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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.

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
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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
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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].

Inverter DFIM Inverter
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Figure 1. General diagram of the studied system

The DFIM equivalent circuit in the reference (d,q) is shown
in Figure 2.
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Figure 2. Electrical diagram of the DFIM

After the Park transformation, the DFIM model is defined
by the equations [13, 14]:
0 The electrical equations of the DFIM in the reference (d,q)
are written as follows:

. d db
Vsqg = Rg.lgq + &lpsd - E-lpsq
. d do,
Usq = Rs- lsq + al[)sq + E.lps‘i (1)
. d do,
Vrg = Ryilpg + alprd - E-lprq
. d de,
VUpq = R,. lrg + El/)rq + E'lprd

(. 1 M

lsa =E¢Sd_m'¢rd
. 1 M
lsq :O__LSlpsq _Tsllr-lprq
§ ’ 4 )
bra = _mwsd+a-¢rd
. M 1
Urq = _mlpsq +O__Lr-l/}rq

M

with:(f:l—LL etM = Mg, = M,.

0 The magnetic equations of the DFIM in the reference (d,q)
are written as follows:

(wsd = Ly.igg+ M.iy
Yy, = Lyvisg + My
W, = Lybpg + Mg
Y0 = Lo byg + Mo

3)

0 The mechanical equations of the DFIM are defined by:

aQ
Tom =TT+]E+f.Q
Tem = p. (lpsq- Isg — Ysq- 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: ¥4, = ¥, and Y, = 0.

From the Eq. (3):

M
qu - L_ lsq
Yrg=0e U )
. T .
lsq = — M . qu
The electromagnetic torque is expressed as:
Tem =p- (ll}rq- lra = Yra- irq) = —P-YPra-lrq (6)
By applying a unit power factor to the rotor:
. .Y
qu=0 @lsd:ﬁ (7)
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To achieve a successful decoupling between the d and g
axes, the intermediate voltages are defined by the below

equations:

Visa = Voa + 7 Vg
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We obtain the following from Eqgns. (1), (3) and (8):

digq M

Visa = Rs.isq + 0. LSF - RrL_-ird - 1/qu0)s
T

M

+ L_lprq(ms - (‘-’)
"

; disq M
Visq = Rs.isq + 0.Lg ar R, L_r-qu — Ysaws

M

+L_1/}rd(ws —w)
r

. dird M .
Vira = Ry irg + 0. Ly dt — R . Isg — I/)rq(ws - )
s

)

M
+ L_r lpsqws

dipg

Virg = Ry.lyqg + 0. LrW_ ReL_-isq — Yra(ws — w)
s

M
+ E Ysqws

With:

. disd
Visa = Visac + Visact = Rs-lsq + 0. L W + Visact
. disq
Vtsq = Vtsqc + Vtsqcl = R;. lsq +o0.L F + Vtsqcl
. dird
Vtrd = Vtrdc + Vtrdcl = Rr' g + 0. Lr? + Vtrdcl
. dirg
Vtrq = Vtrqc + Vtrqcl = Rr' lrq + 0. Lr E + Vtrqcl

Visdcr + Visqer + Vigaer and Vige; are regarded as

compensation conditions.

The functions of transfer connecting the rotor and stator

components of each axis are:

ISd — Isd _ 1
Vtsdcl Vtsdcl Rs+0'- Ls- S (10)
Lrq Lyq _ 1

Vtrdcl Vtrdcl Rr+0-- Lr- S

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
1
1/er = l/)r Isd = M lprd
PYrq =0 [ = —
rq — sq p. M. w;d em
Qr=0, (cos p=1) Ig*=0
1
Tom =Tem  Tra = =5y Tom

. Measures
Isjate) lirfate)

| praw |

L a v Wra,g)
Block of Calculation Block Block o
Statar Block of of flux and theta Block of Rot !
current | 7| Decoupting an Decoupling on  [*—] o Grt
the stater side the rotor side curen
regulator l l l regulator
¥ 6 a [
jEﬂ £ i,
= Block of rauref
_ Colculation of reference currents
Ted ref Ired_ref
Temeret
Block of Block af
Speed regulator flux regulator
! e 1] T
et Block Wes ref

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 Q,.r = 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).
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Figure 4. Simulation results with speed step
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Figure 4 shows the simulation of FOC for a speed step with
introduction of a load T,, = 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 AT,,, = +3.5N.m, because the controller reacts instantly
to the reference electromagnetic torque.
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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 T,, = 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
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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 AT,,, =
+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 (¥, = 0). But its direct component is
constant (¥4 = 1,), the quadratic stator flux v, reacts
with the variation of electromagnetic torque (Figure (5.e)).

The stator and rotor currents shown in Figures (5.f and 5.9)
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.
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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
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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 (Q..¢) without taking into
account external disturbances and internal variations. We
propose to remove the classical Pl 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:

v' Instantaneous rotor and stator flux:

dlprd RT" M Rr
< dt = Vra o.L,.Lg lpsd - o.L, Yra + l»brq(*)r .
Db _ Rr.Mlp _erp o (11)
dt " G L. Ly 1 gL, T AT
dlpsd Rs- Rs
dt = Vgq + o.L.L, Yyg — o.L, Ysq + lpsqws 0
dpsq Re. M R, (12)
dt Vsq 0.L,..Ly Vrq = o.Lg Wsq + Wsaws
v Instantaneous mechanical speed:
aQ p.(1-o0)
a JoM (lprdwsq - lprqlpsd) + (13)
LN
VA |
With:
T
[X] = [Yra ¥rqg Ysa ¥sq Q) Status  vector

(measurable or estimated).

[U] = [Vra Vrg Vsa 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.

v' Step 1: Speed controller

The objective of this step is to define the tracking error of
the state variable (eq) which represents the error between the
actual speed Q (measured or estimated) and the reference
speed (2,5, SO:

eq = Qe — 0 (14)



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:

eqn = ‘Q‘ref Q
p-(1 - i (15)
= Qref ] o.M (wrdlpsq) + ]

To take into account this Eq. (15), the Lyapunov function is
defined as follows:

(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 (kq) to the derivative of the Eq.
(16). After development:

vy
= —Kqej
KQ eqn + Qref

(wrdwsq) + +

7)
+eq.| p.(1-

_]aM

"o

J

According to this Eq. (17) and the stability condition of
Lyapunov function, we consider magnetic flux as the virtual
inputs of the DFIM. So:

1 T,
(Votrer = =gy (Kaea+ 7 +f a)
JoM Vrdres
lpsdref =1 (18)
l/)rdref =1,
¢rqref =0

The Eq. (18) is replaced in Eq. (17) and the speed reference
Q.. IS assumed to be constant. The negativity of the derivative
of V1 is then expressed as follows:

Vi =—-Kg.e3 <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.

v Step 2: Flux controller

In this step, the errors between the real flux components
(measured or estimated) and reference flux are defined, such
as:

i wrd_ref =Yg
4 lprdref —Yra

_ (20)
el[)Sd - l/)sd,ref - ll}sd
el[)Sd = l/)sd,ref —Ysq

From the Eq. (20), the real control laws (vg4, vsq, Vg @nd
v,q) of DFIM will be designed. In order to extract these control
laws, another term V. added to the previous Lyapunov
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function V3, such as:

1

— 2 2 2 2 2
V2 - E(en + ewrd + equ + ewsd + ewsq) (21)

To guarantee the stability of the system, it is necessary to
ensure the negativity of the derivative of the V,. To do this, the
positive constants (ky>0) are defined for the derivative of the
Eq. (21). After the development:

2 2 2 2
~Kaea =Ky, ;840 = Kv o g ~ KurgCirea
2
Ky g
p.-(1-0) T, f
+eq. (Kﬂ-eﬂ (———— JoM YWrps) + ]r += 7 Q

Klprdewrd + l/)r ~ Vra

R,.M R, +
l;bsd + —lprd - l;brq(’or

e¢rd. <_
g.L,. L
< Kqu qu
ewr . RrM
qg |\ - "
0.L,.Lg Wsq
Kwsdelpsd + 1,[)5 = Vsa
ew .
sd | — l/)sqws
Kll}sqell)sq + Ill-‘;q'r.r:‘f ~ Usq

Rs. M
Re.M
- lprq

v,

(22)
l/)rq + Prqgwy

l/)rd +

e¢sq.

o.L,.Lg
Rs
o.L.L, + —lepsq + Psqws
From the Eq. (22) and the stability condition of Lyapunov
function, the control laws (vsq, Vsq, Vg and v,4) applied to
the DFIM in engine mode are obtained, such as:

Vg = Ky_ey  + P, — #r_Mstsd + r;%d — 0
Vpg = K¢rqe¢rq - :E;T_MLSIPS‘I
Ve =Ky ey, t ¥~ ﬁl%d + TZS% ~ P05
g = Ky oy + i, = 7o o g0
(23)

The Eqg. (23) is replaced in Eq. (22), which implies the
negativity of the derivative of V2, such that:

VZ _ —KQ. eqn — Klprdewrd - Klprqequ
— — 24
Kwsdewsd Klpsq ewsq ( )
<0

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.



v' 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 Eg. (23) will be
reinforced by terms that will compensate for the transitions of
the estimated parameters.

We have:
. A T, f
éq = a;(Prps) + Tr + 79
élbrd = Ipr = Vpg — QaPsaq + A3rq — Prqy
équ =~ VUpq — alesq + a3lprq + Yra0y (25)
ey, = "VUsat Y5 — Ayhrq + Asthsa — WsqWs
éwsq = —Usq + lpsqref - d41/)‘rq + aslpsq + 1/)5du)5

With:
o op(1-8) R.M R,
a, = — ; a ———; 3 = —;
YT oM TR 61,0 T 6L,
a — S* _a — RS
* T 60,1, ° 6.6

From the Eq. (26), a new function of Lyapunov V: is
defined, such as:

Vy=2(ed+el  +ei +el  +el R G
2= 2 Q Wrd '~|-'rq Ysq llr'sq Yr Y1 V2

aj  aj  aé

Y3 + Y4 + Ys) (26)

To ensure the system stability, the negativity of the

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

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

equation. The following expression is obtained after the
calculation:

2 2 2
_Kﬂeﬂ - Klprdellr'rd - Kllquellqu
2 2
_Kwsde\l’sd - Kwsqe\llsq

T,
+ea (Ko.ea — @)+ + 2 0)

ey ( AKIprde‘/’rg +¥r = vrq )
T4 \=AyPsq + AsPrag — Yrqwr

+ey ( Kquequ ~ Vrq >
T4\ =y sq + A3Prq + Prawy

s (o o)
sd _a4¢rd + aslpsd - lpsqws

+e¢sq.< Kipsqewsq A+ Vsarey ~ Vea ) 27

_a4lprq + aslpsq + Ysq05

~ [ €q T.'r - 61
+T, (7 + Z) +a; (z - en(ll)rll)s))

. (A2
+d, (E - ¢sqe¢rd - Il)sdewm)

=
I

as

)/_3 - qued)rd - Iprdewrd
(2

Y.

.~ (Gs
+ds (y_s - ¢sqelpsq - Ipsdewsd

+ds
+d,
4

- Iprqelpsq - Iprdelpsd>

From Eq. (7), the control laws (vsq, Vsq, Vyq and v,q)
applied to DFIM are obtained, such as:

Vyag = K¢rde¢rd + l’l)r —a, + a3l/)rd - ll)rq(l)r
vrq = Kquequ - azll)sq + a3l[)rq + ll)rd(l)r
Vsa = Ky ey  FY— Ay, + a5, — P ws
- d4l/)rq + dsl/)sq + lpsd(‘)s

(28)

Vg = K¢sqe¢sq + l,bsqref

The Eq. (29) is replaced in Eq. (28), which simplifies the
dynamics of the V, derivative as follows:

_Kﬂeé - Kwrde‘ird - Kque‘?’rq
K, et Ky o2 +T. (41"
Klpsdewsd Klpsqewsq + Tr (] + y

+a1 (;_1 - eﬂ(d’rd’s))

; a
v, 22 _

I
+
N

N

¢sq€¢rd - lpsdewrd (29)

- quewrd - ¢rde¢rd)
~ (44
+a, - quelpsq - ¢rd€1psd

~ 5
+Cl5 <]/_.; - l/)sqel,bsq - lpsdewsd)

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:
~ =+ €q
Tr=fTr=f_T-Yr (30)

Expression of adaptation of stator and rotor resistors:

. €1y
R, = f Ry=|5.Lg ds
= f —5' . ZL‘S' Ys (lpsqewsq + lpsdewsd)
e Adaptation expression of stator and rotor inductances:
~ f i~ f 6;15 f ¥s (ldeel/’sd + lpsqel/’sq)
L=|L.=|M.—=]-
a4 ]/4 (llquewsq + lp’"dewsd)
(32)
~ < &3 Vs (lp“lequ + lprdewrd)
= [f=[wl -
%2 Y2 (lpsqequ + ldeewrd)
With:
~ (= p p
c=|0= == 33
o= lvg ey @
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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 Q... = 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
t(€2) =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 ATe.m=2#LN.m, because the regulator reacts
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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 T,=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 T; =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 T,=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 yq have an aperiodic response
without overshoot and a response time of t;ra=40ms and
tiysey= 70ms, for quadrature components yrq et ysq 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 9.9).
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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.
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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 157 rad/s 271 ms 138 ms
time for Trapezoidal speed 20 ms 20 ms
Overshoot 157 rad/s Null Null
Trapezoidal speed 0.31% 0.06%
Starting 157 rad/s 17 N.m 6 N.m
torque Trapezoidal speed 2N.m 1N.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
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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, Irg Rotor currents
Yrds Y Stator flux (d,q)
Yrds Y 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
o Dispersion coefficient
Msr cyclic inductance mutual stator-rotor
or Electrical angular velocity of the rotor
Q Machine rotation speed
Tem Electromagnetic torque
T, Load torque
J Moment of inertia
APPENDIX
Parameters of the DFIM
Parameter Value (unite)

p 2

R 1.75Q

R: 1.68 Q

Ls 0.295 H

L, 0.104 H

M, 0.165 H

J 0.01 Kg.m?

f 0.0027 Kg.m%s






