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1. INTRODUCTION

The production of electrical energy in the world generates various pollutions. Thus, thermal power
stations (coal, oil) are responsible for atmospheric emissions linked to the combustion of fossil fuels.
In contrast, nuclear power plants, whose development will increase following the oil crisis, have no
adverse influence on air quality although they produce radioactive waste that causes storage problems,
treatment or transport.

Today, the fear of being limited to ephemeral energies, the awareness of the negative impact of
these on the environment, the craze for renewable energies and the opening of the market of the production
of energy towards other alternatives are factors that give an important place to these energies (hydraulic,
wind, solar, biomass, ...) in the production of electricity [1-3].

Among the most coveted renewable energies, we find the wind energy that interests more and more
countries as it produces a clean and sustainable energy. We also notice that a large part of wind turbines
installed today is equipped with a doubly fed induction generator (DFIG). The latter allows the production of
electricity under variable speed, this makes it possible to better exploit turbine resources. These turbines are
also equipped with variable blade pitch angle in order to be adapted to different wind conditions.
The turbine is controlled so as to permanently maximize the power produced independently of the variation
of the wind profile [4].
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The main objective of this work is to study the direct power control (active and reactive) applied to
a DFIG in a wind energy conversion system (WECS) as shown in Figure 1. The common goal of this control
is to ensure the sampling of sinusoidal currents while guaranteeing a unit power factor with a decoupled
control of the active and reactive powers.

In this perspective, a complete modeling of the architecture is proposed in order to elaborate
the DPC control law [5-7]. The whole of the system is implemented under the Matlab/Simulink environment
and simulation results are exposed and analyzed in order to prove the efficiency of the control.
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Figure 1. Synopsis of the direct power control of the DFIG-WECS

2. TURBINE MODEL
A theoretically undisturbed wind crossing a surface A without a decrease in speed v would give
a theoretical power of the wind or wind power corresponding to the following expression:

1
Piheor = z .p-A v3 (1)

The aerodynamic power appearing at the rotor of the turbine is determined analytically by
the following formula:

1
Pacor = 5-p- A Cy (A, B). v )

The power coefficient C, (A, B) represents the aerodynamic efficiency of the turbine. It depends on

the speed ratio A and the pitch angle of the blade 3. The speed ratio is defined as the ratio of the linear speed
of the blades and the wind speed:

_ QxR
- v

A ©)
Numerical approximations have been developed in the literature to model the coefficient Cj, and different
expressions have been proposed [4, 8].

In the context of this work, we will use an approximate expression of the power coefficient as
a function of the speed A and the angle {3 as follows:

C,(AB) = cl(cz.%— c3.B— c4).e_c571\+ Ce- A 4)

With: ¢1=0.5872,c2=116,c3 =0.4, c4=5, c5 =21, c6=0.0085.

and - 1 1 0.035
: A A+0.088  1+p3

Figure 2 shows the simulation results under MATLAB/SIMULINK of the evolution of
the coefficient Cj, as a function of the speed ratio A for a few pitch angles 8. We note that this coefficient
passes through a maximum (C, max = 0.48) for B = 0 and a particular value of the speed ratio that we will
designate by A, (Where Aqpe = 8).
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Figure 2. Power coefficient as a function of A and 3

3. MAXIMUM POWER POINT TRACKING STRATEGY

Wind turbines, used for the production of electricity, must allow the production maximum of power
by exploiting the energy available in the wind. This is why many wind turbine control systems, acting on
the mechanical or electrical part, are developed to maximize the energy conversion. This is called Maximum
Power Point Tracking (MPPT). These systems use different means to obtain this maximum power point.
It is possible to change the pitch angle of the blades, or the speed of rotation of the propeller or even play on
the control of the generator. The search for the maximum is done permanently and the wind turbine therefore
adapts itself to each variation of wind to be in a configuration of maximum extraction of power.
Such systems also introduce safety devices that allow for example to limit the power produced when
the wind becomes too strong and may damage the wind turbine.

In this context, several types of MPPT algorithms exist. They can be divided in three groups:

TSR (Tip Speed Ratio) control, Power control and Hill Climbing [9]. In this work, we focus on the TSR
control because of its simplicity and accuracy. This technique regulates the rotational speed of the generator
to maintain A at an optimal value so that the power extracted is maximal.

4. DOUBLY FED INDUCTION GENERATOR MODEL

In the literature, we find that the DFIG model in the reference dq related to the rotating flux is
summarized in four types of equations: electrical, magnetic, electromagnetic and mechanical [10-14].

4.1. Electrical equations

dysq _

(Vsa = Rsisa + =324 - 05Wsq
Veq = Ryisg + 22 + 0gsq S
Ve = Reirg + 24 = (0 — 0)rq (
Vig = Rrirg + o 4 (w5 — o) ra

4.2. Flux equations

The stator and rotor flux are connected to currents by the following relations:
Yeq = Lsi_sd + Mi.rd
Wsq = Lgigq + Miyg ©)

Wrq = Lyirq + Migq
Lljrq = Lyipq + Migq

Enhancement of the direct power control applied to DFIG-WECS (Hala Alami Aroussi)



38 a ISSN: 2088-8708

4.3. Electromagnetic torque
The expression of the electromagnetic torque as a function of the stator flux and rotor current
is given by

M . .
Tem = I;_S (lrdqjsq - qulIJsd) @)

4.4. Mechanical equation
The evolution of the mechanical speed from the total mechanical torque (Ty,ec) is determined by the
fundamental equation of dynamics:

dﬂmec
]T = Tmec = Taero — Tem — fQmec (8

5. DIRECT POWER CONTROL APPLIED TO THE DFIG
5.1. Principle of the direct power of control

The basic principle of direct power control (DPC) was proposed by Noguchi [15], it is based
initially on the direct control of torque (DTC), intended for the control of the electric motors [16-20].
In the case of DPC, active and reactive powers replace torque electromagnetic and the amplitude of the stator
flux of the DTC. This non-linear control strategy is defined as a technique of direct control because it
chooses the appropriate voltage vector of the converter without any modulation technique. The basic concept
is to select the appropriate switching states from a switch table based on errors, which are limited by a band
hysteresis, present in the active and reactive powers.

Instant active and reactive powers are calculated from the expressions below:

3 Lm

P = =5 o @sWslYrlsind )
= 2l (32 Wpelcoss — 14
Qs =5 W (T2 Horlcoss — I

with : § The angle between the stator’s flux and the rotor’s flux vectors.

M2
oc=1-—
L

: Coefficient of dispersion.
ST

The reference active power is calculated from the output of the DC bus voltage regulator Upc [21].
The reference of the reactive power is maintained at zero in order to ensure a unit power factor.
Then, the powers are compared and the errors obtained are applied to regulators of hysteresis.

5.2. Hysteresis controller

The main idea of direct power control is to maintain the instant active and reactive powers in
a desired band. This control is based on two hysteresis comparators which use as input the error signals
between the reference values and estimates of the active and reactive powers. These two controllers are
responsible for deciding how much a new switch and/or output voltage vector of the inverter is applied.
If the error of the power (ePs or eQs) is increasing and reaches the higher level, the hysteresis controller
changes its output to '1".

5.3. Vector selection

The influence of each output vector on the active and reactive powers is very dependent on
the actual position of the vector of the source voltage Thus, in addition to the signals of the two hysteresis
controllers, the switching table operates according to the position of the vector of the source voltage, which
turns to the pulsation (@), in the complex plan. However, instead of introducing to the switching table
the exact position of the vector of the voltage, the sector selection block informs us in which domain
the current vector of the source voltage is located [22, 23]. Therefore, we propose to use a modified DPC
which, unlike the conventional DPC, can produce twenty seven voltage vectors instead of the eight vectors.
In other words, we will decompose twelve sectors instead of six in order to increase the accuracy and also to
avoid the problems encountered in boundaries of each control vector. With this in mind, we used a five-stage
hysteresis corrector for the reactive power and a three-level corrector for the active power.
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5.4. Switching table

The switching table is the paramount part in direct power control. It selects the appropriate voltage
vector of the inverter in order to orient the instantaneous active and reactive powers in their desired value,
also based on the position of the source voltage vector and the errors of the active and reactive powers [24].
In this work, we adopted a modified switching table compared to that developed by Noguchi to ensure
optimal minimization in error power as shown in Table 1.

Table 1. Switching table for 3-levels and 5-levels inverter
SectorsNumber 5, 3 4 5 s 7 8 9 10 11 12

el eQs
1 2 Voo Vie Vo Vg Va3 Vig Vo Vio Vs Vo Ve Vis
1 Voo Voo Vo Voo Vg Voo Vo Vs Vs Ve Vo Vi
0 Vo Vo Vi Vo Vo Ve Vo V5 Vi Vo V7o Vi

-1 E Vi E V2 E E E Vy E Vs Vas Ve
-2 Vae o Vis Vau Vi Voo Viz Vaz Vg Voo Vi Vs Vi

0 2 Ve iy Vs Vg Ve Ve Vas Ve Ve Vis Vo Vs
1 Vo Vs Vo3 Voo Voo Vs Vas Ve Ve Vi Vo Wy
0 VO V7 Vl 4 VO V7 Vl 4 VO V7 Vl 4 VO V7 Vl 4

1 Vs Vo Vs Ko Ve Vo Vo Vo Vs W Vo Vs
2 Ty Ve Vee Vis Vor Vi Vao Vas Vs g Vau Tho

-1 2 Vioo Vs Vg Vo Vie Vo5 Voo Vag Vis Vo Vie Vi
1 Voo Vo Vi Vo Vs Vs Vo Voo Vi Vo Vo W
0 Vo Vv Ve Vo V3 W Vo Vo Vi Voo V3oV
- 1 V5 VZ 5 V6 V2 6 Vl h V2 VZ 2 V3 VZ 3 V4 V24

_ '2_ Vio _ Vas Voo _ Vas Vl§ Vay Kls Vaa _V17 Vas _ Vie Vo
V,=[0,0,01 ; V;=[1,0,0] ; V,=[1,1,0] ; V5=[0,1,0] ; V,=[0,1,1] ; V5=[0,0,1] ; Vs=[1,0,1] ; V»>=[1,1,1] ;
Vg=[0,-1,-1]; V5=[0,0,-11 ; V1o=[-1,0,-1] 5 ¥1,=[-1,0,0] ; V1o=[-1,-1,1] ; ¥13=[0,-1,0] ; V1, =[-1,-1,-1];
Vis=[1,-1,-11; Vig=[1,1,-11; Vi=[-1,1,-11 5 Vig=[-1,1,1]; Vso=[-1,-1,1] ; Vpo=[1,-1,1] ; 4 =[1,0,-1];
VZZZ[O,I,-I] 5 V23:['1=LO] > 1724:[-1,0,1] 5 VZSZ[O,-I,I] 5 I726:[1s'1a0]

6. APPLICATIONS AND RESULTS
The Figure 3 shows the block diagram of the model used for the control of the doubly fed induction
generator for a wind system in Matlab/Simulink environment [25]:
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Figure 3. Direct power control (DPC) block diagram

6.1. Setpoint tracking test

The system is analysed during steady-state and transients conditions at variable wind speed
(sub-synchronous, synchronous and super-synchronous). The different parameters of the doubly fed
induction generator and the wind turbine are given respectively in Table 2 and Table 3. The results of
the simulation are shown in Figure 4.
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Table 2. Parameters of the doubly fed induction generator

DFIG Parameters
Nominal Power Pn=1.5KW
Stator Voltage Vs =220/380V
Stator Frequency fs=50Hz
Stator Resistance Rs=1.18Q
Stator Inductance Ls=04H
Rotor Resistance Rr=1.66 Q
Rotor Inductance Lr=0.18H
Mutual Inductance M=0.17H
No. of Pair of Poles P=2

Table 3. Parameters of the wind turbine

Turbine Parameters

Rated power

Number of blades

Rotor Radius

Gearbox ratio

Moment of inertia

Viscous friction coefficient

1.5 KW

3

R=1m

G=2
J=1000Kg.m?
f,=0.007 N.m.s"

1

Figure 4. (a) Curves of: the wind speed, (b) the stator active power
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Figure 4. (c) the stator reactive power, (d) the currents of the stator, (e) the currents of the rotor
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Figure 4. (f) the voltages of the stator, (g) the voltages of the rotor

6.2. Robustness test

The parameters of the DFIG are exposed to variations caused by various changes such as
temperature increase, skin effect, etc. In this case, the proposed DPC must guarantee good results regardless
of the parameter variations. So, the robustness of the command used (DPC) has been tested according to
the following conditions:
a. Resistance Ry multiplied by 2
b. Inductances Lg and L, multiplied by 0.5.

Figure 5 shows the simulation’s results obtained. Comparing the results of the simulations illustrated
in Figure 4 and Figure 5 we can ensure, even by changing the initial values of DFIG, that:
a. The stator active and reactive powers follow their references with fewer oscillations and disturbances due

to hysteresis controller but the values of powers quickly regain their references.

b. The stator and rotor currents (respectively voltages) in the frame (a, b, c) have a sinusoidal shape.

From these results, we can conclude that the technique of DPC has a low response time in
the transient regime, and fewer disturbance oscillations in the curves of the various curves that quickly regain
their reference values. The robustness of this approach remains good for the wind energy conversion system.
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Figure 5. Curves of: (a) the stator active power, (b) the stator reactive power, (c) the currents of the stator
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7. CONCLUSION

This work proposes an improvement of the classical DPC control applied to the doubly fed
induction generator (DFIG) integrated in a wind energy conversion system 'WECS'. The whole system is
modeled and simulated in the environment Matlab/Simulink. Also, a technique (TSR) to reach
the maximum power point (MPP) is presented in order to capture the maximum of power. The results
(setpoint tracking and robustness test) in steady and transient regimes show a complete correlation. They both
prove the robustness and efficiency of the method developed. In general, the simulation’s results obtained
during the application of the control under variable speed show an excellent dynamic performance and
tracking ability of the powers generated at the corresponding reference values with the preservation of
sinusoidal shapes for both currents and voltages (stator and rotor).
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