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Abstract—This paper presents modeling and nonlinear control of
a grid connected wind energy conversion system based on a wind
turbine using a permanent magnet synchronous generator
(PMSG). The objective of the control is: assuring a satisfactory
power factor correction (PFC) with respect to the power supply
net. First, a model of the whole controlled system is developed in
the Park’s coordinates. Thereafter control strategies PFC is used
to inject power into a grid while keeping a very good power
factor. A nonlinear controller is synthesized using the
backstepping design technique. A formal analysis based on
Lyapunov stability is developed to describe the control system
performances. The results of various simulations of all the chain
of conversion, carried out under MATLAB/Simulink software,
made it possible to evaluate the performances of the proposed
system.

Keywords- Nonlinear control systems, Lyapunov stability,
backstepping approach, AC/DC/AC converters, Wind power.

. INTRODUCTION

Energy consumption in the world grew more and more. To
meet the energy needs for the future requires years to find and
develop new energy sources. In the immediate future, we have
inexhaustible renewable energy resources. We are able to
operate more easily and clearly. Due to its renewable nature of
the energy and environmental problems reduced, wind energy
plays an increasingly important in the production of
electricity.

Market growth of wind turbines in the world over the past five
years has been about 30% per year, most wind turbines
operate at a constant speed (with a tolerable deviation 2.1%)
[1]. the turbines would adapt well to the specificities of our
country, Morocco and so justifying somewhat the choice of
this technology for our present study.

The problems of power factor correction are known and very
much discussed currently. Large pallets of solutions are
proposed to improve the quality of the power delivered by
the mains [2], [3].In particular the victor control [4], and
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Adaptive Resonant Controller for Grid-Connected Converters
in Distributed Power Generation Systems [5].

In this paper, the focus is made on the generation system in
Figure 1 based on a permanent synchronous generator.

This system converts the kinetic energy of wind into
mechanical energy and then into electricity. The rotor blades
of wind capture a portion of the energy contained in wind or
transfer to the hub which is fixed on the shaft of the turbine. It
then transmits the mechanical power to the electric generator
which converts mechanical energy into electrical energy.
More than synchronous generator like permanent our system
also contains two power converters. The machine side power
converter controls the active power and reactive power
produced by the machine. As the network side converter, it
controls the DC bus voltage and power factor network side.

It is necessary to develop solutions to reduce harmonic
distortion caused by classic DC-AC converters. These
solutions are grouped under the term "Power Factor
Correction" and must allow the network to absorb a sinusoidal
current as possible with minimal phase shift between the
fundamental current and grid voltage.

We study in this work the three-phase DC-AC converters
along with the function of power factor correction and we will
examine the simulator Matlab / Simulink.

In this paper, we present a technique for network control side
converters. The rest of this paper is organized as follows.
Section Il recalls the mathematical model of system study and
the purpose of the order. Then Section Il presents the design
of backstepping control law. Experimental results are present
in the fourth section, and conclusions are drawn in the last
section of this article.
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Architecture of AC/DC/AC power converter in wind power
system

Figure 1.

Il.  DC/AC CONVERTER MODELING

- ize z2: T3 v
oa —»—{ {11} ) i ra
Ty zb
E Vab i + —— Vi
JR— 1e 2c v
Voo ———{111} —— rc
Veoa [Veb | V,

Figure 2. Grid side converter diagram

Applying standard Kirchoff law, one has:

L M +-n [il_abc ] = [Vo_abc J _[Vc—abc J (i)

dt
dli
L2 %"'_5 [iz_abc:| :|:Vc_abc:|_|:vr_abc:| (1b)
d

C% :[il_abc:|_|:i2_abc] (1c)
where

i1a i2a Vea
[il_abc:| = i1b J li?__abCJ = izb J |_Vc_ach: Veo |»

Iy PS Vee

ira ioa
lvr_ach: irb ' |_Vo_ach = iob

irc ioc

(g i iae )s (ligg + Iy L ipe Jare the triphase abc-components of
the current flowing the inductors L; and L, respectively.
(Vca | Vcb J Vcc ), (Vra ! Vrb lVrc): (Voal Vob J Voc)v are the same

components of the voltage across the capacitor, in the grid side
and in the output of inverter respectively.
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applying well known Park transformation to the model (1) we
obtain the following model in dq frame [6].

1 d('j—ltd =—Nig +Vog —Veg + Li@ g (2a)
thjcij—l: =g +Voq —Veq —Li@ iy (2b)
|_2d(ij—2td =Ty +Veg —Vig + Lo g (2¢c)
de:% = —Tylpq +Veq —Vrq — La@ ing (2d)
c d;;d iy —ig +C Vg (2¢)
cd:% =iy — g —Co Vg (2

Where: |, and |, the self-inductances, r; and r, are its
parasitic resistances, (kg , Iyq ), (g , Ipq ) are the dg-
components of the current flowing the inductors L; and L,
respectively. (Ve s Veg )y (Vrg s Vig )s (Vog » Voq) are the dg-
components of the capacitor and grid voltage and in the output
of inverter respectively. The inverter is featured by the fact

that the grid d- and g-voltage can be controlled independently
[7]. In fact, one has:

Voa = E/2Uy4 (32)
Voq = E/2Uy (3h)

where: Uy , U, represent the average d- and g-axis (Park’s

transformation) of the 3 phase duty ratio system (u,,Uup,U.) .
Now, let us introduce the following notation:

X =h, X =V, X3=} 4
where: x represent an averaging value over a cutting period
of a real signal X .

Substituting (3-4) in (2), the state space equations obtained up
to now are put together to get a state-space model of the whole
system including the DC/AC converter connected to the grid
through an LCL filter . For convenience, the whole model is
rewritten here for future reference:

LaXyg = —ToXg +Xog — Vg + Lo Xgq (52)

L2Xiq = —ToXiq + Xoq —Vrg — Lo@ Xig (5b)

C)-(Zd = X3d — de + CCO X2q (SC)
1028



International Journal of Computer and Information Technology (ISSN: 2279 — 0764)

L1Xaq = —TiXaq + E/2uq —Xoq — Ljo» Xg4 (59

Ill.  CONTROLLER DESIGN

In the framework of trajectory tracking, the basic idea of the
backstepping control is to make the system loop; equivalent
subsystems order a waterfall in stable Lyapunov, which gives
it the qualities of strength and overall stability of the
asymptotic tracking error. For a large class of systems, this
technique is a systematic and recursive method for the
synthesis of non-linear control laws. Thus at each stage of the
process, a virtual command is generated to ensure the
convergence of subsystems to order a further characterizing
the trajectories towards their equilibrium states (zero errors in
the deterministic and continued unperturbed case) [8]. This
technique allows the synthesis of robust control law despite a
certain lack of knowledge of the system parameters and
certain disturbances.

The control objective is to inject power into grid while keeping
a very good power factor (PFC). This means that the system of
three-phase current (i;) must be in phase with the system of
grid voltage.

A. Step 1: stabilization of subsystem (5a-b)

Let’s define the following tracking error on the current:

Zyg = (X4g — de) (6a)

Z1q = ( qu - XIq ) (6b)

where x;; and xl*q are the reference signals (assumed bounded

and sufficiently differentiable). Their time derivatives are
given by:

Ly =—Xyg +Xoq —Vig + Lo Xiq — LpXq (7a)

Zig = —Xqq +Xoq —Vig T Lo Xg — X (7b)
Let’s assume X,q and Xpq to be the virtual control inputs

used to ensure global asymptotic stability of the current loop
and consider the candidate Lyapunov function as follows:

1, 1,
V,==2z7,+—2 8
155 %0+ 5 2 (8)

Its time derivative is given by the following equation:

Vi =214214 + Zq24q )
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A judicious choice of x,; and x,, makes V, negative
definite and provides stability for the dynamics of 2z, and
214 1S Xoq =Xpq aNd Xpq = X5, i such way that:

; . , 2 2
Vi = 2Zyg2yq + Z1q21q = —C1gZ1g — CiqZiq (10)
Using (7-10) one easily gets:

—Xg +Xog —Vig + L@ Xq —LoXyg =—C1g759 (11a)

—ToXq +Xoq —Vig + Lo@ Xqg —LoXq =—CiqZ1q (11b)

Solving equations (11) with respect to x,q and X, yields the
following stabilizing functions namely x,4 and x;q .

(12a)
(12b)

Xoq =—CigZ1g + oXag +Veg — Lo® Xaq + L2 Xqg

Xoq = —CiqZig + FXagq + Vg + Lyo X4 + L2 Xiq

As Xx,4 and xzq are not the actual control inputs, then we

define a second tracking error between stabilizing functions
(X4 » Xoq ) and virtual control inputs ( Xyq , Xy )-

(13a)
(13b)

Zpg =(Xog — Xaq)

ZZq = (XZq - X2q)

Tacking into account equations (13), 2;4 , 744 , V, can be
rewritten as :

hyy =—Ciyzyq +YC 2y (142)
2lq =—C1qZ14 +]/C Zoy (14b)
Vi =i 2y —CuqZig +1/C (Z1aZaq + Z1720) (19)

B. Step 2: stabilization of subsystem (5c-d)

Using (13), ttime derivatives of z,4 and z,, are given by:
(16a)
(16b)

Zpq = X3q —X1g —C@ Xpq —CXyq

The virtual inputs X34 and X, are used to ensure stability of

the voltage loop. The second Lyapunov function is selected
such that:
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1.5 2
V, =V JFE(z2d +23) (17)
Its derivative is:
; 2 2 Ly g
Vz = _Cld Zld - Clq Zlq + ZZd ? + sz + qu ? + qu (18)

It can be easily checked that the time derivative V, is a
negative definite function of z,4, z,, if the control input is
chosen so that:

(19a)
(19b)

Xag = Xig —C@ Xpq +C Xpq —(Coq 29 +1/Czyq)

Xaq = X1q —C@ Xoq +C Xoq = (CoqZoq +1/C 734)

where c,q >0 and c,, >0 are design parameter.

As Xz and xgq are not the actual control inputs, then we

define a third tracking error between stabilizing functions
(X34 » Xaq) and virtual control inputs (Xg , X34 )-

(20a)
(20b)

Z3g = (X3g —Xaq)

Z3q = (X3q - qu)
Tacking into account equations (13), Z,q , Zyq ,V, can be
rewritten as :

(21a)
(21b)

Zyg ==1/Cz1q —CpqZpq +1/L 254

7 2 2 2 2
Vy ==CiqZig —CiqZ1q —C2qZ2d —CaqZ2q

Ly | L (22)
+ 234 L—+Z3d +Z3q L—+Z3q

1 1

C. Step 3: stabilization of subsystem (5e-f)

The second design step consists in choosing the actual control
signals, uy and u,, sothatall errors (z3,z,,Zs, Z ) cOnverge

to zero. To this end, we should make how these errors depend
on the actual control signals (uy,u, ). We start focusing on

Z34 , Z3q; it follows from (20) that:

(23a)
(23h)

Z3g = —NXgq + E/2Ug —Xpq + L@ X3q — L1 Xaq
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To analyze the error system, composed of equations (14),(21)
let us consider the following augmented Lyapunov function
candidate:

1 1
V; =V, +Ez§d +Ez32q ) (24)

Its time-derivative along the trajectory of the state vector
(229, Z1qy Zod+ Z2q1 Zad s Z3q) is:

7 2 2 2 2
Vy ==C1q 21 —CiqZ1q —C2qZ2d — CaqZag

z z (25)
+234 (%+ Zag ]+ Zy, {%+ z'3qj

1 1

Using (23-25) the control law for the system is given by:

Ug = 2/E(~CaqZg — 1Ly Zpg +iXag +Xpq — 4o X3q + L2 Xa4 (262)
Uy = 2/E (~CaqZaq — /Ly Zog + 1 Xaq + Xoq + Lo Xgg + Lo X3, (26b)
where ¢y and ¢z, are new arbitrary positive real design

parameters. Or uy and u; are the actual inputs, then:

Ug =Ug and ug =ug,. Finally, z,4, 2, Vican be rewritten

as:
Zyg =1Ly Zpq —C3qZag (27a)

. 2 2 2 2 2 2
V3 =—CigZig —CiqZiq —CadZad —C2qZ2q —CadZad —CaqZq  (28)

Proposition 1. Consider the system under study, described by
its averaging model (1) and assume that the references signals

XL and qu are differentiable up to order 3 and bounded, then
, inthe (zy4, Zoq , 239 » Zg » Zoq + Z3q )-COOrdinate the closed

loop system is exponentially stable and is described by:
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with:
- YC 0 - YC 0
A=-YC -cy YL [ A=|-YC -cq YL
0 -YL -cy 0 L -cy

IV. SIMULATIONS

The experimental setup, described by Fig. 3, has been
simulated in Matlab/Simulink environment. The involved
elements have the following characteristics:
E=1000v , E, =220*sqrt(2) Volt
o=2*pi*fr , L=5mH , L,=5mH ,
r, =50mQ, C=5004F , ipy =0A, ip, =—50A.

The following values of the controller design parameters
proved to be suitable: ¢4 =1000,¢;q =1000, c,q =750,

Czq :750, C3d :750, C3q :750

fr=50Hz
rn=50mQ ,

g

iy 4 & iy 4
Controller

Vi aq

A A A

A A

Figure 3. Control block diagram for double PWM converter with
synchronous generator.

In the followings, it will be presented the simulation results for
the operation mode of the converter. A simulation time was
considered with fixed step size and odel (Euler).

The performance of the controller is shown in Figures 4
which show that the quality monitoring of the proposed
controller is quite satisfactory for all controlled

variablesiyg , iy -

Fig 5 shows that a unitary power factor is actually achieved.
We observe that the estimation results are very satisfactory in

www.ijcit.com

Volume 03 — Issue 05, September 2014

terms of robustness, indeed Figure 6 show that from errors of
estimation are low.
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Figure 8. The voltage across the capacitor

Time(s)

Figure 9. The voltage output of inverter

V. CONCLUSION

In this paper we have considered the problem of controlling
the wind turbine synchronous generator connected to the
power network through power electronic AC/DC/AC
converters. The system dynamics have been described by the
averaged 6" order nonlinear state-space model (5a-f). Based
on such a model, the Lyaponuyv stability and averaging theory
are used to design nonlinear controller defined by equations
(26a-b). the later guarantees quite interesting average
performances: The (average) dg-axis current ipy , i,q track

perfectly its reference i;d : i;q and consequently the PFC

requirement, at the AC network, is satisfied. It is formally
established that the control objectives are actually achieved in
average with a quite satisfactory accuracy. The formal results
are confirmed by several simulations.

in the next study we will generalize the network control for
overall system (fig1l) synchronous generator / Converters /grid
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