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Abstract: This paper proposes Interval Type-2 Fuzzy Gain-Adaptive Pl (IT2FGAPI) controller based on direct field
oriented control (DRFOC), to control the speed of a dual star induction machine (DSIM), to get a robust
performance machine. We use IT2FGAPI for speed control of the DSIM corresponding to adapting the different
gains K, and K;corresponding the different PI logic, Pl of speed, PI of flux and the four PI of currents in a vector
control mode. An interval type-2 fuzzy control system is used to adapt in real-time the controller gains, to generate
the PI controller parameters, he gives a fast dynamic response with no overshoot, robust and their performances are
insensible to parameter variations, at different dynamic operating such as sudden change in command speed, step
change in load torque and some key parameters deviation. The simulations results obtained from MatLab/Simulink
are finally presented and discussed; the obtained results show that the controller in enhancing the robustness of
control systems with high accuracy.
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1. Introduction

Dual star induction machines (DSIM) have been
used in many industrial applications due to their
performances in high power fields and for high-
power applications such as electric hybrid vehicles,
locomotive traction and electric ship propulsion[1-5],
and has many advantages, not only does give
reduced torque pulsation, reduced rotor harmonics
as they can be filtered and power segmentation but
it also requires less powerful electronic components
as the current flowing in a six-phase machine is less
than that flowing in a three-phase machine [4] [6-9].

The field oriented control (FOC) of with a
conventional Pl speed controller is required in
principle by some industrial processes and in
research over the last decade. It is easy to design and
implement, but it has difficulty in dealing with
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parameter variations, and load disturbances [10, 11].
The control objective is to produce of control
decoupled of the flux and the torque of the DSIM
like DC motors [7], [12].

With the problems posed by the variations of the
operating points of the system, the PI controllers
lose their performance and should be badly
regulated, to avoid this, the fuzzy adapts the
parameters of Pl controller by providing optimal Pl
controller settings automatically to measure these
parameters, and these optimal settings of the PI
controller are called nonlinear adaptive PI.

The use of the adaptive type-2 fuzzy control in
the industrial application obviously prevents a heavy
computation burden; it is performance better than
the traditional adaptive fuzzy control [13].

Our purpose in this paper is to introduce an
IT2FGAPI control for DSIM drive system for the
DRFOC approach; the fuzzy inference adjusts the PI
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parameters and adapts the K, and K;during process
control.

The proposed method is applied to dual star
induction machine to control the speed and flux as a
one advanced control strategy, to solve the problem
of the robustness of the speed control of a DSIM by
the determination systematical the gains (K, K; ),
based on the error signal and its first difference, in
the direct field oriented control while guaranteeing
the stability, and ensures robust and their
performances insensible during internal and external
disturbances (Sudden change in command speed,
step change in load torque...) contrary to
conventional regulators.

The main advantage of this adaptation is to
synthesize the six gains corresponding the different
PI logic (PI of speed, Pl of flux and the four Pl of
currents) in the same time and in the same way,
contrary of several researchers and methods in
regards to the adaptation of the gain of a single PI
that of speed, and used the type 1-fuzzy control [14-
16]. The obtained results show the efficacy of the
proposed method by another method [14], because
he gives a fast dynamic response with no overshoot,
robust and their performances are insensible of the
sudden change in command speed, step change in
load torque.

The remainder of the paper is organized as
follows. The system description and modeling of the
DSIM given is Section 2. The vector control by
direct rotor flux orientation is stated in Section 3.
The Background of Type-2 Fuzzy Control Logic is
proposed in Section 4. The section 5 explains the
principles IT2FGAPI for regulate the speed of the
DSIM by the technique of artificial intelligence.
Simulation results used the IT2FGAPI presents in
section 6. Finally, conclusion is given in section 7.

2. Description and modelling of DSIM

The dual star induction machine is composed by
two stars separate with three phases winding fixed
and standard simple squirrel-cage rotor composed
three rotors phases moving. The two stators is
displaced by angle (a=n/6), their axes are shifted
from each other an electrical angle equal to (2 = /3)
with isolated neutrals [7], [17]. Therefore, the
orthogonality created between the two oriented
fluxes, which must be strictly observed, leads to
generate decoupled control with an optimal
torque[3], [18]. The windings of the DSIM are
represented in fig. 1.

The following assumptions have been made in
deriving the machine model [19]:
» Motor windings are sinusoidal distributed.
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* The two stars have same parameters,

* Flux path is linear.

*The magnetic saturation and the mutual leakage
are neglected.

Stator 1

Csz Cr

Figure.1 Representation of the DSIM winding
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The electromagnetic torque of DSIM is given by [9,
15, 17]:
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Jd—Q=cem -C,-K,Q
dt (3)
With:
Lm
Cem = p Lm +Lr |:¢dr (Iqsl+|q52)_¢qr (Idsl+|dsz):|

(4)

2.2 State equation of the DSIM model

The electrical state variables are written at

utilized both for the electrical and mechanical parts
are representing in the following form: dX/dt =
AX+BU

lol=Alpl+BV ]

()

With X, A, B and U represent the state vector,
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system state evolution matrix, matrix of,control and
vectpY ®f the control system respectﬁ’?éiy
We chaege in all the following, the state vector:
U _ Vqsl X _ qul
Vqu @qsz
O godr
0 Dyr
- (6) P ()
| — Pas1 ~ Pind
dsl LSl
| = Dis2 ~ P
ds2 —
From Eq. &2)?, the different currents are expressed as
fq||0w5?’qsl ~ Prng
gsl —
le
_ (pq52 _q)mq
| = Par — Prd
dr I—r
| =P " Pma
qr L
' (8)
We pose:
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3. Vector control
orientation

by direct rotor flux

The principle of vector control consists in
orienting one of the stator, rotor or air gap
components on an axis of the reference frame
rotating at the speed machine .

To simplify the control of the DISM, we are
selected to the rotating field with an orientation of
the flux rotor, since this leads for achieve to a speed
variation where the flux and the electromagnetic
torque are independently controlled through the
stator currents, to assimilate the operating mode of
the asynchronous machine at the one of a DC
machine with separated excitation [20].

The control strategy used to maintain: ¢4= ¢
and ¢qr =0. The Rotor flux Orientation of the DSIM
is represented in fig. 2.
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Figure.2 Rotor flux Orientation

3.1 The final different equations

By applying the orientation of the rotor flux,
consider the rotor flux grer and the torque Cemrer as
control references. The direct axis d coincides with
the vector of the rotor flux ¢, taking into account
the coritiok: plusediles> And pqr =0.

' L, +L,

q)r_Lm
qr = Lqr+|_m ( qsl+|q52)

(14)

Qureplading o 1(14) i Be. (2) we obtain Eq. (15):
(pqsl = ﬂ‘ll gsl + Lrnl qs2
(pdsz = 22' ds2 + Lrnl dsl +77(prref

¢qsz :%Iqu+Lrn|qsl (15)
With:
Lm -
n= L+l v A =L, +l,
Drret :Lm(ldsl+|d52) (16)
L
Ly == (g1 + 12
qr gsl qs2
L, +L, (17)

The relation of the rotor current is:

_ ~Dgiret Prret

qr R

r

By replacing Eq. (15), Eq. (16) and Eqg. (17) in Eq.
(1), we obtain Eq. (18).
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So the torque equation becomes:

I-m
Cemref = p L +|—m (prref (Iqsl+|q52)

r

(20)

This expression of the torque (Eg. (20)) clearly
shows the dependence between the quadrature stator
currents and the reference flux, because of this, we
thys define a new system to decouple the control of
the*torqui¢ ahd tHait of*the flux of this machine by

introducinq new vargables:
ds 2 = Rsz ds 2 + L

SZE ds 2
V . =Rl L d |
gs1 — Ms1lgs1 +L E gsl
V. .. =R_lI L d |
gs2 — "‘'s2 q52+ szd_t qs2 (21)

According to the system of Eq. (21), there is a
liaison between the voltages and the stator currents,
in other words, between flux and torque. Therefore,
in this case, decoupling is very important, following
the vector control of direct rotor flux orientation.

To compensate for the error introduced during
decoupling, the reference stator voltages (Vasirer,
Vads2ref, Vgstref, Vquref) are given by [21]
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Vst =Vast —V asc 32
Vqslref =Vqsl _Vqslc

Visarer =Vasz TV aszc

Voot =V TV gsrc (22)
V is1c = Oues (lelqsl T Dt Oyt )

Vst = Ot (Laalgss + Prer )

V is2c = Ouet (L52|q52 T Dot Oyt )

Vqszc = Wy (Lszldsz t Drret ) (23)

For perfect decoupling, we are added the stator
current regulation loops [22].
Accepting that: lasirer = laszrer @aNd lgsirer = lgsarer.

3.2The Rotor flux estimator

Precise knowledge of the amplitude and the
position of the rotor flux vector are necessary [23],
fodr this purpose a flux estimator is implemented, this

eliminateg the negd Jte wgg, @flux-sensor.
4he rbtot ftux is estimated by the following

gquations: R, o
Lr N Lm drest
A _ R.L,
e e (1 4 ) Oy o~
R,
I_r N Lm wqrest

(24)

The rotor flux modulus is calculated by:

Pt =[Ot + P (25)

The DRFOC is introduced as shown in Fig. 3.

4. Background of Type-2 Fuzzy Logic
Control

Type-1 and type-2 fuzzy logic are mainly similar.
However, there exist two essential differences
between them which are: the membership functions
shape and the output processor. Indeed, an interval
type-2 fuzzy controller is consisting of: a fuzzifier,
an inference engine, a rules base, a type reduction
and a defuzzyfier.
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Figure.3 Direct rotor field orientation control
FP (XX ) =L (X ) F (6]
4.1 Fuzzifier
The fuzzifier maps the crisp input vector (e, e, =[f '] 27)
en)' to a type-2 fuzzy system A, very similar to the
rocedure performed in a type-1 fuzzy logic system. i - —i .
P P yp y logic sy V;VIHEIZEE{ (anglo.. arp Fgl@ep)as:
4.2 Rules
The general form of the in rule of the type-2 £ =M (X)*.x e, (x,) (28)

fuzzy logic system can be written as:
If e;is F'ande,isF' and ...e isF,/,

thanyl :GI | :1,,M (26)

Where: F;j represent the type-2 fuzzy system of the
input state j of the i rule, X1, X2, ..., xa are the inputs,
G' is the output of type-2 fuzzy system for the rule i,
and M is the number of rules. As can be seen, the
rule structure of type-2 fuzzy logic system is similar
to type-1 fuzzy logic system except that type-1
membership functions are replaced with their type-2
counterparts.

4.3 Inference Engine

In fuzzy system interval type-2 using the
minimum or product t-norms operations, the i"
activated rule F'(x,,..., xn) gives us the interval that
is determined by two extremes __f‘ (X1,..., Xn) and f
"Xy, ..., xn) [24]: B
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4.4 Type Reducer

After the rules are fired and inference is executed,
the obtained type-2 fuzzy system resulting in type-1
fuzzy system is computed. In this part, the available
methods to compute the centroid of type-2 fuzzy
system using the extension principle [25] are
discussed. The centroid of type-1 fuzzy system A is

given ?,Z W,

CA _i=1

~ on
W
i-1

(29)

Where: n represents the number of discretized
domain of A, zie R and w;i €[0, 1].

If each zi and w; are replaced with a type-1 fuzzy
system Z; and Wi, with associated membership
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functions of W.(zi) and pw(W;) respectively, by using
the extension principle, the generalized centroid for
type-2 fuzzy system A is given by:

GC, j j .. anz'w_

z,€Z, Wy eW, [

JHTT Y (Z *T! i -1 My ( ):| =

(30)

T is a t-norm and GCx; is a type-1 fuzzy system. For
an interval type-2 fuzzy system:

GC, =]y, (x).y, (x)]
i=1 (3_']_)

4.5 Deffuzzifier

To get a crisp output from a type-1 fuzzy logic
system, the type-reduced set must be defuzzied. The
most common method to do this is to find the
centroid of the type-reduced set. If the type-reduced
set Y is discredited to n points, then the following
expression gives the centroid of the type-reduced set

> iy‘ﬂ(yi)
youtput (X ) =

>u(y’)

(32)

We can compute the output using the iterative
Karnik Mendel Algorithms [26-30]. Therefore, the
defuzzified output of an interval type-2 FLC is:

Y g (X)) :M

Sy, Stiyi (39
yi(x) =5 Yo (x)="%
20 21
With = and =

5. IT2FGAPI strategy

The classic numerical Pl (Proportional and
Integral) the most primitive, simple controller and
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easy to use, for this it is widely used in industrial
control systems. With the problems posed by
changes in system dynamics, their performance may
even lead to system instability and the parameters of
Pl controller should be badly regulated, so cannot
always effectively control systems.

Therefore due to the significant impact of two
parameters (Kp, Ki) and the success of the controller,
they must be determined correctly. To overcome this
drawback, IT2FGAPI Controller is used to tune PI
gains online. The Structure of IT2FGAPI Controller
is presented in Fig. 4 [31].

d

Gain K;;
. . E— ,
adaptive Ky

Type2-fuzzy | 7 1

Kref // /I Out
: P1controller —>| System
Lk

Figure.4 The gain adaptive mechanism of type2-fuzzy

e(t)

\4

5.1 Interval type-2 fuzzy gain adaptive Pl

The proposed control (IT2FGAPI) is an
approach to systematically determine the gains K,
and K;, so that the IT2FGAPI Controller is used to
tune PI gains online where the tracking error and its
first time difference are used to determine control
parameters. The fuzzy tuner has two inputs, error (e)
and error derivative (Ae), and two outputs, K, and K;.

The parameters of the PI controller used in the
direct chain, K, and K;, are normalized into the
range between zero and one by using the following
linear transformations [14] [31, 32]:

KI :(K K min) | (K rax =Ko i)

K _(K Klmln)/(K

imax — "Ni min) (34)

The parameters K, and K; are determined by a
set of linguistic rules of the IT2FGAIP controller
structure, as following:

If e (k) is Ai, and Ae (k) is Bi, then K pis Ci, and Kjis
Di.

Where: A;, Bi, Ciand D; are fuzzy sets corresponding
to e (k), Ae (K), Ky and K; respectively.

The application of the IT2FGAPI control for the
DISM corresponding to adapting the different gains
K, and K; corresponding the different P1 logic, Pl of
speed, PI of flux and the four PI of currents (lgs1, lasz,
|q51 and |q52).
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Figure.5 Block diagram of the IT2FGAPI for the direct rotor field oriented control (DRFOC) approach of the DSIM

The main advantage of this adaptation is to
synthesized the six gains in the same time and in the
same way, in order to maintain the performances
static and dynamic desired of the variable speed
during internal and external disturbances, while
guaranteeing the stability and the robustness of the
control of DSIM.

The block diagram of the IT2FGAPI for the
DRFOC approach of the DSIM is shown in Fig. 5.
When K, and K| are obtained, K, and K; of the
regulator Pl are calculated from equation:

Kp :(Kpmax _KPmin)K;I) +K

K, =(K _Kimin)Kil+K

P min

i max

i min (35)

The membership functions for the inputs ej and Ag;
are defined in the range [-1, 1] and chosen to be
triangular identical shapes as indicated in Fig. 6.
They are quantized into seven levels represented
by a set of linguistic variables defined as follows:
(NB): negative big. (PM): Positive medium.
(NM): negative medium.  (PB): Positive big.
(NS): Negative small. (PS): Positive small.

1

NB NM NS ZE PS PM PB
T 3

ej and Ae;

Figure.6 Type-2 fuzzy Membership functions of inputs e;
and Ae; (j=1, 2, 3, 4, 5, 6) for different PI
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The membership functions for the outputs K and
K ijare defined in the range [0, 1] as indicated in Fig.
7, Kij is the value K corresponding to the different
PI, for example, Kz correspond to speed.

They are quantized into two levels represented
by a set of linguistic variables defined as follows:

= =

B

0.2 /
| |
| |
r r

o 0.2 0.4 0.6 0.8 1

K’y and K’jj

Figure.7 Type-2 fuzzy Membership functions of outputs
K and Kijj (j=1, 2, 3, 4, 5, 6) for different Pl

Table 1 and table 2 shows the linguist rules for
K s and K jj used in the IT2FGAIP Controller [14].

Tablel: Fuzzy rules base for K [14]

e
Aé\j\{l NB | NM | NS | ZE | PS | PM | PB
NB|[B|B|B|B|B|B]|B
NM| B | B |B|B|B|B|S
NS|Ss| s |[B[B|[B]|S]|S
ZE|s| S |s|B|s|s s
PS|s| s |[B|[B|[B]|S]|Ss
PM| S| B |B|[B|B|B]|S
PBE|B| B |B|B|B|B|B
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Table 2: Fuzzy rules base for K'ij [14]

e
Aéjj\\ NB | NM | NS | ZE | PS | PM | PB
NB|B| B |B|B|B|B|B
NM| B[S |s|[s|s]|s|B
NS[B|[B|S|S|Ss|B|B
ZE|B| B [B|S|B| B |B
PSITB|B|S|S|Ss|B|B
PM|{B| S |S|S|Ss|s|B
PBE(B | B |B|B|B|B|B

The processed surface is shown in Fig 8 and 9:

Figure.8 Surface for the gains Kj;

Figure.9 Surface for the gains Ky

6. Simulation results

Several simulations were carried using the
Matlab and Simulink® software the speed and flux
regulation of 4.5 Kw dual stator induction machine,
the simulation results obtained are presented and
discussed.

The nominal load disturbance torque (15 N.m) is
suddenly applied at 3sec, followed by a reversal of
speed from 300 rad / sec to 1.5 sec up to -300 during
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a period of 2 sec and after it is fixed a -300, while
the other parameters are held constant.

Following figures shows (10-15) the simulated
responses of speed, electromagnetic torque, d-g axis
rotor field, d-q axis stator currents, and gains K, and
Ki for speed and flux respectively.

Figures (10 and 11) show that, the speed reaches
its reference value at 0.5 s without no overshoot and
with a negligible static error, the electromagnetic
torque at starting exceed a value equal to 55N.m.
The excellent dynamic performance of torque
control is represented in figure 11, the reversal
speed of (300, -300 rad/s) leads at the torque
response reversal. At 3s, a -15Nm load disturbance
is applied; we have a positive influence of the
couple that increases to keep the speed follow its
reference value.

The decoupling of torque-flux is maintained in
permanent mode.

In the present study, an integral squared error
(ISE), integral absolute error (IAE) and integral
time-weighted absolute error (ITAE) are utilized to
judge the performance of the controllers. ISE, IAE
and ITAE criterion is widely adopted to evaluate the
dynamic performance of the control system. The
index ISE, IAE and ITAE is expressed as follows
[33]:

.
ISE = [e?(t) dt
0

(36)
IAE = }|e(t)| dt
i (37)
ITAE = ]t|e(t)| dt
k (38)

For quantitative comparison between two
methods, ISE, IAE and ITAE are used as the
criterion.

Table.3 shows the ISE, IAE and ITAE values of
the simulation results using the fuzzy type-1
adaptive control proposed in [14] by Meliani et al
and the proposed IT2FGAPI Controller. From the
comparison, it can be seen that the performance is
improved when using the proposed IT2FGAPI
controller as compared to the fuzzy type-1 adaptive
control proposed in [14]. Actually these
performances index are obtained at the end of the
simulation time (T=5 sec) with a sampling period
h=10"*.
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Table.3 Quantitative comparison between the proposed
IT2FGAPI Controller and the fuzzy type-1 adaptive
control proposed in [14]

ontrollers | Control proposed | Proposed
Index py Meliani et al IT2FGAPI
in [14] Controller
ISE Speed 18800 15040
flux 0.284 0.220
IAE Speed 94.714 75.774
flux 0.405 0.3604
ITAE Speed 20.586 16.486
flux 0.1546 0.075

The controller

IT2GAIP

rejects the

load

disturbance very rapidly and with a negligible
steady state error, we can see the response of the
proposed IT2FGAPI fast and robust from the point

of view load variation.

400 13 13 13

~—— Mesured speed
300 T
~ Ref speed

200

/

A\

100

-100

N
\

Machine speed (rad/s)

-200

-300

-400

1.5 2 2.5

Time (s)

Figure.10 Simulated results of Speed response

60

Torque

Cr

Ll

ZOIw

Torque (N.m)

-20

-40
o

0.5 1

Time (s)

Figure.11 Simulated results of Torque under a load

International Journal of Intelligent Engineering and Systems, Vol.10, No.4, 2017

Cr=15N.min 3s

1.5

0.5

Flux (Wh)

37

ﬂ o e ||
i,

I

um
M“\M” :

|
I

J

|qsl: Idsl

Time (s)

Figure.12 Simulated results of rotor flux

20
— Idsi1
15 — Igsl [T

10 |
) A
o I J\Luwk}‘hmk1‘Hw‘ﬂ}mlww“: ;1;\ i il Rl L
-5
10
-15
-20
(o] 1 3 4

Time (s)

Figure.13 Simulated results of currents stator (Igsl, Idsl)

under a load Cr=15 N.min 3s

I 111 T

05 1 15 2 25 3 35 4
Times (s)

(@)

248

246 }

244 |H

11

242

Kpl

—

0.5 1 15 2 25 3 35 4
Times (s)

(b)

Figure.14 Simulated results of adaptive gains Kii (a) and

Kp1 (0)

DOI: 10.22266/ijies2017.0831.04



Received: January 19, 2017

9.2

9

8.9

8.8

& a7 ITTTH AT
|
8.6 ‘
(i |
8.5
8.4
8.3
0 0.5 1 15 2 25 3 35 4
Times (s)
()
N A
2.38 T I I I I I I
2.36
2.34
I I
o ‘ LTI
23 I
N |
X 228
2.26
2.24
222 ‘H ‘
22
0 0.5 1 15 2 25 3 3.5 4
Times (s)
(b)
Figure.15 Simulated results of adaptive gains Kj; (a) and
Kpz (b)

7. Conclusion

In this paper, the speed and flux control of the
DSIM machine is simulated in MATLAB/Simulink
by the use of IT2FGAPI control for the direct rotor
field oriented control approach for DSIM drive
system.

The simulation results have confirmed the
efficiency of the IT2FGAIP controller and
presented satisfactory dynamic performances, robust
and assures global stability, it allows to have fast
response without overtaking, settling time in speed
response minimize and best disturbance rejection,
for parameter variations and the external
disturbances (sudden change in command speed,
step change in load torque).

Finally, The IT2FGAIP controller is considered
a major step in the evolution of intelligent control,
no for the DSIM but for all types of machine. In the
future work the experimental implementation of the
proposed control scheme will be addressed.

Appendix

Table 4: Nomenclature.
Vs, Vs, Var, | Stator and rotor voltages d-q axis
Var components
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las , lgs, lar, | Stator and rotor currents d-g axis
lor components
@s, Pr stator - rotor flux
@d, ¥q Stator flux d- g axis components
s, Wy stator and rotor pulsation respectively
wsref, ref | Stator and rotor pulsation references
respectively.
Orref rotor flux control reference
@drest , Parest | rotor flux d- g axis estimated
Rs, Ry Stator- Rotor resistance
Cr Load torque
w Mechanical speed
Wolref Sliding speed reference
Cem Electromagnetic torque
Cemret Electromagnetic torque reference
Ls, Lr Stator- and Rotor inductance
respectively
Lm Mutual inductance
J Total inertia
p Number of pole pairs
Ky Friction coefficient
Kp, Ki Proportional and  integral  gains
respectively
e, Ae Error and error derivative respectively
Table 4: DSIM motor parameters
Item Symbol Data
DSIM Mechanical Power Puw 4.5 kW
Nominal Voltage Vi 220V
Nominal Current In 6.5A
Nominal speed n 300 rad/s
Pole pairs number p 1
Stators resistances Rsi= Rs2 3.72Q
rotor resistance Ry 2129
Stators self inductances L= Ls 0.22H
rotor self inductance L, 0.006 H
mutual inductance Lm 0.3672 H
Moment of inertia J 0.625 kg.m?
friction coefficient Ky 0.001Nms/rad
Nominal Frequency f 50 Hz
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