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Hybrid Fuzzy sliding mode performance control
applied to a DFIG system for the production and
Integrated wind energy into a power grid based
three-level converters

B. Belabbas

Abstract— In this paper we have developed a hybrid nonlinear
robust control law, called fuzzy sliding mode (FSMC), which
combines the advantages of both: the sliding mode (SMC) and
fuzzy logic (FLC). This controller has the feature to eliminate the
ripples caused by SMC; it will be applied to a doubly fed
asynchronous generator to produce power from the wind. We
have used the FSMC to control the active and reactive power
exchanged between the stator and the grid. The two powers are
decoupled by the mean of using an indirect vector control with
power loop. The performance of this cascade and control are
analyzed by simulation of Matlab / Simulink software.

Index Terms—Wind System, GADA, Fuzzy logic, SMC, FSMC,
Vector control.

I. INTRODUCTION

IND energy is one of the fastest growing renewable

energy in the world. The generation of wind energy is

clean, non-polluting, it produces no harmful was to the
environment. Conventional techniques were used to adjust the
wind, but assuming the wind operation in balanced conditions.
Advances in technology of wind led to the design of a more
powerful drive to improve their behavior and make it more
robust and reliable. One of the current areas of research is the
generation of electrical energy by means of double-fed
asynchronous machine, using driving means such as wind
power incorporated into a wind energy system, the function
can DFIG on wide range of wind speed and get the maximum
possible power for each wind speed. Its stator circuit is
connected directly to the mains. A second circuit disposed on
the rotor is connected to the network but also via power
converter structure NPC three levels [1-4].

But the DFIG is subject to many constraints, such as the
effects of parametric uncertainty "due to the heating,
saturation "And the disturbance variable speed. These
constraints could thus divert the system optimal operation [5].
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This is why control should be concerned about the
robustness and performance. To do this, we referred to the use
of Fuzzy Sliding mode control [7-9].

Our work falls within this context and aims to control
powers. It is organized as follows: Section 2 is dedicated to
the modeling of the wind turbine. Then, the model and the
vector control of DFIG are studied in Section 4 devoted to the
development of a FSMC of DFIG, Section 5 discusses the
operating principle of the rotor side converter. The system
being studied is shown in Fig. 1.
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Fig.1. Diagram of a Conversion of Wind Energy.

Il. MODELING OF WIND TURBINE
I1.1. MODEL TURBINE

Mechanical power available on the shaft of a wind turbine
is expressed by [1,5]:

1
I:)aero = Ecp(ﬂqﬁ)pﬂRZVg (1)
A= R'Qmec (2)
GV
The aerodynamic torque is directly determined by
[1]:
3
Caero = Paero_ = Cp—psvl (3)
Q 2.0

Turbine Turbine

September 2013 Vol:1 No:2 http://www.bajece.com



BALKAN JOURNAL OF ELECTRICAL & COMPUTER ENGINEERING 2013, Vol.1, No.2 94

The multiplier is mathematically modeled by the following

equations:
Caero
C, =2 @

Qturbine = % (5)
The power factor cpla,5) represents the aerodynamic

efficiency of the wind turbine. The wind turbine is a complex
model, however simple mathematical models are often used
aerodynamic system. The expression of power coefficient that
we will use in our study is given by [1]:

cp(2.8) = 05176 (116.%—0.4. ﬂ—S) exp ( /12.1) +0.0068. 2 (6)

l _ 1 3 0.035 ©)
A A+0.08.5 1+ ﬁ?'

The fundamental equation of dynamics to determine the
evolution of the mechanical speed from the total mechanical
torque (c,,. ) applied to the rotor:

J. deec = Cmec
dt
c.=C,-C_-C,
mec g em VIS (8)
Cvis = 1:'gzmec
J= —thb;"e +J,
f= —f‘('gbz"‘e +f,

In this section, we present a different strategy to control the
electromagnetic torque to adjust the mechanical speed to
maximize the electric power generated. This principle is
known as the terminology (MPPT).

We are interested in controlling the electromagnetic torque
servo mechanical speed using a conventional PI controller. For
this study, we assume that the electrical machine and its drive
are ideal and therefore, regardless of the power generated, the
electromagnetic torque is developed at all times equal to its
reference value. The maximum power extraction techniques
include determining the speed of the turbine, which provides
maximum power generated [7].

4o, 9)
dt (C -C,,— . Q...)
Comrer = P1(Q mec)
Qo =G Qupine res (10)
B A. Cpmax
turbine ref R
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I1.2. MODEL OF DFIG

Applying the Park transformation to electrical equations
DFIG [1] in the referential linked to the rotating field allows
us to achieve the following electrical system of equations:

The stator and rotor equation in the referential synchronous
are given by:

oAy
Vsd =Rslsa t g “%sPsq
do

_ Sq
V sq R | q i +a)sd>sd
Cdo (11)
_ d
Vrd=Reirg +Ttr7wr®rq
do
_ni rq
qu_Rr'rq+ pm +qu)rd
Pgq = Ls'sd +Msr_'rd
cI)sq - Ls'sq * Msr'rq 12)
cDrd I‘r'rol + Iv'sr'sd
O] Li +M i
rq- rrq srsq
M
c_ =P (13)

Sr . _ .
em Ls (q)sq'rd (Dsd'rq)

11.3. POWER CONTROL

To easily control the production of electricity from wind,
we will achieve an independent control of active and reactive
power by the stator flux orientation. The idea is to align along
the axis of the rotating frame [2-4] stator flux. We therefore:
@5 = 0 and consequently osd = s .

This choice is not random but is justified by the fact that the
machine is often coupled with a powerful network voltage and
constant frequency, which leads to a finding stator flux of the
machine. Neglecting the resistance of the stator windings,
often accepted hypothesis for high power machines: The
systems of equations (11) and (12) can be simplified as
follows:

VvV, =
sd
Vsq =Vs = 0Py
4o . 14)
_ ra _
Vrd r'rd * dt “r rq
d<I>r
=Ri + 900
rq rrq t rord
® _Ls'sd s_r'rd
0 Ls'sq * Msr'rq (15)
d I‘r'rd * Msr'sd
® =Li +M_i
rq  rrq Srsq
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Cem =—P¥CDS irg (16)
s

The stator active and reactive power in the orthogonal
coordinate system can be written:

P :Vsdisd +Vsqisq
Q=v

) ) @an
sq'sd ~Vsd'sq

Under the assumption of a stator flux oriented, this system
of equations can be simplified as:

{P =Vslsq (18)
Q=Vslsq
From the expressions of the stator flux, we can write:
i s M
sd oL L ‘rd 19)
S°S s
i ——wi
sq L g
S
vV M
pP=— S Sri
LS rq (20)
VsMsr Vs2
Q= i+
rd
L Lsa)S
MSZI‘ SI’VS
Pog YT Mt L (21)
S S S
2
o =L -—SC
rq ro |
s

By introducing these expressions in the equations of the
rotor voltages are found:
M2\
ws(LrLsr)qu
S

2 .
M di
“R i sr rd
Vrd-Rr'rd*(Lrszmg
2 \di 2
M 1 M M_V,
R sr q sr|; sr's
qu-Rr'rq*(LrL)dt*g“s(LrL)'rd*g L
s S S

I11. INDIRECT CONTROLS WITH POWER LOOP

It is based on the equations governing the operation of the
machine defined in the preceding paragraph, while keeping the
same assumptions.

By combining the different flow equations, the rotor
voltages, currents and powers, we can write the equations of
the rotor voltage depending on the power. Thus power from

(22)
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the stator as a function of the rotor currents and voltages of the
rotor in terms of the rotor current function [1]:

From the control unit we can develop a structure ensures
good stability of the network, so we have a control unit
consists of two subsystems. The first calculates the reference
currents from the references (active and reactive powers), the
second calculates the reference voltage from the rotor currents
calculated by the first. In this spirit, we have used SMC to the
inner loop (current loop) and classic Pl outer loop to
controlling powers. It then sets the control system given by the
figure (2).

|
| Ll
Gy e .
MADA
, ,
@A) .
| ' [e]

Fig.2. Block diagram of indirect control with loop power controlled by SMC.

IV. DEVOLOPING OF THE HYBRID CONTROL

IV.1. INDIRECT CONTROL OF THE DFIG WITH LOOP
POWER

The basic idea of the SMC is primarily attracting states of
the system in a suitably selected, and then designs a control
law that will always keep the system in this region [1] region.
In summary SMC is divided into three parts: [1-6].

IV.1.1. CHOICE OF SWITCHING SURFACE

For a non-linear system shown in the following form:

X = f(X,0)+g(X,t) u(X,t);
X eR",ueR.

(23)

There (X, t), g(X, t) are two continuous and uncertain
nonlinear functions, assumed bounded. It takes the form of
general equation proposed by J.J. Slotine to determine the
sliding surface given by Slotine and all [7-9]:

n-1
S(X):(%JJ} e et e=X?-X (24)

With, e: error on the controlled variable, A: positive
coefficient, n: order system, X% desired size, X: state variable
of the controlled variable.

IV.1.2. CONVERGENCE CONDITION
The convergence condition is defined by the Lyapunov
equation (Lopez et al, 2006), it makes the area attractive and

invariant S(X).S(X) <0.
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1V.1.3. CONTROL CALCULATION
The control algorithm is defined by the relation

u=u*+u" etu" =u™ sign(S(X))

With: u: control variable, u®®: size equivalent command, u":
term control switch, sign(S(X)): sign function.

IV.2. CONTROL OF ROTOR CURRENT NEXT AXIS "D"
To control the rotor current is taken n = 1, the expression of
the current control surface along the axis "d" of the marker to

form Park S(1,,))=(1,—1,)

Deriving the surface with the replacement of the current
expression |, , obtained:

s'(lrd)=(i:d—i(vrd—Rr.|rd) (25)
ol

The control voltage V4 is defined by: V., =V4' +V4

During the sliding mode and steady state was:

S(l,, =0); S(I,, =0); V.1 =0; or of pulling:
V8 =gL.lu+R.l, During the convergence mode, the

S(X).5(Xx)<0 should be checked
V45 =KV, .sign(S(l,,)) et KV, positive gain.

condition with:

IV.3. CONTROL OF ROTOR CURRENT NEXT AXIS "Q"
To control the rotor current is taken n = 1, the expression of
the current control surface along the axis "q" of the marker to

form Park S(I,,) =(I;,—1,,)
Deriving the surface with the replacement of the current
expression |, , on gets:

*

S.(Irq):(l."q_

1
- (26)
o I_ (qu Rr ' I rq)

T

The control voltage V,, is defined by: Vi, =V +Vig

During the steady state was:

S(l,,=0); S(I,, =0);V,2 =0; or of

sliding mode and
pulling:

Vrngg_Lr.irq+Rr_|rq During the convergence mode, the

condition  5(X).5(X)<0 should be checked with:

Vg =KV, sign(S(l,,)) et KV,, positive gain.

V. FUZZY SLIDING MODE CONTROL OF INTERNAL
LOOP DFIG

The disadvantage of the SMC is that the term switching
control where we have lot of ripples. To reduce it, we replace

Copyright © BAJECE ISSN: 2147-284X
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it by a fuzzy structure (Wong et al, 2001). FSMC, which is
designed to control the rotor current, is shown in Fig.3 [9-16].
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Fig.3. Block diagram of indirect control with loop controlled power FSMC.

The fuzzy logic control is expanding. Indeed, this method
provides a very effective law often set without doing extensive
modeling. As opposed to a standard regulator or a regulator of
state-reaction against the controller fuzzy logic does not
address a well-defined mathematical relationship, but uses
inferences with multiple rules, based on linguistic variables.
By inference with several rules, it is possible to take account
of experience gained by the operators of a technical process.

Three linguistic variables input-output are shown in Fig.4.
The fuzzy rules can be written as shown in Table 1. For this
purpose, it is used a system of Mamdani-type fuzzy logic. The
member ship function resulting from the aggregation of using
the operator max. The Defuzzification of the output control is
accomplished using the method of center of gravity [5-7-9].
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Fig.4. Membership functions of the different linguistic variables.
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TABLEL. Rules for RFL.

EX NP EZ PG
AEX
NP NP NP EZ
EZ NP EZ PG
PG EZ PG PG

VI. MODELING AND CONTROL OF THE THREE
LEVELS STRUCTURE NPC VSI

VI.1. THE THREE-LEVEL NPC VSI STRUCTURE

The three phases three-level NPC VSI is constituted by
three arms and two DC voltage sources. Every arm has four
bi-directional switches in series and two diodes (Fig. 5) [2].

ial

ptuge

DDy,

ian

M

Fig.5. The three-level NPC inverter.

VI.2. KNOWLEDGE MODEL

The switch connection function st indicates the opened or
closed state of the switch T .

We define to a half arm connection function Flfm with:
K: Arm number.
1 for the lower half arm
" | 0 for the upperhalf arm

For an arm k of the three-phase three-level NPC VSI,
several complementary laws controls are possible. The control
law which lets an optimal control of this inverter is [3]:

{Bkl = E|<4-

_ (27)
Bk2 = Bk3'

Where B, represents the gate control of the switch T .

We define the half arm connection function Fg and F)

associated respectively to the upper and lower half arms.
Where i is arm number i  {1,2,3}

{Fn:l_ F, {lezl_ F {Fu:l— Fa

(28)
F,=1- F13 F22=1—F23 F32:1_ F33
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The output voltages of the inverter relatively to the middle
point M are defined as follows:

Vam Flbl Flbo
VBM = F2bl 'Ucl - szo -Ucz (29)
Vew FSbl Fsbo

The system (29) shows that the three-level NPC VSI can be
considered as two two-level voltage source inverters in series.
The input currents of the inverter are given as follow:

{M=$ﬁ+%h+%g (30)
i, = Ry + Fapidy + Py

The current i, is defined by the following relation:
igo = FrRgdy + Ry Fosdy + Ry Ryl (31)

VI.3. PWM STRATEGY OF THE THREE-LEVEL NPC VSI

The inverter is controlled by the space vector modulation
strategy which uses two bipolar carriers. This strategy is
characterized by two parameters:

Modulation index m defined as ratio between the carrier
frequency f, and the reference voltage frequency:

m= (32)

—h ‘U—h

Modulation rate r is the ratio between the magnitudes V,, of
the reference voltage and three times of the carriers magnitude
Upm:

r=—t<1 (33)

<I<

VII. CASCADE (RECTIFIER, FILTER AND INVERTER)
WITH DFIG

In this part of the chapter, the dynamic behavior of the wind
turbine based on doubly fed machine (DFIG) connected to the
network is studied. The stator of the DFIG is directly
connected to the network, against the rotor is connected to it
via a cascade (rectifier, filter and inverter). This changer
allows indirect frequency from a fixed network frequency and
amplitude has a system output voltage frequency and variable
amplitude.

The general structure of this cascade is shown in Fig.6. The
rectifier and inverter are controlled by the two sinusoidal
carrier strategy triangular saw tooth.

http://www.bajece.com



BALKAN JOURNAL OF ELECTRICAL & COMPUTER ENGINEERING 2013, Vol.1, No.2 98

Vhetl1

S * lnernn Three level
Urecr12 NPC
v RL Three level rc‘lj ::T Ueia ] ;
net12 M = voltage al
— lher12 PWM 1 i =
i o rectll dio source
rectifier n®1 -
RL inverter lel
Vhet13 Urcti1 |
— I3 Ci Uety el
= RL T Lan

Fig.6. Cascade of a turbine, a rectifier - inverter voltage three-phase three-
level feeding the DFIG.

VII.1. MODELLING OF THE INTERMEDIATE FILTER
The model of the intermediate filter is defined by the
following system:

1 du

Upq= | -1 dt c1_

C1 Clj( rectl dl) Cl'T"rectl_ldl
dUC

—C2_y -l
dt rect2”'d2

(34)
1
UCZ:QI(Ireth’Id Z)dt Cy.

VIIl. THE HALF CLAMPING BRIDGE

To improve the input voltages of the three-level NPC
inverter, we propose to use a half clamping bridge, constituted
by a transistor and a resistor [3]. The transistors are controlled
to maintain equal the different input DC voltages of the
inverter (Fig. 7).

1,—{,+j, ;ﬁ;ra |f
- -
Iru.rrnh I,
L C
Irc'f.'.rl"ﬁ-fj'f{f”' H:-.Fa
Loiinn .rl":-fi

Fig.7. Structure Brldge clamping with intermediate filter.

VIII.1. MODELLING OF THE INTERMEDIATE FILTER
Figure 8 shows the structure of the intermediate filter of the
studied cascade.

i
I('EL‘[K2 dKz

ck2

Cr2 J—.] u
idgn

iri
UreDLK1[TKi CKI_-IUCK1
Rp ide

Irﬁ-n:[K 1
Fig.8. Structure of the intermediate filter of the of the half clamping bridge
cascade.

Urectz ]

The model of the half clamping bridge-filter set is defined
by the following equation:
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1
UCl_C_.[(Irectl Ir1 Idl)dt

11 (3%)
Ue, :C_ZI(_Irectz I 2+|d2)d
I,=T.—%  Avec i={,2} (36)

Pi
The control algorithm of the resistive clamping circuits can
be summarized as follows:

(UCi U, ):gi

it &= 0ThenT, =1= I, =T, 2o @7

if NOT, =0=>1,=0

VII1.2. VOLTAGE LOOP MODEL

The modeling of this loop is based on principle of
instantaneous power conservation with no loss hypothesis.
This boucle imposes efficacy network reference current. The
input power is calculated as:

L diZ

3
_ H 2 net ~'netk
Pe - Z VnetK'InetK - Rnet'lnetK -
K=1 2 dt

The output power is calculated as:

(38)

PeAJCI(iCl*'iloadl)*'UCZ'(iC2+iI0ad2 ):U rectl’ ! rectl_u rect2'|rect2 (39)

It is assumed that the following:
U, =U.,=U. and C,=C,=C.
Define variables. i_, i, and U,

C - 2 -

i, = Idlinv;|d2inv (40)
U, +U
UC ZUCmoy: = =
- - - 2
Irec = IC + IIaod

Using the principle of conservation of power and neglecting
the Joule losses in the resistance Rnetw, we can write:

S . S Lk il

Z(VHEIWK'IHGIWK): Z n92twK :;;WK +2U ( +|L od) (41)
K=1 K=1
3'Veff 'Ieff = 2UC(IC + ilaod) (42)

Where E. is the rms value of grid voltages and le is the
rms value of grid currents. Uc is the constant value of the DC
capacitor voltage and Irect is the DC current. A IP regulator is
used to regulate the DC voltage. The general principle
feedback of three-level rectifier is shown on Fig.9.
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Fig.9. Enslavement algorithm of output voltage of three-level rectifier.
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IX. SIMULATION RESULTS

. . R ;EU J‘I DIE UI3 EI.‘i_ D‘E DIE 0.‘7 U.‘ﬂ D‘S 1 EnEI E‘l JI? 03 [I‘i [I“- 06 E‘? JIE “IF 1
In this section, we present the work on the modeling of a Time [sec] Time [sec]
chain of wind conversion based on an asynchronous machine o Resed e n et Rl a2

is comprised of dual power controlled by the technique of
PWM rectifier and a DC bus, all connected to the network via
a PWM inverter and a filter. Modeling the overall wind
conversion chain and the associated control device are
developed in the form of an equivalent continuous model
which takes into account the relevant components of the
currents and voltages at the machine, and the DC bus network.

We applied a control algorithm on the voltages (U¢, Uc)

Current [A]
Current [A]

; ; s A G T T T T Y
with the aim of stabilizing the past to balance the midpoint M. e e
The strategy of indirect control based controllers SMC and Curtent Restated Irest0 Direct stator lux

FSMC rotor currents of DFIG were implemented in MATLAB
environment to perform tests of control.
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Fig.10. Active power graphics of DFIG with indirect vector control with loop
power controlled by FSMC.
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Fig.12. Current, voltage, flux, torque variations of the system.
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Fig.13. Behavior of the powers of DFIG with indirect vector control with loop

power controlled by FSMC.
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Fig.14. Active and reactive power variations of the system.

The simulation results show different curves are obtained
by controlling the active and reactive power generated at the
stator of the DFIG. This control technique allows you to
decouple the expressions of active and reactive power of the
generator or in the flux and torque.

According to the results, we find that the indirect control
with loop power controller using SMC or FSMC have good
decoupling control of active and reactive power at the stator.
After a transitional period, the parameters perfectly follow
their reference.

The reactive power is zero and it is a condition of operation
of the DFIG for a unity power factor.

As we reported earlier that the disadvantage of the SMC is
the ripples. To reduce it, we combined this control with fuzzy
logic to build a new structure called FSMC, which allows
reducing the chattering phenomena of over 75% in our study.

We can see that the stator flux follows the following
reference axis (d) with almost zero quadrature components,
which means that the decoupling of the machine is successful.
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It is clear that the quadrature component of the rotor current
Irg control the electromagnetic torque so the active power.
The direct component of the rotor current, and thus control the
flow of reactive power transmitted between the stator and the
network. This is found in the changes in direct and quadrature
components of rotor currents, which are the images of active
and reactive powers.

Note that the electromagnetic torque reacts spontaneously
when there is a demand for active power, reactive power
independently

We observe that the current Irestl presents a look opposite
to that of Irest2. This is necessary for the current IrestO has a
zero mean value. As can be seen, the current IrestO is
substantially zero mean value.

Note that the two DC voltages well below their reference
and we also find that the difference between the two voltages
is practically zero after a transient 0.1s which mean a better
stability of the midpoint.

X. CONCLUSION

This study has allowed us to study the modeling of a chain
of wind conversion based on DFIG consists of a rectifier
control by the PWM technique, and a DC bus, all connected to
the network via a PWM inverter and a filter.

We studied the indirect vector control loop power DFIG
which allows a decoupling between the flux and torque.

The control is provided by two orders SMC and FSMC for
which we found the performance of the latter relative to the
SMC perspective chattering.
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