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The penetration of wind power in electrical power system is increased
rapidly. Most conventional wind farms are based on fixed speed
induction generators FSG. So it is very necessary and important to
study the transient stability ofthe wind farms with FSIC. This paper
Investigates the impacts of fault occurrence on the stability of wind farm
interconnected grid. The behavior of the wind farm during different fault
types such as single phase to ground fault, double phase to ground fault
and three phase to ground fault is studied. Also, the impacts of reactive
power compensator during steady state and fault state conditions are
studied. A simulation model of wind farm based on FS G interconnected
grid and equipped with static synchronous compensator STATCOM are
developed by MATLAB-SIMULINK toolbox.
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1. INTRODUCTION

Energy is an essential element to economic andalsdeivelopment. Securing the
energy supply is one of the major challenges. Aereased world population, an
enlarged global economy and higher standards dfglivall contribute to larger
demands for energy. Many countries, including Eggpe still heavily dependent on
oil which will eventually become depleted withirfeav decades. At the same time, we
are facing one of the greatest threats ever climtlaé@ge. Therefore there is an urgent
need for the using of the new renewable energycesuiVind energy has emerged as
the most attractive solution to the world's enecbgllenges. As a result, wind is the
fastest growing energy source in the world todayrerand more wind farms are being
connected into power systems.

The problem is that, the most currently instaligdd turbines are fixed speed
wind turbines which utilize the squirrel cage intloe generator directly connected to
the grid to produce the electricity, these induttigenerators tend to drain large
amounts of VARs from the grid. In steady state apien, these induction generators
absorb reactive power for excitation, moreoverh@ tase of short circuit fault in the
power system, those wind turbines are easily opeeded and the need of absorbing
more extreme reactive power is raised, potentizysing low voltage and there may
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be stability problems for the power system [1-2). iEis necessary to examine the
responses of these induction generators durindathies and possible impacts on the
system stability. In this paper, the impacts ofedtént fault types on 9 MW wind farm
interconnected grid are studied by monitoring théva power, reactive power, and
bus voltage of the wind farm. Also, the contribatiof STATCOM to support the wind
farm during different fault types is studied.

2. AERODYNAMIC WIND TURBINE MODEL

The torque and mechanical power extracted fromwiel is calculated using the
following equation [3]:
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where Tis the turbine torque (N/m), B the power captured from the turbine (watt),
is the air density (kg/M, r is the radius of the turbine (m), v is the dvispeed (m/s),
C, is the performance coefficient of the wind turbikes the tip speed ratio (the ratio
between the blade tip speed and wind speedaigithe turbine speed. Wind turbines
can be classified as; fixed speed and variabledspaed turbines depending on the
turbine operation mode. Most of fixed speed wintbines are powered by squirrel
cage induction generators (SCIG) directly connetietthe network. Since the rotor of
the squirrel cage induction generators often rdureoastant speed, the wind turbine of
this type is called a fixed speed wind turbine.drer to prevent the induction
generator from being damaged at high wind speediuttibine blades is often designed
at lower efficiency during high wind speed (stadintrol), or the angle of the blades
can be actively adjusted according to the wind dgpecch angle control).

3. DRIVE TRAIN MODEL

Figure 1 shows the equivalent two mass drive tnamalel of wind turbine. This model
is simple and it is considered as more exact sitmomamodel [4-5]. This model
consists of two main masses, turbine mass and g@nemass. It includes turbine
inertia J, generator inertiagJ(N m £ /rad), turbine friction damping ) generator
friction damping R (N m s/rad) and shaft stiffnesgi{N m/rad). All parameters and
variables are referred to turbine side.
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where T, Tg and T, are turbine, generator and shatft torques (Nwa)s the generator
angular speed (rad/$; andbg are turbine and generator angular positions (&id)
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Fig. (1) Two mass drive train model of wind turbine

4. ELECTRICAL SYSTEM MODEL

Most of fixed speed wind turbines are powered hyirsgl cage induction generators
(SCIG) directly connected to the grid and the posracted from the wind is limiting
using the stall effect. For this kind of generatbe steady-state generated actiye P
and reactive power are approximately given by [3].
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where P is the number of poles, Lm is the magmagimductance, Rand R are the
stator and rotor side resistances, is the electrical rotor speed is the line
frequency, V is the stator voltage,sLand L, are leakage inductances and

S=(we-ar)/@ g the slip. All the electrical quantities areeneéd to the stator side. In
general the induction generators has many advasitageh as a robust design, no need
for maintenance, well enclosed and produced inelasegries, a low price and can
withstand over-loads. But the major disadvantagbesuncontrollable reactive power
consumption of the induction generator. In ordecdmpensate for the reactive power
consumption, shunt capacitor banks are used forpeosating the reactive power
consumption of the induction generator at no-lod{l [Squirrel cage induction
generators can become easily unstable under lotagslconditions, as low terminal
voltage lead to: larger rotor slip, larger reactp@ver consumption, further lowering
of terminal voltage, and this may lead to discotingcthe turbine. So that the wind
turbines can be equipped with a controllable souvtereactive power, e.g. a
STATCOM or SVC, to deliver the reactive power regdito accelerate the voltage
restoration [8].

5. STATCOM OPERATION

The STATCOM is designed using a power electronitage source converter VSC as
shown in Figure 2. The function of the VSC is ayfutontrollable voltage source
matching the system voltage in phase, frequenay, véith amplitude which can be
continuously and rapidly controlled, so as to beduas the tool for reactive power
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control. The VSC can inject or absorb reactive potedfrom the bus where it is
connected via a coupling transformer.

bus , —s
«— 0O

Vi

X

V(.fc

Fig. (2) A controllable voltage source VSC.

The control system can be designed to maintainnbgnitude of the bus
voltage constant by controlling the magnitude ahése shift of the VSC output
voltage. With the VSC voltage and the bus voltabe, output of the VSC can be
expressed as follows:

p=1245 (8)
X
Q= V2 coss - ﬁ (9)
- X X

where, P and Q are the active and reactive powtTteof¥/SC respectively. V1 and V2
are the bus voltage and VSC voltage respectivelis the reactance of the coupling
transformer and is the phase difference between the voltages \l\éh If the AC
voltage V2 generated by the VSC is higher (or IQwlean the system voltage V1, the
STATCOM generates (or absorbs) reactive power [6].

6. CASE STUDY
6.1 Studied System Description

Figure 3 shows a single line diagram of a typiceed speed wind power plant under
study. A simulation model of a wind farm consistiofgsix 1.5 MW wind turbines is
connected to a 25 kV distribution system export&groto a 120 kV grid through a
25 km 25 kV feeder. The 9 MW wind farm is simulatgdthree pairs of 1.5 MW wind
turbines. Wind turbines use squirrel-cage inductimerators (SCIG). The stator
winding is connected directly to the 60 Hz grid dhd rotor is driven by a variable-
pitch wind turbine. The pitch angle is controlledarder to limit the generator output
power at its nominal value for winds exceeding tlwminal speed (9m/s). Fixed
Capacitor banks connected at each wind turbinevioitage bus (400 KVAR for each
pair of 1.5 MW turbines) which supplies the constaa load demand. Each wind
turbine has a protection system monitoring voltagerent and generator speed. The
set parameters of the protection system are ifltesdrin appendix A. The simulation
model is carried out using the MATLAB SimPowerSyssetoolbox.
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Fig. (3) Single line diagram of the studied system.

The bus B25 is the main bus (collected bus) ofstinélied wind farm which
connects the wind farm with the grid, so this itaken as the monitoring point for all
studied cases. The total exported (generated)eaptiwer from the wind farm to the
grid, the total absorbed reactive power from thd gnd the terminal voltage at the
main bus B25 of the wind farm are monitored.

6.2 Simulation Steps Illlustrate

First the system is studied at the steady statdtserdat the fault state. At these cases,
the bus voltage, active and reactive powers arerded during abnormal values
(trigged by events). The behavior of the wind powkmt is recorded during fault
events, including pre-faults and post-fault evekl¢éthin the fault duration it can be
assumed that the wind speed does not change,utliecgtwind speed is the nominal
speed 9 m/s, so the wind turbines operate at ndwahaes. The duration of the fault is
usually less than nine cycles (tfault < 150 ms) $@)] the fault duration time is taken as
88 ms. In fault state, the behavior of the windmfaduring fault occurrence is
monitored under the different fault types: singleage to ground, double phase to
ground and three phase to ground events. To stodyeffect of reactive power
compensation at each case of the studied casesyskem is monitored twice, one
without STATCOM connection, and the other with ceaton of 3 MVAR
STATCOM. At each case of the studied cases, thk d@curs at the 15th second of
the simulation time and its duration is 88 ms.

7. SIMULATION RESULTS

7.1 Steady State Operation

To study the effect of STATCOM during steady staperation, the operation of the
wind farm is monitored twice one without STATCOMm®cted to the main bus of
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the wind farm and the other when a 3 MVAR STATCO#$/connected. Figure 4
shows that the reactive power absorbed by wind faom the gird is 3.77 MVAR in
the case of without STATCOM and it decreases t& M¥AR when the STATCOM
is connected. Figure 5 shows the main bus voltdgleeowind farm is 0.945 pu when
the STATCOM is disconnected and it increases t8® 8 when the STATCOM is
connected to the main bus of the wind farm. Ald® generated active power is
increased from 8.649 to 8.664 MW by connectingSRATCOM as shown in Fig. 6.
It is clear that, the STATCOM decreases the absbreactive power from the grid by
wind farm generators and enhances the bus voltatte evind farm.
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Fig. (4) The reactive power at bus B25during stestdte operation.
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Fig. (5) The voltage of bus B25 during steady stgteration.
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Fig. (6) The active power at bus B25 during stestdje operation.

7.2 Effect of Single Phase to Ground Fault

To study the behavior of the wind farm during faoticurrence, a single phase to
ground fault occurs at the point P1 for a duratiare of 88 ms. Also, to observe the
effect of STATCOM on power system stability durifagilt occurrence, the main bus
voltage, active power, and reactive power are moosdt twice: with and without
STATCOM. Figure 7 shows the bus voltage variatiamirdy the single phase to
ground fault. During fault period the voltage deses to 0.802 pu when the
STATCOM is disconnected. But it is decreased t&4.pu when the STATCOM is
connected. It shows that the STATCOM acts as ageltsupport for the wind farm
during faults by injecting reactive power to theimbus. The voltage values during
the faults is above the under voltage protectioasiold (0.75 pu with delay time less
than 100 ms). Therefore the wind farm stays imise and the system returns back to
steady state after removing the fault.
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Fig. (7) The voltage of bus B25 during single phisground fault.
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Figure 8 shows the total exported active power ftbenwind farm to the grid.
During fault period the total exported active powdecreases, this decreasing in the
case of without STATCOM is 7.8329 MM. When the ST&OM is connected the
exported active power decreases to 7.98 MW. Figurghows the total absorbed
reactive power from the grid during the single gh&s ground fault. During fault
period the total absorbed reactive power decredeed®.902 MVAR when the
STATCOM is disconnected, while decreased to -1.36AR when the STATCOM is
connected. At post fault period the total absorbedctive power from the grid
increased, this increasing in the case of withoDATSCOM is 4.4041 MVAR. But
when the STATCOM is connected the absorbed reagiweer increased to 2.1831
MVAR. Finally, after the end of post fault periathe system returns back to steady
state operation either with or without STATCOM.
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Fig. (8) The active power at bus B25 during simgjtase to ground fault.
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Fig. (9) The reactive power at bus B25 during sngtase to ground fault.

7.3 Effect of Double Phase to Ground Fault

In this section the variations of bus voltage,\actiower and reactive power in case of
double phase to ground fault occurs at the pointMRth 88 ms duration time are
studied. As shown in Fig. 10 during fault period thus voltage decreases to 0.443 pu
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when the STATCOM is disconnected and it decreaged.473 pu when the
STATCOM is connected. Although the bus voltagedsrdased than the under voltage
value of the protection system, the wind farm siaysevice because the under voltage
duration time is less than the protection delayetim
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Fig. (10) The voltage of bus B25 during double ghasground fault.

Figure 11 shows the total exported active powemftbe wind farm to the
grid. During the fault period the total exportediwe power decreases to 3.96 MW in
case of without STATCOM. When the STATCOM is corteecthe exported active
power decreases to 4.05 MW. Figure 12 shows tla¢ abisorbed reactive power from
the grid during the double phase to ground fauliiiy fault period the total absorbed
reactive power is decreased to 2.07 MVAR when tRATCOM is disconnected,
while it decreases to 0.8 MVAR when the STATCOMc@nnected. At post fault
period the total absorbed reactive power from tie igcreases to 6.22 MVAR in case
of without STATCOM. But when the STATCOM is conned} the absorbed reactive
power increased to 3.81 MVAR.
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Fig. (11) The active power at bus B25 during doythlase to ground fault.
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Fig. (12) The reactive power at bus B25 during deghase to ground fault.

7.4 Effect of Three Phase to Ground Fault

In this section the variations of bus voltage, \&ctpower and reactive power in the
case of a three phase to ground fault are studlieel fault occurs at the point P1 with
88 ms duration time. As shown in Fig. 13 duringltfaseriod the bus voltage falls to
zero when the STATCOM is disconnected. In this ¢hseprotection system trips the
wind farm because the under voltage duration timeeeding the protection delay
time. As shown in Fig. 14 there is no generatetvagower of the wind farm. Figure
15 shows the measured reactive power at bus B2ZbasMVAR which it is the total
generated reactive power by the static capacitokda

When the STATCOM is connected to the system dutirgg fault, the bus
voltage falls to zero but its duration time is l&san the protection system delay time.
Therefore, the wind farm stays in service and tfstesn returns back to steady state
after removing the fault as shown in Fig. 15.
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Fig. (13) The voltage of bus B25 during three-phasground fault.
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Fig. (14) The active power at bus B25 during thpbase to ground fault.
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Fig. (15) The reactive power at bus B25 duringahpbase to ground fault.

8. CONCLUSIONS

A simulation model of 9 MW SCIG wind farm intercawuted grid is investigated. The
effect of different fault types on the stability thie protected wind farm is studied. The
impacts of the static synchronous compensator ST@WICon the stability of the
system during fault events are studied. The wimdhfeerminal voltage, the exported
active power and the absorbed reactive power argtaned in steady state and fault
state conditions. A single phase to ground, dophkese to ground and three-phase to
ground faults are applied at the wind farm termiioal duration time of 88 ms. It is
noticed that in cases of single phase to grounlil $aual double phase to ground fault,
the wind farm can stay connected to the grid eithethe case of with or without
STATCOM. Also, the system returns back to steadyesafter removing the faults. In
case of three-phase to ground fault the wind faamnot stay connected to the grid
when the STATCOM is disconnected, where the winchfeerminal voltages falls to
zero and its duration time is increased than tluéeption system delay time. But by
connecting the STATCOM the wind farm terminal vgltacan return back to a value
more than the under voltage threshold in a time tean the protection delay time.
Finally, the STATCOM operates as a reactive powsgpsrt and thus improves the
overall operation of the whole wind farm by redygithe absorbed reactive power
from the grid and raising the voltage of the maindsarm bus.
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APPENDIX A
Table A.1: The protection set parameters of SCIG wind turbine

Minimum | Maximum Delay time
Parameter
value (pu)| value (pu) (sec)
AC under/over voltage 0.75 1.1 0.1
Under/over rotor speed 1 1.05 5
Parameter Maximum value (pu) Delay time (séc)
AC current 11 10
AC current unbalance 0.4 0.2
Voltage unbalance 0.05 0.2




SUPPORT OF FSIG WIND FARM CONNECTED TO THEGRID ... 111

ALl de pud) @l ddal) lalgall aladiuly o laygSl Al Al Z Ll clasa asd
pall) DA Al dlatal)

G 2l e e aiall by 8 ausgill 5 eleSll g 8 2Ll Al AlasinY syl 30l Jla b
Jexi Lasac Afiall clalsall o) Cagpnal) (g 5 alaiaad) (il il Agiall cilalgall alasinly o leSll Algs
S Akl eV & 4l Gus) Lgle Al Al (e Allad ) 5yl (e 5p€ LS s e
Gaall ) 5BV ddenl T U Alad adl 5080 e 508 LpeS Cannsy Afinl) Clalpall o ¢ i g iy
Alal) s3a 5 Adall Slalsall Gl AN e jual Cipon Alla 3 L) o(lalpall o2n Jaal Lglladl)
@ Lt A el e 1l Alled el 5aEl) e las dediall bl e el aas
e el gl b bl e Jin JEL 5 seall paliasl s I gan Lae cdpalall <Y
Al i) il cld fall clalsall aasis All) 2Ll g olhe CuliE Auy Caadl 3a a2y LA
el Gipaa Ay Gl Al i A o jeal Gigaa die Ayl il al b e (s LeS)
daasi axe/duag 1,0 duhy Caag lelee 5 daliddd) el @l 5 cCagplall 5 eVl Cabis, 4

cpadll g3 oSSl Sl Jalaall) )l Allad pe )3 (agaa



