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 Nowadays, electrical drives require more and more precision and reliability. 

Induction machine is one of the most robust actuators in terms of 

maintenance and reliability. Their control requires a good knowledge of the 

physical phenomena governing its operation. Saturation and heating are two 

main phenomena that must be taken into account to achieve the desired 

performance. In this paper, we will synthesize a nonlinear control law based 

on the “Backstepping” method, to regulate rotor speed and flux. This law 

takes into account saturation and rotor resistance variation effects. The 

immunity of the control to temperature rise will be tested. This control 

strategy is studied by simulation in the MATLAB/Simulink environment. 
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1. INTRODUCTION 

The high reliability of induction machines (IM) is the main advantage which allows these machines 

to occupy an important place in industrial applications. A more reliable modeling of the physical phenomena 

governing the operation of IM, allows the development and implementation of linear [1] and  

non-linear [2]−[6] control strategies, allowing IM to have performances comparable or superior to those of 

DC machine [7]. Well known simplifying assumptions (isotropy of the machine, parameters invariance, 

neglected saturation [8]) lead to state models with constant parameters [9]. However, the stator and rotor 

inductances and resistances are variable due to saturation [10]−[13], and temperature rise [14]−[18]. Design 

of linear control laws based on these assumptions, are limited and are valid for a given fixed operating point. 

Nonlinear control strategies are developed based on the linear model without saturation [2], [17], [18], or on 

the model with saturation [3], [11], [19], [20], which allow to follow the speed and the flux references with 

accuracy depending on the complexity and the knowledge of the IM parameters. 

In this paper, starting from a nonlinear model of the rotor flux [16], we develop a nonlinear control 

law based on the backstepping technique (NLB), taking into acount the fact that the inductances (stator, rotor 

and magnetizing) of the IM machine depend on the magnetizing current. We use the rotor flux orientation 

(FOC)-which is the most used in literature-to deduce the control voltages. Robustness of this control law, 

with respect to heating, will be investigated and discussed in this article. For the symbols used, the reader can 

refer to Table 1. 
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Table 1. List of symbols 
Symbol Designation 

𝑢𝑠𝑥 , 𝑢𝑠𝑦 Stator voltages in the rotor flux-oriented reference frame 

𝑖𝑠𝑥, 𝑖𝑠𝑦 Stator currents in the rotor flux-oriented reference frame 

𝑖𝑚𝑟 Rotor magnetizing current (A) in the rotor flux-oriented reference frame 

|𝛹𝑟| = 𝐿𝑚|𝑖𝑚𝑟| Rotor flux magnitude (Wb) 

|𝛹𝑟|𝑟𝑒𝑓 Rotor flux reference (Wb) 

𝐿𝑠(𝐿𝑟) stator (rotor) inductance (H) 

𝐿𝑚 Magnetizing inductance (H) 

𝑅𝑠(𝑅𝑟) Stator (rotor) resistance (Ω) 
𝐿𝑟𝜎 = 𝐿𝑚 − 𝐿𝑟 Rotor leakage inductance (H) 

𝑇𝑟, 𝑇𝑟
∗

 
Rotor time-constant, modified rotor time-constant 

𝜔𝑟 Electrical speed (rad/s) 

𝜔𝑔 General reference frame 

𝜔𝑟𝑟𝑒𝑓 Speed reference (rad/s) 

𝑇𝑒𝑚, 𝑇𝐿 Electromagnetic torque (Nm), Load torque (Nm) 

𝜎 =  1 −
𝐿𝑚
2

𝐿𝑠𝐿𝑟
 Total leakage factor 

𝐸 DC bus voltage (V) 

NLB Nonlinear backstepping controller  
FO Flux observer 

IMNS Induction motor with saturated 

IMNS Induction motor not saturated 

 

 

2. MATHEMATICAL MODEL OF IM TAKING INTO ACCOUNT SATURATION 

In the literature, several articles have studied the magnetic saturation in induction machines  

(IM) [3], [21]−[26]. The control laws based on the saturation of the IM machine are: linear controls with 

update of one or more parameters, or a nonlinear control with constant or variable parameters [27]. The 

dynamic model of the IM that takes into account saturation of the iron core in [24] will be used to develop a 

nonlinear control law for speed and flux. Starting from [24], the mathematical model of IM, which takes into 

account the saturation effect is described by the following state as in (1). 
 

𝑑𝑖𝑠𝑥
𝑑𝑡

= −𝑐1𝑖𝑠𝑥 + (𝜔𝑔 + 𝑐2𝑇𝑟(𝜔𝑔 −𝜔𝑟)) 𝑖𝑠𝑦 + 𝑐3𝑖𝑚𝑟𝑥 − ((𝑐3𝑇𝑟 − 𝑎21
∗ 𝑓1𝑇𝑟

∗)𝜔𝑔 − 𝑐3𝑇𝑟𝜔𝑟) 𝑖𝑚𝑟𝑦 − 𝑐2
𝑖𝑠𝑥
2

𝑖𝑚𝑟𝑥
+ 𝑓1𝑢𝑠𝑥  

𝑑𝑖𝑠𝑦

𝑑𝑡
= −𝑐1𝑖𝑠𝑦 − (𝜔𝑔 + 𝑐2𝑇𝑟(𝜔𝑔 − 𝜔𝑟)) 𝑖𝑠𝑥 + 𝑐3𝑖𝑚𝑟𝑦 + ((𝑐3𝑇𝑟 − 𝑎21

∗ 𝑓1𝑇𝑟
∗)𝜔𝑔 − 𝑐3𝑇𝑟𝜔𝑟) 𝑖𝑚𝑟𝑥

− 𝑐2
𝑖𝑠𝑦
2

𝑖𝑠
. +𝑓1𝑢𝑠𝑦 

𝑑𝑖𝑚𝑟𝑥
𝑑𝑡

= 𝑎22
∗ 𝑖𝑠𝑥 − 𝑎22

∗ 𝑖𝑚𝑟𝑥 + 𝑎22
∗ 𝑇𝑟(𝜔𝑔 −𝜔𝑟)𝑖𝑚𝑟𝑦 

𝑑𝑖𝑚𝑟𝑦

𝑑𝑡
= 𝑎22

∗ 𝑖𝑠𝑦 − 𝑎22
∗ 𝑖𝑚𝑟𝑦 − 𝑎22

∗ 𝑇𝑟(𝜔𝑔 − 𝜔𝑟)𝑖𝑚𝑟𝑥 

𝑑𝜔𝑟

𝑑𝑡
=  − 𝑎33𝜔𝑟 + 𝑓3(𝑖𝑚𝑟𝑥𝑖𝑠𝑦 − 𝑖𝑚𝑟𝑦𝑖𝑠𝑥) − 𝑓4𝑇𝐿 (1) 

 

In the rotor frame reference, which rotates at speed 𝜔𝑔 = 𝜔𝑚𝑟 = 𝜔𝑟 + 𝑎22
𝑖𝑠𝑦

𝑖𝑚𝑟𝑥
, the model (1) becomes : 

 

𝑑𝑖𝑠𝑥
𝑑𝑡

= −𝑐1𝑖𝑠𝑥 + 𝜔𝑟𝑖𝑠𝑦 + (𝑎22 + 𝑐2)
𝑖𝑠𝑦
2

𝑖𝑚𝑟𝑥
+ 𝑐3𝑖𝑚𝑟𝑥 − 𝑐2

𝑖𝑠𝑥
2

𝑖𝑚𝑟𝑥
+ 𝑓1𝑢𝑠𝑥 

𝑑𝑖𝑠𝑦
𝑑𝑡

= −(𝑎11 − 𝑐2)𝑖𝑠𝑦 −𝜔𝑟𝑖𝑠𝑥 − (𝑎22 + 𝑐2)
𝑖𝑠𝑥𝑖𝑠𝑦
𝑖𝑚𝑟𝑥

𝑖𝑠𝑑 + 𝑐3𝑖𝑚𝑟𝑞 +
𝑓1𝑎21
𝑎22

𝜔𝑟𝑖𝑚𝑟𝑥 − 𝑐2
𝑖𝑠𝑦
2

𝑖𝑚𝑟𝑥
+ 𝑓1𝑢𝑠𝑦 

𝑑𝑖𝑚𝑟𝑥
𝑑𝑡

= 𝑎22
∗ (𝑖𝑠𝑥 − 𝑖𝑚𝑟𝑥) 

𝑑𝜔𝑟

𝑑𝑡
=  − 𝑎33𝜔𝑟 + 𝑓3𝑖𝑚𝑟𝑥𝑖𝑠𝑦 − 𝑓4𝑇𝐿 (2) 

 

So, the electromagnetic torque is given by the (3). 
 

𝑇𝑒𝑚 = 𝑓2𝑖𝑚𝑟𝑥𝑖𝑠𝑦 (3) 
 

Coefficients that appear in (1)-(3) are defined by the (4). 
 

𝑎11
∗ =

𝑅𝑠

𝜎𝐿𝑠
+

1−𝜎

𝜎𝑇𝑟
∗ , 𝑎12

∗ =
1

𝜎𝐿𝑠𝑇𝑟
∗ , 𝑎21

∗ = 𝐿𝑠
1−𝜎

𝑇𝑟
∗ , 𝑎22

∗ =
1

𝑇𝑟
∗ , 𝑎33 =

𝑏𝑟

𝐽𝑚
, 𝑓1 =

1

𝜎𝐿𝑠
, 𝑓2 =

3

2
𝑝
𝐿𝑚
2

𝐿𝑟
, 𝑓3 =

𝑝

𝐽𝑚
𝑓2𝑐1 = 𝑎11

∗ + 𝑎12
∗ (𝛥𝐿 −

2𝛥𝐿∗), 𝑐2 = 𝑎12
∗ 𝛥𝐿∗, 𝑐3 = 𝑎21

∗ 𝑓1 + 𝑎12
∗ (𝛥𝐿 − 𝛥𝐿∗), 𝛥𝐿 = 𝐿 − 𝐿𝑚, 𝛥𝐿

∗ =
𝐿𝜎𝑟
2

𝐿𝑟
2 𝛥𝐿 (4) 
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𝑇𝑟
∗ and𝐿 are called modified rotor time-constant and dynamic magnetizing inductance, respectively, and are 

defined as in (5) and (6). 

 

𝑇𝑟
∗ = 𝑇𝑟

𝐿

𝐿𝑚
, (5) 

 

𝐿 =
𝑑|𝛹𝑟|

𝑑|𝑖𝑚𝑟|
= 𝐿𝑚 + |𝑖𝑚𝑟|

𝑑𝐿𝑚

𝑑|𝑖𝑚𝑟|
 (6) 

 

These equations can be rewritten in a more condensed form as (7) and (8). 

 
𝑑𝑖𝑠𝑥

𝑑𝑡
= 𝐹𝑥 + 𝑓1𝑢𝑠𝑥 (7) 

 
𝑑𝑖𝑠𝑦

𝑑𝑡
= 𝐹𝑦 + 𝑓1𝑢𝑠𝑦 (8) 

 

With: 

 

𝐹𝑥 = −𝑐1𝑖𝑠𝑥 +𝜔𝑟𝑖𝑠𝑦 + (𝑎22 + 𝑐2)
𝑖𝑠𝑦
2

𝑖𝑚𝑟𝑥
+ 𝑐3𝑖𝑚𝑟𝑥 − 𝑐2

𝑖𝑠𝑥
2

𝑖𝑚𝑟𝑥
, 𝐹𝑦 = −(𝑎11 − 𝑐2)𝑖𝑠𝑦 − 𝜔𝑟𝑖𝑠𝑥 −

(𝑎22 + 𝑐2)
𝑖𝑠𝑥𝑖𝑠𝑦

𝑖𝑚𝑟𝑥
𝑖𝑠𝑑 + 𝑐3𝑖𝑚𝑟𝑦 +

𝑓1𝑎21

𝑎22
𝜔𝑟𝑖𝑚𝑟𝑥 − 𝑐2

𝑖𝑠𝑦
2

𝑖𝑚𝑟𝑥
. (9) 

 

2.1.  Modeling of the rotor flux of IM 

In general, saturation curve is a hysteresis form. In our model, only the first magnetization curve is 

considered. Based on the procedure described in [8], the magnetization curve of the IM is shown in Figure 1. 

A mathematical model is described by the (10) [24]. 

 

|𝛹𝑟| = 𝛼(1 − 𝑒−𝛽|𝑖𝑚𝑟|) + 𝛾|𝑖𝑚𝑟| (10) 

 

From (10), an analytical expression of𝐿𝑚 is obtained by (11). 

 

𝐿𝑚 =
|𝛹𝑟|

|𝑖𝑚𝑟|
=

𝛼(1−𝑒−𝛽|𝑖𝑚𝑟|)

|𝑖𝑚𝑟|
+ 𝛾 (11) 

 

 

 
 

Figure 1. Typical rotor flux curve |𝛹𝑟|, magnetizing inductance (Lm) and modified inductance (L) 

 

 

Notes: 

1) Some advantages over polynomial interpolation should be noted: 

− This model has three parameters to be identified/optimized 

− The three parameters are physically interpretable (have a physical meaning) 
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− It can be used to analyse and predict the behaviour of the machine for magnetizing currents that exceed 

the nominal value 

2) Inductances can be deduced by a simple derivation. An interesting physical interpretation of the 

coefficients α, β and γ can be made. Indeed: 

−   𝑙𝑖𝑚
|𝑖𝑚𝑟|→0

𝐿𝑚 = 𝛼𝛽 + 𝛾: This means that the tangent of the magnetization curve at the origin is equal to 

+. This value represents the initial magnetic state of the iron core. 

−  𝑙𝑖𝑚
|𝑖𝑚𝑟|→+∞

𝐿𝑚 = 𝛾: Thus  represents an inductance. It can be interpreted as magnetizing inductance when 

the machine is completely saturated. 
 

2.2.  Flux observer (FO) 

The flux is usually difficult or inaccessible to measure. Therefore, it is necessary to construct a flux 

observer (FO) that makes the rotor flux available for the synthesis of the proposed nonlinear backstepping 

(NLB) technique. Let’s consider the two state equations of the magnetizing current of (1), and replace 

𝑖𝑚𝑟𝑥and 𝑖𝑚𝑟𝑦  currents by their estimates𝑖̂𝑚𝑟𝑥 et 𝑖̂𝑚𝑟𝑦. Thus, we rewrite the two components of the 

magnetizing current as (12): 
 

( )

( )

*
22

*
22

ˆ ˆ( )

ˆ ˆ( )

ˆ

ˆ

sx mrx r g r mry

sy mry x

mr

r

x

m
g r m

ry
r

d
T

i
a

dt

d

i i i

i i T
d

i
i

a
t

 

 

= −

=

+ −

− −−

 (12) 

 

The resulting errors are (𝑖̃𝑚𝑟𝑥 = 𝑖𝑚𝑟𝑥 − 𝑖̂𝑚𝑟𝑥𝑒𝑡𝑖̃𝑚𝑟𝑦 = 𝑖𝑚𝑟𝑦 − 𝑖𝑚̂𝑟𝑦), and as in (13): 
 

( )

( )

*
22

*
22

( )

( )

mrx r g r mry

y

mrx

mry
mry r g r mr

d

d

i T i

i T i

i
a

dt

i
a

dt

 

 

= −

=

−

− −+

−

 (13) 

 

Consider the following Lyapunov candidate function as in (14). 

 

𝑉𝑜𝑏𝑠 =
1

2
(𝑖̃2𝑚𝑟𝑥 + 𝑖̃

2
𝑚𝑟𝑦) (14) 

 

Its dynamics is given by (15). 

 

𝑉̇𝑜𝑏𝑠 = 𝑖̃𝑚𝑟𝑥. 𝑖̃̇𝑚𝑟𝑥 + 𝑖̃𝑚𝑟𝑦 . 𝑖̃̇𝑚𝑟𝑦 = −𝑎22
∗ (𝑖̃2𝑚𝑟𝑥 + 𝑖̃

2
𝑚𝑟𝑦) (15) 

 

Since 𝑎22
∗ > 0then the FO is globally asymptotically stable. 

In the rotor flux-oriented reference frame, the magnetizing current (|𝑖𝑚𝑟| = 𝑖𝑚𝑟𝑥) rotates at the speed𝜔𝑚𝑟 , 

which allows to write as in (16) and (17). 
 
𝑑𝑖̂𝑚𝑟𝑥

𝑑𝑡
= 𝑎22

∗ (𝑖𝑠𝑥 − 𝑖̂𝑚𝑟𝑥) (16) 

 

𝜔𝑚𝑟 = 𝜔𝑟 + 𝑎22
𝑖𝑠𝑦

𝑖̂𝑚𝑟𝑥
 (17) 

 

Then the rotor flux will be deduced from (10), (11) and (16), (17). Figure 2 shows the block diagram of the 

flux observer (FO): 
 

 

 
 

Figure 2. Block diagram of the flux observer (FO) 
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3. DESIGN AND ANALYSIS OF SPEED AND FLUX BACKSTEPPING CONTROLLER (NLB) 

We are interested in rotor speed and rotor flux magnitude control of the IM described by (2). Actual 

speed of the IM must follow its reference speed whatever the operating mode of the IM is. Synthesis of this 

nonlinear control law is based on the backstepping technique. 

1ststep: We define the following tracking error as in (18). 

 

𝑒1 = 𝜔𝑟 − 𝜔𝑟𝑟𝑒𝑓 (18) 

 

Deriving 𝑒1 with respect to time, we obtain as in (19). 

 

𝑒̇1 = 𝜔̇𝑟 − 𝜔̇𝑟𝑟𝑒𝑓 = −𝑎33𝜔𝑟 + 𝑓3𝑖𝑚𝑟𝑥𝑖𝑠𝑦 − 𝑓4𝑇𝐿 − 𝜔̇𝑟𝑟𝑒𝑓 (19) 

 

The term 𝑓3𝑖𝑚𝑟𝑥𝑖𝑠𝑦  is the electromagnetic torque of IM, so the choice of this term as a virtual control appears 

natural. Thus, we define a new error: 

 

𝑧1 = 𝑓3𝑖𝑚𝑟𝑥𝑖𝑠𝑦 − 𝜐1 (20) 

 

The dynamics of 𝑧1, is obtained by deriving (20) with respect to time. 

 

( ) ( )

( )

2

223
. .2 1 1

2

2 1
1 . . ( )3 3 1 1

1

*
22

Lmd
Lr Lp dmf i i i i i imrx sy mrx sy mrx s

x

d
z

dt

a

y
J dt L dtm r

f L i i i i f x f f i usx mr sy mrx y mrx sy
L Lm r

 



  
  
  

  − = + −
 
 
 
  

   
  = −  + − + + − 

     

=



 (21) 

 

The magnetizing current of the rotor𝑖𝑚𝑟𝑥 is not measurable because it is difficult to access, we replace it, in 

the control law, by its estimate 𝑖̂𝑚𝑟𝑥 and we rewrite 𝑧̇1 in a condensed form (22).  

 

𝑧̇1 = 𝜇1 + 𝑎1𝑢𝑠𝑦 (22) 

 

With: 

 

𝜇1 = 𝑓3 [((
2

𝐿𝑚
−

1

𝐿𝑟
)𝛥𝐿 + 1)

𝑑𝑖̂𝑚𝑟𝑥

𝑑𝑡
. 𝑖𝑠𝑦 + 𝑖̂𝑚𝑟𝑥 . 𝑓𝑦(𝑥)] − 𝜐̇1; 𝑎1 = 𝑓3𝑓1𝑖̂𝑚𝑟𝑥  

 

Notes:  

The dynamics of the magnetizing and rotor inductances (
𝑑𝐿𝑚

𝑑𝑡
and

𝑑𝐿𝑟

𝑑𝑡
) are given by (23). 

 

{

𝑑𝐿𝑚

𝑑𝑡
=

𝑑𝐿𝑚

𝑑𝑖𝑚𝑟𝑥
.
𝑑𝑖𝑚𝑟𝑥

𝑑𝑡
=

𝐿−𝐿𝑚

𝑖𝑚𝑟𝑥
.
𝑑𝑖𝑚𝑟𝑥

𝑑𝑡
=

𝛥𝐿

𝑖𝑚𝑟𝑥
.
𝑑𝑖𝑚𝑟𝑥

𝑑𝑡

𝑑𝐿𝑟

𝑑𝑡
=

𝑑(𝐿𝜎𝑟+𝐿𝑚)

𝑑𝑡
=

𝑑𝐿𝑚

𝑑𝑡

 (23) 

 

Rotor inductance is no longer constant, it depends on the magnetizing inductance, thus on the 

magnetizing 𝑖𝑚𝑟𝑥 current. Leakage 𝐿𝜎𝑟 inductance is assumed to be constant, this assumption is common to that 

of [16] and [3]. But the rotor inductance depends on the magnetizing inductance: 𝐿𝑟 = 𝐿𝜎𝑟 + 𝐿𝑚, which makes 

it depends on the magnetizing inductance. Consider the following Lyapunov candidate function as in (24). 

 

𝑉1 =
1

2
(𝑒1

2 + 𝑧1
2) (24) 

 

The dynamics of is 𝑉1given by (25). 

 

𝑉̇1 = 𝑒1𝑒̇1 + 𝑧1𝑧̇1 = 𝑒1(−𝑎33𝜔𝑟 + 𝜐1 − 𝑓4𝑡𝐿 − 𝜔̇𝑟𝑟𝑒𝑓) + 𝑧1(𝑒1 + 𝜇1 + 𝑎1𝑢𝑠𝑦) (25) 
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To have global asymptotic stability, must 𝑉̇1 verify the following condition by (26). 

 

𝑉̇1 = −𝑘1𝑒1
2 − 𝑑1𝑧1

2 (26) 

 

Where 𝑘1 and 𝑑1 are any positive real design constants. By identifying (25) to (26), we obtain the (27). 

{
−𝑘1𝑒1 = −𝑎33𝜔𝑟 + 𝜐1 − 𝑓4𝑡𝐿 − 𝜔̇𝑟𝑟𝑒𝑓
−𝑑1𝑧1 = 𝑒1 + 𝜇1 + 𝑎1𝑢𝑠𝑦

 (27) 

 

2ndstep: the nonlinear controller must follow the flux reference. We denote 𝛹̂𝑟  the estimate of rotor flux 𝛹𝑟 . 

So, we define the following error as (28). 

 

𝑒2 = |𝛹̂𝑟|
2
− |𝛹𝑟|𝑟𝑒𝑓

2  (28) 

 

Then we derive𝑒2 with respect to time, we obtain (29). 

 

2

22
22 22

ˆ ˆ2 2 2 2

ˆˆ2 2 2

mrx
r r r r r r rref refref ref

m mrx sx r r rref ref

di
e L

dt

a L i i a

=   −   =  −  

= −  −  

 (29) 

 

We choose the term as 2𝑎22𝐿𝑚
2 𝑖𝑚̂𝑟𝑥𝑖𝑠𝑥 a second virtual command and define a new error 𝑧2 as (30). 

 

𝑧2 = 2𝑎22𝐿𝑚
2 𝑖̂𝑚𝑟𝑥𝑖𝑠𝑥 − 𝜐2 (30) 

 

The dynamics of 𝑧2 is given by (31). 

 

( ) ( )

2 2
2 22 22 22 2

*
22 22 22 2

ˆ
ˆ ˆ4 2 2

ˆ ˆ2 2 ( ) 2

m mrx sx
m mrx sx m sx m mrx

m m sx sx mrx r x m r sx

dL di di
z a L i i a L i a L i

dt dt dt

a L a L L i i i f x a L u





= + + −

 =  + − +  +  −
  

 (31) 

 

We rewrite (31) in a more condensed form (32).  

 

𝑧̇2 = 𝜇2 + 𝑎2𝑢𝑠𝑥 (32) 

 

With:𝜇2 = 2𝑎22𝐿𝑚[𝑎22
∗ (2𝛥𝐿 + 𝐿𝑚)𝑖𝑠𝑥(𝑖𝑠𝑥 − 𝑖𝑚𝑟𝑥) + |𝛹̂𝑟|𝑓𝑥(𝑥)] − 𝜐̇2; 𝑎2 = 2𝑎22𝐿𝑚|𝛹̂𝑟|. 

We consider the new Lyapunov candidate function defined by (33). 

 

𝑉2 =
1

2
(𝑒2

2 + 𝑧2
2) (33) 

 

Its derivative with respect to time is given by (34). 

 

𝑉̇2 = 𝑒2𝑒̇2 + 𝑧2𝑧̇2 = 𝑒2 (𝜐2 − 2𝑎22|𝛹̂𝑟|
2
− 2|𝛹𝑟|𝑟𝑒𝑓|𝛹̇𝑟|𝑟𝑒𝑓) + 𝑧2

(𝑒2 + 𝜇2 + 𝑎2𝑢𝑠𝑥) (34) 

 

To have global asymptotic stability, 𝑉̇2must satisfy by (35) 

 

𝑉̇2 = −𝑘2𝑒2
2 − 𝑑2𝑧2

2 (35) 

 

Where 𝑘2 and 𝑑2 are any positive real design constants. 

By identifying (34) to (35), we obtain the (36). 
 

{
−𝑘2𝑒2 = 𝜐2 − 2𝑎22|𝛹̂𝑟|

2
− 2|𝛹𝑟|𝑟𝑒𝑓|𝛹̇𝑟|𝑟𝑒𝑓

−𝑑2𝑧2 = 𝑒2 + 𝜇2 + 𝑎2𝑢𝑠𝑥
 (36) 

 

According to (27) and (36) the control voltages 𝑢𝑠𝑥and𝑢𝑠𝑦 satisfy as in (36) and (37). 
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𝑢𝑠𝑦 =
−𝑒1−𝑑1𝑧1−𝜇1

𝑎1
 (37) 

 

𝑢𝑠𝑥 =
−𝑒2−𝑑2𝑧2−𝜇2

𝑎2
 (38) 

 

Now we need to calculate the derivatives of the virtual commands 𝜐̇1and 𝜐̇2. Using (27) and (36) we obtain: 

 

{
 
 

 
 
𝜐̇1 = −𝑘1𝑒̇1 + 𝑎33𝜔̇𝑟 + 𝑓4𝑡̇𝐿 + 𝜔̈𝑟𝑟𝑒𝑓

= −𝑎33(𝑎33 − 𝑘1)𝜔𝑟 + 𝑓3(𝑎33 − 𝑘1)𝑖̂𝑚𝑟𝑥𝑖𝑠𝑦 − 𝑓4((𝑎33 − 𝑘1)𝑡𝐿 + 1)𝑡̇𝐿 + 𝑘1𝜔̇𝑟𝑟𝑒𝑓 + 𝜔̈𝑟𝑟𝑒𝑓

𝜐̇2 = −𝑘2𝑒̇2 + 4𝑎22|𝛹̂𝑟| |𝛹̇̂𝑟| + 2|𝛹̇𝑟|𝑟𝑒𝑓
2

+ 2|𝛹𝑟|𝑟𝑒𝑓|𝛹̈𝑟|𝑟𝑒𝑓

= 2(2𝑎22 − 𝑘2)|𝛹𝑟||𝛹̇𝑟| + 2|𝛹̇𝑟|𝑟𝑒𝑓
2

+ 2(𝑘2|𝛹̇𝑟|𝑟𝑒𝑓 + |𝛹̈𝑟|𝑟𝑒𝑓)
|𝛹𝑟|𝑟𝑒𝑓

 

 

 

4. SIMULATION RESULTS AND DISCUSSION 

The controller gains are selected as 𝑑1 = 1.10
3, 𝑘1 = 7.104, 𝑘2 = 7.10

4, 𝑑2 = 0.1.10
3.The choice 

of the controller gain and the adaptive gain is not arbitrary. So, if this choice is correct, we get a high 

performance of the NLB controller. In a first test, rotor flux and speed references are set to 1 Wb and 100 

rad/s respectively. At 1 second, nominal load torque of 15 Nm is applied to IM. Figures 3(a)-(e) shows 

simulation results of this first test. 

It can be seen that rotor speed reaches its reference of 100 rad/s (Figure 3(a), in about 16ms with an 

absolute error of less than 0.08 rad/s in Figures 3(b)-(c)), before and after the application of the load torque. 

At the moment of application of 15 Nm load torque, the absolute error of speed does not exceed 1.8rad/s, 

before it returns to the range of 0.08 rad/s. Rotor flux -necessary for the synthesis of the control law- is 

estimated using the nonlinear flux observer (FO) depicted in Figure 2. Induction machine (IM) produces a 

rotor flux that follows well its reference (Figure 3(d). Before applying load torque, the absolute flux error is 

about 9 mWb, while after applying this torque, this error decreases to 3 mWb, but in all cases this error does 

not exceed 10 mWb (Figure 3(d)). 

Electromagnetic torque developed by the machine compensates the load torque Figure 4(a). In this 

test it is assumed that the friction is part of the load torque, and it is assumed to be known or estimated, and 

its first derivative exists. Figure 4(b) shows the error between the electromagnetic torque and the load torque. 

This error is zoomed in to see the effect of applying the load Figure 4(c), it shows that this error does not 

exceed 1.5 Nm before and after the load torque was applied. A torque peak is observed at time 1 second 

which is quickly cancelled by the control. 𝑖𝑠𝑥 current component evolves in the same way as the rotor flux, 

and 𝑖𝑠𝑦 current component evolves in the same way as the electromagnetic torque. This result is common to 

the classical FOC, and it is also confirmed by in (3) and (10) as shown in Figures 3(d)-(e).  

Stator currents have a profile that confirms the torque and flux in (3) and (16). Indeed, in steady 

state, 𝑖𝑠𝑥current component controls the rotor flux (in (2) and (10)) and Figure 4(d) shows this dependence. 

𝑖𝑠𝑦current component is responsible produces the electromagnetic torque (in (3)), because in steady 

state(𝑖𝑚𝑟𝑥 = 𝑖𝑠𝑥)and therefore the electromagnetic torque depends essentially on 𝑖𝑠𝑦 as shown in Figure 4(e). 

As long as inductances 𝐿𝑚and 𝐿are constant, currents 𝑖𝑠𝑥and𝑖𝑠𝑦are also constant. Variation of rotor 

time-constant Tr is also due to the variation of IM inductances (𝐿𝑟 , 𝐿𝑠, 𝐿𝑚, . . . ). Figure 5(a) shows the 

variation of the rotor time-constant, the magnetizing and modified inductances obtained by the first test. 

Initially, both inductances𝐿𝑚 and𝐿 start from, 𝐿𝑚 = 𝐿 = 0.4695 𝐻, which explains the peaks of current and 

electromagnetic torque observed at the beginning of the simulation, then they decrease until they stabilize, at 

no load (𝑇𝐿 = 0), to the values :𝐿𝑚 = 0.1477 𝐻 and 𝐿 = 0.028 𝐻respectively. After applying load torque, 

the values of inductances increase slightly and become respectively:𝐿𝑚 = 0.1514 𝐻 and 𝐿 = 0.030 𝐻. 

Figure 5(b) gives the two time-constants introduced in the IMWS model. Initially the two time-constants 

described in the IMWS model, have the following values: 𝑇𝑟 = 𝑇𝑟
∗ = 0.3107 𝑠 , then they decrease to 

 𝑇𝑟 = 0.103 𝑠 and 𝑇𝑟
∗ = 0.0199 𝑠. After applying load torque, these values slightly increase to 

 𝑇𝑟 = 0.105 𝑠 and 𝑇𝑟
∗ = 0.0212 𝑠. From these results, it can be concluded that the model that takes into 

account the magnetic saturation, is valid to describe the variable behavior of inductances and the rotor time-

constant (at constant rotor resistance). Figures 3 to 5 show, that rotor speed and flux are well controlled by 

the proposed nonlinear control law (NLB), despite the variation of several parameters such as the rotor (Lr), 

stator (Ls) and magnetizing (Lm) inductances and the rotor time-constant (Tr). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 

Figure 3. Simulation results for references rref =1 Wb and r,ref =100 rad/s; (a) rotor speed, (b) absolute 

speed error (|𝜔𝑟 − 𝜔𝑟𝑟𝑒𝑓|), (c) zoom around the moment of application of the load torque (between 0.8 and 

1.2 seconds), (d) measured rotor flux of IM, and (e) absolute flux error (||𝛹𝑟| − |𝛹𝑟|𝑟𝑒𝑓|) 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 

Figure 4. Simulation results for references rref=1 Wb and r,ref =100 rad/s; (a) electromagnetic torque at no 

load and when applying a 15 N.m load torque, (b) the torque error (𝑇𝐿 − 𝑇𝑒𝑚), (c) zoomed view of the torque 

error (𝑇𝐿 − 𝑇𝑒𝑚), (d) and (e) stator currents 𝑖𝑠𝑥and 𝑖𝑠𝑦respectively 
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4.1.  Influence of the rotor resistance variation 

In a second test, the speed of the machine is fixed at 100 rad/s and the rotor flux at 1 Wb. The 

objective of this second test is:  

− to compare the proposed control law in the case where the model of the induction machine takes into 

account saturation and in the case where the inductances are assumed constant;  

− to test the robustness of this control strategy (NLB) with respect to the heating of IM (increase of rotor 

resistance𝑅𝑟). Simulation results are shown in the Figure 6. 

Figure 6 shows the speed of the induction machine for different values of the rotor resistance, 

considering constant rotor speed and flux. It can be seen that the increase of the rotor resistance (by heating) 

has no influence on the steady state speed, neither in the IMWS case Figure 6(a) nor in the IMNS case Figure 

6(c). However, the influence of the rotor resistance is clearly seen in transient state. The increase of the rotor 

resistance allows the speed to reach its reference faster as shown in Figures 6(b)-(d). Indeed, if 𝑅𝑟 = 0.5𝑅𝑟𝑛 

the motor speed reaches their reference at 0.02 seconds, and if 𝑅𝑟 = 2𝑅𝑟𝑛 , the speed reaches its reference 

after 0.01 seconds. This is justified by the fact that the rotor time constant𝑇𝑟 decreases with increasing 

resistance, so the speed response becomes faster. 

Figure 7 shows the rotor flux produced (measured) by IM when taking into account the saturation 

(IMWS case) Figures 7(a) and 7(b) and when assuming no saturation (IMNS case) Figures 7(c)-(d) following 

a variation of the rotor resistance. In steady state, we note that by increasing the rotor resistance, the real flux 

produced by IM stabilizes at its reference of 1 Wb see Figures 7(a) and (c)) However, in transient mode, the 

rise time of each flux depends on the rotor resistance value.  

Indeed, for𝑅𝑟 = 0.5𝑅𝑟𝑛, the flux reaches the reference after 0.25 s in the IMWS case Figure 7 (b), 

and after 1s in the IMNS case Figure 7(d). Whereas for 𝑅𝑟 = 2𝑅𝑟𝑛, the flux reaches its reference more 

quickly, but it presents an overshoot. This overshoot increases with increasing rotor resistor value. In 

transient state, the difference between IMWS and IMNS cases is clear. In the IMWS case, the maximum 

overshoot is about 20 %, but in the IMNS case, this overshoot reaches 70 %. This is due to the fact that the 

magnetic saturation limits the overshoot to 1.2 Wb (flux of the saturated machine). However, in the IMNS 

case this limit does not exist because the flux is assumed to be linear (constant inductance). On the other 

hand, the flux response is faster in the case with saturation (IMWS) than in the case without saturation see 

Figures 7(b)-(d). 
 

 

 
(a) 

 
(b) 

 

Figure 5. Motor’s parameters variation during the first test (a) magnetizing and modified inductance and  

(b) rotor and modified time-constants 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 6. Resulting speed for references rref=1 Wb and r,ref =100 rad/s; (a) IM speed in the IMWS case for 

increasing of rotor resistance𝑅𝑟, (b) zoomed view on time interval [0-0.02 s] in IMWS case, (c) speed in the 

IMNS case, and (d) zoomed view on time interval [0-0.02 s] in the IMNS case 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 7. Resulting flux for references rref=1 Wb and r,ref =100 rad/s, (a) actual rotor flux produced by IM 

in the IMWS case, (b) zoomed view on the transient state (IMWS case), (c) actual rotor flux produced by IM 

in the IMNS case, and (d) zoomed view on the transient state (IMNS case) 
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Figure 8(a) shows the electromagnetic torque developed by the machine as a result of variations in 

the rotor resistance and the modified rotor time-constant used in the IMWS model. In steady state the 

electromagnetic torque follows the load torque. There is an overshoot at the beginning of operation due to the 

fact that initially the rotor time-constant is very large compared to its steady state value see Figure 8(b). 

 

 

 
(a) 

 

 
(b) 

 

Figure 8. IM electromagnetic torque for references rref=1 Wb and r,ref =100 rad/s, (a) different values of 

rotor resistance, and (b) rotor and modified time constants in the IMWS case 

 

 

Table 2 gives a comparison between the IMWS model and IMNS model, using two performances 

indexes: the first (IAE: Integral of absolute error
 
𝐼𝐴𝐸 = ∫ |𝑒(𝑡)|𝑑𝑡

∞

0
), and the second (ITAE: Integral of time 

multiplied by absolute error 𝐼𝑇𝐴𝐸 = ∫ 𝑡|𝑒(𝑡)|𝑑𝑡
∞

0
). Performance index (IAE, ITAE) is a parameter on the 

basis of which we can decide the system accuracy and sensitivity. Table 2 shows that the IAE errors of rotor 

speed, in the IMWS and IMNS cases, are very close and it decrease as the resistance 𝑅𝑟 increases. The ITAE 

error of rotor speed is lower in the IMWS case, compared to the IMNS case. Concerning the flux, we notice 

that the IAE error is better in the IMWS case than in the IMNS case, and it decreases as the resistance 𝑅𝑟  
increases. This error remains constant after 𝑅𝑟 = 1.5𝑅𝑟𝑛. For the ITAE, its values are lower in the case with 

saturation, than in the case without saturation. Also, it remains constant after 𝑅𝑟 = 1.5𝑅𝑟𝑛. 

These results confirm that the model, which takes into account the magnetic saturation (i.e, IMS) 

allows to describe with more accuracy the phenomenon of magnetic saturation. The proposed nonlinear 

control law (NLB) allows minimizing the speed and flux errors in the presence of heating in IM. 
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Table 2. IAE and TIAE in the case of the IMWS and IMNS model 
 IMWS Model IMNS model 
 𝜔𝑟 − 𝜔𝑟𝑟𝑒𝑓 |𝛹𝑟| − |𝛹𝑟|𝑟𝑒𝑓 𝜔𝑟 − 𝜔𝑟𝑟𝑒𝑓 |𝛹𝑟| − |𝛹𝑟|𝑟𝑒𝑓 

𝑅𝑟/𝑅𝑟𝑛 IAE ITAE IAE ITAE IAE ITAE IAE ITAE 

0.5 1.174 0.035 0.064 0.011 1.133 0.087 0.149 0.041 

0.75 1.059 0.035 0.032 0.009 1.026 0.101 0.054 0.009 
1 0.991 0.034 0.021 0.008 0.961 0.095 0.013 0.001 

1.5 0.910 0.038 0.020 0.008 0.890 0.084 0.054 0.006 

1.75 0.886 0.041 0.020 0.008 0.863 0.084 0.066 0.006 
2 0.865 0.042 0.020 0.008 0.847 0.081 0.076 0.007 

 

 

4.2.  Influence of the variation of the speed and rotor flux references 

In this section, we vary both the flux and rotor speed references, assuming constant rotor resistance 

equal to nominal value (𝑅𝑟 = 1.0𝑅𝑟𝑛). Figure 9 shows simulation results for variable reference of speed 
(20 → 40 → 60 → 100𝑟𝑎𝑑/𝑠), rotor flux (0.2 → 0.4 → 0.6 → 1𝑊𝑏) and load torque (2 → 4 → 6 →
15𝑁𝑚). Rotor speed and rotor flux produced by IM are well controlled, even if their references change 

abruptly Figures 9(a) and 9(b). This shows that the proposed control law can control the speed and flux of IM 

for different operating points. On the contrary, a PID controller cannot control the machine in these different 

operating points without resizing it. The electromagnetic torque of the machine confirms the previous results 

(Figures 9(c)). It is noted that at each transition between two operating points, the torque developed has a 

large value to quickly stabilize to the new operating point. In steady state, since the magnetizing current 𝑖𝑚𝑟𝑥 

and the stator current 𝑖𝑠𝑥are equal, this lets us write:  

 

𝑇𝑒𝑚 = 𝑓2𝑖𝑠𝑥𝑖𝑠𝑦 (39) 

 
|𝛹𝑟| = 𝐿𝑚. 𝑖𝑠𝑥 (40) 

 

Therefore, 𝑖𝑠𝑥 current component controls the rotor flux (see Figures 9(d)) and the electromagnetic 

torque depends on the two stator current components 𝑖𝑠𝑥 and 𝑖𝑠𝑦. Appropriate control of 𝑖𝑠𝑥component makes 

the torque depend only on 𝑖𝑠𝑦component (see Figures 9(e)). However, in the synthesis of NLB, we did not 

take this particular condition into consideration, but on the contrary, the torque as described by (40) depends 

(in steady state) on the product of the two stator current components and on the parameter𝑓2 = 𝑓(𝑖𝑚𝑟𝑥 , 𝐿𝑚). 
Remark:  

We can synthesize a control law without using the rotor flux orientation condition: (𝜔𝑔 = 𝜔𝑚𝑟 =

𝜔𝑟 + 𝑎22
𝑖𝑠𝑦

𝑖𝑚𝑟𝑥
) and still obtain the same results. So, to optimize the synthesis, we can use this condition of 

flux orientation from the beginning and avoid any unnecessary calculation. 

 

4.3.  Simulation configuration 

In all simulations conducted in this paper, the MATLAB/Simulink environment has been configured 

as follows: 

− Solver: ode8 (Dormand-Prince); 

− 
Fixed point with a sampling period: TS= 10 µs; 

 
− Switching frequency: fd= 5 kHz.  

Table 3 gives the nominal values of the asynchronous machine used in this paper: 

 

 

Table 3. Nominal values of IM 
Parameter Value 

Rated Power 𝑷𝒏𝒐𝒎 2.2 kW 

Rated Voltage 𝑽𝒏𝒐𝒎 220 V 

Rated frequency 𝒇𝒏𝒐𝒎 50 Hz 

Rated Torque 𝑻𝒆𝒎,𝒏𝒐𝒎 14.9 Nm 

Pole pair s𝒑 2 

inertia moment 𝑱𝒎 0.0067 kg.m2 

E (DC BUS) 650 V 

𝐿𝜎𝑟 = 𝐿𝜎𝑠  0.012 H 

𝑅𝑠𝑛  2.90Ω 

𝑅𝑟𝑛  1.55 Ω 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 

Figure 9. Simulation results for variable speed and flux references, (a) rotor speed:20 → 40 → 60 →
100𝑟𝑎𝑑/𝑠, (b) rotor flux:0.2 → 0.4 → 0.6 → 1𝑊𝑏, (c) load torque, (d) 𝑖𝑠𝑥stator current component and (e) 

𝑖𝑠𝑦 stator current component 
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5. CONCLUSION 

In this paper, we have synthesized a nonlinear control law based on the "Backstepping" technique 

(NLB). Assuming the nonlinear saturated/unsaturated IM models, and consequently variable magnetizing 

inductance, the NLB accurately performs control of the rotor speed and flux without the need of several 

control loops. The developed control law gives satisfactory performances in terms of speed, flux and torque, 

even if the machine parameters change: change of the rotor time-constant, variation of the rotor resistance 

(heating) and the magnetizing inductance (saturation). In the literature, there is not enough study of the 

behavior of the control law with respect to the variation of the rotor resistance. Therefore, in this work, we 

have seen that the proposed control law (NLB) allows to control the speed, the flux and the torque even with 

the variation of the rotor resistance. The robustness of the control, with respect to IM parameters variation, is 

extensively tested and compared to the model without saturation.  
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