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In this paper, a comparative study between field oriented control and Backstepping 

adaptive control for a doubly fed induction motor (DFIM) is proposed. At the beginning, 

the mathematical model of the DFIM is presented. Thereafter, these control strategies are 

described and designed, then implemented using the Matlab/Simulink environment. 

Finally, the different strategies are compared in terms of static and dynamic error, response 

time, overshoot and robustness. The results of the comparison clearly show that the 

Backstepping adaptive control provides better performance and is characterized by high 

robustness vis-a-vis parametric variations. 
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1. INTRODUCTION

The doubly fed induction machine (DFIM) is widely used 

in the domain of the conversion of mechanical energy to 

electrical energy such as: wind and hydraulic systems [1, 2], 

and also in motor mode operation like: marine propulsion, 

metallurgy (rolling), rail traction, pumping and electric/hybrid 

vehicles [3].  

The DFIM is characterized by low cost, efficiency and 

simplicity of manufacture. An increasing interest is being 

given to this machine [4]. This interest is due to: 

• A greater number of freedom degrees related to the

accessibility of rotor variables. 

• A greater operating flexibility due to the presence of

static converters associated with the two armatures. 

• A widening of the speed range for operation at

constant flux and maximum torque. 

However, the DFIM is a non-linear machine due to the 

coupling between the flux and electromagnetic torque, which 

requires a control strategy that allows these variables to be 

decoupled.  

For this reason, several techniques have been developed to 

control the DFIM with variable speed and to obtain a 

decoupling between the control variables. The vector control 

strategy by flux orientation (FOC) was introduced by Blaschke 

and Hasse [5, 6]. The purpose of this technique is to control 

the induction machine as a direct current machine with 

independent excitation, where there is a natural decoupling 

between the magnitude controlling torque and flux [7]. The 

application of the latter to the doubly-fed induction machine 

offers an attractive solution for obtaining better performance 

in terms of rapidity, precision and stability. But, the 

conception of this control is based on the use of classical 

proportional-integral (PI) regulators which are not very 

efficient when the system is disturbed, hence the sensitivity of 

FOC to parametric variations [8, 9]. 

To overcome these inconveniences, various strategies have 

been proposed to replace PI controllers and improve the 

performance and robustness of systems based on the DFIM. 

The Backstopping technique is a recursive method (step by 

step). At each step, a virtual control is calculated to ensure the 

convergence of the system towards its equilibrium state. This 

can be obtained by using the Lyapunov functions which ensure 

step by step the stabilization of each synthesis step. However, 

all these control techniques are based on the knowledge of the 

parameters of the system to be controlled. In the presence of 

parameter uncertainties, there is no guarantee that the 

operation will meet the specifications. In this case, it is 

preferable to use an adaptive control to estimate these 

parameters. The adaptive Backstepping is the method that 

results from the fusion of adaptive design and the recursive 

technique of non-adaptive Backstepping. However, the direct 

combination of these two methods leads to finding a triplet 

(Lyapunov function, control law, adaptation law). The 

construction of this triplet is done simultaneously. The three 

operations are intertwined, allowing for the different 

destructive effects to be taken into account, in order to 

preserve the stability of the system. The growing interest in 

this approach is mainly due to its wide applicability to 

industrial processes, but the problem of its analytical 

formulation is also raised [10, 11]. 

The aim of this work is to make a comparative study 

between two controls: the FOC control and the Backstepping 

control. It is worth noting that several studies have been 

devoted in recent decades to investigating and improving 

Backstepping and FOC controls, but few publications are close 

to comparing the advantages and disadvantages. 

This document is organized as follows: Section 2 is 

interested in the modeling of the machine studied in reference 

frame (d,q). Section 3 presents the principle and results of the 

European Journal of Electrical Engineering 
Vol. 22, No. 3, June, 2020, pp. 209-221 

Journal homepage: http://iieta.org/journals/ejee 

209

https://crossmark.crossref.org/dialog/?doi=10.18280/ejee.220302&domain=pdf


 

FOC control applied to DFIM. The adaptive Backstepping 

control of the DFIM is designed in section 4. The comparative 

study between the two techniques studied is summarized in the 

Table 2 in section 5. Finally, section 6 displays the conclusions 

of the document and recommendations for future work.  

 

 

2. DFIM  MODEL 

 
The doubly fed induction motor is powered by two voltage 

inverters which are connected to two DC bus voltages. Figure 

1 illustrates the block diagram of the system studied [12]. 

 

 
 

Figure 1. General diagram of the studied system 

 

The DFIM equivalent circuit in the reference (d,q) is shown 

in Figure 2. 

 

 
 

Figure 2. Electrical diagram of the DFIM 

 

After the Park transformation, the DFIM model is defined 

by the equations [13, 14]:  

o The electrical equations of the DFIM in the reference (d,q) 

are written as follows: 

 

{
 
 
 

 
 
 𝑣𝑠𝑑 = 𝑅𝑠. 𝑖𝑠𝑑 +

𝑑

𝑑𝑡
𝜓𝑠𝑑 −

𝑑𝜃𝑠
𝑑𝑡

. 𝜓𝑠𝑞

𝑣𝑠𝑞 = 𝑅𝑠. 𝑖𝑠𝑞 +
𝑑

𝑑𝑡
𝜓𝑠𝑞 +

𝑑𝜃𝑠
𝑑𝑡

.𝜓𝑠𝑑

𝑣𝑟𝑑 = 𝑅𝑟 . 𝑖𝑟𝑑 +
𝑑

𝑑𝑡
𝜓𝑟𝑑 −

𝑑𝜃𝑟
𝑑𝑡

. 𝜓𝑟𝑞

𝑣𝑟𝑞 = 𝑅𝑟 . 𝑖𝑟𝑞 +
𝑑

𝑑𝑡
𝜓𝑟𝑞 +

𝑑𝜃𝑟
𝑑𝑡

. 𝜓
𝑟𝑑

 
(1) 

 

{
 
 
 
 

 
 
 
 𝑖𝑠𝑑 =

1

𝜎𝐿𝑠
𝜓𝑠𝑑 −

𝑀

𝜎𝐿𝑠𝐿𝑟
. 𝜓𝑟𝑑

𝑖𝑠𝑞 =
1

𝜎𝐿𝑠
𝜓𝑠𝑞 −

𝑀

𝜎𝐿𝑠𝐿𝑟
. 𝜓𝑟𝑞

𝑖𝑟𝑑 = −
𝑀

𝜎𝐿𝑠𝐿𝑟
𝜓𝑠𝑑 +

1

𝜎𝐿𝑟
. 𝜓𝑟𝑑

𝑖𝑟𝑞 = −
𝑀

𝜎𝐿𝑠𝐿𝑟
𝜓𝑠𝑞 +

1

𝜎𝐿𝑟
. 𝜓𝑟𝑞

 (2) 

 

with: 𝜎 = 1 −
𝑀

𝐿𝑠𝐿𝑟
 et 𝑀 = 𝑀𝑠𝑟 = 𝑀𝑟𝑠. 

o The magnetic equations of the DFIM in the reference (d,q) 

are written as follows: 

 

{
 
 

 
 
𝜓
𝑠𝑑
= 𝐿𝑠. 𝑖𝑠𝑑 + 𝑀. 𝑖𝑟𝑑

𝜓
𝑠𝑞
= 𝐿𝑠. 𝑖𝑠𝑞 + 𝑀. 𝑖𝑟𝑞

𝜓
𝑟𝑑
= 𝐿𝑟. 𝑖𝑟𝑑 + 𝑀. 𝑖𝑠𝑑

𝜓
𝑟𝑞
= 𝐿𝑟. 𝑖𝑟𝑞 + 𝑀. 𝑖𝑠𝑞

 (3) 

 

o The mechanical equations of the DFIM are defined by:      

 

{
𝑇𝑒𝑚 = 𝑇𝑟 + 𝐽

𝑑Ω

𝑑𝑡
+ 𝑓. Ω

𝑇𝑒𝑚 = 𝑝. (𝜓𝑠𝑞 . i𝑠𝑑 − 𝜓𝑠𝑑 . i𝑠𝑞)
 (4) 

 

 

3. FIELD ORIENTED CONTROL 
 

The objective of this control is to obtain a simple model of 

the DFIM that makes it similar to that of a direct current 

machine with separate excitation. The fundamental idea is to 

transform the electrical variables into a reference frame that 

rotates with the flux vector. It consists in orienting the flux 

vector along one of the axes of the Park reference frame, so 

that the flux is controlled by the direct current component and 

the torque is controlled by the other component [15, 16]. 

 
3.1 Application of the FOC to DFIM 

 

The application of this control to DFIM consists in 

decoupling the variables that generate torque and flux. The 

rotor field oriented control is based on aligning the rotor flux 

along the d-axis of the rotating reference frame. As a result, 

we obtain: 𝜓𝑟𝑑 = 𝜓𝑟 and 𝜓𝑟𝑞 = 0. 

From the Eq. (3):  
 

𝜓𝑟𝑞 = 0 ⟺ {
𝑖𝑟𝑞 = −

𝑀

𝐿𝑟
. 𝑖𝑠𝑞

𝑖𝑠𝑞 = −
𝐿𝑟
𝑀
. 𝑖𝑟𝑞

 (5) 

 

The electromagnetic torque is expressed as: 

 

𝑇𝑒𝑚 = 𝑝. (𝜓𝑟𝑞 . 𝑖𝑟𝑑 − 𝜓𝑟𝑑 . 𝑖𝑟𝑞) = −𝑝. 𝜓𝑟𝑑 . 𝑖𝑟𝑞  (6) 

 

By applying a unit power factor to the rotor:  
 

𝑖𝑟𝑞 = 0 ⟺ 𝑖𝑠𝑑 =
𝜓𝑟𝑑
𝑀

 (7) 
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To achieve a successful decoupling between the d and q 

axes, the intermediate voltages are defined by the below 

equations: 
 

{
 
 
 
 

 
 
 
 𝑉𝑡𝑠𝑑 = 𝑉𝑠𝑑 +

𝑀

𝐿𝑟
. 𝑉𝑟𝑑

𝑉𝑡𝑠𝑞 = 𝑉𝑠𝑞 +
𝑀

𝐿𝑟
. 𝑉𝑟𝑞

𝑉𝑡𝑟𝑑 = 𝑉𝑟𝑑 +
𝑀

𝐿𝑠
. 𝑉𝑠𝑑

𝑉𝑡𝑟𝑞 = 𝑉𝑟𝑞 +
𝑀

𝐿𝑠
. 𝑉𝑠𝑞

 (8) 

 

We obtain the following from Eqns. (1), (3) and (8): 

 

{
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 𝑉𝑡𝑠𝑑 = 𝑅𝑠. 𝑖𝑠𝑑 + 𝜎. 𝐿𝑠

𝑑i𝑠𝑑
𝑑𝑡

− 𝑅𝑟
𝑀

𝐿𝑟
. i𝑟𝑑 − 𝜓𝑠𝑞ω𝑠

+
𝑀

𝐿𝑟
𝜓𝑟𝑞(ω𝑠 − 𝜔)

𝑉𝑡𝑠𝑞 = 𝑅𝑠. 𝑖𝑠𝑞 + 𝜎. 𝐿𝑠
𝑑i𝑠𝑞

𝑑𝑡
− 𝑅𝑟

𝑀

𝐿𝑟
. i𝑟𝑞 − 𝜓𝑠𝑑ω𝑠

+
𝑀

𝐿𝑟
𝜓𝑟𝑑(ω𝑠 − 𝜔)

𝑉𝑡𝑟𝑑 = 𝑅𝑟 . 𝑖𝑟𝑑 + 𝜎. 𝐿𝑟
𝑑i𝑟𝑑
𝑑𝑡

− 𝑅𝑠
𝑀

𝐿𝑠
. i𝑠𝑑 − 𝜓𝑟𝑞(ω𝑠 − 𝜔)

+
𝑀

𝐿𝑟
𝜓𝑠𝑞ω𝑠

𝑉𝑡𝑟𝑞 = 𝑅𝑟 . 𝑖𝑟𝑞 + 𝜎. 𝐿𝑟
𝑑i𝑟𝑞

𝑑𝑡
− 𝑅𝑒

𝑀

𝐿𝑠
. i𝑠𝑞 − 𝜓𝑟𝑑(ω𝑠 − 𝜔)

+
𝑀

𝐿𝑟
𝜓𝑠𝑑ω𝑠

 (9) 

 

With: 

 

{
 
 
 

 
 
 𝑉𝑡𝑠𝑑 = 𝑉𝑡𝑠𝑑𝑐 + 𝑉𝑡𝑠𝑑𝑐1 = 𝑅𝑠. 𝑖𝑠𝑑 + 𝜎. 𝐿𝑠

𝑑i𝑠𝑑
𝑑𝑡

+ 𝑉𝑡𝑠𝑑𝑐1

𝑉𝑡𝑠𝑞 = 𝑉𝑡𝑠𝑞𝑐 + 𝑉𝑡𝑠𝑞𝑐1 = 𝑅𝑠. 𝑖𝑠𝑞 + 𝜎. 𝐿𝑠
𝑑i𝑠𝑞

𝑑𝑡
+ 𝑉𝑡𝑠𝑞𝑐1

𝑉𝑡𝑟𝑑 = 𝑉𝑡𝑟𝑑𝑐 + 𝑉𝑡𝑟𝑑𝑐1 = 𝑅𝑟. 𝑖𝑟𝑑 + 𝜎. 𝐿𝑟
𝑑i𝑟𝑑

𝑑𝑡
+ 𝑉𝑡𝑟𝑑𝑐1

𝑉𝑡𝑟𝑞 = 𝑉𝑡𝑟𝑞𝑐 + 𝑉𝑡𝑟𝑞𝑐1 = 𝑅𝑟. 𝑖𝑟𝑞 + 𝜎. 𝐿𝑟
𝑑i𝑟𝑞

𝑑𝑡
+ 𝑉𝑡𝑟𝑞𝑐1

  

 

Vtsdc1 , Vtsqc1 , Vtqdc1 and Vtrqc1 are regarded as 

compensation conditions. 

The functions of transfer connecting the rotor and stator 

components of each axis are: 
 

{
 

 
𝐼𝑠𝑑
𝑉𝑡𝑠𝑑𝑐1

=
𝐼𝑠𝑑
𝑉𝑡𝑠𝑑𝑐1

=
1

𝑅𝑠+𝜎. 𝐿𝑠. 𝑠
𝐼𝑟𝑑
𝑉𝑡𝑟𝑑𝑐1

=
𝐼𝑟𝑑
𝑉𝑡𝑟𝑑𝑐1

=
1

𝑅𝑟+𝜎. 𝐿𝑟. 𝑠

   (10) 

 

From the expressions of the established equations, a 

summary connection table can be drawn up setting the aims of 

the control strategy with the references of the action variables 

involved (Table 1): 

 
 

Table 1. Reference currents 

 
Objective Reference currents 

𝜓rd = 𝜓r Isd
∗ =

1

M
 𝜓rd

∗  

𝜓rq = 0 Isq
∗  =

Lr
p.M. 𝜓rd

∗  Tem
∗  

Qr=0, (cos φ=1) Ird ∗= 0 

Tem
∗ = Tem Irq

∗ = −
1

p.𝜓rd
∗  Tem

∗  

 
 

Figure 3. Synoptic schema of the FOC applied to DFIM 
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Figure 3 above shows the FOC principle applied to the 

DFIM. 

 

3.2 Simulation result 

 

In order to test the performance and robustness of the 

system, several series of numerical simulations were 

implemented for the DFIM in the Matlab/Simulink 

environment. The motor parameters used are presented in 

appendix B. 

 

3.2.1 Performance tests 

In this section, two performance tests are performed: 

➢ Speed step of Ω𝑟𝑒𝑓  =  157 𝑟𝑎𝑑/𝑠  (equivalent to 1500 

tr/min) with the application of load torque at t=2s (Figure 

4). 

➢ Trapezoidal speed with introduction of load torque at t=1s 

(Figure 5). 

 

 
(a) Rotation speed 

 

 
(b) Electromagnetic torque 

 

Figure 4. Simulation results with speed step 

  

Figure 4 shows the simulation of FOC for a speed step with 

introduction of a load 𝑇𝑟 = 10𝑁.𝑚 . Figure (4.a) illustrates 

that rotation speed follows the reference value with a response 

time of 271ms and static error of about ±0.3rad/s. Moreover, 

when a perturbation is applied, a relative drop of 3.93rad/s 

appears, the rejection time equal to 60ms. Figure (4.b) presents 

that the torque practically returns to zero at the end of the 

transitory mode and the starting torque is equal to 20N.m. We 

also observe that when applying the load torque at t=2s the 

electromagnetic torque follows its reference value with a band 

of ∆𝑇𝑒𝑚 = ±3.5𝑁.𝑚, because the controller reacts instantly 

to the reference electromagnetic torque. 

 

 
(a) Rotation speed 

 

 
(b) Speed error 

 

 
(c) Electromagnetic torque 

 

 
(d) Rotor flux 
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(e) Stator flux 

 

 
(f) Rotor currents 

 

 
(g) Stator currents 

 

Figure 5. Simulation results with trapezoidal speed  

 

Figure 5 illustrates the simulation results of the FOC applied 

to the DFIM tested by a trapezoidal speed set-point with the 

application of load torque 𝑇𝑟  =  10𝑁.𝑚 at t=1s. These results 

show that: 

➢ The rotation speed illustrated in Figures (5.a and 5.b) 

follows the reference value with a dynamic error 2rad/s. 

However, this speed is sensitive to perturbations because 

they peak when passing from one state to another with an 

overshoot of 0.31%. 

➢ Figure (5.c) shows that the electromagnetic torque follows 

the reference value with ripples between ∆𝑇𝑒𝑚 =
±3.8𝑁.𝑚.  

➢ The principle of rotor field oriented control is ensured, 

because the quadratic component of rotor flux presented in 

Figure (5.d) is null (𝜓𝑟𝑞 = 0). But its direct component is 

constant (𝜓𝑟𝑑 = 𝜓𝑟 ), the quadratic stator flux 𝜓𝑠𝑞  reacts 

with the variation of electromagnetic torque (Figure (5.e)).  

The stator and rotor currents shown in Figures (5.f and 5.g) 

are sinusoidal and present variations in amplitude proportional 

to changes in torque and direction of rotation. 

 

3.2.2 Robustness tests 

In the aim of testing the robustness of FOC, we will study 

the influence of parametric variations (inductances and 

resistances) on this control. Figure.6 represents the dynamic 

behavior of the speed in this test. 

From the results presented in Figure 6, we observe that the 

excessive parametric variation performed on DFIM produced 

clear effects on the speed curves. However, a variation in the 

resistance or inductance from its nominal value affects the 

response time, rise time and static error. 

 

 
(a) Rotor resistance 

 

 
(b) Stator resistance 
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(c) Rotor inductance 

 
(d) Stator inductance 

 

Figure 6. Robustness tests for a variation 
 

The influence of rotor resistance comes from the important 

role it plays in decoupling. One of its advantages is its 

independence from the variation of stator resistance, the fact 

that the latter has no role in the design of the control, in 

particular from the point of view of decoupling.  

The variation of the rotor inductance does not have a 

remarkable influence on the speed, but on the orientation of 

the flux. On the other hand, the effect of the variation in stator 

inductance is not negligible, that is to say, the control partially 

loses the control efficiency but still maintains the decoupling 

between torque and flux. 

 

 

4. BACKSTEPPING ADAPTIVE CONTROL 

 

The majority of non-linear controls are based on the 

Lyapunov stability theory. The purpose is to find a control law 

that makes the derivative of a Lyapunov function, chosen a 

priori, defined or semi defined negative [17, 18]. The principal 

difficulty is in the right choice of a suitable Lyapunov function. 

The Backstepping technique overcomes this difficulty by 

gradually building a Lyapunov function adapted to the system 

and allows deducing the control that makes the derivative of 

this function negative. This ensures that, at all times, the global 

asymptotic stability of non-linear systems in tracking and 

regulation [19, 20].  

The application of the Backstepping control is done 

according to the system parameters. If the parameters are 

known, we used the non-adaptive Backstepping control, else 

we need an adaptation law, we say that the control used is the 

adaptive Backstepping control. The adaptive version of 

Backstepping offers an iterative and systematic method, which 

allows for non-linear systems of all orders. 

 

4.1 Application of adaptive Backstepping control to 

the DFIM 

 

The principle objective of non-linear adaptive Backstepping 

control applied to the DFIM is to allow speed control 

according to its reference value (Ωref ) without taking into 

account external disturbances and internal variations. We 

propose to remove the classical PI regulators in the scheme of 

the FOC given in Figure 3 and replace them with adaptive 

Backstepping control laws. According to electrical, magnetic 

and mechanical equations of the DFIM, the instant expressions 

can be written as follows: 

✓ Instantaneous rotor and stator flux: 

 

{
 
 

 
 𝑑𝜓𝑟𝑑
𝑑𝑡

= 𝑣𝑟𝑑 +
𝑅𝑟 . 𝑀

𝜎. 𝐿𝑟 . 𝐿𝑠
𝜓𝑠𝑑 −

𝑅𝑟
𝜎. 𝐿𝑟

𝜓𝑟𝑑 +𝜓𝑟𝑞ω𝑟

𝑑𝜓𝑟𝑞

𝑑𝑡
= 𝑣𝑟𝑞 +

𝑅𝑟 . 𝑀

𝜎. 𝐿𝑟 . 𝐿𝑠
𝜓𝑠𝑞 −

𝑅𝑟
𝜎. 𝐿𝑟

𝜓𝑟𝑞 + 𝜓𝑟𝑑ω𝑟

 (11) 

 

{
 
 

 
 𝑑𝜓𝑠𝑑
𝑑𝑡

= 𝑣𝑠𝑑 +
𝑅𝑠. 𝑀

𝜎. 𝐿𝑟 . 𝐿𝑠
𝜓𝑟𝑑 −

𝑅𝑠
𝜎. 𝐿𝑠

𝜓𝑠𝑑 + 𝜓𝑠𝑞ω𝑠

𝑑𝜓𝑠𝑞

𝑑𝑡
= 𝑣𝑠𝑞 +

𝑅𝑠. 𝑀

𝜎. 𝐿𝑟 . 𝐿𝑠
𝜓𝑟𝑞 −

𝑅𝑠
𝜎. 𝐿𝑠

𝜓𝑠𝑞 +𝜓𝑠𝑑ω𝑠

 (12) 

 

✓ Instantaneous mechanical speed: 

 

 

𝑑Ω

𝑑𝑡
=

𝑝.(1−𝜎)

𝐽.𝜎.𝑀
(𝜓𝑟𝑑𝜓𝑠𝑞 −𝜓𝑟𝑞𝜓𝑠𝑑) +

𝑇𝑟

𝐽
+
𝑓

𝐽
Ω 

(13) 

 

With: 

[𝑋] = [𝜓𝑟𝑑   𝜓𝑟𝑞   𝜓𝑠𝑑   𝜓𝑠𝑞   Ω]
𝑇

 
: Status vector 

(measurable or estimated). 

[𝑈] = [𝑣𝑟𝑑   𝑣𝑟𝑞    𝑣𝑠𝑑   𝑣𝑠𝑞  ]
𝑇
: Variable of control. 

It is evident that the dynamic model of speed is very highly 

non-linear because of the coupling between velocity and 

magnetic flux (13). To do this, the study of the stability of the 

system then consists in searching for a Lyapunov function 

V(x) of defined sign. Since the DFIM equations are of second 

order, the implementation is carried out in three steps, one for 

speed control, the other for magnetic flux control and the last 

one for estimating system parameters. 

 

✓ Step 1: Speed controller 

The objective of this step is to define the tracking error of 

the state variable (eΩ) which represents the error between the 

actual speed Ω (measured or estimated) and the reference 

speed 𝛺𝑟𝑒𝑓 , So: 

 

     
𝑒Ω = Ω𝑟𝑒𝑓 − Ω (14) 
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The combination of the Backstepping method with FOC 

gives the DFIM control interesting robustness qualities, and 

further strengthens the Backstepping robustness. Therefore, 

Eq. (14) becomes as follows: 

 

𝑒Ω = Ω𝑟𝑒𝑓 − Ω 

= Ω𝑟𝑒𝑓 −
𝑝. (1 − 𝜎)

𝐽. 𝜎.𝑀
(𝜓𝑟𝑑𝜓𝑠𝑞) +

𝑇𝑟
𝐽
+
𝑓

𝐽
 

(15) 

 

To take into account this Eq. (15), the Lyapunov function is 

defined as follows: 

 

𝑉1 =
1

2
𝑒Ω
2  (16) 

 

In order to ensure the system stability, the derivative of the 

Lyapunov function V1 must be made negative. To do this, we 

defined a positive constant (kΩ) to the derivative of the Eq. 

(16). After development: 

 

𝑉1̇
= −𝐾Ω𝑒Ω

2

+ 𝑒Ω. [

𝐾Ω. 𝑒Ω + Ω̇𝑟𝑒𝑓

−
𝑝. (1 − 𝜎)

𝐽. 𝜎.𝑀
(𝜓𝑟𝑑𝜓𝑠𝑞) +

𝑇𝑟
𝐽
+
𝑓

𝐽
Ω  
] 

(17) 

 

According to this Eq. (17) and the stability condition of 

Lyapunov function, we consider magnetic flux as the virtual 

inputs of the DFIM. So: 

 

{
  
 

  
 𝜓𝑠𝑞𝑟𝑒𝑓 =

1

𝑝. (1 − 𝜎)
𝐽. 𝜎.𝑀

𝜓𝑟𝑑𝑟𝑒𝑓

(𝐾Ω. 𝑒Ω +
𝑇𝑟
𝐽
+
𝑓

𝐽
Ω)

𝜓𝑠𝑑𝑟𝑒𝑓 = 𝜓𝑠

𝜓𝑟𝑑𝑟𝑒𝑓 = 𝜓𝑟

𝜓𝑟𝑞𝑟𝑒𝑓 = 0

 (18) 

 

The Eq. (18) is replaced in Eq. (17) and the speed reference 

Ωref is assumed to be constant. The negativity of the derivative 

of V1 is then expressed as follows: 

 

𝑉1̇ = −𝐾Ω. 𝑒Ω
2 ≤ 0 (19) 

 

This solution is designed to stabilize the first step. The state 

of the magnetic flux is chosen as the virtual control of the 

speed state, then a virtual control of the flux is defined, which 

will be processed in the second step. 

 

✓ Step 2: Flux controller 

In this step, the errors between the real flux components 

(measured or estimated) and reference flux are defined, such 

as: 

 

{
 
 

 
 
𝑒𝜓𝑟𝑑

= 𝜓𝑟𝑑_𝑟𝑒𝑓 − 𝜓𝑟𝑑

𝑒𝜓𝑟𝑑
= 𝜓𝑟𝑑𝑟𝑒𝑓 − 𝜓𝑟𝑑

𝑒𝜓𝑠𝑑
= 𝜓𝑠𝑑_𝑟𝑒𝑓 − 𝜓𝑠𝑑

𝑒𝜓𝑠𝑑
= 𝜓𝑠𝑑_𝑟𝑒𝑓 − 𝜓𝑠𝑑

 (20) 

 

From the Eq. (20), the real control laws (𝑣𝑠𝑑, 𝑣𝑠𝑞 , 𝑣𝑟𝑑 and 

𝑣𝑟𝑞) of DFIM will be designed. In order to extract these control 

laws, another term V2 added to the previous Lyapunov 

function V1, such as: 

 

𝑉2 =
1

2
(𝑒Ω

2 + 𝑒ψrd
2 + 𝑒ψrq

2 + 𝑒ψsd
2 + 𝑒ψsq

2 ) (21) 

 

To guarantee the stability of the system, it is necessary to 

ensure the negativity of the derivative of the V2. To do this, the 

positive constants (k𝜓>0) are defined for the derivative of the 

Eq. (21). After the development: 

 

𝑉2̇ =

(

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

−𝐾Ω𝑒Ω
2 −𝐾𝜓𝑟𝑑

𝑒ψrd
2 − 𝐾𝜓𝑟𝑞

𝑒ψrq
2 −𝐾𝜓𝑠𝑑

𝑒ψsd
2

−𝐾𝜓𝑠𝑞
𝑒ψsq
2

+𝑒Ω. (𝐾Ω. 𝑒Ω − (
𝑝. (1 − 𝜎)

𝐽. 𝜎.𝑀
)(𝜓𝑟𝜓𝑠) +

𝑇𝑟
𝐽
+
𝑓

𝐽
Ω)

𝑒𝜓𝑟𝑑
. (

𝐾𝜓𝑟𝑑
𝑒𝜓𝑟𝑑

+ 𝜓�̇� − 𝑣𝑟𝑑

−
𝑅𝑟 .𝑀

𝜎. 𝐿𝑟 . 𝐿𝑠
𝜓𝑠𝑑 +

𝑅𝑟
𝜎. 𝐿𝑟

𝜓𝑟𝑑 − 𝜓𝑟𝑞ω𝑟
)+

 𝑒𝜓𝑟𝑞
. (

𝐾𝜓𝑟𝑞
𝑒𝜓𝑟𝑞

− 𝑣𝑟𝑞

−
𝑅𝑟 .𝑀

𝜎. 𝐿𝑟 . 𝐿𝑠
𝜓𝑠𝑞 +

𝑅𝑟
𝜎. 𝐿𝑟

𝜓𝑟𝑞 +𝜓𝑟𝑑ω𝑟
)+

𝑒𝜓𝑠𝑑
. (

𝐾𝜓𝑠𝑑
𝑒𝜓𝑠𝑑

+ 𝜓�̇� − 𝑣𝑠𝑑

−
𝑅𝑠. 𝑀

𝜎. 𝐿𝑟 . 𝐿𝑠
𝜓𝑟𝑑 +

𝑅𝑠
𝜎. 𝐿𝑠

𝜓𝑠𝑑 − 𝜓𝑠𝑞ω𝑠
) +

𝑒𝜓𝑠𝑞
. (

𝐾𝜓𝑠𝑞
𝑒𝜓𝑠𝑞

+ �̇�𝑠𝑞𝑟𝑒𝑓 − 𝑣𝑠𝑞

−
𝑅𝑠. 𝑀

𝜎. 𝐿𝑟 . 𝐿𝑠
𝜓𝑟𝑞 +

𝑅𝑠
𝜎. 𝐿𝑠

𝜓𝑠𝑞 +𝜓𝑠𝑑ω𝑠
)

)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (22) 

 

From the Eq. (22) and the stability condition of Lyapunov 

function, the control laws (𝑣𝑠𝑑 , 𝑣𝑠𝑞 , 𝑣𝑟𝑑  and 𝑣𝑟𝑞) applied to 

the DFIM in engine mode are obtained, such as: 

 

{
 
 
 
 

 
 
 
 𝑣𝑟𝑑 = 𝐾𝜓𝑟𝑑

𝑒𝜓𝑟𝑑
+ 𝜓

𝑟
̇ −

𝑅𝑟. 𝑀

𝜎. 𝐿𝑟. 𝐿𝑠
𝜓
𝑠𝑑
+

𝑅𝑟

𝜎. 𝐿𝑟
𝜓
𝑟𝑑
− 𝜓

𝑟𝑞
ω𝑟

𝑣𝑟𝑞 = 𝐾𝜓𝑟𝑞
𝑒𝜓𝑟𝑞

−
𝑅𝑟. 𝑀

𝜎. 𝐿𝑟. 𝐿𝑠
𝜓
𝑠𝑞
+

𝑅𝑟

𝜎. 𝐿𝑟
𝜓
𝑟𝑞
+ 𝜓

𝑟𝑑
ω𝑟

𝑣𝑠𝑑 = 𝐾𝜓𝑠𝑑
𝑒𝜓𝑠𝑑

+ 𝜓
𝑠
̇ −

𝑅𝑠. 𝑀

𝜎. 𝐿𝑟. 𝐿𝑠
𝜓
𝑟𝑑
+

𝑅𝑠

𝜎. 𝐿𝑠
𝜓
𝑠𝑑
− 𝜓

𝑠𝑞
ω𝑠

𝑣𝑠𝑞 = 𝐾𝜓𝑠𝑞
𝑒𝜓𝑠𝑞

+ �̇�
𝑠𝑞𝑟𝑒𝑓

−
𝑅𝑠. 𝑀

𝜎. 𝐿𝑟. 𝐿𝑠
𝜓
𝑟𝑞
+

𝑅𝑠

𝜎. 𝐿𝑠
𝜓
𝑠𝑞
+ 𝜓

𝑠𝑑
ω𝑠

   

(23) 

 

The Eq. (23) is replaced in Eq. (22), which implies the 

negativity of the derivative of V2, such that: 

 

�̇�2 = (
−𝐾Ω. 𝑒Ω − 𝐾𝜓𝑟𝑑

𝑒𝜓𝑟𝑑
− 𝐾𝜓𝑟𝑞

𝑒𝜓𝑟𝑞
−𝐾𝜓𝑠𝑑

𝑒𝜓𝑠𝑑
− 𝐾𝜓𝑠𝑞

𝑒𝜓𝑠𝑞

)

≤ 0 

(24) 

 

The Eq. (24) implies asymptotic stability towards the origin 

and the output of the DFIM then follows its reference value.  

In the above equations, the control laws are developed under 

the hypothesis that the DFIM parameters are invariant. This 

hypothesis is not always true. In fact, one of the problems 

encountered in controlling the DFIM concerns the variation of 

its internal parameters and external disturbances due to 

changes in temperature, the level of magnetic saturation in the 

machine and the variation in the load torque. The use of 

estimators improves the robustness of the machine against 

parametric variations and measurement noise. 
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✓ Step 3: Parameters estimation 

To design the non-linear adaptive Backstepping control, the 

real parameters vector of the DFIM is replaced by its estimate. 

In this case, the control laws given by Eq. (23) will be 

reinforced by terms that will compensate for the transitions of 

the estimated parameters.  

We have:  

 

{
 
 
 

 
 
 �̇�Ω = �̂�1(𝜓𝑟𝜓𝑠) +

𝑇𝑟
𝐽
+
𝑓

𝐽
Ω

�̇�𝜓𝑟𝑑
= 𝜓�̇� − 𝑣𝑟𝑑 − �̂�2𝜓𝑠𝑑 + �̂�3𝜓𝑟𝑑 −𝜓𝑟𝑞ω𝑟

�̇�𝜓𝑟𝑞
= − 𝑣𝑟𝑞 − �̂�2𝜓𝑠𝑞 + �̂�3𝜓𝑟𝑞 +𝜓𝑟𝑑ω𝑟

�̇�𝜓𝑠𝑑
= −𝑣𝑠𝑑 + 𝜓�̇� − �̂�4𝜓𝑟𝑑 + �̂�5𝜓𝑠𝑑 − 𝜓𝑠𝑞ω𝑠

�̇�𝜓𝑠𝑞
= −𝑣𝑠𝑞 + �̇�𝑠𝑞𝑟𝑒𝑓 − �̂�4𝜓𝑟𝑞 + �̂�5𝜓𝑠𝑞 + 𝜓𝑠𝑑ω𝑠

   (25) 

 

With:  

 

�̂�1 =
𝑝. (1 − �̂�)

𝐽. �̂�. 𝑀
; �̂�2 =

�̂�𝑟 .𝑀

�̂�. �̂�𝑟 . �̂�𝑠
;  �̂�3 =

�̂�𝑟

�̂�. �̂�𝑟
; 

�̂�4 =
�̂�𝑠. 𝑀

�̂�. �̂�𝑟 . �̂�𝑠
;  �̂�5 =

�̂�𝑠

�̂�. �̂�𝑠
   

 

From the Eq. (26), a new function of Lyapunov V2 is 

defined, such as: 

 

𝑉2 =
1

2
(𝑒Ω

2 + 𝑒ψrd
2 + 𝑒ψrq

2 + 𝑒ψsd
2 + 𝑒ψsq

2 +
�̃�𝑟
2

𝛾𝑟
+

�̃�1
2

𝛾1
+

�̃�2
2

𝛾2
+

�̃�3
2

𝛾3
+

�̃�4
2

𝛾4
+

�̃�5
2

𝛾5
)

 

(26) 

 

To ensure the system stability, the negativity of the 

derivative of the Eq. (27) must be guaranteed. To do this, the 

positive constants (k𝜓)>0 is added to the derivative of this 

equation. The following expression is obtained after the 

calculation: 

 

𝑉2̇ =

(

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

−𝐾Ω𝑒Ω
2 − 𝐾𝜓𝑟𝑑

𝑒ψrd
2 − 𝐾𝜓𝑟𝑞

𝑒ψrq
2

−𝐾𝜓𝑠𝑑
𝑒ψsd
2 −𝐾𝜓𝑠𝑞

𝑒ψsq
2

+𝑒Ω. (𝐾Ω. 𝑒Ω − �̂�1(𝜓𝑟𝜓𝑠) +
𝑇𝑟
𝐽
+
𝑓

𝐽
Ω)

𝑒𝜓𝑟𝑑
. (

𝐾𝜓𝑟𝑑
𝑒𝜓𝑟𝑑

+ 𝜓�̇� − 𝑣𝑟𝑑

−�̂�2𝜓𝑠𝑑 + �̂�3𝜓𝑟𝑑 − 𝜓𝑟𝑞ω𝑟
)

 +𝑒𝜓𝑟𝑞
. (

𝐾𝜓𝑟𝑞
𝑒𝜓𝑟𝑞

− 𝑣𝑟𝑞

−�̂�2𝜓𝑠𝑞 + �̂�3𝜓𝑟𝑞 + 𝜓𝑟𝑑ω𝑟
)

+𝑒𝜓𝑠𝑑
. (

𝐾𝜓𝑠𝑑
𝑒𝜓𝑠𝑑

+ 𝜓�̇� − 𝑣𝑠𝑑

−�̂�4𝜓𝑟𝑑 + �̂�5𝜓𝑠𝑑 −𝜓𝑠𝑞ω𝑠
)

+𝑒𝜓𝑠𝑞
. (
𝐾𝜓𝑠𝑞

𝑒𝜓𝑠𝑞
+ �̇�𝑠𝑞𝑟𝑒𝑓 − 𝑣𝑠𝑞

−�̂�4𝜓𝑟𝑞 + �̂�5𝜓𝑠𝑞 +𝜓𝑠𝑑ω𝑠
)

+�̃�𝑟 (
𝑒Ω
𝐽
+
�̃�𝑟
̇

𝛾𝑟
) + �̃�1 (

�̇̃�1
𝛾1
− 𝑒Ω(𝜓𝑟𝜓𝑠))

+�̃�2 (
�̇̃�2
𝛾2
− 𝜓𝑠𝑞𝑒𝜓𝑟𝑑

− 𝜓𝑠𝑑𝑒𝜓𝑟𝑑
)

+�̃�3 (
�̇̃�3
𝛾3
− 𝜓𝑟𝑞𝑒𝜓𝑟𝑑

− 𝜓𝑟𝑑𝑒𝜓𝑟𝑑
)

+�̃�4 (
�̇̃�4
𝛾4
−𝜓𝑟𝑞𝑒𝜓𝑠𝑞

−𝜓𝑟𝑑𝑒𝜓𝑠𝑑
)

+�̃�5 (
�̇̃�5
𝛾5
− 𝜓𝑠𝑞𝑒𝜓𝑠𝑞

−𝜓𝑠𝑑𝑒𝜓𝑠𝑑
)

)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (27) 

 

From Eq. (7), the control laws (𝑣𝑠𝑑 , 𝑣𝑠𝑞 , 𝑣𝑟𝑑  and 𝑣𝑟𝑞 ) 

applied to DFIM are obtained, such as: 

 

{
 
 

 
 

𝑣𝑟𝑑 = 𝐾𝜓𝑟𝑑
𝑒𝜓𝑟𝑑

+ 𝜓
𝑟
̇ − �̃�2 + �̃�3𝜓𝑟𝑑 − 𝜓𝑟𝑞ω𝑟

𝑣𝑟𝑞 = 𝐾𝜓𝑟𝑞
𝑒𝜓𝑟𝑞

− �̃�2𝜓𝑠𝑞 + �̃�3𝜓𝑟𝑞 + 𝜓𝑟𝑑ω𝑟

𝑣𝑠𝑑 = 𝐾𝜓𝑠𝑑
𝑒𝜓𝑠𝑑

+ 𝜓
𝑠
̇ − �̃�4𝜓𝑟𝑑 + �̃�5𝜓𝑠𝑑 − 𝜓𝑠𝑞ω𝑠

𝑣𝑠𝑞 = 𝐾𝜓𝑠𝑞
𝑒𝜓𝑠𝑞

+ �̇�
𝑠𝑞𝑟𝑒𝑓

− �̃�4𝜓𝑟𝑞 + �̃�5𝜓𝑠𝑞 + 𝜓𝑠𝑑ω𝑠

   (28) 

 

The Eq. (29) is replaced in Eq. (28), which simplifies the 

dynamics of the V2 derivative as follows: 

 

𝑉2̇ =

(

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

−𝐾Ω𝑒Ω
2 − 𝐾𝜓𝑟𝑑

𝑒ψrd
2 − 𝐾𝜓𝑟𝑞

𝑒ψrq
2

−𝐾𝜓𝑠𝑑
𝑒ψsd
2 − 𝐾𝜓𝑠𝑞

𝑒ψsq
2 + �̃�𝑟 (

𝑒Ω
𝐽
+
�̃�𝑟
̇

𝛾𝑟
)

+�̃�1 (
�̇̃�1
𝛾1
− 𝑒Ω(𝜓𝑟𝜓𝑠))

+�̃�2 (
�̇̃�2
𝛾2
− 𝜓𝑠𝑞𝑒𝜓𝑟𝑑

−𝜓𝑠𝑑𝑒𝜓𝑟𝑑
)

+�̃�3 (
�̇̃�3
𝛾
3

− 𝜓𝑟𝑞𝑒𝜓𝑟𝑑 −𝜓𝑟𝑑𝑒𝜓𝑟𝑑)

+�̃�4 (
�̇̃�4
𝛾4
− 𝜓𝑟𝑞𝑒𝜓𝑠𝑞

−𝜓𝑟𝑑𝑒𝜓𝑠𝑑
)

+�̃�5 (
�̇̃�5
𝛾5
− 𝜓𝑠𝑞𝑒𝜓𝑠𝑞 −𝜓𝑠𝑑𝑒𝜓𝑠𝑑) )

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (29) 

 

From the Eq. (29), the adaptation expressions of the 

internal and external parameters of DFIM are obtained as 

follows:  

 

• Expression of adaptation of the load torque: 
 

�̃�𝑟 = ∫ �̇̃�𝑟 = ∫−
𝑒Ω
𝐽
. 𝛾𝑟 (30) 

 

• Expression of adaptation of stator and rotor resistors: 
 

{
 
 
 
 

 
 
 
  �̃�𝑟 = ∫ �̇̃�𝑟 = ∫ �̇̃� . �̇̃�𝑟 . �̇̃�3

= ∫−�̇̃� . �̇̃�𝑟 . 𝛾3 (𝜓𝑟𝑞𝑒𝜓𝑟𝑞 + 𝜓𝑟𝑑𝑒𝜓𝑟𝑑
) 

�̃�𝑠 = ∫ �̇̃�𝑠 = ∫ �̇̃� . �̇̃�𝑠 . �̇̃�5

= ∫−�̇̃� . �̇̃�𝑠. 𝛾5 (𝜓𝑠𝑞𝑒𝜓𝑠𝑞 + 𝜓𝑠𝑑𝑒𝜓𝑠𝑑
)

 (31) 

 

• Adaptation expression of stator and rotor inductances: 
 

{
  
 

  
 
�̃�𝑟 = ∫ �̇̃�𝑟 = ∫𝑀 .

�̇̃�5

�̇̃�4
= ∫−

𝛾5 (𝜓𝑠𝑑𝑒𝜓𝑠𝑑 + 𝜓𝑠𝑞𝑒𝜓𝑠𝑞)

𝛾4 (𝜓𝑟𝑞𝑒𝜓𝑠𝑞 + 𝜓𝑟𝑑𝑒𝜓𝑠𝑑)
 

 �̃�𝑠 = ∫ �̇̃�𝑠 = ∫𝑀 .
�̇̃�3

�̇̃�2
= ∫−

𝛾3 (𝜓𝑟𝑞𝑒𝜓𝑟𝑞 + 𝜓𝑟𝑑𝑒𝜓𝑟𝑑)

𝛾2 (𝜓𝑠𝑞𝑒𝜓𝑟𝑞 + 𝜓𝑠𝑑𝑒𝜓𝑟𝑑)

 (32) 

 

With:  
 

( )( )
+

=
+

==
sreMJp

p

aMJp

p




....~..

~~

11


  (33) 
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Figure 7. Synoptic schema of non-linear adaptive backstepping control applied to DFIM 

 

Figure 7 gives the principal scheme adopted for the non-

linear adaptive Backstepping control applied to the DFIM. The 

blocks of the adaptive Backstepping control calculate the 

magnetic flux representing the reference flux obtained from 

the speed error. The calculation of control laws is based on the 

error between the actual and reference flux. 

 

4.2 Simulation result 

 

In order to test the performances and robustness of the 

system, the same series of numerical simulations made in the 

previous section are used. 

 

4.2.1 Performance tests 

In this section, two performance tests are performed:  

➢ Speed step of Ω𝑟𝑒𝑓  =  157 𝑟𝑎𝑑/ s (equivalent to 

1500 tr/min) with the application of load torque at t=2s (Figure 

8). 

➢ Test of a trapezoidal speed with introduction of load 

torque at t=1s (Figure 9). 

The simulation results obtained in Figure 8 illustrate the 

dynamic response of the speed and torque by applying the non-

linear adaptive Backstepping control. For a Speed step, the 

speed follows its reference value with a static error equal to 

0.12%. At the start, the speed responds with a response time 

tr(Ω) =138ms, a starting torque Tem= 6N.m and null overshoot. 

Figure (8.b) shows that at time t =2s, when applying the load 

torque, the electromagnetic torque follows its reference value 

with a band of ∆Tem=±1N.m, because the regulator reacts 

instantly to the reference electromagnetic torque. The speed 

reaches its set-point with a rejection time almost equal to 70ms. 

The speed is still sensitive to disturbances in the load torque 

with a relative drop of 0.255% for Tr=10N.m. 

Figure 9 shows the simulation results of Backstepping 

Control applied to the DFIM tested by a trapezoidal speed set-

point with the application of load torque Tr =10N.m at t=1s. 

these results indicate that: 

➢ The speed indicated in Figures (9.a and 9.b) follows its 

reference value with a dynamic error of 0.25rad/s. Figure 

also shows that the speed is not very sensitive to 

disturbances, as they make small peaks with a relative drop 

of 0.255% for the torque Tr=10N.m. As well as the 

application or removal of load torque. 

➢ Figure (9.c) shows that the electromagnetic torque follows 

its reference value, it stabilizes on the resistive torque, 

because the controller reacts instantly on the reference 

torque, depending on the case of an acceleration or 

deceleration of the rotational speed. 

➢ According to Figures (9.d and 9.e) the direct components 

of the stator and rotor flux ψrd have an aperiodic response 

without overshoot and a response time of tr(ψrd)=40ms and 

tr(ψsd)= 70ms, for quadrature components ψrq et ψsq stays 

almost equal to zero. 

The amplitude of stator currents increases in proportion to 

the machine load. During the evolution of the set-points and in 

particular during the reversal of the rotation direction, with the 

variation of the load torque, oscillations are observed at the 

level of the quantities as shown in Figure (9.f and 9.g). 
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(a) Rotation speed 

 
(b) Electromagnetic torque 

 

Figure 8. Simulation results with speed step 

 

 
(a) Rotation speed 

 
(b) Speed error 

 

 
(c) Electromagnetic torque 

 

 
(d) Rotor flux 

 

 
(e) Stator flux 
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(f) Rotor currents 

 

 
(g) Stator currents 

 

Figure 9. Simulation results with a trapezoidal  

 

4.2.2 Robustness tests 

To verify the performance and asymptotic stability of the 

adaptive Backstepping control on the Rotation Speed, changes 

are applied to the model parameters of the DFIM used. The 

results of the simulations are obtained for different robustness 

tests of the control against parametric variations of the motor, 

depending on the variation of the resistances (heating cases) 

and inductances (saturation cases). Figure 10 represent the 

dynamic behavior of the system in this test. 

With regard to robustness to parametric variations, the 

analysis of the simulation results in Figure 10 shows the 

superiority of the Backstepping control. Despite these 

variations, the tracking and regulation behavior remains 

remarkable. However, a change in the resistance or inductance 

of its nominal value has no influence on the response time, 

which remains constant and equal to t=138ms. On the contrary, 

the rise time changes. The static error of the system is lower. 

The study of index response indicates that our system remains 

stable with a response time around the nominal response time 

without becoming unstable or showing a significant overshoot 

during parametric variations. 

 
(a) Rotor resistance 

 

 
(b) Stator resistance 

 

 
(c) Rotor inductance
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(d) Stator inductance 

 

Figure 10. Robustness test for a variation  

 

 
5. COMPARISON BETWEEN THE TWO CONTROLS 

 

In order to have a better appreciation of the results obtained, 

by the two control techniques, a detailed comparative study 

between these two techniques was realized, in dynamic and 

static regimes summarizing all the results obtained. This study 

is done for the same conditions. The Table 2 below 

summarizes the results of this study. 

From this comparison, each control has a set of advantages. 

The effect of parametric variations on DFIM parameters has 

been shown along this work to be weaker in the case of 

adaptive Backstepping control than in the case of rotor flux 

orientation control. In view of these results, the estimation of 

the machine parameters provides to the adaptive Backstepping 

control applied to the DFIM good performances and which 

exceed the performances of conventional PI regulator. 

 

Table 2. Comparative study between FOC and 

BACKSTEPPING applied to the DFIM in motor mode 

  
FOC Adaptive 

Backstepping 

Error Static 0.19% 0.12% 

Dynamic 3% 0.15% 

Response 

time for 

157 rad/s 271 ms 138 ms 

Trapezoidal speed 20 ms 20 ms 

Overshoot 157 rad/s Null Null 

Trapezoidal speed 0.31% 0.06% 

Starting 

torque 

157 rad/s 17 N.m 6 N.m 

Trapezoidal speed 2 N.m 1 N.m 

Relative drop for 10N.m 2.54% 0.255% 

Rejection time for 10N.m 100 ms 70 ms 

Robustness No Yes 

 

 

6. CONCLUSION 

 

For this paper, the FOC and Backstepping control strategies 

for the doubly fed induction motor are presented. The purpose 

is to make a comparative study between these two control 

approaches. After testing both techniques using the 

Matlab/Simulink environment, it concludes that the adaptive 

Backstepping control offers better performance compared to 

FOC in terms of static and dynamic error, response time, 

overshoot and robustness. In addition, another major 

advantage of the Backstepping control is the insensitivity 

against parametric changes of the machine. Future work will 

focus on the implementation of the Backstepping control using 

an FPGA-based test bench in our laboratory. 
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NOMENCLATURE 

 

isd, isq Stator currents 

ird, irq Rotor currents 

𝜓sd,𝜓sd Stator flux (d,q) 

𝜓rd,𝜓rd Rotor flux (d,q) 

vsd, vsq Stator voltages (d,q) 

vrd, vrd Rotor voltages (d,q) 

Rr, Rs Rotor and Stator resistances 

Lr, Ls Rotor and stator inductance coefficientv 

p Number of pole pairs 

f Viscous friction coefficient 

σ Dispersion coefficient 

Msr cyclic inductance mutual stator-rotor 

ωr Electrical angular velocity of the rotor 

Ω Machine rotation speed 

Tem Electromagnetic torque 

Tr Load torque 

J Moment of inertia 

 

 

APPENDIX 

 

Parameters of the DFIM 

 

Parameter Value (unite) 

p 2 

Rs 1.75 Ω 

Rr 1.68 Ω 

Ls 0.295 H 

Lr 0.104 H 

Msr 0.165 H 

J 0.01 Kg.m² 

f 0.0027 Kg.m²/s 
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