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Abstract

This paper presents dynamic modeling and control of Doubly Fed Induction Generator (DFIG) based on wind turbine systems, where
the stator of DFIG is directly connected to the grid and the rotor was fed by a three level PWM NPC inverter. The active and reactive
power control of the DFIG is based on the feedback technique by vector control method by using a classical regulator of Proportional-
Integral (PI) type which allows us, in association with the looping of powers, to obtain an efficient and robust system. This approach is
a very attractive solution for devices using DFIG as wind energy conversion systems; because, it is a simple, practical implementation,
commonly applied in the wind turbine industry and it presents very acceptable performance, However, this control approach has certain
limitations and has several causes, vector command with NPC three-level inverter pulse width modulation (PWM) is used to control
the reactive power and active power of the generator. Then, use the neural network design to replace the traditional proportional-
integral (P1) controller. Finally, the Matlab/Simulink software is used for simulation to prove the effectiveness of the command strategy.
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1 Introduction
Renewable energy sources such as solar, wind, sea energy
(tidal and wave) and biomass emerged as a solution for global
warming effect, population growth, fossil-fuel depletion and
its insecure transportation. Wind energy is one of the most
important and promising sources of renewable energy all
over the world, mainly because it reduces the environmental
pollution caused by traditional power plants as well as the
dependence on fossil fuel, which have limited reserves [1, 2],
Wind turbines are largely deployed due to their vari-
able speed feature and hence influencing system dynam-
ics. But unbalances in wind energy are highly impacting
the energy conversion and this problem can be overcome
by using a Doubly Fed Induction Generator (DFIG) [3—7].
Doubly fed wound rotor induction machine with vector
control is very attractive to the high-performance variable
speed drive and generating applications. The DFIG used

in several wind energy conversion systems. This machine
has proved its efficiency due to qualities such as robust-
ness, cost and simplicity. It offers several advantages,
including variable speed operation.

The vector control (more specifically the one with
orientation of the stator flux) will allow us to realize a
control independent of the active and reactive power of
the DFIG, by using classical regulators of Proportional-
Integral (PI) type [8].

The purpose of the vector control is to control the DFIG
as an independently excited direct current machine where
there is a natural decoupling between the magnitude con-
trolling the flux (the excitation current) and that related to
the torque (the armature current) [9—11].

The proportional integral active reactive power con-
trol is a very attractive solution for devices using DFIG
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as wind energy conversion systems; because, it is a simple
practical implementation, commonly applied in the wind
turbine industry and it presents very acceptable perfor-
mance [11-14]. However, this control approach has certain
limitations and has several causes. As example, its perfor-
mance mainly counts on the PI controller design mode and
the exactitude in DFIG-generator parameters and the con-
nected electric power grid voltage conditions.

The Artificial Neural Network (ANN) is widely used as
a universal approximates in nonlinear mapping and uncer-
tain nonlinear control problems. Artificial neural control
is very powerful tool capable of achieving very good
results in the control of complex systems. It is preferred
to use Artificial Neural Networks (ANN) for control when
requirements for precision are high and system is not iden-
tified precisely, or its parameters are changing [3—17].

The used of Neural Network (NN) in the DFIG sys-
tem to reduce system parameter ripples and harmonic dis-
tortion of the rotor current. The stator active and reactive
power were controlled using both neural and PI approaches
for determining the sensitivity to uncertainties

In the new universal grid code for wind power genera-
tion, the power quality of wind energy is included [11]. For
this reason, multilevel inverters controlled by Pulse Wide
Modulation (PWM) are being increasingly preferred for
high-power applications [6] such as wind power generation.
The multilevel topology not only increases the power rating,
but also reduces stress across the switches and improves the
voltage waveforms with lower harmonic content.

This paper presents an ideal combination of the modu-
lation strategy known as Pulse Wide Modulation (PWM)
applied to a three phase NPC three-level inverter in order
to optimize the power output. The proposed technique
controls active and reactive powers of the wind turbine
based on the DFIG via the control of rotor currents.

This article discus about the control of stator active and
reactive powers of the DFIG connected directly to the grid
by the stator side and fed by an NPC three level PWM
technique using different controllers PI, ANNPI and ANN.

2 Modelling of the wind turbine
The aerodynamic power P, captured by the wind turbine
is given by [12-22]:

P, =12C,(2,B)pSv’, M

where: p is the air density (1.25 kg/m®); S is wind tur-
bine blades swept area in the wind (m?); R is the turbine

radius (m); ¥ is wind speed (m/s); £ blade pitch angle (°)
and 4 is the tip-speed ratio defined by:

Q R
A=t @

v
C, is the power coefficient of wind is treated in bibliog-
raphies for a wind of 4 KW [7, §] by:

Cp(l,ﬂ):(0.5—0.0167(ﬂ—2))sin{%ﬁ} o
0.00184-(2—3)-(f-2).

The characteristics of the wind will determine the amount
of energy that can be extracted from the wind farm actu-
ally [6]. The wind speed will be modelled in deterministic
form by a sum of several harmonics:

V, =8+0.2sin(0.1047 )

. . )
+2sin (0.2665 t) +0.2sin (3.6645 t).
Expression of the aerodynamic torque is given by [7]:
tur = PIMV Qtur = %pRsCP(l’ﬁ). (5)

The gearbox is the connection between the turbine and the
generator modelled by [17]:

Tmec = T;urG’ (6)
Qmec = GQlur’ (7)

where: 7' is mechanical torque, Q, , Q  are the turbine

tur?
and generator speed, and G is the gearbox ratio.
The equation of system dynamics, can be written as [17]:

Q
Jd—;"“+me—T -T

y -7, T, ®)
where: f'is the viscous friction coefficient, T is the elec-
tromagnetic torque of the generator. Cp(/l, p) illustrated in
Fig. 1, in our case C opt = 0.48 is obtained for # = 0 and
A=2,,=8.

3 Modelling of Doubly Fed Induction Generator

We present in preferred way the dynamics electrical model
of the DFIG-generator in a synchronous reference frame (d,
g) rotating at an angular speed of w . According to [14-23],
the basic equations used to model the DFIG-generators in
the rotating d—q reference frame are written as [24-26]:
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The stator and rotor flux are expressed by [4, 5]:
(pxd = Ls [sd + M[rd
=L +Ml
(psq 'sTsq rq (10)

(pnl = Lr ]rd + Ml.vd ’
(prq = Lrqu + M:q

where: R, R , L _and L, are respectively the resistance and
inductance of the stator and the rotor; M is the mutual

rd?
nents of the stator and rotor currents; e is the stator angu-

inductance, 7, Isq, I , Tepresent the d and ¢ compo-

lar frequency (v, = @ —PQ  ); w_ is rotor angular fre-

mec

quency, and P number of pole pairs.
Equation (11) represents the expression of electromag-
netic torque [2, 9, 26-28]:

M
Tow = P (Pl =0 L) (1)

s

Expression of active and reactive power:

5q~ sq (12)

P =V, +V,I
Qs = Vvqlsq _Vvdlxd ’

(13)

I)r = I/rdlm' + I/rqqu
Qr = I/rqqu - I/rdlrd .
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4 Field Oriented Strategy (FOC)
In Section 4, we proposed a vector control low for DFIG
machine based on the orientation of the stator flux. it is a
natural decoupling between the magnitude controlling the
flux (the excitation current) and that related to the torque
(the armature current). This decoupling provides a very
fast torque response, a large speed control range and high
efficiency for a large steady state load range [22].

Examination of the expression of the torque of the
machine shows that it results from a difference between
two quadrature components of the stator current and rotor
flux which has a complex coupling between the machine
magnitudes. The working reference for the control is that
related to the rotating field so that the axis (d) coincides
with the direction desired flow, which can be rotor, stator,
or air gap. Thus, it is possible to orient the different flows
of the machine [3, 17-29].

The stator flux with the conditions:

(P:(Psd:q’s' (14)
¢, =0

The rotor flow with the conditions:
PO =0 (15)
¢, =0

Starting from Eq. (11), a decoupling can be performed in
such a way that the torque will be controlled solely by the
current [ and thus the flow by the current / ,. The final
relationship of the couple is:

M
T;m = PL_((psd]rq )’ (16)
V,=0
sd , (17)
Vtvq = I/v = w.v(ps
=L +M
q)sd s ™ sd rd ] (18)
0=LJ, +M,
The rotor voltages are given by flowing expression:
dl
V,=RI,+Lc d’d -goLol,, (19)
t

dl
V,=RI, +Lr67”’+gLMVS +gw,Lol,. (20)
t

S
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We get the following expressions for the active and reac-
tive powers [27]:

M

B=-V,—1,
‘ . @1)
Vo, V.M
= sls 4 s I
Qg L L rd

s s

It can be noticed that active power and reactive powers
are independently controlled respectively by quadrature
and direct rotor currents. Thus, it is easy to answer new
grid codes requirements in term of PQ profiles.

According to Eq. (21) active and reactive powers can
be controlled via rotor currents. That is why we call this
approach indirect method [25-29].

The currents references are deducted as follow:

LY
oo =557 )P )
L L
I . = S— s, 23
rdref [Qs V-‘ (ps j I/\ M ( )
The PI controller expression is:
K
F(p)=K +—*". (24)
p

With poles compensation approach, proportional and
integral gains are expressed as follow:

3oL,

K, :T’ (25)
3R,

K, = T (26)

36L. . .
where T =37 = % s response time at 95% that we fix
P
according to the global dynamic requested for the system.

The active and reactive powers can be controlled by the

using of direct method [28]. The active and reactive pow-

ers become:
oM
__ L 27)
* R +oLp "
V.M
V. L 28
QS — Sq),Y + S ( )

V-
LR +oLp

s

With poles compensation approach, proportional and
integral gains are expressed as follow:

3L,

= , 29

=T 29)

_3RL G0)
.MV

5 NPC three level inverter
An NPC three-phase three-level converter is shown in
Fig. 2. The three phases have a common dc bus, divided

Three level three phase diode clamped SPWM inverter
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Fig. 2 NPC three-level inverter structure



by two capacitors into three levels. The voltage across

4
each capacitor is f; and the voltage stress across each

switching device is limited t

diodes. A three-level NPC converter can able to produce
five levels of line-to-line voltage and three levels of phase
voltage. This NPC converter reduces harmonics in both

voltage and current output [6—16].

Table 1 gives the switch states for phase a similar
switching sequence will be derived for other phases by
according the phase angle displacement. Here, K11 and
K13 are complement of each other and K12 and K14 are
complement of each other [19].

6 NPC pulse width modulation strategy

An NPC inverter includes the DC power source to out-
put DC voltage having a neutral point. An NPC convert
DC voltage into AC voltage in three phases PWM control.
When a mode is selected, consider to a first and a second
PWM modes by comparing amplitude of voltage reference
with a predefined value that is defined by a minimum pulse
width, a first voltage reference means to add a predefined
bias value at which a changes to positive/negative within a
fixed period to voltage references in respective phases in a
first PWM mode, a second voltage reference means to fix
the voltage reference in one phase by a value with minimum
pulse width when voltage reference in one phase is smaller
than a described value that is defined by the minimum pulse
width in a next PWM mode and correct voltage references
of other two phases so as to make line voltage to a value
corresponding to the voltage reference, and a modulation
frequency varied over to lower PWM control modulation
frequency in the first PWM mode and to suppress power
loss caused by switching in the first PWM mode [10].

Fig. 3 shows modulation strategy for NPC three lev-
els inverter. PWM strategy is applied for arms. In Fig. 3,
Cl and C2 are triangular carriers of three arm (a, b, c),
Va represents modulation wave of arm A. The phase of C1

Table 1 switch states for NPC tree level inverter

States of switches
K1l KIi2 KI13 Kl4

Voltages level

1 1 0 0 Vac
2
0 1 1 0 0
0 0 1 1 s
2
0 0 1 0 0
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Fig. 3 Modulation strategy of NPC three-levels inverter

is opposite with C2. When the value of Va is higher than
Cl1, K11 and K12 are switched on. When the value of Va is
lower than C2, K13 and K14 are switched on. In the other
case, K12 and K13 are turned on, and the output level is 0.
Similarly, C1 and C2 are triangular carriers of arms B and
C, Vb represents modulation wave of arm B and Vc rep-
resents modulation wave of arm C. Same principle appli-
qued for arm a is appliqued for two arms B and C.

In Fig. 4 and Fig. 5 we can clearly observed the three
level for one output phase and one output line generated
by the NPC inverter. In Fig. 4 the positive voltage levels

V. . . .
corresponds to 0, ;C V., all totaling, while the negative

, all total-

c

-V
output voltage level corresponds to 0, T“’,—Vd

ing, all totaling to a three levels.

Fig. 6 shows the model scheme of the vector control of
DFIG. The power control strategy is presented on Fig. 6,
where PI regulators are used for current loops, as well as
for power loops.

7 Artificial Neural Network control

The Artificial Neural Networks are generally designed
to solve real problems encountered in different branches
of engineering. ANN is usually optimized by different
learning methods, and can be used for statistical appli-
cations, or as an artificial intelligence method to which

500

voltage va(v)
o

-500 . . . .
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

time(s)

Fig. 4 Output voltage phase of NPC three levels inverter
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Fig. 5 Output voltage line of NPC three levels inverter
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Fig. 6 Block diagram of the field oriented control of DFIG

they provide a perceptual mechanism. Recently, in the
field of electrical control, ANN has been used for their
learning ability, fast processing and accuracy. The gen-
eral feed forward structure shown in Fig. 7, consists of

Output
layer

Fig. 7 Confegration of ANN control

three layers, input-output, and hidden layers with n, k,
and m neurons, respectively. The signal propagation of
each layer is described in detail as follows:

The signal propagation of each layer is described in
detail as follows:

U,=X(j),with j=1,2,3,...n, 31
where, o denotes the j" neuron used for the input layer, and

the n neurons number depend on the process complexity.
The input and output on the hidden layer are:

N 32
v, = Z}ij,.j, (32
J=

v, :f(vi):f[iUfwﬁ],with i=1,2,3,...m, (33)
=

where y, is the total input of /" neuron used for the hidden
layer, w, is the weight values, and f(*) denotes the activa-
tion function.



The input of the output layer is:

k

k
Z, = Z;yiwLi = Zf(vi)wu'

L=1

(34

The total output of the neural network can be represented
by Eq. (35):

w112, |

L=1

_ f[gwu f(zw}j

(35)

8 Active reactive powers Artificial Neural Network
Proportional Integral Control

The Artificial Neural Network (ANN) is widely used
in many fields of technology application and scientific
re-search. This technique can be used in cases of difficult
problems that cannot be described by precise mathemati-
cal approaches where they are very complicated to manip-
ulate [18, 20, 24]

This method was proposed to improve the quality of
the current and power generated by the generator-based
wind turbine system. The proposed FOC technique is sim-
ple to control and easy to implement. Also, the combina-
tion between this proposed FOC and intelligent control,
the dynamic response of the generator is greatly improved.
This proposed method is a change in the form of the clas-
sical method, where neural networks are used with combi-
nation with the conventional PI controller [3-17].

In this work, the weight and bias of the neural network
are selected based on the use of a Levenberg-Marquardt

Vs'g*MLs
Wind turbine o Vsal
var = Vsb
Ps* " Voo
— \lgs Qs
Custom Neural Network DFIG Pst—
|—> ard s Tem
Isabc
var i
Irb
*speed Irc|—
Park1 DFiG
( : ot larj— Park
Qs® - ldr :br T
cr Hvds  ype
flgry— 19" Theta r— Vosl:
:| VO5Theta s—
Theta r 1

Custom Neural Networl

Narimene et al. | 1 97
Period. Polytech. Elec. Eng. Comp. Sci., 66(2), pp. 191-204, 2022

algorithm. This is by using the word trainlm (the network
training function) in the Matlab software. However, the
Levenberg-Marquardt technique is a robust algorithm and
quick technique compared to other methods.

The main idea of this control is to use two Artificial
Neural Networks based controllers to control stator active
and reactive powers independently combined with two
classic controllers PI for active and reactive power. Fig. 8
shows the model scheme of DFIG active and reactive pow-
ers control using ANN controllers combined with PI con-
trollers (ANNPI controller). Fig. 9 shows the diagram
of ANNPI numerical controller, that the two Artificial
Neural Networks are a Multilayer Perceptron networks
(MLP) with a structure of (2-5-1). The first ANN inputs
are the measured and reference stator active power, and
the output is the input of stator power PI controller. Inputs
of the second ANN are the measured and reference stator
reactive power, and the output is the input of second stator
reactive power PI controller.

Compared with the classical FOC method used sta-
tor active and reactive power PI controller, the Artificial
Neural Network Proportional Integral (ANNPI) method
ensures diverse advantages such as the reduction of active
power ripples, torque ripples, and reactive power ripples.

Fig. 9 shows the architecture of Neural Network, it is
a network with two layers: layerl is the hidden layer and
layer 2 is output layer.

The convergence of the network in summer obtained
by using the value of the parameters grouped in Table 2.

Fig. 10 shows the training performance plot for DFIG
active and reactive powers control ANN which is combined

heta_s

Fig. 8 Block diagram of the ANNPI active and reactive powercontroller of DFIG
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Fig. 9 Block diagram of numerical controller: Input layer; Hidden layer; Output layer

Table 2 Parameters of the LM for switching controller

Parameters of the LM Values
Number of hidden layer 5
TrainParam.Lr 0.02
TrainParam.show 50
TrainParam.eposh 3000
TrainParam.goal 1e-30
Functions of activation Tansig, Purling, Trainlm

with PI controller. Training performance is based on mean
square error between desired output and actual output of
ANN.

10*

10°
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10
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T T T T
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4

T
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Fig. 10 Training performance for DFIG active and reactive powers

control ANN
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Control

The main idea of this control is to replace PI stator active
and reactive power controller by two Artificial Neural
Networks based controllers to control stator active and
reactive powers independently. Fig. 11 shows the ANN
controller of stator active and reactive power of DFIG
associated NPC three levels inverter [4, 13, 20].

In neural networks, output and input layer neurons are
selected according to the number of inputs and outputs of
the system, respectively. The number of entries is one in
the entry layer, so the number of cells is only one. As for
the output layer, there is only one output, so there is only
one cell. We chose only one hidden layer and 12 neurons
in the hidden layer [15, 17, 21].

Fig. 12 presented the Block diagram of ANN numerical
controller, two Artificial Neural Networks are a Multilayer
Perceptron networks (MLP) with a structure of (1-12-1).
The first ANN inputs are the error stator active power,
and the output is the Park quadratic current reference L.
Inputs of the second ANN is error stator reactive power,
and the output is the Park direct reference current / . The
active and reactive powers are independently controlled.
Stator active power (P ) is controlled via rotor Park qua-
dratic current (/, ‘qref), while stator reactive power (Q,) is
controlled via rotor Park direct current (1, f).

The convergence of the network in summer obtained by
using the value of the parameters grouped in Table 3. The
main parameters of the wind turbine are given in Table 4
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in the Appendix and the main parameters of the DFIG are
given in Table 5 in the Appendix. Fig. 13 shows the train-
ing performance plot for DFIG active and reactive powers
control ANN that replace PI controller. Training perfor-
mance is based on mean square error between desired out-
put and actual output of ANN.

10 Results and discussion

The simulation study has been carried out using MATLAB
environment. The simulation results show the application of
field-oriented control with NPC three levels inverter of the
DFIG shows the use of different stator active and reactive
controllers (PI, ANNPI, ANN). Both control techniques
PI, ANNPI, ANN are simulated and compared in terms of
reference tracking, powers ripples and performance.

Fig. 14 shows the stator active power response of DFIG
due to change in reference stator active power, the stator
active power track almost perfectly their references val-
ues. Moreover, the results of simulations have shown that
the application of ANNPI control gives a good response of
active power and power level ripples are lower compared
to conventional PI controller, so the combination of ANN
with PI improved classical controller response.

According to the simulation results shown in Fig. 14,
the ANN controller we show that the amplitudes of the
ripples of the stator active power are smaller and occur in
a shorter period in comparison with the ripples obtained
for the ANNPI command and PI command. The proposed
ANN control ensures the best optimal power tracking

Fig. 11 Block diagram of the ANN active and reactive powercontroller of DFIG



200 | Narimene et al
Period. Polytech. Elec. Eng. Comp. Sci., 66(2), pp. 191-204, 2022

p{1} Delays1

b{1}

netsum tansig

a1}

=

—r
(T, 11,

IW{1,12,.)

W15,

1

dotprod2

. dof . rod5
W{1,146,:) |, ﬁ .

[I_ b

pa{1,1}

—dotprod12

—|m iﬁ E dﬁmdﬂ
IW{1 012,
[ I—

Fig. 12 The internal structure of proposed ANN controller: Input Layer; Hidden Layer; Output Layer

Table 3 Parameters of the LM for switching controller

Parameters of the LM Values
Number of hidden layer 12
TrainParam.Lr 0.02
TrainParam.show 50
TrainParam.eposh 3000
TrainParam.goal le-40

Functions of activation Tansig, Purling, Trainlm

performance and the reduction of ripple of stator active
power compared with the classical PI and ANNPI control.

Fig. 15 shows the obtained simulation results PI,
ANNPI and ANN control stator reactive power, tracks

Mean Squared Error (mse)
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almost perfectly their references values. Moreover, the
ANNPI control minimized the stator reactive power rip-
ple compared to the PI controller.

The simulation result obtained by ANN controller
show good performances in following the reactive power.
When the reference when changes, it is noticed that the
oscillations decrease.

The simulation results obtained leads us to conclude
that the neural network controller is a good following to
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Fig. 16 Electromagnetic torque (PI, ANNPI, ANN)
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reference, and it does not present oscillation compared to
ANNPI and PI controllers.

Fig. 16 shows the waveforms of the torque. It can be said
by comparing Fig. 14 with Fig. 12 the value of the torque is
related to the value of the active power. On the other hand,
the proposed technique ANN reduced the torque ripples
compared to the ANNPI and PI technique. It is shown that
the ANN controller has high effectiveness compared to the
traditional PI and ANNPI controller.

The currents generated by the wind turbine Doubly Fed
Induction Generator system with the PI, ANNPI and ANN
strategies are shown in Fig. 17(a), (b) and (c). The passage
between operating modes is zoomed in these figures indi-
cating 50 Hz frequency. One can clearly see that the ANN
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Fig. 17 Rotor current and their zoom; (a) PI; (b) ANNPI; (c) ANN
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and ANNPI proposed controllers' technique significantly
improve the current quality compared to the one obtained
with PI. We can observe in zoom Fig. 17(a), (b) and (c)
that the phase rotor currents have almost sinusoidal shapes
in transient regime given by ANN and ANNPI controller
compared to PI controller.

Fig. 18(a), (b) and (c) show the stator currents generated
by the wind turbine Doubly Fed Induction Generator sys-
tem with the PI, ANNPI and ANN controllers and the pas-
sage between operating modes which are zoomed in this
figures indicating 50 Hz frequency.

The results obtained from zoom stator current Fig. 18(a),
(b) and (c) show that for the proposed controller ANN and
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Fig. 19 Spectrum harmonic of one phase stator current for (a) PI;
(b) ANNPI; (c) ANN

ANNPI the phase stator currents have almost sinusoidal
shapes, which means that a good quality energy is sup-
plied to the network.

Fig. 19(a), (b) and (c) shows the harmonic spectrum of one
phase stator current of the DFIG obtained using Fast Fourier
Transform (FFT) technique for the three controllers. It can
be clear observed that the total harmonic distortion (THD)
is reduced for ANNPI (THD = 0.65%) compared PI control-
ler (THD = 0.75%). It can be clearly observed through these
parts of Fig. 19 that the THD value is more reduced for the
ANN (THD = 0.48%) compared PI and ANNPI controller.

Therefore it can be concluded that the proposed control-
ler (ANN) has proven effective in reducing the value of the
total harmonic distortion.



11 Conclusion

The vector control scheme of a DFIG connected directly
to the grid by the stator side and fed by an NPC three level
PWM technique to reduce the total harmonic disturbance
has been presented in this work.

The aim of this paper is to study a system which con-
verts wind energy into electrical energy. In this paper, we
represented the vector control with application of classi-
cal PI, ANNPI and ANN controller, are used to control
the stator active and reactive power of the DFIG injected
in the grid. Simulation studies are conducted to verify
the performance of the proposed PI controller. The pro-
posed controller does not provide high-perfor- mance
dynamic characteristic and give more and more ripple in
different response. the combination of classical PI con-
trol and intelligent (ANNPI) controller shown the good
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