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Maximum power control of a wind generator with an energy storage system
to fix the delivered power

Introduction. The power extracted from the wind turbine and delivered to the electrical network must be maximum and constant and
the whole system should be have a good compromise between efficiency and cost. In order to attenuate this objective, a doubly fed
induction machine, a cycloconverter, a maximum power point tracking algorithm and a flywheel energy storage system constitute a
very interesting solution among many others that have been proposed. Novelty. The novelty of the proposed work is to use a doubly
fed induction machine and a three pulses cycloconverter to reduce the cost and to integrate a flywheel energy storage system
between the wind generator and the electrical network to maintain the constancy of the power sent to the network, following the
instability of the wind. The proposed work uses a maximum power point tracking algorithm to capture the optimal power available in
the wind in order to increase the efficiency of the system. Results. A detailed study of the proposed system is presented with the
detailed dynamic modeling equations and simulation results are conducted to show the performance and the efficiency of the
suggested work. References 21, figures 15.
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Bcemyn. [Tomysicnicme, wo sudobysacmobcs 3 impsanoi mypoinu i no0AEmovCsl 8 e1eKMpULHy Mepedrcy, MAe Oymu MaKcuManibHolo i
nOCMIlIHOIO, a 6CS CUCMEMA NOGUHHA MAM XOPOWUll KOMRpoMIc Mixc egexmuenicmio ma eapmicmio. LLlo6 nom'skwumu ye
3a60anHsA, ACUHXPOHHA MAWIUHA 3 NOOGIUHUM JICUBNEHHAM, Oydce YIKABUM pIuleHHAM ceped 0azambox I[HWuX, AKi Oyau
3anponoHo6ani, € YUKIOKOHGepmep, al2OpUmM GIiOCMENdCeHH MOYKU MAKCUMANbHOI NOMYICHOCMI MA cucmemd HAKONUYeHHs
enepeii maxoeuxa. Hoeusna. Hoeusna 3anpononosanoi pobomu nonizac y 6UKOPUCMAHHI ACUHXPOHHOI MAWUHU 3 NOOGIHUM
JICUBTEHHAM MA MPUIMAYILCHO20 YUKAOKOHEEpmMepa OISl 3HUJICEHHs 8apmOCmi ma inmezpayii MaxoeuKogoi cucmemu HaKONUYeHHs
eHepeii Midc iMpoceHepamopom ma eieKmpuyHoo Mepedxcero O0id NIOMPUMKU CMALOCII NOMYMHCHOCI, WO BIONPABNIAEMbCA 8
mepedicy, 8paxogyiouu Hecmabinbhicmy  6impy. 3anpononoséana pobOmMa SUKOPUCIOBYE ANCOPUMM  BIOCMEICEHHs. TOUKU
MAKCUMATLHOT ROMYAUCHOCI OJ1 3aXONIEHH ONMUMATLHOT NOMYICHOCMI, OOCMYNHOL HA 6impy, wob niosuwumu epexmusHicmo
cucmemu. Pesynomamu. [{emanvhe 0ocniodxcenns 3anponoHosanoi cucmemu npedcmasieHo 3 00KIAOHUMU PIGHAHHAMU OUHAMIYHO20
MOOeNIo8anHs, d pe3yIbmamu NpogeoeH020 MOOeNI06AHHA NOKA3YIOMb NPOOYKMUGHICIb mMa  eheKmugHicms  3anponoHo8anol
pobomu. bibn. 21, puc. 15.

Kniouogi cnoea: BigcTeskeHHs] TOUYKM MaKCHMAJbHOI MOTY/KHOCTI, CHCTeMa HAKONWYEHHsI eHeprii MaxoBHKa, AaCHHXPOHHA
MaIllMHA 3 NOABIHHUM KHBJICHHSIM, IHKJIOKOHBepTep.

Introduction. Wind energy is the fastest growing
energy among the new power generation sources in the
world [1]. The most important machine used in wind
turbine generators for wind energy conversion system is
the doubly fed induction machine (DFIM).

The DFIM is an induction machine with wound
rotor. It can function like motor or generator. The
principal advantage of this machine is that the converter
on the rotor side uses 20-30 % of the rated power [2].

Among the converters which make directly the
conversion of power without any intermediary of a
continuous bus, is the cycloconverter. This converter
contains thyristors which make the system less expensive.
Cycloconverter is habitually used in large power
applications like rolling mills [3, 4], electric traction [5],
static Scherbius drives [6] and more. The three pulses
cycloconverter is our choice to control the DFIM in both
systems (wind generator and flywheel energy storage
system (FESS)).

The purpose of this work is to extract the maximum
power available in the wind and to provide it to the
electrical network as a constant as possible with good
compromise between cost and efficiency.

In works [7, 8] a flywheel with an asynchronous
machine have been integrated between the wind generator
and the grid and controlled via an AC-DC-AC converter.
In article [9] the author used a flywheel and a
synchronous machine as a storage system and controlled
by an AC-DC-AC converter. So, in order to achieve this
purpose we used, a DFIM and a three pulses

cycloconverter to reduce the cost and to support more
current, a FESS between the wind generator and the
network to maintain the constancy and to prove the
quality of the power sent to the network following the
instability of the wind, and a maximum power point
tracking algorithm to capture the optimal power available
in the wind to increase the efficiency of the whole system.

Figure 1 shows the configuration of the proposed
and studied system.

VoY%

Wind Generator

&

B

Electrical network

A2\

Flywheel energy
storage system

Fig. 1. Studied model

Modeling of the turbine. The mechanical power of
the wind turbine P, is written as [10-12]:

B=epR-Cy PV (1)

where p, R, C,, A, f and V are respectively the air density,
turbine radius, power coefficient, tip speed ratio, pitch
angle and the speed of the wind.
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C, is the wind turbine aerodynamic efficiency. It
depends on 4 and 8, where A is written as:

Q,-R
A=—t—, 2
7 2
where €, is the speed of the turbine.

The power coefficient is defined as [13]:

C,(4.8)=(0.35-0.00167 (ﬂ—Z))-si{#;%j_G)

~0.00184(1-3)-(8-2)
Figure 2 shows the curve of C, obtained via (3). The
optimal value of C, (Cpmax = 0.35) is for A =7.1 and f = 2°.
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Fig. 2. C, of the wind turbine

The expression of the mechanical equation is
described as follows:

dQ

g d’:ec :Tm_Tem_f'Qmeca 4)
where J, f are the equivalent inertia and friction
coefficient, respectively; €Q,.. is the generator's

mechanical speed; T,, and T, are the electromagnetic
torque and the torque of the turbine referred to the
generator, respectively.

Optimal power control. The optimal power
characteristics of the wind turbine are strongly nonlinear.
For each wind speed (Fig. 3), the system must find the
maximum power of what is equivalent to search for the
optimal rotor speed (mechanical speed).
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Fig. 3. Power-speed characteristics for different wind speeds

If the rotor speed does not reach its optimal value,
the power of the turbine will not be able to reach the
optimal power any more. It is possible to regulate the
torque of the generator (electromagnetic torque) so as to
control the rotor speed so that this one varies with the
change of the wind speed (Fig. 4).
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Fig. 4. Optimal power control

From Fig. 4 we can write the reference power as
follows:
Pref :Temiref Qe - (%)
According to the maximum power point tracking
(MPPT) control strategy, the reference power has been
generated and delivered to the generator control system,
which compares the reference power with the measured
output power from the generator to produce the control
signals for the power converter. Through the control of
the converter, the electrical power of the generator will be
equal to its reference, at which the maximum power
operation will be achieved.
Modeling of the cycloconverter. The three phase
cycloconverter is constituted of 18 thyristors. Each phase

abc is constituted of two converters.
The delay angles of those
Sp, converters are modulated so as
\.,‘] Sh, to supply an AC output voltage
:N] Sp, at the required magnitude and
A— s, frequer}cy. .
5, o1 Figure 5 illustrates the
B model of three phase-three
™S phase  cycloconverter.  The
x Q‘Z&n function of the switches (Fig. 5)
e ‘Y”w is described as:
, g I Sk, isclosed;
. Sk = ’ 6
S | K ~lo s K is open, ©
Sy,
— o= where Ke{P, N}, ie{a, b, c},
. ]*‘:::,c andje {4, B, C}. .
ke The voltages equation at
[ g the output of the three phase
C—1 s, cycloconverter can be written in
Sy, .\.[ T function of [T as follows [14]:
L V4 Va
Fig. 5. Three-phase VB :[T ] Vb |» (7
cycloconverter Ve "
c
SP ad + SN ad SPbA + SN bA SPCA + SN cA
[T] = SPaB + SNaB SPbB + SNbB S})LB + SNcB (8)
SPaC + SNaC SPbC + SNbC SPCC + SNCC

where v,, v, and v, are the input voltages; v4, vg and v¢ are
the output voltages.

The voltages at the output of the cycloconverter are
commanded using cosine-wave crossing control to
produce the firing pulses of the switches. So we will have
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three reference waves and three timing waves and a lot of
intersection points. We will have 18 control circuits for
this cycloconverter one for each switch [14].

Modeling of the DFIM. The electrical expressions
of the DFIM are written as [15, 16]:

dbegs _ -
Vvdq =R '[sdq +— +0; '¢sqd;
)
Addg, _ -
Vrdq:Rr'Irdq+#+0r'¢rqd;
¢sdq:Ls'Isdq+M'Irqd; (10)
¢rdq:Lr'[rdq+M']sqd’

where R, and R, are the stator and rotor phase resistances;
6, and 6. are the stator and rotor field angles; L;, L, and M
are the cyclic stator, rotor and mutual inductances,
respectively.

The expressions of the active and reactive powers at
the output of the DFIM are given as:

{P =P +P;
0=0,+0,,
where P, Q,, P, and Q, are the stator (rotor) active and

reactive powers, respectively.
The equation of the electromagnetic torque is:

(11

Tem:p'(¢sd'Isq_¢sq'lsd)s (12)
where p is the pole pairs number.
Control of the DFIM. For controlling

independently the active and reactive powers of the
DFIM, the stator flux vector will be aligned with d-axis
bsa (9sa = ¢5 and @y, = 0) [17-19] and the expressions of
the stator voltages are given by:

V., =0;
sd (13)
Vsq =V.
The rotor flux equations can be written as:
M
=0- L.-I +—" ;
¢rd rtrd L, ¢Sd (14)
¢rq =0-L, 'Irq7
with
2
o=1- s 15
YA (15)

where o is the leakage coefficient.
We can write the voltages at the rotor according to
the rotor currents as follows:
dl,
Vig=R.-I.;+0-L, -TFd—s-a;s 0Ly Ly
t
d, wy, (19
Vig=R,-I,y+0-L, ~7+s~a)s oL, +s- L

where s is the machine slip.
The simplified formula of the -electromagnetic
torque is given as follows:
M
Tom =P —Fa 1,q- a7
LS
The expressions of the DFIM powers at the stator
are written as follows:

M
P, =V, .L_.[rq,

* (18)
0, = o, M
s o, - Ls s Ls rd >

We can simplify the expressions of the output
powers of the DFIM as follows:

M
P:(S_l)'Vs 'L_'Irq;

S
2 (19)
V. M
O=—35—+(s=1)-Vy-=—-1,4.
Wy * L Ls

The DFIM and the flywheel are the main parts of the
flywheel energy storage system. This system stores
energy in kinetic form and provides it in electrical form;
in other words, the FESS stores energy in kinetic form in
the flywheel during motor mode and it provides energy in
electrical form during generator mode.

The kinetic energy stocked in the flywheel is defined
as follows [9]:

1

E:E-JF-Q% (20)

or

E:jPM-dt, @1
where Jr is the flywheel inertia; Qp is flywheel
mechanical speed; Py, is the electrical power.

The reference active power provided to the
network/FESS from the wind generator is determined by
(5) (Fig. 4), and it's written as follows:

PGiref = Temiref Qec - (22)

The expression of the reference active power
(electrical power of the FESS) is determined from the
difference between the desired power provided to the
network and the power generated through the wind
generator:

PMiref =P 7ref_PG7ref' (23)

The suggested system contains two control blocks:
wind generator control block (Fig. 6) and FESS control
block (Fig. 7). The first block is devoted to controlling the
power provided from the wind generator to the
network/FESS; when the power provided to the network
from the wind generator is more than the required power
at the network, the rest of this power is transferred to the
FESS and stocked in the flywheel. The second block is
devoted to controlling the power exchanged between the
FESS and the network; the FESS stores the power from
the wind generator and provides it to the network if the
required power of the network is not enough.

The powers' expressions delivered to the network
are written as:

{Pn =P; +Py; 24

Qn = QG + QM )
The detailed control schemes of the DFIM in both

wind generator and FESS are illustrated respectively in
Fig. 6, 7.
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Fig. 7. Wind FESS control block

Simulation results. The model introduced in Fig. 1
was simulated under MATLAB/Simulink and its
parameters are given as follows:

e wind generator [20]: number of blades = 3; gear
box G = 70; blade radius R = 40 m; S, = 3 MVA; U, =
= U, =690V, f=50 Hz; R, =2.97 mQ; R, = 3.82 mQ;
Ly =12.241 mH; L, = 12.177 mH; M = 12.12 mH; J =
=116kgm* p=2.

e DFIM (used in the FESS) [21]: S, =1.5 MVA;
R, = 0,012 Q; R, = 0,021 Q; L, = 13,7037 mH; L, =
= 13,6751 mH; M = 13,5 mH; f = 0,0024; p = 2;
Jr~351.5 kg m’.

The network requires a constant power of —1.5 MW
(the negative value indicates that the network receive
power).

The flywheel inertia value was calculated for a
speed range between 120 rad/s and 200 rad/s during 3 s
and the rated power is 1.5 MW.

Figures 8,a,b demonstrate the operation of the
energy storage system.

The initial value of the rotor speed must be
corresponding to the initial value of the wind speed.

The generator speed (Fig. 10) follows its reference
and varies according to the wind speed variations (Fig. 9).
This figure checks the MPPT control.

The active powers of the wind generator and the
FESS (Fig. 11,a,b) follow their references correctly. The
active power provided to the network given in Fig. 12,a is
constant at —1.5 MW and the reactive power (Fig. 12,) is
zero for ensuring unity power factor.

Figure 13 shows the zoom of the voltage and current
in the rotor side (FESS) and confirms the control of the
cycloconverter.

The speed of the flywheel (Fig. 14) increases when
the energy is stored and decreases when the energy is
provided (Fig. 15).
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Conclusion.

In this article, the wind generator attached with a
flywheel energy storage system was studied for different
wind speed. The storage system based on doubly fed
induction machine and three pulses cycloconverter has
been controlled through a reference power as a function
of a power generator and a desired network power.
Simulation results show, firstly, that the extraction of the
maximum power using maximum power point tracking
control algorithm was well done. Secondly, they show
that the flywheel energy storage system has been capable
to store and provide energy, to ensure that the power sent
to the electrical network remains constant. Finally, they
demonstrate that the wind power fluctuations can be
mostly compensated via the storage system. So, the
performance and the efficiency of the suggested work
have been verified.
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