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This paper presents the effect of the combinatietwéen SVC and
STATCOM on the performance of an induction generdtiven by wind

turbine. Also the comparison is made between théoqmeances of the
wind farm equipped by SVC, STATCOM and the combmat between
them to improve the wind farm power system perfao@aThe simulation
results show that both of the devices enhance tbeep system
performance during and after disturbance, espegialhen the network is
weak. The results show the effect of the combmabetween SVC &
STATCOM connected on bus #3. The combination bet@&C &

STATCOM enhances the power system performance.
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1. INTRODUCTION

In recent years generation of electricity usingdvpower has received considerable
attention worldwide. Induction machines are mossgd as generators in wind power
based generations. Since induction machines hpeefarmance problem as they draw
very large reactive currents during fault conditicractive power compensation can be
provided to improve performance. This part presgetgeral review and previous work
of wind turbine and wind generators [1-5]. Alsoisitintended to provide an overview
of some well known FACTS controllers in order toyde the merits and applications
of FACTS to the operations of transmission andrithistion systems. The proposed
shunt FACTS devices are Static VAR Compensator $¥@ Static Synchronous
Compensator STATCOM [5-9]. There exists a largdectibn of literature on the
modeling of wind energy conversion systems moreifipally on the modeling of
individual system components of a wind energy cosiea system. A wind energy
conversion system is mainly comprised of two sutesys, namely a wind turbine part
and an electric generator part. Detailed descnptiof these concepts can be found in
text books on wind energy [1, 2]. A summary of tigical wind turbine models and
their control strategies is presented in [1]. Mafsthe models used to represent a wind
turbine are based on a non linear relationship &etwotor power coefficient and
linear tip speed of the rotor blade [1-5].

A very large wind farm contains hundreds of winthtones connected together
by an intricate collector system. Though each Wk afind farm may not critically
impact the power system, a wind farm has signifiGampact on the associated power
system during severe disturbances [10]. It is mattical to represent all wind turbines
to perform a simulation study; a simplified equest model is required. It also helps
that there is no mutual interaction between windihes with well-tuned converters in
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a wind farm [11, 12]. The most popular type of wihdbines installed today are
variable speed wind turbines that feature impropedier quality and speed control
and reduced mechanical stresses. Under the sacuenstiances, the power generated
by variable speed wind turbines is greater thahdkaerated by the fixed speed wind
turbines [8]. Majority of the wind power based De€chnologies employ induction
generators instead of synchronous generatorshéotethnical advantages of induction
machines like: reduced size, increased robustnksger cost, and increased
electromechanical damping. Wind turbine inductiemerator WTIG can be viewed as
a consumer of reactive power. Its reactive powearsumption depends on active
power production. Further, induction generatorswdrgery large reactive currents
during fault occurrence [13].

Flexible AC Transmission Systems FACTS such as 8¥&€ STATCOM are
being used extensively in power systems becaugdbeaf ability to provide flexible
power flow control [14]. The main motivation for @bsing SVC or STATCOM in
wind farms is its ability to provide bus bar systeaitage support either by supplying
and/or absorbing reactive power into the systene dpplicability of FACTS in wind
farms has been investigated and the results froly stadies indicate that it is able to
supply reactive power requirements of the wind fammder various operating
conditions, thereby improving the steady-stateiliyatimit of the network. Transient
and short-term generator stability conditions dao &e improved when a STATCOM
has been introduced into the system as an actiltagedvar supporter [14-16]. The
SVC can be considered as a shunt impedance detztrhinthe parallel connection of
the capacitor and the effective inductance of Hyeigtor controlled reactor [17]. The
reactive power injection capability of the SVC iainly applied to control voltage and
damp oscillations, but also to improve the steathtespower flow and transient
stability [18]. In [19] it is suggested to use FAETdevices such as SVC and
STATCOM to improve the stability in wind farm.

Generally, stability means the capability of powgstem to hold synchronism
during occurrence of a severe transient disturbauoh as fault in equipment and
transmission line or loss of generation or lumpeabl Application of STATCOM for
stability improvement has been discussed in teedlitire [20-24]. A comparative study
between the conventional SVC and STATCOM in dampiogyer system oscillation is
given in [20]. The results show the superiorly afA3 COM-based controller over
SVC-based controller in increasing the damping aW lfrequency oscillations. A
robust controller for providing damping to powersm through STATCOM is
presented in [25]. The loop-shaping technique hesnbemployed to design the
controllers. It was observed that a robust corgrath the speed loop, with nominal
voltage feedback, effectively damps the electroraecal oscillations for a wide range
of operating conditions. Two new variable structdvezy control algorithms for
controlling the reactive component of the STATCOMNtrent are presented in [23].
The signal input to the proposed controller is wietd from a combination of generator
speed deviation and STATCOM bus voltage deviationlinear control theory has
been applied to design STATCOM damping controhei2é].

This paper introduces the impact of a combinatib®¥C & STATCOM in
improving the performance of WTIG on the occurrentalisturbances such as the
change of wind speed, phase-to-phase ground fardg-phase to ground fault, sudden
injection or rejection of an inductive load and danection of a plant consisting of an
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induction motor and a resistive load. The studigdsed on the three phase non-linear
dynamic simulation, utilizing the SimPowerSystemdodRset for use with
MATLAB/SIMULINK. Simulation results are presented tshow the improved
performance of a distributed network embedded WMATIGs under severe
disturbances.

2. STUDIED SYSTEM AND MODELING

The mathematical models of wind turbine and windegators (three phase squirrel
cage induction generator) are presented in thiemaghe proposed shunt FACTS
devices are SVC and STATCOM. The general conceptsACTS controllers
modeling are explained in steady-state and trahsitbility. The wind farm using
Induction Generators IG driven by variable-pitchnaviurbines test system is utilized.
The effect of some system parameters like ratingcagacitor bank, SVC rating,
STATCOM rating and transmission line length, onf@enance of induction generator
driven by wind turbine is studied and presented.

2.1 Wind Turbine Model

The wind turbine model employed in the presentystisgdbased on the steady-state
power characteristics of the turbine. The stiffnekthe drive train is infinite and the
friction factor and the inertia of the turbine a@mbined with those of the generator
coupled to the turbine. The wind turbine mechanicaler output is a function of rotor
speed as well as the wind speed and is expressed as

P = Colh A2V, @)

Normalizing (1) in the per unit (pu) system as:
I:)m—pu = kPCP—pu\/\/\:’;ind—pu (2)
A generic equation is used to mod&i(A, B). This equation, based on the
modeling turbine characteristics is:
-G
C Ul
Co(1,B) = Cl(/]__z -C,8-C,)e bt Ce/ 3

With
1 _ 1 _ 0035 (4)
A A+0088 pB°+1

The coefficientsC; to Cs are constantsC,=0.5176, G= 116, G=0.4, C=5,
Cs=21, andC¢=0.0068.In this research a constant pitch angjle used and its value is
assigned as zero, the based speed is selected /aecOnThe turbine power
characteristics of the model employed in this pgpesented in Fig. (1) shows how
PWT varies with rotor speed for different wind spieeThe optimum tip speed ratio
curve gives the highest efficiency points for PWE. seen from figure, rated power
3MW (1p.u) occurs at rated wind speed of 9m/s. imaginic simulations, the
electricity-producing wind turbine is treated asa@mplex electromechanical system
consisting of the induction generator, the drivarntrsystem and the rotating wind
turbine. Its modular diagram is given in Fig. (2)
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Fig. (1) Power as a function of rotor speed fofedént wind speeds.
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Fig. (2) Modular model of a grid-connected, stalitrolled wind turbine equipped
with an 1G

2.2 Induction Generator Model

The electrical part of the machine is represented Becond-order state-space model
and the mechanical part by a second-order systelnel@ctrical variables and
parameters are referred to the stator. All statok r@tor quantities are in the arbitrary
two-axis reference frame (d-q frame). The d-axid graxis block diagram of the
electrical system is shown in Fig. (3). The eleariequations are given by:

. d

Vqs = RSlqs +a¢qs + wds (5)
. d

Vds = RSIds +a¢ds - qu (6)

V, =Ri +%¢' (-8, @

rigr qr
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I Iy d I I
Vdr = Rrldr +a¢dr - (w_a)r)¢qr (8)
Te = 1'5p(¢d4qs_¢quds) (9)
Where: ¢qs = LJqs + Lmi;r ’ ¢ds = Lst+ Lmi(,jr ’ ¢;r = L;';r + erqu'
¢(,jr = L;I(,jr +Lnjds

with: Lg=L,+L, and L, =L, +L,
The mechanical equations are given by:

d 1
—w,=——(T.-Faw, -T 10
dt " 2H (T. n ™ Tn) (10)
(11)
2P 4 (- )p 'ar

q-axis

(@) ®)

Fig. (3) Induction machine equivalent circuits
(a) d-axis equivalent circuit (b) g-axouevalent circuit

2.3 Wind Turbine Induction Generator WTIG

The block diagram of WTIG is shown in Fig. (4), eheé stator winding is connected
directly to the 60 Hz grid and the rotor is driviegyna variable pitch wind turbine. The
power captured by the wind turbine is converted #lectrical power by the induction
generator and is transmitted to the grid by theostainding. The pitch angle is
controlled in order to limit the generator outpwwer to its nominal value for high
wind speeds. In order to generate power the indnigienerator speed must be slightly
above the synchronous speed. The pitch angle dlentregulates the wind turbine
blade pitch angl@, according to the wind speed variations. Henae ptthwer output of
WTIG depends on the characteristics of the pitahtrotler in addition to the turbine
and generator characteristics.

This control guarantees that, irrespective of thkage, the power output of
the WTIG for any wind speed will be equal to theigeed value for that speed. The
pitch anglep is controlled in order to limit the generator auttppower at its nominal
value for winds exceeding the nominal spde. controlled by a Proportional-Integral
PI controller in order to limit the electric outppbwer to the nominal mechanical
power. When the measured electric output powendeuits nominal value is kept
constant at zero degree. When it increases abswaoihinal value the PI controller
increasedg to bring back the measured power to its nominélezaThe pitch angle
control system is shown in Fig. (5). In order tmgete power, the IG speed must be
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slightly above the synchronous speed. Speed vagpsoximately between 1.0 pu at
no load and 1.005 pu at full load.

Turbine
| -— Pitch angle
Stator - max.
Pelect. Pitch angle | Pitch angle
Rotor - controller (PI) »
Drmve -— _/ pitch angle
Three-phase Induction Wind min.
Grid Generator
control
Fig. (4) Block diagram of WTIG Fig. (Bpntrol system for pitch angle control

2.4 Protection System

Commercial wind turbines incorporate sophisticatgstem for protection of electrical
and mechanical components. These turbine-basedctimt systems respond to local
conditions, detecting grid or mechanical anomattest indicate system trouble or
potentially damaging conditions for the turbineeTgrotection system should respond
almost instantaneously to mechanical speed, vibratioltages, or currents outside of
defined tolerances. In addition, conventional miuitiction relays for electric machine
protection should also be provided to detect a wigigety of grid disturbances and
abnormal conditions within the machine. In the prgsstudy, the WTIG protection
system consists of the followings: Instantaneoustppe-sequence AC Overcurrent,
AC Current Unbalance, AC Overvoltage/Undervoltageositive-sequence), AC
Voltage Unbalance (Negative-sequence / Zero segyemd DC Over voltage.

2.5 SVC Modeling

SVC is a first generation FACTS device, can controltage at the required bus
thereby improving the voltage profile of the systéihe primary task of an SVC is to
maintain the voltage at a particular bus by mednseactive power compensation.
SVCs have been used for high performance steatly atal transient voltage control
compared with classical shunt compensation. SVE@satso used to dampen power
swings, improve transient stability, and reducetesyslosses by optimized reactive
power control [24]. SVC is basically a shunt conedcStatic Var Generator SVG
whose output is adjusted to exchange capacitiveductive current so as to maintain
or control specific power system variables. Figieshows the single-line diagram of
a SVC and a simplified block diagram of its contsyistem [16]. A typically, the
power system control variable controlled by SV@his terminal bus voltage, and total
susceptance of SVC can be controlled by firingigtgrs. Consequently, it represents
the controller with variable impedance that is g@ehwith the firing angle of TCR.
The terminal o-1 characteristics of SVC is illustrated in Fig. (7).
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Fig. (6) Basic SVC structure with voltage contrggtem Fig. (7) V-I characteristics
of a SVC

SVC can immediately provide reactive power suppdnren the system has
voltage problem due to a trip of an important gat@ror transmission line. In some
applications, it can be used as an aid to imprtaeilgy; SVC can perform the duty of
providing rapidly controlled vars more approprigtduring the first angle swing and
thus, by maintaining the voltage, inherently imggaransient stability. In addition, it is
possible with a SVC not only to maintain a refeeenmltage level, but also to
modulate the reference voltage signal in ordemiprove system damping [25]. The
validated p.u. Differential-Algebraic Equations (B#) corresponding to this model
are [26]:

{ﬂ = f(x,.a.V,V,,) (12)
i 2a —sin2a - m(2- X I X.)]
Bsvc — 7X
L
0= | =ViBsyc (13)

Q _Vizstc

9o VM.1.QBsyc)

The differential equations represented by equati@®) vary with the type of
control system used. Figure (8) depicts a typicétiage control block diagram, which
includes a droop to avoid continuous operatiorhefdontroller and to allow for proper
coordination with other voltage controllers in thetwork. It is important to highlight
the fact that an admittance model is numericallyergtable than the corresponding
impedance model, i.e., usiligyc on the model averts numerical problems when close
to the controller's resonant points [27]. The bigfor this controller is determined by
solving the equations resulting from forciBgy,c=0 in equation (13), i.e., this value
corresponds to the resonant point of the SYE Q) and is obtained by solving the
nonlinear equation:
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2a, -sin2a, - n(2- X_/ X.)=0 (14)

where, Xc andf(-) stand for the control system variables and eqoaticespectively.

These equations represent limits not only on thiedfianglea, but also on the current

I, the control voltag® and the SVC voltag¥; as well as the reactive power. The SVC

steady state model can be obtained by replacingghations (12) and (13) with:

0 — V _Vref - XSLl :| (15)
g(@V.Vi.1.Q Bsyc)

Which can be directly included in any power flonogram with the proper
handling of firing angle limits. Note that equati¢h3) provides the relationship
between SVC susceptanBg,canda, | andQ.
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Fig. (8) SVC control block diagram

2.6 STATCOM Modeling

There are two techniques for controlling the STATMO he first technique, referred
to as phase control, is to control the phase ghifi control the STATCOM output
voltage magnitude. The other technique referreastBulse Width Modulation (PWM)
on the other hand allow for independent contrayutput voltage magnitude and phase
shift, in this case, the dc voltage is controllegpaately from the ac output voltage.
The basic structure of a STATCOM with PWM-basedagé controls is depicted in
Fig. (9) [27-29]. Eliminating the dc voltage coritlaop on this figure would yield the
basic block diagram of a controller with a typipilase angle control strategy. PWM
controls are becoming a more practical option fangmission system applications of
VSC-based controllers, due to some recent develofsnas power electronic switches
that do not present the high switching losses ofO&T30], which have typically
restricted the use of this type of control techeiqto relatively low voltage
applications. In PWM controls, switching lossesoassed with the relatively fast
switching of the electronic devices and their smublplay an important role in the
simulation, as these have a direct effect on thargithg and discharging of the
capacitor, and hence should be considered in tiueing.
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Fig. (9) Block diagram of a STATCOM with PWM voltagontrol

By varying the amplitude of output voltage can cohthe reactive power
exchange between the inverter and the ac systdhre Emplitude of the output voltage
is increased above that of ac system voltage,herter generates reactive power for
the ac system. If the amplitude of the output \g#tés decreased below that of the ac
system, the inverter absorbs the reactive powehelfoutput voltage is equal to the ac
system voltage, the reactive power exchange is Z&oversely, the inverter absorbs
real power from the ac system, if the inverter autyoltage is made to lag the ac
system voltage. The V-I characteristic of STATCObhtoller is shown in Fig. (10),
the controller can provide both capacitive and atie compensation and is able to
control output current over the rated maximum c#dpac or inductive range
independent of the ac system voltage. It can peofill capacitive output current at
any practical system voltage. This is in contrasthe SVC which can supply only a
diminishing output current with decreasing systeoitage as determined by the
designed maximum equivalent capacitive admittarideis type of controller is,
therefore, more effective than the SVC in providirensmission voltage support and
the expected stability improvements. In generakduction of more than 50% in the
physical size of installation can be expected fRATCOM compared to SVC.

Also, for steady state reactive support, a STATCiSMapable of supporting
higher loads than what would be possible with a $%€omparable MVAr rating. The
STATCOM may have an increased transient ratingoih the inductive and capacitive
operating regions, which can further enhance itsadyic performance. The SVC can
increase transient var absorption capability onlhe transient rating of the
STATCOM is dependent on the characteristics ofpihver semiconductors used and
the maximum junction temperature at which the devican be operated. Assuming
balanced, fundamental frequency voltages, the cltertrcan be accurately represented
in transient stability studies using the basic nhode shown in Fig. (11) [30].
STATCOM should be modeled to cover the limits inhboontrol and operation.
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Instead of representing STATCOM by a synchronoushing as in the
conventional method, the appropriate models ottrgroller should be used to have a
more accurate result. To fulfill that, the p.u. fBrential-Algebraic Equations (DAES)
corresponding to this model are described as fall[28]:

X
d = f (Xc 707 m'V 'Vdc'Vref ’Vdc,ref ) (16)
m

: Vi 1 R |2

V, = -0)—V, —— 17
dc CVdC COiJ e) R:C dc C Vdc ( )

P-VIcodd-6)
0= Q-Visin(o-6) (18)

P-V2G +kV,VGcodd - a)+kV,VBsin(d - a)
| Q+V?B-kV,VBcodd - a)+kV,VGsin(d-a)]

ala kV Vg 5.1.6.P.Q)

where most of the variables are explained on Hig)),(The variableg. and functions
f(:)in equation (16) stand for the internal controltegs variables and equations,
respectively, and hence vary depending on whetfV& or phase control technique
is used in the controller. The admittanGer jB = (R+ jx )" is used to represent the
transformer impedance and any ac series filtegs éeoothing reactors), the constant
k=+/3/8m is directly proportional to the modulation index A simple PWM voltage

controller is shown in Fig. (12) [28, 31], which dizally defines the differential
equations represented H{) in equation (16). Observe that the ac bus voltage
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magnitude is controlled through the modulation inde since this has a direct effect
on the ac side of VSC voltage magnitude. Whereaplitase angle, which basically
determines the active powRrflowing into the controller is used to directlyrdml the
dc voltage magnitude since the power flowing inte tcontroller charges and
discharges the capacitor.

The controller limits are defined in terms of tlwntoller current limits, which
are directly related to the switching device curtanits, as these are the basic limiting
factor in VSC-based controllers. In simulationgg limits can be directly defined in
terms of the maximum and minimum converter curréptsandl ., respectively, i.e.,
the integrator blocks are "stopped" whenever theveder current reaches a limit,
which would allow to closely duplicate the steadsites V-1 characteristics of the
controller shown in Fig. (10). Another option isdompute these limits by solving the
steady state equations of the converter; thesetiegsaare also used to compute the
biasesn, anda, [32].
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Fig. (12) Basic STATCOM PWM voltage control

The steady state model can be readily obtained fquations (16)-(18) by
replacing the differential equations with the steathte equations of the dc voltage
and the voltage control characteristics of the STOM:

V=V, + Xl

ref

0 — Vdc _Vdcref 19)
P-V2/R. -RI?

o(a.kV.\V,. 34,1,6,P,Q)
2.7 Studied System

The one line diagram of the test system employetiigistudy is shown in Fig. (13).
The network consists of a 120-kV, 60-Hz, sub-trassmn system with short circuit
level of 2500 MVA, feeds a 25 kV distribution systehrough 120/25kV step down
transformers.
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Fig. (13)Single-line diagram of the ciistributions@m embedded with WTIG and
FACTS devices

A wind farm consisting of 1.5-MW wind turbines awmdiven squirrel-cage
induction generator is connected to the 25-kV tigtron system, exports power to the
120-kV grid through a 25-km 25-kV feeder. Part lné reactive power consumed by
the induction generators is locally supplied byefixcapacitors of 400 Kvar each,
installed at the terminals of the machines. Dynamagctive power compensation is
provided by a 3MVA STATCOM and 3 MVA SVC. In ordér limit the generator
output power at its nominal value, the pitch arigleontrolled for winds exceeding the
nominal speed of 9 m/s. To inject active powerhe distribution network, the 1G
speed must be slightly above the synchronous sp@peeed varies approximately
between 1.0 pu at no load and 1.005 pu at full. I&ath wind turbine has a protection
system, monitoring voltage, current and machineegp&he amount of active power
injected by WTIGs to the distribution system isited by transient stability issues [11,
32].

3. RESULTS AND DISCUSSIONS

It's intended to improve the wind farm power systeenformance while the studied
system is subjected to many types of disturbantes.first disturbance is the change
in wind speed on wind turbines, and phase-to-pgasend fault occurred at terminals
of WTIG #2 cleared after 100 ms is second distucbafurther, three phase to ground
fault occurred at bus #3 and was cleared aftermi€@s applied, Sudden injection and
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rejection loads at t=15sec is occurred. The fifgtutbance is an inserting of composed
load plant consisting of motor load and resistivad. The effects of combination
between SVC and STATCOM on the system parametefsrpence are studied. The
power system performance due to the above distaebean be examined as follows:

3.1 Effect of the wind speed change disturbance:

The wind speed changes for each turbine are asailinitially, wind speed is set at
8m/s, disturbance starts at t=2s by raising liryetiné speed to 11m/s for WTIG #1.
The same gust of wind is applied to WTIG #2 and @3, respectively with at
t=4sec and t=6sec respectively as shown in Fig. {#4thout the use of any FACTS
device, WTIG #1 is tripped at t=13.43sec while WT#2 and WTIG#3 are still
working so the active power generated from each GVid 3MW with absorbing
reactive power is 1.47Mvar, also the turbine spesghonse for WTIG #1 is highly
increased. With the use of SVC only or STATCOM owly the combination in
between, the three WTIG are still working so thel&Dutput active power generated
from each WTIG is 3MW, the reactive power absorbith each WTIG is 1.47Mvar.
Fig. (14) illustrates the total absorbed reactioe/@r from the network and the voltage
bus #3, it's noted that the total absorbed reaqtoxger is decreased in the case of a
combination between SVC and STATCOM, also voltageua #3 is improved.

2.4 ; ; ; 1.005 ‘
| | | | SvC
S TN 1T 1 1
2roos o T 0.995
. . ! = -
18- f - £ s, EEEECEEE g
s ! 0.99
T S . 8
S o.985
1.4 )
12pf | - STATCOM 0.98
1 .=t | e STATCOM+SVC
) 5 10 15 20 0975,
. Time [sec] Time [sec]
(a) Reactive power absorbed from the network (b) Voltage at bus #3

Fig. (14)Effects of the wind speed change on bugatameters

3.2 Effect of phase-to-phase ground fault on terminal WTIG #2:

Figure (15) show the change in wind speed and tihdiexl system is subjected to
phase-to-phase ground fault occurred on terminalGV&2 only and is cleared after
100ms from 15sec to 15.1sec. Without the use ofFdk@TS device, the WTIG # 1 is
tripped at t=13.43sec and the WTIG # 2 is trippet-a5.11sec but WTIG #3 is still
working to generate 3MW. But when we use FACTS dewvisuch as SVC of (3MVA)
rating or STATCOM of (BMVA) rating or the combinati between SVC &
STATCOM connected at bus #3, WTIG # 2 only is tegmt t=15.11sec, but WTIG
#1 and WTIG #3 are still working. The total absafloeactive power from the network
and the voltage bus #3 responses are depictedgin(Fs). It's noted that the total
absorbed reactive power is decreased in case thecombination between SVC and
STATCOM, also the voltage at bus #3 is improved.
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(a) Reactive power absorbed from the network  (b) Voltage at bus #3
Fig. (15)Effects of phase-to-phase to ground orHlugarameters

3.3 Effect of a three phase ground fault on bus #3:

The impact of change in wind speed and the stuslietem subjected to three phase to
ground fault occurred on bus #3 and cleared af0€@n from 15sec to 15.1sec is
studied. Without use of the FACTS devices, WTIGi¢Zripped at t=13.43sec and
WTIG #2 & WTIG #3 are tripped t=15.11sec by thetpotion system. Despite of the
presence of each SVC of (3MVA) or STATCOM of (3MVA4) both, but three WTIG
are tripped because of insufficiency capacity ofCS& STATCOM to supply
necessary reactive power. Figure (16) shows thetiveapower absorbed from the
network, during fault at t=15sec, the reactive powabsorbed from the network
decreases reach to zero. After fault clearing abtksec, it decreases to -0.428Mvar
with the presence of SVC or STATCOM and increase@626 Mvar with the
presence of SVC & STATCOM, also the voltage on B3s during fault t=15sec
decrease reach to zero. After fault clearing abt¥dec, it increases to reach 1.008pu
with the presence of SVC only or STATCOM only andreases to reach 1.005pu with
the presence of SVC & STATCOM.

1.02 S—
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g 1.01f =====- STATCOM | PR
S ————— SVC+STATCOM | [[--=-=-=-=
2 - 1
2
§ 0.99
(0] =
2 k)
'E > o0.98
-0.5| ====== STATCOM e — 0.97
------- SVC+STATCOM ;
-1
0.96 ‘ w
© ° 1o 15 20 0 5 10 15 20
Time [sec] Time [sec]

(a) Reactive power absorbed from the network  (b) Voltage at bus #3
Fig. (16)Effects of a three-phase ground at busr#Bus #3 parameters

3.4 Effect of sudden injection of loads on bus #3:

The impact of a change in wind speed and a cororealf an inductive load of
(5MW+J2Mvar) on bus #3 at t=15sec plus an inductvad of (3MW+J2Mvar)
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initially connected are studied. Figure (17) ilhasés the total active power injected to
the network, the total absorbed reactive power filoennetwork and the voltage bus#3
responses with SVC only, STATCOM only and a comtiamain between due to
sudden injection load disturbance on bus #3. tted that the combination between
SVC and STATCOM connection causes the requiredveactiower load can be
provided from wind farm. Further, the combinatioetleeen SVC and STATCOM
gives less overshoot in reactive power responsealaockases reactive power absorbed
from the network. Moreover, the voltage at bus #proves. The total load active
power, the total load reactive power and voltagleust #3 responses with combination
between SVC and STATCOM due to sudden injectiod k@ shown in Fig. (18). It's
noted that the bus voltage improve whereupon thiezea@ower injected to load
increases as shown Fig. (18).
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(c) Voltage at bus #3 (c) Load Voltage

Fig. (17) Effect of the injection of a load on bt&  Fig. (18) Effect of injection of a
load on the load
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3.5 Effect of a sudden rejection of aload on bus #3:

The impact of change in wind speed and rejectionaof inductive load of
(5MW+J2Mvar) on bus #3 at t=15sec is studied asvshm Fig. (19). Figure (20)
illustrates the total active power injected to tiework, the total absorbed reactive
power from the network and the voltage at bus #§amases with SVC only,
STATCOM only and the combination in between dua sudden rejection of the load
disturbance on bus #3. It's noted that the comigindietween SVC and STATCOM
connection causes that the required active poveat éan be provided from the wind
farm. Further, the combination between SVC and STAM gives less overshoot in
reactive power response and decreases the reactiver absorbed from the network.
Moreover, the voltage at bus #3 improves as showiid. (21). The total load active
power, the total load reactive power and the veltat) bus #3 responses with the
combination between SVC and STATCOM due to sudegettion load are shown in
Fig. (21). It's noted that the bus voltage improwvesereupon they active power
injected to load.

Bus #1 Bus #2 Bus #3
120kV 25kv 25kv
Shor Tl <= s Wind farm
120/25kV L
47TMVA I
T=15sec
MW flow ‘
—» X
Mva' ?Bw svC ] ‘
3MVA y
STATCOM 3MW+J1Mvar 5MW+J2Mvar
3MVA

Fig. (19)Line diagram of the distribution systembanded with WTIG, FACTS and
inductive loads
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| STATCOM

svc B
------ STATCOM ‘
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(b) Reactive pOWer bsorbed from the networkb) Reactive powér mjection to Load
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(c) Voltage at bus #3 (c) Load Voltage

Fig. (20)Effects of rejection load on bus #3 Fig. (21)Effects of rejection load on
loads parameters

3.6 Effect of the connection of a plant

The impact of the change in wind speed and theexdion of a plant consisting of an
induction motor and resistive load is shown in E&2). Figure (23) illustrates the total
active power injected to the network, the totalcabed reactive power from the
network and the voltage at bus #3 responses wieh giesence of SVC only,
STATCOM only and the combination between SVC &STATJN. It is noted that the
reactive power absorbed from the network decreasdshe voltage at bus improves
with the presence of the combination of SVC & STAIN. The total plant active
power, the total plant reactive power and the plaftage responses with presence of
SVC only, STATCOM only and the combination betweiC &STATCOM due to
connection of a plant are shown in Fig. (24). ntded that the combination SVC &
STATCOM improves the bus voltage whereupon thevacpiower injected to load
increases.

Bus #2 Bus #3
25KV 25kv

(. Short T.L < < Wind farm
25Km j—p IMW

120/25kV

47TMVA
W flow ] @ 25/2 3
Mvar flow Sve

Bus #1

3MVA STATCOM
3MVA

= 800Kvar 200Kw

1. 86MV A
0.93Lag

Fig. (22)Line diagram of the distribution systembatded with WTIG, STATCOM
and plant
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4. CONCLUSIONS

The effect of connecting a combined SVC & STATCOMwiInd farm power system

variables is studied. Active power injected to tletwork, reactive power absorbed

from the network, turbine speed and bus voltadauat#3 due to different disturbance

applied to the system can be summarized as follows:

= At a change of the wind speed from 8m/sec to 1lenisehout using FACTS

devices, WTIG #1 is tripped at t=13.43sec so thev@@ower injected to the
network is 6MW. While, a combination from SVC & STEOM is better than
the use of SVC only or the use of STATCOM only émmis of improving the
voltage at bus #3 to reach 0.99pu and reducinglbiserbed reactive power to
1.76MVAR.
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[1]
[2]
[3]

Due to the occurrence of a phase to phase growtidofaterminal WTIG #2 at
t=15sec with the presence of a change in wind sfreed 8m/sec to 11m/sec,
without the using of FACTS devices, WTIG #1 and \@T#2 are tripped at
t=13.4sec, t=15.11sec respectively, so the acioweep injected to the network
is BMW. While, a combined SVC & STATCOM is bettéah using only SVC
or using only STATCOM in sense of improving thdtage during fault at bus
#3 to reach 0.75pu and reducing the absorbed vegmbwer to 6.65Mvar
Assume the occurrence of a three phase to growldda bus #3 at t=15sec
with the presence of a change in wind speed frofs&mto 11m/sec. The three
WTIG are tripped, so the active power injectedni® network is zero. With the
presence of only SVC or only STATCOM or combinedCS& STATCOM the
three WTIG are tripped at t=15.11sec, so the activeer injected to the
network is zero.

At a sudden injection of an inductive load (SMW+J2W) at t=15sec plus an
initial inductive load (3AMW+J2Mvar) with the pressnof a change in wind
speed and without using FACTS devices, the WTIGs#tipped, so the active
power injected to the network is -0.2MW. While, ihe presence only of SVC
or only STATCOM or combined SVC & STATCOM, three '@ are still
working.

At the sudden rejection of an inductive load (5M\&MJar) at t=15sec from
total load (8MW+J3Mvar) with the presence of a @dem wind speed, without
using FACTS devices, the WTIG #1 and the WTIG #2tdpped at t=13.29sec
and t=7.127sec respectively so the active powercief to the network is
0.14MW. While, with the presence of only STATCONMamly SVC, the WTIG
#lonly is tripped at t=13.29sec and then the rgjeadf a load disturbance is
applied at t=15sec, but with the presence of a dueaion of a SVC &
STATCOM, three WTIG are still working.

Assume a connection of a plant consisting of indacinotor and resistive load
with the presence of change in wind speed, witlloeituse of FACTS devices,
the WTIG #1 is tripped at t=13.39sec so the acpesver injected to the
network is 4.15MW. While, with the presence of S¥i@dy or STATCOM only
or the combination from SVC & STATCOM, three WTI@astill working.

From the simulation results, a combination from Sat@ STATCOM gives
better performance as compared to using SVC onlysorg STATCOM only
and only STATCOM has better performance as comptretie use of SVC
only in case of heavy load.
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APPENDICES

Wind Turbine Induction Generator WTIG Parameters

Turbine: 3MW, base wind speed =9nfigontroller K=5, Ki=25, fnma=45°

Generator: P=3.33MVA, V=575V, f=60Hz,0.004843, 1=0.1248, R=0.004377,
L,=0.1791, L,=6.7, H=5.04s, F=0.01, p=3.

Transformer parameters: 47MVA, 120/25kv, R0.0026, L=0.08, R~=5000,

Xm=5000.

WTIG to distribution network: 4MVA, 25kV/575V, R0.0008, ,=0.025, R=5004,

X= inf.

Transmission line parameters per km: R=0.11532, R=0.413Q2, L;,=1.05mH,

L,=3.32mH, G=11.33nF, G=5.01nF.
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STATCOM parameters: 25kV, 3MVA, R=0.071, L=0.22, 4%4kV, C;=0.0011F,
Regulator gains: ¥-K,=5, K=1000, V~K,=0.0001, K=0.02, K=0.3, K=10,
K=0.22, Droop=0.03.

SVC parameters: V,=25kV, FK=60Hz, R,&=3MVA, Q=3Mvar, Q=-3Mvar,
Te=4msec, W.~=1.0pu, X=0.03pu, K=0, Ki=300.

Inductive load: First load: 3AMW+J1Mvar, Second load:5MW+J2Mvar

Plant: 2MVA, V=2.3kV, R=200KW, P.F=0.93 Lag., &@800Kvar

Induction Motor: P=1.86MVA, V=2300V, f= 60Hz, [R0.0092, L=0.0717,
R =0.007, L, =0.0717, l,=4.14, H=0.5s, F=0, p=2
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