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Abstract: In this study, a grid connected Variable Speed Wind Generation (VSWG) scheme using a Doubly Fed
Induction Generator (DFIG) associated to a Flywheel Energy Storage System (FESS) 1s investigated. Therefore,
the dynamic behaviour of a wind generator, including models of the wind turbine (aerodynamic), DFIG, AC/AC
direct converter, converter control (algorithm of Venturini) and power control is studied. This study
mvestigates also, the control method of the FESS with a classical squirrel-cage induction machine associated
to a V3WG@G. Sunulation results of the dynamic models of the wind generator are presented, for different
operating points, to show the good performance of the proposed system.
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INTRODUCTION

The last decades have seen a significant expansion
of the use of the Wind Energy Conversion System
(WECS). This is due, to the fact that this energy yields the
production of electricity without any gas emission
(Seyoum and Grantham, 2003; Aouzellag et al., 2006,
Tounzi, 1998).

There are several reasons for using variable-speed
operation of wind turbines. Among them, we notice
possibilities to decrease stresses of the mechamcal
structure and acoustic noise reduction and the possibility
to control active and reactive power (Seyoum and
Grantham, 2003). Most of the major wind turbine
manufactures are developmng new larger wind turbines in
the 3-6-MW range. These large wind turbmnes are all
based on variable-speed operation with pitch control
using a direct-driven synchronous generator (without
gear box) or a doubly-fed induction generator. The major
advantage of the DFIG 1s that the power electronic
equipment only has to drive a part (20-30 %) of the total
system power (Muljadi et al., 1998); this means that the
losses in the power electronic converters are reduced as
well as the cost.

This study introduces a direct AC-AC matrix
converter, as an alternative to the conventional AC-DC-
AC converter, for the wind turbme driving a DFIG
(Aimamni, 2003). The Matrix Converter (MC) eliminates the
DC-link components and inherently resolves the size,
weight and reliability issues and also provides an option
for design of the converter as a compact/modular umt.

The main advantages of MC are adjustable power factor
(including unity), bidirectional power flow and the
possibility of a more compact product (Schuster, 1998).
The classical algorithm of venturim control of the MC 15
used (Alesina and Venturini, 1988).

The energy can be stored as kinetic energy in a
rotating mass, which 1s called a flywheel. The flywheel 1s
coupled to an electrical generator, which produces
electricity when breaking the flywheel. FESS have thus
found a specific application for the electrical power
quality, as far as the voltage and frequency of thewr high
dynamics, long lifetime and good efficiency; Flywheel
Energy Storage Systems (FESSs) are well suited for short-
term storages systems, which are generally sufficient to
improve the electrical power quality. (Venturim, 1980,
Alesina and Venturini, 1988; Hebner, 2002) The FESSs
are suitable for improving the quality of the electrical
power delivered by the wind generators and for helping
these generators to contribute to the ancillary services
(Cimuca, 2004).

In this study, we develop a model to study and to
simulate the behaviour of the VSWG associated to FSSE
connected to the grid. Firstly, we show the wind generator
(wind turbine, gearbox, DFIG, MC and filters) (Aouzellag
et al., 2006, Ghedamsi et al., 2006). Secondly, we present
the Maximum Power Point Tracking (MPPT) algorithm to
maximize the generated power. Thirdly, we expose the
power control algorithm, as well as the RST regulator. In
order to control active and reactive power exchange
between the wind generator and the grid, a vector-
control strategy will be presented. Fourthly, we present
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Flywheel

Fig. 1: Scheme of the studied device include the matrix converter topology

the flywheel energy storage system. The FESS considered
for this application contains a flywheel and a classical
squirrel-cage Induction Machine (IM). The IM operates in
the flux-weakening region, the field-oriented control will
be considered for the IM-based FESS (Hardan et al., 1998,
Robyns ef al., 2003). Finally, we present the study of the
device using numerical sumulation. The scheme of the
studied device is given in the Fig. 1.

MODELING OF THE WIND GENERATOR

Modeling of the wind turbine and gearbox: The
aerodynamic power, which is converted by a wind turbine,
P, is dependent on the power coefficient C,. It is given by:

1
R:Ecp(h)anZW 1)

Where p 1s the air density, R 1s the blade length and
V the wind velocity.

The turbine torque is the ratio of the output power to
the shaft speed

The turbine is normally coupled to the generator
shaft through a gearbox whose gear ratio G is chosen in
order to set the generator shaft speed within a desired
speed range. Neglecting the transmission losses, the
torque and shaft speed of the wind turbine, referred to the
generator side of the gearbox, are given by:
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Fig. 2: Power coefficient for the wind tubine model
(Aouzellag et al., 2006)

Where: C, is the driving torque of the generator and
... is the generator shaft speed, respectively.

A wind turbine can only convert just a certain
percentage of the captured wind power. This percentage
1s represented by C(4) which s function of the wind
speed, the turbine speed and the pith angle of specific
wind turbine blades (Aouzellag et al., 2006; Chang, 2002;
Schuster, 199%).

Although this simple, C,
dependent on the ratio A between the turbine angular
velocity Q, and the wind speed V.This ratio is called the
tip speed ratio:

equation seems is

3)

A typical relationship between C, and A 1s shown
Fig. 2. Tt is clear from this figure that there is a value of A
for which C, is maximum and that maximize the power for
a given wind speed. The peak power for each wind speed
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Fig. 3: Device control with control speed

occurs at the point where C, 1s maximized. To maximize the
generated power, 1t 1s therefore desirable for the generator
to have a power characteristic that will follow the
maximum C, max line.

The action of the speed corrector must achieve two
tasks (Aimani, 2003):

It must control the mechamcal speed €, in order to
yet a speed reference (2 ..

It must attenuate the action of the aerodynamic
torque, which is an input disturbance.

The simplified representation in the form of diagram
blocks 15 given on Fig. 3.

If the wind speed is measured and the mechanical
characteristics of the wind turbine are known, it is
possible to deduce m real-time the optimal mechanical
power which can be generated using the Maximum Power
Point Tracking (MPPT). The optinal mechanical power
can be expressed as:

QE

mec

G3

C, e pAR’
A, 2

mec_opt

(“4)

C,

‘p_re

Modeling of the DFIG: The classical electrical equations
of the DFIG in the PARK frame are written as follows:

. d
Vds :Rslds + E(t'ds - (")s(bqs

v

. d
qs :Rslqs + a(t'qs + ®s¢ds

. (%)
le":Rl"ldl" Jra(bdr 7(005 — C!))(bqr

. d
Vqr :erqr + ad)qr + (ws - C‘))d)dr

41

Where, R and R, are, respectively the stator and rotor
phase resistances, w = P.Q), . is the electrical speed and P
1s the number of pair pole.

The stator and rotor flux can be expressed as:

st

Where, iy, 1 14 and i, are respectively the direct and
quadrate stator and rotor currents.

The active and reactive powers at the stator, the rotor
as well as those provide for grid are defined as:

¢dr = Lridr + Lmids

¢'qr = Lsiqr

¢ds = Lsids + Lmidr

¢'qs = Lsiqs

(6)

+ L1

+L 1 migs

miqr

B =vy 1, +v, 0 )
Qs - Vqs 'ids "V 'iqs
P o=v i, Tv, i, )
Qr - Vqr'idr - Vdr'iqr
Pg = Ps + Pr (9)
Q,-Q.+Q,
The electromagnetic torque 1s expressed as:
T, = PPy, — by (10)

MODELING OF THE MATRIX CONVYERTER

Matrix converter consists of mne bidirectional
switches which are considered ideal for the ease of this
presentation (Aouzellag et al,, 2000, Han, 2004). Each
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output phase is associated with three switches set
connected to three input phases. This configuration of
bidirectional switches enables the connection of any
mput phase a, b or ¢ to any output phase A, B or C at any
instant (Converter 1 Fig. 1). The switching function of a
switch S; in Fig. 1 is defined (referred to converterl ) as.

1 3; 18 closed .
S1] = . 1E{a,b,c},]€{A, B’ C}’(ll)
0 S; 1s open

The switching angles formulation: The switching angles,
of the nine bidirectional switches 8; witch will be

calculated, must comply with the following rules:

¢ Atany time ‘t’, only one switch 3,(j=1,2,3) will be in
‘ON’ state. This assures that no short circuit will
oceur at the mput terminals.

¢ Atany time ‘t’, at least two of the switches 5, (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,=1/4,) Fig. 4, the
first phase output voltage 1s given by:

v, 0<t—(k—DT, <m5,T,
v,={vy, m,T <t—{k—DT <(m1;A +mL‘B)TS (12)

ve (mf, +mb )T, <t kDT, <T,

Where ‘m’s are defined by:
mi=-1 (13)

Where (5: Time interval when S; is in ‘ON’ state,
during the k™ cycle and k is being the switching cycle
sequence number. The ‘m’s have the physical meaning of
duty cycle.

Also,
mS, +m +m5 =1 and0<m11]‘<1

Which means that during every cyele T, all switches
will turn on and off once.

Algorithm of Venturini: The algorithm of Venturini (1980)
and Alesina and Venturini (1988), allows a control of the
S, switches so that the low frequency parts of the
synthesized output voltages (v,, v, and v and the input
currents (i, g and ig) are purely sinusoidal with the

prescribed values of the output frequency, the input

th 3 2 &R 2 & &
Pttt ——— =Ll Times
t=0 T, 2T, k1T, KT,

Fig. 4: Segmentation of the axis time for the consecutive
orders of mtervals closing of the switches

frequency, the displacement factor and the input
amplitude. The average values of the output voltages
during the k™ sequence re thus given by:

e K k
va:,-l;iva JVTLBVB + v,
tlb{A tts tlljc (14
v,=thy, f By o Wy
b T & T E T e
ik e k
s e

If times of conduction are modulated in the shape
of simuscidal with the pulsation W while T, remains
constant, such as w, w;, + w,, these times are defined as
fellows:

. For the 1st phase, we have:

toa :%(1 +2qoos(w, t+9))
tm—%(l+ 2qcos(wmt+8—2—;)] (15)
tac —1;5[1 + 2qcos(wt+0- 4;)}

. For the 2nd phase:

T, 4
tha —?S(l + 2qcos{w,t+8— ?ﬂ)}

tug :%(1 +2qcos(w t+6)) (16)

T, 2
tye —S{1+ 2qeos(wyt+0 - ﬂ)]
3 3
. For the 31rd phase:

T,
tCA:?S(1+ 2qeos(wpt+0— 23—11)]

tep= L {H 2qcos(wyt+60— 43“)} (7

v |

T
toe =—2(1+ 2qcos(wyt+ 0))

[FS)
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Where 0 is the initial phase angle.
The output voltage 1s given by:

1+2qcoso 1+2Jqoos[0:—?J 1+2Jqoos[cx—?}
Va VA
4n n
Vi |5 1+2qcos[o:f?J 1+ 2qcoso 1+2qcos[caf?} |V
Ve VC
2n 4n
1+2Jqoos(0:—?] 1+2qoos[0c—?} 1+2gqceso
(18)
a=w_t+8
Where:{ "
Wm - WEI - Wl

The
algorithm generates at the output a three-phases
sinusoidal voltages system having in that order pulsation
W,, a phase angle 8 and amplitude q.Vs { 0<q<0.866 with
modulation of the neutral) (Venturini, 1980).

running  matrix converter with Venturini

SYSTEM CONTROL

The system of the studied device (Fig. 5) included
two control bloes (DFIG control and FFSS control). The
first one 1s deduced to control the active and reactive
power exchanged between the grid and DFIG. The last
one is deduced to control the energy storage in the
flywheel. Those blocs can be controlled independently.

Active and reactive DFIG power control: Whenthe DFIG
1s commected to an existing grid, this connection must be
done in three steps. The first step is the regulation of the
stator voltages with the grid voltages as reference. The
second step is the stator connection to this grid. As the

voltages of the two devices are synchronized, this
comnection can be done without problem. Once this
comnection 1s achieved, the third step 1s the transit power
regulation between the DFIG and the grid (Fig. 5).

We choose a d-q reference-frame synchronized with
the stator flux (Muljadi, 1998). By setting null the
quadratic compound of the stator:

®y, =P, andd,, =0 (19)
Then the torque 1s simplified mto:
T_—-plm d, (20)
em L qr~ ds

s

The electromagnetic torque and then the active
power will only depend on the g-axis rotor current. By
neglecting the stator resistance R, we can write:

v, =0and V, =V, (21)

Park
transformation for stator and rotor variables, the stator
pulsation and the mechanical speed must be sensed.

In order to calculate angles for the

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

Vds:O > Vqs:Vs:wscI)ds
q)ds :q)s:LsIds +Lm1dr > q)dr :Lrldr—"_LmIds
&, =0=L1, +L.T :®, =LI +L.I

sTis ficialiiy regr megs

(22)

The stator active and reactive power, the rotor
voltages can be written according to the rotor currents as:

P
I w2 5 PB o
\! Convertor | 7 . Wlkia
= | @) 2 [T |ES +

PQ P ﬂ Q.

> =
Gear
box ?P

-$+Pn_wf
Convertor | ¢

Fig. 5. Scheme of the system
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p_—yLla
s s L qr
: (23)
Vo, VL
— 8 8 8 mI
Qs LS LS dr
L2 d 2
V=R 4+ L ——mJ——sm {L - m}l
T { T LS dt s r ] qr
12 dl 12 LV
Vo erqr+{Lr—TJ£+S.0)S[Lr—Lj:JIdr+S.®S “:L:
249
Withs=—2
w

For slip values relatively weak, the expression (9) can
be simplified as follows:

PD:(s—l).VS.LL—m.Iqr

§ (25)
WV L

Qp = + (s-1.V,. =21

b @, L ( Vs L dr

88 £

2

In steady state, the second derivative terms of both
Eq. (24) are nulls. The third terms are cross-coupling terms
and can be neglected because of their small influence.
Knowing relation (25), it is possible to design the
regulators. The global block-diagram of the controlled
system 1s depicted on Fig. 6.

The blocks R, and R, represent active and reactive

Control of a FESS associated to a VSWG
Control strategy for the FESS: The wind generators are
considered as negative charges for the power grid
because they do not consume the electric energy but
generate it without participating to the ancillary services.
Tt is well known that the wind speed is very fluctuant and,
by this reasor, the wind deliver a vanable electrical power.
Tot overcome this drawback, the acting on the electrical
system is enough, e.g. associating an energy storage
system with the wind generator in order to regulate the
electric power delivered into the grid (Pena et al., 2001).
If P, 1s the power expected from the coupling VSWG-
FESS assembly and P, ., the optimal aerodynamic power
generated by the wind, the reference value P, ¢ of the
DFIG active power 13 determined by

1:)D_ref = rr'|-Pmec_0pt (26)

The reference value P, . of the active power
exchanged between the FESS and the grid is determined
by

Pwiref :rn'Pmeciopt - ngref (27)

Where: mrepresent the efficiency of the IM, it is
estimated to 95% and P, . 15 the reference grid active
power, fixed to the value -1 5MW.

Induction machine modelling: The IM, modelled i the
Park reference frame, 1s described by (28)-(32):

di
power regulators. The aim of these regulators 1s to obtain Vedpy = Ry dady, T O-Ligy, e
high dynamic performances in terms of reference tracking, d dt (28)
sensitivity to perturbations and robustness (Muljadi, +M—IM& —og0mn Ly dggy,
1998). Lt
w.%d).. Simplified model of the control design
Poert . . é 1
—r, |k, Ly P,
—>®—> R, —b%—. R;‘*‘P[]-‘:'I%n'] " T, .—I‘
SN r
o, 1) —I‘
Qune m—— R R—3
= | e B PR
Qb T Vv

Fig. 6 Block diagram of DFIG power control
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g]u
Fig. 7: FESS induction machine control scheme
v =R i + G[M.L S ¢ dref = . L . (34)
Sy St~ Sy Spa dt (29) r p[M-MIM -lsqIM e QIMmes

+ ML—[M% +ogopg Ly g
T Control of the FESS induction machine: The torque
control is used for the FESS induction machine. The
i B Loy 46, (30) reference power of the FESS, P,,.: , must be saturated to
nalsdy =0 R dt the rated value of the IM power in order to avoid the IM

Tt

M R

1
_ g~ SAmg
@y = P Loma + —

ZPMQ[M + Dy (31)
0

i

T = P de)r'isqlm (32)

m

All the parameters of the preceding equations are
defined in the appendix.

Flux-weakening operation of the FESS induction
machine: The TM being under rotor flux-oriented control,
the corresponding power equation s determined as

Pt = Temma £2ms =Pvt L¢¢rd Tsqpy $dm (33)

Tt

Where Py defines the electric power, T g4 the
electromagnetic torque, . the mechanical speed, p,, the
pole-pair number, My, , the mutual inductance, L, the
roter mductance, ¢, the d-axis rotor-flux component, 1.,
the g-axis component of the stator current.

From Eq. 33, the rotor-flux reference value can be
computed as

overheating. The torque reference 1s given by:

T.- ™ paT, (35)
Q[M

Where P, 1s computed by Eq.(27), T, 1s the static
torque and B, the viscous friction coefficient. From Eq.
(33-35), the reference current results as

T, Ly,

i - " (36)
g pref P M N .¢r

The control scheme of the induction machine is
presented in Fig. 7.

RESULTS AND DISCUSSION

We present the simulation of the DFIG connected
directly to the grid through the stator and controlled
through its rotor circuit an AC/AC direct converter. To
control the power exchanged between the wind generator
and the grid, one uses the vector control with direct stator
flux. The reference value P, . of the active power
exchanged between the FESS and the grid 1s determined
by the Eq. (27). The torque control 1s used for the FESS
induction machine.
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Fig 10b: Zoom of the gridvoltage and current

The results of simulations are obtained with reactive
power Qg and active power P Figure € and 9 show
respectively the angular speed random and the slip of the
DFIG. Figure 10a shows the grid woltage and current
waveforms. MNote that the sinusoidal current, in phase
opposition compared to the wvoltage (Fig. 10b), the
machine supplies grid with active power. The sizes (grid
current and woltage) are independent of the vanation of
the wind and depend only on the active and reactive
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waveforms and these zoom are show, respectivelyin Fig.
llaandb. Figure 1 2a shows the rotor voltage and current
waveforms. The frequency of these voltage and current,
vaty according to the slip s (Fig 12bh-d) For s =0, the
rotor woltage and current are continuous Figure 13 gives

477

2000 P

100

=100

Um,(‘l”j and in_u;., I:P‘)

-a0an

]
a 5 La 20 FERLYCINi

Fig. l6a Stator woltage and current of M

2000 T T T

= : om ) :

H1000 : i

=1

i

=

3 ' ;

1000 f--------- . SRRRESEEEEEE Ll | SEEEEREEE
: Vi ! :

-a000 H i H
6.01 602 603 sy 604

current of [

2000 H

1000 F=

[

b
=1
[ S
(o]

20.03
i)
Fig. lfic Zoom stator woltage and current of IM

&

“Torque (N.m}
=

B

-400

0 5 10 15 25 9 g

Fig 17 IM electromagnetic torque

20

grid active and reactive powers. The grid powers follow
their references perfectly. Figure 14 shows the variation
of the mechanical power according to the generator
speed. Figure 14 show the FESS powers P, and those
reference power P, .. The Stator voltage and current
waveforms and these zoom of the IM are show
respectively in Fig 16a, b and ¢ Figure 17 shows the 1M
electromagnetic
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torque witch is very fluctuant, like the wind generated
power and entails the freewheeling speed (Fig. 18). The
IM operates in the flux weakening region and the
magnitude of its stator flux changes as a function of the
speed (Fig. 19). Figure 20 shows the decoupling between
direct and quadratic rotor flux of the IM.

CONCLUSION

A Variable Speed Wind Generator (VSWQG) associated
to a Flywheel Energy Storage System (FESS) has been
described in this study. The first part is devoted to the
analysis, modelling and simulation of a variable speed
wind turbine using a doubly fed induction generator in
conjunction with the matrix converter. Stable operation of
the DFIG was achieved by means of stator-flux oriented
control technique. The operational principal of the
proposed wind-power generator model and the validity of

the control system were illustrated by the steady-state
and transient responses of the power control associated
to the DFIG. In the second part the FESS with TM is
developed.

Simulation results have been carried out, validating
on the one hand, each part of the system, on the other
hand, the FESS concept associated to a VSWG.

The DFIG operates m two quadrants. For s > 0, DFIG
operates in sub-synchronous. For s < 0, DFIG operate in
super-synchronous model. For s = 0, DFIG operates as
synclronized asynchronous generator and the rotor
voltage and currents are continuous. The machine
supplies grid with an active power in all operating modes.

The overall dynamic performance of the system
shows that the MC is technically a viable to the
conventional AC-DC-AC converter system as the
interface unit of the wind generator system.

Appendix 1:

The Turbine

Q... = Mechanical speed of the DFIG.

Q. = Mechanical speed reference.

Q, = Turbine speed.

P opt = Mechanical optimal.

Cow = Aerodynamic torque.

C, = (Generator torque.

] = Generator slip.

C, = Power coefficient.

A = Tip speed ratio.

P = Air density.

R = Turbine radius.

v =  Wmnd velocity.

G = Gear ratio.

The DFIG

Vie Vi Vi, Vi, =  Two-phase stator and rotor voltages.

bu Oy Do ¢, =  Two-phase stator and rotor fluxes.

Lo L L 1y = Two-phase stator and rotor currents.

R,,R, = Per phase stator and rotor
resistances.

L,L, = Total cyclic stator and rotor
mnductances.

L. = Magnetizing inductance.

P = Number of pole pairs.

I = Tnertia.

f = Viscous friction.

p = Laplace operator.

P, Q, = Active and reactive stator power.

P.Q. = Active and reactive rotor power.

P, Qp = Active and reactive DFIG power.

P, Q, = Active and reactive grid power.

The TM and flywheel

DPma = Pole pairs.

Riu = Stator resistance.

R = Rotor resistance.
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My = Mutual inductance.

| = Stator inductance.

L = Rotor inductance.

Oy = Dispersion ratio.

I = FESS inertia ( Flywheel+TM).

P = Reference of IM active power

P, = Active power exchanged between
the FESS and the grid.

Q. = Reactive power exchanged between
the FESS and the grid.

B = Viscous friction coefficient.

T, = Static torque.

Vo Vi, ¥, = Output phase voltages.

Vo Vi, Ve = TInput phase voltages.

1, L, 1 = Qutput phase currents.

1, Ig, 1o = Input phase currents.

S; = Switch function.

T, = Switching interval.

0, = Angle of the reference mnput current
vector.

8, = Angle of the reference output

voltage vector.
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