M’hamed DOUMI', Abdel Ghani AISSAOUI?, Ahmed TAHOUR?, Mohamed ABID?, and Khalfallah TAHIR?
CAOSEE Laboratory, University of Béchar, 08000, Algeria (1), IRECOM Laboratory, University of Sidi Bel Abbes, 22000, Algeria (2)

doi:10.15199/48.2016.03.32

Nonlinear Integral Backstepping Control of Wind Energy
Conversion System Based on a Double-Fed Induction Generator

Abstract. In this paper, a decoupling control strategy has been applied to control the active and reactive powers generated by a Double Feed
Induction Generator (DFIG). We propose a robust nonlinear control based on Backstepping with integral actions in order to control the power of the
wind turbine transmitted to the grid and to make the wind turbine adaptable to different constraints. The proposed control laws are derived from the
Lyapunov approach which is well suited for this nonlinear system. Furthermore, the proposed integral backstepping control is compared with the
classical backstepping controller. The results obtained by simulation prove the effectiveness of the control strategies in terms of decoupling,
robustness and dynamic performance for different operating conditions

Streszczenie. W artykule opisano strategie sterowania sprzegania do kontroli mocy czynnej i biernej wytwarzanej przez generator DFIG.
Wykorzystano metode Lapunowa do kontroli turbiny wiatrowej dotgczonej do sieci. Nieliniowe sterowanie backstepping do kontroli konwersji

energii wiatrowej w generatorze DFIG

Keywords: Double Feed Induction Generator, Robust Nonlinear Control, Lyapunov approach, Integral Backstepping.
Stowa kluczowe: generator DFIG, turbina wiatrowa, metoda Lapunowa.

Introduction

Wind energy is one of the most important and promising
source of renewable energy all over the world, mainly
because it is considered to be nonpolluting and
economically viable. At the same time there has been a
rapid development of related wind energy technology [1].

The control of wind energy conversion system (WECS)
constitutes a vast subject and is more complex than those
of DC drives [2]. Furthermore, Vector control obtains very
good application in DFIG because it can allow a decoupling
control of the active power and the reactive power. In recent
years, many researches of vector control take the following
manner to track the largest wind energy under the rated
wind speed [1].

Double fed induction generator is widely used for
variable-speed generation, and it is one of the most
important generators for wind energy conversion systems.
Both grid connected and stand-alone operation is feasible
[3] through an AC/DC/AC frequency converter [1]. The
major advantage of the doubly-fed induction generator,
which has made it popular, is that the power electronic
equipment has to handle a fraction (20-30%) of the total
system power in order to guarantee the stability of the
network in acceptable conditions [4].

The DFIG control is based on a stationary model which
is submissive to many constraints, such as parameters
uncertainties, (temperature, saturation etc.), that might
divert the system from its optimal functioning. That is why
the regulation should be concerned with the robustness and
performances of control techniques [5].

In the last two decades, the backstepping control
technique has been widely studied and developed to
achieve the stability of the whole system and state
estimation problems. This control technique offers good
performance in both steady state and transient operations,
even in the presence of parameter variations and load
torque disturbances. The backstepping control laws are
easily constructed and associated to Lyapunov functions [6,
7.

In order to improve the performance and control of the
active and reactive powers generated by the DFIG, a robust
backstepping controller with integral actions was proposed.
The proposed controller exhibits excellent dynamics and
steady-state performances.

The objective is to show that the proposed technique
can improve performances of doubly-fed induction

generators in terms of reference tracking, sensibility to
perturbations and robustness against machine parameters
variations.

A schematic diagram of a DFIG based wind energy
generation system is shown in Fig. 1.

The organization of this paper is as follow: in the second
and third sections, we establish respectively the model of
the wind turbine and the DFIG. The fourth section is
devoted to the control strategy of DFIG. In section 5, the
principle of the backstepping control is presented. In
sections 6, the integral backstepping control is proposed.
The seventh section is devoted to the simulation results and
finally conclusions are summarized in the last section.
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Fig.1. Configuration of DFIG- Wind Turbine

Wind Turbine Model

Wind turbines convert mechanical energy produced by
the wind to electrical energy. The mechanical power
transferred from the wind to the aerodynamic rotor is

1) P, :%,oyzRZCp(ﬂb,,b’)v3

Where p is the air density, R is the radius of the wind
turbine, v is the speed of the wind, Cy(A,B8) is the power
coefficient, B is the blade pitch angle, and A is the tip speed
ratio of the rotor blade tip speed to the wind speed and is
defined by:

2) A=

RO,

\'
The input torque in the transmission mechanical system
is given by the following relation
P 1 )
3) T =—"=_—C _(4,8)prRV
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Where Qp, is the mechanical speed of the rotor and
Co(A,B) is the power coefficient, which expresses the
effectiveness of the wind turbine in the transformation of
kinetic energy of the wind into mechanical energy.

In the model, the Cy(A,B) value of the turbine rotor is
approximated using a non-linear function according to [1].

CS

C =)
(4) Cp(l,ﬂ)zcl(f—c3ﬁ—c4)e A +C A

With:
1 1 0.035
5) — = -—
A A+0.088 p°+1
C1=0.5176, C2=116, C3=0.4, C4=5, C5=21, C6=0.0068.
The characteristic between C, and A for various values
of the pitch angle B is shown in Fig. 2. Under certain values
of v the wind power can be controlled by adjusting either tip
speed ratio or pitch angle. The maximum value of C,, i.e.
Comax= 0.47, is achieved for $=0 and 10,~=8.15 [1].
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Fig.2. Pitch angle effect on the aerodynamic coefficient of power

Modeling of the DFIG

The modeling of the DFIG is described in the d-q Park
reference frame. The following equations systems describe
the total generator model [8].

Vg =Riig +dd(ids — 0,0,
Ve =Ryl +dd(iqs + 0, Py
(6)
v, =R, 1, +%—(a)S —a),)(pqr
Vg =Ry + Par +(o, —w,)p,
By = Llgs + Ly,
s =Ll + L0,
Gy =L Ao + Lyl

The stator and rotor angular velocities are linked by the
following relation: ws = w + w.
Equations of electromagnetic torque and motion are:

8 Con = P(Pylgs — Pysigs)

9) Cm—Cesz-d—Q+f-Q
dt

The active and reactive powers at the stator provided to
the grid are defined by:

Ps = Vdslds + Vqslqs
Qs = Vqslds _Vdslqs

where: R;is stator resistence, R;is rotor resistence,ﬁsand

(10)

Er are respectively stator and rotor inductance, L, : Mutual
inductance, ¢ds and @y are respectively direct and
quadrature stator flux, ¢dr and ¢q, are respectively direct
and quadrature rotor flux, idS and iqs are respectively direct

and quadrature stator current, 1, and I are respectively

direct and quadrature rotor current, p: number of pair poles,
ws and wr: synchronous and rotor angular frequency,
respectively, Q: mechanical angular speed.

Active and reactive DFIG power control Strategy

For obvious reasons of simplifications, the d-q reference
frame related to the stator spinning field pattern and the
stator flux aligned on the d-axis were adopted. The DFIG is
controlled by the rotor voltages. It is an independent control
of active and reactive powers [8]. We can write:

¢ds = ¢s

) p _
®oodt

With these conditions the decoupling of torque and flux
is guaranteed in the field oriented control and it can be
controlled linearly as in the separate excited DC motor [9].

If the per-phase stator resistence is neglected, which is
a realistic approximation for medium power machines used
in wind energy conversion, the stator voltage vector is
consequently in quadrature advance in comparison with the
stator flux vector. With these assumptions, the new stator
voltages, the fluxes and electromagnetic torque expressions
can be written as follows [10, 11]:

Vg =0

(12)
Vqs :Vs = a)s¢s
=/, +L.i
(13) ¢s -sds n-1dr
0="ly+ Lyl
L. .
(14) Con =— PO, g—mlqr

S
We lead to an uncoupled power control; where, the
transversal component i of the rotor current controls the
active power. The reactive power is controlled by the direct
component ig. The active and reactive powers in the stator
and the rotor voltages are given by:

L, .
Po=-v, ",
(15) )
0 =, 2, + Y
S S gs dr gsa)s
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(16)
v, =Ri +€Jﬁi—gw€d
dr ridr r dt s rrgr
di :
L tgwl o, +9 L;VS

S

Vo =R/, + 10

The total leakage factor o is given by:
L2
o=1-—2="
fsf r
In steady state, the derivative terms in Equation (16) are
nil. We can then write:

(17)

Vgr = Rridr - ga)sgraiqr
. : L.V,
=R/, + 9ol oy +9 7

S

(18) \'

qr

In the same conditions, it appears that the vg and vy,
equations are coupled. We have to introduce a decoupling
system, by introducing the compensation terms Femg and
Femq in which

I:emd = ga)sé ro-iqr

(19)
— m's
I:emq - ga)sgro-ldr + ga)s
a)sgs
i Lo |
| 97, :
i 1 i L |
v + g _tmbs 1
o R.+plo g = Fs
=. N
: ;)
- 1 I = "
H 5 mVs i
L J+—-®—> R, +plo . Tt ;b@—:b Qs
' tar ;

From Equations (15) and (16), a block diagram con-
taining the rotorique voltages as inputs, and active and re-
active statorique powers as outputs, is established in Fig. 3.

Backstepping Control of the DFIG

The backstepping controller mechanism for the active
and reactive power regulation have also been applied to the
control of generator drives because of their good
performances in a wide range of operating conditions. The
basic idea of the backstepping control design is the use of
the so-called “virtual control” to systematically decompose a
complex nonlinear control design problem into simpler and
smaller ones. Backstepping control design is divided into
various design steps. Each step deals with a single input-
single-output design problem, and each step provides a
reference for the next design step. The overall stability and
performance are achieved by Lyapunov theory for the
whole system. The synthesis of this control can be achieved
in two successive steps.

Step 1: Computation of the Reference Rotor Currents

In the first step, it is necessary that the system follows
given trajectory for each output variable [6]. To do so, a
function Ys*= (P, Q" is defined, where Ps® and Q™
are the active and reactive power references, respectively.
The stator active and reactive powers tracking error e; and
es are defined by:

e =(P" -P)
€ = (eref _Qs)

The derivative of Equations (20) gives
&=(P" -P)
. | ref 3
e3 = (Qs - Qs)
Taking its derivative and replacing it in the active and
reactive power Equations (15) we get:

. : L. .
€ = eref +V Tmldr

S

(20)

(21)

(22)

In order to check, let us the tracking performances
choose the first Lyapunov candidate function V; associated
to the active and reactive power errors, such us:

1 1
(23) vV, 25912 +5e§

Using Equations (22), the derivative of Equations (23) is
written as follows:
(24)

. . L . . L .
ref ref
V,=¢| P, +v5—m|qr +6| Qi +Vv, iy,
ES ES

This can be rewritten as follows:
(25) V, =-Kel —K,e;

Where Kj, K3 should be positive parameters, in order to
guarantee a stable tracking, which gives:

él = (F‘)sref - Ps) = _Klel
€, = (Q;ef _Qs) = —K363

Equations (26) permits to generate these reference

currents assured the Lyapunov stability condition. These
currents are given by:

(26)

- re Es \ rel

27) il = e (_QS "—K.e,)
= ref és yre

(28) i = e (— P —Ke)

Step 2: Computation of the Reference Rotor Voltages

In this step, an approach to achieve the current
references generated by the first step is proposed. Let us
recall the current errors, such as:

- f -
€= (II;:? - Iqr)

sref H
€, = (Idr - Idr)
The derivative of Equations (29) gives

(29)
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(I ref -' )

e - (I o i.dr)

Taking its derivative and replacing it in the rotor current
references Equations (27) and (28) we get:

N E re N
€, _[V L ( P f K3e3)_|qr]
- ! re

% =(V5[m ( Q | K ° ) j

One can notice that Equations (31) include the system
inputs: the rotor voltage. These could be found out through
the definition of a new Lyapunov function based on the
errors of the active, reactive power and of the rotor currents,
such that:

(30)

(31)

1
(32) V2=5(ef+e§+e§+ej)
The derivative of Equations (32) is given by:
(33) V, =¢e¢€ +6e,6, +e,6, +e,€,
By setting Equations (31) in Equations (33), one can
obtain:
(34)

V, =

+62(V£|i (_ Ijsm - Klel)_i(\/qr - Rr qr)+ K 2€ J

r

-K.e' —K,el —K,el —K,e;

R

fs  ref 1
+e4( L (_Qs - Kzea)_ (Vdr
VS m I'o-
The derivative of the complete Lyapunov function
Equations (33) could be negative definite, if the quantities
between parentheses in Equations (34), would be chosen

equal to zero.

(35)
¢ . 1 .
Vslim ( Q f K € ) e (Vdr - erdr)+ K4e4 =0
K ref 1 _
VL ( Ps Ke) fo'(vqr qur)+Ke =0

r

The rotor voltages then deduced as follows:
(36)

( . R .
v, :éra(—i( Qr —K.e )+ ; Gldr+K4e4j

s—m r

. R, .
Vg, =fr0(ﬁ(— P Klel)-l-ﬁlqr + Kzezj

where K> and K4 are positive parameters selected to
guarantee a faster dynamic of the active, reactive power
and rotor current.
In this case, the Lyapunov function derivative is given
by:
(37)
2 2
V, =-Kg; —K,&;

-K,el -K,e; <0
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Backstepping Algorithm with Integral Action

The controller is design based on a modified
backstepping technique, in order to ensure a high precision
control and guarantee high performance power tracking,
even in the presence of parameter variations and load
torque disturbances, an integral action is now introduced in
the backstepping control following the technique used for
the doubly feed induction generator [12].

The introduction of the integrators into the model will
augment the model of two states. We starts by deriving
once the Equations (16) and by introducing the new state
variables of iy and iy, we obtains the new augmented model:

diy,

(38)
:%—E_Rr' +W
d ¢ dt dt| (.o ‘

di, . di, d{ R .
d * dt dt{ /0" ‘

The application of the backstepping in this new model
allows calculating the virtual control wy and wy. They are
given by

(39)
df ¢ ¢ R
W, =— s re K e +K e
‘ dt(VSLm( < )+ ErO' J
+ K& +8,
d( ¢, . R .
Wy :a[v L (_ ' - Klel)+ﬁlqr + KzezJ
+K.es +¢6,

This allows a simple integration to return to vy and vy,
so written as:

Vg = Era.[ w, dt

(40)

Vor =£rajwth
(41) Vg =V + K je dt+je dt
(42) Vo = qrO+K.[edt+.[e dt

Where es and eg is given by:

(43)
e _(Iref _' )
E ref
—VL (P — K )+——iy, +K,e,
e _(Iref - )
f ref
=_[ QX —Kyey)+ iy, + Ke,
Vg r

with choices of K5 > 0, Ks > 0.

The voltages components vgo, Vao that appear in
Equations (41) and (42) represents the classical version of
the backstepping controller. Finally, the proposed control
law can be shown in the Fig. 4.

133



[a] []
—
dt
re, o S e
PS + el
e - Equation (41) |+ Var
d
— ™
= _[dt Equation (42) |-» Var
5 it [
Qs - —
Varog ————» iref
Equation (27) {-4r
Vagro ———»|

€4

i i
dr. - e Equation (28) 12~
-
qr -
i

Fig.4. Bloc diagram of the nonlinear integral backstepping control

Results and Discussion
In order to verify the effectiveness of the proposed
nonlinear control scheme applied to the DFIG. A bloc

‘, e e ____________________________I_‘y_'_e__________________________ ____________
I l

LHRL: Controller (Q,) |- SOV Controller (igy) —k
l —0;
l DFIG
3 : —* iafr
‘ Controller (P,) Controller (i) .
: I —lgr

Psref iqr Fem
Fig.5. Bloc diagram of the whole system

In this section simulation results are obtained by using
the MATLAB/Simulink platform and are presented to show
dynamic performances of the control system described
above. Controllers will be tested in reference tracking and
robustness against parameter variations. The parameters of
the induction generator used are given in Appendix.

Reference tracking

The active-reactive stator power and its reference are
reported in Fig. 6 and 7. These figures represent a good
pursuit, and a perfect decoupling between them is assured,
the static error goes to zero, and the time of transient state
is so short.

Robustness

In order to test the robustness of the two controllers, the
value of rotor resistence R is doubled from its nominal
value, and the value of mutual inductance L, is decreased
by 10% of its nominal value. Fig. 8, 9, 10 and 11, show the
effect of parameter variations on the active and reactive
power response for the two controllers.

These results show that parameters variations of the
DFIG don’t have an observable effect on the powers curves
and that the effect proves more significant for classical
backstepping controller than that with integral backstepping
one. This result enables us to conclude that this proposed
control type is more robust.
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Basing on all these results we conclude that in term of
robustness, integral backstepping technique is more robust
compared to the classical backstepping technique.
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using integral backstepping controllers

Conclusion

This paper proposes a new robust backstepping
controller with integral action applied to the wind energy
conversion system WECS based on double fed induction
generator DFIG. Global asymptotic stability was achieved
via the Lyapunov stability analysis. We have developed a
decoupling control method of active and reactive powers
generated by DFIG.

The main objective of the proposed control method is to
ensure of the high performance and a better execution of
the DFIG, and to make the system insensible with the
external disturbances and the parametric variations.

In term of power reference tracking with the DFIG in
ideal conditions, the performances of the two controllers are
almost similar. Additionally, the proposed strategy shows a
good dynamic performance and ability to reduce the effect
of the robustness and hence it is called as robust integral
backstepping Control.
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Appendix
Rated data of the simulated doubly fed induction generator: 7.5
KW, V=220V, F=50 Hz, p=3, J=0.1kg/m’, f=0.06N.m.s/rad,

Rs=0.95Q R=1.8Q, L,=0.082H, fs =0.094H, ﬁr =0.088H.
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