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Abstract: - This article, present a new contribution to the control of wind energy systems, a robust nonlinear
control of active and reactive power with the use of the Backstepping and Sliding Mode Control approach based
on a doubly fed Induction Generator power (DFIG-Generator) in order to reduce the response time of the wind
system. In the first step, a control strategy of the MPPT for the extraction of the maximum power of the turbine
generator is presented. Subsequently, the Backstepping control technique followed by the sliding mode applied
to the wind systems will be presented. These two types of control system rely on the stability of the system using
the LYAPUNOV technigque. Simulation results show performance in terms of set point tracking, stability and
robustness versus wind speed variation.
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1 Introduction is why research is oriented towards non-linear
Currently, DFIG-based variable speed wind turbines techniques to increase the robustness ar_ld precision c_)f
are most commonly used in wind farms because of its the systems to be controlled. The main idea of this
high efficiency, energy quality and the ability to approach isto analy_ze the stgblllty c_Jf the no_nllnear
control the power supplied to the grid, as well as the system WIthOUF solving the differential equations of
ability to operate in a + 30% speed range around the this system. It is a very powerful tool for testing and
synchronous speed, thanks to the design of the three- fl_ndmg suff|C|e_nt conditions for the stability of
phase static converters for a portion of the + 30% different dynamic systems. .

nominal power, which makes it possible to reduce the The study presented in this article aims to optimize
losses in the electronic power components and the the energy performance of a wind turbine to
overall increase of the system. However, the maximize captured wind energy while reducing the
disadvantage of the DFIG-based wind turbine is that problems mentioned above and improving control
it is very sensitive to load disturbances, turbine performance by reducing response time. This
rotational speed variation, and variation in internal optimization is able to minimize the costs of
and external system parameters. Likewise, the g_eneratlng el_e(_:trICIty. Among these techniques, we
double-fed Induction generator is characterized by a find the sliding mode control known for its
nonlinear and multi-variable mathematical model robustness to changes in external parameters and
with a strong coupling between the input variables. disturbances, but the disadvantage of this type of
[1]i.e it is not possible to independently control the control lies in the CHATTERING phenomenon
voltage or current.For this reason, many which makes it pOSS|_bIe to gjestablllze the system.
implementation works of linear models-based The second technique is the non-adaptive
approaches have been applied, but the linear BACKSTEPPING control which gives the stability
controller approach has quickly shown its limits, that of the nonlinear system, the good tracking ... etc, but

which is sensitive to parametric variations[2][3].
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In this article, we will carry out a comparative study
between the Sliding Mode control techniques and
BACKSTEPPING in order to improve the
performances of the wind system.We will start by
exposing a monetization of the wind turbines. Then,
a study of the operating point and maximum power
tracking technique will be presented. Subsequently,
we present a DFIG model in the "dg" framework and
the general principle of controlling both power
converters based on the Backstepping and the Sliding
Mode control strategy.

2 Wind System Modeling

The wind system is mainly composed of the wind
turbine, gearbox, the doubly fed induction generator
whose stator is directly connected to the grid and the
rotor is connected via the Rotor Side Converter
(RSC) and the Grid Side Converter (GSC) as shown
in the following figure:

Figure. 1 Global Wind energy conversion system

2.1 Wind Turbine Model
The power generated by the wind turbine is modeled
from the following equations [7, 8]:

aR2V3
Paero = Cp (X’B)Pnﬁ (1)
Where : R is the turbine radius in m, V is the wind
Speed m/s , P is the air density in Kg/m3 and Cp
presents the power coefficient which depends on the
pitch angle B and the tip speed ratio A :

Q
A=R.—t

L @

The expression of the power coefficient is given by
the following equation:

@)

¢ 2o calrerp| -cer| L 005
Cp((}“’B)_Cl(A Cg.ﬁ C4] exp[ C5 {(X-%—O‘OS‘[S) B3+1]]+C6]L

Where: C1=0.5176, C2 =116, C3=0.4,C4=5,C5
=21, C6 =0.0068.

The mechanical speed and the mechanical torque that
appear on the generator shaft are represented
respectively by:
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Qmec

sainir-a (4)
In this work, we fixed the pitch angle and the tip
speed ratio to their optimal values Aopt =8 and p=0°
in order to provide an optimal power from the wind.
2.2 Standalone DFIG Model
The Doubly Fed Induction Generator DFIG model
using Park transformation is presented by the
following equations [6-13] [23-24]:
Stator and rotor voltages in the reference of Park:

Vsd = Rg .lsg +

ddsg
at s %

()

Vsq = Rs .Isq +

d
Vg = Ry g +

Vrq = Ry lrg + dj:q +or Prd
Stator and rotor Flux in the reference of Park:

Dgq =Lg .Igg + M .lqg
DPgq =Ls .lsqg + M .lq

Prdg =Lr Ird +M .lgg
Drg =Ly g+ M .lgq

Electromagnetic Torque:

Cem = P-(Psq- Isg — Psg- Isd )

Active and reactive DFIG powers:
Ps = Vsglsg + Vsq-lsq

{Qs = Vgq-lsd — Vsd-lsq

(7)
(8)

2.3 Converter Model

Voltages across a, b, ¢ rotor weddings of the DFIG
are constructed using the rotor side converter as
follows [3]:

Van 2 -1 -1rf1
Vbn =\% -1 2 -1ff2
Ven 1 -1 2| f3

Where f1, f2 and f3 present the control signals and
Vdc is the DC-link voltage as given in [4].

2.4 Filter (R,L) Model

The GSC Converter is connected to the DC-BUS and
the Grid via a filter (Rf, Lf). It has two roles:
sustaining the DC- BUS voltage constance regarding
the amplitude and the rotor power direction and
maintaining a unit power factor at the link point to
the grid [14].The filter model in the referential (d, q)
is given by equation (10):

9)

dlg
Vdar =—Rglgr —L¢ T*“’s'—fqu + Vsd
dlg (10)
Vgf =—Rflgf —Ls T*ﬁ’sl—fldf +Vsq
Pt =vgr laf +Vgf lgf

Qf =Vgf ldr —Vaf lqf
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3 Maximum power extraction using
MPPT

In order to extract the maximum power from the
wind, we need an algorithm acting on the set point
variables to have a good efficiency of the device. For
this reason, we applied a technique of Maximum
Power Point Tracking Strategy. This latter consists in
imposing a torque of reference so as to permit the
DFIG to turn at a regulating speed to ensure an
optimal operating point of power extraction. That is
why the speed ratio A must keep its optimum value
(A=A opt) over a certain range of wind
speed.Furthermore, the power coefficient would be
maintained at its maximum value (Cpmax= Cp)
[4].In this case, the aerodynamic couple will have as
an expression:

23
p.t.RV
Caero =Cp_max (7"5)-

P 2.0

The reference torque at the output of the multiplier
becomes:

11

1
Cgref = E-Caero (12)

We know that the fundamental equation of dynamics
is given by:

Crnec =1 d Cmec (13)
We assumed that the generator rotational speed is
fixed during the study period, and we neglected the
effect of the viscous torque. The reference
electromagnetic torque can be expressed by:

=Cg —Cem—Cs

Cemref = Cg (14)

The estimated wind speed can be written as
suggested:

Qt _est
Aest
The expression of the reference electromagnetic

torque can be written as indicated:

Vest = R. (15)

Cp_max p.r:.R":> Q%]ec
T TGl

(16)

Cemref = 3
Aopt

Based on these equations, we can create the
following diagram of the mechanical part of the wind
system and the MPPT strategy without speed
measurement shown in Fig.3 [4, 6]:
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Figure.2: the MPPT strategy without speed measurement

4 Non-Linear Controllers Synthesis
The main objective of the DFIG-based WECS
control is to maintain a constant stator voltage
amplitude and frequency when the wind speed is
changed. For this reason, the presence of a controller
is very necessary. Many control techniques are
developed in the literature for such systems.
However, the implementation of these controllers
seems very complicated. In this work, two non-linear
controllers are developed:
- SLIDING MODE controller
- BACKSTEPPING controller

4.1 Sliding Mode Controller Design
The variable structure system (VSS) is a system
whose structure changes during its operation. It is
characterized by the choice of a structure and a
switching logic. This latter allows the system to
switch from one structure to another at any time by
the choice of a function, which separates the state
space into two parts, and an appropriate switching
logic. The Sliding mode technique is a special case of
(VSS). It consists of forcing the system state
trajectory to attain a hyper surface in finite time and
then stay there. This latter presents a relation between
the system state variables which defines a differential
equation, and consequently, determines the system
dynamics if it remains on the hyper surface. The
evolution of a system subject to a control law no
longer depends on the system or the external
disturbances, but on the properties of the hyper
surface. The system will therefore be robust to
uncertainties  (specific to the system) and
disturbances (external to the system) but will be
totally insensitive [5, 15, 16].

4.1.1 RSC control using Sliding Mode Controller
The sliding surface proposed by J.SLOTINE is given
by [17]:

d

n-1
S(X)z[awj e(X)

We take n =1, we obtain:

17)
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{ S(Ps) = Psret —Fs (18)

S (Qs) = Qgref — Qs

With: Qsref and Psref are the reactive and active
powers references.
The derivative of sliding surface is given by:

. . Vs:M (Vigeg +Vign R M
S(Ps) = Pyyef +—>— | —4 T | @y — o Ng—————

(PS) = Poref L [ Lo Lo rq =~ @r-lrd ~@rVs L Lyoso (19)
M [M_ R,

é 5) = Q +Vg.—.
(Qs) =Qref +Vs L Lo

rd +Wr-'rqj

Lro

During the sliding and permanent mode, we have:

S(Ps,Qs) = 0ré(F’S,QS) =0,Vrgn =Vygn =0 (20)

The expression of the equivalent command becomes:

LrLso «
I +Rpdyg -y Ly.ol
MYV, Qsref r-lrd ~@r-LrO.lrq

Vrdeq:

(21)
Vigeq = L Lo. 2 Puget +Relrg + Lr-oy.0.lpg + ap M.~
rgeq r S'VS.M' sref ™ Rrlrg © Lr-@rO-lrd T O -sts

Therefore, the stabilizing control is given by the
following equation:

(22)

Vign = Kgsat(S(Qs))
4.1.2 GSC control using Sliding Mode controllers
We consider the SLOTINE’s sliding mode
surface.For n = 1, we obtain:

{S(Pf)=Pfref - Ps

5(Qf)=eref —-Q¢

{V,,dn = Kgsat(S(Ps))

(23)

Where: Qfref and Pfref are the reactive and active
powers references.
The derivative of the sliding surface is given by:

Vs (queq+vqfn )

R 2
s f Vg
dgf +——————F+ W Vg lgr ——
af Ly s-Vs-ldf Ly

. . V.
S(Pr) = Prref + L

(24)

Vs (Vdfeq +Vdin
0 Li) +Ws Vgl gf

é(Qf)=eref *@-ldf -
In the sliding and permanent mode, we obtain the
expression of the equivalent command supplied as

follows:

L .
V, =—20Q —Rgf.1 + L¢.wg.l
dfeq Vs fref f-ldf f -Ws-Iqgf (25)
L .
Vgfeq :_VS Pref —R¢.lgf —Lf Ws.lgf +Vs

The stabilizing control is expressed by:

Viin = Kdin sat(S (Pf ))

(26)
Vgin = Kqmn sat(S(Qr )
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4.2  Backstepping Controller Design

The principle of Backstepping control is based on the
decomposition of the entire control system, which is
generally multivariable and of high order into a
cascade of first-order control subsystems. For each
subsystem, a so-called virtual control law is
calculated. The latter will serve as a reference for the
next subsystem until obtaining the control law for the
complete system. Moreover, this technique has the
advantage of preserving the non linearities useful for
the performance and the robustness of the control,
unlike the linearization methods. The determination
of control laws that follows from this approach is
based on the use of control Lyapunov functions [9]
[20, 21].

4.2.1 RSC control using Backstepping controllers
The synthesis of this control can be achieved in two
steps [10]:

Step 1: Calculation of reference rotor currents:

In this step, we define the error between the active
and reactive stator powers and their references. The
errors of the stator power are defined by:

€1 = Psref —Ps (27)
€2 = Qgref — Qs

The derivative of the errors is given by:
{e'l _ psvef_ B,

eé = Qsi’ef — QS
With:

(28)

B
S Ls rq

Qs = _VT_.S/I Ir.d
By replacing each term, by its expression, we obtain
the following equation:

(29)

VoM (Vig R M
e1=Pypef +—— '[q — g opdg - o Vs J
Ly (Lo Lo Ly Lyws.0 (30)
- M [V, R
e2=Qgpef +Ve—.| 9 ——T I 4 +ay.|
Qsref +Vs L [Lr.o* Lo rd r-'rq

We first choose the candidate function of "
LYAPUNOV "associated with the active and reactive
stator power errors, in the following quadratic form:

1 1

Its derivative is given by:

Vl =elei+ & elz (32)

By replacing the error by their expression, we obtain:
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Ry

: . VoM [ Vi
Vlzel[Psref +s-[Lq‘-|rq —aorlyg — o Vs.
o Lo

Ls

V R
e FAVAR.S| L S
Z{eref SL [Lra Lo rd T @-lrg

In order to ensure the stability of the subsystem

LLMM]} (33)

according to LYAPUNOV, Vimust be negative .So,
we choose it in the following form:

Vi=—-Ksef —KpeZ <0
With:k,, k, are positive constants.
Equalizing the two equations, we obtain:

(34)

VM [qu Rr

L Lo Lo

M 2
drg—opdyq —Of Ngo———— | |=-
Lo Lo rq ™ @rlrd =@ Lr.Ls.a)S.a]j 11

M(Vg R )
ez[eref +Vg. L [ﬁ‘ﬁ Ird +wr.qu]]=—K2ez
T

el[ Poref +—— (35)

Which gives the expression of the virtual command
Ira and 1 defined by:

I rqref =

Vg.M M Vg
V L,
Lo [rq rorlg -9 ]J (36)

VoM
[eref +Koep + (Vi +Lr-oorIrg )]
Llo

o.Ls
———| Pyyef + K +
VRM(sref 181

Irdref = Lo
Vs.Rg.M
lrarer @nd lrgrer Will be considered as reference to the
following subsystem.

Step 2: Calculation of rotor voltages:

In this last step, it has been possible to deduce the true
control law Vrg and Vrd which makes it possible to
reach the design objectives for the global system. The
errors of the rotor currents are defined by:

e3 = lrgref —lrq (37)
€4 = lrdref — Ird

The derivative of the errors is given by:
eé = Irq-ref — I,;q (38)
e;l = Irdref — I,;d
o 1 MV,
e3=1 raref —E.[qu - Rr-qu - Lr.a.a)r.lrd —gTss (39)

o 1
e4=Ilrdref ———(Vrg — Ry.lyg + Ly.o0p .1
rare Lr.a( rd ~Rr-lrd T Lr.0.0r rq)

The extended LYAPUNOV function becomes as
follows:

12 12 12 12 40
V== = = =
2 261+262+263+264 ( )
The derivative becomes:
V2 =e1e+ 262+ €3e3+ e484 =V 1+ €363+ €464 (41)
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In order to ensure the stability of the system

according to LYAPUNOV, V2must be negative. So,
we choose it in the following form:

\)zz—Klef - K29§ - K3e32 - K2e§ <0 (42)

Equalizing the two equations, we obtain:

S : 1 M V.
Va2=Vi+es| | —— | Vyg—Rp g - Lp.odg —9.—= | |+
1 { rgref Lr.a'[ rq ~Rrlrg = @r-Lrold =9 L J] (43)

e{l rdref ‘ﬁ'(\’rd ~Rpdyg + wr.Lr.o:I,q)] =V1-Kge —Kyef

I

So, we get:

. 1 MV, 2
e3| lrgref ———| Veg = Ry.lyg — o Ly.olyg — 9g.——= | | = —Kge:
( rqrel Lr.a[ rqg ~Rr-lrg =& Lyolrg —0 L ]J 3€3 (44)

- 1
e{l rdref ——— (Vrg —Rr.Irg +wr.|_r.a.|rq)j:4<4e£
Lo

Which gives the expression global real command Vg
and V(g defined by:

: 1
vrd = Lr.a[K4e4 + Irdref +——(Rr.Irg 7a)r.Lr.0'.Irq)J
Lr.o

(45)
M Vg
=
Hence, the asymptotic stability of the origin.
With:ks, k, are positive constants.

: 1
Vrq = L,..o-[K3e3 + |rqref +L7'(Rr'qu +aop.Ly.olyg +9.
r-o

4.2.2 GSC control using Backstepping controllers
The powers exchanged between the Grid Side
Converter GSC and network are expressed by [14]:

:Vqsqu

{ e (46)
Qf =—Vgslar

The expression of the filter currents is presented by
the following equation:

lar = — f g +wsl
= ————— s
Lt L+ df af (47)
: Rt v
It =——90 T 1 —wsly +—=
g Lt L+ af Shar ¥ L+

According to these equations, we notice that the
active and reactive powers are linked by the filter
currents. So, it is sufficient to control the currents of
the filter; the direct component Igf controls the active
power of the filter Pf and the quadratic component Idf
controls the reactive power of the filter Qx.

The errors of the filter currents es and e are defined

by:

(48)

es = ldfref — ldf
e = lgfref — lgf

The derivatives of the errors are given by:
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es5 = Idfref — I g¢

(49)

eé = qui’ef — Ic.lf

By replacing the filter currents, we obtain the
following equation:

. . Vv, R
e = Idfref + 9 4 f

1 — wsl
df i
Lf Lf a

(50)

. : V, R¢ V,
eg = Igfref + —9° 4+ — 1 |+ wsly — -5
6 =19 Lt Le o BT

We choose the candidate function of " LYAPUNOV
" associated with the filter current errors, in the
following quadratic form:

V3=%e§+%e§ (51)

Its derivative is given by:

V3 :65 el5+ e6 e‘e (52)

. - Vg R¢ -V R¢ V.
V3 =e5{ldfref+|if+uld, —WSqu]Jres{qureHLq:+LfIqf +Wslg L—: (53)

So as to ensure the stability of the subsystem
according to LYAPUNOV, V3 must be negative. So,
we choose it in the following form:

V3 =—Kge? ~Kgef <0 (54)

With:ks, kg are positive constants.
By doing the equality between the two equations, we
get:

@ Idffef+Vi+R—fl —Wsl ¢ [+€ qu'ref+\i+R—fI +Wsl 7V—5
> TR L TRET L (55)

= -Kst - Keef

So:

e Idf'ref+\ﬁ+R—fIm—wSIqf :—K5e52
Le  Lf

(56)

. V R¢ v 2
eg| Igfref + -3+ — L1 +wsly -~ | = —Kge
6[q TR sl gt ij 656

Which gives the expression of the actual global
command Vs and Vg defined by:
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. R¢
Vgt Lf[K565+ ldfref + — 1 +Wsqu]
Lt (57)

V, Lf| Kge +qu'ref+—Rf I +wsl Ve
=— sl o —
qf 6%6 Lt of df Lt

5 Results and discussion
To gauge the performance of the wind system based
on the Doubly Fed Induction Generator, we tested the
operation of the wind system by two types of control:
the  sliding mode  technique and the
BACKSTEPPING one in order to control the powers
generated by the DFIG. To carry out this work, two
tests were performed using MATLAB / Simulink:
o Test 1: Tracking and regulation tests for
SMC and PI.
o Test 2: The robustness tests regarding the
variation parameters.
The results obtained for the various simulation tests,
are respectively exposed on the following figures:

[ =

|
=
—=
—
— |
|
=<
===
| t—F
——
—
T
|
— |

|
[y T

[ %WV'\ (

LY A LAY I

I )

0
Times(s)

wind Speed (m/s)

T =

1

Figure.3: Wind Profile

5.1 Tracking and Regulation Tests:

In this case, we consider the aerodynamic power according
to the MPPT strategy as a reference for the stator active
power of the DFIG and zero as a reference of the stator
reactive power to guarantee a unit power factor on the
stator side to optimize the quality of the energy reverted on
the grid.

5.1.1 Sliding Mode Controller results:

‘The Active Stator Power Ps

l % oun J —PS(SMO)
v — bt

|

|

Ps(W)
E——1

The Active Stator Po

05SHC)
— et
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Figure.4: Tracking and regulation Tests using Sliding
Mode Controller

Using the sliding mode technique (figure.4) we note
that:
The references of the powers are well followed by the
generator without coupling effect between the two
axes and a response time Tr = 0.0407s.
The active stator power Ps (a) is negative means that
the Grid receives the energy produced by the DFIG.
The reactive stator power (b) is null which gives a
unit power factor.
The stator voltages are a sinusoidal form with a fixed
frequency 50Hz which implies a clean energy
exchanges between the stator and the Grid.
But the major problem of the sliding mode controller
lies in the chattering phenomenon which destabilizes
the wind system.
5.1.2 Backstepping Controller results:

The Active Stator Power Ps using Backstepping
T T T
| | | } | |
|

el I I P |
o

— Ps(BSC)
—— Psref

er Ps (W)

The Active Po

1
Times(s)

The Reacive Sraror Power
T T

Qs{8sC)
| = Qsrel

er Qs(VAR)

The Reactive Stafor Pow

i
Times{s)

(b)
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The Stator Currents ls-abc using Basktepping
F
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Figure.5: Tracking and regulation Tests using
Backstepping Controller

The BACKSTEPPING control technique (figure.5)
gives the following results:

Good reference tracking by the DFIG generator with
a response time obtained Tr = 0.03s which is less than
the response time obtained by the sliding mode
technique.

5.2 Robustness Tests:

The previous test was done considering the fixed
machine parameters, but these parameters can be
influenced by several physical phenomena such as
the temperature which allows the increase of the
resistance values, the saturation of the inductors etc...
In addition, the identification of these parameters is
expressed in infidelities owing to measuring devices
and the adopted methodology. Therefore, it is
interesting to compare the performance of both
systems regarding this phenomenon. To test the
performance of each controller against model
uncertainties affecting system stability, we replace
the parameters of the system used in the DFIG by the
following equation:

{Ris.r) =0-8Rn L5 r) =L8Ly
5.2.1 Sliding Mode Controllers results

The Stator Active Power Ps using Sliding Mode Control

J—PS(SMC)
— Psref

.
B
:
L
2N
L l [ y BT f
M| IS | LA |
|
E 1
b
<
2 |
¢ ‘
|
1
Times(s)
(a)
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Figure.6: Robustness Tests using Sliding Mode
Controller
5.2.2 Bachstepping Controllers results
The Active Stator Power Ps using Backstepping
J—Ps(ssc)
o — Psref
% |
1 AL TR I
; |
!
Times(s)
(a)
The Reactive Power Qs using Backstepping
L Lo ;
: Times{s)
(b)
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The Reactive Stator Power Qs
T T T

The Reactive Stator Power Qs(VAR)

— Qs{SWC)
Qsref

w0
Times(s)

Thereactive Pawer Qs (VAR)
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The Stator Currents is-abc
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Figure.7: Robustness Tests using Backstepping
Controller

When we change the parameters of the machine
DFIG, we can see a small variation in the response
time of the two controllers. On the other hand, this
result shows a clear effect in permanent error using
the backstepping controller, which implies that the
Sliding Mode Controller is more robust than the
Backsteepping Controller.

6 Conclusion

This work presents a nonlinear power control of
doubly-fed induction generator integrated in the
Wind System. First,the model of the doubly fed
induction generator under the park referential is
presented. Secondly, a control strategy using sliding
mode and backstepping is shown. The simulation
results demonstrate the performance of the
controllers. It is clear that the disadvantage of sliding
mode is the chattering phenomenon that generates the
harmonics and helps to stress the mechanical part,
while the problem of the backstepping is not robust
against the machine variation parameters. All this
leads us to think of other improvements such as
moving to a higher order sliding mode to eliminate
the chattering phenomenon and the adaptive
backstepping control to make the system robust, or to
hybridize the two techniques of control.
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