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Abstract- In this paper, a power control strategy for the brushless doubly fed reluctance generator (BDFRG) based variable-
speed wind turbine system is proposed. The proposed control strategy covers all system operational regions including:
maximum power point tracking (MPPT) region, constant speed region, and constant power region; whereas, the studies in the
literature for the BDFRG wind turbine system are only limited to the MPPT region. For capturing maximum power from the
wind in the MPPT region, a turbine power feedback based MPPT, which is a method with fast dynamic response, is used. In
the constant speed region, the BDFRG speed is kept constant, and for high wind velocities in constant power region, the
controller decreases the BDFRG speed to prevent the increase of the turbine power more than its rated value. In addition, a
turbine power observer is proposed to obtain turbine power. The BDFRG wind turbine system model based their dynamic
equations, which explained in the paper, is simulated in MATLAB/Simulink software and the performance of the proposed
control strategy is studied. The simulation results verify the effectiveness of the proposed control strategy in all three
operational regions as well as the acceptable performance of the turbine power observer.

Keywords Brushless doubly fed reluctance generator, variable-speed wind turbine, maximum power point tracking, ideal

power curve, turbine power observer.

1. Introduction

Wind energy generation systems especially variable-
speed wind turbines have attracted great interests in recent
years. Their appropriate dynamic behavior and increased
power capture are the most important advantages of the
variable speed systems in comparison with the conventional
constant speed systems [1-4]. Doubly fed induction generator
(DFIG) is a commercial wind generator in variable-speed
wind generation systems because of using partially-rated
converter [5]. However, the DFIG has the problem of
brushes and slip rings in its structure, which are unavoidable
for rotor feed [6, 7].

Nowadays, the brushless doubly fed reluctance
generators (BDFRG) have been proposed as a potential
alternative to the existing solutions for the variable-speed
wind energy generation systems [8-15]. Its brushless
structure resulting in reasonable cost and high reliability of
the BDFRG is the main reason of this increasing interest. On

the other hand, its comparative performance with DFIG leads
to consideration of the BDFRG as a suitable choice for wind
generation application [16].

The BDFRG needs partially-rated converter in wind
generation applications like DFIG [8-10]. In addition, its
brushless structure ensures high reliability and low
maintenance of the BDFRG, which is especially important
for off-shore plants [17].

In literature, different methods have been proposed to
control of the BDFRG. These methods can be classified into
following categories: scalar control [18-21], field orientation
control (FOC) [22-30], direct torque control (DTC) [25, 31-
36] and direct power control (DPC) [17, 37]. A comparative
analysis of these control methods can be found in [6]. In
some of these researches, the BDRRG is controlled to
capture maximum power from the wind [10, 20-25, 38-40].
However, the majority of the methods used to perform
maximum power point tracking (MPPT) in the BDFRG
system are based on the electrical torque feedback. In these
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methods, electrical torque is used to calculate reference
angular speed of the BDFRG; whereas, using of the turbine
power as the feedback signal instead of the electrical torque
in the MPPT loop, leads to faster MPPT [41]. In addition, the
control zone in all above works is only limited to the MPPT
region. However, for safe operation of the system, an overall
control strategy is required which covers other wind turbine
operational areas, constant speed and constant power regions,
as well as the MPPT region [41].

In this paper, a power control strategy has been proposed
for the BDFRG wind turbine system. The proposed control
strategy has the advantage of covering all wind turbine
system operational areas; i.e. the MPPT, constant speed and
constant power regions. Moreover, the proposed MPPT
method is based on the turbine power feedback which has a
fast dynamic response. In addition, in high wind velocities,
the turbine output power is regulated to its rated value,
smoothly, by reducing the angular speed of the BDFRG.
Also, for the turbine power observation, a simple observer is
proposed. Furthermore, the dynamic model of the BDFRG
and wind turbine is simulated in MATLAB/Simulink
software and the accuracy of the proposed control strategy
within the whole wind velocity range has been validated. The
rest of the present paper is organized as follows: The
BDFRG structure and dynamic model are expressed in
Section 2. Section 3 is dedicated to the wind turbine model
and other mechanical equations of the system. In Section 4,
the proposed power control strategy for the BDFRG wind
turbine system covering all system operational areas has been
explained. The accuracy of the proposed control strategy has
been checked in Section 5. Finally, a conclusion is expressed
in Section 6.

2. Brushless Doubly Fed Reluctance Generator

The BDFRG has two sinusoidal distributed three-phase
winding in its stator which the pole pairs and applied
frequencies to these windings are different from each other.
The primary winding (power winding) is directly connected
to the grid and the secondary winding (control winding) is

connected to the grid through a back to back converter for bi-
directional power flow which is shown in Fig. 1[17].

Since the pole pairs of two stator windings are always
different, so with a round rotor, there is ideally no magnetic
coupling between them [9]. However, a reluctance rotor with
P, salient poles could make magnetic coupling between the
primary winding with P; pole pairs and the secondary
winding with P, pole pairs (supplied with angular
frequencies wp, and ws, respectively) by satisfying the
following equations [9]:

P.=P+P, (1)
w, = a)p + @y (2)
where w; is the electrical angular speed of the rotor.

The space vector model of the BDFRG in an arbitrary
reference frame rotating at w can be expressed as follows
[42]:

v.=Ri +%+ja)l 3
p pp dt p

A :Rsis+d:;s + j(@, — )2 4

Jy =L, + L0 (5)

a, = L, + L) ®)

where Ry, Rs, Lp, Ls and Lps are the primary resistance, the
secondary resistance, the primary inductance, the secondary
inductance and the primary to secondary mutual inductance,
respectively. xp and xs are the space vectors in a reference
frame rotating at o, for the primary and secondary,
respectively. It should be noted that the primary and
secondary equations are expressed in two different reference
frames: the primary equation, Eq. (3), in the reference frame
 and the secondary equation, Eq. (4), in the reference frame
wr - w. The reference frames which are used in the model are
shown in Fig. 2 [12].

Grid

DC link

Gear Box

Wind Turbine

Machine Side
Converter

Grid Side
Converter

Fig. 1. The connection of the BDFRG to the grid and wind turbine.
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Fig. 2. The reference frames used for the BDFRG model.

In addition, The electrical torque expression of the
BDFRG is [42]:

.3 A
T, = jZPers(lpls —|p|3) @)

3. Wind Turbine Model

The output power of the wind turbine, Py, is obtained
from [43]:

P, = 0.507R?C,, (V] (8)

where p is the air density, R is the radius of the wind turbine
blades, C, is the power conversion coefficient and v is the
wind velocity. C, is a function of tip speed ratio, 4, which
defined as [43]:

_ Ro,
\

w

A C))

The turbine mechanical torque, T, is obtained from the
turbine output power and the turbine angular speed, w:, as
follows:

To=— (10)

So, with substituting Eq. (8) and Eq. (9) into Eq. (10), T:
is obtained:

T, = 0507’ (11)

C,(1) v
A
With considering the gear box ratio, N, the mechanical
torque, Tm, and the mechanical angular speed, wm, at the
machine side are expressed as [43]:

m

Tt

— 12
N (12)
@, = Nao,

(13)

Finally, the one mass modeling of the wind turbine
system is as follows [44]:

J d
T :(N—‘2+ij ;‘;m +T, (14)
or:
T J d
N N[N—E”mj%”e =

where J; and Jn are the wind turbine and BDFRG inertias,
respectively.

4. Control Strategy

The proposed power control strategy is based on the
control of the wind turbine power to follow an ideal power
curve within the whole wind velocity range. The wind
turbine ideal power curve, which is shown in Fig. 3, consists
of three different regions:

» Region I: the MPPT operational region; when the
wind velocity varies between vy min (the minimum wind
velocity which turbine cuts in) and vy _.n (the wind velocity
which the BDFRG reaches to its maximum speed).

> Region Il: the constant speed operational region;
when the wind velocity varies between vy v and vy n (the
wind velocity which the turbine reaches to its rated power).

> Region IlI: the constant power operational region;
when the wind velocity varies between vy n and Vi max (the
maximum wind velocity which turbine cuts out).
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Fig. 3. The ideal power curve versus the wind velocity [41]

The block diagram of the proposed control strategy for
the BDFRG wind turbine system is shown in Fig. 4. The
output power of the turbine, which can be observed by a
turbine power observer, P: ons, has been used to calculate the
reference value for the angular speed of the BDFRG, wm_rer.
The determination of the desired wm_rer in three operational
regions by the proposed control strategy will be explained in
the next subsections. After obtaining wm_rer, @ Pl controller is
used to regulate wm t0 wm e by producing the desired
reference value for the BDFRG primary active power, Pp*
(Pp" is obtained with multiplying the output of the PI
controller by wp/Pr). The reference values of the BDFRG
primary active and reactive powers, P," and Q,", are applied
to a lower order controller (BDFRG Power Control Block) to
control the output power of the BDFRG. In fact, the BDFRG
Power Control Block produces the required switching pulses
for the machine side converter. It should be noted that the
machine side converter controls the BDFRG active and
reactive powers, and the grid side converter controls DC link
voltage.

4.1. Region I: MPPT

In this operational region, the aim is to capture
maximum power from the wind in different wind velocities.

a)m max
Pt_obs "N R a); a)m_ref
> a)m = 3 k +
opt_t —‘
/ a)mfcomp a)mT
a)m_m'n
m_min
> Resettable
PID
/
0
Pt_max

In the proposed MPPT method, the turbine power is used to
calculate the optimal angular speed of the BDFRG.

The tip speed ratio should be equal with its optimal
value, Ao, to capture maximum power from the wind
turbine. Hence, when the wind velocity is changing, the
BDFRG speed has to vary according to Eq. (9) in such a way
that the tip speed ratio stay in its optimal value. So, in
optimal operational point;

A= Aopt (16)
Cp(/l) = Cpfmax (17)

where Cp max iS the maximum value of the power conversion
coefficient. With substituting Eqg. (9) into Eg. (8), and
considering Eqg. (16) and Eq. (17), P: is obtained from
Eg. (18) in the optimal operational point:

b _ 0.507R°C,

t 1 wtg = kopt_twt3 (18)

opt

where K, . =0.5,o;zR5Cp_max//1Opt . Therefore, the optimal
angular speed of the turbine, (", can be obtained as:

(19)

opt_t

From Eq. (13) and Eq. (19), the optimal angular speed of
the BDFRG, wn', is as follows:

(20)

opt_t

In this region, Py is smaller than its rated value, Pt max, SO
the Resettable PID controller in Fig. 4 is inactive and cm_ref
is equal to wm which is calculated from Eg. (20) for the
MPPT operation.

Switching
BDFRG Pulses
Pl o/ P Power (——»
/' Control
-P .
p_max Q . T

Fig. 4. The block diagram of the proposed power control strategy for the BDFRG wind turbine system within the whole wind
velocity range.
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4.2. Region I1: Constant Speed

When the wind velocity is smaller than vy ,v, the
BDFRG angular speed, wm, increases with the increasing of
the wind velocity in the MPPT operational region. As soon
as the wind velocity exceeds vy »x, the optimal angular speed
of the BDFRG, determined by Eq. (20), will reach its upper
limit, wm_max. FOr the wind velocities greater than vy ., the
BDFRG angular speed remains constant, although the
turbine power increases with increasing of the wind velocity.
In this operational region, Py is still smaller than P; max, and
then the Resettable PID controller in Fig. 4 is inactive and
om_ret is equal to the upper limit of the wm” (i.€. wm_max).

4.3. Region I1I: Constant Power

When the wind velocity exceeds vy n, the power of the
wind turbine reaches to Py max. If there is not any additional
controller, the turbine power increases to values greater than
Pt max by increasing of the wind velocity. Therefore, in this
region the proposed control strategy aims to maintain the
turbine power in Py max by forcing the system to operate at
lower angular speeds than wm max. This is performed by the
Resettable PID controller which will be active when Py
exceeds Pt max. The Resettable PID controller regulates P; to
Pt max by producing compensating angular speed, wm_comp-
Therefore, in this region wm rer is obtained by subtracting
®m_comp from cnm”.

The reset option of the Resettable PID controller is
triggered when the input of the controller reaches from a
positive value to zero. This is necessary for clearing the
output of the PID controller when the wind velocity
decreases and the turbine operational region comes back
from region 111 to region II.

4.4. Turbine Power Observer

The turbine power plays an important role in the
proposed control strategy, however it cannot directly be
measured and it should be observed. Fig. 5 shows a simple
turbine power observer which is used in this paper to observe
Pi. Eq. (14) is employed to design the turbine power
observer, and rewritten as Eq. (21):

where J=J,/N?+J, . On the other hand, according to Eq.
(10), Py is:

P =oT, (22)
Hence, with substituting Eq. (12) and Eq. (13) into Eq.
(22), P; can be obtained from multiplying wm by Tm:

Po=a,T, (23)

A PI controller, Eq. (21) and Eg. (23) constitute the
turbine power observer structure. The PI controller regulates
the observed value of the BDFRG angular speed, wm obs, t0
wm, by producing the observed value of the BDFRG
mechanical torque, Tm_obs. wm_obs IS Obtained from Eq. (21)
when T obs iS used in Eq. (21) instead of Tn. Finally, the
observed value of the turbine power, Py o, is calculated from
multiplying @m obs BY Tm_obs.

5.  Simulation Results

In this section, the performance of the proposed control
strategy for the BDFRG wind turbine system has been
evaluated. For this purpose, the model of the BDFRG wind
turbine system and the proposed control strategy are
simulated in MATLAB/Simulink software. The simulated
model consists of: (a) a 2 kw wind turbine, (b) a gear box, (c)
a 1.5 kW BDFRG, (d) a three-phase back to back, six switch
IGBT/Diode converter with 600 V DC link voltage, and (e) a
balanced three-phase, 415 V, 50 Hz grid. The mechanical
shaft of the BDFRG is connected to the mechanical shaft of
the wind turbine through the gear box. Also, the primary
winding of the BDFRG is directly connected to the grid, but
its secondary winding is connected, through the back to back
converter as shown in Fig. 1. The parameters of the BDFRG
[13], gear box and wind turbine are reported in Table 1. Also,
the parameters of the PI controller and the Resettable PID
controller can be found in Table 2. The parameters of these
controllers are obtained by trial and error method to achieve
the best response of the test system (i.e. minimum error in
BDFRG speed and turbine power, with minimum BDFRG
power pulsation). In addition, Fig. 6 illustrates the C, — 4
curve of the wind turbine. Two tests are performed to study
the control system performance; first in the MPPT region
only, and second in the all wind velocity areas (i.e. region I,

do, 1 I1 and 111). It should be noted that the BDFRG wind turbine
dt = j(Tm _Te) (21) system startup period is not shown in the results.
Tm obs
~ > % Pt_obs

@, 1
—>@—> PI >+ 1/3 = >

— S

.1
wm_obs

Fig. 5. The reference frames used for the BDFRG model.
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Table 1. The parameters of the simulated system

Turbine Parameters BDFRG Parameters
Rated power 2 kw Rated power 1.5 kw
Wind velocity range 3.5-13 m/s Rated voltage 415V
Vi oN 6.75 m/s Rated speed 750 rpm
Vi N 10 m/s Maximum speed 1000 rpm
R 2m Poles 6/2
Ji 1.2 kg.m? Rp 10.7 Q
Aopt 7.9540 Rs 12.68 Q
Cp_max 0.4110 Lp 0.407 H
P 1.225 kg/m? Ls 1.256 H
Gear box parameter Lps 3H
N 3.9 I 0.2 kg.m?

Table 2. The parameters of the control system

Resettable PID Parameters

Pl Parameters

Kp 1 K 10 (Pt_obs > Pt_max)

Ki 0.05 P 50 (Pt_obs < Pt_max)

Kq 0.01 Ki 0.1
5.1. Test 1: Control in MPPT Region 0.5 ' '

0.4110 ( Lambda-opt, Cp-max)
In this test, the performance of the proposed control 047
strategy for the BDFRG wind turbine system within the 03k
MPPT region has been tested. The test is carried out when &
the wind velocity varies according to Fig. 7 to cover both 02F
slow and step changes. o
The system outputs can be seen in Fig. 8a — Fig. 8f.

Fig. 8a shows the wind turbine power and its observed value 00 : . ]'0 s
during wind velocity variation. The good agreement between Lambda
the turbine power and its observed value indicates the
effectiveness of the turbine power observer. Fig. 8b shows Fig. 6. The C, — A curve of the wind turbine.
that the power conversion coefficient of the wind turbine is
in its optimal value (i.e. 0.4110) during constant and slow 7
variations of the wind velocity. Even in the step change
condition, the wind turbine rapidly comes back to its optimal 6L
operational point. In Fig. 8c, the angular speed of the _
BDFRG is illustrated during the test condition. The active )
and reactive output powers of the BDFRG primary are ;5
shown in Fig. 8d. The active power tracks the generated -
reference value by the proposed control strategy, while the 4
reference value of the reactive power is set to 0 VAr during
the test. The electrical torque of the BDFRG is shown in J . | ‘ .
Fig. 8e. The negative sign of the powers and torque indicates 30 4 8 12 16 20 24

the power generation mode. Finally, Fig. 8f shows that the
DC link voltage has been regulated to 600 V with error less
than 1%.

t[s]
Fig. 7. The wind velocity variation curve for test condition 1.
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Fig. 8. The system outputs for test condition 1: (a) the wind turbine power and its observed value, (b) the power conversion
coefficient of the wind turbine, (c) the angular speed of the BDFRG, (d) the active and reactive output powers of the BDFRG
primary and their references values, (e) the electrical torque of the BDFRG, and (f) the DC link voltage.

5.2. Test 2: Control in All Three Regions

In this subsection, the performance of the proposed
control strategy for the BDFRG wind turbine system has
been verified for all three velocity regions. Fig. 9 shows the
wind velocity variation during the test 2 which covering all
the wind turbine operational areas in both dynamic and
steady state conditions.

14
12
10

Vw [m/s]

B o o0
T T T

(3]

0 10 20 30 40
t[s]
Fig. 9. The wind velocity variation curve for test condition 2.

The system outputs for test condition 2 can be seen in
Fig. 10a — Fig. 10f. Fig. 10a shows the good agreement
between the wind turbine power and its observed value. The
power conversion coefficient of the wind turbine is shown in
Fig.10b. Fig. 10c, Fig. 10d, and Fig. 10e respectively show
the mechanical speed of the BDFRG, the active and reactive
output powers of the BDFRG primary, and the electrical
torque of the BDFRG. The negative sign of the powers and
torque indicates the power generation mode. The reference
value for the reactive power is 0 VAr, while the active power
tracks the reference value which is generated by the proposed
control strategy. The DC link voltage, which is shown in
Fig. 10f, is controlled to remain in 600 V.

At first, the turbine is cut in and the wind velocity is
3.5m/s. Betweent =0 s and t = 7 s, the wind velocity stays
at 3.5 m/s, the turbine works in the MPPT region, C, has its
maximum value, and the BDFRG speed is smaller than its
maximum value. By increasing the wind velocity at t = 7 s,
the BDFRG speed increases until it reaches to the maximum
value at t = 13.5 s; until this time, the turbine still works in
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Fig. 10. The system outputs for test condition 2: (a) the wind turbine power and its observed value, (b) the power conversion
coefficient of the wind turbine, (c) the angular speed of the BDFRG, (d) the active and reactive output powers of the BDFRG
primary and their references values, (e) the electrical torque of the BDFRG, and (f) the DC link voltage.

the MPPT region, C, = C,_max, and the captured power from
the wind increases with increasing the wind velocity. As
soon as the speed of the BDFRG exceeds wm max (When the
wind velocity equals to v, v), the operational region of the
wind turbine changes from region | to region Il. In region II,
the controller regulates the BDFRG angular speed t0 wm max
and C, decreases from its maximum value. Between
t=~135s and t = 16 s, the turbine power increases by
increasing the wind velocity, and at t = 16 s, the wind
velocity reaches to and stay at 8 m/s for the next 7 s. Again,
by increasing the wind velocity at t = 23 s, the turbine power
increases until it reaches to Py max = 2000 W at t = 26.65 s
(when the wind velocity reaches to vy v = 10 m/s). As soon
as the turbine power exceeds Pt max, the operational region of
the wind turbine changes from region Il to region IlI. In
region 11, the controller decreases the BDFRG speed to keep
the turbine power at its rated value. Between t ~ 26.65 s and
t = 38 s, the turbine output power is set to 2000 W and the
BDFRG speed is smaller than its maximum value (i.e. less
than 1000 rpm). At t=24 s, the wind velocity reaches to
13 m/s and stays constant for the rest of the test. During this

time, the turbine still works in the region Ill. This is the
maximum wind speed that the turbine can operate in, before
cut out.

6. Conclusion

In this paper a power control strategy has been proposed
for the BDFRG wind turbine system. The proposed strategy
is based on tracking the turbine ideal power curve and covers
the constant speed and constant power regions in addition to
the MPPT region. The turbine power has been observed to
calculate the optimal value of the BDFRG speed in the
MPPT region. Also, a Resettable PID controller has been
used to limit the turbine power to its rated value. The
simulation results firstly verified the performance of the
turbine power observer. Furthermore, the effectiveness of the
proposed control strategy in all three regions is demonstrated
by forcing the system to work at the optimal point in the
MPPT region, at the maximum speed in the constant speed
region, and at the rated power in the constant power region.
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The advantages of the proposed control strategy are
covering all system operational areas, using fast MPPT as
well as having simple controller structure. In addition, the
controller ensures safe operation of the BDFRG wind turbine
system because of preventing the turbine power and the
BDFRG speed exceed from their maximum values.
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