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ABSTRACT
This paper discusses the control of a new topology of a brushless doubly-fed induction generator (BDFIG) using back-to-back
PWM converters and its application to variable speed wind energy generation. The BDFIG has gained renewed attention in variable
speed drive applications in recent years for the features of simple structure, favorable characteristics and economical operation. The
goal of BDFIG control is to achieve a similar dynamic performance to the doubly fed induction generator (DFIG), exploiting the
well-known induction motor vector control philosophy. The performance of hybrid fuzzy proportional plus integrator conventional
(HFP+IC) controller has been investigated and compared with the conventional PI controller based BDFIG. The simulation results
show that HFP+IC controller is superior to PI controller under dynamic condition.

Keywords: Brushless doubly fed induction generator, hybrid fuzzy proportional plus integrator conventional (HFP+IC), PI
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1. INTRODUCTION
Currently to the industry is heavily relying on the
doubly fed induction generators (DFIG) for variable speed
wind energy applications [1, 3] and [4]. The use of the
DFIG, however, increased the cost and complexity of the
wind turbines [1, 5, 6, and 7] and [11]. The problems were
caused by the configuration of the DFIG, which required a
wound-type rotor and commutation brushes for the power
transfer to or from the rotor windings [5-7] and [11].
These aspects created the need for frequent inspections
and maintenance.
To overcome these disadvantages, a solution consists
in using a brushless doubly fed induction generator
(BDFIG) as shown in Fig. 1. The BDFIG is composed of
two three-phase windings in the stator [called power
winding (PW) and control winding (CW)] and a special
rotor winding is presented in Fig. 2 [3,4,6,8-11].

Fig. 1 BDFIG Configuration for Wind Power Generation
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Fig. 2 Photograph of the rotor winding of the BDFIG, [10,12]

However, it allows putting a converter between the
CW and the grid which is designed only for a part of the
full power of the machine (about 30 %) [4, 6, 8-11]. By
controlling correctly this converter, variable-speed
operation is allowed and electrical power can be produced
from the PW to the grid and also from the CW to the grid.
This paper presents a hybrid fuzzy proportional plus
integrator conventional (HFP+IC) controller is proposed
for a BDFIG. This HFP+IC controller is constructed by
using a fuzzy logic controller in place of the proportional
term in the conventional PI controller. The HFP+IC
controller combines the advantages of a fuzzy logic
controller and a conventional controller.
The fuzzy proportional (FP) term plays an important
role in improving overshoot and rise time response [13].
The conventional integral term reduces a steady-state error
[13].
Furthermore, this controller has the following features,
[13].
1) Since it has only one additional parameter to be
adjusted based on the original PI controller it is easy to
design.
2) The HFP+IC controller keeps the simple structure
of the PI controller. It is not necessary to modify any
hardware parts of the original control system for
implementation.
3) The sufficient stability condition shows that the
same stability remains unchanged if the original PI
controller is replaced by the HFP+IC controller.
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In this paper the application of HFP+IC for controlling
the active and reactive powers of BDFIG is investigated.
The performance of HFP+IC controller has been
investigated and compared with the conventional PI
controller based machine.
Depending on the values of the average (steady state)
wind speed, four zones may be identified in the static
operation of BDFIG. Zones I and VI, where the provided
power is zero, are not concerned by this paper. The
interest is here focused on zone II, called partial load
zone, where the extracted power proportionally depends
of the wind speed cubed, and the so call load zone (III),
where the power must be limited to the nominal value.
2. MODELLING OF THE WIND TURBINE AND
GEARBOX
The theoretical power available in the wind is defined
by Betz formula. It is given by
1
3
(1)
Pw = ⋅ ρ ⋅ S ⋅ vw
2
Where ρ is the air density (ρ = 1.225 kg/m3) , S is the
cross-sectional area of the turbine rotor and vw is the wind
speed.
The effective efficiency conversion is given by the
power coefficient (Cp), which is expressed by the
following:
Pt
Cp =
(2)
Pw
Where Pt is the mechanical power of the turbine and
Pw is the available wind power.
The (per unit) speed or relative λ is the ratio between
the linear blade speed and the speed of the wind.
Ωt R
λ=
(3)
vw
Where Ωt is the turbine speed and R is the turbine
radius.
A typical relationship between Cp and λ is shown in
Fig. 3. It is clear from this figure that there is a value of λ
for which Cp is maximum and that maximize the power
for a given wind speed. The peak power for each wind
speed occurs at the point where Cp is maximized. To
maximize the generated power, it is therefore desirable for
the generator to have a power characteristic that will
follow the maximum Cp_max line.

1
Ωt
Pt = . Cp . ρ. π. R5 . 3
λ
2

(4)

Ct =

(5)

Torque is then:

Cem =

Taking into account equations (1), (2) and (3), power
on the out axle of the turbine is then:
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Pt 1
3
= ∙ ρ ∙ π ∙ R 3 ∙ C p ∙ vw
Ωt 2

(6)

With the multiplier of report/ratio G, the torque and
speed become at shaft end;
Ct
Ωmec
and Ωt =
G
G

(7)

dΩmec
+ fΩmec = Cg − Cem
dt

(8)

Cg =

When the turbine is coupled to a machine the
mechanical equation at shaft end will be:
J

From these various equations the mathematical model
of the turbine at shaft end is shown on Fig. 4.

Fig. 4 Device control without control speed, [13]

The expression of the optimal mechanical power
Pmec_opt is obtained as follows:
Pmecopt =

1 Cpmax ∙ ρ ∙ π ∙ R3 3
∙ Ωmec
2
G 3 λ3opt

(9)

3. DYNAMICAL MODEL OF THE BDFIG
The electrical equations of the BDFIG in the
synchronous reference frame (d-q) are this given by [3],
[4], [6], [9]:
q
vsp

Fig. 3 The Power coefficient for the wind turbine model

Pt
Ωt

q
R sp isp

q

dψsp

+ ωp ψdsp
dt
dψdsp
q
d
vsp
= R sp idsp +
− ωp ψsp
dt
q
dψr
q
0 = R r ir +
− �ωp − pp ωr �ψdr
dt
dψdr
q
− �ωp − pp ωr �ψr
0 = R r idr +
dt
q
dψsc
q
q
vsc = R sc isc +
+ �ωp − �pp + pc �ωr �ψdsc
dt
dψdsc
q
d
= R sc idsc +
+ �ωp − �pp + pc �ωr �ψsc
vsc
dt
=

+
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The expressions for stator and rotor flux linkages are
q
ψsp

=

q
Lsp isp

+

q
Lmp ir

ψdsp = Lsp idsp + Lmp idr
q

q

q

(16)

(17)

q

(18)

ψr = Lmp isp + Lr ir + Lmc isc

ψdr = Lmp idsp + Lr idr + Lmc idsc
q
ψsc
ψdsc

=
=

q
Lsc isc
Lsc idsc

+
+

q

(19)

q
Lmc ir
Lmc idr

4. BDFIG CONTROLLER DESIGN
4.1. Control of the grid inverter
The various control strategies for the voltage source
rectifier (VSR) have been proposed [5], [14] and will be
briefly discussed here.

(20)

(21)

q

where isp , idsp , isc and idsc are d, q-axis stator currents
q
respectively; ir and idr are d, q-axis rotor currents
respectively; ψqsp , ψdsp , ψqsc and ψdsc are d, q-axis stators
flux respectively; Rsp, Rsc and Rr are the stators and rotor
resistances per phase respectively; Lsp, Lsc and Lr are the
total cycle inductances of the stators and rotor
respectively; Lmp and Lmc are the mutual or magnetizing
inductances.
The dynamic equations in (10-21) are usually
represented in the selected d-q reference frame [6]. Fig. 5
shows the angle relationship of power machine stator, PW
and CW rotors and CW stator to the selected reference
frame.

Fig. 6 VSR Circuit Model

The system can be written in a rotating reference
frame by using Park transformation
vq
vq
iq
iq
iq
� + �v inv �
(25)
�v � = R � � + L ∙ s � � + ωe L �
dinv
id
id
− id
d
Where s is the derivation operation.
3
P = �vd id + vq iq �
2
�
(26)
3
Q = �vq id + vd iq �
2
The voltage components in the Park frame Vd_inv and
Vq_inv are given at the output of the PI regulator:
v ∗ = −id (s L + R) + �ωe L iq + vd �
� ∗d
vq = −iq (s L + R) + (ωe L id )

Fig. 5 Control winging reference D-Q frame
The general relationships between these quantities as
well as the electrical speed of the rotor for the 50 Hz
system are
ωp = 2π ∙ 50
� ωr = ωp − ωr pp

ωr = ωp − ωr �pp + pc �

(27)

In the Park reference frame, the voltage source
components are Vd = 0 and Vq = Vs and the powers can be
written as
3
P = vq iq
2
(28)
�
3
Q = vq id
2
The complete block diagram of the VSR controller is
shown in Fig.7.

(22)

The equation also shows the torque to be the function
of the PW flux as well as the CW stator and rotor currents
Cem =

3
q
q
q
q
�p �ψd i − ψsp idsp � + pc Lmc �idsc ir − isc idr �� (23)
2 p sp sp

Finally, the mechanical model of BDFIG can be
written as
Jg

dωm
= Cem − fg ωm − CL
dt

(24)

Where ωp and ωc are the stators synchronous angular
frequency; ωr is the rotor's electrical angular speed; Pp and
Pc are the number of poles of PW and CW respectively;
Cem is the electromagnetic developed torque; CL is the
load torque; Jg is the rotor inertia; Fg is the rotor damping
coefficient.
ISSN 1335-8243 (print) © 2013 FEI TUKE
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Fig. 7 Grid side VSR

4.2. Power winding side Controller
The developed control strategy is based on a loops
control as shown in Fig. 8. Two regulation paths are
implemented as in the classical vector control schemes:
one control path regulates the d magnetizing currents and
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the other one is dedicated to control the q active currents.
In order to obtain a good decoupled control, the power
machine flux orientation has been selected (ψdsp =
q
�ψsp �and ψsp = 0 ). The obtained control strategy for the
BDFIG is similar to the well-known stator field
orientation control used in the DFIG. [6], [7], [14].

The reason for the popular use of the PI-type controller
is that this controller can be easily designed by adjusting
only two controller parameters: Kp and Ki. In addition, its
control performance can be accepted in many
applications.
5.2. HFP+IC controller synthesis
In order to improve the performance PI control, we
propose a HFP+IC controller, as shown in Fig. 10.

Fig. 10 HFP+IC controller scheme
Fig. 8 Block diagram of BDFIG power control system

5. CONTROLLERS SYNTHESIS
5.1. PI controller synthesis
At present, the PI-type controller is most widely
adopted in industrial application due to its simple
structure, as shown Fig. 9. Its control signal is easily
computed by combining proportional-integral terms
1
(29)
u(t) = �K p + K i � �� e(t)
s
The terms Kp and Ki represent respectively the
proportional and integral gains.
The quotient B/A represents the transfer function to be
controlled, where A and B are presently defined as
follows:
(30)
A = Rsc + sδ3 and B = 1
Where δ3 = Lsc −

L2
mc Lsp

Lr Lsp −L2
mp

Fig. 9 System with PI controller

The controller terms can be calculated just specifying
the natural frequency and damping of the close loop
equivalent second order system. The desired natural
frequency (ωn) and damping (ξ) are set respectively to 37
rad/s and 70.7 %.
Allows determining the parameters of PI controller:

K i = ωn2 ⋅ δ3

and

K p = 2 ⋅ ξ ⋅ ωn ⋅ δ3 − R sc

ISSN 1335-8243 (print) © 2013 FEI TUKE
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(31)

This HFP+IC controller uses an fuzzy logic controller
in place of the proportional term; while the integral term
keeps unchanged
1
(32)
u(t) = �K p uf (t) + K i � �� e(t)
s
Where Ki is identical to the conventional PI controller
in Eq. (29), uf (t) is the output of the fuzzy logic
controller, and Kp is its proportional coefficient. The most
important part in the HFP+IC controller is the FP term
because it is responsible for improving overshoot and rise
time. The conventional I term is mainly responsible for
reducing a steady-state error if an actual value is close to a
reference signal, [13,14-15].
The fuzzy logic controller is a standard one which has
two inputs e(t) and ce(t) and an output uf(t). The
membership functions used for the input and output fuzzy
set are shown in Fig. 12. All the membership functions
have asymmetrical shape with more crowding near the
origin for higher precision at steady state [15-16].
The knowledge base involves defining the rules
represented as IF-THEN rules statements governing the
relationship between inputs and output variables in terms
of membership functions [15-16]. In this stage the input
variables e(t) and ce(t) are processed by the inference
engine that executes 7×7 rules shown in rule Tab. 1.
After processing the inputs through knowledge base
and inferencing mechanism the next stage is
defuzzification. In this stage the fuzzy variables are
converted into a crisp variable, [16]. This stage introduces
different inference methods that can be used to produce
the fuzzy set value for the output fuzzy variable uf. In this,
the center of gravity or centroid method is used to
calculate the final fuzzy value uf. The output function is
given as:
uf =

∑nk=1 uf(k) ∙ µ�uf(k) �
∑nk=1 µ�uf(k) �

(33)

Where n is the total number of rules and μ(uf(k))
denotes the output membership value for kth rule.
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6. SIMULATION RESULTS AND DISCUSSION

Fig. 11 Block diagram of fuzzy controller

The aim of the control is to have measured active and
reactive powers equal to the reference values. These
powers must then be collected. In order to measure only
the stator current of CW. The tow controllers have been
tested using the indirect control method. The indirect
control mode is based on the stator currents measurements
of CW.
Table 1 Fuzzy rule base of the fuzzy logic controller
e
ce
NB

NB

NM

NS

Z

PS

PM

PB

NB

NB

NB

NM

NS

NV

Z

NB

NM

NM

NS

NV

Z

PV

NS

NB

NM

NS

NV

Z

PV

PS

Z

NM

NS

NV

Z

PV

PS

PM

PS

NS

NV

Z

PV

PS

PM

PB

PM

NV

Z

PV

PS

PM

PM

PB

PB

Z

PV

PS

PM

PB

PB

PB

NM

6.1. Performances of the controller

Fig. 12 Membership functions for: (a) error e and change of
error ce and (b) output uf

The aim of this test is to analyze the influence of a
speed variation of the BDFIG on active and reactive
powers and d-q stator currents of CW. The speed varies
from 75 rad/s (corresponds to 716.5 rpm) to 82.5 rad/s =
788 rpm. The results are shown in Fig. 13
.

Fig. 13 Simulated results under various speed and stator reactive power steps. (A) hybrid fuzzy proportional plus integrator
conventional controller. (B) Zoom of A. (C) PI Controller. (D) Zoom of C. (a) Rotor speed (rd/s). (b) Stator active power of PW (W).
(c) Reactive power of PW (Var). (d) Direct and quadratic stator currents of CW (A)

ISSN 1335-8243 (print) © 2013 FEI TUKE
www.aei.tuke.sk

Unauthenticated | 194.138.39.60
Download Date | 1/15/14 2:59 AM

ISSN 1338-3957 (online)
www.versita.com/aei

70

Hybrid Fuzzy Proportional Plus Integrator Conventional Controller of a Novel BDFIG for Wind…

The first test investigated to compare the both
controllers is reference tracking by applying stator active
and reactive power steps of PW, respectively. As shown in
Fig. 13, the active power is stepped from 0 to -1.5 kW
(export to grid) at 1.5 s and then backed to 0 at 2.5 s, the
reactive power is stepped from 0 to -1 kW at 2 s and then
backed to 0 at 3 s, while the machine's speed is maintained
constant during the first change at 716.5 rad/s and at 788
rad/s during the second change. The results are presented
in Fig. 13A and Fig. 13C.
This figure shows the limits of the PI controller which
is only based on the machine's parameters and does not
take into account any disturbances. Indeed, for this
controller, a speed variation induces an important
variation of the active and reactive powers (15% for active
power and 5% for reactive power). The hybrid fuzzy
proportional plus integrator conventional controller has a
nearly perfect speed disturbance rejection, indeed; only
very small power variations can be observed (less than
0.1% for active power and 2% for reactive power. This
result is interesting for wind energy applications to ensure
stability and quality of the generated power when the
speed is varying.

power extracted from the wind energy conversion system
can pass through the grid.

Fig. 14 Wind speed (Vw)

Fig. 15 Wind generator mechanical power (Pmec)

6.2. Simulation of the whole system
The brushless doubly fed induction generator
parameters used in the simulation are given as following.
Table 2 BDFIG Parameters used for Simulation
Turbine

q

Fig. 16 Direct and quadratic stator flux of PW (ψsp and ψdsp )

Diameter = 4.6 m, Number of blades = 3, Hub height = 12
m, Gearbox = 18
BDFIG
2.5 Kw, 380 V, 50 Hz, 2 pole pairs, Rsp = 1.732 Ω, Rsc =
1.079 Ω, Rr = 0.473Ω, Lsp = 714.8 mH, Lsc = 121.7 mH, Lr
= 132.6 mH.
Grid
U = 380 V, Zline =R +jLω = 0.25 +j0.003.

The nominal dc link voltage was set at 410 V. The grid
side converter behaves to keep the DC-link voltage
constant, and it is controlled by a method similar to the dc
voltage controller in a PWM voltage source rectifier [14].
The results of simulations are obtained for reactive
power Qref = 0 and DC-link voltage E=410 V. Fig. 14
shows the wind speed. Fig. 15 presents the wind generator
mechanical power. The decoupling effect of the between
the direct and quadratic stator flux of PW is illustrated in
Fig. 16. The stator currents and voltages waveforms of the
BDFIG and the related expended plots are shown,
respectively, in Fig. 17a, Fig. 17b, Fig. 17c and Fig. 17d
(phase a). The PWM inverters are operated at 2 kHz;
hence, the currents are almost sinusoidal. Fig. 18 gives the
rotor current of the BDFIG. The grid voltage and current
waveforms
and
these
zoom
are
presented,
correspondingly, in Fig. 19a and Fig. 19b. The stator
active and reactive powers are plotted in Fig. 20. Fig.
21 shows the regulation of the DC-link voltage. It is
maintained at a constant level (410 V) so that the real
ISSN 1335-8243 (print) © 2013 FEI TUKE
www.aei.tuke.sk

a
a
Fig. 17a Stator current and voltage of PW (Isp
, Vsp
)

a
a
Fig. 17b Zoom of Stator current and voltage of PW (Isp
, Vsp
)

a
a
Fig. 17c Stator current and voltage of CW (Isc
, Vsc
)
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7. CONCLUSIONS

a
a
Fig. 17d Zoom of Stator current and voltage of CW (Isc
, Vsc
)

Fig. 18 Rotor current (Ira )

Fig. 19a Grid voltage and current (Iga , Vga )

In this paper, we have presented a complete system to
produce electrical energy with a BDFIG by the way of a
wind turbine. The studied device is constituted of a
BDFIG with the stator of PW directly connected to the
grid and the stator of CW connected to the grid by the way
of two converters (machine inverter and grid inverter).
The control of the machine inverter has been presented
first in order to regulate the active and reactive powers
exchanged between the machine and the grid. Two
different controllers are synthesized and compared. The
performances of the two controllers are not similar. When
the machine's speed is modified (which represents a
perturbation for the system), the impact on the active and
reactive powers values is important for PI where as it is
almost non-existent for hybrid fuzzy proportional plus
integrator conventional (HFP+IC).
The grid inverter has also been controlled with a PI
controller in order to maintain the DC-bus voltage to a
constant value. A test has been investigated with speed,
active and reactive power variations showing negligible
variations of the voltage.
The last part of the paper shows the simulation of the
whole system behaviour with a turbine. The presented
results show that intelligent control method as HFP+IC
can be a very attractive solution for devices using BDFIG
such as wind energy conversion systems. Indeed, most of
the studied BDFIG control schemes use classical PI
controllers but the comparison done in this paper show
that the limits of this type of controller can have negative
effects on the quality and the quantity of the generated
power.
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