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Abstract— This paper deals with the study of a variable speed
wind induction generator associated to a flywheel energy storage
system. Variable speed wind energy conversion allows capturing
more energy from the wind compared to constant speed
generating systems. The extra energy produced, compared to the
autonomous load request, must be stored. In the case of
standalone applications, the flywheel energy storage system is
used to improve the quality of the electric power delivered by the
wind generator to the load. The proposed system, controlled
thanks to vector control strategy, is validated through
simulations. The obtained results are presented and discussed
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I. INTRODUCTION

Several electrical machines can be used to implement the
electromechanical conversion, each of which presents
different advantages and drawbacks [1-5]. For this special
operation, the induction machine, and more precisely the
three-phase squirrel induction machine, remains widely used.
Indeed, the structure is robust, needs little maintenance, and is
relatively inexpensive. Therefore, in remote and isolated
areas, the study of self-excited induction generators (SEIGS)
has been the subject of much research [5-7].

In autonomous operating of the induction generator, the
magnitude of the stator voltage and frequency are very
sensitive to both speed and load values. In order to maintain
the DC voltage at a constant value whatever the speed and the
load values as long as the wind power is sufficient to satisfy
the electric needs, different solutions have been suggested [7-
10]. When, we connect the stator windings a rectifier/inverter
and to control the device, the most strategy of control used to
achieve this task is the rotor flux oriented control [11-13]. In
our paper, we propose the rotor flux oriented control. The

choice of this control is justified by its robustness with respect
to the electric parameters of the generator.

Variable speed wind energy conversion is attractive as it
reduces the mechanical stresses that the turbine blades and the
tower are subjected to. Moreover, it allows capturing more
energy from the wind compared to constant speed generating
systems. The extra energy produced, compared to the
autonomous load request, must be stored. This can be
achieved in different ways [14-16]. However, in the case of
standalone applications, storage cost still represents the major
economic restraint.

The aim of this paper is the transformation of a renewable
energy generator into an active generator by using energy
storage systems. In our application, we choose to use an
inertial storage system because it is well adapted to abrupt
changes of the power from the wind generator. Moreover it
allows obtaining high power to weight ratio and a very high
number of charge and discharge cycles.

In this paper, we propose to study the use of the vector
control strategy to control the DC voltage of an autonomous
induction generator connected to a rectifier when the input
speed varies. Due to the important fluctuations of the wind, a
flywheel energy storage system is associated to improve the
quality of the electric power delivered by the wind generator.
The proposed control system is then simulated using
MATLAB®-SIMULINK® package [17]. The obtained results
are presented and discussed.

Il. STUDIED SYSTEM

The system studied is constituted of a wind turbine, an
induction generator, a rectifier/inverter and a flywheel energy
storage system as shown in Fig. 1. The goal of the device is to
provide a constant power and voltage to the load connected to
the rectifier/inverter even if the speed varies. This can be
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achieved mainly by the control of the DC bus voltage at a
constant value and the flywheel energy storage system
participate to maintain the power of the load constant as long
as the wind power is sufficient. To control the speed of the
flywheel energy storage system, we must find the reference
speed to which the system must operate to ensure the energy
transfer required at each time. The reference speed can be
determined from the reference energy. The power assessment
of the overall system is given by:

Pref = Pload - Pwind —AP @)
where P, is the reference power, Poq the load power; Pying
the wind power and AP is the power required to control the
DC voltage V. at a constant value.

I111. MODEL OF INDUCTION MACHINE

The linear model of the induction machine is widely known
and used. It yields results relatively accurate when the
operating point studied is not so far from the conditions of the
model parameter identification.

This is often the case when the machine operates (in motor
or generator cases) at rated voltage. In our approach, we adopt
the d-g model of the induction machine expressed in the
synchronous frame noted by (dq). The electrical equations are
then written as follows:
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Fig. 1 The studied system
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Vg R, -o.L 0 o.My 0=R,.i,4 _(Dr'q)rq"_dq)rd (5)
dt
v o,.L R o,.M 0 [ do
“ i : : K 0=R,i,+o D +— 6)
= dt
0 0 -o.M R, -o.lL/| |l The different fluxes are expressed with respects to the
currents, for a given constant saturation level, under the
following forms:
0 o.M 0 o.L R I . .
o a . _dl i _ ’ q)Sd = Ls"sd + M-lrd )
Lo M o d_f[d O, =L i, +Mi, (8)
s D, =Mig, +L, i, 9)
oL o M dig, ®, =Mig +L, i, (10)
) at @ As © =@ and® , =0, this implies, using the relations (5)
+ .
M 0 L o0 di . and (6), that the expressions of the flux @, and its derivative
I
r W take the forms:
dt
a0, _ R i (11)
L 0O M O Lr_ dirq dt - r'rd
_ dt | o, = —Siln (12)
Where R;, R;, Ls and L, are the stator and rotor phase r ®

resistances and self inductances respectively, M is the mutual
inductance and 2 the speed.

Besides, Vg, isg, Vsq @and igq are the d-q stator voltages and
currents respectively along the d and q axes. iq and i, are the
d-q rotor currents along the d and q axes.

IV.CONTROL STRATEGY

The control strategy is based on the choice of the reference
frame orientation. In our application, we choose this

orientation such as: @ =@ and @ = 0. This means that

the flux @, is aligned permanently along the d-axis. @,

can be maintained constant by acting on the currents.

Hence, when using the flux expressions, the electrical
equations of the induction machine can be written, in a
synchronous frame, as follows [13]:

. do
Vg = Rs'lsd _(’Os'q)sq + . 3)
dt
=R, ® a0,
Vsq - s'lsq+(’os' sd+T (4)

Moreover, the rotor currents can be expressed, from the
relations (9) and (10), in the following way:

. O —Mi
iy = ——% (13)
Lr
M.,
q
1= — 14)
rq I—r
Hence, by introducing the leakage flux coefficient
MZ
c =1- , the stator voltage equations can be

re-written as:

v, =R,.i +o.L, .dl—s‘j—ms ..Lg.dg, -I-M. o
dt L, ot

r

- (15)

V=R I +0. S.R+ ®,.G. s.Isd+(os.|_—.(1)r (16)

Finally, as the chosen frame implies @ rq = 0, the expression of

the electromagnetic torque becomes:

M .
T, =P L_ D, . -

r
Using equations (5) and (13), we can write the rotor flux as a

17)
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function of the current igy and the rotor time constant T,=L,/R,
M ' isd
TO1+T,
Where: s represents the derivative operator.
The knowledge of @, makes it possible to ensure the

validity of the equations because the reference d-q frame must
follow the rotating field constantly. To do that, we use the

internal angular relation m, = ®, +P.C2. As the mechanical

(18)

speed of the machine Q2 is measured continuously, the speed
of the rotor field must be estimated. This can be obtained by
replacing in (12) the expression of i, given in the equation
(14):

M.
O, = — (19)
T .0,
Then, s can be written in the following way:
M g, o
0] —_— + (20)
s T (D p.

V. MODELING OF THE FLYWHEEL ENERGY STORAGE SYSTEM

The reference energy for the flywheel energy storage
system can be expressed as follows [16]:

Ecref - Etl +J- Pref (21)
Where: EE is the flywheel initial energy.
We determine the reference speed as follows:
2.E
Qref — S =cref (22)
‘]t
With:
Ji=Jdi + ‘]Flywheel (23)

The reference speed is limited in order to maintain the
induction generator in the area of operation at constant power
and without exceeding the maximal speed of the flywheel
[16].

Figure 2 represents the torque and power as a function of the
speed. We notice that:

> For0<Q <Q the torque may be maximal giving up

rated ’
a power proportional to the speed P, =K - Q .
> For Q)HYQ

the rated power of the machine; the electromagnetic torque
k

the power is maximum and corresponds to

rated ’

is inversely proportional to the speed T, =

So, if we want the machine to operate at its rated power, it is
necessary to use it beyond its rated speed. Thus, we can
consider that this rated speed constitutes the lower limit of the
storage system and twice this speed ad the upper limit.

P (W)

VN

P rated

Q (rd/s)
Qrated 2 -Qrated
Tem (N.mM)
-S
Tem max _\
: Q (rd/s)
Qrated 2. Qrated

Fig. 2 Power and torque as a function of speed

Thus, a field weakening operation will be necessary to obtain
a constant power in the speed range of 1500 to 3000 rpm.
The reference flux is then determined by:

q)r-rated = If ‘Q ‘SQrated
DO, = Q.. _ (24)
" (Dr-rated Qat ’ = if ‘Q ‘ > Qrated
With
Q : Flywheel speed, Q. : rated speed, @, ., : rated

rotor flux and @ : Reference flux.

r—ref

The parameters of the machine are listed in the table 1.

TABLE |
PARAMETERS OF THE INDUCTION MACHINE
Parameter | Value Parameter | Value
Uy 220/380 V L=L, 0.08132H
Nrated 1500 rpm M 0.07767H
p 2 J 0.2271 kg.m?
R= R, 0.76 Q f 0.0022 Nm/rd.s*

Simulations are made with a wind power profile which
provides power continuously required by the load through the
flywheel energy storage system. Figure 3 shows the waveform
of wind power which varies between 1125W and 2625W. We
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can notice that the power supplied to the load is kept constant
through the flywheel energy storage system.

Figure 4 corresponds to the power of the flywheel energy
storage system. This power can be positive or negative. It
depends on the wind power and the power required by the
load. We notice that it is positive when the wind power
produced is greater than the power required by the load and it
is negative when there is less power produced compared to
that of the load. To regulate the bus voltage, we need the
required power represented in Fig. 5.

The flywheel and the reference speeds are represented in Fig.
6. The rotational speed increases when the energy is
transferred to the flywheel, and decreases when the flywheel
is unloaded. The electromagnetic torque follows the evolution
of the speed (Fig.7). The waveform of the rotor flux is

represented in Fig. 8. The rotor flux @  follows the

and is kept constant

variations of the speed when ‘Q ‘)Qrated

at the nominal flux (@, .., ) when ‘Q ‘SQrated.
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Fig. 8 Stator flux

Fig. 9 presents the stator current along the d-axis (isg) which is
maintained constant independently of the g-axis current (is).



Le 2¢me Séminaire International sur les Energies Nouvelles et

i%. Renouvelables
7 , e ' \,. The 2rd International Seminar on New and Renewable
% B Energies
bw Unité de Recherche Appliquée en Energies Renouvelables, SIENH

Ghardaia - Algérie 15, 16 et 17 Octobre 2012

It may be noted that the waveform of the current iy is similar
to that of the rotor flux. On the other hand, the waveform of
the current ig, shows the influence of the variation of the speed
which introduces a variation of the electromagnetic torque of
the induction generator.
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Fig. 9 Stator currents d-q axis components

The voltage of the DC bus is kept constant around 465 V (Fig.
10).
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Fig. 10 DC voltage V.

V1. CONCLUSION

In this paper, a variable speed wind system with a flywheel
energy storage system has been presented and studied. A
vector control is applied to the induction machine of the
flywheel energy storage system generator. From the diphase
model of the machine, we defined a vector control for the
machine operating. The developed control reaches the
assigned objectives. The simulation results clearly show the
good operation of the flywheel energy storage system.
Simulation calculations show the well control of the DC bus
voltage.
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