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Abstract: The paper deals with a squirrel cage induction generator connected to the grid through a back-to-back converter
driven by vector control. The stator-side converter controls the generator torque by means of an indirect vector control
scheme. In order to reduce the system dependence from the mechanical system behavior, a torque loop is used in the current
reference calculations. The battery energy storage system (BESS) plays a fundamental role in controlling and improving
the efficiency of renewable energy sources. Stochasticity of wind speed and reliability of the main system components are
considered. The grid-side converter controls the DC bus voltage and the reactive power in order to accomplish the grid
codes. Speed control using flow directional control, indirect conventionally uses proportional integral (PI) type current
regulators, which achieve satisfactory objectives on torque and flow dynamics. The objective of this article is to present an
indirect vector control strategy with oriented rotor flux using current regulators of the proportional integral (PI) type,
applied to an asynchronous machine supplied by a voltage inverter, capable of supplying during restrictive stresses, more
satisfactory torque and flux responses. The obtained simulation results upon simulation tests of the global system are
developed under the MATLAB / Simulink environment and are satisfactory .
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1. Introduction

Energy has become a fundamental element because of our These wind turbines have a nominal power between SKW
different demands in many domestic and industrial terms. and SMW, they can operate at fixed speed or at variable
This prompts us to always think about new techniques for speed [12][13]. The types of generators associated with
producing this energy. Since the dawn of humanity, the pro- wind turbines are asynchronous machines and synchronous
duction of energy has been based largely on fuels such as machines in their different variants. Among all the renew-
wood, fossils (coal, oil, gas...), then uranium. But the able energies contributing to the production of electricity,
big problem accompanying the use of these materials is wind energy currently holds the star of renewable for re-
the emission of gases and the massive releases of various £ions and countries with enormous wind potential. It is
compounds; which unbalances our planet and pushes to- ©ne of the most promising, in terms of ecology, competi-

wards an open non-renewable cycle. In just over a cen- tiveness, scope and creation of jobs and wealth. We will
focus on the technological advances that have allowed the

construction and proper functioning of wind turbines and
their integration into electricity production. In order to bet-
ter exploit wind resources for different wind conditions, this
study focuses on the Asynchronous Machine with indirect
orientation of the rotor flux which is the heart of a large part
of current wind turbines due to its advantages relative to
other electromagnetic actuators. Dynamic management of
interconnected grid-connected wind farm storage systems
would therefore be necessary to ensure the mitigation of
variable wind farm output variability and to maintain grid
power stability [29]. Based on the state of charge (SOC)
of the BESS authors proposed an algorithm for dynamic
programming in order to smoothly fluctuate wind power
[30]. Different application of strategies have been applied
for wind farm active power control, voltage control. SCIG

tury, energy with electricity as a modern form has taken
a prominent place. Its production covers a third of the
world’s energy consumption which is concentrated mainly
in thermo mechanical machines where combustion is on a
large scale with the direct emission of several million tons
of CO2 causing high degrees of pollution and temperature;
as well as the reduction of nature reserves. So, we need to
look for other alternatives to fossil fuels to produce elec-
tricity from renewable sources that are non-polluting and
more economical by making good use of the elements of
nature such as water, sun and wind. This is the goal of our
study, which focuses on one of the renewable energies in
development at the time, which is wind energy. The reli-
able and cost-effective wind turbine is the ideal source of
electricity for many applications. Wind turbines come in
many sizes, from small wind turbines of a few watts to
megawatt wind turbines feeding the electricity grid. The
largely dominant technology today is horizontal axis, three-
bladed and sometimes two-bladed windward rotor turbines.
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control can be implemented using different approaches :
scalar or vector control, direct or indirect field orientation,
rotor or stator field orientation [12][13]. Scalar control [15]
is simple to implement, but easily unstable. A better per-
formance is obtained with direct vector control, requiring
sensed flux values to define and control the field orientation
references. This, however means that it is necessary to use
hall-effect sensors, which, inpractise, is problematic, and
expensive,[14][16]. The indirect field-orientation method is
more sensitive to the machine parameters but removes the
necessity of direct flux sensing[15][16]. This paper pro-
poses an indirect vector control strategy less sensitive from
the machine parameters than the conventional scheme[8].
The wind turbines are also equipped with a control system
based on electronic converters to adapt to wind conditions.
This work is organized as follows: The Section II presents a
modeling of the wind turbine connected to the grid as well
as a modeling in a two-phase reference frame (the adapted
model is based on the Park transformation) linked to the ro-
tating field with a view to supply and control by static con-
verters. of the double feed asynchronous machine. The Sec-
tion IIL,study of storage system. The Section V implements
the indirect vector control of the squirrel cage asynchronous
generator based on a PI (Proportional Integral) regulator,
Section IV the control ensures the decoupling of the d and q
axes, the purpose of which is to improve the behavior static
and dynamic system. The Section VII, is reserved for sim-
ulation results with interpretation of these results.

2. Modeling of a wind turbine with
induction generator

rical

Figure 1: Wind turbine with SCIG connected to electrical
grid

The system being analyzed can be seen in Figure 1. It is
important to point out that there are more elements, e.g. a
transformer and a wind farm grid, which are not included
in the present paper. The squirrel cage induction generator
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(SCIG) is attached to the wind turbine by means of a gear-
box. The SCIG stator windings are connected to a back to
back full power converter.

2.1 Wind turbine

A wind energy conversion system (WECS) transforms wind
kinetic energy to mechanical energy by using rotor blades.
This energy is then transformed into electric energy by a
generator, so the turbine is one of the most important el-
ements in wind turbine. In order to better understand the
process of wind energy conversion, descriptions of the ma-
jor parts of a wind turbine are given in this section. Accord-
ing to Newton’s law, the kinetic energy for the wind with
particular wind speed is described as:

1
E, = -m.V>

Sm.V; L1

Where m represents the mass of the wind, and its power can
be written as :

P, = %.C,,(L[B).p.S.Vf (IL.2)

Where : S : Blade swept area (m? ), p : Specific density of
air(Kg/m?)

V, : wind speed (m/s), C,,(A, ) : Power coefficient, A :
speed ratio, 3 : pitch angle With :

(IL.3)

Q :Mechanical turbine speed (rad/s), R : radius of the tur-
bine blade (m).
We can derive the formula of the torque which is :

T, = A.B).p.mw.R*V (IL4)

1
2., Gl

Where C,is the power coefficient of the turbine which is
obtained from the following equation :

K K.
Cp(A,B) =Ky.(52 —K3.B —Ky)e © +Kg. A

IL.5
With :
1 1 0.035
-~ = - 1.6
A (A+0.08.8) p3+1 (IL.6)
Where : ki = 0.5176,k; = 116,k3 = 0.4,ks = 5,ks =

21landkg = 0.006

This Figure shows the evolution of the power coefficient as
a function of A for different values of B. The maximum is
obtained for an optimum pitch angle f3,,,=0 and a relative
speed Ayp=0 .
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Figure 2: Evolution of the power coefficient according to A
and 8

With the dependence on the A and 8, maximum value of
Cp could be reached and maintained through controlling the
pitch angle and generator speed at particular wind speed. A
group of typical Cp — A curves for different f is shown in
Figure 2 and there is always a maximum value for Cp at
one particular wind speed. It is found that the power coef-
ficient is a function of A and f, and in order to reach the
maximum energy extracted from the wind turbine. The fol-
lowing equations show the values to be considered:

1 Cpmax(A).p.S.R3

Top = 0?2 IL.7)
A F
A
Qe = OTI”.VV (IL8)

2.1.1 Gearbox

The gear box provides speed and torque conversions from a
rotating power source to another device, using gear ratios.
A gearbox is often used in a wind turbine to increase the ro-
tational speed from a low-speed main shaft to a high-speed
shaft connecting with an electrical generator. A gear box is
mathematically modeled by the following equations:

Q, = K,.Qr
1 11.9
{ Tg = ngT ( )

With : K is the speed gear box gain K, < 0 For our study,
we chose a wind turbine with direct coupling

2.1.2 Driveshaft dynamic equation

The differential equation which makes it possible to deter-
mine the evolution of the mechanical speed from the total

mechanical torque (t,,) is given by:
dQ,
J—=T, I1.10
o m (IL.10)

Where: J is the total inertia brought back to the generator
shaft, including the inertia of the turbine, the gearbox and
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the generator. The mechanical torque deduced from this
coupling is the sum of all the torques applied to the rotor:

T =Ty —Top— fQq .11
With:

T, is Electromagnetic torque developed by the generator,
T, : gear box torque,

f: Total coefficient of friction of the mechanical coupling.

2.2 Asynchronous machine (SCIG)

The conversion of mechanical energy to electric energy is
performed by the turbine and the generator. Different gen-
erator types have been used in wind energy systems. These
include the squirrel cage induction generator (SCIG), dou-
bly fed induction generator (DFIG), and synchronous gen-
erator (SG) [1]. The SCIG is simple and rugged in con-
struction. It is relatively inexpensive and requires minimum
maintenance. The SCIGs are also employed in variable-
speed wind energy systems. To date, the largest SCIG wind
energy systems are around 4 MW in offshore wind farms.
The voltage equations for the stator and rotor of the gener-
ator in the reference of Park with two axes (d,q), [3], [5].

q
&
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N F tvsg
M .
L 77
o ] g M
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O_| Yy e SO0 .-d
. ‘_--:_A Ird '1‘.‘:.. Lsd
As

Figure 3: Representation of fictitious windings of d-q axes

For the machine equations, assuming that the stator and
rotor windings are sinusoidal and symmetrical [14],[16], the
relation between voltage and currents on a synchronous ref-
erence dq can be written as:

Rt i ke bl |
ol a ] [“’fH q

(IL.1
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Figure 4: Back to Back converter
¢sd _ LsM isd
[ oo |= |, || i (IL14)
And
¢rd _ LSM ird
{ o | = | ML, i (I1.15)
With : Vi: Stator voltage, (is,i,) : stator and rotor

current,( phis, phi,) : stator and rotor flux, (R,,R,):stator
and rotor resistance, (Ly, L, ):stator and rotor inductance , M
: mutual inductance , d : d-axis, q : g-axis. We become to
replace the flux with their expressions according to the cur-
rents; in using (10) and (11), the model of the three-phase
asynchronous machine in the axis coordinate system (d,q)
will be given in matrix form :

Vd R+ Ly(d/dt)—Lsw,M(d /dt) —Mo isa
Vsg | | Ls@sRs+Ls(d/dt)MwsM(d/dr) lsq
0 | M(d/dt)-Mo,R,+ L.(d/dt)—L, o, Ird
0 Mo.M(d/dt)L,o,R,+ L,(d/dt) irg
(I1.16)

This leads to the equivalent diagram coupled with an asyn-
chronous machine along axis d.

Figure 5: Equivalent diagrams coupled of an asynchronous
machine according to the axis d

Also, the equivalent diagram coupled of an asyn-
chronous machine according to the axis q.
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Figure 6: Equivalent diagrams coupled of an asynchronous
machine according to the axis q

With: Is=L;—M, [r=L,— M Expression of elec-
tromagnetic torque In the general case, the instantaneous
electrical power Pe supplied to the windings stator and ro-
tor is expressed as a function of the axis sizes d, q:

Pe = vsd-isd + Vsq-isq (1117)

It breaks down into three series of terms: *.Power dissipated
in Joule losses:

Ry(i3y+iz,) +Re(itg +i7,) (IL.18)

** Power transmitted to the rotor in the form of a variation
of magnetic energy :

isd(d(Psd/dt) + isq(d(Psq/dt) + ird(d(Prd/dt) + irq(d‘Prq/dt)
(IL.19)
*##% Mechanicanical power

Pm = (isq-(bxd - isd (psq)ws + (irq (brdird ¢rq)wr (H'ZO)

The electromagnetic torque developed by the machine is
iven by the expression:

P, o
Com = —andQ = — (IL.21)
Q p
Then the scalar expression of torque :
Com = P-(@sdisq — Psqisa) (11.22)

It is possible to obtain other expressions of the instanta-
neous torque by using the stator flux expressions:

M . ,
Com = p~*'(¢rdlsq - ¢rqlsd) (I1.23)

L,
Also :
Com = p-M.(iyglsg — irgisa) (IL.24)
This very important relationship highlights the fact that the
torque results from the interaction of components of quadra-
ture stator and rotor currents[9],[10]. The active and reac-

tive power yields :

3 . .
P= §~(Vsdlsd +Vqisq) (I1.25)
And :
0= E-(Vsqisd - Vsdisq) (IL.26)
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Active and reactive power, provided by the grid-side con-
verter, can be expressed as:

Py = 5 (veaiga +Vegizg) (11.27)
! 3

Qs = 5-(Vagied — Vedisg) (I1.28)
3. Battery storage

For the proper functioning of the hybrid energy system, the
storage system plays a crucial role, it allows for continuity
of service and better quality of energy supplied. We recall
some electrical parameters used to characterize a battery,
these are:

* Nominal capacitor (Qn): This is the maximum number of
ampere-hours (Ah) that can be extracted from the battery,
for given discharge conditions.

* The state of charge “SOC” (State Of Charge): This is
the ratio between the capacity at time q(t) and the nominal
capacity Qn, is :

SOC(1) = qQ(t)

with(0 < SOC < 1) (IIL1)

n
If SOC=1 the battery is totally charged and if SOC=0 the
battery is totally discharged.

* The charging cycle (or discharging): This is the parameter
which reflects the relationship between the nominal capac-
ity of a battery and the current at which it is charged (or
discharged). It is expressed in hours.

*Cycle life : This is the number of charge/discharge cycles
that the battery can sustain before losing 20% of its nominal
capacity[5].

30 T T T
Discharge curve
[ INominal area
E,,; 5 26} Exponential area
o5 1
S L
okt
>
20
o Q=454 -
0., =24h i e = 0dh
0 10 20 Kl 40 50 60 70
Ampere-hour (Ah)

Figure 7: Battery discharge curve

By analyzing the figure above, we can see the presence
of three specific points on the characteristic (Q-V): these
three points are: the full load voltage (EO), the voltage cor-
responding to the end of the exponential zone ( Eexp) and
the corresponding voltage at the end of the nominal zone
(En). The charge and discharge equations are given as fol-
lows [7]:

*Discharge :
B 0
Ep —Eo—Rz—KQ ; (i +1°) + Eexp(?) (I11.2)
bk
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1
*Charge :

Ep=Ey—Ri—K i —K

0 0 .

Eexp(t) (I3
0—i Q*illt—i_ cxp() ( )
With : Eexp(t) = B.|i(t)].(—Eexp(t) + A.sel(r)) Figure 8
shows the discharge characteristic of the storage system
used and the evolution of its voltage for different discharge
currents.

Mominal Current Discharge Characteriatic at 043478C (21.7351A)

. . s s . .
o.5 1 1.5 z .5 2 2.5
Time (hours)
E0=26.0246, R =0.0045, K=0.0035961, A=2.0154,5=1.2212
=54 |
124
5 A

Time (hours)

Figure 8: Characteristic VB = {(t) for different discharge
currents.

The bidirectional DC DC converter is a combination
of boost and buck converters. Such a converter is used to
charge and discharge the battery.

Kl 0
Z-B L /& iy m
+ +W IC
Kl 1 Vd
u U,

cic
|

Figure 9: Circuit of the DC-DC bidirectional converter

11

3.1 Boost Mode

The boost mode is applied for the discharging procedure of
the battery storage. Figure shows the circuit of the boost
mode operation of the converter, where the direction of the
inductor current is from the lower voltage side to the high-
erK1 voltage side . The averaged large signal inductor cur-
rent, 17, , and the DC-bus output voltage, V,c , in a contin-
uous conduction mode (CCM) of operation can be found
using the equations below. is closed (K;0=1) and is open
(K11=0).

dip

—— =Vp—Va

114
7 (I1L.4)
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3.2 Buck Mode Operation

The buck mode is applied for the charging process of the
battery storage. Figure present the circuit of the buck mode
operation converter. In contrast to the buck mode operation,
the inductor current flows from the higher voltage side to
the lower voltage side . The averaged large signal inductor
current, 17 , and the output battery voltage, Vg , are calcu-
lated by the equations below, and describe the buck-mode
operation in a CCM of the converter. is open (K;0=0) and
is closed (K 1=1)
dip

Lar =
By analyzing these two configurations, we can conclude
that the relationships between the input quantities (Vz,ip)
and the output quantities (V,c,ip_,) of the converter are
given by the system of equations below

{

4. Inverter modeling

Vs (I1L.5)

L4 = Vg — V(1 —uyy)

. I11.6
ig—m =1Ig(1 —uy1) (L.6)

The three-phase voltage inverter allows the exchange of en-
ergy between a DC voltage source and a three-phase induc-
tive load [2].

’1@‘? }3}
G

Figure 10: Simplified model of the DC/AC converter

The three-phase system is considered balanced so we
can write:

Va+Vp+V.=0 av.y)

The corresponding PWM gate signals for the converter. To
a 2 level three-phase voltage source inverter, there are six
switches of three legs in inverter controlling the phase volt-
age and thus the current of induction generator. By defining
the ON and OFF states of upper switch by 1 and 0, respec-
tively, for one leg, there exist up to eight different states for
inverter outputs. They are summarized in table 1 as well as
the resulted phase voltage in ABC and af3 frames. Eight
inverter output voltages can be considered as eight voltage
vectors [0, 0, 0] through [1, 1, 1].
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Table 1: the phase-to-phase and phase to phase voltages of
the inverter according to the states of the switches

S.| Sg | S| Ve v, Vi | Ugy | Use | Vs
0|00 0 0 0 0 0 0
0 0 1 —L;% —P;% W, 4 A 0 v,
0 | L o] Feg| Ty | Fuy 0 v, |V
0 1 1 41:_% p% F%’ -7, Vdo 0
Lo [0y Tf | | v, [-¥, | 0
10 |1 F% oy | Ted 0 |-V, | Ve
1|1 ]o0 V% Ved | | T, 0o | "
1 1 ]1 0 0 0 0 0 0

The composed voltages delivered by the two level three
phase inverter as a function of the state of the IGBTs are
given by the following equations:

Uag = V4. (Sa — Sg)
Usc = Vac(SB —Sc)
Uca = Vac(Sc —Sa)

IV.2)

Knowing that composed voltages are expressed as a func-
tion of phase-to-neutral voltages by the following equa-
tions:

Usp=Va—Vp
Upc =V —V¢ (Iv.3)
Uca =V —Vy
Then :
Vi = % *x(2xSy — (Sg+Sc))
{ Vg = Ye s (2555 — (S4 +5c)) (IV.4)

Ve = %*(Z*Sc—(SB—I-SA))

4.1 Filter technology

The integrated filter is of the low pass type, its purpose is to
improve the quality of the signals exchanged between the
converter and the grid parameter connection (Ry,Ls). Its
cut frequency (f,) is given by relation below:

Ry
2.77.7.Lf

fe= av.5)
Par application de la transformée de Laplace, les courants
a la sortie du filtre (R¢,L¢) seront alors exprimés comme
suit:

Idgrid — Vdcr_vdgrid+w~Lf~qurid

Rf+p.L 3
I _ chr_ngrid_w'gf'ldgrid (IV6)
qgrid Rf+p.Lf

Numerically , we write :

Vaer (n)+w-Lj'-Iqu(”) 7Vdgrid (”)

_ 1 1
Liy(n) = szggear daer(n=1) + 7. ey

Vq”(") 7w'Lf'ldL‘r(”) 7ngrid

(n)

1 1
Ljer(n) = ygozeer Dger(n—1) + . 2 St
(IV.7)

Where Te is the sampling period.
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5. Oriented rotor flux control

Sl

G 44, X " o |
- + .n. .;.._.' 21 ﬂeu.- .-_‘J ] - | |/T"‘

Figure 11: General diagram of the oriented rotor flux vec-
tor control

The control vector orientation of the rotor flux is the most
used, because it eliminates the influence of the rotor and
stator leakage reactance and gives better results than the
methods based on the orientation of the stator flux or air
gap [1], [3], while ensuring the best torque behavior as a
function of the slip speed in steady state. According to the
general vector control scheme with oriented rotor flux is as
follows: The command is carried out by orienting the rotor
flux along the direct axis ”d” of the rotating frame is :

Ig4:it is the excitation current generates and controls the
excitation flux ¢, .
Ig,: it is the armature current, which at a given excitation
flux controls the torque. We impose that : ®,; = ®.er®,, =
0 then :
Ly

L (V.1)

C. = p q)risq
These expressions show that the flux depends only on the
direct component of the stator current ids, and that if the
latter is kept constant, the torque will only depend on the
quadrature component of the stator current iqs. However,
in the case of a voltage supply vsd and vsq influence both
ids and igs, therefore on the flux and the torque, hence the
interest of adding compensation terms in order to make the
axes d and q completely independent.

5.1 Indirect rotor flux orientation

The principle of this method consists in not using the mag-
nitude of the rotor flux but simply its position calculated
with reference sizes. In this method we do not need a sen-
sor, an estimator or an observer of flux [13], [15], [16], [17].
therefore we have no knowledge of the modulus and phase
of the rotor flux, this requires a measurement of the posi-
tion of the rotor. Figure represents the block diagram of an
indirect vector control with oriented rotor flux of an asyn-
chronous machine.
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o 5_"# HL"*I

Figure 12: Block diagram of indirect rotor

6. Grid side converter

6.1 Control strategy

The equation of a MAS used to define the transfer func-
tions required for the synthesis of regulators of speed and
stator currents. The different regulators used in the regula-
tion loops will be of the type proportional and integral (PI),
because the quantities to be regulated are continuous quan-
tities. We therefore have 3 regulators diagram :

6.1.1 The speed regulator

: It takes the reference speed and the measured speed as
input. It acts on the torque (that is to say its output is the
reference torque) to regulate the speed.

f‘é*‘% Js+f "

Fesdback

Figure 13: functional diagram of speed control

Q(s) (ﬁ)(l(pl“‘%) _ 1+1.8

Qrer(s) 14+ (ﬁ)(K,ﬂ + @) 4 (11 + Kil_l).s—i— Kiil.s2
(VL1)
With : 71 = I,((—”l‘ This transfer function has a 2nd order

. 1 . . .
dynamic. Denominator in the canonical form, we have to
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solve the following system of equations: 6.2 Grid-side converter
KL =1 The control of the electrical system of the grid is config-
2%1 @0 ; (VI.2) ured in order to control the DC bus voltage and the reactive
@ = NTR power which is consumed or supplied by the converter of

the grid side. The DC bus voltage reference and the grid

For critical damping & = 1, we obtained : voltage level are used to determine the current references

Kot =11 K, which determine the voltages to be applied on the grid side.
{ K’; 1_ 4} il (V1.3) figure 16 depicts the block diagram of grid side control.
=z
1
Electrical Grid
6.1.2 The current regulator Ehee= A
: To ensure that the actual currents follow the set point cur- g TI @ I
rents, regulators currents acting on the control voltages are
essential, we are interested in the sizing of regulators. So |_WL|
the two regulators are identical. The current regulation loop )
respectively Isd and Isq can be represented by the figure : .
[ Poi J—
- I, L
1 ol Y x| - _ Lo
o > — > s ~
Kot 75+l [ }——TL —&

Decoupling

Feedback *‘E"—@ o e v WY
7

Figure 14: functional diagram of Isd current regulation :

Figure 16: Block diagram of grid side converter control

v I. To adjust the voltage Vdc, we can act on the active
L, ﬁ d | K RN power Pg, and its reference value is obtained by the ref-
s 5 75+l erence value of the power {;c which is given by:
Feeiback Fac,; = Vaclac,.; (VL9)
By applying the Laplace transformation , we obtain:
Figure 15: functional diagram of Isq current regulation
Ve 1
— = (VL.10)
. IdL Cs
With :
K, = ! (VL4)
’ Rs + (%)2'Rr . L, L Vdﬂ\.
li Cs -
c.
T=—7 > — (VLS)
R, + (L—’f)z.R, Feedback
The closed loop transfer function will therefore be :
La(s) (105) (Kp2 + Ly (@)s + Kk Figure 17: functional diagram of DC bus voltage

Ly () 14 (5 (Ko + 52) 2y (Fnfi ) Kok
(VL6) 6.3 Phase locked loop

The characteristic closed loop equation looks like this: ) ) ) )
The PLL is used to provide a unity power factor operation

s +2Ewps+ > =0 (VL.7) which involves synchronization of the inverter output cur-

rent with the grid voltage and to give a clean sinusoidal

For identification : current reference [14]. The PI controller parameters of the
K, _ 2oyl PLL structure are calculated in such a way that we can set

P2= , K (VL8) directly the settling time and the damping factor of this PLL

Kip = % structure. The principle of the PLL is depicted in figure 18.
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Figure 18: Block diagram of Phase locked loop

The PLL control strategy requires that the voltage be
equal to zero, which allows the decoupling of the active and
reactive power as presented by the equation below, [9],[10].

3

Py = 3 Valga (VL11)
3

Qs =~ Vealeg (VL12)

In addition, the relationship between the active power ex-
changed between the network and the DC bus is given by

Viedae = 5 -Vea Jga (VL13)

7. Result of Simulation

The wind farm is based to asyncronous generator charac-
terised by :

Nominal power : Pn=2500000 W;

Nominal voltage : Vn=690V;

Table 2 : Characteristic of asynchronous machine .

Bus capacitor C, 0.0075F
Frequency 50Hz
f
Coefficient of friction 400
b

Mutual inductance M 02037H
Moment of inertia i 14 Nam®
Filter inductor I’f 35e-4H
Stator inductor I 0.0027H
Rotor inductor I 0.0027H

id
Number of pole pairs p 2
Filter resistor 32502

Ry

Stator resistor R 00028 Q2
Rotor resistor R 00028 Q2

T
Bus reference voltage Vi 1200V
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The vector control performance with the orientation of
the indirect rotor flux of the asynchronous machine are eval-
uated using the software MATLAB / Simulink.

7.1 Wind parameter

This parameter depends on the blade number of the wind
turbine. If the blade number is reduced, the rotor speed is
high, and a maximum of power is extracted from the wind.
In the case of multiblade wind turbines (Western Wind Tur-
bines), the speed ratio is equal to 1; for wind turbines with
a single blade, A is about 11. The three-bladed wind tur-
bines, as in our study, have a speed ratio of 6 to 7. The
speed ratio of Savonius wind turbines is less than 1 [8]. C,
is the power coefficient or aerodynamic transfer efficiency
that varies with the wind speed.

Wind spaed

., Wind speed {m/s)

Time (seconds)

Figure 19: Wind speed evolution

This coefficient has no unit, and it depends mainly on
the blade aerodynamics, the speed ratio A, and the blade
orientation angle 3. Betz has determined a theoretical max-
imum limit of the power coefficient C,max= 16/27= 0.59.
Taking into account losses, wind turbines never operate at
this maximum limit, and the best-performing wind turbines
have a C, between 0.35 and 0.45. C, is specific to each
wind turbine, and its expression is given by the wind tur-
bine manufacturer or using nonlinear formulas. To calcu-
late the coefficient C,, different numerical approximations
have been proposed in the literature.

Ewolution of the s peed ratio

Rierence and real value of speed rato
- b pr P e i

Time (seconds)

Figure 20: Speed ratio evolution
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Figure 21: Power coefficient evolution

The wind speed varies between [6 m/s] and [11 m/s].
Figure 20 presents the aerodynamic power delivered by the
wind turbine and it reached 3kw when the wind speed is
up to 11 [m/s]. Figures 22 and 21 illustrate respectively the
mechanical speed of the generator shaft and the speed of the
turbine shaft. It can be noticed from during the simulation
time (150 seconds), the generator operates in both hypo and
hyper synchronous operating modes. The Figures 19and 20
show respectively the variation of the speed ratio A and the
variation of the power coefficient C, and, which coincide
with the optimal speed ratio and with the maximum power
coefficient.

Pitch angle evolution —_
T T T

I~

refermce and real value of pitch angle

1 2 3 4 5 L T B L o
Time (seconds)

Figure 22: Pitch angle evolution
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Figure 23: Mechanical speed evolution

7.2 speed variation

The system has been exposed to a real wind speed profile, in
order to observe the behavior of the SCIG and its control. In
Figure 24 it is possible to observe how the system evolves
guided by the reference value. It is important to observe
how the electromagnetic torque instantly follows the refer-
ence value. That means, it is possible to choose the opera-
tional point or follow the wind variation. Thanks to this fast
control, the mechanical system, mainly the turbine, is able
to quickly reach a steady state. However, the turbine speed
always decreases due to the wind speed variation, despite
the wind speed variation appearing filtered on the turbine
by its own inertia. In Fig. 6(d), the Active Power value evo-
lution is represented, which presents almost the same shape
(just a little damped) as the wind profile. This damping is
due to the multiplication of the mechanical rotation speed
and the generator torque. As the generator torque almost
mimics the wind shape, the damping is due to the turbine
speed and its inertia, as explained before.

Evolution of ectromagnetic Torque

Referencevalue and real ectromagnetic Torque

0 1 2z 3 4 5 & 7 8 ] 10
Time (seconds)

Figure 24: Electromagnetic Torque evolution

Normal PV production and average battery charge level.
This scenario is characterized by a high demand for grid
power to satisfy the load despite the batteries being dis-
charged. During PV production, the system supplies to the
grid and the batteries discharge.
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Figure 28: DC bus voltage
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Figure 26: Axis d stator current 2 I A

Figure 29: State of charge
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Figure 27: Axis q stator current Figure 30: current of battery
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Figure 32: Power of battery
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Figure 33: Axis d rotor current
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Figure 34: Axis q rotor current
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Figure 35: Reactive and active power

8. Conclusion and future research
8.1 Conclusion

This paper presents a control technique in order to deal
with a SCIG connected to the grid through a full power
converter. Both stator side and grid side are taken into
consideration. The control schemes used in each converter
have been detailed. The vector control scheme enables
the system to control the stator side converter without a
flux sensor in side the machine. This fact assures fewer
mechanical problems during the life time of the machine.
Through this work, we have established the technique of
vector control by indirect rotor flux orientation. The model
flux oriented indirect control system is efficient both speed
and current regulators are used. The indirect vector control
proposed for the stator side converter is less dependent from
machine parameters than the conventional indirect vector
control, introducing to the system a faster response. . The
control strategy has been satisfactorily evaluated by means
of Matlab/ simulations.
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8.2 Future research

By closing this chapter by proposing solutions for some
problems of connection of wind system to the rid side. At
the end of this work, several direct perspectives are an-
nounced and the following points are quoted by way of il-
lustration:

* Experimental realization.
* optimizes the cost of renewable energy.
*Study of fault diagnosis and isolation algorithms.
* Study of fault-tolerant control algorithms.
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