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Abstract: In this paper, a control of a variable speed wind generator (VSWG) system based on a doubly fed induction machine
connected to the network associated to a flywheel energy storage system (FESS) is considered. The maximum power point tracking
(MPPT) method, the independent control power of generator, the grid connection, and the control of flywheel energy storage
system are studied. The flywheel energy storage system consists of a power electronic converter supplying a squirrel-cage
induction machine coupled to a flywheel. In order to validate the control method, the model of the system is simulated for

different wind generator operating modes.
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1. Introduction

The use of wind energy has indeed been
growing: In late 2001, over 24 GW of wind power
capacity was installed worldwide with an increase
of 6 GW only in this year. It provides, in the
world, the installation of wind farms with a
capacity of 45,000 MW. They must provide up to
1000 MW per unit [1]. Variable speed wind
turbines have been widely used because of their
benefits. We can mention:

the decrease of the stresses on the mechanical
structure, acoustic noise reduction, the possibility
of active and reactive power control, and
possibility of maximum power extraction by speed
adaptation. A new large wind power has been
developed based all on variable speed wind turbine
using a direct-driven synchronous generator
(without gearbox) or a doubly fed induction
generator which is considered particularly in this
study.

The main advantage of the DFIG is that the
power electronics equipment only carries a

fraction of the total power (20-30%) [2]. This
means that the losses in the power electronics
converters, as well as the costs, are reduced.
Among the drawback of wind energy is that is very
fluctuant because of the random and intermittent
wind nature. Despite that, the development of this
type of production is remarkable [1].

Several studies [3, 4, 5, 6, 7] have been
concentrated around the regulation of power
produced to ensure the balance between production
and consumption by exploiting the idea of storing
energy that the operating principle is to store
excess power under kinetic energy form in the
flywheel. The energy stored will be reconverted
into the electrical form for use as a top up in case
of deficit. FESS may thus be used as power
regulators over short periods of time for electrical
power quality improvement.

In order to analyze the behavior of VSWG
associated to the FESS, the model of this global
system is developed and simulated(Fig.1).
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The wind turbine, gearbox, DFIG, AC-DC-AC
converter, grid connection and FESS are modeled.

The maximum power point tracking (MPPT)
algorithm to maximize the generated power is
presented.

In order to study the power transfer between the
wind generator and the network, we applied a
control independent power. The storage system
considered in this study consists of an electronic
converter; an induction machine which operates in
flux weakening region and a flywheel. The field
oriented control will be considered here for the
induction machine.
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Fig. 1 Wind energy conversion and storage system
(WECSS).
2. Wind conversion system

2.1 Wind turbine model

The turbine is characterized by its power
coefficient Cp which is function of the tip speed
ration and the pitch angle of specific wind turbine
blades. For the used turbine, this coefficient is
given by the following  mathematical
approximation:

r.(A+0.0)

c, :0.5—0.167.(/3—2)-5“{18.5—03.@—2)

}—0.00184.(/1—3).(/3—2)
(1)

This relationship is shown on fig.2.
This graph is a key element in the
characterization of wind energy converters [8, 10].

The tip speed ration is dependent on the wind
speed and the turbine angular velocity:
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Fig. 2. Power coefficient [9]
A power available on the shaft of the turbine is
given by:

S.0°
F>a1er = Cp(lVﬂ)pT

©)
The turbine torque is given by:
C, - Per :Cp.p.S.U?’. 1
erbine 2 Qturbine (4)
The gearbox is modeled by these two equations:
c, = Ce (5)
G
Qturbine = Qmec
G (6)

It is clear that the power extracted from the wind
is maximized when Cp is maximized. This optimal
value of Cp occurs at a defined value of the tip
speed ratio _. For each wind speed, there is an
optimum rotor speed where maximum power is
extracted from the wind. Therefore, if wind speed
is assumed to be constant, the value of Cp depends
only on the rotor speed of the wind turbine. Thus,
controlling the rotor speed controls the power
output of the turbine. The variability of the output
power from the wind generator implies that,
without special interface measures, the turbine will
often operate away from its maximum power
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point. The associated losses can be avoided by the
use of maximum power point tracker (MPPT)
which ensures that there is always maximum
energy transfer from the wind turbine to the grid.
In this paper we develop the MPPT algorithm
named “Perturbation and Observation Method*. It
is more accurate since it doesn’t need the turbine
characteristic measurement, and it is easier to
implement [4, 5, 14].

This algorithm can be summarized as follow:

Start

Piw) and Qi)
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P(n)- Pr-dj=00

P(a)- P r-i)=0
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Fig.. 3. Flowchart of perturbation and observation method
for maximum power point tracking.

2.2 DFIG model

The electrical equations in the PARK reference
frame are given by:
Vds = Rs Idr +%l//ds — W s (7)

d
Vqs = Rs Iqs +a¥/qs + oWy

d
Vdr = erdr +a‘//dr _(ws _w)‘//qr (8)

Vqr = erqr +£‘//qr +(ws _w)Wur
dt
The stator and rotor flux are written as follows:

‘//ds:leds+Msr|dr (9)
Ve = leqs +Msr|qr

Vo = Lrldr + Msrlds (10)
Wy =L 1, + M,

srgs
The electromagnetic torque is defined as:

Cem = P(V/dslqs _l//qslds) (11)

The stator active and reactive powers at the stator
are defined as:

Ps :Vdslds +\/qslqs (12)
Qs :Vqslds —Vgl

ds " gs

PWM are employed for the all respective
converters of the system (three converters) in order
to produce a controlled output voltage vector [1,
14,17].

3. Conversion system control
3.1  Rotor side converter control

The control of rotor side converter is based on an
active and reactive DFIG power control. So it
controls independently the active and reactive
powers generated by the DFIG by controlling
independently the rotor currents of the DFIG (Fig.
4). Rotor current vector components are controlled
by controlling the inverter voltage vector A d—q
reference frame synchronized with the stator flux
is employed [12]. By setting the quadratic
component of the stator flux to the null value as
follows:

{l//ds =Y , l//qszo (13)

Simplified expression of the electromagnetic
torque is obtained:
M

Cem =—pE.U/s|qr (14)
Assuming that the resistance of the stator winding
Rs is neglected, the voltage equations and the flux
equations of the stator windings can be simplified
in steady state as:

{vds =0 (15)

Ves = @, =V,

as s
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V/ds:‘//s:leds+Msrldr (16)
l//qs =0= leqs +Msr|qr

Since the stator voltage frequency is set by the
grid, the rotor speed is deduced from:

a)r:a)s‘PQmec (17)

The angle 6, is obtained by integrating the
previous equation:

6, =60, + [ w,dt (18)

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

Ps :_Vs Msr I r
- (19
V. My
Qs :Vsrs_vs Ls Idr
M
Vdr _erdr_sws[l-r_l_s]lqr (20)

2
Vqr = R,Iqr +S&)S[Lr —'\I/_Is'jld, +s%

S S

A complete RSC controller is depicted in Fig.4.
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Fig. 4. Rotor side converter control bloc diagram

3.2  Grid side converter control

The grid side converter is charged to regulate the
direct current link voltage [17] in manner to fix the

reference inverter voltages (Vimd-ret, Ving-rer) Which
ensure the control of the delivered current to the
grid through the filter. This control is realized by
using a reference frame synchronized with the grid
voltages. Thus, active and reactive powers
transferred to the grid are independently controlled
by the delivered currents (ly, lig) [19]. A complete
grid control scheme is depicted in figure 5.
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» Controller Conl'r_o]]er » Controller »
L'_ mes I ! Fing_ref
I
Qr_heﬂ ta_ref
I.‘q_rm: -Ira‘_mv:

Fig 5.Grid side converter control bloc diagram

By looking this diagram, grid side converter
control is based on three functionalities:

DC bus control

The active power reference is derived from the
DC bus voltage error (outer PIU controller). This
power is obtained after being added to the active
power which is necessary to charge the capacitor
to the desired value (P¢ ), the DFIG active power
generated (P_mac=Im-mac U-rer ) s shown in figure 6.

1 ¥ 1
s | ; BY. et A
U ref _Iru,._:-z( PIL c_ref (o
Ll e e )
DC bus ¢

controller Power compensation

Fig. 6. DC bus control bloc diagram

Power control

The active and reactive powers exchanged with a
grid can be expressed by:

P =vi, +V,i (21)

sqtq

Q =V iy — Vgl (22)

sq td sd'tq
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We can find the reference currents i ref, liq ref
which allows setting the desired reference active
and reactive powers P rer, Qi rer, as follows:

i _ Pt—refvsd +Qt—ref vsq (23)
td—ref — 2 2

Vscl +VSu
i _ Pt—ref vsq _Qtfrefvsd (24)
tg-ref — 2 2

Vsd +Vsu

In our case, the reference reactive power is fixed
to zero value in order to maintain power factor at
unity. We can also generate or absorb the reactive
power (Qt_ref <0 or Qt_ref >0).

Current control

Two fast Pl current control loops are used to
control the grid current vector dg components (i,
lq) by using the synchronized reference with the
grid voltage [11].

The electric equations of the filter (Ry L)
connected to the grid are given as:

de = Rtitd + Lt %_ Ltwsitq +Vyq (25)

Cdi,
qu = Rtltq + L( é-’_ L!a)sltd +Vsq (26)

The grid currents (i, itg) Can be expressed by the
following equations:

di 1 .

i:*(\/bd_Rt'm)

@ L (27)
di, 1 .

— = (Vg —Riy)

@ L (28)
With:

Vbd = Lta)sltq + vsd

Vbq = Lta)sltd +Vsq (29)
3.3. Storage system control

The third controller is charged to control the
energy storage in the flywheel. It is designed to

smooth wind power fluctuations by releasing or
absorbing stored energy during wind fluctuations.
It is well known that the wind speed is fluctuant
and, because of this, the wind generator delivers a
variable electrical power. To overcome this
drawback, an auxiliary energy storage system is
installed in order to produce an additional energy
and regulate the electric power delivered to the
grid [2]. The reference active power applied to the
FESS is obtained by:

P

f—ref

=P

g-ref

—P

eol

(30)

Where Pg_ref the reference grid active power,
fixed to -1.5MW value and Peol is the power
generated by the DFIG.

3.3.1 Induction machine model

The IM modeled in the Park reference frame [4, 5,
7, 12], is described by:

_ Rr—\M (“’s _ pQ,) M‘Rr—IM 0
Lo Lo 0 0
P ‘((Us _ pQ,} _Rrﬂ 0 MR Y| |0 0
4| % |_ L L all 1 |
dt isu M‘RHM M'pQ' Rsr o i;a JLs M Vsq
isq ol Lz—lm ool ol i;q 0 !
_ Mpo, MR, ) R ol
ol mbim ol Li—\M ’ Olsm (31)

The rotor flux oriented control is applied to the 1M,
the system (31) becomes:

_Row MR 0
? L Lo o 0 0
df. MR, R o 1 Vg
—liy |= L=, - © iy [+ 0
dt i ol mbim Ihsm i [ Vs
“ M.pQ, R, e 1
-— -w - —_
[ olym ol (32)

The rotor-flux reference value can be computed
using the flux weakening algorithm. It is
determined by [15]:

Prn if ‘Qf‘San
Prret (Qf ) = an

m*

it [Q]>Q,
| (33)

The reference power of the FESS, Pf_ref, must be
limited to the rated value of the IM power in order
to avoid the IM overheating. The torque reference
is given by:
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T — Pf —ref (34)

em—IM —ref
Qf

The quadratic reference current becomes:

Tem—IM —ref 'Lr—IM (35)
pM '(ord—ref

Isq—ref -

A complete flywheel control scheme is depicted
in figure 7.
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Fig 7. FESS system control scheme.

4. Simulation results

To study the final control solution, both storage
controller and the wind power conversion system
have been tested and all simulations were carried
out using Matlab/Simulink. The DFIG was rated at
1.5MW and its parameters are given in appendix.
The DC link voltage was set at 2000V and the
capacitance is 4400uF. The results shown here are
for the conditions where reactive power Qg_ref =0
and active power Pg_ref = -1.5MW as shown in
figures 10 and 11.
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Fig. 11. DFIG reactive power.
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The DFIG rotor speed random and the slip are
shown in figures 8 and 9. The grid voltage and
current are in phase opposition which implies that
the machine supplies the grid only with active
power (fig 12). According to the slip, the rotor
current and voltage and their zoom are presented in
figure 13a-d. When s=0, the rotor absorbs an
active power under drop form and the rotor voltage
and current are continuous. The stator voltage and
current waveforms of the IM are shown,
respectively, in Fig.14a-b. The wind power
generated variation causes a variation of the active
power exchanged between the grid and the FESS
which slowdowns/accelerates as shown in figures
16 and 17. Figure 18 shows that the IM stator flux
changes as a function of the speed which shows
that the IM operates in the flux weakening region.
Figure 19 presents the IM electromagnetic torque.

5. Conclusion
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In this study, a control of a variable speed wind
generator system based on a doubly fed induction
generator connected to the network associated to a
flywheel energy storage system is considered.
Firstly, the doubly fed induction generator is
modeled and simulated. A decoupled dq control is
adopted for both GSC and RSC. In the second part,
the FESS including an IM is proposed and studied.
In all DFIG operating mode, the machine supplies
the grid only with active power. When s<0, DFIG
operates in super-synchronous and the FESS cover
the deficit and the IM operates in generator mode.
For s>0, DFIG operates in sub-synchronous and
the FESS stores the energy surplus and the IM
operates in motor mode. When s=0, DFIG operates
as synchronized asynchronous generator and the
rotor voltage and currents are continuous. The
FESS associated to a VSWG is validated by
simulation results.
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Appendix

Parameters

Blades number: 3, R=35.25 m, G=90,

J  (Turbine+DFIG) = 1000 kg/m? F£=1.22 Kg/m®

Porc=1.5MW, Rs=0.0120, Rr=0.0210, Mv=0.035 1,

L L

s =0.035+2.037.10*H, T =0.035+1.75.10"*H, P=2,

o1
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f=0.0024 N.m.s/rd, V;=690V.

IM and FESS parameters: v;=690V, P =450kW,

Rom =0.051 Q, R =0.051 Q,

L= 40.71.10% H, Lw=40.71.10% H, M =40.1.10°H, p=2,
£,20.008 N.m.s/rd, Jv=250 kg/m?
Nomenclature

Turbine

Quurvine - Turbine speed

Qe . Generator chaft speed

U: Wind velocity

R: Rotor radius.

p: Air density

S: Area swept by the blades.

Cq: Driven torque of the generator,

G: Gear ratio.

DFIG

Vs, Vs, Var, Vgr: TWo-phase stator and rotor voltages
VYis Voo Par, Por- TWO-phase stator and rotor fluxes
Rs, Ry: Stator and rotor phase resistances

L, L,: Stator and rotor phase inductances

lgs lgss lar lgr © TWO-phasestator and rotor currents

s: Generator slip

P: Number of pole pairs

f: Viscous friction

IM and flywheel

Vsa, Vsq: TWO-phase stator voltages

@rd» Prq- TWO-phase rotor fluxes

Rs.m» Rr-im: Stator and rotor phase resistances
Ls.m, Lrw: Stator and rotor phase inductances
Isa, isg: TWO-phasestator and rotor currents

o: Dispersion ratio

p: Number of pole pairs

Qs FESS angular speed

om: Nominal rotor flux

Qs: Nominal FESS speed
Ps: FESS active power

Temam - FESS electromagnetic torque
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