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Abstract: Currently, the Brushless Dual-Fed Induction Machines (BDFIMSs) are very often used in Wind
Energy Conversion Systems (WECSS). The features of BDFIM are its high reliability due to its brushless
operation, and the related lower capital and operational costs. This paper presents a field-oriented control
algorithm for a Brushless Doubly-Fed Induction Generator (BDFIG). The proposed decoupled control is
determined on the Power-Winding (PW) stator-flux frame and can be employed for controlling the rotation
speed and its reactive power. In order, to avoid the use of an anemometer with speed sensors and to maximize
wind energy extraction. Maximum Power Point Tracking (MPPT) based on Optimal Torgue Control (OTC) is
proposed. Several simulation results under different operating conditions are provided in order to prove the
effectiveness of the proposed algorithm.

Keywords: Brushless Doubly-Fed Induction Machine (BDFIM), WECS, Vector Control, MPPT, Optimal
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1. Introduction

High power wind turbines operate at variable speeds. The term variable speed refers to the fact
that the speed of the turbine is independent of the frequency of the electrical network. These variable-
speed systems were recently developed thanks to the evolution of power electronics, and they allow
one to recover more energy, to reduce the costs of the mechanical system, to reduce noise and to
improve the quality of the energy produced (Zhou et al., 1997).

Renewable energies are inexhaustible energies. Provided by the sun, the wind, the heat of the
Earth, the waterfalls, their exploitation generates little or no waste and polluting emissions. These are
the energies of the future. Today, they are underexploited in relation to their potential. Thus, renewable
energies account for only 20% of global electricity consumption (Li & Pan, 2001).

Nowadays, efforts are all directed towards the development of renewable energy production,
either locally or for large-scale production, depending on the potential of the site being exploited
(Serhoud & Benattous, 2013). Several sources of renewable energy are being exploited and researched.
Among these sources is wind energy (Eltamaly & Farh, 2013). The installation of high-power wind
generators is being strongly considered in several countries.

The use of variable-speed wind turbines makes it possible to adjust the speed of variation for the
generator. This is very useful for extracting the maximum power in the area where the MPPT algorithm
is applied. For this operation, the aim is optimizing the power extracted from the machine by adapting
the wind speed while maintaining a zero setting angle. For a wind turbine, MPPT can be defined as an
algorithm capable of helping the WECS to extract the maximum electric power from the available
kinetic energy of the wind. The output of the MPPT system is an optimum speed varying according to
the wind speed captured (Bouras & Kouzi, 2017).

Various MPPT control techniques for WECS have been developed in the literature. These
techniques can be classified into four control concepts based on the desired performance and
measurement requirements, Perturbation and Observation (P&O) or Hill-Climbing Search (HCS), Power
Signal Feedback (PSF) control, Tip Speed Ratio (TSR) control, and Optimal Torgue control (OTC).

In recent years, there has been a lot of interest in the Brushless Doubly-Fed Induction Machine
(BDFIM) due to its multiple advantages. Because its rotor can have a cage structure and given the
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absence of brush-ring contact, the BDFIM is a robust machine. In addition, the possibility of controlling
its speed and its power factor gives it, when used in wind systems, considerable advantages over
conventional machines (Lobo, 2003).

Because of all these advantages, the BDFIM is considered a 3rd generation machine in the
context of wind systems. Indeed, the cascade configuration of two Dual-Fed induction Machines
(DFIM) can be considered the first practical realization of a dual-fed brushless machine. With the
optimization of certain parameters such as size and robustness, and the integration of two windings in
the same magnetic circuit of the stator. Thus, the BDFIM was acquired.

This paper is organized as follows. Section 1 as an introduction, Section 2 presents the modelling
of the BDFIG. Section 3 deals with vector control of BDFIM in terms of active and reactive power of
PW. Section 4 sets details of the MPPT with OTC of BDFIM. Section 5 presents the simulation results,
while section 6 includes the conclusion and the proposals for future work.

This research focuses on the contribution of the proposed system to cost reduction, and solves
many of the encountered problems regarding the implementation of wind speed sensors such as lack of
space, and severe environment conditions by proposing the decoupled control of Brushless Doubly-
Fed Induction generator incorporated in WECS with an OTC-MPPT scheme. The special merit of the
OTC-MPPT-based generator lies in the fact that it is easy to implement, and it does not require any
type of sensors.

2. Modelling of the conversion system

2.1. Modelling of the wind turbine

Before the description of the wind turbine first its principle of functioning should be outlined.
The blades of the turbine are moved by the kinetic energy of wind and they transform this energy into
mechanical power, which makes the turbine shift the direction of its rotation which in turn trains the
generator, so first the mathematical model for defining the wind power should be built (Trejos-Grisales
etal., 2014).

1 .3
== psv 1
Pu=2p 1)

During its movement the wind turbine the wind loses some speed due to the flexible collisions
with the blades. But behind the tower of the wind turbine the wind keeps moving and that means the
wind turbine can’t take all the available kinetic energy of wind but there is a limit known as the Betz

limit or the power coefficient C, =16/_. A lot of research was carried out in order to define the

approximate formula for this coefficient but in this paper, the following expression of the power
coefficient was chosen (Trejos-Grisales et al., 2014).
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where R is the blade radius, p is the pitch angle of the blades, @ is the turbine slow speed shift and G
is the gain of the gearbox. So the mechanical power and torque of the turbine under Betz limit can be
expressed as: (Trejos-Grisales et al., 2014; Tria & Ben Attous, 2012).
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2.2. Dynamical model of the BDFIG

The BDFIG has two stators each with a different number of pole pairs. One of the windings is
supplied with the grid voltage with the frequency fs and has pp pole pairs, namely the power winding
(PW), the other is supplied with the voltage controlling the amplitude and the frequency fc and has pc
pole pairs, namely control winding (CW). Since the windings have different pole pairs, they do not link
directly, but they are coupled through the rotor that has n = pp + pc pole numbers (not pairs). In order

to produce a co-operative torque with both windings in the rotor, the conditions pp, o, = @, and pc,
@, = @, have to be kept, based on which (Perelmuter, 2016):
w, —o,
0, = (5)
pp — P

The equations of the BDFIG in the Park Transformation (d-q axes) are by Tir & Abdessemed
(2014) and Rahab et al. (2017):

Vip =Ryl + dlé/tdp TO, Ve (6)
V, =R, g, +%+wp W (7
Vi =R, g +%—a)C W (8)
vm=&4m+d§“+@¢hc ©)
0=R, i, + ddl//td' — 0, Yy (10)
0=a4m+dm“+wfwm (11)
O, =0,—p, o, a)cza)p—(perpc)-a) (12)

Where o is the rotor’s mechanical angular speed.

The stator and rotor can be expressed as (Tir & Abdessemed, 2014; Perelmuter, 2016).

Voo =Ly 1y + M iy, (13)
Ve =L, 1o + M i, (14)
Weo = Lo 1y + M i (15)
Weo = Lo 1o + M, i, (16)
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Wdr:Lr'Idr+Mp'idp+Mc'idc (17)
Yo =Ly +M i+ M, (18)
The electromagnetic torque is calculated as (Lobo, 2003):

3 . . 3 . .
Tem = E I:)p (V/dp : qu - l//qp ’ Idp ) + E Pp (V/dc : ch _l/jqc : Idc) (19)
The active and reactive powers of the PW are defined as (Rahab et al., 2017):

3 . .
P, = E(vdp gy Vo iy ) (20)

_3 V. i, =V -

QP_E( gp lap dp"qp) (21)

The three-phase voltages Vp and V., are converted in the voltages Vdp , qu Ve, ch in the

help of the Park transformation with angles 6, = j w,dt,and 6, =6, —(Pp +P. )49, , where 6, isthe
rotor angle.

3. Vector control of the BDFM

In order to be able to easily control the electricity production of the wind turbine, the principle
of field-oriented control depends on the orientation of stator flux to the rotor, or to the air gap according
to one of the two axes d or g. Two regulation paths are created as:

Reactive power control:
Qo =1y 2y 2V
Active power, electromagnetic torque or speed Control:
P,—>i . —i . —V
qp qc qc
or
P P S I A VA
ap qc qc

or

Q->T . >i.—i.—>V.
em qp qc qc
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Figure 1. Vector control scheme of BDFIM using a Preportional Integral (PI) regulator

where | and i are 3 phase system current Components of the power winding current and the

p—abc c—abc

winding control current respectivly, i, reference current.

3.1. The BDFG with a PW field oriented control

The PW flux orientation is y,, =y ,and v, =0. So, the relation between the PW voltage
and v, is (Serhoud & Benattous, 2013):

Vep =0 } 22)
Voo =V =@,y

l//dszp’idp_l—Mp'idr} (23)

O=L,-i,+M i,

3.2. Control of PW current

To find the ratio between the currents of the PW and the CW the flux of the PW was considered
as a variable fixed by the supply voltage (independent variable). The relation between ip and i, can be

expressed as (Lobo, 2003):

d, . .

dlic = A%y, by + Yy (iger I ¥y ) (24)

Ao _ o

dt = aqu ’ qu + ach (Idc’ Idp ! l//p) (25)
where ax,. and ax, represent the direct relation between i and i_ . If in the control diagram the

dg G - : :
terms, and duf[c d—‘: are current derivation. A ay, and ay,. are added through the direct action
“Feed forward”. (Lobo, 2003):
R -L, . L -L, di
Xy, = ——— iy + O, — (26)

= 1 - =
MM, P TP MM dt
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R-L, . L-L, di,
ax, =———j +o, 22 @7)
M,-M, M,-M, dt
c MC’MP p p MC'Mp qp p qc
o -L-L . . L
ay, =0, ——r"i, -, i, -0, ———w (29)
q p Mc'Mp P p P'\/lc.|v|p p
2
where o, =1-—2
L,-L,

Figure 2 illustrates the suggested control algorithm which allows.to have CW reference current,
in which it can be expressed as follows (Lobo, 2003):

&)= ax(s)  k —Te M (30)
i - , -_ P °
A "R
0'p-Lr
where T, = .

r

The term kp is the PW controller parameter.

dp .

i,
'_. ld{) axdc de
I
dp | controller .<§§) ];
>

'ta'p

v

'iz}c - aydc
——| Equation

Ly (28)

_..

ol Tl

where i, is the power winding reference current, and ig is the controle winding current.

Figure 2. PW current control loop

3.3. Control of CW current

The voltage equation V. based on ic was obtained from equation (8) and (9) of the BDFIG.

Vdc :VXdc : idc +Vydc (iqc J idp’iQD’l/lP) &

Vdc :VXq : iqc +quc (idc' idp ! iﬂp ! WP) 2

The transfer function is a first-order one (Lobo, 2003):

L()=—% v (s), k=t (33)
7,5+1 R,
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M 2
L o,
RC

Lc_

where 7, =

The term K _ is the CW controller parameter.

3.4. Control of Torque

3 .
Tem:E(PerPC)'l//p"qp (34

3.5. PW power control

The active and reactive powers of the PW manipulated within the machine depending only on
the PW stator electric variable as it is expressed in equations (20) and (22). The PW is connected to the

Q

50 Hz grid constant voltage, so the PW flux is maintained almost constant. In this way “P can be
directly controlled by an adequate choice of "% since the active power can be directly controlled using

the 'op reference value (Lobo, 2003; Rahab et al., 2017).

3 )
Qp = Ea)p "Wolap
(35)

3 .
P> = Ewp Yol

4. Maximum Power Point Tracking (MPPT) Control

The main objective of the MPPT method is to work the WECS around the power maximum.
Several control blocks have been proposed to assure the MPPT such as MPPT with Optimal Torque
Control (OTC), and PPT with Optimal Tip Speed Ratio (Aicha et al., 2019). This paper focuses on the
OTC-MPPT scheme.
4.1. MPPT with OTC

The maximum power can also be obtained with optimal torque control according to
equation (36):

Ton = Kot - Qe (36)

opt

S poma T (37)
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Figure 3 illustrates the principle of MPPT with OTC.

Generator
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Figure 3. MPPT with optimal torque control of wind turbines

where Q. is measured and employed in order to achieve torque reference T,,," . Through the feedback

control, the T, ~will be equal to its reference Tem* in steady state, and the MPPT

is realized.

5. Simulation and discussion

To show the performance obtained by the proposed control scheme of WECS based on BDFIG
with OTC-MPPT, various numerical simulations were carried out a 2.5 kW BDFIG. The following
simulations were carried out under MATLAB/SIMULINK (R 2018a) environment.

All the BDFIG parameters used in the simulations are given in the Table 1.

Table 1. The parameters employed in the simulations

BDFIG WIND TURBINE
P=25kWw. R =5m
P,=3 P =1 J=61 Kg-m?
R,=1732Q, F=0.01 N-ms/rd
G=20
R, =1.079Q,
Cypop =0.5
R, =0.473 Q.
Ao =9.14
L, = 714.8 mH
L, =121.7 mH
L, =132.6 mH
M, =242.1mH
M, =59.8 mH
J=0.053Kg-m?

F=0.003 N-ms/rd
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The obtained curve illustrates in Figure 4 that if the wind profile varies, €, can rapidly reach

around the optimal value. The optimum value of the power coefficient is selected, that is C

Power coefficient c

=05

p—max

wind speed (m/s)

Figure 4. Power coefficient Cp and wind speed

From the obtained results illustrated in Figure 5, it can be seen that even in the case of a very
variable system, the electromagnetic torque of the BDFIM will effectively follow the reference torque
provided by the OTC-MPPT scheme The BDFIM speed follows the wind speed closely to keep 4
constant, which indicates that the system works with optimal power. This verifies the decoupling
between the electromagnetic torque and reactive powers.

Electromagnetic torque T,
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Figure 5. The electromagnetic torque and PW reactive powers

Figure 6 and Figure 7 illustrate the temporal evolution of the PW currents ig, and iq, and of the
CW currents igc and iq, respectively. These currents can increase or decrease depending on the

wind conditions.
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Figure 6. d-q PW current
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Figure 7. d-q CW current

Figure 8 illustrates the temporal evolution of the stator phase currents i, of PW. It should be
noted that these currents have a constant frequency regardless the operating regime.

Figure 9 shows the temporal evolution of the phase currents i.,. of CW. It can be observed that
these currents have a variable frequency which changes with the speed of rotation.

Figure 8. PW e, currents

wnwwwwwwww KX X X
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5
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Figure 9. CW,ape) currents
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6. Conclusion

This study presents the vector control of a brushless dual-fed asynchronous machine
incorporated in a WECS which is driven by OTC-MPPT. To reduce the costs of of the control scheme
and guarantee that the generator works at maximum power with weak oscillations, in addition to keep

up with the wind speed variation with the optimal 4 and the maximal ¢, an OTC-based MPPT scheme

was proposed. The main feature of the OTC-MPPT scheme is that there is no need to use wind s
peed sensors.

The simulation results prove the validity of the suggested control scheme and the advantage of
working with OTC-based MPPT to allow the wind turbine to operate at its optimum power
over a wide range of wind speeds even in the context of highly variable wind speeds without
mechanical sensor.

Future work may focus on the following: a) On the other hand to overcome the problem of using
the tuning PI controller parameters. The aim is to apply advanced optimization algorithm such the BAT
algorithm, and the Grasshopper optimization algorithm (GOA), which allow one to obtain the optimal
parameter values for controllers and consequently improve the performance of a control system. b) In
addition, to guarantee constant power generation and to ensure the functions of the wind energy
conversion system (voltage regulation, frequency regulation...), the aim is to introduce an intelligent
flywheel energy storage system based on a permanent magnet synchronous machine (PMSM) in the
proposed wind generator system.

List of symbols

Vv Wind speed (m/s)

P Air density, kg/m?

S Surface area swept by the blade, m?

P, Mechanical power of the turbine Watts

T Mechanical torque of the turbine

Q.. Mechanical speed of the rotor, rad/s

w, and o, Power winding angular frequency and control winding angular
frequency

o, Synchronous rotor speed

P, Active power of the power winding Watts

Qp Reactive power of the power winding Var

Vi Vopo Ve and Ve, Components of the power winding voltage and the control winding
voltage respectively

Vgand V, Components of the rotor winding voltage

l//dp ’ l//qp ’ Wdc and l//qC

Components of the power winding flux and control winding flux
respectively

Wy and Components of rotor winding flux

idp , iqp , ij.and iqc Components of the power winding current and control winding
current respectively

igand iy, Components of rotor winding current

R., R.and R, Power winding resistance, control winding Resistance and rotor

winding Resistance respectively
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o Mutual inductance between Power winding and rotor
Mutual inductance Control winding and rotor

c
, Land L, Power winding inductance, Control winding inductance and rotor
inductance respectively

v The tension in the clarke Transformation
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