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The combination of neural networks and fuzzy controllers is considered as the most efficient approach
for different functions approximation, and indicates their ability to control nonlinear dynamical systems.
This paper presents a hybrid control strategy called Neuro-Fuzzy Sliding Mode Control (NFSMC) based
on the Brushless Doubly fed Induction Generator (BDFIG). This replaces the sliding surface of the
control to exclude chattering phenomenon caused by the discontinuous control action. This technique
offers attractive features, such as robustness to parameter variations. Simulations results of 2.5 KW
BDFIG have been presented to validate the effectiveness and robustness of the proposed approach in the
presence of uncertainties with respect to vector control (VC) and sliding mode control (SMC). We
compare the static and dynamic characteristics of the three control techniques under the same operating

Sliding Mode Control conditions and in the same simulation configuration. The proposed controller schemes (NFSMC) are
Vector Control effective in reducing the ripple of active and reactive powers, effectively suppress sliding-mode
chattering and the effects of parametric uncertainties not affecting system performance.
doi: 10.5829/ije.2020.33.02b.09

NOMENCLATURE

Vops Voo Vi Stator and rotor d-q reference frame voltages Ry Ry, Ry Rotor; PW, PC resistances

Isp, Ise) I Stator and rotor d-q reference frame currents Tem Electromagnetic torque

Rgpo Ry, Ry Stator winding resistances Abbreviations

Ly Loy, Lgc Self-induction of PW and rotor winding DFIG Doubly Fed Induction Generator

Limp Mutual induction between PW and rotor BDFIG Brushless Doubly Fed Induction Generator

W, Wy, Wy, Stators synchronous angular frequency NFSMC Neuro-Fuzzy Sliding Mode Control

P, P, Pole pairs SMC Sliding Mode Control

Lme Mutual induction between CW and rotor Pl Proportional Integral

P, Qsp Active and reactive powers VC Vector Control

Yser Yspr Yy Stator and rotor d-q reference frame fluxes ANFIS Adaptive Neural Fuzzy Inference System

1. INTRODUCTION

led several countries to initiate national and international
programs intended to produce electrical energy from

The renewable energy market has grown considerably in renewable resources [1].
recent years. The intensive consumption of electrical The double Fed induction generator (DFIG), the most
energy and the increase in the price of hydrocarbons have useful model for the use of wind energy, is undeniable.

However, because of the presence of a slip ring and
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brushes that require more control and maintenance; its
application in hostile environments is limited [2]. Thus,
the emergence of Brushless Doubly fed Induction
Generator (BDFIG) has made it possible to offset the
many disadvantages of conventional electrical machines,
such as brushes and slip ring systems [3].

The BDFIGs offer an alternative for wind power
generation due to their lower capital, operating costs and
higher reliability compared to dual power induction
generators. The stator of this machine comprises two sets
of three-phase windings with a different number of poles,
a power winding (PW) and a control winding (CW) [3].

To ensure the conversion of wind energy, several
control strategies have been proposed in order to properly
control the exchange of power between different
elements of this system. Vector control, based on the
classic PI controller is traditionally used for the control
of the active and reactive powers of the BDFIG [4-6].
However, the main drawback of this controller is that its
performance strongly depends on the parameters of the
drive. Known for its robustness and simplicity of
implementation, the Sliding Mode Control (SMC) has
been widely used to control a large class of nonlinear
systems [7-10].

This control law represents a drawback resided in the
use of the sign function in the control law to ensure the
transition from the phased approach to that of sliding.
This gives rise to the chattering phenomenon, which
consists of sudden and rapid variations in the control
signal, which can excite the high frequencies of the
process and damage it. Indeed, to remedy the drawback
of this phenomenon, several works have been performed
[11-15].

Artificial intelligence methods have been combined
with sliding mode control-to-control non-linear systems
with uncertainties and at least to eliminate the chattering
phenomenon. Fuzzy logic control [16,17] is often used in
complex systems to overcome the limitations of
conventional mathematical tools. It nevertheless has
limits, in particular on the accuracy of the information
expressed in natural language, thus presenting a certain
margin of instability. Fuzzy sliding mode controller
(FSMC) [18] was designed to control the reactive and
active powers of the BDFIG. The main drawback of
FSMC is the lack of systematic methods for designing
fuzzy and functional rule, Lyapunov methods [19].
Although this method reduces chattering, but the
controller becomes continuous and the SMC
characteristics, such as convergence, robustness, cannot
be achieved and steady state errors may occur.

To overcome these drawbacks, the current trend is to
integrate these tools into hybrid architectures to take
advantage of the fuzzy logic and neural networks. The
use of a fuzzy neural network offers the possibility of
modeling a priori knowledge and linguistic decision rules
obtained by experts in the field [20-25]. Various studies

show that the ANFIS Neuro-fuzzy system, known as
adaptive networks based on fuzzy inference, is able to
quickly learn the behavior of a system with precision, and
is even better than the other methods.

The NFSMC controller is proposed in this paper to
regulate the active and reactive powers of a BDFIG.

2. MODELING OF THE BRUSHLESS DOUBLY FED
INDUCTION GENERATOR

A BDFIG is depicted in Figure 1. The BDFIG dynamic
equations in the reference d-q form can be written as
follows [3]. The expressions for stators, rotor voltage
and flux equations are given below.

2. 1. Stator Voltage Power SP
ap?
Vip = Rsplip + 2+ wpipdy

d
Vd = Rl + 252 o, 8
sp splsp T ¢ pW¥sp

()

2.2.Rotor Voltage

q
0 =R + %05 4 w,pf
)
ayf
0=R ¢+ =5 — w !

2. 3. Stator Voltage Control Power SC

g
Vsz = Rsclsqc + at + wcwgc
3

dwgc q
- wclpsc

ng = Rsclgc + dt

2. 4. Stator Power Magnetic Flux
wgp = Lsplgp + melg

lpgp = Lsplgp + mel,‘}

(4)

> ° Stator N°2
! ) As,

Stator N°1

Figure 1. Configuration of a BDFIG
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2. 5. Rotor Magnetic Flux
P = Lol 4 Ll + Linp I3,
Y = LIt + Lincl& + LinplS, -
Wie = Lsclfe + Linc I}
e = Loclge + Linc I
The stator active and reactive power can be written
according to the stator currents as:

3
Py = E(nglgp + nglgp)

3 g . (6)
Qsp = 2 Vsplgp - nglsp)
The electromagnetic torque is given by:
3
Tem = 5 (Bo- L (Usp- I = I5p-17) + Pelime (s I =5y

1£.11))

3. VECTOR CONTROL STRATEGY OF BDFIG

The objective of the vector control (VC) of BDFIG is to
obtain a decoupled control of the active and reactive
powers as in DC machines [6]. The vector control of
BDFIG consists of making:

1»[)sp = 1»[)sp ¢fp =0 (8)
The stator flux equation of the winding power becomes:

0 = Lopldy + Linpl}

d d d (9)
Ysp = Lsplsp + Linp Iy
By neglecting resistances of the stator phases, the stator
voltage will be expressed by:

Vig =0
\ (10)
Vsp = V;p = wgp Wsp
From Equation (10), Equation (6) becomes:
—3(y454
Psp - E(Vsplsz))
, (11)
Qsp =3 (ng)[sdp)
The rotor currents by:
q _ “lmp 1q
Isp - Ls: Ir
12
Id _ '(pgp_l‘mplg ( )
sp Lep
Iq — ¢g_me-1sqp_meIgc
r Ly
(13)

Id _ '(pg_me-Isdp_melgc
r Ly

We replace the expressions of the currents in Equation
(12) we find:

1% -L —Lmpl
q mp \ _ “Lmp g mplme 1q
Isp (1 - ) l/)r + Isc

LspLy - LgpLy LspLy (14)
d 2 — d d d
Isp (Lser - me) - Lrlpsp - melpr + memeIsc

After simplification, we obtain;

14 = ~Lmp qa, LmpLlmec 1q
SP T L L.—L2 T Lo Lo —L2 sc

sp-Lr—Lmp sp-Llr—Lmp
& =—tr __yd __Imp_ ydy (15)
P Leply=Linp P LspLr—Linp * "
Lmp-Lme 14
Lsp Ly—Liny, ¢

where:
_ Lmplmc _ Lmclgp _
61_ —_2 92— 2 v63_LSC_
LspLy—L3np LspLyr—Linp

Lg‘ersp
LspLr=Linp (16)

L L
54— = wipz 165 = i 2

LspLyr—Linp LepLy—Linp

The stator active and reactive powers can be written
according to the stator currents as:

Pop = 2V [=85p) + 811%]
A7)
3
Qsp = ;ng [65¢gp - 64-1/)1‘”1 + 611gc]

We replace the expression of the current (I2,17) of
Equation (13) in Equation (5), we obtain:

ng_meIgp_LmEIgE)

l/)sqc = Lsclsqc + Linc ( L

(18)
wg—melsdp_melgc>

lpgc = Lsclgc + Linc ( L

We put the current expression (15, 1, )of Equation (15)
in Equation (18), we obtain:

Ly '//“—Ln[ o _ypy e |“]
' P 2 2 s
V/sqczlﬁclsqc+ L'E Lsp'Lrime Lsp'Lrime

Ll (19)
d Lr d L'“P d L’“D'Lmﬁ d
- | | [
V/i:l_ﬂ|i+% " me[LSp'Lvanpwsp Lsu‘erLfnp% JrLsp'l-rfl-fnp sc]
7me|suc

Finally:
Vg = 8315 + 8,
lpgc = 531;15 + 62‘!’1‘} - Sllpgp

We put the expression of the flux (1, p& ) in Equation
(3), we obtain the stator voltage as follows:

(20)

d
ng = Rsclgc + at (63Igc + 62#’;}) + wc(631_gc +

21
5,0 — 5, ) =
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d
Vstg = Rsclgc + 5(631;‘1(5 + 821/)1(“1 - 61#’31;) -
wc(631.gc + 621/’;7)

Block diagram of the vextor control of BDFIG is shown
in Figure 2.

4. SLIDING MODE CONTROL

Sliding mode control has been widely used in robust
control approaches in many non-linear control method,
the basic idea that if we can force a system to evolve
towards an equilibrium point according to a dynamic
chosen by the designer using the continuous control law.

The proposed sliding surface is used in this work [8]:

S() = G+ D" xe (22)
A: is a positive coefficient,
e = x4 — x. is the error,

x4 is the desired state,
n: is the system order.

4. 1. Switching Surface Let the monovariable
dynamic system described by the following state
equation [8]:

x = f(x,1t)+B(x,t).u(x,t) (23)

where: xe R"is the state variable, u(x,t)eR"is the
control vector, B(X,t)are system parameter. The
generalized SMC law is given as:

U=U, +Ug

U, = K xsign(s(x,t)) 0

where, U is the control vector, Ueq is the equivalent
control vector, sign is the signum function, K is the
controller gain, s is the sliding surface. Figure 3 shows
the sliding mode control block.

Ewé @ (8198, ~ 6294)

i

o'

65 654
S

d
=5, mrﬁz'ﬂE*E(Sl'ﬁfp*'sﬁ'ﬂ

Figure 2. Block diagram of the vector control of BDFIG

Equivalent Control Ueq
Switching Control
n ¥

Figure 3. Sliding mode control block.
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4. 2. Indirect Power Control with SMC of a BDFIG
In this section, the sliding surfaces are designed
according to the current references of the stator control.
The objective of this design is to independently control
the generated active and reactive powers.

4. 2. 1. Choice of the Sliding Surface Control
Two sliding currents surfaces are used a first order is
defined as:

s(1s) = (1 ~ 15.)

) 25)
S(Igc) = (Isc_ref - Igc)

where 1" 127 are the expected currents of control
power reference.

We have voltages in Equation (21), it can be used to
extract the expressions of control current:

q

. 1 .
lsc = 5|:Vs?: - Rsc Igc _52 V/ﬁ_wc (§3|sdc "'52l//£j _51V/sdp):]
3

(26)

d
. 1 .
I'sc _5|:ng - Rsclgc _52 V/g +wc(§3|§c +§2V/ﬁ):l
3

5. CONDITIONS OF CONVERGENCE OF THIS
CONTROL

To guarantee the convergence of the selected variables
towards the references, the two sliding surfaces must be zero

as follows:

ST —1) =0= (I —18) =0

(27)

sc sc

U™ =18 = 0= LU —1g) =0

The sliding area of the current control can be defined as
follows:

q_ref q
SUL) = —le)
d _ref d (28)
SUL) =(lse  —Te)
. q_ref 1
S(Isqc) =ls _57|:ng _Rsclsqc _52 l/./rq_wc(é‘algz +§2l//rd _é‘ll//:p)}
: (29)
od _ref i

Is%

3

S(Ifc) =le —— {Vs?: _Rsclsdc _52 l/):j+wc(53lsqc +§2‘//:I)j|
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5. 1. Control Law The satisfactions of the
control voltage and sign function are presented in the
following:

d _ yd_eq d_att
Ve = Voc™ "+ Vac

ngatt = Ky x sign(s(x,t))
- (30)
Vsz = Vsceq + Vscatt

VI = K, x sign(s(x, t))
with
V.4, V.l Control vectors relation.
y.4-e4 y.9-¢4: Equivalent control vectors relation.
yd-att -2t switching control.
Kq, K, : Positive constant.

From Equation (29), the voltage equivalent control
is given by:

Ssc
S + wc(531gc + 8, — 511/)gp)
S(Igc) =0 = ng_eq = 63Isdcjf?f + RscIsdc +
897 — wc (8315 + 8,97)

The global BDFIG sliding-mode control are depicted in
Figure 4.

SUL) =0 = V=817 + R 1L +

31)

6. NEURO-FUZZY ARCHITECTURE

Hybrid systems that combine fuzzy logic, neural
networks, genetic algorithms, and expert systems have
proven their effectiveness in a variety of real-world
problems and in industry. Each intelligent technigue has
specific properties. Each technique is suitable for solving
certain particular problems. In fact, neural networks are
used for the recognition of models. However, they are
unable to explain how they reach their decisions. Fuzzy
logic systems can reason with imprecise information and

)
-1
LN TE - K,sign(l}) > —»
1 | e Py
1 st
I:lr 1 m
bomoe ®  Sliding Mode 2
. [ % Control A
Iy —————»
! 0y
1 ig —»
ref -1 I €
G —»| — Kgsign(1%)
5V3
—
8o 55
51#"_51%]’

Figure 4. Block diagram of BDFIG sliding mode control

explain  their decisions but cannot, however,
automatically acquire the rules they used to make those
decisions. These limits have been a reason behind the
creation of intelligent hybrid systems where; two or more
techniques are combined to overcome the limitations of
one technique [23].

Adaptive neural based on fuzzy inference system
ANFIS uses feedback learning to determine the input
parameters and parameters used. Each step of the
iterative learning algorithm has two parts. In the first part,
the input models are propagated and the parameters of the
parameters are calculated using the iterative minimal
square method algorithm, while the parameters of the
premises are considered fixed. In the second part, the
input models are propagated again, and at each iteration,
the back propagation learning algorithms are used to
modify the parameters of the premises, while the
consequences remain fixed.

6. 1. Adaptive Neuro-fuzzy Sliding Mode Control
Inference System A typical diagram of a
ANFIS is shown in Figure 5, in which a circle indicates
a fixed node on one hand, and a square implies an
adaptation node on the other hand [13]. In addition, X, y
stand for two inputs and one output, Sugeno fuzzy is
often used in various fuzzy inference models for the
following reasons: high interpretability, increased
efficiency and adaptation techniques where the number
of epochs is set to 40 and error tolerance of 10 [23].
The direct current error (e, de) is two inputs of ANFIS
control in our system defined as:

e= Isqcm/r - Isqc - de = Isqcref - Igc 32

e= I;ic_ref - Igc —>de= I;ic_ref - Igc ( )

where, (e,de) is the first order Sugeno case fuzzy
inference employed by ANFIS, and the function fuzzy
rule is:

If eis A;and deis B;then y=f(e,de). Corresponding to the
architecture of ANFIS which consists of five layers. The
steps of ANFIS structure are:

Layer 1: Each corresponding node during this layer
creates the membership range for the input vectors A;,
i=1...7.

‘ Layer1| | Layer2| | Layer3| | I_ayer4J |Layer5 ‘

Figure 5. ANFIS architecture
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Layer 2: The node generates the crossing by multiplying
all the incoming signals:0? = w; = ta; (O pp;(v), for
i=1,...49.
Average nodes (Layer 3): Divided by the sum of all
other entries.

w

0 =Wi=5p (33)

Consequent nodes (Layer 4): Compute the contribution
of the i-th rule in the output with the following node
function.

0 =wiy; = wi(pie + qide + 1)

where, w; is the output of layer 3, and (pi, qi, ri) are the
parameter set of the ‘i-t2” node.

Output node (Layer 5): The neuron of layer 5 is a fixed
neuron, at a given input; it delivers the network response
given by:

—_ T wifi
0f = {2, wi f; = =5 (34)

49
2i=1 wi

6. 2. Description of the Control System
Figure 6 shows the proposed Neuro-Fuzzy-Sliding Mode
Control for controlling the active and reactive powers of
the BDFIG. NFSMC controller replaces the switching
control of SMC, the first input is the error of the current
and the second input is the derivative of the error. Figure
6 shows the neuro-fuzzy sliding mode control

7. SIMULATION RESULTS

Different power control methods have been studied and
modeled with Matlab / Simulink software under the same
test conditions powered by an PWM inverter.
Simulations were applied to the 2.5 kW BDFIG system
incorporating the NFSMC compared with the SMC and
Pl control. The parameters of the BDFIG system are
illustrated and appended to Table 1 where the speed is
fixed at 73 rad /s.

Figure 7 presents the NFSMC test with training and
cheking of reactive and active power reference error data
sets after 40 epochs to guarantee good performance of
results.

Figures 8 and 9 show the active and reactive powers
produced by BDFIG with the different control
strategies,VC, SMC and NFSMC. In these figures, we

Equivalent Control

v v

q-ref
IS(‘

U, U
— | M BDFIGT

lm

de
L NFSMC

Figure 6. Neuro-Fuzzy-Sliding Mode Control

TABLE 1. BDFIG parameters
Power Winding (PW) Control Winding (CW) Rotor

Ry = 1.732(2) Ry = 1.079(2) R, = 0.473(2)

Ly, = 714.8(mH) Ly =121.7(mH) L, = 132.6(mH)

Lp = 242.1(mH) Lime = 59.8(mH)

pp =3 P, =25KW pe=1
1

15)(10
i
F 10 © Ttraining-Err * Checking-Err
:
d
L
0 9
[0}
6 0

(L—osooélosoboosssoe eot89¢0é000%b0000

RN R N TR A I R
Epoch
Figure 7. NF-SMC training and checking error of active
power

500 : L L T L
| —MC —Pl —Ref —NFSMC
- 0 ‘
E 0
2 50 \;-Ji———-—
0 .
_1000 07% 08 | 0805
S T TR R TR B TR
Time(s)
Figure 8. Reactive power response
T T T T
500 —SMC —Pl —Ref —NFSMC
| |
E 01w :
I ,._...T\ ‘
1000/ /
125 1298 13 130 13W 130 m
-1500 | ; |

0 05 1

Figure 9. Active power response under VC, SMC and
NFSMC strategies

can notice that the ripple is not the same for the three
techniques, it is clear that the VC suffers from two
problems: stabilizing error and high ripples in the active
power. On the other hand, the NFSMC offers an almost
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perfect behavior in terms of performance and good
follow-up compared to the Pl and SMC.

Figure 10 shows the stator current on phase A, with
sinusoidal shapes for the three strategies. We can observe
that the current ripple also has a significant reduction of
the NFSMC controller compared to the other controller.

7. 1. Simulation Results with Parametric
Uncertainty To study the influence of the
electrical parameter variation on the behavior of the
BDFIG, we also simulated the system for a +100% of the
nominal stator resistance attimet = 2.5s.

Figures 11 and 12 illustrate the evolution of the
powers. We note from this result that the scheme (PI) has
a slight variation due to the variations of stator resistance.
The proposed NFSMC method is robust against
parameter variations and allows a fast and suitable
dynamic response.

3]

I I I
—SMC —PI —NFSMC

| | |

| I

<
‘E C
|
| |
| |
| |
] | |
) 05 1 15 2 25 3
Time(s)

Figure 10. Stator current Isa of three approaches

T T 1 T
500 —SMC—PI—Ref—NFSMC

= 0

g %5 55 26

[

Z 500

-1000

1005 1Timess 2 25 3

Figure 11. Reactive power under stator resistance variation

S0 —SNC —PI—Rf —NFSC

% 0 | | _AA ‘fr*r'

500 o \

1000 —

) i

B0 1 15 2 25 3
Time(s)

Figure 12. Active power under stator resistance variation

Table 2 presents the quantitative analysis of the three
approaches. The comparison implicates that the proposed
NFSMC gives less chattering with a seamless transient
response.

TABLE 2. Performances comparison of the three controllers

Approach VvC SMC NFSMC
Robustness to_ High Low Low
parameters mismatch

. Medium Considerable Small
Chattering chattering chattering  chattering
Transient Relatively fast Relatively fast Faslgvv\\:lth
performance of the with medium with low -

A S S settling
active power settling time  settling time time
Rising time of the
active power 0.16 s 0.12S 0.01s
Transient Relatively fast Relatively fast Faslgvv\\:lth
performance of the with medium with low -

A S e settling
reactive power settling time  settling time time
Rising time of the
reactive power 0.18s 0.14s 0.016 s
Implementation .

High Low Low

Complexity

8. CONCLUSION

In this paper, Neuro-Fuzzy Sliding Mode Control
NFSMC for BDFIG has been presented. The suggested
control has been compared with the classical vector
control based on PI controller and sliding mode control.
Simulation results demonstrate that the powers’ ripples is
lower in NFSMC compared with the other controls. The
efficiency of the proposed NFSMC has been validated by
simulation tests carried out with a 2.5 KW BDFIG
system. Moreover, to validate the influence of BDFIG
parameter variations on the performances of the proposed
NFSMC, sensitivity of the stator resistance parameter has
been tested for the three schemes for +100% variations in
stator resistance. It has been shown that the proposed
approach is robust and capable to reject the influences of
uncertainty in system parameters.
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