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Abstract: This paper deals with hybrid sliding mode control of Doubly Fed Induction Generator DFIG
with Maximum Power Point Tracking MPPT connected by rotor side to three bridges of Multicellular
Converters MCCs. The hybrid aspect of the converters is taken into consideration which includes the
continuous and discrete states of the converters. The vector control is used to command the DFIG speed
and reactive stator power. The currents in Park d-q reference are controlled using hybrid sliding mode.
The sliding surfaces are developed using Lyapunov stability method. The developed controller allows
decoupled control of the stator active and reactive power. The final results are illustrated at the end of this
paper to present the advantages of the control method developed in this paper.
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1. INTRODUCTION

The earth is facing many problems regarding the
environment, the climate and the global warming due to the
intensive industries and the use of traditional sources of
energy to provide power to people. The solutions for these
problems are oriented toward the development of new clean,
sustainable and environment friendly sources of energy; in
which the solar and wind mostly known as renewable energy
are well-placed. The production of energy from these natural
resources has been developed enormously recently but is still
remaining secondary in comparison with the existed power
resources such as the hydrocarbon and nuclear. The common
machines used as wind generator is the doubly fed induction
generator (DFIG), Hansen et al. (2004), which is a wound
rotor induction generator controlled by an inverter at the rotor
terminals, Rothenhagen et al. (2009). The major advantages
of the DFIG over traditional squirrel-cage induction generator
are the operation in a higher wind speed range and production
or consumption the reactive power through the magnetization
provided by the rotor-side converter Dong et al. (2009). The
power of the DFIG is managed and controlled by using
power converters in order to control and stabilize the power
provided to the grid. Wind Energy Conversion Systems are
typical application cases where the efficient production is
directly linked to economic benefits, Billinton et al. (2004),
Koutroulis et al. (20006).

Among the power systems, multicellular converters are based
on a series-association of elementary commutation cells. This
structure, which appeared at the beginning of the 90’s, allows
sharing of voltage constraints by all commutation cells series-
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connected, which makes the waveform harmonic content
greatly improved, Meynard et al. (2002).

In this paper, we study the modelling and control of the DFIG
with MPPT by using three bridges of multicellular converters
implemented in the rotor side and working in DC-AC
conversion. The DFIG model including the electrical and
mechanical equations is developed first in d-q reference, and
then the model of multicellular converters is given
accordingly in order to develop a global model representing
the dynamics of the block DFIG with the converters. The
resulting model is used after that to develop control law using
vector and sliding mode control. The vector control is based
on a stator reference oriented flux. We use in this paper the
speed and reactive power control. The speed control
generates the d-q current references. The sliding mode
controller is synthesized by respecting the hybrid nature of
the converters in order to ensure the tracking of the DFIG d-q
rotor currents to their references. In the same time, the
floating voltages have to be maintained to guarantee the
voltage balance, Gorp et al. (2011), Djemai et al. (2011). The
simulation results are given at the end of this paper.

2. MAXIMUM POWER POINT TRACKING (MPPT)

The output energy of wind turbine depends on the method of
tracking the peak power points on the turbine characteristics
due to fluctuating wind conditions Abolhassani et al. (2008).
From these methods, we have the MPPT method which
allows to the turbine to work with a speed closed to its
nominal value that permits the maximum power extraction.
The expression of the mechanical power extracted from the
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wind energy is given as, Bekakra et al. (2001), Zheng et al.
(2009).

1
Py = CopS.v° M

Where C, is the wind turbine power conversion

efficiency, p is the air density, §  is the swept area of the

turbine and v is the speed of the wind.

The efficiency coefficient C, has a family of characteristics

and is a function of the tip speed ratio 4 and the blade pitch
angle g . For this work, we use the formula in (2) to calculate

C,, El Aimani, S. (2004).

e v T(AF0.D)
Cp =(05-0167)(f - D)sin(——" =~ 032
(2)

In order to get the maximum mechanical energy from wind,
this factor should be considered as its maximum value,
Abolhassani et al. (2008). The speed ratio is the coefficient
between the speeds of turbine and wind and can be expressed
as

)—0.00184(4 —3)(B —2)

A=— 3)

v

R is the length of turbine blade and Q) is the turbine speed.

The optimum value of the speed ratio is fixed in order to get
the maximum value of the efficiency coefficient C,-

Therefore the value of the mechanical power is fixed which
gives the reference of the turbine speed to be controlled. The
control efficiency of DFIG can be improved by adjusting the
turbine speed as function of the wind speed; which allows
reaching the maximum of the mechanical power.

For this application, an anemometer sensor is supposed to be
used to measure the wind speed for the MPPT even it can
cause a problem of uncertain measurements. The anemometer
used to measure the wind speed represents a local
measurement which is not representative of the mean value of
the wind speed. It can be replaced by a speed estimator based
on the turbine characteristics in order to get correct
measurements. The electronic signals captured by the
anemometer are used by the control system in order to start
up the DFIG when the wind speed reaches approximately 5
m/s but when the wind speed wind exceeds 25 m/s the same
control system will stop the DFIG to ensure the protection of
the machine and the converters Gaillard, A., (2010).

3. MODELING AND VECTOR CONTROL OF THE DFIG

The DFIG brings the advantage of utilizing the turns ratio of
the machine, so the converter does not need to be rated for
the machine’s full rated power. The DFIG structure consists
of two converters, one is in the grid side called the grid side
converter (GSC) and the other is in the machine side and
called the rotor side converter (RSC). The GSC is an AC-DC
converter used to maintain the voltage of the dc-link constant.

In the other hand, the RSC is connected to the DFIG to
provide active and reactive power control of the machine
(Fig. 1). The GSC can supply the required reactive current
very quickly while the RSC passes the current through the
machine resulting in a delay. Both converters can be
temporarily overloaded, so the DFIG is able to provide a
considerable contribution to grid voltage support during short
circuit periods, Erlich et al. (2007).

GSC FILTER

L

Fig. 1. Architecture of wind energy control system

3.1 DFIG Model

The classical modelling of the DFIG in the (d-q) Park
reference frame, Gaillard et al. (2010); which included the
stator and rotor fluxes, voltages current; is depicted in the
electrical and mechanical equations.

d
E(D:d =00, +V,-R]I,

d 4
waq =00y + Vsq - Rslsq ( )

d
5% =0,0,+V,-RI,

d
0y =00, 4V, - R,

With

o, =L, +MI,
o, =LJI, +M, (5
Py = L1, + M,
¢, =L, +MI,

Park’s angles and speeds relative to rotor and stator variables
and the DFIG speed @ are related as per (6):

0.=0+0, >0, =0+, (6)

The electromagnetic torque 7e is given including the stator
flux and currents by:

Te = p((psdisq - (psqim’) (7)

The mechanical equation or the speed equation is as per the
following equation:

J%a)+fva):p(Te—Tm) )
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Where, Tm is the mechanical torque.

The DFIG is implemented and supplied by the grid power
through the stator while the rotor is connected to the grid
through two converters forming a double conversion
alternative current AC to direct current DC and DC to AC.

The multicellular converters consist of serial cells. Each cell
contains two switches with complementary values. If one is
closed the other is open and vice versa. These switches are

controllable using control signal#, . This signal #, is equal

to 1 when the upper switch of the cell is conducting and 0
when the lower complementary switch of the cell is
conducting Benzineb et al. (2011). It can be used for both
DC-DC and DC-AC configurations. In this application, the
multicellular converters are used to control the currents of the
DFIG rotor. The RSC consists of three identical two cell
converters implemented in parallel and power supplied by the
dc-link voltage E controlled by the grid side converter (GSC)
(Fig. 2). In order to control the rotor currents in d-q plan, the
basic model of the DFIG is developed in order to include the
floating voltages and the converters switches.

\
DFIG >/
. 5 Gs¢ FILTER
Il ni 1 7 @
]m _T';i_} Ti _{ |
T 5 o
Ir2
ve2|=
1;*,-_7 53 ‘ 3
T o 5
I3
\m }m‘:z 3,

Fig. 2. Architecture of the block DFIG-MCCs
The relationships relating the floating voltages dynamics, the
switches and the rotor currents 7 7, and j_  using Park

transformation are given by, Gorp et al. (2011), Lienhardt et
al. (2007).

% =Ci(u2 —u), %(cos@,‘lrd —sin6,1Ir,)
th 11 2 2 2 ®
c, Y4 . 3
=—u, —uy),|=(cos(@, ——)Ir, —sin(0, ——)Ir,
7 C2(4 3),/3( 6, ==y =sin(0, —=)Ir,)
dVe 1 2 2r . 2r
73 = a(us —us), E(COS(Q, +?)Ir‘, —sin(6, +T)[r")

The rotor voltages which represent the outputs of MCCs can

be expressed in relation with the floating voltages as follows:
V=@, —u)Ve,+u,E—E/2
Ve, =@, —u,)Ve, +u,E—-E/2
Vi, = (us —ug)Ve, +ugE—E/2

(10)

The term £ /2 is added to each rotor voltage to take into
account the DC-AC functioning of the converters.

3.2 Field Orientation

The stator flux vector is used as reference in order to align it
with the d-axis. The grid is assumed to be stable and

consequently ¢, is constant, Gaillard et al. (2008). Based on

the previous considerations, the following results can be
deduced accordingly.

@sd = (ps

Py =0

From a stable grid and constant stator flux assumption, we

an

can write:
V.=0
{ sd (12)
Vsq: VS‘ = COS(DS
Then, the rotor voltages are given by:
% = _ﬁlrd +wrlr +LI/”1
dt oL, ! oL, (13)
dl
dhy Ry, Mo,
dt oL, " oL, " ol Lo,
Where o is the dispersion coefficient and defined by:
2
o=1-M1 (14)

LL

rs

In order to get a decoupled control between the direct and
quadrature components of the rotor currents, the terms , ; .
Ly
—w,and __Mo,_
oL Lo, °

have to be compensated by the

controller.

Based on the precedent assumptions, the expressions of
electromagnetic torque and stator reactive power are
simplified and can be written in function of the rotor currents.

Te— PMV.
L.Y a)i q (15)
Vi VM

O =—-——1,
Lo L

s7s s

The rotor current references are generated by setting the
electromagnetic and the stator reactive power references (Fig.
3).

The speed control aims to regulate the electromagnetic torque
of the DFIG shaft in order to fix it. To achieve that, a speed
control is applied to the DFIG.

The rotation speed is controlled by using a PI controller in
order to reach the speed reference " defined by MPPT
algorithm. The speed reference " can be given using (3) by
fixing the optimum value of the speed ratio in order to get the
maximum value of the efficiency coefficient.
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From that, we can get the reference value of the
electromagnetic torque to orient the stator flux.

7% x
- e Flux 4 Lrd >
® QS Orientation Irg

Fig. 3. Generation of rotor current references using MPPT

From (15), the reference values of rotor currents can be
gotten as follows:

. L O" V¥
_75Q75+5

"= s
“TTM V. Mo, (16)
Ir*= L. o Dy

! pM v,

Where, Te"and Q:are the desired values of electromagnetic

torque and stator reactive power to be maintained by the
control system.

3.3 Control of the Grid Side Converter

The GSC is used to regulate the voltage of the dc-link
connected between the RSC and the GSC, Gaillard et al.
(2008).

PWM control is used to control the grid filter d-q currents. A
PI controller is implemented to control the de-link voltage in
which we need the expression of the current to feed the
multicellular converters. The expression is given by

L, =ul, +ul,+u]l, (17)

conv

The grid current 1, passes through the grid filter in order to

feed the dc-link E, which supplies
converters with the current; .

the multicellular

](‘OFH'

7 grid

]{f(‘i
TE

Fig. 4. The multicellular converters current input

4. CONTROL OF THE BLOCK DFIG-MCCs USING
SLIDING MODE CONTROL

In order to control the DFIG through the multicellular
converters, we have to get the combined model of the two
systems. This cannot be achieved without using the
characteristics of Park transformation. The combination of an
hybrid model of the multicellular converters and a continuous
model of the DFIG results a hybrid model where the voltages
and currents are the continuous variables and the power
switches are the discontinuous variables.

4.1 Global Model

The rotor voltages can be written using Park transformation
as follows:

2 2r 2
Vr, = \E(cose v +c0{9 —?erz +c0{9 + 3 jV;gJ (18)
Vi, = \F{SinQ,Vr, +sir(0,, 72—ﬂ)Vrz +si1\(¢9 + er})
3 3 3

By combining (9), (10), (13) and (18), the expression of rotor
voltages V7, and vr, is developed and can be implemented in

(19) to get the dynamics of each MCC taking into account the
dynamics of the rotor currents in d-q plan. The global model
of the block DFIG-MCC:s is described by

chl =—\f(c05(9 —0,)1r, —sin(6, - 0,)1r, Yu, — ;)
dV“ :—((005(0 —0,)Ir, —sin(0, —0,)Ir, (u, — ;)
dV‘l:—\f(cos(e —0)Ir, —sin(0, - 0,)Ir, Yu, — us)
dl, R
d;d = _GL: ]r‘d +a)r‘]7‘q +7\P21°°5(9r _Oi)(chuZz—l +u2i(E_ch))
dqu Rr
" =—O_Lr1q—co 7\[2 sin(, —0,)(Ve,u,, , +u,,(E-Vc,))
Mo,
oL Lo, *
Whereg:(i_l)zi and =13 (19)
' 3
We use the formulas in (20) to simplify the equations:
2r 2r
0.)+ 0 ——)+ 0.+—)=0
cos(8,) + cos( 0, 3) cos( 6, 3) (20)

sin(0,) + sin( 0, — 27”) +sin(0, + 27”) =0

According to the global model in (19), the control switches of
each converter {u, ,,u,},i=13don’t interfere on the other

converters floating voltage dynamics. In order to get an
independent control synthesis for each converter, we suppose
that the control switches of each converter {u,, ,,u,},i=13

don’t interfere also on the other converters output current
dynamics. We get then three independent subsystems given
by.

Ve
ave, _ —\f (cos(8, —6,)Ir, —sin(6, —6,)1r, )iy, — )
dl, R P
dtd == O'Lr ]r'd + wr'qu + Tr g COS(@,. - ei)(VciMZifl + uz,'(E - VC[))
a, R 12
dtq == oL, I, -o.l, _E 3 sin(0, —0,) (Ve +uy (E-Ve,))
Mo,
O-LVLSa)V ’
Where g z(i_l)zl and i =13 @20
' 3
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The stator reference oriented flux vector control with sliding
mode control of the RSC of DFIG is schematized in (fig. 5)
The RSC control system presented here is established from
the equations of the DFIG and multicellular converters
models.

Grid
TVCT V&TV@ iVS/iVS:iVS;
Ver I
. Sidi Si2 Ui _ Vri
2 A/l[ol;eg > Hybrid Multi ; Ir:
i | S o) gutomatal22y| Cellular | Vr: 0 ppye
- > Control Converters| Irs >
1y S56 Uss Vs
Irg @
q ) —>

Fig. 5. Oriented flux hybrid sliding mode control of DFIG

The traditional classic PI controllers of the d-q rotor currents
are replaced by a sliding mode controller. The aim of this
controller is to regulate the d-q currents and the floating
voltages represented in (Fig. 5) by their references

Ve, Ve, Ve, .1, and [ ". The controller will generate the

sliding functions which have to be around the origin in order
to satisfy the stability criteria of the global system. These
functions are used to generate the control input to the
converters through hybrid automata.

4.2 Synthesis of Sliding Functions

The aim of the control is to regulate the d-q rotor currents and
the floating voltages. The references of the floating voltages
Vc,.* have to be equal or around the half value of the power

supply E in order to satisfy the natural balancing Vci* :g ,

Wilkinson et al. (2006). By using Lyapunov method for the
synthesis of the sliding functions, the tracking error is defined
as:

A =e,-ve 1,1, 1,-1,] (22)
Lyapunov function is defined as:
V) =2 (GG VeV wol, (1, =1, +aL, 0, -1, ) 23)
If Ax=0then V(0)=0
Let wus consider the sliding functions A and Sys
i =1,3 where:
Sy = Ve (cos(6, =0)1,," —sin(0, —60))1,,)
~ Ve, (cos(6, —0,))1,, —sin(, —0))I,,) (24)
Sy = (E =Ve)eos(6, -0, —sin(6, —0,)1,,")
— Ve, (cos(8, —0)1,, —sin(6, —6))1,,)
We can notice that if Ve, = Vcl,*, I, :Ird*, Irq :Irq*then

S, =0,8,=0 i=13

The derivative of Lyapunov function is given by:

_RI +wd‘r1rq Ird (CU Oi’r rd er V;)Irq
Lo, (25)

r VI +\/7 21 lu21 \/75'21”21

The derivative has to be negative in order to ensure the
stability of the closed system. The control vector can be
divided into two terms: the equivalent control and the vector
representing the effective control.

779 *
{u%—l - U2i—1 +uy
779 *
Uy = Uz[ +u,,

* * .
Where U,? U and u,, ,,u,, are the equivalent and the

V=-RI,

(26)

effective controls effectively.

The derivative function can be rewritten as:

Mo,

V=-R1/-RIl +wdl, I,~(0odl, +L ’V)I

rrq Trd
2
@ VI +\f U§?1+\ES2iU€q \f Sy 1”2, \f uZ!

When the converter is controlled in opened loop, the grander
u=U"and
u" =0. In this case, the derivative of Lyapunov function is

independent of the control. And because of the resistive
elements, the value of Lyapunov function is always negative.

(27)

of the control is constant; which means

The terms —p 1 >~ R, [rqz are always negative.

This term

[oR Mo .
“Vs)l,, +——Vsl,, "
ja)j LSwS

which represents the expression of decoupling terms in the
DFIG model is also negative.

w,_crLr],,q*I,d - ((DVO'L,I,; +

When the converters start to work in closed loop, the
equivalent control will compensate the value of these terms in
the derivative of Lyapunov function, which means that in
order to have negative derivative function the remaining

expression s, ..  +S,u; has to be negative. This can be

respected only and only
If ) »u, <othen g, 5 > orespectively.
Andif,; , 4, >0 then g5, s <orespectively.

The effective control ,, “and ,,*can only have two values 0

or 1, then (Benzineb et al. (2011), Benmansour et al. (2007)).

« 1 .
Uiy = 5[1 - s’gn(Szi-l)] (28)

« 1
Uy = 5[1 —sign($,, )]
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Hence, one can conclude that the derivative of Lyapunov
function ¥ is negative. The asymptotic stability is therefore
guaranteed using the sliding mode control.

Equation 27 shows that depending on the sign of the sliding
functions, the state of the discrete control is defined. We use
these functions to write the transition conditions. We can get
the maximum of the transitions if all conditions of the sliding
functions are considered. However in order to respect the
adjacency principle of the switches in the power converters;
that means only one interrupter can change its state at a time,
some of the transitions cannot be considered. A hybrid
sliding mode control automata of the first converter is
proposed in order to take into consideration this adjacency
principle and illustrated in (Fig. 6). The same automata is
applied for the second and third converters. The control aim
is to make the sliding surfaces converging to the origin,
which therefore allows to the state variables to reach their
references.

[S2>0]

[S2<0]

Fig. 6. Simulink-Stateflow automata for hybrid sliding mode
control of one multicellular converter

The other two converters will have the same automata with
their corresponding control switches and sliding functions.
The stability of the DFIG controlled by the multicellular
converters depends also on the stability of the speed control,
de-link of GSC stability and the Grid stability.

5. SIMULATION RESULTS

In this paper, we have conducted the study of two cells
converters. The same study can be applied for multicellular
converters with high number of cells.

In order to validate the previous results and evaluate the
control strategy, the synthesized controller is applied to
control the mechanical speed, the reactive stator power and
the floating voltages. MATLAB is used to carry out the
simulation.

A step change is applied to the wind speed starting from 4
m/s and changing to 6 m/s at instant 1 second. For the stator
reactive power, the reference is equal to 0 V-A-R.

Fig. 8 illustrates the turbine speed. We can observe that the
turbine speed follows the change in the wind speed according
to MPPT algorithm. A non zero steady state error is present
because of the small value of the integrator parameter in the
speed controller which was chosen to avoid oscillations in the
speed curve.

Fig. 9 and 10 show the stator active and reactive power. The
regulation is well-done. The reactive power is maintained to
zero, to guarantee a unity power factor at the stator side. The
value of the stator active power follows the turbine speed
according to (15) seeing that the electromagnetic torque is the
image of the stator active power.

Fig. 11 and 12 illustrate the floating voltages and the sliding
functions. During the transient response, the floating
capacitors start charging until the value of their voltages is
equal to half of the converters power supply £.

We notice the sliding functions to converge to zero. At time 1
second, when there is a change in wind speed, the synthesised
control law shows its robustness regarding this change and
compensate its value without affecting the control of the
floating voltages. This guarantees a balanced contribution of
the floating voltages which flow always around their
references.

-
T
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=
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Fig. 7. Wind speed with a step change
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Fig. 8. Turbine speed by using MPPT
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Table 1. System Parameters

System Parameters
Grid 220V
Rr=1.8Q, Rs=1.2 Q
Ls=0.1554 H, Lr=0.1568 H
DFIG J=0.325kg'm2, R=3 m
fv=0.00673N"m/s
p=2, M=0.15
Multicellular E=1200V, Ci=40u-F;
Converters C,=40p-F; C5=40u-F;
MPPT Control B=4.4,,=92
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