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Dynamic Performance Improvement of Wind Generation
System Connected to a Multimachine Power System
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Abstract — A multimachine power system model including both induction and synchronous generators has been
developed. The induction generator dynamics have been embedded in the general formulation as an equivalent
synchronous machine through the slip dynamics term. The impact of connection of the induction generator through a
weak as well as strong network connection is studied. For the induction generator, post-fault voltage recovery pattern
in relation to received reactive power support from the grid is examined in the framework of multimachine power
system. It is observed that a fast and adequate reactive power support is very important for the smooth recovery of
induction generator terminal voltage. Improvement of dynamic performance of system through the introduction of a
variable susceptance control circuit located at the induction generator terminal is investigated. Further enhancement
of the dynamic performance with the introduction of additional PI control in the susceptance control circuit has been
examined. The variable susceptance excitation scheme with auxiliary Pl control is observed to provide very good
transient performance. The proposed controller structure is very simple and employs signal local to each machine. It

also performs in a robust manner.
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1. INTRODUCTION

Due to growing environmental concern and escalating fuel
price, generation of electricity using wind power has
received significant attention worldwide in recent years
[1]. A tendency to increase the amount of electricity
generation from wind turbine can be observed in many
countries and its importance is continuing to increase [2].
As the penetration level of wind power in power systems
increases, the overall performance of the power grid will
increasingly be affected by the characteristics of wind
turbines. One of the major concerns related to the high
penetration level of the wind turbines is the impact on
power system stability. Therefore the assessment of the
effects of wind power penetration to an existing power
system necessitates the calculation of voltage and
frequency profiles as well as examination of instability
issues.

Induction generators consisting of squirrel-cage
rotors are widely used as wind generators since they are
relatively inexpensive, rigid, and require low maintenance.
Studies show that they can even provide network damping
[3]. But this kind of generators consume large amount of
reactive power during normal operating condition. This
consumption jumps sharply during grid fault due to large
variation of slip. Instability in induction generator
terminal voltage emerges from the deficiencies in the
supply of demanded reactive power during the transient
period. In recent years, a number of studies have been
carried out to examine the possibility of maintaining
system stability of power system with wind power infeed.
These are basically blade pitch control (usually slow
acting) on the turbine side and voltage, current, and power
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control on the generator side [4]-[8]. Braking resistor
control for fault ride-through has been proposed in [6] to
control active power during fault. Reactive power support
during fault has also been proposed using various FACTS
devices [8]-[10]. A combination of FACTS devices and
braking resistor [11] or energy storage system [12] have
also been proposed to have control on both active and
reactive power. To achieve similar control, power
electronics based energy capacitor system (ECS) has also
been proposed recently [13]. Most of these studies dealt
with either very simplified single machine infinite bus
system (SMIB), or used various types of commercial
power system dynamic simulation packages, PSS/E,
PSCAD/EMTDC, DigSilent, etc. In general, the details
investigation of the nature instability in the framework of
multimachine power system is not available. Such
investigations are essential to have an insight into the
nature of the problem and look for appropriate remedies.

This article investigates the impact of connecting
induction generator to a multimachine power system
through a weak tie as well as strong tie. It also
demonstrates the post-fault voltage recovery pattern in
relation to the received reactive power support from grid.
It is shown that incorporation of a variable susceptance
excitation controller at the induction generator terminal
can improve dynamic performance substantially.

2. DYNAMIC MODELING

The models for the different components of mixed wind
generator and conventional power generation system with
synchronous generator are given in the following:

2.1. Wind Turbine Model

The mechanical power output of a wind turbine is related
to the wind speed V,, by [14]:

P =5 PACH (1, AV, n
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Here, p is the air density and A is the swept area by
the turbine blades. The power coefficient C, (A,) depends
on both blade pitch angle 3 and tip speed ratio defined as:

R
VW

A 2

where, R is wind turbine rotor radius and Q is the
mechanical angular velocity. Expression for C, is given
by,

21
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C, can be obtained from a lookup table [15] or
alternatively, by approximating through a non-linear
function [16]. This study uses the second approach. Figure
1 shows C,-A curves for the pitch angle changing from 0
to 20° of a typical wind turbine used in this study. Figure
2 shows the corresponding power-speed characteristics
curves for various wind velocities the speed being referred
to generator side.

2.2. Drive-Train Model

Two-mass model is adopted here as much higher inertia
wind turbine rotor is connected to the low inertia IG rotor
with a relatively soft shaft [17], [18]. The dynamic
equations of the two-mass representation is given by [19].

dex
ZHtT:Tm —Tg—Dta)t (4)
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2Hg = =Tg ~Te - Do (5)
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The mechanical torque of the turbine rotor, T,,, and
the mechanical torque applied to the generator rotor shaft,
T,, are given by:

Ty = @)
N
Ty = KsOs + Ds (o} — oo )y ®

where 6 is the shaft twist angle (in rad) , K is the shaft
stiffness (in pu/elect. rad), and D is the damping
coefficient (in pu.s/rad). The subscript t, g and s refer to
the turbine and generator and shaft quantities respectively.
T, is the generator torque as given in Equation 14.

For a wind-farm, N turbines can be aggregated
together as one singe turbine [20], giving the equivalent
swing equation as:

sp20s dor _ p2gy _ pagg )
dt
N
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where, i=1
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Fig. 1. Typical power coefficient-tip speed ratio plots.
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Fig. 2. Speed vs. power output characteristics of a wind
turbine.

2.3. Induction Generator Model
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Fig. 3. Induction generator transient model.

The induction generator is modeled as an equivalent
voltage source, E’'=ey+ jey, behind the transient
impedance, Z'=R;+ jx' as shown in Figure 3 [20]. It is
represented by the third order model. Stator current and
flux transients are neglected being very fast compared to
rotor transients. This represents a good compromise
between accuracy and simplicity [18], [21], [22].

The differential equations are then given by:
X
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The symbols R, x, ¥, ®, and s denote resistance,
reactance, flux linkage, angular speed, and rotor slip
respectively. The subscript s, r and b refer to the stator,
rotor and base quantities respectively.

The stator voltages and currents are related through:

Vgs = —Rgigs + Xigs + €4

ds s-ds ,-qs c'i (13)
Vgs = —Rsigs = X'Igs + &g
The electromagnetic torque is computed as:

Te =eqigs +e{4iOIS (14)

The subscripts d and q stands for direct and
quadrature axis values (in pu) respectively. The third
differential equation is the swing equation, which is
included in the drive-train model.

For N number of generators in a wind-farm, the
electrical parameters of the equivalent machine are given
by the following relations:

Rg Xss X'
oN =Tos Ry =N = XN =N

(15)

In the above representation, reference axes (d-q)
move at a speed ® (rad/sec) where as rotor move at a
speed o, (rad/sec). This implies rotor axis makes an angle
4 = (o, t-mst) with respect to reference axis. Therefore,

dAS

_As
dt “%

(16)

2.4. Synchronous Generator Model

Neglecting stator transients, the synchronous generator is
represented through the following 5™ order model [23]:
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The stator voltage and currents are related through:
_ H rs ’
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3. MULTIMACHINE POWER SYSTEM MODEL

A 4-machine 12-bus power system considered in this
study as shown in Figure 4. The generation and load data
for the base case are given in Appendix. The loads are
represented by constant impedance and all network
voltages and currents are written in common network
reference frame [D-Q] rotating at synchronous speed.
Eliminating all the load buses, the injected currents to the
generator buses are written as:

Ipg = YredVDQ @1

where Y, is the reduced admittance matrix, and Vpq is
the vector of generator bus voltage.
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Fig. 4. Multimachine system configuration.

The quantities in dq frames of the individual
generator, induction as well as synchronous, are related to
the network frame DQ through:

[Flog = [T][Flaq (22)
where T = sing cosd and F may be either V or L.
—cosd sind

Figure 5 shows the graphical representation of the
relationship between the two reference frames.

Fig. 5. Graphical representation of the relation between
network (D-Q) and machine (d-q) reference frame.
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The stator equations (Equations 13 and 20) for all
machines can be written in matrix form as:

[qu]: [Z]qu+ E’dq (23)

where, V4, is the vector of terminal voltages, I4q is the
vector of stator currents and E'yq is the vector of e'yq. Z is
the impedance matrix whose elements are R, and x' of the
generators. lqq in Equation 22 is obtained from:

qu:[T- ! YredT]qu:Ydeq (24)

where Y, is the reduced admittance matrix transferred to
machine (d-q) coordinates. Substituting Equation 24 back

in Equation 23 yields:
Lig = [1-YmZ]'YuEqq (25)

The block diagram in Figure 6 shows the conversion
of variables between the two frames.

Interface
b lo[
Axes etwork
Transformation < (including loads)
Voo Vo| =Y,V
Lo 1, VaVq Common
Eloctrical reference frame:D-Q
Machines
(SGHIG)
Individual Machine

reference frame:d-q

Fig. 6. Transformation from network (D-Q) to machine
(d-q) reference frame.

Combining Equations 15, 16, and 24, the
multimachine system can be expressed through one set of
dynamic and another set of algebraic equation as:

X =f(x,z,u)

0=g(x,2,0) 20

where, x, z, and u are the state, algebraic, and input
variables; f and g are the vectors of differential and
algebraic equations, respectively. In this

article, X=[ea,e(’1,w,5,s,a)t,c93,Efd ]T , Z =[id,iq,vt]T s

and U =[T,,,V,e,0,0]" .

4. SIMULATION RESULTS

The multimachine system shown in Figure 4 is simulated
for studying the dynamic performance of the system. It is
assumed that approximately 24% of the total generation is
supplied by the wind farm which has 50 generators with
capacity of 2 MW each. In the load flow analysis, the
induction generator (IG) is represented as a PQ bus [24]-
[26]. Steady-state analysis is performed to determine
initial slip and reactive power consumed by the 1G [19].
At the IG terminal appropriate reactive power is provided
by a fixed capacitor. Then, with the obtained loadflow
solution, the generators are initialized by solving its set of
differential algebraic equations with all time derivatives
set equal to zero. The simulation algorithm is shown in
Figure 7 where the subscript ig refers to the quantities of
induction generator. Yys Yg4 and Y,s represents reduced
Yyus of the network at before fault, during fault and post

fault respectively. All types of damping were disregarded
to obtain worse scenario.
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Fig. 7. Transient analysis algorithm for multimachine power
system with windpower infeed.

For dynamic analysis, the following two cases were
considered.

1. All the four machines in the system are

synchronous generators.

2. Machine at bus # 4 is replaced by an equivalent

induction generator

Two types of induction generator connections to the
grid are considered. (i) A short circuit ratio (SCR) of 10.5
at the grid connection point (Bus 4) representing strong
grid, and (ii) a SCR of 8.0 at bus 4 representing weak grid.
To examine the influence of fault location, a bolted 3-
phase fault was simulated at two locations, (a) at bus 6
and was cleared after 200 ms by tripping the line 6-10,
denoted by fault F6, (b) at bus 5 and was cleared after 200
ms by tripping the line 5-10, denoted by fault F5.

For the fault F6, Figure 8 shows the terminal voltage
response of the 4 generators when all of them are
synchronous. Figure 9 shows the corresponding terminal
voltage response when G4 is replaced by the equivalent
induction generator. The above simulation results are for
the case when tie 4-10 is strong (Z4.10=0+j0.05 pu).
Comparing both figures it is observed that there is not any
appreciable change of voltage behavior when the
induction generators were included in the system. In the
case of IG, the voltage dips down to 0.25 pu due to slip
dependence of rotor resistance. During the fault the speed
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of the induction generator accelerates steeply. Increasing
speed in a squirrel cage induction generator means
increasing slip, s. From the equivalent circuit diagram of
such an induction generator as shown in Figure 10, it can
be seen that with increasing slip, s, the overall rotor

. R . .
resistance (R,,,, = — ) decreases. As the slip continues
S

to increase until the fault is cleared, the terminal voltage
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Fig. 8. Terminal voltage response with fault F6 when G4 is a
synchronous generator (strong grid).
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Fig. 10. Equivalent circuit diagram of squirrel cage induction
generator.
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also continues to decrease. The gradual variation of slip
causes corresponding variation in terminal voltage. The
lower resistance also leads to more current flowing
through the mainly inductive circuit of the generator,
causing higher reactive power (Q) demand. Proper supply
of this excess reactive power helps recovery of rotor flux
linkage and the generator terminal voltage as will be seen
in the following section.
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Fig. 9. Terminal voltage response with fault F6 when G4 is an

induction generator (strong grid).
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Fig. 11. Terminal voltage response with fault F5 and when G4
is an induction generator (strong grid).

For the same grid and fault F5, Figure 11 shows the
terminal voltage response of G4 when it is an induction
generator. It is seen that the voltage recovery is slower
than the previous case. This is primarily attributed to the
higher post fault network impedance that impedes
necessary grid support to the induction generator.

Figure 12 shows the reactive power flow to/from the
induction generator. It indicates that there is an obvious
demand of excess reactive power in the post fault period
for smooth recovery of induction generator terminal
voltage. For the stronger grid with fault at bus 6 case, the
demand for reactive power increases from 0.298 pu to
0.91 pu. Since the fixed capacitor at the IG terminal
supplies only the steadystate demand (Q = 0.30pu), the
excess Q should come from the grid supplied mainly by
the swing generator G1. In the transportation period a

substantial amount of Q is absorbed by the line reactance
itself. This Q-loss in the line increases with the increase of
line reactance. In the case of fault at bus 6, the
transmission line connecting G1 and G4 has an impedance
of Zg = 0.018+j0.2997 pu, where as for fault at bus 5 that
is Zs = 0.027+j0.4005 pu. Figure 12 (b) shows that the Q
support from the grid is not fast enough with required
amount, which results in the slow recovery of IG terminal
voltage as shown in Figurell.

For the weak grid case, the line reactance connecting
bus 4 and 10 is increased to 0.25 pu and the same fault F6
is simulated and terminal voltage response is observed.
Figure 13 shows the terminal voltage response when all 4
machines are synchronous generators. It shows that
normal AVR restores the terminal voltage quickly.
However, if G4 is an induction generator the voltage
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recovery is further slows down as shown in Figure 14.

For the weak grid and fault F5, Figure 15 shows the
terminal voltage response of G4 when it is an induction
generator. It is seen that induction generator fails to
recover its terminal voltage. Then, the electromagnetic
torque (T.n) of induction generator drops suddenly as Te,
is proportional to the square of the terminal voltage. But
the mechanical torque of the wind turbine does not change
rapidly during the short time interval. As a result, the
induction generator accelerates rapidly due to large
difference between the mechanical and electrical torques.
The wind generator becomes unstable and requires to be
disconnected from the power system. This temporary
shutdown of induction generator may result in imbalance
of generation and demand. In the absence of enough
spinning reserve this may endanger the operation of other
synchronous machines. From this it can be concluded that
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Fig. 12. Reactive power absorbed by the induction generator
(strong grid) (a) fault F6 (b) fault F5.
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Fig. 14. Terminal voltage response with fault F5 when G4 is an

induction generator (weak grid).
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there is a minimum value of line strength below which IG
will fail to recover its voltage in case of grid fault of
certain level.

Figure 16 shows the comparison of level of reactive
power support from the strong grid and weak grid. Figure
16 (c) shows that in the case of weak grid with fault at bus
6, the Q support from the grid is further reduced. Whereas
with a fault at bus 5, IG receives a negligible amount of
support from the grid as shown Figure 16 (d). This leads
to eventual voltage collapse as shown in Figure 15. This
indicates that there is a minimum grid strength under
which SCIG operation is not possible without additional
arrangement of Q support from the grid. The grid support
should be fast enough with right amount for quick voltage
recovery in the event of grid fault. In this regard a variable
susceptance controller at the generator terminal is
proposed.
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Fig. 13. Terminal voltage response with fault F5 when G4 is a

synchronous generator (weak grid).
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Fig. 15. Terminal voltage response with fault F5 when G4 is an
induction generator (weak grid).
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Fig. 16. Reactive power absorbed by the induction generator (a) strong grid, fault F6 (b) strong grid, fault F5 (c) weak grid,
fault F6 (d) weak grid, fault Fb5.

5. THE PROPOSED CONTROLLER

The variable susceptance can be obtained by controlling a
static VAR system through the firing angle control of the
thyristors. The controller is connected to the grid side as
shown in Figure 17. It contains a fixed capacitor (FC)
needed for normal excitation of the induction generator. If
additional capacitor excitation is required the thyristor
switched capacitor (TSC) is switched in. A reduction in
capacitance is achieved by switching in the thyristor
controlled reactor (TCR) into the circuit. The equivalent
inductive susceptance of the TCR, as a function of
conduction angle o, is given by [27]:

—sin(o)

o
Ben(0) = T @)

TCR

where Xrcr 1S the inductive reactance of TCR. The control
range of the thyristor triggering delay angle a , is between
/2 and m, while the corresponding control range of the
conduction angle ¢ =2(n-o)) will be between © and 0. The
TSC is switched ON when the output voltage of the
induction generator (V) is less than the desired or
reference value (V) and the conduction angle of the TCR
6 = 0 or the triggering delay angle o = m. For control
purposes, the static VAR system described above is
represented through a gain Kgg and time constant Tgg in
the block diagram of Figure 18 [28].

Further enhancement of the transient profile may be
achieved by introducing additional control (u) to the
thyristor control circuit. Though various other controllers
may have been used for generating the auxiliary control u,
a PI has been used here because of its widespread use in
industry and because of the ease in tuning its parameters.
Figure 18 shows functional block diagram of the
controller, including an additional PI controller with a
washout. The washout is included to disable the additional
control u under steady state conditions. The dynamic
equations for the control block can be written as:

daB 1 Keel

—_— K -V_)+AB|+ 28
dt TSE [ SE (Vs sr) ] -I-SE ( )
The transfer function of the PI controller is:
K,
GC(S) = KP + ? (29)

The input to the PI controller is variation of slip (As)
and its tuned parameters are Kp= 3, Ki= 15, Tw=1.0.
Detailed calculation steps Kp and Ki parameters using
pole-placement technique is shown in [29], [30].

Figure 19 shows post-fault terminal voltage recovery
with fault F6 when the induction generator connected with
the weak grid is equipped with variable susceptance
controller at its terminal. From Figure 19(b) it can be seen
that there is a substantial improvement of post-fault
terminal voltage response when variable susceptance
controller is incorporated as compared to without it
(Figure 19(a)). Note, the additional control u (Figure 18)
has not been included here. The tuned value of
controller’s gain and time constant are K. = 1.5, and T, =
0.4, respectively. The controller compares the generator
terminal voltage (V) with a reference signal (V) and
injects susceptance (AB) at the terminal, as may be
necessary, to keep proper excitation of the system. Figure
20 shows the flow of reactive power to/from the induction
generator. Introduction of variable susceptance controller
enhances Q support to the induction generator terminal as
depicted in Figure 20(a). Post-fault voltage profile is
further enhanced with the introduction of additional
control u through the incorporation of PI controller as
shown in Figure 19(c). A voltage profile almost
comparable to synchronous generators can be obtained.
Figure 20(b) shows the corresponding Q-support to the
induction generator.
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Fig. 19. Post-fault terminal voltage recovery of the induction
generator with, (a) no susceptance control circuit, (b) with
susceptance control circuit but no additional control u, and (c)
with additional P1 control in the susceptance control circuit.
The induction generator is connected to the weak grid and
fault F6 is applied.

For the weak grid with fault F5, improvement of
voltage profile of induction generator is studied when it is
equipped with a variable susceptance controller. Figure 21
shows the voltage response when there was no PI with the
controller, whereas Figure 22 is the voltage response when
PI is incorporated with the controller. It can be seen that
without PI controller, the injection of additional
susceptance (AB) is inadequate. Consequently, terminal
voltage recovery is not possible. However, with the
incorporation of PI controller, appropriate amount of
susceptance is injected thereby terminal voltage of
induction generator is restored. Figure 23 shows the
amount of injected capacitive susceptance (AB) without
and with PI controller, and corresponding support of
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Fig. 18. Functional block diagram of the susceptance control.
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Fig. 20. Post-fault Q-support to the induction generation (a)

with susceptance control circuit but no additional control u,

and (b) with additional PI control in the susceptance control
circuit.

reactive power is shown in Figure 24. So, fast and
adequate reactive power support is very important for
post-fault voltage recovery in case a squirrel cage
induction generator connected to a weak grid. Figure 25
shows the variation of induction generator slip when it is
equipped with (a) no susceptance controller, susceptance
controller (b) without, and (c) with PI controller. Without
susceptance controller slip increases steeply leading to
instability with short period of time. With susceptance
controller but no PI, oscillations in slip grow rapidly. But
incorporation of PI with susceptance controller makes a
smooth return of slip to the steady-state value after the
fault is cleared.
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Fig. 21. Terminal voltage response with fault F5 when G4 is
an induction generator and equipped with a variable
susceptance controller but no PI control (weak grid).
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Fig. 23. Variation of injected susceptance (AB) in the event
mentioned in Figures 21 and 22.
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Fig. 22. Terminal voltage response of induction generator with
P1 regulated variable susceptance controller. Fault scenario is

same as Figure 21.
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Fig. 24 Reactive power absorbed by the induction generator in
the event mentioned in Figures 21 and 22.
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Fig. 25. Variation of induction generator slip with fault F5 (weak grid) (a) without susceptance controller (b) with susceptance
controller but no u (c) with PI incorporated susceptance controller.

6. CONCLUSION

Dynamic performance of a multimachine power system
including wind turbine driven induction generator has
been investigated when it is subjected to grid disturbances.
Through a number of simulation studies it is observed that
line reactance (or grid strength) has substantial influence
on the post fault voltage recovery of the induction

generator. Analysis of voltage recovery pattern and
corresponding received reactive power support from grid
shows that a fast and adequate reactive power support is
very important for the smooth recovery of induction
generator terminal voltage. Improvement of dynamic
performance of system through the introduction of a
variable susceptance control circuit located at the



110 M. Ahsanul Alam and A.H.M.A. Rahim / International Energy Journal 10 (2009) 101-112

induction generator terminal is investigated. Further
enhancement of the dynamic performance with the
introduction of additional PI control in the susceptance
control circuit has been examined. It has been observed
that the fixed-speed induction generators connected to
weak grid are very much sensitive to grid faults.
Incorporation of a variable susceptance excitation
controller ~can  improve  dynamic  performance
substantially. The proposed controller structure is very
simple and employs signals local to each machine. It also
performs in a robust manner [29], [30].
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NOMENCLATURE
P wind turbine mechanical power output (pu)
Vi wind speed (m/sec)
p air density (kg/m°)
G, wind turbine power coefficient
A blade tip-speed ratio
§ blade pitch angle
A blade swept area (m?)
Q mechanical angular velocity of turbine
R wind turbine blade radius (m)
H, wind turbine inertia constant (sec)
H, induction generator inertia constant (sec)
H synchronous generator inertia constant (sec)
K, shaft stiffness coefficient (pu/elect.rad)
0 shaft twist angle (rad)
(o) wind turbine angular velocity (pu)
©; induction generator angular velocity (pu)
®p base angular velocity (rad/sec)
s slip of induction generator
T wind turbine rotor mechanical torque (pu)
T, mechanical torque applied to the induction
generator rotor shaft (pu)
T, electromagnetic torque of generator (pu)
Tp damping torque (pu)
D; damping coefficient of turbine (i=t), or
generator (i=g) (pu-s/el.rad)
R, R, stator, rotor resistance (pu)
Xs> Xr stator, rotor reactance (pu)
Xy X' magnetizing, transient reactance (pu)
D,Q direct and quadrature axis of synchronous

reference frame
d,q direct and quadrature axis of individual
machine reference frame

e'q, ¢’ dand q axis component of voltage behind
transient reactance (pu)

Yo, Yo d and q axis component of rotor flux linkage

T, induction generator rotor open circuit transient
time constant (sec)

T 4o, T’ synchronous generator d and q axis open circuit
transient time constants (sec)

Eq synchronous generator exciter voltage (pu)

Ka, To  Gain and time constant of automatic voltage
regulator (AVR)

x'¢, X'y dand q axis reactance of synchronous generator
(pw)

Vet AVR reference voltage (pu)

1) transformation angle between machine and
network reference frame

Yied reduced network admittance (Y) matrix

Yo, Ygr  before fault, during fault network Y matrix

Yor post-fault network admittance matrix

c thyristor conduction angle

Brcr equivalent inductive susceptance of thyristor

controlled reactor (TCR)

Xtcr inductive reactance of TCR

Ksg, Tsg  gain, time constant of susceptance controller
K, K; PI controller gains

T, washout time constant
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APPENDIX
Table 1. Generation and load data for the base case (from load flow solution).
Generation Load
Bus #
P,, MW Qg MVAR P, MW QL, MVAR
1 37.55 23.94 - -
2 105 16.107 - -
3 50 19.603 - -
4 60 4.098 - -
5 - - 77.5 30
6 - - 52.5 25
8 - - 72.5 27
12 - - 48.75 15

In case of induction generator, the injected reactive power at the generator terminal (bus 4) is 35.23 MVar.
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Table 2. Line data.

From bus To Bus R (pu) X (pu) B/2 (pu)
1 7 0 0.05 0
2 9 0 0.05 0
4 10 0 0.05 0
3 11 0 0.05 0
11 12 0.018 0.1167 0.0175
11 5 0.009 0.10 0.035
5 10 0.009 0.1167 0.035
10 6 0.009 0.135 0.035
6 9 0.009 0.1075 0.035
9 8 0.009 0.11 0.049
8 7 0 0.1333 0.035
7 5 0.009 0.1333 0.035




	6.  CONCLUSION

