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Abstract—This paper presents a wind turbine based on the
doubly fed induction generator (DFIG) connected to the utility grid
through a shunt active power filter (SAPF). The whole system is
controlled by a double nonlinear predictive controller (DNPC). A
Taylor series expansion is used to predict the outputs of the system.
The control law is calculated by optimization of the cost function.
The first nonlinear predictive controller (NPC) is designed to ensure
the high performance tracking of the rotor speed and regulate the
rotor current of the DFIG, while the second one is designed to control
the SAPF in order to compensate the harmonic produces by the three-
phase diode bridge supplied by a passive circuit (rd, Ld). As a result,
we obtain sinusoidal waveforms of the stator voltage and stator
current. The proposed nonlinear predictive controllers (NPCs) are
validated via simulation on a 1.5 MW DFIG-based wind turbine
connected to an SAPF. The results obtained appear to be satisfactory
and promising.

Keywords—Wind power, doubly fed induction generator, shunt
active power filter, double nonlinear predictive controller.

I. INTRODUCTION

N recent years, there has been an evolution of the

production of electricity based on wind power. This energy
source has been developed particularly in light of the diversity
of exploitable zones and a relatively attractive cost [1].

Currently, most wind turbines are equipped with DFIG, due
to several advantages: variable speed operation (+ 30% around
the synchronism speed), active and reactive power
independent control. Thus, improving the quality of power and
lower converter cost [1].

As a wind energy conversion system technology that still in
progress, several control techniques are developed in terms of
wind turbine connection to the utility grid and filtering of this
one. The connection of the SAPF between the DFIG-based
wind turbine and utility grid has received much attention in
recent years due to the use of the power electronic equipment
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and electric arc loads. The electromagnetic disturbances are
proliferating in public and industrial electrical installations.
Indeed, it is important that the wind turbine must ensure the
energy quality.

As we can see in Fig. 1, the three-phase stator winding of
DFIG is connected to the grid. While the three-phase rotor
winding is connected to AC-DC-AC converters. The rotor side
converter (RSC) controls active and reactive power between
stator of DFIG and grid.

The DFIG is subject to many constraints, such as the effects
of parametric uncertainties (due to overheating, saturation ...)
and the perturbation caused by the speed variation, these
problems could divert the system of its optimal operation. This
is why the control should be concerned about the robustness
and performance [2]. For that, we referred to the use of the
model predictive control (MPC). This MPC has received much
attention and constitutes a very active field of research in
recent years. It is based on the optimization of a cost function,
which consists of the error between the predicted outputs and
the desired outputs [3]. In the literature, several MPC schemes
were applied in machine drives and power -electronics
converters [4], [5]. A multivariable control strategy based on
MPC approach has been proposed for a DFIG-based wind
turbine in [6]. Moreover, wind turbine systems using the MPC
approach provide excellent performance.

In order to compensate the harmonic currents generated by
the nonlinear load, which would cause the fluctuation of the
active power and reactive power. A shunt active power filter
(SAPF) is implemented between the DFIG and the nonlinear
load. There are different control techniques in compensation of
the disturbance currents. Some research papers present the PI
current controllers for the control of SAPF have been treated
in [7], [8], the main problem in the use of traditional PI current
controller; it is not capable of controlling the harmonic current
accurately due to the control delay. This drawback could divert
the system of its optimal operation. This is why the control
should be concerned about the optimization and improvement
the dynamic performances of SAPF. For that, we referred to
the use of the nonlinear model predictive control (NMPC). An
interesting MPC strategy to solve this problem has been
presented by [9]. Several investigations have been dedicated to
MPC due to its performance and robustness to nonlinear
systems with fast dynamics. Besides, it ensures a minimum
distortion. The NMPC has received much attention and
constitutes a very active field of research in recent years.
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Owing to the ability to predict the required reference currents
and to compensate the disturbance currents at different
conditions, we use the nonlinear predictive controller (NPC)
applied to SAPF; the optimal control law is obtained by the

minimization of a cost function. The latter consists of the
difference between the predicted output and the measured
output. It is usually based on a priori knowledge of the process
through a model [10], [11].
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Fig. 1 Configuration of DFIG-based wind turbine with SAPF controlled by DNPC

In this paper, we focus on a nonlinear predictive control
strategy. We propose a double nonlinear predictive controller
(DNPC) to predict the required current references for SAPF,
the required DFIG rotor current and the rotor speed
references for DFIG respectively. The purpose of this
strategy is to ensure the high-performance tracking of the
rotor speed and regulate the rotor current of the DFIG. Thus,
this strategy is to reject the harmonic currents generated by
the nonlinear load and ensure that the stator voltage and
stator current have a sinusoidal waveform.

[I. DESCRIPTION OF THE SYSTEM STUDIED

The system to be studied is shown in Fig. 1; an AC-grid
connection of DFIG-based wind turbine associated to an
SAPF. It is constituted of the proposed connection of the
DFIG-based wind turbine with SAPF. The whole system is
controlled by DNPC. An SAPF is connected between the
DFIG and the three-phase Diode Bridge supplied by a
passive circuit (rg, La). It can be observed that the DFIG rotor
is controlled by RSC based on nonlinear predictive control
strategy. The reference compensating currents are calculated
by the reference currents calculator block, which is not
addressed in this study. The nonlinear predictive controllers
(NPCs) are used to predict the actual values of the output
currents come from SAPF. As a result, the predictive values
of the output currents are given by an optimal control law.
This latter is obtained by minimizing a quadratic criterion,

including future error and future control values on a finite
horizon prediction.

The SAPF is composed of a voltage inverter; it consists of
three half-bridges based on IGBT transistors controlled by
PWM [12]. The output filter is a passive filter used to
connect the voltage inverter to the grid in order to respect the
interconnection rules for the source. Moreover, the output
filter is dimensioned to ensure a good dynamic of the shunt
active filter current. Also, to mitigate the components due to
the switching of the inverter from spreading into the grid.
The voltage across the capacitor C is supposed continuously
regulated.

III. MODELING OF THE WIND ENERGY CONVERSION SYSTEM

A. Model of the Turbine

The wind turbine used in this work, consists of a three
blade wind turbine rotor with a radius R, driving a DFIG
through a gain multiplier G. The wind power can be defined
by:

2 REAP
P, :p”f (1)

where, p:the air density, p=1.225kg/m*> R: the blade
length, v: the wind speed. However, only part of the available
energy can be captured by the wind turbine [13]:
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For wind turbines, the power coefficient Cp, which depends
on both of the wind speed and the rotational speed of the
turbine is usually set in the range 0.35- 0.59 [14]. Thus, the
DFIG transforms the rotational speed of the turbine into
electrical energy.

B. Multiplier Model

The multiplier is disposed between the rotor wind turbine
and the DFIG, is designed to adapt the turbine speed C, to
that of the generator Q. This multiplier is modeled by:

T, e 3)
o= “

with, G is the multiplier coefficient. In order to establish the
evolution of the mechanical speed from mechanical torque,
we apply the fundamental equation of the dynamics:

dQ
gt =T =Ty ~To = o0 (5)

with, Q,: mechanical speed of DFIG, Te: electromagnetic
torque, fr. coefficient of friction.
C. Mathematical Model of DFIG

The modeling of DFIG is described in the referential Park.
The following equation describes the modeling of the
generator:

d
Vg =Rglgg +a'//sd 0¥

d
Vsq =R Isq +a§”sq + O 54 (6)

d
Vig =Rl +a‘//rd 7((05 7wr)‘//rd

d
qu = errq Vg +(ws — )Wsd

dt
with
@, =p-Q, (7
Vi = Lslg + Ll
Vsq = lesq + Lmqu ®)

Vg =Lilg +Lnlsg
Vg = Lrqu +Lm|sq

where Rs, Ry, are the resistance of the stator winding and
resistance of the rotor winding respectively. Vs.dq, Vi-dg, ls-dg,
lr-dg, Wedg» Wi-dq are respectively the components of the stator
and rotor voltages, stator and rotor currents, stator and rotor

fluxes represented in dq axis. s, @ represents respectively
stator and rotor angular velocities. p is the pole pairs number.
Lm is mutual inductance, Ls, and L, are stator self-inductance
and rotor self-inductance. The electromagnetic torque is also
expressed as a function of currents and flux by:

L
Tem - prm(WSqlrd Vs Irq) (9)
S

To easily control the production of electricity from a wind
turbine, we shall realize independent control of active and
reactive power by establishing the equations which bind the
rotor voltage values to the stator active and reactive power
[15]. For evident reasons of simplification, a dq reference
related to the rotating field with stator flux aligned along the
d-axis is adopted. Therefore, (8) of the flux becomes:

Wsg = Lslsg +Lnleg =¥ (10)
Vg = lesq +LmLrq =0

If we assume that the grid is stable, this will lead to a
constant stator flux ys. Moreover, the stator resistance can be
neglected. Based on these considerations, we get:

{Vsd =0 (11)

Vsq =V = oy,

Using (10), we can establish the link between the stator
and rotor currents:

Iy :l//s_Lm Id

s L r (12)
L

Isq :_Tmqu

S

The generator active and reactive powers are given by:

P= %(Vsd g +Veglsq )

(13)

Q= %(Vsqlsd —Vsa Isq)

The adaptation of these equations to the simplifying
assumptions gives

,_ivsLm

Pl (14)
3V

ngf:('//stmlrd)

By substituting (10) and (11) in (6) and (8), the dg-axis
components of the armature rotor voltages are defined as:

di
Vig =R lpg +oL, d—;d—o-Lrsa)squ

15)
dl

—oswglyg +Sws%

dt L

Vig =Rl +oLy

rq =~ N
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with

S is the generator slip.

IV. MODELING OF THE SAPF

The SAPF consists of a voltage inverter based on IGBT
transistors. We define the vector control of the switches
states Ty...Ts by:

[c]=[c, ¢c, C4] (16)
where (Cy, Cy, C3) presents the switching function with:

Ci=1 for T; closed .
ie{1,2,3}
C; =0 for T; open

The voltage vector of the active filter inverter relative to
the neutral is given as:

[VF]:[VFa—N Veb N VFch] (17)

The relationship between the vector control and the vector
voltages relative to the neutral is expressed as [16]:

Ve =V7c.|(w).[c]T (18)

with, l3x3) the identity matrix, Vc: the reduced effective value
of the capacitor voltage.

The model of SAPF in single phase system can be
expressed in the bilinear form [17]:

L, e
2o dt
dig
i dt
dve
dt
V

Ve ZTCC

=Vg —Vs pric —I'r, ¢

=Ve =V — Iy 1g (19)

Cr—L=1r—1p

with V¢ is the voltage across the capacitor Cy, L, Lro, I, 't
are respectively the inductances and internal resistances of
the passive filter, lg, I are respectively the compensation
currents of SAPF and output current of the inverter.

V.DOUBLE NONLINEAR PREDICTIVE CONTROLLER

A. Principle of Nonlinear Predictive Control

In this section, we will describe the basic principle for
achieving nonlinear predictive control. The objective of the
control is to determine, at every step sampling, the control
sequence minimizing the error between the reference
trajectory Yr (t+7) and the predicted output y (t+7) of the

system on the prediction horizon. It is defined by the cost
function J which should be minimized.

JZ%][[y(t+r)—y,(t+r)]T[y(t+z')—yr(t+r)]dr (20)

where, 7 is the prediction horizon, y (t+7): is the prediction
of the output at zstep, yr (t+7): is the reference trajectory in
the future.

To solve the cost function (20), the prediction of the
outputs is made from the Taylor series expansion:

yi(t+7)=h, (x)+§:%ﬂ} h, (x)+%|_gu L(f”"')hi (x)u(t) 20

The Lie derivative of function hi(x) along the vector field
f(x) is described by

Ly ()= 2 ¢
L5y (%) = Ly (L () (22)
%hm(x):%}l(x)g(x)

VI. DESIGN OF THE DOUBLE NONLINEAR PREDICTIVE
CONTROLLER (DNPC)

A. Design the NPC of the DFIG

The aim of this controller is to ensure a perfect trajectory
tracking of the rotor speed and to regulate the d-axis rotor
current by acting on the rotor voltages. The model of DFIG
in space form is given by using (5) and (15):

X(t) = £ (X)+ QU (1) + GpTaero (1) (23)
y=h(x)

where

T

T 1w 0T u-Pe VT so-[os 0]

y:[lrd Qr]T

X, U, Y, are respectively the state vector of the components
of the armature rotor currents represented in dq frame and
rotor speed, the input vector of the components of the
armature rotor voltages in dq frame, and the system outputs,
while f(x), gu, and g are described as:

7:r L +5041
f, (x ’
1) Re Ln¥s
f(x)=| f,(x)|= 0 |rq—Sa)S|rd+Sa)so_7
f}(X) T f 1 T=s
—T’Q,+3Tem
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We define the following output variables as d-axis
component of the rotor current and the rotor speed as the
variables to be controlled.

{}ﬁ =h (x) =1y (25)
Y2 :hz(x)=Qr

The relative degree p;and p-of the outputs Yyi(lrg) and
y2(€2r) are equal to 1 and 2 respectively; they represent the
order of its derivatives where we obtain the input u.
Consequently, the relative degree of the DFIG outputs is
equal to 3.

The optimal solution is obtained by derivation of the cost
function with respect to control.

W, (26)
du

The resulting control law of the proposed NPC applied to
the DFIG is given by:

1 ) )
ZKil(Llf hl(X)—Yfl) (t)) 7)
u(t)= GJ](X) I:O _ +Ly (%) Taero
ZKiz(Llf hz(x)*ygr) (t))
i=0
with
3
K(l):ZTr;Kﬂzl
10 5
k220 a2 a
0 32 Dyl
lL 0 0
o
Gu X)= ’ L (X): 1 fr
) 0 Tem. ’ 7FK12 32
L,

B. Design the NPC of the SAPF

According to the expression of the SAPF in single phase
(9) and as shown in [17], [18] the model of the SAPF in the
space state form is given as

{im= (x)+9,(t) +9, (1) (28)
y=h(x)

with

, T
X:|:IF Vet IF:| ;u=Cip=Vsprc 5 ¥Y=1Ir
where X, U, p, Y, are respectively the state vector, the control
voltage, the measurable disturbance and the system output

while f(x),0u, and gp are expressed as:

i1 1

—— g -V Ve 1
Lty Lty C ffﬂ 0
f(x)= ! It ! I [;g,=| 0 |;9,=| 0
kT 29p =
C C; ! 0 P :
r -
f2 f2

The input relative degree p of the output y (ig) is equal to
3. Consequently, it is equal to the system order, then the
problem of the dynamics zero (unobservable states) no longer
arises [19]. The optimal solution is obtained by using (26),
then we obtain the optimal control input defined as follow:

u<t>=—eu‘(x>[[i K?(L‘fh(x)—yﬁ”(t))}tp(x> pj 29)

where
K? =2713; K} =4722; K3 =L; K3 =1
27, 57, 2z,
Gu (x):l' Vc
2 Cfo‘Lf2

2

2 2
42 Tr; 1 re, 1
Lp(x):[_s Lo L _[L- J }’LVSDF'G
Ty f, flf, f, f

VII. COMPUTER SIMULATIONS

The computational simulation is conducted using the
environment MATLAB/SIMULINK to validate the tracking
performance of the proposed NPC applied to the DFIG, thus
to tested the NPC applied to the SAPF that has the aim of
predicting the currents references for SAPF and compensate
individually or jointly, the disturbing currents generated by
the nonlinear load. The main system parameters are listed in
Table I. The predictive timer z is set to 5 ms.

Fig. 2 presents a comparison between the actual output
values of the SAPF current and its reference values, with the
implementation of the NPC in the scenario of the control
system. It should be pointed out that the SAPF is
implemented to the control system at t = 0.02s. The NPC
acted perfectly and accurately to estimate all the values of the
SAPF current. Also, it is noticeable that the actual value of
the output current tracks the desired trajectory. Of course,
this due to the fact that the nonlinear prediction technique
decreases the uncertainties between the actual output currents
and its references. All we have said tends to demonstrate that
the nonlinear predictive controller applied to the SAPF
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ensures the high tracking performance of the current
references. Contrary to the classical PI controller which
cannot precisely track the reference values of the output
currents.

TABLEI
PARAMETER VALUES OF THE DFIG AND SAPF
Designations Codes Values
Liu—ra 300mH-1Q
Lo i Cr - 1t Output filter of SAPF 300mH-1Q
150 uF-0.5Q
Veo-Co Supply DC of SAPF 640 V — 8.8 mF
Vhom Rated voltage 380V
from Rated frequency 50 Hz
Prom Rated power 1560 kW
Nnom Rated speed 1500 rpm
p Number of pole pairs 2

Taba-ver

Ig, 4

0y 002 001 005 0B 01 002 012 016 018 02
B fimeds
Fig. 2 Trajectory tracking of the output current for SAPF with NPC
applied

Fig. 3 represents the temporal analysis of the DFIG-based
wind turbine connected to the SAPF. This latter is
implemented to the control system at t = 0.02s. One has to
emphasize that the rotor speed is chosen equal to 0.85 per
unit. By observing Fig. 3, it shows us that the actual speed of
the rotor tracks its reference value. It can be seen that the
DFIG stator voltage and current become sinusoidal
waveform. This can be explained a good response provided
by the SAPF based on NPC and an efficient of the NPC
strategy applied to the DFIG. The DC voltage Vg on the
nonlinear load is stable around 850V. The DFIG active
power in per unit is equal to 0.9, while the reactive power in
per unit is equal to 0.3.

Fig. 4 summarizes the dynamic response of the system in
permanent operating with DNPC applied to the DFIG and
SAPF. The results proved a satisfying compensation for the
disturbance currents and a good performance tracking of the
rotor speed thus, for active and reactive power. One has to
emphasize that the rotor speed in this simulation is
considered variable its value changes between 0.85 and 1.2
per unit. What we find remarkable about this DNPC is that
the performance of the system is guaranteed, even though the
rotor speed of DFIG varies through time. All this goes to
prove that the proposed AC-grid connection of DFIG-based

wind turbine with SAPF controlled by DNPC is appropriate
for the variable speed machine operating.

Q- Actual ———P - Ret ———0 Ref|

| —F .— Aclual:

1 , ! ‘ el

i i i i i
0 o002 004 006 008 01 042 044 016 018 02
(g tinals

-0s L

Fig. 3 Temporal analysis of DFIG systems with ar constant, (a)
stator voltage of DFIG; (b) stator current of DFIG; (c) rotor speed;
(d) DC load voltage; (e) active and reactive power of DFIG
trajectory tracking; (f) AC-side current of the nonlinear load; (g)
output current of the SAPF

Fig. 5 illustrates the harmonic spectrum of the stator
current. It can be seen that the total harmonic distortion
(THD) is acceptable according to limits imposed by the
international standardization [12].

VIII.CONCLUSION

A double nonlinear predictive controller (DNPC) applied
to the DFIG-based wind turbine connected to SAPF have
been presented. The DNPC have been designed to predict the
required currents reference for SAPF and required rotor
speed value thus, the control of rotor current for DFIG. The
optimal control laws of the DNPC are obtained from solving
the optimization problems of the cost functions, which
comprise the difference between the predicted outputs and
the measured outputs over a fixed horizon.
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Based on the computational simulation results, the
predictive control laws implemented in the control of the
DFIG and SAPF ensure the performance tracking. Also,
reveal a good compensation of disturbance currents produced
by the nonlinear load.
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Fig. 4 Results of the dynamic response of DFIG system with ar
change its value from 0.65 to 1.2. (a) stator voltage of DFIG; (b)
stator current of DFIG; (c) rotor speed; (d) active and reactive
power of DFIG trajectory tracking; (e) DC load voltage; (f) Ac-side
current of the nonlinear load; (g) output current of SAPF
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Fig. 5 Harmonic spectrum and THD of the current delivered by an
NPC
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