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Abstract—The recent interest in alternative and renewable
energy systems results in increased installed capacity ratio of such
systems in total energy production of the world. Specifically, Wind
Energy Conversion Systems (WECS) draw significant attention
among possible alternative energy options, recently. On the contrary
of the positive points of penetrating WECS in all over the world in
terms of environment protection, energy independence of the
countries, etc., there are significant problems to be solved for the grid
connection of large scale WECS. The reactive power regulation,
voltage variation suppression, etc. can be presented as major issues to
be considered in this regard. Thus, this paper evaluates the
application of a Static VAr Compensator (SVC) unit for the reactive
power regulation and operation continuity of WECS during a fault
condition. The system is modeled employing the IEEE 13 node test
system. Thus, it is possible to evaluate the system performance with
an overall grid simulation model close to real grid systems. The
overall simulation model is developed in
MATLAB/Simulink/SimPowerSystems® environments and the
obtained results effectively match the target of the provided study.

Keywords—IEEE 13 bus distribution system, reactive power
regulation, static VAr compensator, wind energy conversion system.

[. INTRODUCTION

Arecent topic of interest for the sustainable growth of the
world converges on a common point: Supplying the
increasing energy demand of the world with an environmental
friendly and energy efficient generation chain. Several
researchers from both academic and industrial world as well as
policy-makers of both developed and developing countries
have investigated and proposed many different solutions on
the mentioned issue. The most favorable solution is presented
as the investigation and widespread utilization of renewable
and alternative energy sources [1]. Among different
alternative sources of energy such as wind, solar, hydrogen,
bio-fuels, etc., the wind energy conversion systems (WECS)
can be considered as the most mature and prevalent
technology with a significant ratio of WECS in total installed
energy generation portfolio [2], [3]. However, this issue
provides the necessity of a detailed analysis on the grid
connection issue. The stochastic nature of WECS due to the
irregularity of wind speed is the main reason of this
requirement. There are many grid codes especially for the grid
connection of WECS and several aspects such as voltage and
frequency variation limits, reactive power content, etc. have
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been taken into account [4], [S]. These issues are especially
important during a fault condition that may occur close to
WECS. The mentioned faults generally occur as short circuits
as either balanced (three-phase) or unbalanced (phase to phase
or single-phase). The WECS should overcome these kinds of
abnormal conditions that are likely to face in real time
applications with additional “Flexible AC Transmission
Systems (FACTS)” such as Static VAr Compensator (SVC),
Static Synchronous Compensator (STATCOM), etc. and
relevant control strategies [6]. The grid connected WECS
especially with squirrel-cage induction generator (SCIG)
meets their reactive power requirements from the grid. If the
WECS is connected to distribution network and a fault occurs
at the distribution level, the reactive power requirements of
WECS after fault conditions will be supplied from the grid
impedance with higher values. In this condition, this issue
provides transient peaks on grid voltage. Especially, due to the
fact that the mentioned problems directly reflect to the end-
users at the distribution level, the utilization of FACTS
devices and their rapid control gain more importance [7].
Different studies have been conducted to provide solutions
for a continuous operation of WECS during such fault
conditions. Ramirez et al. [8] realized a study for enhancing
the low voltage ride through (LVRT) capability of WECS
utilizing STATCOM under single phase and three phase fault
conditions for Spanish grid system. The voltage falling to 0.5
pu (from 400 V to 200 V) in unregulated condition without
STATCOM is kept within the band of 380-400 V with the
utilization of STATCOM in [8]. Petersa et al. [9] provide a
study especially focusing on voltage regulation of a grid
connected 900 kW WECS utilizing SVC. A ratio of 1% from
0.96 pu to 0.97 pu under fault conditions is obtained in the
voltage of the grid connection point in [9]. Kyaw and
Ramachandaramurthy [10] proposed a control methodology
utilizing the standard fault response curve in order to regulate
the voltage drop during a fault condition in a test model of
Malaysian grid system. A fast response is obtained in [10] for
overcoming the voltage drop during the first steps of the
operation under fault condition, however totally suppressing
the voltage drop to the nominal voltage value required a
significantly longer time compared to the first fast response of
the algorithm. Different power quality problems such as slow
voltage variations, fast voltage variations (flickers),
harmonics, voltage dips and sags, etc. were investigated in
[11]-[15]. The voltage regulation during fault conditions by
SVC was considered by [16] and [17] both in simulation and
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experimental environments.

The above-mentioned studies together with other studies of
different authors can easily be found in the literature provided
contributions to the uninterrupted grid connection of WECS in
fault conditions. However, the performance evaluation of
FACTS devices with a distribution network that can provide
the possibility of evaluating the effects of fault condition to
different areas of a distribution network is considered in this
study. Related with this issue, the connection of WECS to
transmission systems with high short circuit powers provides
the necessity of extra investments such as extra transmission
line installations, addition of new transformers, etc.
Accordingly, the connection of WECS to distribution systems
instead of transmission systems has recently drawn attention
in order to promote the widespread utilization of WECS and
other types of distributed generation (DG) systems. As the
fault conditions generally occur at the distribution level and
the recent installed WECS are generally connected to
distribution network as mentioned, this study investigates the
possible cases of distribution network connected WECS
instead of transmission network connected WECS during fault
conditions. In this regard, IEEE 13 node test system employed
as a distribution network model is realized in
MATLAB/SimPowerSystems environment firstly. In the next
step, a WECS model which is suitable for system structure and
sufficient for supplying the power demand is integrated within
the test system. After the modeling of the DG based IEEE 13
node test system is completed, the next step as the main target
of the study is dedicated to solving possible overvoltage and
unregulated reactive power issues occurring during and after
the fault conditions at regions close to the WECS. To totally
overcome or minimize such drawbacks during and after the
fault, a three phase reactive power controlled SVC is modeled
and adapted to the test system and the performance of the
employed SVC with relevant control strategy is evaluated
from different points of view.

This paper is organized as follows. Section II describes the
methodology including the explanations the test system,
WECS and SVC units with relevant control strategy. The
obtained results of the simulation are given in Section III.
Finally, the overall study is discussed and conclusions are
presented in Section IV.

II. SYSTEM DESCRIPTION AND METHODOLOGY

In order to provide solutions for overvoltage and reactive
power problems occurring after fault conditions, IEEE 13
node test system is modeled in simulation environment. By the
integration of the WECS as a fundamental renewable energy
unit with the overall test system, the possible effects of
especially voltage and reactive power variations during fault
conditions are analyzed. The modeled SVC is located close to
the WECS and solutions are evaluated for the problems
occurring after fault conditions at distribution network. The
general system configuration is shown in Fig. 1 and the
relevant sub-details of the evaluated structure are presented
below:
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Fig. 1 General system configuration

TABLEI
SPOT LOAD DATA FOR IEEE 13 NODE TEST FEEDERS

Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-3

Node
Model kW kVAr kW kVAr kW kVAr

634 Y-PQ 160 110 120 90 120 90
645 Y-PQ 0 0 170 125 0 0
646 D-Z 0 0 230 132
652 Y-Z 128 86 0 0 0 0
671 D-PQ 385 220 385 220 385 220
675 Y-PQ 485 190 68 60 290 212
692 D-1 0 0 0 0 170 151
611 Y-1 0 0 0 0 170 80

TOTAL 1158 606 973 627 1135 753

A.IEEE 13 Node Test System and Employed WECS Based
DG Unit

The performance of the SVC unit for effective continuous
operation of grid connected WECS is evaluated using IEEE 13
node test system as stated before. The IEEE 13 node test
system shown in Fig. 1 includes single, double and three phase
lines and loads, making it significantly suitable for evaluating
the proposed methodology. The system lines 684-652 and
684-611 are single phase; lines 671-684, 632-645, 645-646 are
two phase and the remaining lines are three phase. The system
contains linear, nonlinear, and/or unbalanced loads. The load
data of the mentioned system is summarized in Table I.
Further complete network data and parameters can be found in
[18].

The mentioned test system is modified with the adaptation
of WECS based DG unit. The WECS design is realized with a
pre-evaluation of power flows within the test system for the
integration of the DG unit with the modelled test system.
Considering closeness to the determined fault point, the grid
connection is realized between buses 671 and 680. According

857



International Journal of Electrical, Electronic and Communication Sciences
ISSN: 2517-9438
Vol:9, No:8, 2015

to Fig. 1, a 1.375 MW WECS composed of 5 wind turbines of
275 kW is connected to the 4.16 kV IEEE 13 node test feeder.
WECS uses a SCIG and the wind speed during the fault is
determined as 10 m/s. As the considered WECS provides the
maximum output power at this wind speed level, this wind
speed value is selected in this study.

B. SVC Unit and Relevant Control System

SVC is an adjustable shunt connected static VAr
generator/load to exchange capacitive/inductive current in
order to regulate desired power system variables. Main
reasons for employing a SVC unit can be presented as
dynamic voltage control, additional signal stabilizing,
oscillation damping, supplementary control, etc. [19]. For
WECS, SVC units can be employed for fast-acting reactive
power compensation with the ability of separately controlling
each phase to overcome imbalance conditions [17].

The SVC used in the study includes three main components
as seen in Fig. 2: the reactor, the fixed capacitor and the power
switch (FC-TCR). The injected steady state current by SVC is
obtained as [20]

dsyc S wt < Agyc +0

(M

U
[ = X—L(cosasvc — coswt),
0, Asyc to S wt < agyec + 7
where U is the voltage at SVC connection point, that is the
voltage to be controlled, XL is the total inductance, Xc is the

capacitor, asvc is the firing delay angle, s is defined as the
SVC conduction angle according to:

o =2(m — agsyc) 2)

The variable susceptance, Bsvc, of SVC could be expressed
as:

21w — agyc + sin2agyc 3)
X,

Bsye =

Reactive power regulation is accomplished by varying the
firing angle of the SVC. The reactive power injected by the
SVC is calculated by,

u? “4)

Qsyc = X_c —Uzstc

It is to be noted that the L and C parameters of SVC are
1.38 mH and 15.9 pF, respectively. Besides, QL and QC
operating limits of the SVC are 4000 kVAr inductive and
5000 kV Ar capacitive totally for three phases.

With the integration of the WECS to the provided 13 bus
test system, it is required to provide solutions to the voltage
regulation and reactive power problems especially within the
conditions of fault. The SVC unit employed close to the grid
connection point of WECS is utilized for providing solutions
to the mentioned problems. The control algorithm with the
block diagram shown in Fig. 3 is developed in order to
provide reactive power regulation and then applied to the SVC
through the control unit.
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Fig. 2 (FC-TCR) SVC configurations
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Fig. 4 The reactive power grid code for WECS

It is aimed with the controlled adaptation of SVC with the
applied control algorithm to ensure the continuous power flow
of WECS during undesired fault conditions. Besides, the grid
code for reactive power given in Fig. 4 is also considered in
the control methodology. Thus, the fault-ride through
capability of WECS is promoted by the proposed structure.
The first step of the mentioned control algorithm seen in Fig. 3
is the reactive power measurement from the grid connection
point of WECS. The measured power value is compared with
the reference power value determined as zero. If the measured
power value is detected to be different from zero after
comparison, this difference is evaluated as an error. This error
value is supplied as an input to the PID algorithm and firing
angles between 900 and 1800 are generated to provide the
error value to be zero. Thus, the aimed reactive power value is
obtained as the conditions are improved with the generated
signal after the firing angle. Accordingly, the reactive power
requirement within the grid connection point is supplied by
SVC due to the fact that the reactive power of WECS at the
mentioned grid connection point is regulated as zero.
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III. TEST AND RESULTS

In this study realized within DG plant based IEEE 13 bus
test system, a three phase short circuit fault is analysed at bus
675 that is close point to the WECS. In order to observe the
conditions occurring during and after the fault, the fault period
is determined as 0.5 seconds between 1.5-2 seconds.
Accordingly, the test results obtained with the simulation
model are presented in Figs. 5-9.

If the obtained voltage variation results are analysed, the
steady state voltage at the beginning of the simulation is
nearly 2.5% better regulated to nominal phase-neutral voltage
of WECS compared to case without SVC. Besides, the voltage
of WECS reaches to 6500 V peak without SVC during the
fault as seen in Fig. 5. The mentioned peak voltage is 3500 V
with the utilization of SVC. The SVC unit employed in the
study considerably regulates and approximates the voltage
value to the desired reference values even it is designed as
reactive power controlled. Moreover, the employed SVC and
the control algorithm regulate the voltage within +15%
voltage interval within 0.02 seconds while this voltage
regulation speed value is obtained as 0.11 seconds without
SVC. Considering CBEMA and ITIC curves that describe the
tolerable input voltage range for equipment [21], this
condition presents a considerable regulation in voltage
standards. This issue can clearly be seen on the CBEMA curve
given in Fig. 6. After the fault, the voltage raises to 145% of
its nominal value. The system without SVC can recover this
voltage raise to the nominal value in 80 ms while the system
with SVC lowers this value to 1 ms as seen in Fig. 6. If the
system did not provide a voltage regulation within the
CBEMA and ITIC curves, the equipmentconnected, the
relevant network would fail and the distribution company

would have to compensate the relevant damage on the
mentioned equipment. The response time of the realized study
to fault conditions is lower compared to [9]. The voltage is
also regulated close to its nominal value faster than [10]. This
issue is provided by the effective performance of the algorithm
for reactive power regulation presented in Fig. 7.

The high values of reactive power occurring after the fault
are decreased to significantly lower levels with the reactive
power controlled SVC employed in the system as seen in Fig.
7. Besides, the reactive power value is maintained in steady
state values rapidly after the fault and the required active
power is supplied by the WECS instead of grid. The peak
reactive power without SVC reaches to 1.4 MVAr while this
value is lowered to 0.8 MVAr by employing the SVC unit
with a reactive power suppression of nearly 45%. It is to be
noted that this variation is also suitable for the reactive power
grid code previously given in Fig. 4. The overloading of the
grid is prevented and the WECS help the system while
recovering to steady state by operating the WECS close to the
full capacity. Accordingly, the active power varies as shown in
Fig. 8.

During and just after the fault, especially the voltage
variations at the nearest and remotest buses to the faults show
importance. Thus, it can be possible to analyse the impacts of
the fault on WECS and grid. After the fault occurring between
675-692 buses close to the WECS, the voltage variations of
three points are presented in Fig. 9. The most significant issue
while analysing the voltage variations at the nearest bus (bus
675), a comparatively close bus (bus 632) and the remotest
bus (bus 650) to the fault, the nominal voltage regulation is
rapidly obtained after the fault with the use of SVC. Thus, the
WECS is affected comparatively lower and reaches to nominal
operating conditions more rapidly.
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Fig. 5 The voltage variation at phase B of WECS grid connection point
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IV. CONCLUSIONS

This paper presents a SVC based reactive power regulation
of a WECS during fault conditions. The IEEE 13 node test
system is employed for the performance evaluation. A 1.375
MW WECS unit connected to IEEE 13 node test system is
considered in the current study and the SVC performance is
discussed for a three phase short circuit condition.

It is clear from the results that the WECS unit is
continuously operated even during the fault conditions with
the employment and control of the SVC system. A significant
reduction in voltage variation and reactive power requirements
is obtained with the proposed structure. A reduction in
transient voltage variation reaching to 40% is obtained with
the proposed strategy. On the other hand, the active power
production capability of WECS after fault condition is
increased in this regard as seen from the reactive power
regulation results compared to the case without the utilization
of SVC and the control unit. The obtained values are suitable
for international standard requirements and considerable for
large scale systems. The future of this study lies in the
adaptation of smart grid structure to the provided system in
terms of adaptive relay coordination.
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