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Abstract
Due to random variations of wind speed, the oupoiver and terminal voltage of a fixed speed windegaior

fluctuate continuously. These irregularities in powatput are affecting both the power quality antiataility. It is reported that
STATCOM/SMES (Superconducting Magnetic Energy S#pragstem can significantly decrease voltage angubupower
fluctuations of grid connected fixed speed wind ggtoe. But the main problem in wind generator outpower smoothing is
the choice of the reference output power, becauseriesponds to energy storage capacity. The smipacity of SMES that
is sufficient for the smoothing control but as dnaal possible is very important, considering cdfativeness. In this paper, a
fuzzy logic controlled STATCOM/SMES system is pegfjos which both SMA (Simple Moving Average) aRtAEExponential
Moving Average) are used to generate output powfereace. Real wind speed data are used in the stionlanalyses, which
validate the effectiveness of the proposed costrakegy. Simulation results clearly show that theppsed STATCOM/SMES
system can smooth well the wind generator output pangalso maintain the terminal voltage at ratedelein both cases when
SMA or EMA is used to generate output reference pdwirally, it is shown that reference output povgemerated by EMA
provides better performance with reduced SMES stcagpacity than that of output power generated MAS

Keywords: Minimization of fluctuations, fixed speed wind gextor, STATCOM/SMES, simple moving average (SMA) an
exponential moving average (EMA), and wind farm YWF

Nomenclature
A. Symbols and subscripts

Ra armature resistance

Xa armature reactance

X4 direct-axis synchronous reactance

Xq quadrature-axis synchronous reactance
X'q direct-axis transient reactance

X'q quadrature-axis transient reactance

X"y direct-axis subtransient reactance

X"q quadrature-axis subtransient reactance

T4 direct-axis open circuit transient time constant

T" 40 direct-axis open circuit subtransient time contstan
T"q  Qquadrature-axis open circuit subtransient timestant

H inertia constant
r stator resistance
X1 stator reactance

Xmu magnetizing reactance

M1 rotor I cage resistance
Xo1 rotor I cage reactance
I rotor 2" cage resistance
X22 rotor 2" cage reactance
Pwe extracted power from the wind farm
Tw turbine torque

p air density

R blade radius

Vi wind speed

G power co-efficient

A tip speed ratio

B blade pitch angle

W5 blade angular velocity

E inductively stored energy
Lsm inductance of the coil
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lsm DC current flowing through the coil

Vsm voltage across the coil

Il phasor quantity of the current flowing from astm side to the converter side
lg real component ofl

lq imaginary component ofl

A real component of the VSC output ac voltage

Vq imaginary component of the VSC output ac voltage

D chopper duty cycle

Vo wind farm terminal voltage

Vi et Wwind farm terminal reference voltage
Ve dc link voltage
Vgc ret  dc link reference voltage

|a,b,c |aa Iby Ic

Va,b,c Vaa Vbr Vc

Ps wind generator real power

Qs wind generator reactive power

Pres wind farm line reference real power

1. Introduction

Due to the degradation and cost increase of comraitfuel and also the environmental problem sash
global warming, it is necessary to introduce cleaergy more in place of the fossil fuel. Becausthefreason of
almost no carbon dioxide (CO2) emission, wind epesplar energy, biomass, etc. have attracted ttesmtan
remarkably in the world due to their clean enerfgracteristics. These energy sources are renewatethe
exhaustion problem of fossil fuel makes those peoipe and alternate energy sources of the futurddwAmong
the renewable energy sources stated above, winérmpg@aneration has some merits as follows: 1) fisieficy is
relatively high, 2) installation cost per unit outran be decreased by adopting a wind generatbrlayige power
capacity, 3) it can receive some political suppartinstallation, and so orAlthough wind power is considered as a
very prospective clean energy source, wind powstdlation caused by randomly varying wind speestils a
serious problem for power grid companies or tragsion system owners (TSOs), especially in the oadixed-
speed wind generators. Induction generators (I@s)uaed, in general, as fixed-speed wind genetsoause of
their superior characteristics such as brushlesisragged construction, low cost, maintenance areraijpnal
simplicities. However, during startup, the indoatigenerators need reactive power. As the reaptiveer drained
by the induction generators is coupled to the agtiewer generated by them, the variation of wirekslpcauses the
variations of IGs real and reactive powers. Thetweaand reactive power variations interact with hetwork and
thus initiate voltage and frequency fluctuationiefiefore, smoothing control of wind turbine generatutput
fluctuations is very important from a point of vi@fipower system security, especially for poweteysfrequency.
With these points as background, it is a very ¢iffecmethod to suppress these fluctuations by uisgacting
energy storage system [1].

Recently, FACTS with energy storage system (ES8g leenerged as promising devices for power system
applications [2-4]. Every system has some merit$ damerits. Another alternate and effective methotbng
various energy storage systems is SMES (Superctingudagnetic Energy Storage) [5-7]. The SMES iarge
superconducting coil capable of storing electriergg in the magnetic field generated by dc curféming
through it. Since the successful commissioning aéshe Bonneville Power Administration (BPA) 30 Mait [8],
SMES systems have received much attention in pey&em applications, such as diurnal load demavelitey,
frequency control, automatic generation controinterruptible power supplies, etc. Due to high ese speed it is
capable of quickly releasing megawatt amounts ofiggo The real power as well as the reactive poveer loe
absorbed by or released from the SMES unit accgrdin the system power requirements. The ability of
injecting/absorbing real or reactive power canéase the effectiveness of the control, provide aijer flexibility
and enhance system reliability, and thus the SMibe a prospective option in building a FACTSs.

In our previous study we have proposed a method HBjvever this paper proposes a model of a
STATCOM/SMES system and its control algorithm byngsfuzzy logic controller to decrease voltage andput
power fluctuations effectively of fixed speed wigdnerator during random wind speed variations. ddwrol
scheme of SMES is based on a pulse width moduléB&viM) voltage source converter (VSC) and a twoeljaat
DC-DC chopper using an insulated-gate bipolar tsamis (IGBT). Charge and discharge of SMES are rdateed
by the chopper duty cycle, which is controlled bg#y logic. Therefore, the SMES is capable of ailitg both
active and reactive powers simultaneously, indeeethgl and quickly [10-12]. It is also expectedtttarge SMES
capacity give better smoothing performance. Howelage capacity will definitely increase the systeverall
cost, making the installation of SMES impracticahnsidering this veiwpoint, reference output poisegenerated
by using both SMA and EMA. Finally, comparativeuks with enough smoothing effect have been preskiit is
seen that the proposed control system can smoethvitid farm output power as well as maintain camtstaltage
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magnitude at wind farm terminal in both cases lith two power references used. But reference pgererated
by EMA is considered more effective with both reeldl SMES real power and energy storage capacitg. iShhe
salient feature of this paper. Considering thesavpbints, this paper proposes a novel control esjsabof the
STATCOM/SMES installed at a wind farm for decregsfluctuations of output power and terminal voltadeyrid

connected wind farm.

2. Model System

The model system as shown in Fig. 1 is considayethe simulation of wind generator stabilizatiorthis
work. The model system consists of one synchromgarerator (100MVA), SG, and a wind farm (WF) model
consisting of five wind generators (LOMW®B=50 MVA), which are delivering power to an infimibus through a
transmission line with two circuits. There is adbtransmission line with one circuit between thanrtransmission
line and the transformers at the wind power statithre double squirrel-cage induction machine mowdbich is
represented by a steady state equivalent circaivshn Fig. 2 where s denotes a rotational sliusied for the wind
generators. To establish the rotating magnetid fiélthe stator, reactive power is needed to b@lsg from the
network to the stator winding of the induction gexters (IGs). So, to compensate the reactive paleerand at
steady state, a capacitor bank is inserted atetinairial of IG [13-15]. The value of the capacitorsGo chosen that
the power factor of the wind power station beconmgity when it is operating in the rated conditid+(.0, P=0.5).
The SMES unit is located at the wind farm termibak. The AVR (Automatic Voltage Regulator) and GOV
(Governor) control system models shown in Fig. @ &ig. 4 respectively are used in the synchronaretor
model. The parameters of generator and initial &mms [15] are shown in Table | and Table Il respeely. The
system base power is 100 MVA.

CB . CB
11/66 KV 0.04+j0.2
e e‘& CB 0.04+j0.2 CB
\P/ii83 101 Infinite
) ) bus
S | R V=1.0
_ +
P=0.1 0.69/66 KV 13 ! 66/0.69 KV P=0.085
(e el
C j1.0
P=0.095  0.69/66 KV
IG
2 JA\ "
1 i1.0
c 1 _ J
P=0.09 0.69/66 KV 66/1.2 KV
an AMT3L
; %
c 9 1.0 j0.333  Zevel
VSC

50 Hz, 100 MVA base

Fig. 1. Power system model with STATCOM/SMES
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Fig. 2. Steady state equivalent circuit of double
sauirre-case induction aenera

Smoothing Control of Wind Farm Output FluctuatidrysFuzzy Logic Controlled SMES (M.R.I. Sheikh)



B

122

ISSN: 2088-8708

Table |
Generator Parameters
SG (€]
MVA 100 MVA 50
Ra(pu) 0.003 r1(pu) 0.01
Xa(pu) 0.13 x1(pu) 0.1
Xd(pu) 1.2 Xmu(pu) 3.5
Xq(pu) 0.7 r21(pu) 0.035
Xd'(pu) 0.3 x21(pu) 0.030
Xq'(pu) 0.22 r22(pu) 0.014
Xd" (pu) 0.22 x22(pu) 0.098
Xq'"( pu) 0.25 H(sec) 15
Td0O(sec) 5.0
Td0'(sec) 0.04
Tg0'(sec) 0.05
H(sec) 2.5
Table Il
Initial Condition:
SG 1G IG, 1G3 1G4 1G5
P(pu) 1.0 0.10 0.095 0.09 0.085 0.0§
V(pu) 1.03 1.017 1.019 1.022 1.024 1.026
Q(pu) 0.289 0.001 0.003 0.005 0.007 0.009
(0.048) (0.046) | (0.044) | (0.043) | (0.041)
Efd(pu) 1.761 -
Tm(pu) 1.003 - -
d(deg) | 50.64 -
slip 0.0 -1.05% -0.99% | -0.93%| -0.87% -0.81%
Vu(m/s) - 11.795 11.525 11.25} 10.99 10.7233
B(deg) 0 0 0 0 0
"Reactive power drawn by induction generator
VSGO Efd()
4.0
+ +
- 25 =
Vse —>
1+0.5S
4.0
Fig. 3. AVR Model
Wmo TmO
+ + 1.05
) 20 Tm
W >
1+2.0§
0.0

3. Modeding of Wind Turbine

Fig. 4. GOV Mode

The model of wind turbine rotor is complicated. Aading to the blade element theory [16], modelifidplade
and shaft needs complicated and lengthy computatigioreover, it also needs detailed and accurdtenmation
about rotor geometry. For that reason, considesimy the electrical behavior of the system, a sifigdd method of
modeling of the wind turbine blade and shaft isnmalty used. The mathematical relation for the meats power
extraction from the wind can be expressed as falow

Ry = 0.507R°VSCp(B.A)

IJECE Vol. 1, No. 2, December 2011 : 119 - 134

1)



IJECE ISSN: 2088-8708 Ly 123

Where, R, is the extracted power from the wirmlis the air density [kg/f, R is the blade radius[m] and, @ the
power coefficient which is a function of both tipezd ratioA, and blade pitch angl@[deg]. The G equation has
been taken from [17].

A=—= )

Cp = —(/1 -0.0228° -5.% g 017 @3)
2

Where,wy is the rotational speed of turbine hub [rad/s]reH@ind speed, Y, is in mile/hr. The GA curves are
shown in Fig. 5 for different values Bf Power versus wind speed characteristic is alsashn Fig. 6. When the
wind velocity exceeds the rated speed, then tloh gibgle of the blade needs to be controlled totag the output
at the rated level. Fig. 6 also shows the contfgbitth angle with the variation of wind velocity ontrol the
output power nearly constant at rated capacity. Heaturbine torque, J; can be calculated from (4).

Tw = 0.5,077R2\(,€ Cp(B,A)IA 4)
0.54
MOD2 Wind Turbine
0.4
B0
0.3 B:G
o
© 0.2
0.1
0.0 T T T T 1
0 4 8 12 16 20

1.2 125

1.04

0.84

Power[pu]

0.6 T,
Q

0.0 T T T T T T T — 0
0 3 6 9 12 15 18 21 24

vw[mis]
Fig. 6. Output power versus wind speed and pitciieamersus wind
speed characteristics

1 10%s — 5}0_
1+Tys ] Vv v ~P

Fig. 7. Pitch angle controller
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The pitch angle is controlled to maintain the otijpower at rated value when the wind speed is theerated one.
The pitch servo shown in Fig. 7 is modeled withrst forder delay system with a time constagtS sec. Because
the pitch actuation system cannot, in general,aregpnstantly, a rate limiter with a value of’ld@c is added.

4, STATCOM/SMES Topology
4.1. Brief Overview of SMES System

The SMES system used in this study consists of&aejta transformer, a 6-pulse PWM voltage soucce/erter
(VSC) using IGBT, a DC link capacitor, a two-quatr®C-DC chopper using IGBT, and a superconductioig
The detailed switching model is considered in tMES modeling instead of time-averaged model anaddéwsses
in the power converters are taken into considematiothis study. The VSC and the DC-DC chopperiaked by a
DC link capacitor of 50 mF. The rated DC link vagj#ais 2 kV, which is kept constant throughout. BMES is
coupled to the 66 kV line through a single stepsddvansformer (66/1.2 kV) with 0.333 pu leakagecteace
(based on 100 MVA base value).

For a SMES system, the inductively stored energiy (ioule) and the rated power (P in Watt) are comignthe
given specifications for SMES devices, and canXpeessed as follows:

12
E=—lsmlsn
2 )
dE digm
P=—=Llgmlsm— =Vsh s
dt dt (6)

where L, is the inductance of the coilJis the DC current flowing through the coil, and. N6 the voltage across
the coil. The proposed SMES has the power ratimgesrergy capacity of 30 MW and 0.5 MWh respectively

4.2. PWM Voltage Source Converter (VSC)

In this study, the well-known cascade control sohevith independent control of the active and reactiurrents
was developed for the voltage source convertehaws in Fig. 8. Suitable adjustment of phase andnitade of
the VSC output voltage allows effective contropofver exchange between SMES and the ac sy3teenSMES is
used also to regulate the WF terminal voltage. &foee, the aim of the control is to maintain thegmitude of
voltage at the WF terminal to be at the desire@lleVhe DC link voltage () is also kept constant at the rated
value. Finally, the three-phase reference signascampared with the triangular carrier wave signabrder to
generate the switching signals for the IGBT-switt&SC. In this study, the interpolated firing psere used in
sinusoidal PWM controller. The interpolated firipglse circuit is a simulation technique concernéti yenerating
firing pulses through interpolation procedure. Thitows for exact switching between time steps Hase a
comparison between the sinusoidal reference andligiefrequency carrier signal. High switching foegcies can
be used to improve the efficiency of the conventéthout incurring significant switching losses. the simulation
analyses, the switching frequency is chosen 1000THe snubber circuit resistance and capacitankesaf the
IGBT devices are 500Q and 0.05uF respectively.

4.3. Two-Quadrant DC-DC Chopper

Depending upon the values of chopper duty cycléhize regions of operation can be identified fa ¢thopper
arrangement of Fig. 9(a). The timing diagrams [eirig to these regions of operation are shown o B(b), in
which for charge/discharge/standby operation, tilaevof S=+1/-1/0. It is clear from Fig. 9(b) tleaterage voltage
appearing across the SMES coil and chopper cuatary instant of time can be represented by (7),

VSM_aV_‘[-‘]-'2 D]V dc_av
lac_ar[1-2D]1 sm_av (7)

where \sy o iS the average voltage across the SMES cgjl..) is the average current through the SMES caoil,
Vg4 aviS the average dc source voltagg,.lis the average dc source current, and D is the cdie of the chopper
(D=IGBT conduction time/period of one switching B)c

The superconducting coil is charged or dischargeddjusting the average (i.e., dc) voltage acrosbil
to be positive or negative values by means of thdalchopper duty cycle D controlled by the fuzagit controller
(FLC). When the duty cycle is larger than 0.5 @sléhan 0.5, the coil is either charging or disgimay respectively.
When the unit is on standby, the coil current iptkeonstant, independent of the storage level, djysting the
chopper duty cycle to 50%, resulting in the netagé across the superconducting winding to be zero.
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/NVVA

Carrier Wave SMES Coi

. * Interpolated
_ I'a 1+S-E_ Vq Vabe y Firing Pulse
Vdcﬁref . 2 Gl > ©
S O
- + ; 1+sT2 [N
Ve lg - e
l+S-E_ g
14T, s
1)
lq g
>
Wind Farm
Connection
X Point, X

Fig. 8. Control system of the VSC

A
Sl I_. x D1 |
—p 'sm
Vdc - Vem ‘?
T Jeos
>
(a) Charging mode (b) Discharging mode

Fig. 9(a). The control concept of SMES charging disg¢harging

«— DT,

s | o | s | o
Szl Dy | S | D, | S
- T —_—
+1
S
(i) Chopper operation for D>0.5 (charging)
<« DT>
Sl | Dz | Sl | Dz
D1 | S, | D, | S, |D1
B — T D ——

(ii) Chopper operation for D<0.5 (discharging)

<-— DT —»

S_[ Dz Sl D2
D, S D: S

(iif) Chopper operation for D=0.5 (standby)

Fig. 9(b). Details of switching positions for cap®nding chopper operation
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Table Il
Parameters of Pl Controllers
PI-1 PI-2 PI-3 Pl-4
Kp 1.0 0.1 1.0 0.1
T 0.02 0.002 0.02 0.002

In order to generate the gate signals for the IGB'the chopper, the PWM reference signal is coetgpavith
the saw tooth carrier signal as shown in Fig. 1ile frequency of the saw tooth carrier signal far tihopper is
chosen 100 Hz. The parameters of the PI contralises in Fig. 8 are shown in Table IIl.

/W

. =]
Carrier wave
. B& = s
Fuzzy D signal

Logic
Controller|

Comparator

Fig. 10. Control system of two-quadrant dc-dc clespp

4.4. Generation of Line Power Reference, P«
WF output power reference signalssHs generated by the following ways:
(i) SMA: The n period SMA[15] for period d is computed by:

n
> Mg
SMAdzlzl(:')ﬂ;(ns 9 (8)

If ten measurements, Mhrough M, are available, the successive 4 period simple ngpaverage, for example, are
as follows:

SMA4=(M 4+M 3+M 2+M 1)/4
SMA=( Ms+M #+M3+M,)/4 9)

éMAo:( Mig+tMg+Mg+My)/4

It is not possible to compute a 4 period movingrage until 4 periods data are available. That's gy first
moving average in the above example is SMA

(ii) EMA: N periods EMA[15] is calculated using the formutepen below.
EMA(C)=[(C-P)xK]+P (10)

where C= current value, P= previous period’'s EMA &= weighting factor. For a period-based EMA, "iK"equal
to 2 /(1 + N), where N is the specified number efipds. For example, a 10-period EMA's “weightirgtbr” is
calculated like this: 2/(1+10)=0.1818.

5. Fuzzy Logic Controller Design
The proposed FLC system as shown in Fig. 10 is tesédd out the duty cycle, D, in the control bkoitom
the error signal, e, and change of error sighal,The FLC is explained in the following:

5.1. Fuzzfication

To design the proposed FLC, the error signal, &yl change of error signale(k) are considered as the controller
inputs. Considering these two inputs, the outputydycle), D is determined. The use of two inpatl asingle
output variable makes the design of the controllery straightforward. In this work, the scaling tlacKy is
considered as constant and the value is deterntipédal and error method for better performanceFig. 10, Z*
represents one sampling time delay. The triangukmbership functions used for the input and oufymiy set are
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shown in Fig. 11, in which the linguistic variabke® represented by Negative Big (NB), Negative IB{N&S), Zero
(2), Positive Small (PS), and Positive Big (PB). Membership value for the various linguistic varéblis
calculated by the rule given by

k(e Aq) ”““{“(ek) '”(Aek)] (11)

5.2. Fuzzy Rule Base

The fuzzy mapping of the input variables to thepatiis represented by “IF-THEN?” rules. In the wowne have
developed 25 simple control rules corresponding tlinguistic variables NB, NS, Z, PS and PB for foezy
controller design. These are as follows:

IF <e(k) is Z> AND <de(k) is NB> THEN <gk)is NS>
IF <e(k) is PB> AND <e(k) is PB> THEN <gk)is PB>

5.3. Inference Mechanism

For the inference mechanism of the proposed fuagic Icontroller, Mamdani’'s method [18] has beetiagd.
According to Mamdani, the equation of the triangutaembership function used to determine the grafde o
membership values in this work is as follows:

A (X)=(b'2|bx'4) (12)

where A(x) is the value of grade of membership,isbthe width and ‘a’ is the coordinate of the pahwhich
the grade of membership is 1 and x is the valubeinput variables. The control rules for the megd strategy are
very straightforward and have been developed froenviewpoint of practical system operation and figi and
error methods. The entire rule base is given iné &k,

ule(x)]
(i NBE NS [z PS PB
1
-05-025 0 0.25 0.57Input(e)
u[Ae(x)]
(if) NB NS PS PB
1
> Input
05-025 0 025 05
p[d1(x)]
(iif) NB NS [z PS PB
1
Output (d)

0.C 0.2¢ 0.5 0.7t 1.C

Fig. 11. Fuzzy sets and their corresponding merhiefanctions
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Table IV
Fuzzy Rule Table
Ae
dy NB NS Z PS PB

NB | NB | NB NS NS Z

NS NB NS NS Z PS
v [ Z NS NS Z PS PS

PS NS Z PS PS PB

PB Z PS PS PB PB

5.4. Defuzzfication
The center-of-gravity method is the most well-knoeund rather simple defuzzification method [18], ethiis
implemented to determine the outpuf)(dhis is given by the following expression

n
&MY

>
J:luj

d (13)

where n is the total number of rulgs,s the membership grade f8trule and pis the coordinate corresponding to
the respective output (crispy value in the fuzZg table).

6. Simulation Results

To verify the effectiveness of the proposed corggatem, two different patterns of real wind spdath, which
were obtained in Hokkaido Island, Japan, are useithe simulation analyses. The time step and stoualdime
have been chosen 0.00001sec and 600 sec respgciifiel simulations have been done by using PSCADVBNI
[19]. Two cases are considered to show the effestigs of STATCOM/SMES topology for WF output powed
terminal voltage smoothing.
Casel: SMA is used to generate WF output power reference.
Casell: EMA is used to generate WF output power reference.

6.1. Simulation using widely varying wind speed data

In this case, wind pattern with wide variationswhdn Fig. 12 was used in all the IGs. Fig. 13 &gl 14 show
the WF terminal voltage and WF real power respomstd®ut STATCOM/SMES respectively. It is seen thditen
there is no STATCOM/SMES WF cannot maintain thentaal voltage constant and also cannot smooth ihd w
farm line power output. Fig. 14 also shows the \ME power responses for both cases when STATCOM/SIME
connected to WF terminal. It is clear from Fig.thdt the STATCOM/SMES can smooth the WF line powell in
both cases. Fig. 15 shows the real power compemsdtom the STATCOM/SMES for both cases. But
comparatively more compensation is required in ¢abeFig. 16, WF terminal voltage responses aesented for
both cases when STATCOM/SMES is used. It is seah $STATCOM/SMES can maintain the terminal voltage
constant in both cases. Fig. 17 and Fig. 18 sh@wé¢bponses of SMES reactive power and SMES stiredyy
respectively. It is also clear from Fig. 17 and.Fi§ that more reactive power compensation anccla8VES
energy storage capacity are needed in case | thaa IC

—— 1Gi [i=1,..5]

Wind speed [n/sec]

0 100 200 300 400 500 600
Time [sec]
Fig. 12. Response of real wind d;
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=
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=
T

—— Without STATCOM/SMES |

Wind farm terminal voltage [pu]
o [
© 2

0.8 T 1

0 100 200 300 400 500 600
Time [sec]
ig. 13. Terminal voltage response of WF without BT®OM/SMES

I

—-—--WF output power without STATCOM/SMES
----- WF output power [Case I]
—— WF output power [Case II]

60

WF output power [MW]

T T T T
0 100 200 300 400 500 600
Time [sec]
Fig. 14. Responses of WF output power with and auith
STATCOM/SMES
304
~~~~~~~ [Case I]
§ 204 —— [Case I:I]
@
S 104
0
g 0-
g .10-
©
Q
T 20
-30 T T T T T 1
0 100 200 300 400 500 600
Time [sec]
Fig. 15. Responses of SMES real power
— 1.2
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§
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Fig. 16. Responses of WF terminal voltage with STOMISMES
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T 304
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m 254 —— [Case |l

d ]

n

B

2

g

x

O T T T T T T T T T T T 1
0] 100 200 300 400 500 600

Time [sec]

Fig. 17. Responses of SMES reactive power
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6.2. Simulation using moderate wind speed data

In this case, moderate wind speed pattern as shofig. 19 is also used in all IGs. Fig. 20 and.FA1 show the
WF terminal voltage and WF real power responsebawit STATCOM/SMES respectively. It is seen thatyonl
conventional pitch controller cannot regulate taeminal voltage constant and also cannot smooth tvelwind
farm line power output, when there is no STATCOMES connected. Fig. 22 shows that blade pitch arkgte
21 also shows the WF line power responses for basies when STATCOM/SMES is connected to WF terminal
For this wind data, it is also clear from Fig. Zhttthe STATCOM/SMES can smooth the WF line poweH
both cases. Fig. 23 shows the real power compemsdtom the STATCOM/SMES for both cases. But
comparatively more compensation is required in ¢abeFig. 24, WF terminal voltage responses aesented for
both cases when STATCOM/SMES is used. It is alen seat STATCOM/SMES can maintain the terminal agdt
constant in both cases.
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Fig. 19. Response of real wind data
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Fig. 25. Responses of SMES reactive power
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Fig. 26. Responses of SMES stored energy

Fig. 25 and Fig. 26 show the responses of SMESiveapower and SMES stored energy respectivelis klso
clear from Fig. 25 and Fig. 26 that more reactive/@r compensation and larger SMES energy storgugcity are
needed in case | than Case Il.

7. Conclusions

In this study, the control scheme of STATCOM/SMBSdogy for wind power application is presented.
Two wind speed patterns are used to simulate thaltse As wind is fluctuating in nature, the outpawer and
terminal voltage of wind generator also fluctuaa@domly. The effectiveness of the proposed STATCEMES
topology on smoothing the wind farm output powed &rminal voltage is investigated, in which botl/Aand
EMA are used to generate output power referends.déen that the proposed control system can $nibetwind
farm output power as well as maintain constantaggtmagnitude at wind farm terminal in both casils the two
power references used. But comparatively larger Sivial power and reactive power compensation aswrabre
energy storage capacity are needed in the caseSM#h used. These comparisons are visualizing mdrenvwide
variations of wind speed pattern are used. Finaitycan be concluded that the proposed STATCOM/SMES
topology is more effective to minimize the outpotngr fluctuations of wind farm and decrease thmieal voltage
deviations.
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