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Abstract

The aim of this work is the study of the integration of the flywheel energy storage systems in the wind
generators at variable speed based to the doubly fed induction generator (DFIG) and to help these generators
to contribute to the ancillary services. In this paper investigates also, the control method of the flywheel energy
storage system (FESS) with a classical squirrel-cage induction machine associated to a variable speed wind
generation using cascade rectifier filter inverter. Simulation results of the dynamic models of the wind
generator are presented, for different operating points, to show the good performance of the proposed system.

Keywords: Wind turbine, Doubly fed induction generator, Variable speed, Matrix converter, Power control, Squirrel-cage induction
machine, Flywheel energy storage system.

1. INTRODUCTION

In this paper, the energy storage system associated to a grid connected variable speed wind generation
scheme using a DFIG is investigated. Therefore, the dynamic behaviour of a wind generator including
models of the wind turbine DFIG matrix converter, converter control and power control is studied. This
direct converter is proposed to substitute the conventional converter (cascade rectifier-inverter) in the
purpose of improving the performances of the wind turbine. The matrix converter (MC) eliminates the dc-
link filter elements and thus resolves size, weight and reliability issues and also provides an option for the
design of the converter as a compact/ modular unit [1]. However the smooth running of wind turbines
connected to the grid may be hindered by the quality of the power generated, which is a stochastic nature.
This limits the participation of the wind in the service system. Hence the functioning of the generator
alone is practically impossible [2]. The integration of the flywheel energy storage systems in the wind
generators can be helping these generators to contribute to the ancillary services [3]. This work
investigates also, the control method of the flywheel energy storage system with a classical squirrel-cage
induction machine (IM) associated to a variable speed wind generation using cascade rectifier filter
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inverter. Simulation results of the dynamic models of the wind generator are presented, for different
operating points, to show the good performance of the proposed system. The synoptic diagram of the
studied system is represented by figure 1
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Fig.1 Scheme of the studied device

2. MODELLING OF THE WIND GENERATOR
2.1 Modelling of the mechanical part

The total kinetic power of the wind through a wind disc of radius R, is given by (1)[4][5].

wind

1
P _Epﬁ'R2'va[nd (1)
The mechanical power, which is converted by a wind turbine, P is dependent on the power

t

coefficient C, . It is given by (2)

1
Pt - 3 Cp (/’L)pﬂ-RZ ‘Viind (2)

p Represent the air density and v ., the wind velocity. A wind turbine can only convert just a certain

wind
percentage of the captured wind power. This percentage is represented by C,(4) which is function of the
wind speed, turbine speed and the pith angle of specific wind turbine blades [6][7]. Although this
equation seems simple, C, is dependent on the ratio A between the turbine angular velocity €2, and the

wind speed v This ratio is called the tip speed ratio.

wind *
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v Vi
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The aerodynamic torque is defined as the relationship between the aecrodynamic power and the angular
velocity of the turbine

T — aero 4
aero .Qt ( )
The machine torque shaft is 7, given by
T Cro
T, = e (5)
The mechanical speed evolution is determined from the total torque 7,,,. applied to the rotor
o
J——me =T (6)
dt
T;nm = T;r _];m _wiisq (7)
The torque resist due to frictions 7, is modelled by a coefficient of viscous frictions f
Y:i.sq = f 'Qmeu (8)

The expression of the optimal mechanical power P, is obtained as follows

5
P 1 C, prR | ©)
mec_opt 7 G3 2{3 = “mec
T C

2.2 The DFIG model

The DFIG dynamic model in Park's reference is expressed as follows [3][9].
Voltage equations are given by

.o d
vds = Rs ld: + Z ¢ds - a)s ¢qs

.o d
Vqs = Rs lqs + E ¢qs + a)s ¢ds

(10
vdr = Rridr + i ¢dr - (wv - a)) ¢qr
dt
. d
vqr = erqr + E ¢qr + (a)s - a)) ¢dr
Flux linkage equations are obtained from
¢d5 = Lsids + Lmidr
¢S :LSiS +Lmi r
9 4 q (1 1)

¢dr = Lridr + Lmids
¢qr = Lriqr + Lmiqs

Electromagnetic torque equation

T;m = p(¢ds ‘iqs - ¢qs 'ids ) (12)
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Active and reactive powers (stator and rotor) of the DFIG can be written as

P = Vys lds + vqs qs

O, =, ,—vdv.zm

13
P - vdr ldr + vqr qr ( )
Qr = Vqr 'ldr - vdr ‘lqr
And the wind generator powers (active and reactive) are expressed by
Bro =B +F,
aero S (14)
Qaero = QS + QVg

2.3 The IM model

A commonly used model for the IM is the Park model [1] [5][9]. The classical voltage equations are
given as follows

_R . d¢sd71M
Vea mt =8y prlsa v + dt O Py m
_R . d¢sq71M
vsqilM oM 'l.sqilM + dt a)silM' sd _IM
(15)
0=R . d¢rd71M
- rilM'lrdilM dt W m ¥ m
0 _ R . d¢rq7[M
— Yy 'll‘qilM + dt +wr IM *Prd _IM

Where v, i, ¢, w, R, n and R, ;, represent the voltage, the current, the flux linkage, the electrical
frequency and the IM resistance stator and rotor, respectively.
Subscript s and r refer to stator and rotor quantities, respectively. The subscript ¢ and ¢ the direct and
quadratic axis components of the reference frame, respectively
Flux linkage equations are obtained from

¢:d71M =L, M 'isd m M, 'ird M

¢quM Ls g +M
¢rd7[M Lr _IM " rd _IM +M Sd _IM
¢rq7[M =L +M

v _IM " rq M

IM ™ rq M

(16)
IM * yq M

Electromagnetic torque is calculated as
]:»mJM =P (¢sd71M 'iquM - ¢sq71M 'ideM ) (17)

The active and reactive stator and rotor powers are given by

. (18)
I

Ps_lM =Voa mrta e TVeq matsq
QsJM =V mrtsa mr ~Vea_mtsq v
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3. MODELING OF THE AC/AC CONVERTER

Direct frequency converter called Matrix converter consists of nine bidirectional switches which are
considered ideal for the ease of this presentation [8]. Each output phase is associated with three switches
set connected to three input phases. This configuration of bidirectional switches enables the connection of
any input phase a, b or ¢ to any output phase A, B or C at any instant (Fig. 2).

Matrix converter Side-2
Side-1 Saua Output system
Input system -~ Afrequency f,
frequency f; S,
Va SCA
— 4 -
SaB

Fig 2 A matrix converter circuit

v’ . The switching angles formulation

The switching angles, of the nine bidirectional switches S;; which will be calculated, must comply with
the following rules:
1. At any time ‘t’, only one switch S;(j=1,2,3) will be in ‘ON” state. This assures that no short
circuit will occur at the input terminals.
2. At any time ‘t’, at least two of the switches S;; (i=1,2,3) will be in ‘ON’ state. This condition
guarantees a closed-loop path for the load current (usually this is an inductive current).
During the k™ switching cycle T, (T&=1/f,). Fig.2, the first phase output voltage is given by:

v, 0<t—(k-1T, <m!,T,
vo={vp miT <t (k- DT, <{m, +mi,)r, (19)
ve (mb +mi )T <t-k-nT, <1,

Where m}} are defined by:

L
1
m;; =3 (20)

S

Where ti(. : time interval when S;; is in ‘ON’ state, during the k™ cycle, and k is being the switching cycle
sequence number. The m% has the physical meaning of duty cycle.

Also,

k k kK _ k
m;, +mi +mie =1 and 0<m; <1
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Which means that during every cycle T, all switches will turn on and off once.

@ L) L) £2) L(2) ,(2) (K ¢ (k) ¢ (k)
|taA|taB|taC|taA|taB|taCL taA taB taA E Times
I T r------

=0 T, 2T, (k-1)Ts kT,

Fig. 3. Segmentation of the axis time for the consecutive
orders of intervals closing of the switches

4. ACTIVE AND REACTIVE POWER CONTROL

By choosing a diphasic reference frame d-¢q related to the stator spinning field pattern, and to make the
stator flux in quadrature with the ¢ axis, the Park frame oriented such that [10].

¢ds = CDS
{ 4. =0 2D

Once ¢, assigned to @, the electromagnetic torque will only depend on i,

S (22)

s

By neglecting R per phase stator resistance, we can then write:

v, =0
{ “ (23)
Vqs = I/s

In order to calculate angles for the Park transformation for stator and rotor variables, the stator pulsation
and the mechanical speed must be sensed.

By choosing this reference frame, stator voltages and fluxes can be rewritten as follows:

Vds =0 ; Vq: =Vs =ws¢:
¢ds :@S =Li +Lmiqr N ¢dr :Lridr -‘erl.dX (24)

s“qs

$,=0=Li, +L,i, ; ¢, =Li, +L,i,

The stator active and reactive power can then be expressed only versus these rotor currents as

L
by == Vv L_mlqr
s 25
0 _re, Vi, 2
s L L dr

The expressions of the rotor voltages become
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With : s generator slip.
The active reference power is determined by the following expression

P

aero _ref = _'7 'Rnec _opt

With 77 is the efficiency of the DFIG

5. CONTROL OF A STORAGE SYSTEM ASSOCIATED TO A WIND GENERATOR [2][11].

(26)

27

By choosing a diphasic reference frame d-¢ related to the rotor spinning field pattern, and by aligning the

rotor vector flux @, with the axis d, we can write
¢dr = djr
¢qr = 0
Electromagnetic torque can be written as

_ M
TemJM =Pm-5 17 d}r mtsq
r_IM

The electromagnetic torque will only depend on the quadratic axis stator current.

Flux linkage are expressed as follows

@ Lr IM - rd _Im +M 'isd _IM
+M =0

¢rq7]M = LrJM Ly mtsq

Voltage rotor equations are given by

er M
0= RrJM by m T d;
0= Rr by v +(o, Oy )'@rilM
__— M,,
r_IM l+7 P sd _IM

Maximum power tracking controller F,,,,, and that fixed at the grid F, as follows

P =F, P,

st_ref aero

(28)

(29)

(30)

(€1)

(32)

(33)
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In our case, the power P, varies between —0,5 MW to +0,5 MW that are appropriate to store and with

st _ref
restore 30% of the power generated by the wind generator.

If P, ,, is positive, it is that there is an excess energy which must be stored differently one has a deficit

of energy which must be compensated.
The speed of reference for the flywheel of inertia is determined by

2'Ecref
S (34)

This speed of reference is limited in order to maintain the IM in the zone of operation at constant power
and not to exceed the maximum speed of the flywheel of inertia.
The flow of reference is calculated according to speed by

¢r7non1’_) lf‘|Qw| S Q

w_nom

= Q 35
¢rejilM ¢r nom* — > - lf‘|Qw| > Qw nom ( )
_ |QW _
The energy of reference for the flywheel of inertia is calculated by
12
Ecref :ECo +J.Pst7ref'dt (36)
3

E., Represent the initial energy of the flywheel.

6. RESULTS AND INTERPRETATION

In this section, the dynamic behaviour of the wind generator system (the wind generator included the
storage system) is presented in figures below. The control of the transit is realized through the orientation
of the flow on the axis. The results of numerical simulation are obtained powers between the system FSS,
the wind generator and the network is realized by the command with a power of reference for the SISE
and varies between -0.5MW with 0.5MW this reference is obtained by making the difference between the
power generated by wind turbine P, and that fixed at the grid which -1.5MW(the minus sign

aero _mes
means this is a generated power) and 77 represents the DFIG efficiency and varies around 95% and in

our study we neglected the iron losses. The losses of active and reactive power in the static inverter are
neglected; therefore we can be writing

QIM = Qaero = Qg7r4 = 0

........ SN VORUNUN SOUURUUNE U4 W0 (NN RN S SRR S S
: ! ! ! S : ' ' '
________ S

: ! Rl A
: : : : N HERRL. iy romnes '
------ e MGGRIOCCT CUUEEELRE (EURELTRRY SRR e
a . L : H
- 0 10 0 3 40
0 10 20, 30 40 30 )

Fig 4. Random of the DFIG rotor speed Fig 5. Wind generator power
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Fig 10. (a) Stator voltage and current of IM. (b) Zoom of stator voltage and current IM (generator). (c) stator of voltage and
current of IM (storage).

Fig 4 represents the mechanical speed of DFIG. Fig.5 shows the variation of the electrical power output
through wind generator. Fig.6.a shows the rotor voltage and current waveforms, and the frequency of
those latter voltage and current vary according to the slip (Fig 6.b to Fig 6.d). For s=0 the rotor voltage
and the current are continuous; and for s < 0 the current is behindhand to the voltage from an angle of

T<p< % And for s >0 the dephasing angle between voltage and current is 0 < ¢ <% .The grid active

and reactive powers are illustrated and they follow their references perfectly (Fig.7). Fig.8 shows the

storage system power I, and those reference powers f;t_ref.

The IM electromagnetic torque is very
fluctuant, like the wind generated power, and entails the freewheeling speed (Fig.9). (Fig 10.a to 10.c)

shows the stator voltage and current waveforms and these zoom of the IM.

6. CONCLUSION

The work presented in this research is devoted to the analysis, modelling and simulation of a wind
generator with variable speed based on a double fed asynchronous machine controlled by the rotor using a
matrix converter associated to the flywheel storage system. The model looks, has enabled us to store
almost 30% of the power delivered by the wind generator and during the corresponding period the modus
operandi of the DFIG in super-synchronous which provided up to -2 MW. Over a period or mode of
operation is sub-synchronous DFIG, the latter shows a deficit of power by 30% compared to the fixed
grid, is offset by the FESS. The simulation results presented show the suitable operation of the storage
system; in effect the power measured faithfully follows the power of reference. With this flywheel we
stored and restored the power. The integration of this storage system in wind speed variable connected to
the network has enabled us to smooth the power injected into the network despite the stochastic nature of
the wind.

20.04
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Nomenclature

P, P e Active storage power;

Py, O, Active and reactive grid power;

Pero. Ouero Active and reactive generator power;

L,, My, Magnetizing inductance of DFIG and of induction machine respectively;
J f Inertia and viscous friction respectively of DFIG and turbine;

Qre Reactive power grid side;

Q. Flywheel speed;

P, Py Number of pole pairs of DFIG and IM machine respectively;

Ly, L, Ls s, L, s Total cyclic stator and rotor inductances.
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