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This paper designs an indirect power control method for brushless doubly fed induction
generator (BDFIG), in which the stator is attached to grid with back-to-back space vector
modulation (SVM) converter that converts the generated wind power. Our control method is a
sliding mode control based on the theory of variable structure control. Specifically, the active
and reactive powers, which are exchanged between the stator of the BDFIG and the grid in a
linear and decoupled manner, are subjected to decoupled, vector control. In addition, a
proportional integral (PI) controller was implemented to keep the DC-voltage constant for the
back-to-back SVM converter. The efficiency of our control strategy was validated through
simulation. The research greatly promotes the control of renewable energy generators.

1. INTRODUCTION

Researchers have long searched for alternative form of
energy production due to the operational cost and
environmental concerns which has led to an increase study of
renewable form of energy. Over time, along with the
modernization of these renewable forms, a certain complexity
has emerged so as for the control strategies [1, 2]. That is why
the Brushless Doubly Fed Induction Generator (BDFIG) based
wind energy conversion system (WECS) has recently gained
popularity due to his ability to function at variable wind speed
achieving an optimal power generation [3, 4].

The Brushless doubly fed induction generators (BDFIG) is
proven useful for the wind-power generation as the absence of
a brush gear improves the performance of the device and it
decreases the maintenance cost [5]. This configuration is very
useful for offshore and difficult- to-reach installations. In
addition, comparing to the DFIG, the BDFIG has less
manufacturing cost [6]. This is due to the absence of the slip
ring system as well as the simple structure of the rotor winding
[7]. Researchers have shifted their focus lately to removing the
slip ring and brushes; at the same time, keeping the benefits of
the DFIG. Many BDFIG scalar control algorithm are proposed
in literature; for example, it is presented that open-loop control,
closed loop frequency control and phase-angle control can are
capable to stabilizing the machine over a wide range of speed.
Nevertheless, the vector control (VC) methods or the field
oriented control can offer better dynamic performance [7, 8].
The latter can be used with a conventional proportional and
integral (PI) controller as proposed by Poza et al. [9] and
Mesbahi et al. [10]. The basis of these control proposals is
Taylor's linearization of the system dynamic model around a
particular operational point, meaning that the switching of the
controller can only be in restricted operational area. However,
the following controllers are not robust against parameters
differences, model uncertainties and external perturbation; it
can also present an asymptotic convergence. The simple
implementation of these controllers remains a useful feature in
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addition to the low computational cost.

Many controls strategies of BDFIG that are based on WECS
have been developed recently. We mention: fuzzy logic
controller, adaptive controller, variable structure controller
and vector controller [6, 7, 11, 12]. A potential design could
be the combinations of some already mentioned techniques
along with other nonlinear approaches [13]. Despite the fact
that implementing the nonlinear controllers along with
nonlinear systems is very recognized, the control laws that are
produced come with a high computational burden. These
calculations usually rely on the system states and on many
model parameters that have the side effect of minimizing the
control robustness [14].

The BDFIG based WECS control strategies composes two
independent controls which are: (a) SSC control; (b) GSC
control. We propose in this paper a stator side converter sliding
mode control with the implementation of active and reactive
power of the stator of BDFIG as its input for the stator side
converter (SSC), whereas the traditional PI based control
strategy governs the grid side converter. Lyapunov stability
theory is used to control the stator active and reactive power
default despite the fact that this technique is robust against
parameters variations, exogenous perturbation and model
uncertainties.

2. THEORY OF OPERATION

The (BDFIG) brushless doubly fed generator also called the
automatic cascade machine composed of two stator windings
each with different pole numbers (P, # P.)for the purpose of
avoiding magnetic coupling, and a costumed rotor that couples
stator fields which is the nested-loop type of rotor [9].

The power winding (PW) which is the first one is linked to
the main, whereas the second one is called the control winding
(CW) is supplied with a partially rated power electronics
converter as presented in Figure 1. The stator angular
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Figure 1. Configuration of BDIFG wind energy

Each of the two stator power supply has a distinct frequency.

The first one has a fixed frequency which is linked to the grid
through a switch whereas the second power supply has a
variable frequency derived from an electronic power
frequency converter as presented in Figure 1. If the
frequencies of the stator and rotor current are respectively
given asf,andf;, then the machine natural synchronous speed

is equal to [5]:

N, =F +P, @

Figure 2. Different reference frame in BDFIG

where, wg, and w, are the electrical angular velocities of the
PW and CW voltages, and w, is the rotor angular speed. Pp

and Pc are the number of pole pairs of PW and CW
respectively, in this case P, =3 and P, = 1, and Nr is the
number of rotor bars. The + sign accounts for the case which

the CW is excited in positive or negative phase sequence as
presented in Figure 2.
3. SYSTEM MODELING
3.1 Mathematical model of BDFIG

The electrical equations of the BDFIG in the Park (d, q)
reference frame given in Figure 2, that rotates synchronously

with the power winding stator flux by angular speed of wg, [5,
8] is given as:

) d .
Vg, = Rsplsp +az//sp + oy, 3)

d .
Ve = Rscisc +awsc + J(wsp _(pP + pc)a)r)l'//SC )

d .
Vr = Rrir +al//r + J(wsp - ppwr)l//r (5)

The flux equations are as follow:

Ve = Lspisp +M pir (6)
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The electromagnetic torque is as follow [12]:
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The stator power’s expressions are given as:
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We conclude from Eqns. (6) and (8) the following:
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= (12)
sp
-M_ I, —M_I
Ir:(//r pLs,p csc (13)

The substitution of Eq. (13) in Eq. (8) resulted in Eq. (14):
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The substitution of Eq. (12) in Eq. (8) and (9) resulted in Eq.
(13):
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We conclude from Eqns. (4) to (16) that the dynamic
relation between the CW current and the voltage in the voltage
in the d-q axis (Vscand I.) is given as follow:

Rsc'sc +( t(;{‘ll//;j +/12isdc)_wsc (ﬂllqu +22i§c _/1’3‘//?;1 )J'
a7
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3.2 Modeling and control of the grid side converter

The grid side converter has proven very beneficial as it
permits control of active power by preserving constant DC-
link voltage, it also sets the reference reactive power to zero
so iy wouldn't impair the quality of the grid in other words
achieving unity power factor, In addition to power bi-
directionality [10, 16].

Figure 3 demonstrates the structure of a three-phase SVM
rectifier, which can be divided into three parts: The source, the
converter and the load. The model of the system is given by
the following equation:

d Ifa Ifa Vfa Vsa
L at Iy |==R¢|1p |+] Ve [—| Ve (18)
Ifc Ifc Vfc VSC

Using switching function, the DC capacitor voltage
equation is expressed as follows

d . . .
Cdc avdc = Salfa + Salfb + Salfc -1 (19)

The active and reactive power control strategy for BDFIG
is described through the power winding current. The control
winding current d-q is composed of the flux-oriented reference
frame which can be controlled linearly by a regulator
proportional integral (PI) [16]. The aims are to control both the
converter on the grid side and the DC link voltage to a specific
reference value. In order to achieve this, the DC link voltage
should be measured and set to a reference value, and the
reference reactive should be kept at zero in order to provide a
unit power factor [17].

When applying the park transform on the system (18, 19),
the model of the converter will be in synchronous reference d
q at the common connection point (CCP) as given:

R,i L—dfd L, e,
Voo = Relgg + Ly r 1 Oslgg + Vg

diy,
=Ryl + L t — Ly +Vy (20)

d

C,.—V
dc dt dc

=S,y +Sq|fq

The DC-link voltage is regulated by the quadratic axis
current whereas the reactive power is regulated by the direct
axis current. The reference frame is oriented through the stator
voltage vector which allows for independent control of the
active and reactive power between the GSC and the supply
side [18].

Current feed-back values Ly wgirq and Ly w;iq are given as
compensation components in order to cancel the current
couple between d-axis and g-axis as well as the disturbance of
grid voltage.

The expressions of the active and reactive powers are
presented as:
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Figure 3. Structure of the back-to-back SVM converter for BDFIG

The reference currents (i, ,i:q)are given by the Eq. (23):

iy Vg Q
The reference of the real power Py is calculated from the
DC bus control loop responsible of maintaining constant DC

Vg

-V

2

- 3(v4, +v32q (23)

sd

grid side converter i

capacitor voltage. Its value is demonstrated by the given
expression:

*

PS* = Vdc
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Figure 4 shows the block diagram of the control of the
network-side converter.
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3.3 Modeling of stator (CW) side converter

The stator side converter (CW) is implemented to manage
the active and reactive powers that are injected by the stator
(PW) of the BDFIG into the grid. Whereas the converter
implements a simple three-phase inverter with two levels
controlled by the Space Vector Modulation technique (SVM)
(Figure 3).

Vil [2 L s
Vg =21 2 -1fs, (25)
V. -1 -1 2||s,

4. STATOR FLUX ORIENTED CONTROL STRATEGY
OF THE BDFIG

Vector control permits the independent control of the flow
of active and reactive powers between the grid and generator
[19]. The following section describes the function of the vector
control technique.

We use the modeling of the generator (see the equation of 1
to 12). We orient the reference (d, q) so that the axis d is
aligned with the stator flux of the y, power generator.

We will assume that the d-axis of park mark is oriented
according to the stator flux, this choice is justified by the fact
that the generator is often coupled to a powerful network of
constant voltage and frequency.

The dynamic equations is simplified in a big scale due to
the orientation following the flow of the PW since the value of
| l//sp| set approximately constant, which results is the terms that

dyy|

have the factor are almost null [5].

We use the modeling of the generator (see the equation of 1
to 12). We orient the reference (d, g) so that the axis d is
aligned with the stator flux of the y;, power generator.

With constant and oriented stator flux

d
Ve =
4 —
sp

l//sp
(26)

W

The stator flux equation of the generator (PW) becomes:

d d d
Ve = LSp'sp +M ol @
0= Lspijp +M i

For the purpose of simplifying calculations, the stator
voltage constraint can be given as Eq. (23) in the d g-axis.

=0
) (28)
Vsp = st

Replacing Eqns. (18) and (16) in Eqns. (13 and 14), the
power expressions turn to:
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P, =

Vgp (_141//;] + A(‘sigc)
(29)

N w N w

Qp = -V (Ays — Ay + A%

5. DESIGN OF SLIDING MODE CONTROL (SMC)

The control techniques are enhanced and improved to
enable the controlled system to be robust and stable taking into
consideration the parametric variations, and external
disturbances. These control techniques offer a fast dynamic
response and an error, between the set point and the desired
output, zero steady state [14]. The order by sliding mode
control is proffered due to its simplicity and robustness. This
is a discontinuous command that requires controllers with
variable structure.

A system with variable structure is a system whose structure
shifts throughout its functioning. The selection of structure and
switching logic permits the system to switch from one
structure to another at any chosen moment. The benefit of the
variable structure control with the sliding mode is the
robustness in front of variations of the internal parameters of
the system and the parameters of the exterior perturbations
[20].

One related to the system discussed by the next state space
equation:

[X]=[Al[X]+[B][U] (30)

With, [X]eR” is the state vector [U]eR” is the control input
vector; [A] and [B] are system parameter origins.

The number one stage of the control design is contained
from choosing the number of the switching surface s(x).
Mainly, the number of sliding surfaces is selected equal to the
dimension of the control vector [U].

The sliding surface is essentially tackled in the following
general form:

s(x):(;jt+/1)rle(x) (31)

where, A is a strictly positive constant; guarantee
controllability; e(x)=X"¢-X is the error variable. The aim is to
keep s(x)=0. Therefore, force the dynamics of the deviation
(reference - output) to be a dynamic of an autonomous linear
system of order r, with respecting the condition of
convergence. These conditions permit the various dynamics of
the system to converge on the sliding surface and to be kept
free from the perturbation [21].
$(x)s(x)=<0 (32)
As the sliding regime arrives at the dynamics of the system,
an appropriate control is needed to captivate the state
trajectory to the surface and after that to its point of
stabilization while ensuring the conditions of existence of the
sliding mode. For that, the structure of this order has two parts:

U(t)=U,, +AU (33)



U., Regarding the exact linearization which is a similar
command fundamental to keep the variable to be controlled on
the sliding surface s(x).

The derivative of the surface s(x) is:

o ds s ox
s(x):OTf:&a (34)
()_ﬁ_ﬁ{[A][x] [B]Ueq}+§[B]AU (35)

Throughout the sliding mode and the stable state, the
surface is null and as a result its derivative and the ending part
are also zero. Consequently, we conclude the expression of the
equivalent command.

Uo=-{218]] (21418

(36)

With: g[B];&o

Throughout the convergence mode, the AU=0 changing (31)
in to (30), yields

$(x) 7[B]AU (37)
Changing (37) in to (32), we have:
s(x)%[B]AU <0 (38)

In order for the state trajectory is captivated by the
switching surface s(x)=0.
AU Stable, this is necessary to eliminate model printing
impacts and to reject exterior perturbations.
AU =Kk signs(x) (39)
where, k. decides the ability of controlling the chattering [5].
An integral action is now joined to the control so it can
decrease the gain of the "sign" function and then decrease the
chattering impact. This action is also going to enhance the

controller’s performances in terms of reference tracking [22].
The integral surface form is presented as:

£=k :jJs(t)dt (40)

The integral function is joined throughout the positive stage
of the sliding surface, the equivalent control will have the
following form:

U(t)=Ueq+AU +¢ (41)

6. INDIRECT POWER CONTROL WITH SMC OF A

BDFIG

In this segment, the sliding surfaces are recognized based
on the active and the reactive power references presented in
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the Eq. (14). The main aim of this design is to independently
control the active and reactive generated powers.

A. Choice of the sliding surfaces
The showed relation between the current (CW) and the
power (PW) are gathered as follow:

id _ Qsp 74(//d —El//d
“o15via o4 0 BT
(42)
iq — PSD +£ q
TR
' sp 73 3
We have:
ref
ol _ Q p +ﬁwd _ﬁl/[d
sc q r Sp
L5vy A, A 3
ref (43)
iq—ref _ P sp +ﬁ!//q
sc q r
1.5Vsp ./13 13

SMC robust strategy is applied in order to ensure the current
(CW) and the (PW) convergence to their references. The
showed surfaces are presented as follow:

S( ) (Iq ref

(44)
S(Qsp) (Id e _isc)

B. Conditions of convergence
To guarantee the convergence of chosen variables towards
the references, the two slip surfaces must be null as following:

S(Iq refﬁlq) 0 (lq rEf—Iq) 0

S d ref_ISC 0 d d ref
(i )= e

(45)
SC) o

The realization of a sliding mode is conditioned by the
verification by the attractiveness of Lyaponov: $(x)s(x)<0 and
the surface time invariance s(x)=0. To control the current, we
take (r=1), then the derivative of the surface is presented by
the following

a- ref _q
S(Pp)=(ic  -ix)
. 'd ref .d (46)
S(Qsp):(isc _isc)

From Eq. (17), the derivate of control current (Isdc, Isc)can
be described as:

d gy Ve Ry o

a('sc) —Z Z ﬂfz (ﬂ’ll//r + Aol ) 7, V/r

d q Vgc R id .q

a(lsc) —Z Z sc _%(ﬂ'ﬂ//r +ﬂ?'sc AGI//sp) %V/T
(47)



Changing the current expression (43) into (42), we have:

v® ,v3 :is the control vector.

vi-e y €. s the equivalent control vector.

. .qfrEf q : d-att _ . . .
S(Psp)=[iSc {";C-iscagc —%(,11.,,5' + i ey, )}?WEJ Ve 2, va-8 - is the switching part of the control.
2 2 2 (48) The equivalent control winding (CW) voltage vector is
' d_ref Ve R o A showed by
S(Qsp): Isc - f_fi§c+f(ﬂﬂ//g +ﬂ~2igc)_z'//|€i q-ef .
V=2, isc +(Rsci§c Jra’sc(ﬂi'lfﬁj JJ/Zigc ’AG'//sdp )*ﬂi l//ﬁ)
51)
d—ref .
So we can guarantee the captivation of the system towards viea=p, i +(Rscigc_a)sc( Ay 8+ 2,08 )+ Avd)
the surface, the following condition must be reached out:
SR, Qsp )s(R,,. Qsp) <0 (49) For that reason, the switching term is delivered by:
C. Development of the control laws ¢t . )
The algorithm of control is known by the relation: Ve o T kq signs(Py) +&; (52)
d7 -
Ve " =k, .signs(Q,,) + <.
d _y,d—eq d—attr
VSC _VSC +VSC
(50)
Ve =VE Ve The BDFIG global sliding-mode control are illustrated in
Figure 5.
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Figure 5. Block diagram of BDFIG control scheme

7. SIMULATION OUTCOMES

The control strategy proposed in this study has been
accepted by the Matlab/Simulink software. The fundamental
parameters of BDIGF simulation model are tackled in Table
number 1. For that reason, the results accomplished are
properly ordered based on the given specifications in which
the speed is balanced at (600tr/min). The distinction of the
active power is between -1500W, -2500W and -2000W
respectively at 2s and 3.5s, in the meantime the reactive power
is balanced at 0 var. Figure 6 shows the performances of SMC
of the active and reactive powers stator, from where the good
tracking of theirs set points can be detected clearly which
reflect the acceptable dynamics of the system, responding to
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the shifts of the inputs. This judgment reached from the good
values of the performance indicators such as the overshoot,
rise time, and the settle time.

It can also be detected that the stator power factor (Figure 7)
is efficiently maintained to unity. It is showed that the stator
voltage and current of the first phase of the grid are in adverse
stages, which appears that the machine is functioning in
generation mode (cos@=-1).

On the otherwise, Figure 8 is accepting the three stages
SVM rectifier is simulated, it portrays the voltage through the
capacitor (direct voltage) during the changing of power. It is
clear that its pace follows well the reference (600V) pace with
a quick response transient.

After showing the simulation outcomes, it can be seen that



these outcomes show the robustness (Figure 10) of the
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The parameters of Back-to-back SVM converter used in our
study:

Input AC rated phase-voltage Vinp=220V/f=50Hz, DC link
capacitance: C=0.0022f, AC filter inductance: L=0.02H;
resistance R=0.1Q.

8. CONCLUSIONS

The BDFIG double accessibility is highly significant
advantage. This encourages good control of the power flow
between machine and grid allowing implanting the power such
that the grid power factor is closed to unity. In this study,
robust vector control planned for the BDFIG has been
explored. The stability of the robust control has been proven
using the sliding mode controller. This method is valuable in
the way that it clarifies the procedure of the BDFIG design
which resulted in the stability and the robustness decoupling
control of the active and reactive powers of the BDFIG linked
to the grid. The robustness test is accomplished in two ways in
order to verify the structure of the control used, where
instantaneous set-point variations of the active and reactive
powers and a test by switching of the (PW and CW) resistances
have been applied. So the found outcomes have presented the
ability of the adopted structure of control as the good set-point
tracking without any registered impact, and the good
robustness in contrast to the parameters changing have been
noticed. Simulation outcomes show high performance of the
granted control strategy with the verification of the parameter
error and external disturbances. By decoupling the system, this
approach improves its performance. In addition to the control
strategy guarantees the zero performance of the transient
system with decrement of the stabilization time. As a
conclusion we say that suggested BDFIG system control is an
unusual solution in the wind energy area.
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