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Abstract: This article presents 24 sectors direct torque control (DTC) with fuzzy hysteresis comparators for the
doubly-fed induction motor (DFIM) using a three-level neutral point clamped (NPC) inverter. The designed
DTC technique of the DFIM combines the advantages of the DTC strategy and fuzzy logic controller. The
reaching conditions, stability, and robustness of the DFIM with the designed DTC technique are guaranteed.
The designed DTC technique is insensitive to uncertainties, including parameter variations and external
disturbances in the whole control process. Finally, the designed DTC technique with fuzzy hysteresis
comparators is used to regulate the electromagnetic torque and the flux of the DFIM fed by the three-level NPC
inverter and confirms the validity of the designed DTC technique. Results of simulations containing tests of
robustness and tracking tests are presented.
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1  Introduction

The doubly-fed induction machine can give an
awfully appealing arrangement particularly for
variable-speed applications such as electric vehicles
wind turbine systems [1]-[5]. Due to its low cost,
simplicity of construction, robustness, good
performance, reliability, and easy maintenance, and
it can operate in a great range of speed variation
around the synchronous speed, As well it can be
controlled easily those parameters (power flow,
power factor). These all advantages have encouraged
a lot of researchers to develop and ameliorate it
constantly [6].

As consequence, DFIM control has known a great
consideration and many control techniques have
been proposed and validated experimentally, which
the first control techniques have been developed was
the field-oriented control (FOC)[7], this command is
based on a decoupling between the torque and the
flux, It renders the behavior of DFIM similar to that
of the DC machine. This decoupling provides a wide
speed control range and very fast torque response.
But, its major drawbacks are sensitivity to
parametric variations of the machine and the
complexity of implementation [8]. After this

control, the researchers developed a new strategy of
control this control is the direct torque control (DTC)
was introduced by Takahashi [9][10] and Depenbrock
[11]. In this control, we controlled directly the torque
and stator flux by using the selection of the optimum
voltage vector. The switching logic command
facilitates the generation of the stator voltage space
vector, with a convenient choice of the switching
pattern of the inverter, and he must know: the sector,
the amplitude of the stator flux, the torque. The DTC
technique is characterized by good stability, a fast
torque response, precision, high robustness, good
decoupling between the torque and flux and low
complexity than other controls. However, the DTC has
major disadvantages namely: (a) high ripples in the
flux and electromagnetic torque caused by hysteresis
controllers, these ripples generate undesirable acoustic
noise and mechanical vibrations [12]. (b) degradation
of the quality of the output power because the variable
switching frequency causes switching losses and
current distortions. (c) problems at low speed when we
negligence of stator resistance.

In recent years, several improvements have been made to contro 2 M we zed in
enhance the DTC control in order to reduce torque ripple [13, ller odeling find that three

14] and achieved constant switching frequency such as direct [21]. of  thethe types of
mean torque control (DMTC) [15], direct torque control with DFiM DFIM equation
space vector modulation (DTC-SVM) [16], DTC control and  his model s:

based on super twisting algorithm (DTC- STA) [17], neural alimentat 0 the electrica
direct torque control (NDTC) [18], fuzzy direct torque ion referenc 1,

control (FDTC) [19], intelligent seven-level DTC strategy In the® UL is magneti

[20], and DTC strategy based on third-order sliding mode literature Summari ¢, and
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electromagnetic [22].

2.1 Electrical equations
In the frame ][], the stator and rotor voltages are expressed
by the following equations:
555=55555+5555
In this paper, we present a new direct torque
control scheme of the DFIM functioning in motor
mode, two methods are suggested for control of

DFIM: the first is the traditional 24 sectors DTC
strategy using a lookup table, and the second strategy
is the 24 sectors DTC technique based on the fuzzy
hysteresis comparators. The objective of the
proposed DTC technique is to minimize the ripples
in the current, stator flux, and electromagnetic torque
and to guarantee the best performances regarding the
robustness vis-a-vis the variations of its parameters
(Rs, Rr, Ls, Lr...) and the load torque.

Thus, the novelty and main contributions of this
research study are as follows:

1)  This work proposed an intelligent 24 sectors
DTC technique of the DFIM drives;

2) A new intelligent technique to flux and torque
ripples minimization for 24 sectors DTC technique is
proposed;

3) Fuzzy logic controllers to minimize error
tracking torque and flux references of DFIM drives;
4) Using the designed strategy and three-level
inverter to minimize the total harmonic distortion of
current/voltage and flux/torque ripple of the DFIM
drives.

The theoretical and simulation study of the designed
24 sectors DTC method based on fuzzy logic
technique is validated by the simulation results
obtained. The rest of the work is organized as
follows. Section 2 points out necessary equations
related to the mathematical modeling of the DFIM
drives. The three-level inverter is presented in
Section 3. 24 sectors DTC control theory is
presented in section 4. Section 5 explains the
designed intelligent 24 sectors DTC strategy for
DFIM drives. Matlab software-based simulation
studies are presented in section 6. The conclusion is
given in Section 7.
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2.2 Flux equations
The stator and rotor fluxes are given by:

goo=0000b+0o0oo
goo=00o00ob+o0oo

goo=0000b+00oo
gob=0000b+00oo
2.3 Electromagnetic torque

(D

HIN

)

3)

The equation of the electromagnetic torque as a
function of the stator flux and stator current is given by

the expression below:

00=30(000 -000 )
0ogo 2 0oo

3 Three-level NPC inverter
The use of the NPC multilevel inverter exist in
various industrial applications among other
multilevel inverter topology it’s introduced by
Baker and Nabae in 1981, they’re using the diode
to limit the power voltage stress to obtaining a
good output voltage waveform and minimize
harmonic distortion, and must increase in the
number of levels of the inverter [23].

The three-level inverter has great advantages
compared to two-level inverter, and it’s
demonstrated by the researches [24]. The

topology

14 researcher135@gmail.com

“4)



Researcher2022;14(01)

http://www.sciencepub.net/ researche@

that has been used in this work is a three-level
neutral point clamped inverter. Fig. 1 shows the
block diagram of the three-level NPC inverter. The
voltage over the phase winding of the DFIM can

take one of the three levels (0, 1, 2 ) count on the
switching states of the inverters. The representation

of the space voltage vectors of a three-level NPC
inverter for all switching states is offering by Fig. 2.

Phase A Phase B Phase C
Sar, Sei,
Cr== i
Saz; i Se2)
= Vac O -
Saz, Sez,
Cz Sasy ini Sbs, is
A [|] B
N

structure.

Fig. 2 Voltage vectors delivered by the three-
level inverter.

4 24 sectors DTC control

The DTC technique is based directly on the
determination of the control sequence applied to the
switches of the static power converter in order to
require the desired levels of torque and flux [25].
The main objective of a DTC is to maintain the
electromagnetic torque and the module of the stator
flux inside the hysteresis bands by choosing the
output voltage of the inverter [26]. At the time,
when the module of the torque or of the stator flux
reaches the upper or lower limit of the hysteresis, a
suitable voltage vector is applied to get the quantity
involved inside its hysteresis band. To choose the
voltage vector, it is necessary to know the rules for
the development of the module of the torque and the
stator flux [27].

http://www.sciencepub.net/researcher

Fig.1 Schema ot three-level iverter with NPC

15

The stator flux vector is estimated from the
measurementsof the voltages and currents of the
DFIM. The-expression of thestator flux is written:

] 0 UOpp—0p. 0O ud

- &)
g
g Opp —0Op. O oo
The modulus of stator flux is written:
0 =0u 24 7 ©)
g
The sector Si in which one is situated the vector
[ was determined from the components [1 and
U~ . The angle 0s between the referential linked to the

stator and the vector [1- is equal to:
g
U = arctg =0
0oo

@)

The error [, between the estimated flux [ aDnd

O
the reference flux [ , 1s introduced into a

two- level hysteresis regulator. The latter will
generate the binary variable ( [ =0, 1) at the
output, representing the desired evolution for the
flux like shown Fig 3a . The same thing in the
error of the torque [ is calculated by

comparing itsreference

value [J and its estimated value , [J

then he

introduced in the  three-level hysteresis

regulator, generating at its output the variable
with three levels ( [

=-1,0, 1) representing the direction of temporal
evolution desired for the torque Fig 3b. The state
choice of each VSI is made in a switching
table elaborated according to the state

of the variables [1, and Uo s as well as sector

giving the information about the position of flux
vector [28].

The proposed switching table of 24 sectors
DTC control scheme of DFIM is presented in
Table 1.

The general structure of the DFIM with three-
level DTC 24 sectors is illustrated by the
following Fig. 4.

Table 1. Three-level DTC switching table with 24

sectors
Hy
1 | 0

N HTe
1 0 -1 1 0 -1
1| 16 8 20 17 11 19
21 16 8 20 17 11 19
3| 22 9 26 23 12 25
4| 22 9 26 23 12 25
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5 17 9 15 18 12 20
6 17 9 15 18 12 20
7 23 10 21 24 13 26
8 23 10 21 24 13 26
9 18 10 16 19 13 15
10 18 10 16 19 13 15
11 24 11 22 25 8 21
12 24 11 22 25 8 21
13 19 11 17 20 8 16
14 19 11 17 20 8 16
15 25 12 23 26 9 22
16 25 12 23 26 9 22
17 20 12 18 15 9 17
18 20 12 18 15 9 17
19 26 13 24 21 10 23
20 26 13 24 21 10 23
21 15 13 19 16 10 18
22 15 13 19 16 10 18
23 21 8 25 22 11 24
24 21 8 25 22 11 24

Fig. 3. Hysteresis controllers: (a) Hysteresis comparators
of flux, (b)Hysteresis comparator of torque.
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Fig. 4. general structure of the DFIM with three- level DTC
24 sectors.

5 Proposed DTC control

In this work, a new intelligent 24 sectors DTC strategy
was proposed to control the DFIM fed by a three-level
inverter and minimize the torque, stator current, and flux
ripples. The proposed intelligent 24 sectors DTC
technique is based on the artificial intelligence technique
(fuzzy logic). The principle of artificial intelligence
techniques direct torque control is similar to the
traditional 24 sectors DTC strategy. However, 24 sectors
DTC control scheme based on fuzzy logic controllers, to
ameliorate the performances of the system and to
minimize ripples in the electromagnetic torque and flux,
we replace the two controllers of hysteresis of the flux
and the torque by a two proposed fuzzy logic controllers
In this system, the flux error and the torque error are
considered as inputs to each fuzzy logic controller.

Un =Upooo _iD:Aj
=0 ="
D A0 000 )

®)
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These error functions are the differences
between a magnitude calculated by the command
and the estimated magnitude.

5.1  Hysteresis controller of torque and flux
based on fuzzy logic

The fuzzy logic, or more generally the treatment of
uncertainties, is one of the classes of artificial
intelligence [29], it is introduced to ameliorate the
performances and effectiveness of the proposed 24
sectors DTC technique of the DFIM fed by a three-
level NPC inverter. However, the fuzzy logic
technique has the capability to control nonlinear
uncertain systems even in the case where no
mathematical model is available for the control
system [30]. On the other hand, fuzzy logic is a
simple method, easy to use and robust technique
compared to the classical PI controller and other
techniques [31].

The fuzzy controller is composed of three blocks:
fuzzification, rule bases, and de- fuzzification like as
shown in Fig. 5.

1|
o(k) etz = Rule Base .5
. E
1| 8 8
g N
I | 5 Z
de(k) I q Inference a

Fig. S. Structure of fuzzy logic controller.
In this article, the fuzzy logic technique is used to
replace hysteresis comparators of torque and flux
and improve the performances of the 24 sectors
DTC strategy of DFIM. Torque hysteresis
comparator and flux hysteresis comparator are
compensated because they cause ripples in both
torque and flux levels in 24 sectors DTC control.
Fig. 6 shows the block diagram of the flux fuzzy
hysteresis comparator and torque fuzzy hysteresis
comparator. From this figure, this proposed
intelligent hysteresis comparator is a more simple
structure, easy to implement, and more robust
compared to the traditional hysteresis comparator.

http://www.sciencepub.net/researcher

Fig. 6. Fuzzy hysteresis comparators:
a)Fuzzy hysteresis comparator of the flux,
b) Fuzzy hysteresis comparator of torque.

The membership function definition for the
input variables 'Error in flux hysteresis
comparator and Error in torque hysteresis
comparator' is shown in Fig. 7a, 'Change in Error
of flux hysteresis comparators and torque
hysteresis comparator' is shown in Fig. 7b,
'Control' is shown in Fig. 7c [32].
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Membership function plots plot ponts: 131

NG NI NP = PP PH PG

10

output variable “resultats”

(©
Fig. 7. Membership function for error, change in error
and hysteresis fuzzy controller.

There are 7 fuzzy subsets for each input variable,
which gives 7* 7 = 49 possible rules. The rules base is
shown in Table 2. Fig. 8 shows the corresponding control
surface of the designed fuzzy logic controller.

Table 2. Rules base

NG | NM | NP | ZE | PP | PM | PG

NG NG | NG | NG | NG | NM | NP | ZE

M NG | NG | NG | NM | NP | ZE | PP

NP NG | NG |NM | NP | ZE | PP | PM

ZE NG |[NM | NP | ZE | PP | PM | PG

PP NM | NP | ZE | PP PM | PG | PG

PM NP |ZE |PP | PM | PG | PG | PG

PG ZE | PP |PM | PG | PG | PG | PG

e

Fig. 8. FLC control surface

The general structure of the intelligent 24 sectors
DTC control of the DFIM fed by a three-level inverter is
represented by Fig. 9. From this figure, the proposed
intelligent 24 sectors DTC technique

http://www.sciencepub.net/researcher

of the DFIM fed by a three-level NPC inverter is a more
simple algorithm, easy to implement, and robust control
compared to traditional DTC strategy, field-oriented
control, and 24 sectors DTC strategy. The proposed 24
sectors DTC method is almost the same as the classical
24 sectors DTC method, and we have maintained the
same algorithm. The difference is in the use of fuzzy
logic in torque and flux hysteresis comparators.

In this proposed DTC strategy, fuzzy logic is used to
improve the characteristics and effectiveness of the 24
sectors DTC control of the DFIM. Fuzzy logic was used
in order to compensate for traditional hysteresis
comparators. Using fuzzy logic will improve the value of
total harmonic distortion (THD) of stator current and
reduce torque and flux ripples.

4’5 ref + rumyconmon | Cflx 3
Q — Sicing LI
B Sh
Tes 4" ﬁ’ T,
: QQ 2 o
l@ —
Te® N

Flux, Torque, and =
Sector Estimation ¢

—

W
+ W m

Speed Controller ‘ ®

DFIM H
\‘r-;r
12V,5Hz

Fig. 9. General structure of the intelligent 24 sectors DTC
control of the DFIM system. .

6 Simulation Results

In this section, two 24 sectors DTC techniques are
designed, simulated, and compared in order to know
which of the two 24 sectors DTC strategies is better in
improving the characteristics of the DFIM fed by three-
level NPC inverter. The designed 24 sectors DTC
strategies are 24 sectors DTC strategy with a lookup table
and 24 sectors DTC strategy with intelligent hysteresis
comparators. The DFIM used in this work is the same as
the DFIM used

researcher135@gmail.com
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in [22]. These 24 sectors DTC strategies were compared
in terms of response time, torque ripples, traceability,
stator flux, stator current ripples, THD ratio, and
durability. Therefore, three tests were proposed in order
to find out which the 24 sectors DTC strategy is better.

6.1 First test
In this test, the torque reference is changed from 5
N.m to -5 N.m during the 0.5 s and 1.5 s time
periods.

This test represents the reference tracking test.

Obtained results are represented in Figs 10 to 15.
Through these figures, we find that torque, speed and
flux follow the references very well (see Figs 10

to 12). But the preference of the two designed 24 sectors
DTC strategies in terms of response time compared to the
classical 24 sectors DTC strategy .

The electric current of the both 24 sectors DTC
controls is shown in Fig. 13. Through this figure, we find
that the value and shape of the current are related to the
torque reference, as there is a direct relationship between
them.

Fig. 14 shows the sector of the both 24 sector DTC
techniques. The sector value of the both 24 sectors DTC
strategies is 24 and this is true of the proposed method for
direct torque control.

From Fig. 15, we note that the proposed 24
sectors fuzzy DTC strategy give a minimum THD
value compared to the classical 24 sector DTC
technique. On the other hand, the proposed 24 sectors
DTC strategy minimizes the ripples in
torque, stator flux, and stator current compared to the
classical 24 sector DTC strategy.

15 | ! : :

ZBDD:[ ] Te!DT(-M:enm] TEZDI(-HD Teref

| Zoom 2

—_—
=

=

torque Te(N.m)

torque Te(N.n)

045 05 055 06 065 07 075 08
fime (sec)

075 08 08 09

fime sec)

Fig. 10 Torque.
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Fig. 13 Stator current.

researcherl35@gmail.com




Researcher2022;14(01)

http://www.sciencepub.net/researche@

H : H
seclor N

seclor N

(DTC Msect) (DTC-ALC)

time (sec)

30k s

oo ittt N T 24ec) oA

i
e TSECT

Fig. 14 Sector.

FFT analysis
Fundamental (50Hz) = 5.809 , THD= 1.46%

- FFT analysis

Fundamental (50Hz) = 5.843 , THD= 0.25%

Mag (% of Fundamental)

0 500 1000 1500 2000
Frequency (Hz)

speed

Overshoot 3.3379 0.1575

of speed

Peakof 162.2612 157.2550

speed

Peak Timeof 152486 150329

speed

THD (%) of 1.46 0.25
Isa(A)

(b) 24 sectors fuzzy DTC strategy.

In Table 3 the results obtained in this test are
summarized. Through this table, we find that the
proposed 24 sectors fuzzy DTC method gave better
results than the classical 24 sectors DTC method.

Table 3. Comparison between the proposed DTC

strategies
24 sectors 24 sectors
DTC fuzzy DTC
| Rise Time of | 1.5472e+004 | 1.4755e+004

http://www.sciencepub.net/researcher

6.2 Second test
In this test, the speed is changed from 157—-80—60
rad/s and Cr=5N.M between t=[0.5;1.5].

The main objective of this test is to check the effect of
speed change of DFIM on torque, stator flux, and THD
value of electric current. Obtained results are represented
in Figs 16 to 21. Through these figures, speed, torque,
and stator flux follow the references well for all the
designed 24 sectors DTC controls (see Figs 16 and 18).
Through this test, we note that changing the speed affects
the torque and does not affect the flux. As for the electric
current, its value remains related to the system and the
reference value of the torque (see Fig. 19). The electric
current has a sinusoidal shape for the two 24 sectors DTC
methods.

Fig. 20 shows the sector of the both 24 sectors DTC
strategy of the DFIM fed by a three-level NPC inverter.
On the other hand, the proposed 24 sectors fuzzy DTC
strategy reduced the torque ripples, current ripples and
flux ripples compared to classical 24 sectors DTC
control.

The proposed 24 sectors DTC strategy reduced the
THD value of the stator current compared to the
traditional 24 sectors DTC strategy.

¥ 1]

WDTe 25e0) Yotero “'.&E’

Zoom 2
N
7

~ [ e ~ { e e

R 3

N 1 £
© L $ LT~
0S, L N T . 200 LSOO N O . SN

fime(sec) iime(se)

Fig. 16 Speed.
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The results obtained in this test are summarized in
Table 4. Through this table, we find that the proposed 24
sectors fuzzy DTC method provided better results in
terms of response time compared to the traditional 24
sectors DTC method.
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Table 4. Comparison between the proposed 24
sectors DTC techniques

24 sectors 24 sectors
DTC strategy fuzzy DTC
strategy
Rise Time of 4.0638e+003 3.9651e+003
speed
Overshoot of 164.0748 161.8104
speed
Peak of speed 158.3021 156.9842
Peak Time of 60469 79995
speed
THD value (%) 291 1.79
of Isa(A)

6.3 Third test

In this test, the machine parameters are changed and the
response of torque, speed, stator current, and stator flux is
considered. The effectiveness of the proposed method is
also verified in the case of changing the machine
parameters compared to the classical method. In this test,
the resistance value Rs is changed to 1.5*Rs and with
change, the value of Te from 5 N.m to -5 N.m and this is
in the time t=[0.5 1.5].

The results related to this test are shown in the Figs 22
to 27. Through these figures, we note that torque, stator
flux, and speed closely follow the
references (see Figs 22 to 24). In addition, we note

that the flux is not affected by the change of the torque
reference, but rather is independent of it. Fig. 25 shows
the stator current of the DFIM fed by the three-level NPC
inverter. From this figure, the stator

current has a sinusoidal shape. The sector of the
designed 24 sectors fuzzy DTC strategy and
traditional 24 sectors DTC technique is shown in Fig. 26.
The value of regions for both methods is an incremental
value from O up to 24 on a ladder and then returns to 0
immediately after 24.
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The zoom in the speed, torque, flux, and current is
shown in Figs. 22-25, respectively. It can be seen that the
proposed 24 sectors fuzzy DTC strategy minimized the
undulations in current, torque, and flux compared to the
classical 24 sectors DTC strategy.

Fig. 27 shows the THD value of the current of both 24
sectors’ DTC strategies. It can be seen through this figure
that the THD value is reduced for the proposed 24
sectors fuzzy DTC strategy (0.40 %) when compared to
the classical 24sectors DTC strategy (1.70 %). The
difference between the two 24 sectors DTC techniques
appears in the THD value of the stator current, as noted
that the proposed 24 sectors fuzzy DTC strategy improve
the THD value of stator current about 76.47% compared
to the traditional 24 sectors DTC.
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Fig. 27 THD value of stator current:
(a) 24 sectors DTC strategy, (b) 24 sectors
fuzzy DTC strategy.

The results obtained in this test are summarized in
Table 5. Through this table, we find that the proposed 24
sectors fuzzy DTC method provided better results in
terms of response time compared to
the traditional 24 sectors DTC method.

Table 5. Comparison between the both DTC techniques

24 sectors DTC 24 sectors
strategy fuzzy DTC
strategy
Rise Time of 1.5350e+004 1.3980e+004
speed
Overshoot of 3.8186 0.3054
speed
Peak of speed 163.0076 157.4871
Peak Time of 153123 150498
speed
THD value (%) 1.70 0.40
of Isa

researcher135@gmail.com




Researcher2022;14(01)

http://www.sciencepub.net/ researchel@

7 Conclusion

In this work, two 24 sectors DTC strategies are
designed for controlling the DFIM fed by a three- level
NPC inverter. The strengths of each proposed 24 sectors
DTC strategies compared to the rest are mentioned. Also,
the new intelligent 24 sectors DTC strategy was
embodied using the MATLAB/Simulink software. The
proposed intelligent 24 sectors DTC strategy was
compared in terms of the value of current, torque, and
flux ripples, trace references and the extent of influence
in the case of changing the machine parameters.

Through numerical simulation results, we have
shown the efficiency of the adopted strategy
(intelligent 24 sectors DTC strategy) especially in the
attenuation of the ripples at the current, stator flux, and
torque levels due to the elimination of the traditional
hysteresis comparators. On the other hand, the
proposed intelligent 24 sectors DTC strategy reduced
the THD value of stator current of the DFIM fed by
the three-level NPC inverter compared to the
traditional 24 sectors DTC strategy. The proposed
intelligent 24 sectors DTC strategy provides an
improvement over the traditional 24 sectors DTC
strategy. This improvement is remarkable especially in the
torque ripple, quality of current, rotor flux ripple, value
of THD and the responses dynamic of speed, torque and
rotor flux. The THD minimization can be estimated at
76.47% in the third test compared to the traditional
24 sectors DTC strategy.

Summarizing, the main findings of this research are as
follows:

* A new intelligent hysteresis comparator was presented
and confirmed with numerical simulation.

* A new 24 sectors DTC strategy based on fuzzy
hysteresis comparators was presented and compared with
the traditional 24 sectors DTC strategy.

* Reduce the THD value of current.

* Minimizes the flux, torque, and current ripples.

Appendix

Variable Symbol | Value (unit)
Power Pn 1.5 kw
Frequency f 50 Hz
Pair pole number p 2
Stator resistance Rs 1.75Q
Rotor resistance Rr 1.68 Q
Mutual inductance M 0.165H
Stator self-inductance Ls 0.295 H
Rotor self-inductance Lr 0.104 H
Total inertia J 0.01 Kg.m?
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