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The control of the doubly-fed induction motor is a complex operation because of this motor characterised
by a non-linear multivariable dynamics, having settings that change over time and a significant link between
the mechanical component and magnetic behavior (flux) (speed and couple). This article then proposes a hew
strategy of a robust control of this motor, which is decoupled due to the stator flux’s direction. The proposed
control is integrated with the backstepping control which based on Lyapunov theory; this approach consists in
constructively designing a control law of nonlinear systems by considering some state variables as being virtual
commands, and the important branch of artificial intelligence type-2 fuzzy logic. The hybrid control
backstepping-fuzzy logic consists in replacing the regulators applied to the backstepping control by regulators
based on type-2 fuzzy logic. This control will be evaluated by numerous simulations where there is a parametric

and non-parametric variation.
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1. INTRODUCTION

Asynchronous machines are the most used in
industrial sectors due to low cost, reduced mass,
robustness, simple construction and minimum
maintenance, although these require internal
structures and more complex control strategies [1],
[2].

A three-phase asynchronous machine wound
rotor supplied by two voltage sources, one at the
stator and the other at the rotor, has been the subject
of numerous investigations. This device is known as
a doubly fed induction motor "DFIM" [3], have
recently been published. The latter is a great
alternative for high power and variable speed drives,
thanks to the development of power electronics
equipment and the appearance of new control
approaches. The benefit of such devices is that they
operate at a relatively low speed. Another advantage
of employing these machines is the ability to provide
multiple control techniques by combining DFIMs
with static converters. The variable frequency rotor
circuit power supply makes it possible to deliver a
fixed frequency to the stator even in the event of a
speed variation. This operation presents the doubly
fed induction motor as a serious alternative to
conventional synchronous machines in many electric
drive systems [4].
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Despite its many advantages, the doubly fed
induction motor control remains one of the most
difficult compared to that of a direct current
machine, because its mathematical model is
nonlinear and heavily coupled, the polar opposite of
its structural simplicity. The vector controls enable
dynamic performance equivalent to that of the direct
current machine in order to achieve decoupled
control of the induction machine through the
application of appropriate marks. However,
experience has highlighted some weaknesses of this
method in the face of disturbances due to
uncertainties in the parameters, whether they are
measured, such as the speed of the motors, or that
they vary during operation, such as the resistances of
the rotor and the stator [5], [6].

Such drawbacks have pushed researchers
towards the development of nonlinear control
techniques; we can non-exhaustively distinguish the
sliding mode control which boomed at the end of the
seventies when "Utikin" introduced the theory of
sliding modes [7], [8]. Other researchers have been
able to design other comparable controls on the
performance side, in this case the backstepping
control. M. Krstic and P. V. Kokotovic [9], [10],
proposed approaches on types of parametric
nonlinear triangular systems that used changes in
dynamic variables and a Lyapunov function. In
general, the principle is to use some state variables
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as virtual controls and develop intermediary control
laws for them to construct the nonlinear system’s
control rule [11], [12].

On the other hand, over the past 20 years, there
has been a substantial advancement. In fact, a brand-
new discipline called artificial intelligence has
emerged as a result of the development of unique
approaches including fuzzy logic, neural networks,
genetic algorithms, and others. The limits of
conventional techniques can be overcome and
system control can be improved thanks to artificial
intelligence techniques [13].

One of the most important branches of artificial
intelligence is fuzzy logic. The theoretical bases of
this logic were established in 1965 by Professor Lotfi
Zadeh at Berekley University in California, who
introduced the notion of the fuzzy set [14], [15]. This
makes it possible to obtain an often very effective
adjustment law without having to carry out in-depth
modeling. The fuzzy logic regulator, unlike a
standard or state feedback regulator, does not deal
with a well-defined mathematical relationship,
instead relying on inferences based on linguistic
variables. As a result, the experiences of the
operators of a technical process can be taken into
account. One of the most often utilized methods for
strengthening control, resilience against parametric
and nonparametric variation is fuzzy logic [16], [17].

In light of what has been said, the last few years
have seen the emergence of a certain trend towards
combining different control techniques with fuzzy
logic to achieve higher performance controls taking
advantage of the advantages offered by each. The
main objective of this article is to combine type-2
fuzzy logic with backstepping control. This
association will be exploited to improve the dynamic
responses of the DFIM.

2. DOUBLY-FED INDUCTION MOTOR
MODEL

A fifth-order DFIM that incorporates both the
electrical and mechanical dynamic is provided as
[13], [17] based on the suppositions of a linear
magnetic circuit and equal mutual inductance.

. 1 M
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. 1 M
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The electro-magnetic equation is given in the
following manner:

Cem = PL%((psq[rd - (psd[rq) (2)
Where: L; and L,: cyclic inductors, M: maximum
mutual inductance, f: coefficient of friction, J:
moment of inertia, P: number of pole pairs, Q: rotor
speed, C,: resistive torque. Rotor and stator are
indicated by the subscripts r and s, respectively.

2.1. Field oriented transformation
The principle of stator flux orientation in direct
park transformation is illustrated in Fig. 1 [3], [13],
[17]. The state vector representations for the fixed
stator coordinate (a, b) and the frame (d, q), which
rotates with the rotor, are transformed in this control
technique to produce an approximately linear and
decoupled control system.
bB Ws (A) : Stator phase
(a) : Rotor phase
(dq) : Park landmark

Fig. 1. Direction of stator flux on axis d

By selecting a (d,q) frame of reference
associated, given the revolving stator area and the
capability of using the d axis to align the stator flux
vector, this consequence in: g4 = @, and @y, = 0.

Assuming that the electric community is steady,
the resulting value is the ¢, constant. Furthermore,
the stator resistance can be disregarded. Based on
these factors, we reach the following results: Vy,; =
0, Vs = Vs and Vg = Vs/ws.

The adaptation of the above equations to the
simplifying hypotheses results in:

I, =9 _ M
sd Lg Lg rd
E, ©)
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2
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The Backstepping approach, which we will apply
to the control of the DFIM, is based on the principle
of the orientation of the stator flux. The model of the
machine, equation 1, in the reference (d, q) is given

by:
M
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3. BACKSTEPPING DESIGN

The backstepping control is a nonlinear synthesis
technique while it’s far tough to use the direct
lyapunov technique. It is an issue to begin with
deciding on a lyapunov function for the primary
subsystem and growing it because the numerous
successive subsystems have stability, should
ultimately seem as having a global Lyapunov
function that stabilizes the overall system [13], [17].

The first step is composed in figuring out the
errors z, and z, which respectively constitute the
mistake among the actual speed Q and the reference
speed Q,.; in addition to the rotor flux modulus ¢4

and the reference one ¢!
Zy = 'Qref QO
_ ref (6)
- (psd - (psd
The derivative of the error is given by:
. . 1 M
Z1 = Qref + _(PL_(psdqu +fQ+ Cr)
° (7

(p::;f (TMS Ird - Tls(psd + Vsd)
The primary function of Lyapunov is defined as:
v =3 +23) ®)
Then, the derivative of (8) is calculated as:

. . 1 M
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The stabilizing functions are chosen as follows:

ref __
I‘l"q - pM(p (k121 + Qref + Q + ])

(10)
e = (kzzz + g = Ve + <Psd)
Where: k, and k, are positive constants After that,

equation (7) can be expressed as follows:
zy = —kyzy

22 = _k2Z2 (11)
And v,, equation (9), given by:

The second step, two new errors of the current
components provided by:

z3=1 —1

NP (13)
Z4- = rd ITd

Where: Irrf;f = _mﬁ; (k121 + Qpep + - Q+ )
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The derivative of equation (13) gives us
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In the Step 3, the equations obtained in step 1 and
step 2 of the backstepping method is used to define
the control laws by the following expression:

Vsd

v, =%(212 +zZ + 22 + z3) (15)
Thus the derived from the final function of

Lyapunov is:

1)2 = le.l + Zzz.z + Z3Z3 + Z4Z4 (16)

This equation can be rewritten by:
7}2 = Z]_Z.l + ZzZz + Z3 (k3Z3 + j:;f - nl -
1 ref 1
O'_Lrqu) + 2y (k4Z4 +1rg —my - -y rd) 7)
We choose the command as follows:

Vrfff = O'Lr(k3z3 + I}rf;f - 771)

Vil = ol (kaza + 175" —12)
The choice of k; > 0 and k, > 0 can be made

such that v, < 0. Equation (14) can be expressed as:
Z3 = —ksz3

(18)

o (19)
Zy = —kyz,
The matrix form of the errors is given by:
PM@sq

Z; —ky 0 JLs 21

Z 0 -k Ml |z

ZZ = ’ 0 Ts|* Z; (20)

3
Z4 0 0 —ks 0 lz,

0 0 0 —k,
The stability is obtained if only good choices of
the gains k;.

4. HYBRID CONTROL BACKSTEPPING-
IT2FLC

4.1. Interval type-2 fuzzy logic system

The type-2 membership function pz(x) that
describes a T2FS in the universal set X is indicated
as A. A is also known as a secondary membership
function (MF) or secondary set, which is a type-1 set
in [0, 1] [18 - 21].

A= [ o120/ @) = [y | Lo S @/@] /

) Jec[01] (21)
Where:

fiw) =1,vuej, <[0,1],vx € X.

The secondary MFs are interval sets that qualify
as interval type-2 MFs for pz(x) [22]. Consequently,
T2FS A can be written as follows:

A= [ o120/ @) = [y Lo, /@] /
®)_ Je<[01] (22)

The defuzzifier block in a TIFLC is replaced by
the output processing block in a T2FLS, which
comprises of type-reduction and defuzzification. The

main structural distinction between a T2 FLS and a
T1 FLS is this [22].

Rules

Outputs processing

Inputs

Inference

Fuzzy mputs Fuzzy outputs

Fig. 2. Structure of T2FLS [18]
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We only consider singleton input fuzzification
throughout this paper. Similar to T1FLS, the firing
strength in (23) can be obtained by following firing
strength F inference process:

F' = [lxex [HZ=1 #F‘Ii(xk)] (23)
Where:

[T the meet operation and [[ the join operation
are both present [22].

The upper MF and lower MF are subsets with the
highest and lowest membership grades, respectively,
for the Gaussian IT2FS depicted in Fig. 3. The result
of meet operations using the maximum value are
merged by the join operation in (23). The operation
can result in an interval type-1 set [23] that looks like
this:

Fi=fif] (24)
With:
fiand f' are given as:

zi = EF{(xl) X ... X EF{;(X")

Ft = B () X o X Ty ()

Ensemble flou type -2 intervalle

(25)

1
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.
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u}

X

Fig. 3. Fuzzy type-2 Gaussian set for intervals

Type reduction bay recommended According to
Karink and Mendel's use of the center of set
approach in (24): [22 - 24]

Yeos () = [yi(x), yr(x)]

(26)
As a result, [24] can be used to express the left-
most point y; and the right-most point y,..

oMol

) = émlilfll
i=171 (27)

r Mo

The defuzzified crisp output of an interval type-
2 FLS is the average of:

Y(x) — YI(x)';yr(x) (28)
4.2. A DFIM’s Backstepping-interval type 2 FLC

The design of a new nonlinear drive for a doubly
fed induction motor is described in this section. To
increase the robustness of the suggested control, a
type-2 fuzzy controller and the Backstepping control
method are used in its construction. We demonstrate
that the trajectory tracking dynamics are
asymptotically stable using Lyapunov’s stability
theory. We use the control by stator flux orientation,

1
Lty Symepyprom ffle[il-fl] ffME[f’”’fM] S, 1
B st

which has the benefit of separating the flux and
current, in order to simplify the control. In order to
replace the gains of the rules of the backstepping
command, by an input (the error between the
measured value and their reference) and one output,
the gain k;, this method uses a type-2 fuzzy
controller.

4.2.1. A DFIM type-2 fuzzy controller is being
developed
In what follows, the regulators are replaced by a
fuzzy regulator to obtain a robust and efficient

control. A equivalent control (uqu) that depicts the
state trajectory along the difference between the
measured value and the reference value, regulator
based on fuzzy logic (u,) are contained in this
interval type-2 FLC backstepping control (IT2FBC),
figure 3, proposed by the following equation:

Wr2rBec = Upy + Ur (29)

variant
control

\ 4

Fig. 4. Schematic of hybrid control
backstepping-type-2 FLC

Where:
u, is the fuzzy control (interval type-2 FLC), is a
constant that has been chosen to satisfy the
robustness criterion; The following section offers the
mathematical justification for this control.
U = kpup;  up = IT2FLC(e) (30)
Where:
The output variable's normalization factor is k, and
the IT2FLC's output, ug, is produced by normalizing
e.

Given the following equation, the hybrid control
backstepping-type 2 fuzzy controller (IT2FBC)
created in this work:

ref _
Lg = Up, TUr =

— JLs s £ &
Uirg = 7 pMos (Qref IO+ ) (31)
JLs
S k
Uy pM(Psd( fuf)

4.2.2. Proposed interval type-2 fuzzy logic control

The current error is the variation in currents
between the reference value and the measured value,
serves as the fuzzy system’s first input while the
error derivative of the latter serves as its second
input. Figures 5 and 6 display the input error (e) and
derivative error (é) fuzzy type-2 membership
functions.

Five language labels are used to identify the
entries: NB (Negative Big), N (Negative), ZE (Zero),
P (Positive), and PB (Positive Big). All labels' MFs
are set to be Gaussian for the inputs.
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-1 -DTS -06 -074 -072 a 072 074 DTB 08 1
Fig. 5. Interval type-2 membership function
for input e

Fig. 6. Interval type-2 membership function
for input é

If we have five values for the error (e) and five
values for the derivative of the error (é), we will
require 25 rules to account for all potential inputs. In
a table, these are typically written as follows:

Table 1. For type-2 FLCs, fuzzy rules.

e(t)
Control - —\ g Z P PB
NB__NB__NB N N Z
N NB N N Z P
ét)  Z N N Z P P
P N Z P P PB
PB 7 P P PB__PB

Figure 7 displays the output (u,) discontinuous
control's membership functions.

ref

+

+ k

* K 4
-1 L—»| Type2FLC e 7
Q . g
(p;ef TS .ref 1 rﬁ

—_>®'> M (kzzz + Psq —Vsa +F(Psd> »

s +

+

Ps

Fig. 7. Membership function for output

Figure 8 provides the diagram of the type-2 fuzzy
backstepping control (IT2FBC). Obtaining the

currents of I/¢" and 15", which constitute the
dummy control, is the control’s first step. The new
errors z; and z, cause the error between these
references and the true quantities of the currents.
Finally, to ensure the machine’s stability, we tend to
alter the control laws ¥ and V' from equation

(18).
5. SIMULATION RESULTS

This step’s goal is to operate the hybrid type-2
fuzzy backstepping control to regulate the doubly
fed induction motor with stator flux orientation.
Different tests will be applied to show the
performance of this control, namely, the variation of
the torque, speed and the parametric variation rotor
resistance. Parameters of the DFIM used is in [3].

5.1. Machine operation during torque variation

Figure (9) illustrates the behavior of the DFIM
under load after an empty start. At the instant t =
1.5s, we apply a load of value C, = 15N.m.
Considering the results obtained, we notice that the
torque responds quickly to compensate the load with
a negligible influence on the speed. The flux always
remains constant, which explains the decoupling
between the flux and the torque.

1<
hin

Vref
ref rq _»
aLr(kSZS + Irq — '71) ° “
2 s 1)
sEl 25
Q f E >
Iref Vref Mo =
rd o,
f
oL (kszs+ 17y — 1) 2 =
Ird Br
A A
Park Transf.
(Pslor \ S
A T t

Network

Fig. 8. System block diagram of the IT2FBC of the DFIM
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5.2. Machine operation when varying the speed 5.3. Machine operation during R, variation

Figure (10) represents the evolution of the In a figure (11), the simulation results are
characteristics of the DFIM during the variation of compiled. In this test, the rotor resistance was
the direction of rotation. At the instant ¢t = 1.5s, the increased by +100% of its nominal value between
direction of rotation of the machine is reversed by (- timest = 1.5sand t = 2.5s.

157rad/s) and at the instant t = 2.5s the machine is
spinning at a low speed of 50 rad/s.

150 ¢
150 —F
_ / — 100
Q) 3
= ;
£ 100 £
L8]
al :
@ 50 P
0" - -50 - -
0 1 2 3 4 0 1 2 3 4
Time (s) Time (s)
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Fig. 9. Simulation results of IT2FBC of the DFIM with during torque variation
200
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E \ z \ |
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Fig. 10. Simulation results of IT2FBC of the DFIM when varying the speed
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Fig. 11. Simulation results of IT2FBC of the DFIM when varying the rotor resistance

6. CONCLUSION

In this work, to improve the responses generated
by the doubly fed induction motor, we have
presented a new control law using the backstepping
technique (based on stator flux orientation) and
interval type-2 fuzzy logic. The hybrid control type
2 fuzzy-backstepping consists of replacing the
regulator of speed applied to the backstepping
control by regulator based on type-2 fuzzy logic.

The simulation results obtained for the various
robustness tests (variation in the torque, variation in
the direction of the speed, variation in the rotor
resistance) clearly show the insensitivity of this new
control, it can be seen that the speed follows its
reference value without overshoot and the
application of resistive torque hardly affects the
desired rotational speed with a response time of 0.3s.
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