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In this paper, we propose a direct power control (DPC) based on an artificial neural network (ANN-DPC) for the
doubly-fed induction generator (DFIG), which is applied to the wind turbine system. The main objective of this
intelligent technique is to replace the switching table and the hysteresis comparators with a neural control to reduce
the ripple to the level of current and power. Field-oriented control (FOC) is traditionally achieved using a
conventional proportional-integral controller (PI). The power ripples are reduced, and a reasonable total harmonic

distortion rate is ensured by using an ANN-DPC.

1. INTRODUCTION

Given the extent of industrialization in recent decades, the
demand for electric power has become very important, which
has resulted in a decrease in the global stock of
hydrocarbons. Faced with this and the challenge of global
warming of the earth caused by greenhouse gas emissions
linked to the excessive consumption of energy from fossil
materials (oil, coal, natural gas, etc.), it is out necessary to
use new sources of energy (renewable) that will be without
consequences for man and the environment [1].

After centuries of evolution and further research in recent
decades, several countries have now turned their attention
to wind energy [2].

The new interest in wind energy since the mid-1970s is the
result of two concerns: On the one hand, the protection of the
environment and the resulting fossil fuel economy. On the
other hand, the evolution of technologies makes converting
this energy more and more profitable. Therefore, its use
becomes economically competitive compared to traditional
sources of the same power [3].

The latest generation of wind turbines operates at variable
speeds. This operation makes it possible to increase energy
efficiency, decrease mechanical efforts, and improve the
quality of electrical energy produced compared to fixed-
speed wind turbines. It is the development of electronic
variators, which makes it possible to control the speed of
rotation of the wind turbines at every moment. The wind is a
random size of a very fluctuating nature. The variations in
the resulting power of wind fluctuations are the main
disturbance of the wind energy conversion chain [3].

The first application developed was the control of an
electrical machine, and the control structure was known as
Direct Torque Control (DTC). In this case, the machine's
stator flux and electromagnetic torque are controlled without
any modulation block. Then, a similar technique, but applied
to the power, called Direct Power Control (DPC) was
proposed by H. Nian in [4] and developed later by M.
Malinowski in [5] for a control application of the rectifiers in
replacement of the traditional command based on the
regulation of current loops. In this new control technique, the
controlled variables are the instant active and reactive powers.

Artificial Neural Networks (ANN) are well known for
their ability to learn and approximate any continuous
function. They were applied to the identification of the
parameters and the estimation in the state space of the
control systems of the reciprocating engines [2, 6].

The results of the control simulations (FOC), (C-DPC),
and (ANN-DPC) proposed are compared for different step
variations of the active and reactive power. The reference
of the reactive power can be kept at zero to ensure the
operation of the unit power factor.

2. WIND TURBINE MODEL

The wind speed or wind power is defined as follows [7]:
P, =pSV3, (1)
where P, is the total power theoretically available; p is the
density of the air (1.22 kg/m* at atmospheric pressure at
15°C); S is the circular surface swept by the turbine, and
the length of the blade determines the radius of the circle,
and v is the wind speed.

The conversion device (the wind turbine) extracts
aerodynamic power P, less than the available power P, .

1
Pacr = Cp- Py = Cp(B,X) 5 pSV2. @)

The power factor C, represents the aerodynamic
efficiency of the wind turbine (P,,, /P,). It depends on the
turbine's characteristics [8, 9].

This coefficient varies with the angle of orientation of
the blades (f) and the speed ratio (4).

The speed ratio is defined as the ratio between the linear
speed of the blades and the wind speed:
A=R Qturbine’ (3)

v

where Qi pine 18 the speed of the turbine and R is the
radius of the wind turbine.

Knowing the speed of the turbine, the aerodynamic
torque is directly determined by:
Pger 1
Caer = = Cp EpSUS

Qturbine

4)

The power coefficient expression of a 1.5 MW wind

Qturbine
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turbine is approximated by equation [10, 11]:
m(A+0.1)
18.5-0.3(B+2)
—0.00184(A-3)(B-2). 5)
The speed multiplier is the link between the turbine and
the generator. It aims to adapt the speed of the turbine

Qurpine> relatively slower than that required by the
generator (), [12, 13].

Figure 1 shows the wind profile used to study a variable-
speed wind system.
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Fig. 1 — Profile of the wind speed.

The proportional-integral regulator (PI) used to control
the speed of rotation and to attenuate the effect of the
torque of the DFIG C, considered as a disturbance. The
block diagram of the MPPT control is illustrated in Fig. 2.

Fig. 2 — MPPT control of DFIG.

3. MODELING OF THE DFIG

In the synchronous d-q reference frame rotating at wg
speed, the model of the DFIG is given by the following
equations [14]:

Rotor and stator components:
dW¥ 45
Tdr
dWgs

ac

Vas = Rslys + - wsl'pqs

V:]s = Rslqs + wsPys

dw,, (6)
dT —
Yar
dz - ((*)s
Rotor and stator flux components:
Was = Lslgs + M Iy
Wos = Lolgs + M Iy
lIJdr = LrIdr +M Ids ’
Wor = Lylgr + M g
The electromagnetic torque is also
function of currents and flux by:

3IM
Cem = EL_Sp(qusIdr - l'pclslqr)-

Vdr = erdr + ((1)5 - (Dr)lyqr

Vqr = erqr + - mr)l'pdr

(7
expressed as a

®)

Mechanical equation:

In the two-phase reference, the active and reactive stator
powers of a DFIG are written according to:

3

Py = = (Vaslas + Vyslgs),
3

Qs = 3z (V;qslcls - Vdslqs)-

C,.—f.Q,

(10)

4. FIELD ORIENTED CONTROL STRATEGY

Given the vector control of the DFIG, it is better to
choose the d-q mark linked to the stator rotating field
relative to the frequency of 50 Hz (mains frequency).
Therefore, the Park reference will be synchronized with the
stator flux (Fig. 2) [15, 16].

— a-fi reference frame

d-q reference frame
B ﬂ — Stator axis
A — Rotor axis

A S

Fig. 3 — Stator field-oriented control technique.

Often in the case of a medium and high-power DFIG, the
stator resistance R is neglected during the synthesis of its model
under the assumption of stator flux orientation [17, 18].

By adopting the hypothesis of a stator resistance Rs that
is negligible, and that the stator flux is constant (this
condition is ensured in the case of a stable network
connected to the stator of the DFIG), and oriented along the
axis d, one deduced [19, 20]:

s Zu (an
Wy = s
VdS = 0
12
{%=%=w&’ (12)
Wy = Lslgs + M Iy,
{ 0=Lylys+MIy, (13)

From eq. (13), we can then write the equations linking
the stator currents to the rotor currents:

LY M
sd _L_S_Ls dr (14)
M 2
Isq Z—Zlqr
P =3vI
{ s é slgs . (15)
Qszzvslds

Replacing the stator currents by their expressions given
in (15), the equations below are expressed:

3M
B == Vslar
M . (16)

=3y _M
Qs = 2V~ lar)
The electromagnetic torque is as follows.

(17)

3 M
Cem = _Epijs]qr
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To control the DFIG, expressions show the relationship
between the currents and the rotor voltages applied to it.

dIgy M?
dcz - g(Lr - L_S)(‘)slqr (18)

w2 diy
L, ) dt

+g (LT —IZ—;) 0glyy + gML—‘:S.

M2
Vdr = erdr + (Lr - L_s)

Vor = Rplgy + (Lr -~
(19)

5. DIRECT POWER CONTROL OF THE DFIG

The study of literature is sometimes surprising.
Generally, the systems evolve on bases at the origin very
simply and become complex with time. The transition from
vector control to direct torque and flow control (DTC) is
marked by a significant simplification of the control
algorithm. Only one could wonder why the development of
the direct control of the active and reactive powers (DPC)
did not occur before the command DTC [21, 22].

The active and reactive powers are given by the
following relations [23, 24]:

where:

1)

.
g =l

If by introducing the angle 6 between ¥y and W,, P; and
Q. become [25]:
p=-"

2 6LsLy

ws|Ws| [Py | sin &

(22)
3 wg M
Qs =557 1P| ¥y ] cos 8 — W)

The following relation gives the variation of two active
and reactive powers:

dps _ 3. M ¥ |d(|‘}’r|sin8)

dt 20LgLy S' S dt (23)
% _ 3 Moy |l]J | d(|¥;| cos 8)
dt  2o0Lgly' S dt

The stator's active and reactive powers can then be varied
by changing the angle between the rotor and stator vectors:
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Fig. 4 — Rotor flux vector (a-p).

To determine the angles required for the Park transformations
for the rotor (6r) and stator magnitudes (6s), we used a phase-
locked loop (PLL). This PLL estimates the amplitude of the
network voltage with precision and frequency.

6. NEURONAL DIRECT POWER CONTROL
(ANN-DPC) STRATEGY

An ANN is not programmed; it is driven through a
learning mechanism. Tasks particularly suited to neural
network processing are association, classification,
discrimination, prediction or estimation, and control of
complex processes [26].

A neuron is a particular cell, as shown in Fig. 5. It has
extensions by which it can distribute signals (axons) or
receive them (dendrites) [26].

The multi-layered perceptron (MLP) is widely used in
identification and control. With a hidden layer, it
constitutes a "universal approximator".

One of the most common algorithms is back-propagation;
this algorithm changes the weights of a network whose
architecture is fixed by the operator whenever an example
yi = f(x;) is presented. This change is done in such a way as
to minimize the error between the desired output and the
response of the network to an input x;. This is achieved
thanks to the gradient descent method [27].

The input signal propagates in the network at each
iteration in the input-output direction. An output is thus
obtained, the error between this output and the desired
output is calculated, and then by back-propagation, errors
intermediates corresponding to the hidden layer are thus
calculated and allow the adjustment of the weights wj;(t) of
the hidden layer [27].

The algorithm for the backpropagation of the gradient
comprises 2 phases:

- Propagation: The network is presented with an example
input at each stage. This input is propagated to the output
layer.

- Correction: Surely, the network will not provide exactly
what was expected. Therefore, an error (usually the mean
squared sum of errors for all output neurons) that is
backpropagated in the network is calculated. This process is
interrupted when the overall error is deemed sufficient [28].
To realize the learning of a MLP, one uses the generalized
delta learning rule for each neuron i

where §;(t) is the error made by the neuron i.

An example with a two-input network, three neurons in a
hidden layer, and two neurons in the output layer is shown
in Fig. 5.

——» Propagation
-¢— Back propagation
~4— — Change in weight

Fig. 5 — Back propagation algorithm for a MLP

To be able to modify the synaptic weights connecting the
input layer to the hidden layer (wy;; wq,; wy3 and wyq;
W,y,; W,3), it is necessary to know the desired outputs d,,
d, and d; which make it possible to apply the rule of the
delta widespread [26, 28].

The idea is then to propagate the errors 6, and g
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towards the neurons 1, 2, and 3 through the weights w,,
W4, Wy, and Wy, hence the name of backpropagation of

the error gradient [28].

The neural network diagram of the proposed method is

shown in Fig. 6.
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Fig. 6 — The neural network diagram of the proposed method

ANN-DPC structure of the DFIG is shown in Fig. 7.

Fig. 7 — Schematic diagram of the ANN-DPC applied to DFIG

The hysteresis comparators and switching table C-DPC
are replaced by a neural controller, whose inputs are the
error of the active power &P, the reactive power €Q,, and
the position (zone) of the rotor flow Z (i). The outputs are
the pulses Ss, S, Sc allowing the control of the inverter
switches.

Table 1 presents the main parameters of the DFIG
simulation model. The wind turbine parameters are
presented in Table 2.

7. SIMULATION RESULTS

To demonstrate the effectiveness of the proposed ANN-
DPC strategy, a comparative study between the FOC, C-
DPC and the ANN-DPC control.
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Fig. 8 — System response ((a): active power (b): reactive power)

The simulation results shown in Fig. 8, clearly show the
high performance in the ANN-DPC case following a
setpoint change, the ANN-DPC reaches its reference
quickly, without exceeding the setpoint with respect to the
FOC consequence and C-DPC.
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Table 1
Doubly fed induction generator parameters
Rated power, P, 1.5 MW
Rated current, 7, 1900 A
Rated dc-Link voltage Upc 1200
Stator rated voltage, Vs 398/690 V
Stator rated frequency, f 50 Hz
Rotor inductance, L 0.0136
Stator inductance, L 0.0137
Mutual inductance, M 0.0135
Rotor resistance, R, 0.021
Stator resistance, Ry 0.012
Number of pair of poles, p 2
Table 2
Wind turbine parameters
Number of blades 3
The power coefficient, Cpmax 0.59
Rotor radius, R 3525m
Speed multiplier gain, G 90
The density of the air, p 1.225 kg/m?®
Moment of total inertia, J 1000 Kg.m?
Viscous friction coefficient, fi 0.24 "
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Fig. 9 — FOC ((a): stator currents, (b): rotor currents)
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Fig. 10 — Spectrum harmonic of a one-phase stator current (FOC)

Statoric current [A]

4000

3000

2000

A ! '|m“umummumm»mmmmwmhnm
o YRR I m‘\H‘”h i AN
'mmmwmmwhwvhnnnwn I wmviw&nmm’ il

|‘¥1WW”

([ {T—
| i

‘l'llil‘i’“lﬂ1|lﬂl|’l’llIiﬁilillll
i
1|IM|‘||l||||||||I||||l||\
uill

e

Il

M ,J.!M!M"” |
| | | |
'4000(\) 0.12 0.14 o.ls o‘.s 1
Time [s]
(a)
4000
3000 A A A A
w1 A BAAN
R,
L TR
£ 1000 \%{ \},\/\ /\y/\ il f\kf
-2000 / Py
= VY WA/
~4000, 0.2 0.4 0.6 0.8
Time [s]
(b)
Fig. 11 — C-DPC ((a): Stator currents, (b): Rotor currents)
‘l Fundamental (50Hz) = 2653 , THD= 2.51%
e B B . .
'g 5
'g 4
g s
.
é’ 1
Frequency(Hz)

Fig. 12 — Spectrum harmonic of a one-phase stator current (C-DPC)
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Fig. 13 — ANN-DPC ((a): stator currents, (b): rotor currents)
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Fig. 14 — Spectrum harmonic of a one-phase stator current
(ANN-DPC)

Moreover, the results presented in Figs. 9, 11, and 13
show that the three-phase stator and rotor currents
generated by the DFIG are proportional to the active power
supplied. The waveform of the currents is almost sinusoidal
for the stator current, which means a good quality of energy
supplied to the network.

One can also note the passage from hypo-synchronous to
hyper-synchronous at times 0.3 s, 0.6 s, and 0.9 s because
the stator and rotor powers are equal (Fig. 9-b, Fig. 11-b,

Fig. 13-b).

Figure 14 shows the results obtained from the spectral
analysis of the currents of the ANN-DPC strategy, namely
the stator current. These results show that the ANN-DPC
guarantees a better quality of the waveform of the stator
current, whose harmonic distortion rate (THD) goes from
2.55 % for the FOC (Fig. 10) and 2.51 % for the C-DPC
(Fig. 12) to 2.32 % for the ANN-DPC.

Table 3
Comparison of the performances of the three regulators.
Regulators
Performances FOC C-DPC ANN-DPC
Response time Ps 90 15 10
(ms)
Response time Qs 95 14 10
(ms)
Active and reactive Indirectly Directly Directly
power control controlled by controlled controlled
rotor currents
Computational High Low Low
complexity
Transitory response Medium Very good Very good
THD (%) 2.55 2.51 2.32

Table 3 summarizes an overall comparison between
FOC, C-DPC, and ANN-DPC regarding the THD. The
proposed wind energy system with ANN-DPC achieved the
best performance. Nevertheless, due to the fractional-order
control strategy proposed in this paper, the current THD
with either FOC, C-DPC, or ANN-DPC is lower than 5%
limit imposed by IEEE Std 519™-2014 [29].
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8. CONCLUSION

An ANN-DPC control is proposed to control the active
and reactive powers between the DFIG generator and the
electricity grid used in a wind turbine system.

The simulation results have shown that applying a neural
network gives a good response of active and reactive
power. Power level ripples are lower than conventional a
FOC and C-DPC techniques, which is reflected in the
quality of the currents generated by the DFIG.

From the comparative study between the proposed
controller and the conventional C-DPC and FOC controller,
it has been shown that the proposed ANN is very effective
in the stabilization of the system. Therefore, the proposed
method can contribute to expanding wind energy
utilization.

Received on 4 June 2020
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