torque waveforms 

 

 

 

 

 

 

 

Figure 7 Rotor speed waveform 

 

Figure 8 Rotor flux waveform 

 

Figure 9 Stator voltage amplitude 
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Figure 10 Variable Σ waveform 

 

Figure 11 Variable Φ waveform 

 

Figure 12 Variable R waveform 

 

 

 

 

 

 

 

 

Figure 13 Variable S waveform 

 

Figure 14 Variable K waveform 

 

Figure 15 Stator current waveform (see online version  
for colours) 
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Figure 16 Estimated parameter p1 

 

Figure 17 Estimated parameter p3 

 

Figure 18 Estimated parameter θ3 

 

 

 

 

 

 

 

Figure 19 Estimated parameter θ6 

 

Figure 20 Rotor speed during test 2 

 

Fgure 21 Rotor flux during test 2 
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Figure 22 Stator voltage during test 2 

 

Figure 23 Load torque and electric torque during test 2 

 

Figure 24 Stator current during test 2 (see online version  
for colours) 

 

 

 

 

 

5 Conclusions 
In this paper, an adaptive backstepping control is proposed 
for the design of a variable speed control for induction 
motors. We have proposed a new induction machine model 
in the (α/β) reference frame. Its state variables are  
non-sinusoidal in steady state. The application a 
backstepping control design method results in a control 
structure in which a speed control is in series with a torque 
control in one side and a magnetic flux control is in series 
with a current control in the other side. A module, which 
adjusts the proposed control structure parameters, ensures 
the robustness to the system in closed loop and a good 
tracking performance in the presence of changes in machine 
resistances and inductances due to the temperature and 
magnetic core saturation. Simulation results show that good 
transient and steady state robust performances are achieved. 

A novel indirect adaptive control coupled with a novel 
identification method for induction machine parameters is 
currently under investigation to ensure that the system 
remains stable when machine inductances change over a 
wide range. An observer to estimate unmeasurable state 
variables is also under investigation to extend the proposed 
control structure to squirrel cage induction motors. 
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