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The continuous increasing in the pollution levedan the same time
increasing in fuel price are factors which leadtt® increase in using
renewable energy sources specially wind energydWirergy faces many
challenges, one of the important challenges is thate rapidly change in
wind speed which depends on the weather condifioohange in wind
speed affects on the generated power from windnertsCIG and DFIG
are famous kinds of wind turbine, Each of them hdsantage and
disadvantage, SCIG is cheap but its operation hgeeat effect on system
stability, especially when it operates without istatsynchronous
compensator. DFIG keeps the system stable but iterg expensive.
Therefore, it's necessary to examine the respohd#éferent wind turbine
generators variation of gust wind speed. This papeestigates the ability
of hybrid wind farm which consists of SCIG and DRtGoperate without
static synchronous compensator under gust wind dspemdition. The
gust wind speed is simulated according to the hatonal
Electrotechnical Commission IEC 61400.
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NOMENCLATURE
ids d- axis stator current Rs stator resistanceQ)
idr d- axis rotor current Rr rotor resistanceQ
igs Q- axis stator current vgs  d- axis stator voltage
igr g- axis rotor current vgr  d- axis rotor voltage

Lm the magnetizing inductance, H vgr g- axis rotor voltage
LsL the stator leakage inductance , H vy g- axis stator voltage

LrL the rotor leakage inductance ,H « the electric rotor speed

1. INTROUCTION

The increased penetration of wind energy into thgy system over the last decade
generates new challenges for the power systemtopgravho have to ensure a reliable
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and a safe grid operation. At the same time thh p&netration of wind farm into the
grid may have some impact on network stability nigirsteady state and disturbance
conditions. In the fixed speed wind turbine germrawhich uses Squirrel Cage
Induction Generator (SCIG), when the wind speeithéseased the absorbed reactive
power is increased, so that it is necessary to SIBRTCOM to make a suitable
dynamic reactive power compensation and keep thags of the grid at its allowed
level. On other side, the wind turbine generatoictvtuses Double Feed Induction
Generator (DFIG) is more stable during wind speadations, but the DFIG is very
expensive with respect to SCIG [1-3]. The problenthat, using the STATCOM in
fixed speed wind turbines is limited by its desmymd its rate of reactive power. On
other side, the expensive of DFIG technology is fiigblem which may face many
countries, including Egypt, This paper tries to rceee this problem by designing a
hybrid wind farm which consists of SCIGs and DFW@thout STATCOM connecting
to the SCIGs terminals. Half of the studied hylwidd farm generators is SCIGs and
the other half is DFIGs.

2. MODELING OF WIND TURBINE

2.1 Mechanical Power

A wind turbine catches the wind through its rottades and transfers it to the rotor
hub. The rotor hub is attached to a low speed shafigh a gear box. The high speed
shaft drives an electric generator which convdrts rhechanical energy to electrical
energy and delivers it to the grid [4]. As the wisygeed varies, the power captured,
converted and transmitted to the grid also varies.

1 3
Pm_EmeV Ch D)

where P, is the mechanical power of wind turbing, is the air density (nominally

1.22Kg/m), r is the radius of area swept by the turbine blagless the wind speed,
and c, is the coefficient performance of the wind turbif@wer coefficient of wind

turbine cy, is given by the next equation [5]:

~0.0068
Cp(ﬁ,/l):O.517€171,6— 0.5 %e A+ 0.0086 )

where,

1. 1 0035
A A+0.088 341 (3)

where [ is the bitch angle of the blade in degree ahds the tip speed ratio, it is

given by the following equation:

A=t (4)

where w is the angular speed of the turbine.
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2.2 Electrical Modeling of SCIG and DFIG

This part illustrates the modeling of SCIG and DRKat had been used in this study.
The modeling of induction generator is the samayeseral modeling of induction
machine where all quantities of the stator andrrei@ decomposed in two axis
referencesd—q frame) and all electrical parameters of rotor atador are referred to
the stator. The following equations represent tle@egal modeling of induction
generator [6, 7].

Vgs| [Retpls O Plm 0 Jlas
Vds|_| O Rs+pls 0 Plm | ids )
vgr Pbm  —wrlm Retpl  arly |igr
vgr | L @lm Pbm  wrlr  Re+pl iy,

o

where, Lg=Lg|+L py, Ly =Ly +Lm -
For SCIG the above equation can be transferredhatmext equation.

Vqs RS+ pLS 0 me 0 Iqs
viasl.| O Retpls O Plm | ids 7)
0 Plm  —wrlm Retph  arle figr

0 @ Lm Pbm  @rlr  Re*plk | iy,

For DFIG the general equation of induction generatm be transferred into
the next equation.

Vgs| | Re+pls 0 PLnfod — pLmsid || lgs
Vds | _ 0 Retpls  plpsindy  plycodr ||ids ©)
Vgr | | PtmCosgr  plmsidr R+ pl 0 igr
vgr | L~PLmSinGr  plmsindy 0 R+ Pl |ligr

The flux linkage of the stator and the rotor acawgdo referenced—q frame)
can be defined by [8]

chS= LS><i OIS+L m><i qr
Dgs=L ki dgL nfl dr
(7)

(qu:Lr xiqr +me| gs
()

dr = I‘r ><idr +I‘m ><ids
By the above equations of flux linkage, the elealrtorque can be calculated
by using the next equation [9].
3 , ,
Te:EN(q’dsx'qs“D g% d)s (8)

WhereN is the number of pair poles
For DFIG the same matrix is used the same fluxalygk equations and the

same voltage equations excepf, and v, are not zero because the DFIG uses a

wound rotor which it is connected to AC/DC/AC cortee through slip rings and
brushes. This reason will make the difference écteical torque equation.
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L _ .
Te == NTS (q)qs)qdr_q) d§<| qr) (9)

The schematic diagrams of the SCIG and DFIG usethénsimulation are
shown in Figure 1.
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(b) DFIG

Figure 1. Schematic diagrams of the SCIG and DFIG

3. WIND SPEED SIMULATION

The extreme wind conditions are simulated accordmdEC 61400 to determine
extreme wind loads on wind turbine generators. &hmmditions include peak wind
speeds due to storms and rapid changes in windlspbe wind speed is defined by
the following equation [10]:

v Z't){v( z)—o.37vgus( S"E?)I 2 c{s?j} for— i}sT} (10)

V(2) for— 8T

whereVv(z) is the wind speed at height above the ground amd is equal 10.5
second. The gust wind speegl,s; can be given by:

489
v =289 (11)
o8t 41,0

where J is the standard deviation of longitudinal wind aaty, D is the rotor
diameter anda is the turbulence scale parameters.

Equations (10) and (11) are simulated using MATL&Bnulink toolbox as
shown in Fig. 2. The simulated wind speed curvectvinéflects the extreme gust wind
speed variation according to IEC 61400 is showfrign 3.
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Figure 2. The SIMULINK model of wind speed variatio
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Figure 3. Extreme gust wind speed variation acogyth IEC 61400.

4. CASE STUDY

Figure 4 shows the single line diagram of the stdidiystem which consists of a wind
farm connected to 120 kV grid via 25 kV, 30 km samssion line. The studied wind
farm consists of six 1.5 MW generators. To study dffect of gust wind speed on the
stability of wind farm interconnected grid, the siation is performed for different
cases. In the first case, all the wind farm gewesadre SCIGs connected with a 3
MVAR STATCOM. In the second case, all the wind fagemerators are DFIGs. In the
third case, the hybrid wind farm consists of anatgqumber of SCIGs and DFIGs. In
the fourth case, the capacity of the hybrid windrnfas increased from 9 MW to 12
MW and then to 18 MW. The wind farm generated power absorbed reactive power,
and the wind farm terminal voltage are monitoradafbstudied cases.
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Figure 4. Single line diagram of the studied system

Each wind turbine has a protection system whichitam Instantaneous AC
over current, AC over current (positive sequengd), current unbalance, AC under
voltage (positive sequence), AC over voltage (pasitsequence), AC voltage
unbalance (negative sequence), AC voltage unbaldmee® sequence), DC over
voltage, under speed and over speed. The protestibparameters are illustrated at
Table 1.

Table 1: Protection system set parameters.

AC voltage and rotor speed protection
Minimum |Maximum value :

Parameter Value (pu) (pu) Delay time (sec)
AC under/over voltage 0.75 1.1 0.1
Under/over rotor speed 1 1.05 5

AC current and DC voltage protection
Parameter Maximum value Delay time (sec)
AC current 1.1 pu 10
AC current unbalance 0.4 0.2
voltage unbalance 0.05 pu 0.2
DC voltage 1900 v 0.001

5. SIMULATION RESULTS
5.1 Effect of Generator Types

Figures 5, 6 and 7 show the variations of activergyp reactive power and terminal
voltage in case of gust wind speed for differemtdviarms. In case of SCIG wind farm
during steady state period of wind speed, the geeéractive power is 5.8 MW. When
the wind speed decreases, the active power isatmmtd¢o 1.1 MW and it is increased
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to 12.5 MW by increasing the wind speed. At the esaime, the absorbed reactive
power increases by increasing the wind speed andvittd farm terminal voltage falls
to zero, where the STATCOM becomes unable to cosgienthe absorbed reactive
power by SCIGs. Therefore, the SCIG wind farm castay connected to the grid and
the protection system trips it. Figure 6 shows tlithere is some increase of the
terminal bus voltage after wind farm outage, thisréase is due to the reactive power
injected by STATCOM.

In case of DFIG wind farm during steady state pkrite generated active
power is 6.16 MW. The generated active power varesveen 5.3 MW and 8.6 MW
by decreasing and increasing of wind speed. Thiati@r of absorbed reactive power
from the grid is very little due to the operatiohAC/DC/AC converter which keeps
the reactive power of DFIG independent of the outpoawer. Also, the wind farm
terminal voltage is not affected by gust wind speadation. In case of hybrid wind
farm, the generated active power is 5.93 MW duritgady state operation. The
generated active power varies between 3.43 MW aBd %W according to the
variations of wind speed. Also, the wind farm tarah voltage is not affected by gust
wind speed and there is a small variation in theogied reactive power. It is clear that,
the system can return to steady state operatioasa of hybrid wind farm and in case
of DFIG wind farm. Also, the SCIGs can stay in @iEm during gust wind speed
when it operates with the DFIGs as a hybrid wirrdifa
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Figure 5. The generated power of SCIG, DFIG andildylsind farms
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Figure 6. The reactive power of SCIG, DFIG and iylrind farms
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Figure 7. The voltage of bus 575V of SCIG, DFIG &gtrid wind farms

5.2 Effect of Hybrid Wind Farm Capacity

To study the effect of gust wind speed on the ktabdf hybrid wind farms with
different capacities, the hybrid wind farm capadgtyncreased to 12 MW and then to
18 MW as shown in Figures 8 and 9. This capacitiniseased by increasing the
number of wind farm generators, where the powerach of them is 1.5 MW.
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Figure 8. The single line diagram of 12 MW hybrithd/farm
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Figure 9. The single line diagram of 18 MW hybritghd/farm

Im)
w

Figures 10, 11, and 12 show the variations of agbewer, reactive power and
terminal voltage when the wind farm capacity isréased. Figure 10 shows that, the
generated active power is varied according to wusd speed variations. It is clear that,
the wind farm can return to steady state condgifber the demise of the storm. In case
of steady state condition, when the wind farm chpas increased the absorbed
reactive power from the grid is decreased where ahsorbed reactive power is
compensated by AC/DC/AC converter. Figure 11 shihag in case of 9 and 12 MW
wind farms, the absorbed reactive power by the famoh is proportional to its output
power and wind speed variation. In case of 18 M\Wdafarm, when the wind speed is
decreased, the reactive power absorbed by SCl@Gwxlisased, where the reactive
power injected by AC/DC/AC converter is not suféiet. During increasing of wind
speed, the variations of absorbed reactive powed agd 12 MW wind farms are not
obvious. In case of 18 MW wind farm, the absorbealctive power is decreased by
increasing the wind speed, and then the generatactive power by AC/DC/AC
converter is injected to the grid to keep the teahwvoltage at its nominal value. It is
obvious that the hybrid wind farm can operate unglest wind speed without the
connecting of STATCOM to SCIGs. The AC/DC/AC corteercan operate as a
reactive power support of the wind farms.
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Figure 10. The output power of the hybrid wind farm

: :
|| e Qof 9 MW hybrid wind farm
27T 77T TrT T =e=Qof 12 MW hybrid wind farm
| = Q of 18 MW hybrid wind farm
| | |

Absor bed reactive power (MVAR)

Time (s)

Figure 11. The reactive power of the hybrid windrfa

1004 — — — = — oo L e Vof 9 MW wind farm
=-=-V of 12 MW wind farm

1.002

1

0.998

0.996

0.994

Vdtage of wind farmbus (pu)

0.992

0.99

|

|

1
15 20 25 30 35 40
Time (s)

Figure 12. The Voltage of bus 575 V of the hybriddvfarm

0.988 !



OPERATION OF HYBRID WIND FARM BASED ON SCIG ... 647

6. CONCLUSION

The impacts of gust wind speed variations on hyhiid farm connected to grid in
case of using SCIGs and DFIGs are investigated. Sinmilation of wind speed
variation according to IEC 61400 is investigatethe Tsimulation is performed for
different cases. In the first case, all the winafgenerators are SCIGs connected with
a 3 MVAR STATCOM. In the second case, all the wiadn generators are DFIGs. In
the third case, the hybrid wind farm consists okgoal number of SCIGs and DFIGs.
In the fourth case, the capacity of the wind fasmnicreased from 9 MW to 12 MW
and then to 18 MW. The wind farm generated power absorbed reactive power, and
the wind farm terminal voltage are monitored fdrthé studied cases. It is clear that,
the wind farm which use SCIG cannot stay connettethe grid under gust wind
condition. In case of DFIG and hybrid wind farntse tvind farms can stay connected
to grid, where the variation of absorbed reactigevgr from the grid is very little due
to the operation of AC/DC/AC converter which kedpe reactive power of DFIG
independent of the output power. Also, the windrfaerminal voltage is not affected
by gust wind speed variation. The effect of gustdvépeed on hybrid wind farm with
different capacity shows that the hybrid wind facem stay connected to grid without
STATCOM under gust wind speed condition. The AC/BC/converter can operate as
a reactive power support during gust wind speed.
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