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Abstract

The lack of power system inertia caused by the large-scale integration of renewable energy
seriously threatens frequency stability. In this paper, a control strategy for collaborating
multiple wind farms in frequency support considering the frequency distribution charac-
teristic is presented. Firstly, the DC power flow analysis model of the power system is
established, the analytical relation between the node frequency and the active power dis-
turbance is derived, and the system frequency distribution characteristic is mathemati-
cally analyzed. Secondly, based on the frequency distribution characteristic, a control
strategy for collaborating multiple wind farms using virtual inertia control and droop
control to provide frequency support is presented. Finally, the four-machine two-area sys-
tem integrated with two wind farms is implemented in Matlab 2020, and the effectiveness
of the proposed collaborative control strategy for frequency support is validated through
simulation results.

Keywords: frequency distribution characteristic; virtual inertia control; droop control;
collaborative control strategy

1. Introduction

Due to the exhaustion of fossil fuels and global goals to reduce carbon emissions,
developing renewable energy is essential to addressing the current energy crisis and en-

Academic Editor: Francisco Javier vironmental issues. Nowadays, the high penetration of renewable energy and the increas-
Ruiz-Rodriguez ing proportion of power electronic equipment are becoming the main characteristics of
Received: 13 December 2025 the new-type power system in China [1-3]. By the end of 2023, the installed capacity of
Revised: 9 February 2026 renewable energy exceeded 1.05 billion kW [4,5]. On the one hand, renewable energy can-

Accepted: 11 February 2026

not provide effective inertia for the power system because maximum power point track-
Published: 13 February 2026

ing (MPPT) control is often used, decoupling frequency and active power [6,7]. On the

Copyright: © 2026 by the authors. other hand, traditional synchronous generators are gradually being replaced by renewa-
Licensee MDP], Basel, Switzerland. ble energy sources, resulting in a continuous decline in the level of power system fre-
This article i ticl s . .

15 articiels an open access arce quency stability [8-10]. Therefore, it is of great importance to thoroughly study and de-

distributed under the terms and

conditions of the Creative Commons  VElOP an effective method to improve the frequency stability of a power system with high

Attribution (CC BY) license. penetration of renewable energy.

Electronics 2026, 15, 820 https://doi.org/10.3390/electronics15040820



Electronics 2026, 15, 820

2 of 15

Scholars have conducted extensive, in-depth research on wind farms participating in
frequency support. Droop control is often employed by wind farms to provide frequency
support. The design rule of the droop control coefficient is presented in [11], and the max-
imum droop coefficient considering the rotor speed constraint is given. Next, the time-
variable droop characteristic is proposed in [12], where the positive droop coefficient is
followed by a duration of a negative droop coefficient to achieve smooth recovery of the
kinetic energy. Virtual inertia control is another control method frequently adopted by
wind farms to participate in frequency support. A lag-lead-based phase compensator is
proposed to reduce the low-pass filter delay in the virtual inertia control loop and increase
its response speed [13]. Considering varying wind speeds, an adaptive virtual inertia con-
trol based on fuzzy logic theory is further proposed [14]. To improve frequency support
performance, an adaptive frequency support control strategy for a wind farm is presented
in [15,16]. The proportional gain is adaptively adjusted based on rotor speed so that the
secondary frequency drop is avoided and rotor speed recovery is improved. In order to
achieve frequency regulation similar to synchronous generators, the rotor speed and pitch
angle are combined to enable wind farms to pre-reserve a portion of wind power [17].
Moreover, based on linear optimization, a coordinated power reserve for a wind farm is
implemented, which can maximize kinetic energy and minimize the blade pitch action of
the wind turbine generator [18].

Traditionally, the frequency of all system nodes after a disturbance can be approxi-
mately represented by a certain system node frequency. With the increasing proportion
of renewable energy, for the same disturbance, the frequency difference across system
nodes at the same time becomes larger due to decreased system inertia, and the frequency
of all system nodes cannot be represented by a single node frequency [19]. This phenom-
enon is also called the frequency distribution characteristic. Additionally, in the above
current frequency support control strategy, each wind farm provides frequency support
independently. In order to improve the frequency distribution characteristic and fre-
quency support performance, mutual cooperation between wind farms warrants attention;
such research is rare. Therefore, a collaborative control strategy of wind farms for fre-
quency support is put forward, where the wind farm could adjust its participation inten-
sity based on the node location of the system frequency extremum. The effectiveness is
further validated by Matlab-based simulation results.

The remainder of this paper is organized as follows. In Section 2, the DC power flow
analysis model of the power system is established. Then, the analytical relation between
the different system node frequencies and the active power disturbance is derived theo-
retically, and its frequency distribution characteristic is further analyzed mathematically.
In Section 3, based on the frequency distribution characteristic, a collaborative control
strategy for multiple wind farms adopting virtual inertia control and droop control is pro-
posed to participate in frequency support. Finally, the effectiveness of the frequency sup-
port collaborative control strategy is validated through simulation results of the improved
four-machine two-area power system in Section 4. Section 5 concludes this paper.

2. Frequency Distribution Characteristic
2.1. Frequency Distribution Characteristic of Multi-Machine Systems

For the high-voltage transmission power system, the line resistance is much smaller
than the reactance. The DC power flow method can be employed to approximately estab-
lish the mathematical relation between active power and rotor angle (phase angle), and
the frequency derivation at each system node after an active power disturbance can then
be further deduced [20]. Therefore, the following three assumptions are given: (1) the ac-
tive power losses are ignored; (2) the effects of the reactive power and bus voltages are
neglected; and (3) both synchronous generators and wind farms are regarded as power
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injection models at the corresponding buses. Next, the equivalent model of the power sys-
tem with n buses, including m generator buses and [ wind farm buses, is given in Fig-
ure 1, where P,;, P,; and Pj; aretheactive power of i-th synchronous generator, i-th wind
farm and i-th load and xg; is the transient reactance of i-th synchronous generator.

xd, 1 Network m+lo_—} Pw‘ m+1
F., O>1I0—
o _01 m+2o_—>Rv,m+2

P o.)_=_ o2 m+O—TfT—> P, i
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Figure 1. Equivalent model of a power system integrated with multiple wind farms.

Then, Equation (1) is further obtained.

PE _ BEE BEL 5}5
_PL - BLE BLL 5L (1)

where Py is the set of synchronous generator nodes and P, is the set of load nodes, where
the wind farm nodes are regarded as part of the set of load nodes. Bgg(m xm),
Bgr(m xn), Big(n X m) and By (n X n) are the corresponding susceptance matrices. g
and 6, are the rotor angle of the synchronous generator and the phase angle of the load
node, respectively.

It can be further obtained from Equation (1) that

PE :BEE5E - BEL (BLL71 (R + BLE5E )) (2)

When the load changes from P, to P, + AP, in a short time At, the power variation
of the synchronous generator is

AP, =-B, B, 'AR, 3)
The dynamic characteristic of the i-th synchronous generator can be represented by [21]:
5‘1' =, - @,
. (4)
M 0 = P:m' - Pe[

where i =1,2---m, §; is the rotor angle, w; and w, are the angular velocity and rated
angular velocity, Py,; and Pe; are the mechanical power and electromagnetic power, and
M; is the inertia coefficient.

Next, it can be known from Equations (3) and (4) that

M, 0. =—AP, :Z(BELBLLJ ),-jAPLj ®)
=

Due to the fact that fz; = w;/2m, Equation (6) is further obtained.

n

B. B .7') AP
fﬁ.zﬁ_;( wPu) A%, ©)

2 2zxM.

Without considering the primary frequency modulation and damping of synchro-
nous generators, we can get from Equation (6) that the frequency of the i-th generator
node in At can be represented by
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n

Ju =l 0w =1, +%;L;<BELBLL])”APLJ (7)
where Afg; is the frequency deviation of the i-th generator node and f; is the rated fre-
quency.

According to Equation (7), the frequency of the synchronous generator node after the
active power disturbance is related to the network structure and its inertia.
Furthermore, it can be deduced from Equation (1) that

§L:_BLL71 (PL+APL)_BLL71BLE§E (8)

The frequency deviation of the j-th load node Af;; can be obtained by taking the
derivative of Equation (8) with respect to time t.

5‘ . 1 & ~ . m _
Afy; = i = E;(_BLL ‘B )jigﬁi = _;(BLL 'Byg )jl-AfEi )

Then, we can get that

m

ij =Jfo— Z(BLL%BLE )ﬁAfEi (10)

i=1
Moreover, due to the fact that Y2, (=B Big);; = 1, the frequency of the j-th load
node satisfies the following relation.

m

min(fEi)<ij Z_Z(BLL%BLE )ﬁfEi <ma‘x(fEi) (11)

i=1

Based on Equations (7) and (11), the frequency distribution characteristic of the
power system after an active power disturbance is analyzed mathematically as follows.

(1) For the synchronous generator node, its frequency variation is related to the network
structure and its inertia;

(2) For the load node, its frequency variation is determined by the network structure and
the frequency variations of each synchronous generator node, and the frequency
magnitude will be between the maximum and minimum frequencies of the synchro-
nous generator nodes.

2.2. Verification of the Frequency Distribution Characteristic

To verify the derived system frequency distribution characteristic, a two-machine
power system integrated with two wind farms is built, as shown in Figure 2. x3,, X45, Xs6
and x4, represent the reactance between Bus-3 and 4, 4 and 5, 5 and 6, 6 and 7.
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Figure 2. A two-machine power system integrated with two wind farms.

An active power disturbance APj; = 1.0 p.u. is set at t =5.0 s and lasts for 1.0 s. The
simulation results of the different node frequencies are given in Figure 3. The frequency
of each system node varies over time, and the system node with the lowest frequency
changes over time. In addition, the frequency curves of G; and G, serve as the envelope,
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and the frequency curves of Bus-3, Bus-4, Bus-5, Bus-6, and Bus-7 fluctuate within the
envelope range, which validates the derived frequency distribution characteristic.

49.95
7

5 10 15 20
Time/s

Figure 3. Frequency curves of different nodes after an active power disturbance.

3. Collaborative Control Strategy of Wind Farms for Frequency Support

The control of the DFIG consists of rotor-side converter (RSC) and grid-side converter
(GSC) vector control. The goal of RSC control is to track a given reference value for active
power while reactive power runs at a unit power factor on the rotor side, and the goal of
GSC control is to keep the DC link voltage stable and maintain unit power factor operation
on the AC side [22].

The active power reference value for RSC control is provided by the rotor-side max-
imum power point tracking (MPPT) control, as shown in Figure 4, and its mathematical
model is given in Equation (12).

0 v, <V,
_JP
Pwm_ EAWV\SICp (//i’ﬂ) I/in<l/w <I/0ut (12)
O I/()ut <Vw

where p is the air density, 4,, isthe sweptarea, V, Vi, and V,,, are the wind speed, the
cut-in wind speed and cut-out wind speed, respectively, C,, is the wind energy capture
coefficient, which is determined by the tip speed ratio 4 and the pitch angle 8, and Py,
is the mechanical power.
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Figure 4. Active power control of RSC.

Furthermore, pitch angle control is employed by the DFIG to achieve wind power
reserve [23]. When the captured wind power is below the reference power, the controller
sets the blade pitch angle to 0°. When the captured wind power exceeds the reference
power, the blade pitch angle increases, thereby limiting the DFIG’s output power. The
control logic diagram is given in Figure 5.

_/

dt

[
rmax dl,max
e ﬁ —

min
Figure 5. Pitch angle control.

3.1. Frequency Support Control of Wind Farms

Since a DFIG-based wind farm utilizes MPPT control, it cannot release or absorb rotor
kinetic energy like a synchronous generator when the system frequency varies. If the rate
of change of frequency (ROCOF) signal is added to the DFIG control system to track fre-
quency variations, it can provide virtual inertia support to the power system [24]. Therefore,
the ROCOF signal is employed to implement virtual inertial control, and AP,,; is added on
the basis of the active power reference value of the MPPT, as given in Equation (13).

A})wl = _K df
dt

(13)
where K; is the differential loop coefficient and f is the synchronous generator node fre-
quency.

In order to improve the frequency response characteristic, the frequency deviation
signal is further employed by referring to the primary frequency modulation of synchro-
nous generators [25], that is, the power signal AP,,, is added on the basis of the active

power reference value of MPPT to implement droop control, as given in Equation (14).
APWZ = _KZAf (14)
where K, is the droop control coefficient and Af = f — f,.
Based on Equations (13) and (14), the frequency support control strategy of the DFIG-

based wind farm includes virtual inertial control and droop control, as shown in Figure 6.
AP, is the total additional power output.
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Figure 6. Control strategy of frequency support.

For a 50 Hz power system, the regulation stipulates that the allowed maximum fre-
quency deviation is 0.1 Hz. The frequency deviation will be alarmed when it exceeds 0.05
Hz, and frequency control measures will be carried out. Therefore, the maximum node
frequency deviation |max (Afg;)| > 0.05Hz is set to enable frequency support control,
and |max (Afg;)| < 0.05 Hz is set to disable frequency support control.

3.2. Collaborative Control Strategy of Multiple Wind Farms

In the power system integrated with | wind farms, under the traditional frequency
support control strategy, each wind farm provides frequency support independently. For
the j-th wind farm, the additional output power is APy.; when it adopts the frequency
support control strategy given in Figure 6. Then, we can get from Equation (3) that the
power variation of the i-th synchronous generator is

AR, =~ (BELBLLJ )l.j AR, = k;AP, (15)

where k;; represents the power impact sensitivity of the j-th wind farm to the i-th syn-
chronous generator.
Equation (15) reflects two situations:

(1) When the power system frequency increases or decreases, the virtual inertial control
of the wind farm will suppress the change in the frequency and reduce the frequency
deviation amplitude, but when the system frequency begins to recover, the virtual
inertial control will also suppress its recovery.

(2) The node location of the system frequency extremum changes over time, and the
fixed control parameters are not adaptive. The wind farm’s frequency support per-
formance can be further improved.

Therefore, for the power system with multiple wind farmes, it is of great significance to
collaborate multiple wind farms to provide frequency support, thereby reducing the real-time
maximum frequency deviation and improving the frequency distribution characteristic.

When an active power disturbance occurs, the synchronous generator nodes are
sorted from largest to smallest by the absolute value of their frequency deviation, and the
first p synchronous generator nodes are selected as a set o. Then, for the j-th wind farm,
we define that

Sk; = ; k; (16)
where Sk; represents the total power impact sensitivity of the j-th wind farm to the p
synchronous generators in set a, and Sk;e(0,1).

Next, the wind farm with Sk > 0.5 indicates that its frequency support is more effec-
tive for the set a, and further selects for parameter optimization to reduce the real-time
maximum frequency deviation of the power system. Based on the virtual inertia control

https://doi.org/10.3390/electronics15040820
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and the droop control proposed in Section 3.1, a collaborative control strategy for multiple

wind farms is presented, specifically as follows:

)

@)

When the minimum node frequency is lower than the rated value and is decreasing,
or the maximum node frequency is greater than the rated value and is increasing, the
control parameters of the selected j-th wind farm are optimized as

chj = /HlKlj’ chj = ﬂZKZj (17)

where B; € (1,0) and f, € (1,2). The greater B; or f5, is, the better the fre-
quency support performance will be.

When the minimum node frequency is lower than the rated value and is increasing,
or the maximum node frequency is greater than the rated value and is decreasing,
the control parameters of the selected j-th wind farm are optimized as

chj = ﬂ3Klj’ KZCj = /Hsz/' (18)

where f3 € (0,1). The smaller f; is, the better the frequency support performance
will be.

In practice, for safety, the change in amplitude of control parameters should not be

too large. In this paper, the change in amplitude is set to 0.5 times of the original control
parameters, thatis, f; = 1.5, f, = 1.5 and f; = 0.5.

Therefore, the flowchart of the collaborative control strategy for multiple wind farms

participating in frequency support is shown in Figure 7.

Wide Area Measurement System

Y

Input K,~ K,~ / and P

Calculate k; based on Eq. (15)

No

max(AfE‘.)‘ >0.0

A
>

Calculate Sk, based on Eq. (16)

Yes

Set K{~ K, based
on Egs. (17) and (18)

K

A A

Output AP, ; based on

Egs. (13) and (14)

| ,
\A » End

2

Figure 7. Flowchart of the implementation of the collaborative control strategy.
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4. Simulation Validation and Comparative Analysis

In order to validate the effectiveness of the presented frequency support collaborative
control strategy, the simulation model of a four-machine and two-area power system in-
tegrated with two wind farms is built in Matlab/Simulink. The network topology is shown
in Figure 8, and its parameter data are given in Appendix A.

WE.

5

e o]

19 111

WE,

6
10 11 12 |13 3 G,
=T+
! b—l !

R

4

G,

Figure 8. Four-machine two-area power system integrated with two wind farms.

In Figure 8, Pg; = 400 MW, Pg, = 200 MW, Pg; = 400 MW, Pg, = 300 MW, Py =
467 MW, Py, = 1367 MW, P,5 = 280 MW, and P, = 280 MW. The wind power penetra-
tion rate of the power system is about 30%. Both WF5 and WE6 adopt MPPT control, and
pitch angle control is employed to ensure that the wind farm maintains a power reserve
to support frequency. The presented collaborative control strategy for wind farms’ fre-
quency support is enabled when the node frequency deviation exceeds 0.05 Hz. A load
disturbance is set at Bus-11. The frequency of the synchronous generator node during a
sudden load increase/decrease and subsequent recovery is given in Figure 9. The node
location of the real-time frequency extremum changes over time, showing the frequency
distribution characteristic of the power system after a disturbance.

50.05 \ ‘ 50.25 ‘
50.225 —Gl
50 502 50.22 N --G2
49.95 50.15
N
50.1
T 499
S
50.05
49.85
50
49.8
49.95
49.75 ' ' ' '
0 10 20 30 40 0 10 20 30 40
Time/s Time/s

(@) (b)
Figure 9. Frequency curves of synchronous generator nodes under different scenarios. (a) Sudden

load increase and then recovery. (b) Sudden load decrease and then recovery.

Next, taking p = 2, the following control strategies are defined:

https://doi.org/10.3390/electronics15040820
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No control: WF5 and WEF6 do not participate in frequency support control.

Control strategy 1 (CS-1): WE5 and WEF6 participate in frequency support control in-
dependently, and the control parameters are K;_15 = Kj_16 =3, Ki_25 = K1_3¢ =0.4.

Control strategy 2 (CS-2): WEF5 and WF6 participate in frequency support control in-
dependently, and the control parameters are K, 15 =Ki_15, Ky_25 = Ki_55,K;_16 =
Ki-16)K2-26 = 1.5K; 2.

Control strategy 3 (CS-3): WE5 and WEF6 participate in frequency support control,
and the control parameters Kz_;s5, K3_55, K314 and K3z_,¢ are optimized by the proposed
collaborative control strategy.

4.1. Simulation Validation

Scenario 1: The load Pj;; increases by 300 MW at the speed of 50 MW/s and then
recovers at the speed of 50 MW/s after 2 s.

The simulation results of scenario 1 are given in Figure 10. As shown in Figure 10a,b,
the load suddenly increases and then recovers; meanwhile, the power system node fre-
quency also decreases and then recovers. During this process, Sks = 0.16 and Ske = 0.84;
then, Sks = 0.84 and Ske = 0.16 based on Equation (18). The real-time extreme frequency
values of the system node with No control, CS-1, CS-2 and CS-3 are shown in the black,
blue, green and red curves in Figure 10b. Compared with No control, WF5 and WF6 par-
ticipating in frequency support control can significantly reduce the frequency deviation
after a disturbance. Compared with CS-1, the greater parameter of droop control in CS-2
and CS-3 will benefit frequency support. Moreover, compared with CS-2, CS-3 can further
reduce the system node frequency deviation and accelerate its recovery. Consequently,
the system frequency distribution characteristic is improved. The additional power out-
put of WF5 and WF6 with different control strategies during the frequency support pro-
cess is shown in Figure 10c and d, respectively. The wind farm could adjust the participa-
tion intensity in frequency support based on the node location of the system frequency
extremum, thereby maximizing the frequency support performance of the wind farm.

50.05
50 -
—No control
49.95 —CS-1
« Cs-2
= —CS-3
1T 499
E 49.92
3
49.85 499
’ ---> 49.88
49.86
49.8 49.84
: : 49.75 : 10 . 15
10 20 30 40 50 0 10 20 30 40 50

Time/s

@) (b)
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Figure 10. Simulation results of scenario 1. (a) Load disturbance; (b) extreme frequency of the system
node; (c) additional power output of WE5; (d) additional power output of WF6.

Scenario 2: The load Pj;; decreases by 300 MW at the speed of 50 MW/s and then
recovers at the speed of 50 MW/s after 2 s.

The simulation results of scenario 2 are shown in Figure 11. As given in Figure 11a,b,
the system node frequency increases and then recovers when the load suddenly decreases
and then recovers. During this process, Sks = 0.16 and Sks = 0.84; then, Sks = 0.84 and Ske¢ =
0.16 based on Equation (18). The real-time extreme frequency values of the system node
with No control, CS-1, CS-2 and CS-3 are shown in Figure 11b. Compared with No control,
WEF5 and WF6 participating in frequency support control can greatly reduce the frequency
deviation after a disturbance. Compared with CS-1, the greater droop control parameter
in CS-2 and CS-3 will benefit frequency support. Additionally, compared with CS-2, CS-3
can further reduce the system node frequency deviation and accelerate its recovery. The
simulation results of scenarios 1 and 2 validate the effectiveness of the proposed collabo-
rative control strategy.

—No control
50.2 —CS-1
—CS-2
—CS-3
50.15
N
B 50,1
2
«8
50.05
50
49.95 ) ) )
10 20 30 40 0 10 20 30 40 50

Time/s Time/s
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Time/s Time/s
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Figure 11. Simulation results of scenario 2. (a) Load disturbance; (b) extreme frequency of the system

node; (c) additional power output of WE5; (d) additional power output of WF6.

4.2. Comparative Analysis

In order to further validate the effectiveness of the proposed collaborative control
strategy of wind farms in frequency support, different levels of load disturbance AP,
are set, and the maximum improvement comparison of the system node frequency devi-
ation under different control strategies is given in Table 1. Mode 1 represents that P4
increases by APj;; at the speed of 50 MW/s and then recovers at the speed of 50 MW/s
after 2 s, and mode 2 represents that Pj;; decreasesby APj;; at the speed of 50 MW/s and
then recovers at the speed of 50 MW/s after 2 s.

Table 1. Maximum improvement comparison of system node frequency deviation.

Maximum Improvement/Hz

APy11 and Its Change Description

CS-3 vs. CS-1 CS-3 vs. CS-2
Mode 1 0.005 0.007
200 MW Mgdi 2 0.006 0.007
Mode 1 0.007 0.008
250 MW Mzdg 2 0.008 0.008
Mode 1 0.009 0.011
300 MW Mzdi 2 0.010 0.011
Mode 1 0.009 0.018
350 MW MZdE 2 0.012 0.019
Mode 1 0.006 0.022
400 MW Mgdi 2 0.014 0.023

As shown in Table 1, compared with CS-1 and CS-2, CS-3 can reduce the system node
frequency deviation and accelerate the frequency recovery across different disturbance
scenarios, further validating the effectiveness of the proposed collaborative control strategy.

5. Conclusions

This paper presents a collaborative control strategy for wind farms to provide fre-
quency support, which adjusts the wind farm’s participation intensity based on the node
location of the system frequency extremum, thereby improving the frequency support
performance of the wind farm. Simulation results show that the proposed collaborative
control strategy can further reduce the node frequency deviation after disturbances and

https://doi.org/10.3390/electronics15040820
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accelerate its recovery, which validates its effectiveness. Consequently, the frequency dis-
tribution characteristic is improved, and the frequency stability level of the power system
is enhanced.

Due to the utilization of the DC power flow method, there is an error in the calcula-
tion of Sk. Moreover, it is assumed that wind farms have sufficient frequency support
capacity during parameter optimization. Therefore, future work will focus on the follow-
ing two aspects. Firstly, the power impact of wind farms on synchronous generators will
be further precisely characterized to provide guidance for collaborative frequency support
control of wind farms. Secondly, the real-time maximum frequency support capability
evaluation of wind farms will be further studied to enable collaborative control that con-
siders wind farm operational states, which will promote the practical application.
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Appendix A

The parameter data of the four-machine two-area power system integrated with two
wind farms shown in Figure 8 are given in Tables A1-A4.

Table A1l. Synchronous generator data (Base Power: 900 MVA, Base Voltage: 20 kV).

Number R,/p.u. x/p.u. xg/p.u. xg/p.u. Tuo/s Tdo/S Xq/P-U. Xg/p.u. Tygo/s Tgo/s HJs
1 0.0025 0.2 1.8 0.3 8.0 0.03 1.7 0.25 0.4 0.05 6.5
2 0.0025 0.2 1.8 0.3 8.0 0.03 1.7 0.25 0.4 0.05 6.5
3 0.0025 0.2 1.8 0.3 8.0 0.03 1.7 0.25 0.4 005 6.175
4 0.0025 0.2 1.8 0.3 8.0 0.03 1.7 0.25 0.4 0.05 6.175
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Table A2. Load data (Base Power: 100 MVA, Base Voltage: 230 kV).

Bus Number Type P;/p-u. Qg/p-u. P, /p.u. Q./p-u
1 PV 4.00 0.16 0.00 0.00
2 PV 2.00 -0.81 0.00 0.00
4 PV 4.00 0.08 0.00 0.00
5 Slack 3.00 -0.89 0.00 0.00
5 PQ 0.00 0.00 -2.80 0.00
6 PQ 0.00 0.00 -2.80 0.00
7 PQ 0.00 0.00 0.00 0.00
8 PQ 0.00 0.00 0.00 0.00
9 PQ 0.00 0.00 4.67 -2.50

10 PQ 0.00 0.00 0.00 0.00
11 PQ 0.00 0.00 13.67 -4.0
12 PQ 0.00 0.00 0.00 0.00
13 PQ 0.00 0.00 0.00 0.00

Table A3. Line data (Base Power: 100 MV A, Base Voltage: 230 kV).

Bus Number

Start End R, /p.u. x./p-u. B¢
7 8 0.003 0.025 00438
8 9 0.001 0.010 0.0175
9 10 0.005 0.055 0.3850
10 11 0.005 0.055 0.3850
11 12 0.001 0.010 0.0175
12 13 0.003 0.025 00438

Table A4. Transformer data (Base Power: 100 MVA, Base Voltage: 230 kV).

Bus Number

Start End Ry/p.u. xt/p-u. Tk
1 7 0.0000 0.0167 1.000
2 8 0.0000 0.0167 1.000
3 13 0.0000 0.0167 1.000
4 12 0.0000 0.0167 1.000
5 8 0.0000 0.0167 1.000
6 12 0.0000 0.0167 1.000
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