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Abstract —This paper presents dynamic modeling and
simulation of Brushless Doubly Fed Induction Generator
(BDFIG) as an alternative for variable speed wind power
applications. The mathematic models of active and
reactive power for BDFIG have been developed. The
power control systems of a 75 kVA generator and wind
turbine were simulated in Matlab/Simulink/SymPower
Systems. The generator’s control system is based on
vector control principles which enable to decouple active
and reactive power control. The power flow in the two
stator windings and in the grid is analyzed in two
different power factor correction schemes. The results
presented show that the rating of the two converters used
in this system can be calculated considering that both
converters are compensating reactive power. It allows a
reduction of the kVA rating of the auxiliary-side
converter.

Keywords - brushless doubly fed induction generator,
vector control, wind power, variable speed generator.

I. INTRODUCTION

Doubly fed induction machines with a wounded rotor
have been used as variable speed electric generator especially
in wind power generators systems [1]. This type of generator
have been controlled with power converters with reduced
power rating when compared with the machine electrical
power output. The stator winding is connected to the
electrical mains and the rotor winding is connected to a bi-
directional static power converter through slip-rings. The
presence of slip rings reduces the life time of the machine
and increases the maintenance costs. An alternative to
overcome this drawback is the brushless doubly fed
induction generator (BDFIG) [2-6]. The BDFIG has its
origins in the technology of cascade induction machines and
consists in two three-phase windings with different number
of pole pairs in the stator and a special rotor cage. The power
and the auxiliary windings are connected to the three-phase
power supply; the power winding is connected directly while
the auxiliary winding is connected through an AC/DC/AC bi-
directional static power converter. In this configuration, as is
the case for the doubly-fed induction machine with brushes,
the converter rating required is only the slip-fraction of the
machine capacity and with the appropriate control, the active
and reactive power can be regulated above and bellow the
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synchronous speed of the machine. [3-15]. A general scheme
of the brushless doubly fed asynchronous generator is shown
in Fig. 1.
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Fig. 1. Brushless doubly fed asynchronous generator

The major interest is the operation in synchronous mode.
The synchronous operation occurs when the two stator
windings share a rotor current of the same frequency. The
synchronous operation requires that the auxiliary winding
frequency be adjusted to every rotor speed. There is no
alternative of operation which is not the synchronous one,
because otherwise the machine could not operate smoothly
due to the torque pulsation generated by the auxiliary
winding.

In the synchronous mode, the cross-coupling between
auxiliary and power windings is only guaranteed if both
windings induce equal rotor frequencies:

Wy, = Oy (1)

where:
O, =0+ P,o, 2
W, = =0, + P,0, ®)

In (2) and (3), o, and ax, are the induced rotor frequencies
for power and auxiliary windings, @, and @, are the power

and auxiliary frequencies, e is the rotor speed, p, and p, are
the pole-pair of the power and auxiliary windings.
The synchronous mode is guaranteed if the converter

imposes frequency s given by:
a)a:(pp+pa)a)r_a)p 4
Il. THE MACHINE MODEL
In this paper all mathematical models were developed

considering the synchronous mode. In the BDFG, the power
windings is directly connected to utility grid, hence the level
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of power winding flux remains approximately constant.
Thus, the choice of the power windings flux as orientation

reference frame is a good option. The frame dqp is aligned
with the power winding flux and rotates at @, (speed of the
flux in the power winding). The frame dq,, fixed to the rotor,
rotates at p,a; relative to the frame dgp and the frame daa,
fixed to the auxiliary winding, rotates at (p,+pa) e relative to
frame dqp_

The machine’s dq voltage equations in the synchronous
reference frame are:

H dﬂ/qp
VW=WW+@%N'm (5)
d A,
Vgp = Folgp T @A, + (6)
dt
=0=ri A —d /Iqr 7
b=0=ti, (o pa )
dz,
Var 0 Melar +(a)e o ppa)r );i’qr +d_£j )
dA,
Vea :ra|qa+[a)e—(pp+ pa)a)r}/lda+d—tq )
. dA,
Via = ralda+|:a)e_(pp+ pa)a)r:|ﬂ“qa+ dt 1)
where:
Ao = Lolgp + Lyl (11)
Agp = Lol + Lol (12)
ﬁ“dr = Lridr + meidp - Lmaida (13)
g = Lriqr + meiqp - Lmaiqa (14)
Jop = Ly — Ll (15)
ﬁ“da = Laida - I-maidr (16)
The total electromagnetic torque is expressed as:

T, =Ty +Ta (17)

3 L 3 Lo
Te = E pp me (quldr - Idplqr ) +E Pa Lma (Iqaldr - Idalqr )
(18)

The subscripts p, a and r refer to power winding, auxiliary
winding and rotor winding quantities.

I1l. THE GRID-SIDE CONVERTER

The grid-side PWM voltage fed converter is connected to
the grid by three single-phase chokes (Fig. 2). With this
configuration it is possible to operate using boost mode and
have attractive features as constant dc bus voltage, low
harmonic distortion of grid current, bidirectional power flow
and adjustable power factor. The main objective of the grid-
side converter is to keep the DC-link voltage constant
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regardless the magnitude and direction of the auxiliary
winding power. However it can also be involved in the
power factor regulation.
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Fig. 2. Grid-side converter configuration.

The grid-side converter control is based on the dq voltage
equations of the grid-reactance-converter system represented
in Fig. 2 expressed as:

lge

Vee = Rige + L—=+ @, Li, +Vy, (19)

vsz%+Lﬂf

+@,Li, +Vy, (20)

where L and R are the inductance and resistance of the
chokes, respectively, Vge, Vge, Ige, ige are the mains voltages
and currents in the dq reference frame, vq; and vy, are the ac
side voltages of the converter in dq reference frame and . is
the angular frequency of the grid.

The vector control approach is used, with a reference
frame oriented along the grid voltage phasor (V) position,
such that vge=V. and vg =0. This enables independent
control of the active and reactive power through the ig4 and
ige, respectively [1]. The DC link voltage can be controlled
by the active power flow between the two converters in the
range of 20% to 30% above the peak value of the grid
voltage. In this paper, the DC link voltage was regulated at
800V for a grid voltage of 440V.

Fig. 3 shows the scheme of the grid-side converter and its
controls as simulated in Matlab/Simulink/SimPower
Systems.

IV. AUXILIARY-SIDE CONVERTER

The aim of the auxiliary-side converter is to impose a

current to the auxiliary winding and control independently
the active and reactive power in the power winding. Fig 5
shows the control scheme based on the cascade regulation
method.
The power winding of the BDFIG is directly connected to a
utility power supply; hence the level of power winding flux
remains approximately unchanged. Thus, the choice of the
power winding flux as the orientation reference frame is a
reasonable option. In order to get satisfying control
performance, power winding flux oriented control method
has been presented, in which the d-axis of power winding
synchronous reference frame is aligned with power winding
flux, i.e. the axis dp is aligned with the power windings flux
Ap, such that:
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Fig. 3. Control system for the grid-side converter.

Ay = A, (21)
g =0 22)

The magnitude and position of the power windings flux is
calculated by the voltage and current in the af axes and is
expressed by:

Ay = [(Vap =Ryl )t (23)
Ay = J.(Vﬁp - Rpiﬂp>dt (24)

The integration of the above equations produces an error
associated with the implementation of the integrator that is
constant and appears somehow like an offset in the initial
integrated value. [17].

To avoid this problem, these two equations were
implemented as shown in Fig. 4. The integrator can be
implemented as a numerical integrator for application in a
discrete time system. The output dc component was
compensated in the integrator input by a gain. This gain
defines the velocity of the error compensation. For a
sampling time T, of 2ps the feedback gain was chosen equal
to 100.

From these two flux components the power winding flux
position can be calculated:

0, =tan™ (A, /A, ) (25)

The auxiliary winding variables are synchronized to the

position of the power winding variables by the angle 6,
given by:

0,=(p, +p.)0. -6, (26)

According to equations (5) to (16), and the orientation
realized with equations (21) and (22), the dynamic relation
between the auxiliary winding and power winding currents
is:
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Fig. 4. Implementation of the flux estimator in

Matlab/Simulink/SymPowerSystems.
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The first two terms on the right side of equations (27) and
(28) define the direct relation between the auxiliary and
power windings currents. The other components reflect the
dq cross coupling and the influence of the speed ;.

The control of the auxiliary windings current is realized

. Aap M
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Fig. 5. Control system for auxiliary-side converter
P = 3 Vol +V, i 33
P_E( gplop + dpdp) (33)
3, . "
Qp - E(quldp _Vdplqp) (34)

through a PWM voltage source converter, and the dynamic
equations derived from (5) to (16), (21), (22), (27) and (28)
are:

vo=ri4f L tna |9 Lol

= + —_—— | -

N I I I
~ g

+ a){La—ﬂj—Paa)rLa}ida—Paa)r ma P Iy (31)
i oL, mp

w,(1-0)

o p

+Paa)r}i/1
L

mp

L2 )d. Luabkr.
ma i p i

vy, =ri,+| L, — — gy ———
da a'da [a O'Lr dt da meLrO' dp

r mp

L2 . Lol .
+| o pry -L, |[+PaoL, |I,-Po, L lp  (32)

+ Lma rl' 2’
L,L.o P

Equations (31) and (32) contain dqg cross coupling and
others terms which can be compensated by the PI controller
in each axis.

There are two independent loops that control the active
and reactive power windings by means ig and iga,
respectively.

The general form of active and reactive power are:
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Substituting equations (5) to (16), (21) and (22) into
equations (33) and (34), the power winding active and
reactive power are affected by the i and ig current
component, respectively as:

3 o r .
P=-—t | -T2 L _Ai 35
p 2 O'Lr Lp [ w, p mp —ma’"p qaj ( )

304, . 1 Lyl
= P oy M| (36
%=3"0 Le ™ L° LL * (%)

The active power P, and reactive power Q, can be
controlled by adjusting the auxiliary winding currents iz, and
iga, respectively.

A proportional-integral (PI) regulator is used to reduce the
variables error to zero. Due to the transformations used, all
variables are DC quantities, that eliminates steady-state error
and simplify the project of the controllers.

The space vector PWM was mathematically implemented
in the model according to [12] and will not be detailed in this
paper.

According the block diagram of the auxiliary-side
converter control represented in Fig. 5 the active power
command acts on the speed regulator and the reactive power
command acts on the ig, current and can be manipulated by
the system’s operator.

V. SIMULATION RESULTS

The whole system was simulated in three points of
operation. In wind power systems that operate in variable
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speed, a speed range of +30% around the synchronous speed
is acceptable. For the generator considered (see Appendix)
the rotor speed of 252 rpm, 360 rpm and 468 rpm were
chosen to take measurements of active and reactive power at
the power winding, the auxiliary winding and the system
output (grid).

A wind turbine was used in the simulation as the source of
torque for the generator and the generator rotor speed was
controlled in each of those three points mentioned above.
The active and reactive powers values, as represented in Fig.
6, are presented in table I.

BDFIG

Gearbox

Wind Turbine

Fig. 6. Representation of the power flow of the simulated system.

TABLE I
Power Flow in the System
Wind Pmec | Ppower | Qpower | Paux | Qaux | Pconv|Qconv| Pgrid
speed p p 9

kW) [ &w) | kvAn) | kw) [ &van| &w) | kvan) | &w)

(m/s)
6.5 11.6 16.4 19.5 -6.2|-21.8| -6.8 | -195| 9.7
9.2 33.8 33.4 22.1 -1.3 0 -1.8 | -22.1 | 31.6
12
(case 1)
12
(case 2)

75.0 56.4 22.2 156 | 241 | 150 | -222 | 714

75.0 56.1 0 148 33.7 | 14.2 0 70.4

For the 12 m/s wind speed, two situations are considered.
In the first one, both auxiliary and grid-side converters are
participating in the grid power factor regulation. In the
second one, the auxiliary-side converter is controlling the
grid power factor while the grid side converter is only
maintaining constant the DC link voltage.

From Table | it is clear that when both converters are
compensating reactive power (case 1) the KVA rating of both
converters is comparable;

Sau = 28.7KVA = S, = 26.8 KVA

conv

In case 2, the kVA rating of the grid-side converter is
lower than the auxiliary-side one:

S, =36.8kVA= S, =14.2KVA

conv

It has to be observed that in case 1 the efficiency of the
whole energy conversion chain is a little higher (95.2 %)
than in case 2 (93.9 %). This conclusion does not consider
the generator iron losses as well as mechanical losses. The
estimated losses for the brush and the brushless generators of
the same power are presented in Table Il. It is evident from
these data that there is an increase in both the iron and the
mechanical losses in the brushless machine. But a real
comparison of the respective efficiencies should take into
account the reduction in long term maintenance due to the
elimination of the brushes.
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TABLE I
Power losses in the brush and the brushless induction
generator systems

DFIG Brushless DFIG

75 kW -360 rpm] 75 kW - 360 rpm

Piouter (KW) | 5.13 [ 58.88% 3.22 43.7%
Pioutez (KW) | 0.95 | 10.90% 2.82 38.30%
Piron (KW) 1.17 | 13.40% 0.51 6.90%
Ps (kW) 0.72 | 8.22% 0.41 5.60%
Prec (KW) 0.75 | 8.60% 0.41 5.50%
Protar (KW) 8.72 100% 7.37 100%

In table Il, subscripts 1 and 2 refer to stator and rotor,
respectively.

Only in case 2, the current iq of the grid-side converter is
adjusted to zero. In all other points the current ig is adjusted
as:
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Fig. 7. Auxiliary winding currents for case 1 and 2.
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Fig. 8. Power winding current for case 1 and 2.

Figs. 7, 8 and 9 show the currents in auxiliary winding,
power winding and in the grid-side converter, respectively
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for cases 1 and 2. The current iq of the auxiliary-side
converter is maintained in accordance with Eq. (18) and in
t = 5s current ig is zero. It can be observed that, from case 1
to case 2, the current in the auxiliary winding decreases and
the current in the grid-side converter increases. Fig. 7 shows
that in case 1, the current manipulated by auxiliary-side
converter is smaller than in case 2. As is shown in Fig. 9, the
grid-side converter current for case 1 equals the one of the
auxiliary-side converter. Thus, two converters can be
projected for same power.
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Fig. 9. Grid-side current for case 1 and 2

The power winding current is not much affected by the
control strategy as can be seen in Fig. 8.

Fig. 10 shows the voltage and current in the grid for the
phase A and can be observed that a unity power factor is
maintained in both cases.
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Fig. 10. Voltage and Current Grid for cases 1 and 2.

The following results (Figs. 11, 12, 13, and 14)
correspond to case 1 where both converters are regulating the
grid power factor. In this example, the wind speed varies
linearly from 6.5 m/s up to 12 m/s, which corresponds to the
generator speed varying from 252 rpm to 468 rpm, in a time
interval of 20 s. Fig. 11 shows the current in the auxiliary
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winding. Examining this figure it is apparent the converter
must be designed for the largest value of the auxiliary
winding current that occurs at the upper speed limit.

The active, reactive and apparent powers were measured
and are shown in Figs. 12, 13 and 14. They confirm the high
reactive power of the BDFCIG in the generator speed range.
In Fig. 14, can be noted that the rating of the auxiliary-side
converter increase with the speed range of the generator. In
O = Mgync although the lower apparent power of the auxiliary
side converter, the current of the both converter are equals.
The simulations results show that the two converters can
operate dividing reactive power with the same current value
in all generator speed range.

60
g 40
5 | I
3 20 i
P | |
g 0 !|-‘ |
2 (1 Hl'H
£ | ‘
% 20 ' } . ‘ |
;g -40 W I ! i |H “lrl.
43: il

-60 | |

260 310 360 410 460

Generator speed (rpm)

Fig. 11. Phase A current in the auxiliary winding.
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|Auxiliary winding | —
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Fig. 12. Active power at the power winding, auxiliary winding and
grid.

VI. CONCLUSION

In this paper the vector control of the BDFIG using a
rotating reference frame fixed on the power winding flux was
implemented in Matlab/Simulink/SymPowerSystems. It has
been shown that the control algorithm of the auxiliary-side
and grid-side converters can control the active and reactive
power independently. The reactive power control of the grid-
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side and auxiliary-side converters can be used to control the
reactive power in power windings and the grid, respectively.
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@
§_ 0 1 T L}
2 Grid
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Fig. 13. Reactive power at the power winding, auxiliary winding
and grid.
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Fig. 14. Apparent power of the Auxiliary and Grid-side converter.

Two control strategies were presented. The first one
involves both converters in the regulation of the grid power-
factor and therefore they should have the same rating. The
other one involves only the auxiliary-side converter in the
grid power factor control. The main differences concerning
the converters are:

e in the first case both converters have the same rating;

e in the second case the rating of the auxiliary-side

converter is 28% larger and the rating of the grid-side
converter is only 53% of their ratings in the first case.

However, if the ratings of the two converters are added the
result is almost the same in both two cases, meaning that
possibly their total cost would be similar.

The efficiency in case 1 is a little higher (95.2 %) than in
case 2 (93.9 %) not considering the generator iron losses and
the mechanical losses.
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In view of these conclusions, the decision about the power
factor regulation strategy is not evident requiring further
analysis.
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APPENDIX

GENERATOR DATA

The results presented in this paper concern a prototype
with the following characteristics:

e Main stator winding: 75 kW, 254/440 V, 12 poles,
60 Hz, concentric, three-phase , two layers, connection
2A/2Y, 144 slots;
o Auxiliary stator winding: 25 kW, 690/1200 V, 8
poles, 60 Hz, , concentric, three-phase , two layers,
connection 2A/2Y, 144 slots.
o Rotor winding: concentric, 10 poles, 11 slots per
pole (Fig. A.1)

Fig. A.1 - Picture of the ‘wounded cage’.
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