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In recent years, wind energy has become one of the most promising
renewable energy sources. The doubly-fed induction generator (DFIG) is
currently the most common type of generator used in wind farms. This paper
describes an approach for the independent control of the active and reactive
power of the variable-speed DFIG. This paper deals with the control of
the active and reactive powers in a DFIG designed for a wind system.
The simulation model including a 7 KW - DFIG driven by a wind turbine,
a PWM inverter and the proposed control strategy are developed and
implemented using Matlab Simulink.
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Nomenclatures

Lm

1.

accepted as a viable solution to address these energy problems.

Mutual inductance
Slide
Laplace operator

Surface
Stator electrical speed

Rotor mechanical speed

Electromagnetic torque
Stator active power

Stator reactive power

torque produced from the multiplier

viscous friction coefficient
Integral gain of controller
coefficient of dispersion

INTRODUCTION

A
p

turbine

Derivate gain of controller
error

Proportional gain of controller
Inertia of the generator
generator shaft speed

power coefficient
aerodynamic torque

blade pitch angle

blade radius

angular speed of the turbine

wind speed
tip speed ratio
the air density

Electrical energy is a key and vital element for the social and economic development of our modern
society. During the last century, due to the massive industrialization and substantial growth in the world
population, electric energy consumption has seen a significant increase which has led to a progressive decline
in fossil fuels reserves. Electricity generation from alternative and renewable energy resources has now been
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Wind power is among the world’s fastest growing renewable energy technology [1, 2]. Due to its
geographical location, Algeria is considered as one of the most promising countries in Africa with regard to
renewable energies such as solar and wind. Algeria has a moderate wind conditions with wind speeds ranging
from 2 to 6 m/s and increasing gradually as we go toward the south-west Figure 1. The maximum wind
resources can be found in the region of Adrar with an average wind speed of 6 m/s. The region of Oran [2],
is ranked among the windiest areas of Algeria with an average wind speed is 4.5 m/s.

The abundance of this clean and free energy has attracted much interest in recent years and
extensive research is being undertaken to improve the efficiency of the electromechanical conversion and
quality of the energy supplied. The aim of this work is to present the performance comparison of wind energy
conversion system based on a doubly fed induction generator by using the conventional fuzzy-PI controller
and adaptive fuzzy controller, a direct vector control strategy made the object of analysis for the independent
control of active and reactive power.

The two regulators are tested and compared using two different specifications, i.e. the tracking of
the references, and robustness by varying the parameters of the system. Adaptive fuzzy controller Control
strategy was adopted to control both the active and reactive power; the simulation results show that this
strategy has fast dynamic response and good robustness with regard to parametric variations. This paper is
organized as follows: Section 2 describes the overall model of the wind energy conversion system. Section 3
of the paper presents the design of the fuzzy logic control (FLC). In this section, the description of fuzzy
controller with adaptive gain control (FAGC) is presented. Finally, the simulation results and conclusions are
summarised in Section 4 and 5 respectively.
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Figure 1. Atlas of average wind speed of Algeria estimated at 10 m above the ground [3]

2. MODELLING OF WIND TURBINE GENERATOR SYSTEM

The overall diagram of a wind energy conversion system connected to the power line is shown in
Figure 2 [4]. Table and Figure are presented center, as shown below and cited in the manuscript. The blades
convert the kinetic energy of the wind into mechanical energy that results in a force and a torque which
causes the rotation of the DFIG by means of a shaft. This rotation provides mechanical power to the DFIG.
The rotor is connected to a power converter which controls the amplitude and frequency of the voltage.

Grid

WIND Gear box

>

Rotor side converter  Grid side converter

— DFI

Figure 2. Wind energy conversion system
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2.1. Model of the turbine
The block diagram of the dynamic model of the turbine described in Figure 3 [5-7].

Turbine : Gearbox
ﬁ » 2‘ RQlurbineA Qlurbine 1 ‘: Q’"”
/N v G
\% N BC SVS 1 Taer J 1 Tg ‘c; 1 §Qm95 X
. 2 ’ Qurbine V‘G_ ‘ Js + f i -
A |

Tem

Figure 3. Dynamic model of the turbine

The aerodynamic power appearing at the rotor of the turbine is [8, 9]:

3

pSV
Paer = CP'PV = CP(A'.B) 2 (1)
The aerodynamic torque is directly determined by;
P psv3 1
Toer = ——— = Cp.——. )
Qturbine 2 Q‘turbine

2.2. Model of the DFIG
The mathematical model of the asynchronous machine in matrix form is written as [10-12]:
The state space equations of the induction machine can be written in matrix;

d[x]
— = [4][x] + [B][U] @)
dt
where;
X = [q)ds q)qs idr ids]T U= [Vds Vqs Vdr Vqr]T (4)
1 L,
- T_S Wg T_S 0
1 Ly,
— - O -
acl 2 T, T, ;
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2
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The active and reactive powers are given by the following expressions [10, 13]:

o U]

{P = VdSIdS + V, .1
Q= Vqslds - Vdslqs

Taking into account the orientation of the flux: [14-18];

(g = B3y =0 (®)
§y =0 ©
{P = VdSIdS + VqSIqS (10)
Q= Vqslds - Vdslqs
(9 Ly
ds — 7 — 7 Mlar
L, L
\ L (1)
Uas = T
s
( Ly VL
m stm
q)dr = <Lr_ )Idr+
s sLs 12
] L2 (12)
o = <L —l>1
\ qr r L, qr
L\ dl, L,”
Vdr=Rr1dr+ Lr_L_ dt — gwg Lr__ Iqr
s s
(13)

L\ dl,, L,.> VL,
V,.=RI, +\|L —— +gw. |\L.——— I, + gw.——
k qr rigr r ] gwg r LS dr T gWg w Ls

S

In these equations, Rs, Rr, Ls and Lr denote respectively the resistances and inductances of
the stator windings and rotor, M is the cyclic mutual inductance, or=p.Qr is the rotor speed (with p
the number of pole pairs) and ws is the synchronous angular speed. vds, vgs, vdr, vgr, ids, igs, idr, igr, ¢ds,
¢qs, ¢dr and ¢qr are respectively the direct and quadratic components of voltages, currents and fluxes in
the stator and rotor. While these equations are used to establish a block diagram of the electrical system to be
controlled as shown in Figure 4 [10]. Knowing these equations, it is then possible to synthesize
the regulators, where the input blocks relating \VVdr to Var represent the simplified rotor converter model.
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Figure 4. Block diagram of the system to be controlled
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3. DESIGN OF THE PROPOSED FUZZY LOGIC-BASED CONTROLLERS
3.1. FLC controller [14, 15, 16, 19, 20]

The following structure show the diagram of an FLC controller, where Figure 5 represents Fuzzy-Pl
control strategy whereas Figure 6 show the membership functions applied.

FLC A

e 1| NB NS EzZ PS PB
I [XXX —> zzl
e . ir(A)
-1 1 o

0

Figure 5. Structure of the FLC controller Figure 6. Membership functions (triangular
membership function with have a trapezoidal ends)

Figure 7. Structure of the fuzzy adaptive gain controller [21-25]

The proposed adaptation of gains is expressed as follows shown in Figures 7:
k,=k,+f(e+Ae), ki'=k; + f(e+Ae)and k' = k; + f (e + Ae)

where k,,’, k;" and k" are the adaptation gains and f is the output of adaptation action based on Tables 1-3,
e and Ae are the error e and its variation. Center of gravity approach is used to defuzzify the output variable
of the system.

The selected membership functions symmetrical trapezoidal shape. We considered the method of
center of gravity defuzzification. Subsets fuzzy membership are noted as follows:
NB: Negative Big; PZ: Positive Zero; NZ: Negative Zero; NM: Negative Medium PS: Positive Small; PB:
Positive Big; NS: Negative Small: PM: Positive Medium Z: Zero

The adaptive fuzzy controller proposed based mainly an adaptive mechanism by fuzzy logic (MAF).
The main aim of fuzzy adaptation mechanism is to build a table of inference rules for online adaptation of
gains. The novelty of the method is the online adjusting parameters of the corrector in order to keep
the desired performance level is mainly to define a fuzzy controller that adjusts the correction parameters and
generates her new parameters so that adapts to all conditions of operations, being based on error and
its derivative.

Table 1. Inference table established for the adaptation gain kp

€n Aen NB NM NS z PS PM PB
NB PB PM PB PB PB z NB
NM PM PS PM PM PM NS NM
NS PS 4 PS PS PS NM NB
PS NB NB PS PS PS z PS
PM NB NS PM PM PM PS PM
PB NB Z PB PB PB PM PB
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Table 2. Inference table established for the adaptation gain ki
A, NB NM NS NZ PZ PS PM __PB
NB PBE PM PM PS NB NM 2Z Z
NM PB PM  PS PS NM NS Z PS
NS PB PS z z z Z PS PB
z PB PS z z z Z PM PB
PS PM  PS z z z Z PM PB
PM PS z NS NM PS PS PB PB
PB z z NM N8B PM_ PM_ PB PB

Table 3. Inference table established for the adaptation gain kd

enAen  NB NM NS Z PS PM PB
NB PB PB PB NM NM z z
NM PB PB PM NS NS z PS
NS PB PB PS z 4 PS PB
Y4 PB PM PS Z PS PM PB
PS PM PS Z Z PS PM PB
PM PS 4 NS NS PM PB PB
PB Z Z NM NM PB PB PB

4.  SIMULATION RESULTS
This section presents the simulation results to evaluate and compare the performance of
the proposed controllers.

4.1. Fuzzy control

Tests were carried out which consist in achieve active and reactive power levels while machine is
driven fixed speed. Test conditions:

Active power remains almost constant at -7000W.
— Att=2 sec: reactive power level Q,.r ranges from 10,000 to -10,000 VAR.
— Att= 15 sec: active power echelon, P, range from -3000 to -6000W then -6000 to -8000 W.
— The reactive power of the machine is maintained almost constant at 10000W.

Figures 8 and 9 show simulation results of the different step inputs for an active and a reactive power.

The results show that levels of references of active and reactive power imposed on the DFIG are followed
without overshoot and a response time 0.225sec for active power and 0.35 sec for reactive power. Figure 9
show the pursuit references of powers is satisfied. Moreover, decoupling is assigned on the set change.
This is reflected by a pic of active power and a relative drop of reactive power

P W] x 10° Q[VAR]
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@) (b)

Figure 8. Simulation Results by fuzzy PI, (P = constant), (a) responses of active power and
(b) responses of reactive power
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Figure 9. Simulation Results by fuzzy PI, (Q = constant), (a) responses of active power and
(b) responses of reactive power

4.2. Adaptive fuzzy controller

In order to improve the response of the system a more robust adaptive fuzzy controller is proposed.
The performances of this controller are illustrated in the following simulation results. Figures 10 and 11 show
the dynamic response for the different step values on the active and reactive power whereas Figures 12
and 13 show the evolution of the gains when the set points change.

Results of the adaptive fuzzy show clearly improved dynamic response of active and reactive power
without overshoot for reactive power. Both powers reach their references in 0.15 sec. It is the best response
time, compared with that obtained by the classic fuzzy controller. When change orders, we see that
the adaptive gains changes values and they regain their previous values along the steady state. It follows that
adaptation gains ensures system stability.

This Figures confirms convergence of the measured variables to reference variables. The results
show the superiority of adaptive fuzzy controller with a better response time. So, the decoupling is unaffected
It still persists. That shows the robustness of controller. In Figure 13. We can see that gains adapt to every
change orders and ensures fast powers converges desired values.

P W x 10" Q[VAR]
0 15
— E,é, — G
Q
-1000 s res
e
2000 I
-3000 i 1 05!
-4000 + |
[}
-5000
6000 05-
27000 ettt et 1At (Ul e el b
) ™. |

|
8000 |

-9000 -1.5 L L I
v} 05 1 15 2 25 3 35 4 o 05 1 15 2 25 3 a5 4

Temps [sec] Temps [sec]

@) (b)

Figure 10. Simulation results of the adaptive fuzzy PID controller, (a) responses of active power and
(b) responses of reactive power
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Figure 11. Simulation results of the adaptive fuzzy PID controller, (a) responses of active power and
(b) responses of reactive power
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Figure 12. Adaptation gains for active (a) and reactive (b) power
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Figure 13. Adaptation gains for active, (a) and reactive (b) power
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4.3. Discussion and comparative study
4.3.1. PI fuzzy controller

The results obtained show that the references of active and reactive power imposed on the DFIG are
followed without overshoot and with a much improved response time of 0.225 sec for the active power and
0.35 sec for the reactive power. Also the coupling between the two powers has been reduced.

4.3.2. Adaptive PID fuzzy controller

The simulation results of Figures 10 and 12 show clearly improved dynamic response of active and
reactive power with no overshoot on the response of the reactive power. The two powers reach their
references in a 0.15 sec response time, therefore a faster and better response as compared to that of the fuzzy
Pl. In addition, the decoupling is maintained which demonstrates the robustness of this controller. It can be
noticed from Figures 11 and 13 that during the set point change, the adaptive gains, assume large transient
values and then return back to their previous values throughout the steady state which ensures system stability.
Figures 14(a) and (b); show the comparison of the behavior of the both controllers in terms of tracking of
the references. Through the comparative study, it can be seen that the tow regulators for step changes of
active and reactive powers, give almost the same profile in terms of tracking for the different tests applied to
the doubly fed induction generator, but with better transient response time with adaptive fuzzy controller.

P IW] QIVAR]

1000 - - : . . 12000
Pref
0: ’
1 pi flove [Witk ek lywdibhdiinli L e AT AT
-1000 + Ppi floue ada 10000 Ll il (g MU 1P B L e B R G L S i i e
Q
-2000 ] Qm
| \ 8000 -/ pi floue

-3000 | *F—,&J?nav’wiﬂ.ﬂ”&‘ﬁ;«‘ | Qpliloue ada
4000 | ! 6000/ |
-5000

. e 4000/
-6000 - i e i I
-7000 2000
-8000 -
4 0 i i i
%000, 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4

Temps|[sec] Temps[sec]
(a) (b)

Figure 14. Comparison between P Fuzzy control and PID adaptive fuzzy control, (a) responses of active power and
(b) responses of reactive power

4.4. Robustness test

This test is performed to evaluate the robustness of the controller with respect to changes in
the stator resistance. The stator resistance is changed by 80% of its nominal value. (R; = Ry + 0.8 X Ry)
Indeed, controllers design are based on transfer functions whose settings are assumed to be fixed. However,
in a real system, these parameters are subject to variations caused by different physical phenomena (heating
resistors, inductors saturation).

Test conditions: Active power remains constant at -6000 W.

— The reactive power of the machine is also maintained constant and equal to 10000 VAR.
— Att =15 sec, the value of the stator resistance was increased by 80% of its nominal value.

Figure 15 shows the simulation results based on a fuzzy controller against changes Stator resistance.
However, we can see influenced by this change by an apparition of fluctuations powers that take a time
to stabilize. From Figures 16 and 17 we clearly note that this parametric change is not affected control
powers and no side effect, which proves that adaptive fuzzy controller has high robust against the variation,
moreover it appear that gains adapt at a variation of resistance and ensure the stability of powers.

Int J Elec & Comp Eng, Vol. 10, No. 5, October 2020 : 5262 - 5273



Int J Elec & Comp Eng ISSN: 2088-8708 g 5271

12000

10000

BO0O -~

6000

7000 i i i ‘ ‘ i i | o ; ! ; ; ; ‘ ; ! ; |
Q 0.2 04 08 o8 1 12 14 16 18 2 o 02 04 06 08 1 12 14 16 18 2
Temps [sec] Temps [sec]

(@ (b)

Figure 15. Simulation results per PI fuzzy for a 80% increase of Ry, (a) responses of active power
and (b) responses of reactive power
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Figure 16. Simulation results per PID adaptive fuzzy for a 80% increase of R, (a) responses of active power
and (b) responses of reactive power
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Figure 17. Adaptation gains for active (a) and reactive (b) power
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4.4.1. Discussion and comparative study

The objective of robustness test is to compare the performance of the controllers when machine’s
parameters change. In order to test the robustness of each controller, at t =1.5 sec we apply a sudden 80%
increase inthe stator resistance. Consequently, this change will lead to a disruption of power. From these
simulation results, it is noted that primarily the variation in the stator resistance do not deteriorate
the performance ofthe proposed controller and have minimal impact on the system. Figure 15 shows
the simulation results based on a fuzzy controller against the variation in the stator resistance, we note that,
at the time of the increase of the resistance, small oscillations appear in the response of the powers. From
Figure 16 we clearly notice that this parametric variation did not affect the response of the powers and causes
no adverse reaction, which demonstrates that the adaptive fuzzy controller has strong robustness against this
variation. In addition, it appears from Figure 17 that the adaptation gains are re-adjusted following
the variation of the resistance and ensure the stability of power. Thus, we can conclude from these results that
the adaptive fuzzy controller is more powerful than the conventional one. The following Table 4 summarize
and compare the performance of controllers.

Table 4. Comparative of the performance of controllers

reactive power P active power Q
fuzzy Adaptive fuzzy fuzzy Adaptive fuzzy
Settling Time 5% 0.35 0.15 0.225 0.15
Steady State Error % 04 0 0.4 0
Overshoot % 0 0 0 14.3
Stabilization Time (Sec) 0.6 0.17 0.35 0.21
Rise Time 63% (Sec) 0.087 0.052 0.064 0.021

5. CONCLUSION

This paper is devoted to the electrical energy production on the grid by using the doubly fed
induction generator (DFIG) based Wind Energy Conversion System. The conception of the machine permits
to control the power exchanged between the stator and the grid by modifying rotor voltage via a bidirectional
converter. To achieve this, a vector control of the generator is done with active and reactive stator powers as
control variables using two control approaches, fuzzy and adaptive fuzzy controller. Actually the difference
both regulators is insignificant in terms of tracking of the references, However in terms of dynamic response,
the settling time, peak overshoot of values, oscillation damping and robustness we saw the superiority in
adaptive fuzzy controller with results that are more efficient and very successful, moreover, with adaptive
fuzzy controller we'll have : 1) A reduced response time; 2) A small overshoot and oscillation are amortized
quickly; 3) The transitional regime is better than the other one. 4) A good robustness.

The presented study makes a path for research and obtains optimal solution of the studied system.
We hope and plan as perspective: (1) Developed other nonlinear control laws to other more powerful
controllers. (2) Study a system including a wind farm depth study of disturbances inherent coupling device with
the network. (3) Set up experimental Test Stand validate the performance of controllers used in this article.
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