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Abstract

This research studies stability of wind farms basedrixed Speed Induction Generators (FSIG). b alsestigates the
effects of using SVC, STATCOM or DBR (Dynamic Résigee Braking) on wind farms stability. Becausethuf
asynchronous operation nature, system instabifityiod farms based on FSIG is largely caused byrélaetive power
absorption by FSIG due to the large rotor slip migifault. In this paper, a model of wind farm basad-SIG, equipped
with SVC, STATCOM or DBR is developed in MATLAB/SIVLINK and then results of system simulatiamith these
devices are compared. Finally for additional inigegtons and comparisons about the impact of theséces on wind
farm stability, some studies are conducted on ystes in different conditions and with various ates like: nominal
power of the used devices, the X/R ratio of traigsion line, nominal power of wind farm, wind speadl short circuit
power of the network. Results of the simulationgtrate that, these devices considerably improvel darm stability.
However after considering all aspects and simutatesults, In comparison with SVC and DBR, duetsodiynamic
performance and better reactive power support, ST®W is the best choice for increasing stability raftwork
connected wind farms
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1. Introduction

Considering the limitation of energy resourcesassfl fuels and their daily increasing price and
also the problem of pollutions caused by theseuress, the usage of renewable energies in
electrical energy generation has found a great itapoe [1]. It has been years that using wind
energy which is one of the renewable energies, elean and free resource in electrical energy
generation is seriously followed in industrial coues, but in recent year's role of the sparseesyst
of generation has considerably increased. Accorttirfgrecasts 10% of the whole world electricity
would be obtained by wind energy till 2020 and #mnual development will be 10% to 40% till
2040. Nowadays one of the significant fields ofdgtabout sparse generation systems is their
stability issue when they are connected to netwAskwind farms increase in size, the ratio of the
grid short circuit level at the connection poinitimd generating capacity (known as the short dircu
ratio, SCR) is reduced. Most of the existing wimgnis use the fixed speed induction generator.
These generators absorb significant amounts ofiveagower from the grid in order to magnetize
their stator. The connection of a large wind farith mormally be subject to a connection agreement
between the wind farm owner and the network operdioe connection agreement sets out specific
technical requirements to be fulfiled by the wifekm e.g. Fault ride through capability [2].
Previous research has revealed that faults whichram the transmission line can lead to generator
over-speed and instability of the network voltag&ée SCR is too low [3]. After the fault is clest,
large amounts of reactive power are required byg#eerator. If this is not available, the machine
will speed out of control and has to be disconredtem the power system. While the loss of a
small capacity wind farm may be acceptable, largeviarms are subject to Grid Code requirements
and must be able to ride through disturbances.i&uthve shown that by controlling the terminal
voltage at the wind farm installation, transientl ateady-state stability can be improved. In [4] an
[5, 6] stability of FSIG based wind farms, usingualgarea criterion of synchronous generators is
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studied. However, the operation of a FSIG is d#iferto that of a synchronous generator due to the
nature of its asynchronous operation. Thus thecefness of using the equal area criterion for
studying system stability with FSIG is in doubt.eTtesearch was limited to a few case studies and
has not comprehensively looked at the effect ofinahrpower of the used devices, the X/R ratio of
transmission line, nominal power of wind farm, wisgeed and short circuit power of the network
on wind farm stability. In this paper stability 651G based wind farm is investigated using the
torque-slip and reactive power-slip characterist&s instance of these wind farms connected to
network and equipped with SVC, STATCOM or DBR iweleped using MATLAB/SIMULINK. A
detailed investigation is conducted on the imp&&WC/STATCOM/DBR on system recovery after
a network fault. Furthermore, the influence of noahipower of the SVC/STATCOM/DBR, the X/R
ratio of transmission line, nominal power of wiratrh, wind speed and short circuit power of the
network on wind farm stability is studied. Finalhe performance of SVC and STATCOM and DBR
is compared during disturbances on the wind farrmeoted network.

2. System Stability of FSIG Based on Wind Farms

The typical steady-state torque-slip and absoreadtive power-slip curves for a FSIG, whose
parameters are given in Appendix, are shown inlK@&) and (b) respectively [6]. As shown in Fig.
| (@), during normal steady-state operation the himec operates at a small slip and the speed
variation is small. According to Fig. 1(b), at roslip of O which refers to no load operation, the
generator has the lowest reactive power absorptdmen the load (power generation) increased,
the rotor slip will also increase and so as thetrea power absorption. When the rotor slip reaches
a certain level, around +0.15 in this example, itltegease of reactive power absorption with the
increase of rotor slip becomes insignificant. Ipractical system, reactive power compensation is
usually provided by a number of power factor cdroec (PFC) capacitors which are switched in

gradually using mechanical switches when the pawgput is increased. However, such a system
can only provide steady-state compensation and tiesponses during transient condition are
inadequate [7], [8].
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(b) Machine reactive power absorption vs. slip

Fig. 1. Steady state characteristics of FSIG
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Using the torque-slip and reactive power-slip cangystem stability of FSIG can be analyzed [9].
Fig. 2 (a) and (b) show the stable and unstablditions respectively. As shown in Fig. 2(a), during
normal operation the FSIG operates at points AlEhdith an AC voltage of V1 and a rotor slip of
S1. At this point the electric torque is equallie mechanical torque and the FSIG is operating at
steady state. When a system fault occurs, it wilise a sudden drop in the AC voltage, falling from
V1 to V2. This in turn causes the FSIG's electricatue to fall from point Al to point B1 and
reactive power to fall from point E1 to F1. As tnechanical torque is much greater than the electric
torque, the FSIG will begin to accelerate to amstgp of S2. This results in the electric torquel a
reactive power characteristics moving to points &tl G1 respectively. When the system fault
isolated, the AC voltage will start to recover. lvihe FSIG still operating at a slip of S2, it altso
a large amount of reactive power. This causes tBevéltage to recover to a lower level of V3. The
operating points now move to points D1 and H1. Ae ¢lectric torque is now greater than the
mechanical torque, the rotor de-accelerates anglihdegins to decrease. The deceleration of the
FSIG and decline of rotor slip means a reductiomeiactive power absorbed by the FSIG. This
reduction in reactive power absorbed in turns leada rise in AC voltage. As the AC voltage
approaches V1 from V3, the electric torque andtreag@ower characteristics will return to their
steady state conditions (points Al and E1 respalg)ithus, the system is stable.
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Fig. 2. Investigation of System stability with &SI
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If the fault were not cleared until the rotor sigaches S3 as shown in Fig. 2 (b) the operating
points would move to D2 and H2 from C2 and G2 retpely. However, the electric torque now is
still less than the mechanical torque and the rsliprcontinued to increase. As the FSIG continues
to accelerate, both electrical torque and reagiow@er will move towards points Z1, and Z2. Thus
the system is unstable and the wind farm will hiavee disconnected from the grid.

According to these observations, we need a critevibich can evaluate all characteristics of
system, to compare stability of variant systemspmpd with generators and different devices. This
criterion is Critical Clearing Time (CCT). CCT ibet longest time that fault remains on network
before it becomes unstable. According to this deton the longer CCT is an index for more
stability.

3.SVC, STATCOM and DBR Model

Fig. 3 shows the single line diagram of SVC and dentroller diagram block in
MATLAB/SIMULINK software. It consists of a numberf TSC) and a (TCR). The number of
branches is selected with practical consideratgunsh as: operational voltage levels, maximum
output reactive power, nominal current of thyristbus configuration and installation expenses.
Inductive limits can also develop to any nominabamts, using extra TCR branch.
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Fig.3. single line diagram of SVC and its controtiéagram block

Its control system is consisted of below parts: 8teament system which measures positive-
sequence voltage, voltage regulator which usesagelerror(difference between measured voltage
and reference voltage) to estimate required stescep for voltage regulation or reactive power
control, dispatch unit which specifies required T€&pacity and required fire angle for TCR,
synchronizing system which uses a phase-locked $ysfem for coordination between secondary
voltage with pulse generator, to create propelsepuor thyristors. SVC voltage-current
characteristic is shown in Fig. 4.
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Fig.4. V-l characteristics of SVC
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Fig. 5 shows the single line diagram of STATCOM ait&l controller diagram block in
MATLAB/SIMULINK software.
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Fig. 5. single line diagram of STATCOM and its qotier diagram block

The its control system is consisted of these pBitk part generates a sinusoidal voltage like V1,
which is used in computing g and d axes compongontigge and current measurement system that
measures g and d axis components in AC side toatdd€ voltage, AC voltage regulator generates
reference current of q axe (Igref) and DC voltaggutator generates reference current of d axe
(Idref), current regulator specifies steps and lle¥esoltage generation. PWM generates necessary

pulses for VSC.
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Fig. 6. V-l characteristics of STATCOM

Fig. 6 shows STATCOM V-I characteristics. Since Sig®ased on nominal passive components,
its maximum reactive current is proportional to timetwork voltage. While for STATCOM, its
reactive current is determined by the voltage dhffiee between the network and the converter
voltages and therefore, its maximum reactive ctirieeonly limited by the converter capability and
is independent of network voltage variation.

Fig. 7 shows DBR implementation in MATLAB/SIMULINKDynamic Resistance Braking
(DBR) consists of a switch and a three phase eggistload which resistance load can have star or
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delta connection. Switch can be either based amstby or mechanical. To gain a precise operation,
it's better to divide resistance bank in to sevpgats in order to enter them gradually in cirduits
necessary.

Fig. 7. DBR modeling

The most important purpose of using this deviasoissuming generator active power during fault
and preventing generator from speeding up too miicarefore control signal of this device can be
generator speed, generator electrical torque and et

Due to its simple structure this device can be icemed as the most economical device to keep
system stable. In this paper a three phase breakkresistance load is used to have simple design
and control. As the fault occurs in network whithresult is a great drop in voltage and generator
speed increasing, wind farm is disconnected frotwaidk and it connects to DBR. DBR uses active
power of wind farm and prevent generator from spegedp during fault. After fault clearing wind
farm disconnects from DBR and connects to netwgedra Therefore system remains stable.

4 .Case Studies

In this paper MATLAB/SIMULINK is used to investigatand simulate FSIG based wind farms
equipped with SVC, STATCOM and DBR. Single linegteam of a typical system is shown in Fig.8
[9]. The 60 MW wind farm with an output voltage HtkV is presented as a single lumped wind
turbine model. Its induction generator parameteessaown in table 1. The farm is coupled to the
132 kV network through an 80 MVA transformer andimected to the grid via a double-circuit line.
In order to provide the whole reactive power consdry farm induction generator at rated output
power of 60MW, a PFC capacitor rated at 30 MVaused which fully compensates the reactive
power absorbed by network. Throughout this stuldg, dystem short circuit level is fixed at 1200
MVA with an X1/ R1 ratio of 20 and the short circlével of transmission line is fixed at 600 MVA
with an X1/ R1 ratio of 10. For comparing systemibgity using each of these devices, it is assumed
that a solid three-phase-to-ground fault occuth@tentre of one of the transmission lines atrsg:co
1 and after 155ms by opening the circuit breakemthea two ends of the line after a short circuit
occurrence it is cleared. This will be half theesggth of line.
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Fig. 8. Single line diagram of the simulated syste

Table 1. Parameters of simulated wind turbine

Stator Leakage

Rated Power 6 MW 0.107 pu
Inductance

Rotor Leak
Rated Voltage | 11 KV ororLeaxage | 4 1407 pu

Inductance
Stator Resistance | 0.0108 pu Mutual Inductance | 4.4 pu
Lumped Inertia

Constant

Rotor Resistance | 0.01214 pu

Simulation results with only PFC are shown in BigAccording to this fig during the fault, due to
the reduction of the AC voltage, the generatedragtiower and the electric torque are significantly
reduced. This causes the rotor speed to increase.
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Fig. 9. Simulation Results with only PFC

Once the fault is cleared, the AC voltage recoa®d so as the active power and electric torque.
As the rotor slip is high, the generator absorbgelamount of reactive power from the network. As
shown in Fig. 9, AC voltage is recovered at a lewel of about 0.83pu. In this situation As the
electric torque is still less than the mechanioplt torque, the generator speed continue to nde a
the AC voltage remains low and the wind farm hasealisconnected from the Grid.

With the same network configuration and an add#id@@0 MVar SVC, the simulation results are
shown in Fig. 10. As can be seen, the AC voltagetduhe extra reactive power support from the
SVC recovers to a higher level in comparison witlyd®FC case at about 0.9pu after the clearing of
the fault due to the extra reactive power suppornfthe SVC. In this case the electric torque r®w i
higher than the input mechanical torque and thesefthe rotor speed decreases. Eventually, the
rotor slip backs to its nominal value and so asAfBievoltage, generated active power and reactive
power absorption and generator returns to the tondbefore the fault and system remains stable.
As can be seen from Figure 10, during the fault tdutne great drop in voltage, SVC uses a small
proportion of its capacity and it can not use itsole capacity. However after fault clearing voltage
recovers to some extent and SVC can make system stadsle by reactive power generation
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Fig. 10. Simulation Results with SVC

Simulation results for system equipped with a 3GMSTATCOM are shown in Fig.11. DC voltage
of STATCOM and its capacity are 40kv and 375 plpeetvely.
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Fig. 11. Simulation Results with STATCOM

As can be seen from figure 11, like the system BNMC, after fault clearing AC voltage recovers
at a higher level (0.92 pu) compared to with orfifCRcase. In this situation because electrical ®rqu
is higher than input mechanical torque, rotor spdedreases and finally rotor slip backs to the
amount before fault and also AC voltage , reagueeer absorption and active power generation
back to their nominal amounts. Generator comes tmaitk work point before fault and consequently
wind farm is stable. As can be seen from Figurediiting the fault due to the great drop in voltage
STATCOM can not use its whole capacity. After faal#taring voltage recovers to some extent and
STATCOM can make system more stable by generagiggired reactive power.

With the same network configuration and a 30Mw DBRgtem simulation results are shown in
Fig. 12. It illustrates that as fault occurs DBRm&s into circuit and prevents the generator from
speeding up by consuming generated active powlarwf during fault and as a result rotor slip dose
not exceed from legal stability limits. After faglearing DBR comes out of circuit.
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Fig. 12. Simulation Results with DBR

In this situation because electrical torque is @igthan input mechanical torque, rotor speed
decreases and finally rotor slip backs to the arhbafore fault and also AC voltage , reactive
power absorption and active power generation coaek o their nominal amounts. Generator
comes back to its work point before fault and tfeeewind farm is stable.

According to Fig 11 although DBR makes the farm enstable, due to reactive power shortage
during the time that wind farm is isolated fromwetk when it is connected again there would be
some transients in delivered active power by warthfto network and it decreases quality of active
power delivered to network. In order to compare SSMATCOM and DBR effect on stability of
simulated system operations, Fig.13 presents a aosom of network voltage, active and reactive
power of wind farm, nominal power of each of stud@evices, electrical torque and rotor speed
under SVC,STATCOM and DBR operation. From Fig.13imy fault AC voltage, using DBR is
lower than when SVC is used and in turn it is lowempared to the case in which STATCOM is
used. It is because of SVC and STATCOM capabilitgenerating reactive power that DBR dose
not have this capability. After fault clearing,dase of using DBR, system voltage reaches itdesta
condition about 0.5 second sooner than the cassin§ STATCOM and this one in turn recovers
1.5 second sooner than the case of using SVC.shaws recovery speed of system using DBR is
more than the others. However stable amount oégelusing SVC and STATCOM is about 0.02 pu
more than DBR. This is because of increase in n&sson line reactance that SVC and STATCOM
compensate this increase in reactance using tbeipensation capability. According active power
curves of system, overshoot of this curve using D8Ruch more than using two other devices.
This subject causes power decrease and some danagédsferent equipments of system.
Fluctuations in reactive power in the case usindqRD8much less than the two other devices and the
time of being stable of active and reactive powawes are like voltage curves. It can be seen from
nominal power curves of used devices, during fBBBR absorbs an amount of active power from
wind farm equal to its nominal power and SVC andASTOM generate 1 and 5 Mvar reactive
power during fault and 24 and 27Mvar after faultacing respectively. This is due to this fact that
the maximum reactive power of SVC is related toasgquof network voltage while in case of
STATCOM it is related to the network voltage.
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Fig.14. Comparison of system simulation result g$SvC, STATCOM and DBR

According to electrical torque curves, in case BRDthe most disturbance of electrical torque is at
the moment of fault clearing and it occurs on tdpneechanical torque curve. According to
investigations It can be observed that as nomioavep of DBR increases move to beyond of
mechanical torque curve and their severity deceed®at in case of the two other devices the most
disturbances occurs at the moment of fault occeramc below the mechanical torque curve. It can
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be seen from generator speed curves that incréapeed amount in case of DBR is much less than
the two other devices that its reason is consumpifcactive power of wind farm at the moment of
fault. Also speed increase in case of STATCOM @svsr than SVC. It shows that capabilities of
STATCOM are better than SVC. For more investigaabout the impact of SVC, STATCOM and
DBR on the stability of mentioned system, studieseacarried out with different nominal powers of
these devices. Simulation results are shown in Fig. According to Figure 15 with increasing
reactive power for SVC and STATCOM from 5Mvar toM@ar, CCT increase in linear mode. This
increase for SVC is from 101 ms to 221 ms and fBABCOM is from 103 ms to 240 ms and
increase slope for STATCOM is a little more thanCGG\6GTATCOM behavior is better than SVC
especially in higher nominal powers. For DBR witbwer increase from 5 Mw to 50 Mw, CCT
increase in nonlinear mode from 137 ms to 317 nasvé¥er as nominal power increases more, CCT
starts to decrease and also in low nominal powEiBBR during fault absorbed power by DBR
increases gradually. But as nominal power of DB&aases, the slope of absorbed power increase
starts to decrease and finally it change to bethegdt means that in DBRs with higher nominal
power, absorbed power during fault decreases gligdua

ms

—4—STATCOM

ot

|| ——svc
| T T
| | |
: :

5 10 15 20 25 30 35 40 45 50 55 60
MVA

Fig. 15. CCT changes vs. nominal power changed/af, S TATCOM and DBR

The mentioned results could be explained as follgwBecause reactive power of farm is limited
and it is disconnected from network during fauithigher nominal powers of DBR due to reactive
power shortage total capacity of DBR could not beduand during fault due to gradual decrease of
magnetic field of induction generator core becanfseeactive power shortage, generated power of
farm and as a result of it absorbed power by DB&teabese gradually.

To investigate the impact of X/R ratio of transrosdine on system stability, studies were carried
out to specify CCT changes in turn of changes R Pgtio of transmission line in a system with only
PFC, SVC, STATCOM or DBR. According to Fig. 16 irsgstem with only PFC or DBR with a
Xo/R; ratio more than 13 any disturbance in network canstbility. However in a system with
SVC or STATCOM with a ratio of 15, system couldldie stable. Behavior of systems with only
PFC and with only DBR in higher R, ratios is similar and it shows that main problemnarfd
farms is reactive power absorption. Because #@R,Xatio increases, line reactance increases and
therefore reactive power is more required.
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ms

Fig. 16. CCT changes in return fog/R;ratio changes

According to this study as R, increases from 5 to 13, CCT decreases from 150médrtes for
PFC and from 327 ms to 69 ms for DBR respectivklyo when %/R; increases from 5 to 15, CCT
decreases in liner mode from 198 ms to 122 ms¥W& &nd from 233 ms to 137 ms for STATCOM
respectively. According to this study in highey/R; ratios STATCOM results are better than SVC
and DBR.

In order to study impact of nominal power of wiradrfh on system stability, studies were carried
out on system with different nominal powers of wiadm and simulation results are shown in Fig.
17. According to this study a wind farm with nomipawer more than 64 Mw with only PFC or
DBR become instable with any disturbance and igsaor is reactive power shortage in higher
powers of wind farm. Simulation results shows tfzafit tolerance time in system with only PFC
decreases from 131 ms to 49 ms and with DBR dezsdaem 420 ms to 154 ms. While farm power
increases from 55 ms to 64 ms using SVC and STATG&M tolerance time decreases from 199
ms to 119 ms and from 210 ms to 129 ms respectwwbbn wind farm capacity increases from 55
Mw to 65 Mw.
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Fig. 17. CCT changes in turn of different powersvafd farm

To show wind speed effect on wind farm stabilityievhenters in to turbine as input mechanical
torque, a study was carried out on system witredBffit mechanical torques. Simulation results are
shown in Fig. 18. According to these results imgt@s higher than 1.04 pu with any disturbance
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system with only PFC or DBR becomes instable. Téwson again is reactive power shortage,

because with increase in input torque the outputegpmf farm increases and as a result the need for
reactive power increases. According to Fig 18 wimathanical torque increases from 0.95 pu to

1.04 pu, CCT decreases from 134 ms to 46 ms and 31 ms to 155 ms in systems with PFC and

with DBR respectively. While input torque incresgem 0.95 to 1.05, CCT decreases from 203 ms
to 115 ms in SVC and from 215 to 125 in STATCOM.

ms

Fig. 18. CCT changes in turn of wind speed (inpathanical torque) variations

To study effect of network short circuit power grstem stability, operation of mentioned devices
in different powers of network was compared. Rasoftthis study are shown in Fig. 19 .It can be
seen from Figure 19 that system with PFC or DBRawers lower than 1000 MVA for network and
lower than 500 MVA for each line with any disturicarbecame instable. But in systems with SVC
and STATCOM with network power of 800 MVA and lipewer of 400 MVA the system is still
stable.
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FIG. 19. CCT changes with different powers of netwo

According to these results as network power arel piower increase from 1000 and 500 MVA to
1600 and 800 MVA, CCT in system with only PFC irages from 48 ms to 136 ms and in system
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with DBR it increases from 177 ms to 303 ms and aks network power and line power increase
from 800 and 400 MVA to 1600 and 800 MVA, CCT neases from 106 ms to 191 ms for SVC,
and for STATCOM it increases from 121 ms to 198 mghis study STATCOM results in lower
powers of network are better than SVC and DBR.

5.Conclusions

In this paper operation of a wind farm based ordispeed induction generator and connected to
network with only PFC, SVC, STATCOM or DBR in difent conditions and with various variables
like: nominal power of the used devices, the X/Roraf transmission line, nominal power of wind
farm, wind speed and short circuit power of thewoek connected to wind farm is studied.
Following results are concluded from these studies:

The main reason of instability of wind farms basedfixed speed induction generator is extreme
reactive power absorption by generator Due to rglitprcaused by fault occurrence.

PFC can not compensate reactive power absorbedrsrajor after fault individually (especially
in networks with a low short circuit power). So rthds a need to compensate reactive power
dynamically beside this device.

SVC and STATCOM dynamically compensate reactive grombsorbed by generator. Therefore
they increase CCT and considerably improve winohfsiability.

DBR due to active power of farm and preventing gatoe from speeding up, increases wind farm
CCT more than the two other devices. However bexafislisconnecting farm from network and
also existing transients when farm is again coratkttd network which can be a factor for instahility
quality of output power of wind farm comes down.

Increasing nominal power of SVC and STATCOM rai€®3T and wind farm stability due to
increasing reactive power compensation capabHigwever increasing nominal power in DBR to a
specific limit increases CCT but if it continues T6tarts to decreases. Its reason is that thefoeed
reactive power in higher powers of DBR increases.

As X/R ratio of transmission line increases duéntweasing need for reactive power in order to
compensate line reactance, network becomes mdsbliesand therefore in higher X/R ratios wind
farm using SVC and STATCOM is stable but it is aidé using DBR.

As wind farm size and also wind speed grow, oufpawer of wind farm and need for reactive
power increase. So in higher powers of wind farmh laigher wind speed, wind farm using SVC and
STATCOM is stable but it is instable using DBR.

If short circuit power of network decreases, wiathi becomes instable. The reason is decrease in
reactive power supply caused by network. So in powers of network, wind farm using SVC and
STATCOM is stable but it is instable using DBR.

According to simulation results and what is mergwrbefore, reactive power compensation
capability by STATCOM especially in low voltages oétwork is better than SVC. Therefore
System using STATCOM is more stable.

Considering all aspects and previous results, & ¢hoice for increasing stability of wind farms
connected to network is using STATCOM.
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