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Abstract. In this paper, we are interested in the study and improvement of the performances of
a Doubly Fed Induction Machine (DFIM) functioning in motor mode using the strategy of
Direct Control Torque (DTC) based on fuzzy logic. At first, we are focusing in the study of the
functioning principle and the modeling of the DFIM. Secondly, we applied the fuzzy approach
to the DTC control. Finally, the simulation results of the control are validated on the
Matlab/Simulink environment followed by a detailed analysis.

1. Introduction

For few years, various control strategies have been developed in order to carry out a decoupled control
of the doubly fed induction machine. These methods called "vector controls" provide dynamic
performance equivalent to that obtained by the direct current machine [1] [2]. Today, the development
of new digital signal processing techniques has led to much more sophisticated control strategies. The
most recent steps in this direction are those grouped under the term direct torque control [3].

The direct torque control, which is based on the direct regulation of the flux and the electromagnetic
torque of the machine [4], has been the most important research and best adapted to industrial
requirements, it is characterized by good stability, precision, a good torque response, robustness and
less complexity than other controls [5].

Our objective consists in improving the DTC control, by reducing the ripples of the flows and torque
by an intelligent technique based on fuzzy logic, the algorithm of this control is based on the use of
two fuzzy tables which replace the hysteresis comparators and the conventional tables [6] [7]. we have
checked this control strategy by simulation in MATlab / simulink, it remains the validation by the tests
PIL as the works [8]. This article is organized as follows: The first part will be devoted to the
modeling of the doubly fed induction machine and the two-level voltage inverter. The second part
concerns with the fuzzy DTC control of this machine. In a third part and in order to validate our
model, simulation results curves using the Matlab/Simulink software will be presented and analysed.
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2. Modeling of the system
The power supply of the doubly fed induction machine operating in motor mode and variable speed is
assured by two voltage converters which are reciprocally connected to the stator and rotor windings

[9].
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Figure 1. Overall scheme of the system studied

2.1. Modeling of the DFIM

Before doing the modeling of a doubly fed induction machine, it is necessary to represent a two-phase
model (d, q) given by Park transformation [10].

The model of the doubly fed induction machine after the Park transformation is defined by the
electrical, magnetic and mechanical following equations [11].

2.1.1. Electrical equations
The equations of the stator and rotor voltages Vi, q, ¢ in the reference (d,q), are expressed by:

A¥sq

Vsa = Rs.isq + @ Ws. Psq

< Vsqg = Rs-lsq + dlj:q + ws. Psq 0
Via = Ry.lyq + mﬁ:d — Wr.Prq

Vg = Rr g + 222 4 0.y

2.1.2. Magnetic equations
The stator and rotor flux are expressed by:

Ysq = Lg.lgqg + Mgy irg
lpsq = Lg.igq + Mgy Uy

| ; 2
Yra = Ly lrqg + Mgy isq @
Yrq = Ly ipg + Mgy igq
2.1.3. Mechanical equation
The mechanical equation is given by:
dQ
Tem=Tr+].E+f.Q 3)
The expression of electromagnetic torque based on rotor flux and currents is given, by:
Tem = p. (l/}rq- lra — Yra- irq) 4
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With:
Via» Viagq : Stator and rotor voltages in the Park reference.
Ly g), 11aq  :Stator and rotor currents in the Park reference.
WUsiaqp Yraq : Stator and rotor flux in the Park reference.

R, R, : Stator and rotor resistances.

L, L.,M : Stator, rotor and mutual inductances.
W, O, : Stator and rotor pulsations.

T, : Load and electromagnetic torque.
T.., : Electromagnetic torque.

P : Pole pair number.

Q : Rotation speed of the machine.

J : Moment of inertia.

f : Coefficient of viscous friction.

2.2. Modeling of the inverter
The mathematical model of the two-level inverter is represented by the following matrix [12]:

Va L 2 -1 -1\ [Sa
Vb = EUC -1 2 -1]. Sb (5)
Ve -1 -1 2 Se

The state of switches, assumed to be perfect, can be represented by three Boolean magnitude of control
S;(i=a, b, ¢), such as:

o S=lif Ty (i= 1,2,3) is closed and Ty (j=4,5,6) is open.
o S=0if T; (i= 1,2,3) is open and T\ (j=4,5,6) is closed.

3. Direct Torque Control based on the Fuzzy Logic

3.1. Principle of the direct torque control
The direct torque control consists in directly controlling the flows and the electromagnetic torque of
the doubly fed induction machine by the use of two switching tables whose functions are the direct
determination of the control sequences applied to the switches of the voltage inverters [13].

The expression of the inverter voltage vector can be given in the form below:

2 j2m Jjam
V= ch(Sa+Sbe 3 +S.e3) (6)
With:
Sa» Sp Se : Switching logic states (0 or 1).
U. : DC bus voltage.

The set of voltage vectors delivered by each inverter of voltage at two levels are represented in the
following figure:

V3(010) V(110)

V,(000)

—————— Va(l11)
V5(001) V(101) 7

Figure 2. Voltage vectors delivered by the voltage inverter

Direct torque control is also based on the estimation of the stator flux, rotor flux and electromagnetic
torque of the machine [14], the module of the stator and rotor flux is written:



International Conference on Renewable Energies and Energy Efficiency (REEE'2017)

IOP Publishing

IOP Conf. Series: Earth and Environmental Science 161 (2018) 012004

~ 2 ~ 2
= ,/lpra +7~/}r/3

With: Yy, Psp, Pra and Y,p are of the stator and rotor flux in the reference frame (a.,f).

¥

- ’A 2 o~ 2 -
s = | Vsa +¢s/3 and ¥,

The position of the flux vectors calculated as follows:

doi:10.1088/1755-1315/161/1/012004

Ps Pr
0 = arctg (A—B) and 0, = arctg (JJ—B)

The electromagnetic torque is estimated from the measured rotor currents:

~

3.2. DTC control based on the fuzzy logic
To improve the performances of the system and to minimize ripples in the electromagnetic torque and
flux, two fuzzy logic controllers presented to replace the controllers of hysteresis and the conventional
switching tables [15]. In this system there are three inputs for the fuzzy logic controller, which are flux
angle, torque error and flux error [16].

17’5{5’ 17}7’{?
6 = arctg (17}—) and 6, = arctg (17)—)

Tem = p. (l/;ra- irﬁ - lljrﬁ- ira)

ETom = (Tem)‘ref - Tem = AT

glps = (lps)ref - lz)\s = Ay

gwr = (lp‘r)ref - l»z;‘r = Ay,

)

®)

©))

(10)
Y
(12)

13)

The figure 3 bellow gives the block diagram adopted for fuzzy-DTC control of the doubly fed

induction machine:
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Figure 3. Synoptic schema of the fuzzy DTC applied to DFIM
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The switching table at the stator side by the fuzzy logic is illustrated in the following figure 4, (the
same reasoning for the rotor side):
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Figure 4. switching table by fuzzy logic

The universe of discourse of the flux position (stator flux or rotor flow) is divided into six fuzzy sets
(0, to 85). We choose the triangular membership function for all angles 6;.
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input varia;le "angle”
Figure 5. Membership function for flux position

The universe of discourse of the electromagnetic torque error is divided into three fuzzy sets (torque
error is positive (P); torque error is zero (Z) and torque error is negative (N)).We choose the triangular

membership function for the fuzzy set (Z). And the trapezoid membership functions for the fuzzy sets
(P) and (N).

£
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Figure 6. Membership function for error of the electromagnetic torque

The universe of discourse of the flux error is divided into two fuzzy sets (flux error is positive (P); flux
error is negative (N)). We choose the trapezoid membership functions for the two fuzzy sets.
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Figure 7. Membership function for flux error
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The output variable is decomposed into three sub-outputs representing three switching magnitudes
(S., Sy So) of switches of the inverter at two levels, the universe of discourse of each output is divided
into two fuzzy sets (zero and one) whose membership functions are chosen by trapezoid forms.

1k

0

1

L

1

output variable 5"

T
1.5

2

Figure 8. Membership functions for output variables

The fuzzy rules base with 36 rules can be obtained from the following table 1.

Table 1. Set of fuzzy rules

Cy CTem 0, 0, 0; 0, 0s 06
N N Ve Vi Vo V3 Vy Vs
N Z \! Vo \%| Vo V7 Vo
N P Vs V3 Vi Vs Ve \%]
P N Vs Ve Vi \'%/) V3 Vg
P V4 Vo \%] Vo \%Z] Vo \%]
P P V3 \ Vs Ve A Vs

4. Simulation results

In order to show the performance and robustness of the fuzzy DTC control of DFIM, we simulated
the dynamic behavior of DFIM in the Matlab/Simulink environment.
The following figures show the behavior of the structure of the direct torque control by the fuzzy logic

applied to the doubly fed induction machine of 1,5 kW.
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Figure 11. Stator flux
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Figure 12. Rotor flux
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Figure 13. Evolution of the stator flux Figure 14. Evolution of the rotor flux

According to the simulation results, it is found that the speed and the electromagnetic torque reached
its reference values with a fast response time (t,=0.3 s). The stator and rotor flux remain constant at
their reference values whatever the applied load which shows that the torque and the flux are
decoupled. The evolution of these flows in the reference frame (a, B) is perfectly circular. We also
note that the electromagnetic torque and flows of the machine present less undulation compared to
other classic commands.

The results obtained show efficiency of the chosen algorithm for improving performances and for
minimizing ripples of the torque and flux of the machine.

5. Conclusion
The objective of this work consists in the modeling, the development and the simulation of the fuzzy
DTC control for a doubly fed induction machine powered by two voltage converters. The simulation
results clearly show that the system perfectly follows the reference values and that the control
approach studied provides a very interesting solution to the problems encountered in to other classic
controls. To continue and to complete this work, we will test and implement this control law by using
a test bench based on an FPGA target in the laboratory.

Appendix
Table 2. Parameters of the DFIM
Variable Symbol Value (unit)
Nominal power P. 1.5 kW
Stator nominal voltage Vi 230V
Rototor nominal voltage Vin 130V
Frequency f 50 Hz
Pair pole number P 2
Stator self inductance Ls 0295 H
Rotor self inductance Lr 0.104 H
Maximum of mutual inductance M 0.165H
Stator resistance R, 1.75 Q
Rotor resistance R, 1.68 Q
Total viscous frictions f 0.0027 Kg.m?/s
Total inertia J 0.01 Kg.m?

References

[1]  Taoussi M, Karim M, Bossoufi B, Hammoumi D and Lagrioui A 2015 Speed Backstepping
control of the double-fed induction machine drive J. Theo. Appl. Info. Tech. 74 189-199



International Conference on Renewable Energies and Energy Efficiency (REEE'2017) IOP Publishing

IOP Conf. Series: Earth and Environmental Science 161 (2018) 012004  doi:10.1088/1755-1315/161/1/012004

(2]

(3]

(4]

(5]

[6]
(7]
(8]

[9]

[10]

(11]

(12]

[13]

[14]
[15]

[16]

El Ouanjli N, Derouich A, El ghzizal A, Taoussi M 2016 Contribution a I’optimisation des
performances d’une Machine Asynchrone a Double Alimentation (MADA) fonctionnant en
mode moteur Int. conf.TISPI Oujda

El Ouanjli N, Derouich A, El ghzizal A, Chebabhi A and Taoussi M 2017 A comparative study
between FOC and DTC controls of the Doubly Fed Induction Motor (DFIM) IEEE Int. Conf. on
Electrical and Information Technologies.

Takahashi I and Noguchi T 1988 A new quick-response and high-efficiency control strategy of
an induction motor IEEE Trans.Ind.Appl 34 473-479

El Ouanjli N, Derouich A, El Ghzizal A, El Mourabit Y, Bossoufi B and Taoussi M 2017
Contribution to the Performance Improvement of Doubly Fed Induction Machine Functioning in
Motor Mode by the DTC Control Int. J. Pow. Electron. Dri. Sys. 8 1117-1127

Romeral L, et al. 2003 “Novel Direct Torque Control (DTC) Scheme with Fuzzy Adaptive
Torque-Ripple Reduction,” IEEE Trans. Ind. Electron. 50 487-492

Chebabhi A and A. Meroufel A 2010 Commande directe du couple d’une MAS alimentée par
un onduleur de tension a trois niveaux a base de la logique floue JIEMCEM, ENSET-Oran
Motahhir S, El Ghzizal, Sebti S, and Derouich A 2017 MIL and SIL and PIL tests for MPPT
algorithm Cogent Engineering 4, 1378475

Taoussi M, Karim M, Bossoufi B, Hmmoumi D, Lagrioui A and Derouich A 2016 Speed
Variable Adaptive Backstepping Control of the Double-Fed Induction Machine Drive Int. J.
Autom. Contr.10 12-33

Taoussi M, Karim M , Hammoumi D, El Bekkali C, Bossoufi B and El Ouanjli N 2017
Comparative study between backstepping adaptive and field-oriented control of the DFIG
applied to wind turbines Int. Conf. Adv. Tech. Sig. Ima. Proc

El Ouanjli N, Derouich A, El ghzizal A, Errouha M and Taoussi M 2017 Direct Torque Control
of the Doubly Fed Induction Motor (DFIM) Int. conf. COFMER’2

Taoussi M, Karim M, Bossoufi B, Hmmoumi D, Bakkali C, Derouich A and El Ouanjli N 2017
Low-Speed Sensorless Control for Wind Turbine System WSEAS Transactions on Systems and
Control 12 405-417

El Mourabet Y, Derouich A, El ghzizal, El Ouanjli N and zamzoum O 2017 DTC-SVM
Control for Permanent Magnet Synchronous Generator based Variable Speed Wind Turbine Inz.
J. Pow. Electron. Dri. Sys. 8 1732-1743

Telford D, Dunnigan M.W and Williams B.W 2001 A Novel Torque-Ripple Reduction Strategy
for Direct Torque Control IEEE Trans. Ind. Electron. 48 867-870.

Arias A, Romeral J.L, Aldabas E, and Jayne M.G 2000 Fuzzy logic direct torque control Proc.
IEEE Int. Symp. Ind. Electron. 253-258.

Beerten J, Verveckken J and Driesen J 2010 Predictive Direct Torque Control for Flux and
Torque Ripple Reduction IEEE Tran. Indus. Electron. 57 404- 412



