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Abstract

In this paper, a fuzzy direct torque control (DTC) for a variable speed doubly fed induction generator (DFIG) based wind
turbine is investigated. The DTC has been widely applied to doubly fed induction machines in recent years due to the high
performances that it provides in comparison with the classical field oriented control. Meanwhile, it has a major drawback that is the
significant torque and flux undulations generated by the hysteresis band controllers. To overcome this problem, the improvement of
this technique by removing these controllers is proposed in this paper. The proposed control technique is based on replacing
the hysteresis controllers by a fuzzy inference system which will have the same inputs as these controllers plus the sector
angle determination so that the look-up table can be replaced by a fuzzy rule-base matrix. The simulation was performed in
MATLAB/SIMULINK, and the results obtained make it possible to evaluate the performance of the proposed technique over the
classical one.
© 2018 International Association for Mathematics and Computers in Simulation (IMACS). Published by Elsevier B.V. All rights
reserved.
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1. Introduction

Wind energy represents a significant promising source of renewable energy. It has undoubtedly been the most
growing source in terms of installed capacity [27]. According to a report published by the Global Wind Energy
Council (GWEC) in 25 April 2017 [13], the cumulative wind energy installed capacity reached 486.8 GW in the end
of 2016, and it is expected to reach 800 GW by 2021. Despite this growth, its share in the total world electricity
production remains limited, about 4% at the end of 2016 [23], but it is expected to reach 8% by 2018, 12% by 2020
and 20% by 2030 [27,4,16].
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Meanwhile, in wind power industry, the concept of a variable-speed wind turbine has been receiving increasing
attention because it is more controllable, efficient and has good power quality. Therefore, the choice of the best
generator and power converters options is crucial. Currently and over the last few years, the use of DFIG in wind
generation systems has received an increasing attention due to many advantages that they present over other types of
generators, such as the variable-speed operation with reduced mechanical stress [25], the reactive power compensation
due to the converters that are sized to transit only a fraction of the nominal power (about 25% to 30%) and the reduced
power losses in the converters [12,9,18].

To control the DFIG, researchers have proposed many different control techniques in the literature. The direct
torque control has been and still is one of the most used ones. It is a robust control strategy that has been proposed
and applied in mid-1980s for induction machine drives. The DTC is based on the use of two hysteresis controllers
to control the generator electromagnetic torque and the rotor flux respectively. The key issue of the design of the
DTC is the strategy used for the selection of a relevant rotor voltage vector to apply to the rotor side converter (RSC)
in order to maintain the rotor flux and the developed torque values into their prescribed bands [29,30]. Compared
with the oriented vector control, DTC is less sensitive to parameter variations and is characterized by a high dynamic
performance [30,3,17,1]. As any control technique has its pros and cons, the classical DTC (C-DTC) has a major
inconvenience which is the significant torque and flux undulations due to the hysteresis controllers’ nature. As a
solution for this problem, several authors have turned to artificial intelligence. Many authors have applied fuzzy logic
to the C-DTC for induction machines such as in [20,19,6,26,11]. In fact, the introduction of fuzzy logic has clearly
reduced the torque and flux undulations.

In this paper, an improved DTC of a DFIG based wind turbine using fuzzy logic is presented (F-DTC). Fuzzy logic
switching vector selection scheme is proposed instead of the hysteresis controllers and the look-up table in order to
reduce the high torque and flux undulations. The fuzzy control is robust and its design is relatively simple as it does
not demand the knowing of the exact model [2]. The performance of the F-DTC is compared with that of the C-DTC,
and the results show that the F-DTC is better in comparison with the C-DTC.

This paper is organized as follows: The modeling of the wind turbine, the speed control and the modeling of the
DFIG are presented in Sections 2—4 respectively. The basic concepts of the C-DTC strategy for the DFIG are presented
in Section 5. In Section 6, the improved DTC strategy based on fuzzy logic is presented. The simulation results will
be discussed in Section 7 and finally the conclusions of this work are given in Section 8.

2. Modeling of the wind turbine

The mechanical power that can be extracted from the wind is a function of the air density p, the blade radius R,
the wind speed v and the performance coefficient C,,. It can be expressed as follows:

P, = 0.50m R*v*C,, (1, B) (1
C, is a function of the wind turbine blade’s pitch angle 8 and the tip speed ratio A, which is defined by:
O R
5 = Lo @)
v
where (2, is the turbine speed.
Cp is given by:
(o)) _S
C,(A, B)=cq (A_ —cp - 04) e M 4 ceh 3
1 1 0.035
1 _ 4)
A A+0088 BPH+1
C;:i[1...6] are turbine constants.
The aerodynamic torque is given by:
1 ) 5 1
Toer = =.p.T.R*.Cp.0° . — (%)

2
The Gearbox model:

Qtur
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The role of the gearbox is to transform the turbine speed to the generator speed, and the aerodynamic torque to the
torque applied on the shaft of the generator according to the following mathematical formulas [7]:

T — Toer (6)
"G
Qmec = Qtur-G (7)

where (2. is the generator speed and T, is the turbine developed torque.
The dynamic equation of the wind turbine is given by:

d Qmec

dt
J is the system total inertia, f; is the friction coefficient and Ty, is the generator electromagnetic torque.

J

+ fv~-Qmec = Tm - Tem (8)

3. Speed control: Tip speed ratio based MPPT

The tip speed ratio (TSR) based maximum power point tracking (MPPT) control aims to keep the TSR A at its
optimum value Ao, which means to determine the turbine optimal speed which achieves the maximum power output.

At this value, C,, (A, B) is equal to its maximum value. The pitch angle is set to zero due to the assumption of fixed
pitch wind turbine [5]. So according to Eq. (2):

AV
Qtur = ? (9)
Therefore, the referential speed is given by
AontV
pt
-Qturief = R (10)
A Q. R 1 L
c,(,p)e = e
p( B/ A v G "
v T
14 1 aer 1 Tm 1 (o)
> p TR C, ap) :‘ _ :@—b g
20,,, Iz > Ustf,
Temref
A tV Qturref QmECTEf
- P G @—» PI
R |

Fig. 1. Diagram block of the TSR based MPPT.

The block diagram of the TSR based MPPT is shown in Fig. 1. Synthesis of the speed proportional and integral (PI)
controller (see Fig. 2).
The closed-loop transfer function of the system above is given by:

K; 1
(KP + T) Js+fu

F(s)= - (11

1+ (KP + %)Js-lkfv
K K;

F(s) = ps + (12)

IJs?+ (fu +Kp)s + K;
F(s) is a second order transfer function. It could be written as follows:

1 K,s+K;

F(s) = T (13)

T s+ 2bw,s +



W. Ayrir, M. Ourahou, B. El Hassouni et al. / Mathematics and Computers in Simulation 167 (2020) 308-324 311

T, l
Qmecn,f K ; 1 'Q‘mec
K i ]
Nt "X Js+f,

Fig. 2. The PI speed controller.

The expressions of the proportional and the integral gains could be gotten easily using the two previous Egs. (12) and
(13):
Ki=Jow (14)
Kp=2¢Jw, — fy (15)

¢ is the damping ratio.
w, is the undamped natural frequency.

4. Modeling of the DFIG

The DFIG is a wound rotor induction generator. Its stator windings are connected directly to the three-phase
distribution network, while its rotor windings are connected to the bidirectional power converters. The basic structure
of a DFIG based wind turbine is shown in Fig. 3.

Grid

Stator
Connection < |
Power Electronic Converters
— DFIG AC/ N AC
earbox
Generator bck——bpc
Rotor T T
Connection L L
Control
System

Fig. 3. DFIG-based wind power system.

The application of the Concordia and Park transformations to the three phases of the DFIG makes it possible to
write the general model of the DFIG, which is resumed as follows:

d
Vsa = Rylsq + — @ — w55
sd d dt‘Pd WsPsq
d
Vsq = Rslsq + d_(psq + W5 Psa
1 (16)

d
Vrd = errd + E‘prd - wr(prq

d
qu = errq + E(prq + WrPrd

where:

Vsa» Vsq, Vra and V,,: The stator and rotor voltages in the d—g frame respectively.
Isq, Iy 1,4 and I,4: The stator and rotor currents in the d—q frame respectively.
Ry, R,: Stator and rotor phase resistances.
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The stator and rotor flux d—g components are given as follows:

Psd = Lilsg+MI,,
Oog = Lylsy + M1,

17
Gra = Lyl + Ml (17
qu - LrIrq + MIsq
M The mutual inductance.
Ly, L,: Stator and rotor inductances.
The torque generated by the DFIG [1]:
3pM
em — S, valr — @ Irct 18
2z, Wl =gl (1)

p: Poles number of the machine.

5. Classical direct torque control

The C-DTC method is based on the selection of an adequate rotor voltage vector to apply to the RSC using the
torque and rotor flux information in order to control the generator electromagnetic torque and rotor flux. The three
phase RSC has three control switches S,, S, and S.. Their combinations can generate eight switching states of the
rotor voltage vector V,, six active vectors and two zero ones [8]. These vectors can divide the plan into six sectors.
The rotor flux vector might be located in one of these sectors.

The C-DTC technique block diagram is shown in Fig. 4.
RSC
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Fig. 4. The classical DTC of the DFIG.
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The estimated rotor flux magnitude and the estimated electromagnetic torque are compared with the referential
rotor flux and the referential electromagnetic torque gotten from the MPPT block respectively, and the errors are used
as inputs of the hysteresis controllers (Figs. 5 and 6) in order to control the torque and rotor flux, and to maintain the
rotor flux vector extremity in a circular trajectory as it is shown in Fig. 7 [19]. The output of both hysteresis controllers
is a Boolean variable specifying if the flux/torque should be increased or decreased [14] to allow the application of
the suitable rotor voltage vector to the system [21].

1
—Ap, gy Ag,
_________ I_________> eq,
I A
|
I
: I
4l
I
[
I
Fig. 5. The rotor flux hysteresis controller.
Ex
A
I
I
I
1 <
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————— <+ > —— ——P €7
0 AT
v A
> -1

Fig. 6. The electromagnetic torque hysteresis controller.

A@,, ATem: The rotor flux and electromagnetic torque hysteresis controllers bandwidth respectively.

Rotor flux control:
The rotor flux magnitude is determined as follows [14]:

Or =92 + 0% (19)
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¢ro and ¢,g are the DFIG rotor flux components in the o, 8 frame respectively, they are usually estimated by

integrating the rotor voltage:

t
§0ra_5 = /(; (Vrot,ﬁ - Rr[ra,ﬂ)dt' (20)

The voltage drop due to the rotor resistance (R, I, ,) can be neglected compared to Vr, so [1]:

At_
Prop = Prop, + fo Vi pdt (1)

where:
(2 o is the rotor vector flux att = 0's.

At: the sampling time.

ara,ﬁ = am,ﬁo + V’a,ﬁ At 22)
During a periodic control interval [0 At], the rotor voltage vector is considered constant, therefore, Eq. (22) could be

written as follows:

@, (k+ 1)~ g,(k)+V, At 23)

which is equivalentto :  Ap, = V, At (24)

where: @,.(k): is the rotor flux vector at the current sampling rate.
@, (k + 1): is the rotor flux vector at the next sampling rate.
Ap,: the variation of the rotor flux vector.
Eq. (24) implies that for a constant sampling period Ar, the rotor flux voltage vertex moves according to the

direction given by the voltage vector V,. Therefore, the rotor flux is controlled by V.
Electromagnetic torque control:

The electromagnetic torque generated by DFIG could be estimated using Eq. (18) which could be written as
follows [1]:

3 ;
Tem a2 |esllerl sind (25)

~ M
2P, =

6: The phase angle difference between the rotor flux and the stator flux.

0 = arctan (%ﬂ) ) (26)
Pra

As the DFIG stator winding is connected to the grid which is assumed stable, the stator flux magnitude |¢,|could be
regarded as constant when the voltage drop on the stator winding resistance R; is neglected [17]. Therefore, according

to Eq. (25), the torque is controlled by the rotor flux magnitude |¢, | and the angle 6.
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Fig. 7. The representation of the rotor flux vector trajectory according to different voltage vectors.

The location of the rotor flux vector in the six sectors is determined according to the phase angle dif-
ference 6. Therefore, to increase the electromagnetic torque, the rotor flux vector summit should be rotated
as much as possible counterclockwise. If the torque should be decreased, the flux vector should be rotated
clockwise.

For example, let us suppose that the flux vector is in the first sector on its upper limit (A). Furthermore, we want
to increase the torque and we want to keep the flux at the upper limit, then the vector V3 is applied to move the flux
vector vertex to B. If we want to increase the torque again and to decrease the rotor flux, in that case the vector V4 is
applied, and flux vector vertex is moved to C...etc. Then the selection is carried out according to the switching table
(Table 1).

Table 1
The C-DTC switching table for the optimal rotor voltage vector selection.

Sector 1 2 3 4 5 6

Er = V2 V3 V4 V5 Vo6 V1
Er=1 Er =0 \4 Vo \4 Vo v7 Vo
Er =—1 V6 Vi V2 V3 V4 V5

Er =1 V3 V4 V5 V6 VI V2
Epr =-—1 Er = vo V7 VO V7 VO V7
Er =—1 V5 V6 VI V2 V3 V4

6. Fuzzy direct torque control

The proposed F-DTC control aims to improve the C-DTC performances. It is based on the use of a fuzzy inference
system instead of the hysteresis band controllers and the look-up table.

For the proposed system, the inputs are: the rotor flux error, the electromagnetic torque error and the sector
identification angle 6. The converter switches S,, S, and S, are used as outputs (see Fig. 8).



316 W. Ayrir, M. Ourahou, B. El Hassouni et al. / Mathematics and Computers in Simulation 167 (2020) 308-324
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Fig. 8. The proposed fuzzy inference system.

The fuzzy controller observes the errors signals and the sector identification angle, and correspondingly updates
the output voltage vector so that the electromagnetic torque and the rotor flux match their references.

=9~ 27)
er =TF — Tom. (28)

em

To design a fuzzy inference system, the following steps must be performed:

e Fuzzification: It consists of taking the inputs and converting them to a fuzzy set using linguistic terms and
membership functions (MFs).

e Fuzzy rules: This step consists of the development of a suitable rule set which is similar to the human brain
in the decisions and choices making process [24]. Once the input, output variables and MFs are defined, the
rule-base composed of expert IF <antecedents> THEN <conclusions> rules has to be designed [22], [28].

e Defuzzification: It consists of the conversion of the aggregated fuzzy set to a precise real value.

6.1. Fuzzification

Simple triangular MFs are used for the inputs, while singleton MFs are used for the outputs, they are illustrated in
Figs. 9—12. The linguistic variables used for the MFs are:

For the flux error: Negative (N) and Positive (P).
For the torque error: Negative, positive and Zero (Z).
For the sector angle determination: 6to 6.

[ )
[ )
[ )
e For the converter’s switches S;(S,, S, and S,): 0 and 1.

N ‘ EZ ‘ p
11—
/ '\

Degree of membership
S~
> o
, . :

o
(S
T

(=)

Fig. 9. The torque error membership functions.
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6.2. Fuzzy rules
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Fig. 10. The rotor flux error membership functions.
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Fig. 11. The sector identification angle membership functions.
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Fig. 12. The output S; membership functions.
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After the inputs are fuzzified, appropriate rule-base should be developed using the inputs and the outputs. Which

can be described as [10]:

IF(eq, is Ap,n) AND (eT is Bp,n.z) AND (0 is 01q7) THEN (Sa is DO,l) AND (Sb is DO,I) AND (SL is DO,l)'

where A, ., Bp nz, 01,7 and Dg | are the inputs and outputs fuzzy sets.
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The inputs of the fuzzy inference system have two, three and seven fuzzy sets respectively, which gives a set of
forty-two rules (2 % 3 x 7). These rules could be represented by the following inference matrix (see Table 2).

Table 2
The fuzzy rules.
€y er 01 6> 03 64 Os 73 67
N 110 010 011 001 101 001 110
N zZ 111 000 111 000 111 000 111
P 101 100 110 010  OI11 010 101
N 010 011 001 101 100 101 010
P z 000 111 000 111 000 111 000
P 001 101 100 110 010 110 001

6.3. Defuzzification

To get the output of the fuzzy inference system, which means to determine the switches’ state if it should be 0
or 1 (opened or closed respectively). The Mean of Maximum (MOM) defuzzification method is used. This method
calculates the most plausible result by selecting the highest value of the most valid output linguistic term.

Since the entire shape of the output MFs is a singleton shape (for S; = 0 and 1), in all the cases the outputs that
will give these highest values will be only 0 or 1 for each output.

7. Simulations and results analysis

The simulation was carried out for the same conditions for both the C-DTC and F-DTC, and has been performed
in MATLAB Sim Power Systems toolbox. The simulation parameters are given in Table 3 [15]:

Table 3
The DFIG and wind turbine parameters.
Ry 0.455 @
R, 0.62
Ly 0.084 H
L, 0.081 H
M 0.078 H
J 0.3125 kg m?
F 6.73¢73 Nm s rad
1 0.5176
&3 116
c3 0.4
c4 5
Cs 21
c6 0.0068

The wind speed is subjected to a varied wind speed, varying from 10 m/s to 11 m/s (see Fig. 13). The referential
rotor flux magnitude is set to 0.98 Wb, and the referential torque is obtained from the MPPT control.

The rotor flux magnitude response for both strategies is shown in Figs. 14 and 15. As we can see in Fig. 16, which
is a zoom of the previous figures, the classical DTC strategy represents high ripples and it is clearly seen that the
F-DTC provides a better response and less ripples.

Fig. 17 shows the response of the mechanical speed for both techniques. It is clearly seen that the mechanical speed
tracks perfectly its reference for both strategies, which proves the efficiency of the MPPT control. As the wind speed
changes, the rotor speed matches its reference gotten from the MPPT control to ensure the maximum wind power.

Figs. 18 and 19 show the electromagnetic torque response for the classical technique and the improved one. For
both control techniques, the estimated torque tracks closely its reference. Moreover, the torque ripples are minimized
with the improved DTC technique as it can be seen in Fig. 20.

As can be clearly seen in Figs. 21 and 22, the rotor flux trajectory is kept circular for both control schemes, but it
presents relatively large ripples in the C-DTC.
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Fig. 13. The wind speed profile.
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Fig. 14. The rotor flux magnitude for C-DTC (Wb).
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Fig. 15. The rotor flux amplitude for F-DTC (Wb).
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Fig. 16. Zoom on the rotor flux amplitude (Wb).
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Fig. 17. The turbine mechanical speed for both strategies.
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Fig. 18. The electromagnetic torque for C-DTC (N m).
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Fig. 19. The electromagnetic torque for F-DTC (N m).
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Fig. 20. Zoom on the electromagnetic torque amplitude (N m).
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Fig. 22. Rotor flux trajectory (F-DTC).

In order to compare the performance of the proposed control technique with the classical one, the root mean
square error (RMSE) criterion has been used to measure the divergence of the measured values with the referential
ones. The lower the RMSE is, the better the fit of the model. The RMSE is calculated using the following
Eq. (29):

n 2
RMSE — \/Zi:] (yrefi Ymes,-) (29)

n

Yref; - The referential values.
Ymes; : The measured values.

n: Sample size.

For the rotor flux magnitude, the RMSE of the C-DTC is 0.0021 Wb, while for the F-DTC is 0.0012 Wb, which
means a reduction of 43%. For the electromagnetic torque, the RMSE of the C-DTC is 0.5282 N m, while for the
F-DTC is 0.4924 N m, which means a reduction of 7%.

In order to better illustrate the impact of the C-DTC on the quality of the signal provided by the DFIG, a FFT (Fast
Fourier Transform) analysis of the stator and rotor currents waveforms of phase (a) was carried out for 3 cycles of
operation starting at 0.4 s and for a harmonic order of 30. The frequency spectrum is illustrated in Figs. 23 and 24. The
analysis showed that the F-DTC provides a lower total harmonic distortion (THD) in comparison with the C-DTC. For
the rotor current and stator current, with the C-DTC strategy, the THD rate is 6.60% and 7.69% respectively. While in
the case of the F-DTC, the THD rate is 2.01% and 2.03% respectively.
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Fig. 24. The FFT analysis of phase (a) stator current.

8. Conclusions

An improved direct torque control technique for a DFIG based wind turbine has been investigated in this paper.
The proposed control technique is based on improving the classical technique by replacing the hysteresis controllers
and the look-up table by a fuzzy inference system. The simulation has been performed in Matlab/Simulink to compare
the proposed system with the classical one. According to the results obtained, the main objectives were achieved. It
becomes clear that the proposed F-DTC strategy gives good performance in comparison with the C-DTC, such as
the perfect tracking of the references which was proved by the RMSE criterion and the reduction of torque and flux
ripples. In addition, the FFT analysis of the rotor and stator currents showed a lower total harmonic distortion, which
means an improvement of the quality of current signals. Moreover, the hysteresis controllers and the look-up table
used in the classical method are removed.

Thus, a future study can be extended to study the design and real implementation of the proposed control technique
on a FPGA.
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