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Ferroresonance Overvoltage Mitigation Using
STATCOM for Grid-connected Wind Energy
Conversion Systems

Mohamed 1. Mosaad and Nehmdoh A. Sabiha

Abstract—We present the ferroresonance overvoltage mitiga-
tion concerning the power systems of the grid-connected wind
energy conversion systems (WECSs). WECS is considered
based on a doubly-fed induction generator (DFIG). Ferroreso-
nance overvoltage associated with a single-pole outage of the
line breaker is mitigated by fast regulating the reactive power
using the static compensator (STATCOM). STATCOM control-
ler is introduced, in which two incorporated proportional-inte-
gral (PI) controllers are optimally tuned using a modified flow-
er pollination algorithm (MFPA) as an optimization technique.
To show the capability of the proposed STATCOM controller in
mitigating the ferroresonance overvoltage, two test cases are in-
troduced, which are based on the interconnection status of the
power transformer used with the grid-connected DFIGs. The re-
sults show that the ferroresonance disturbance can occur for
the power transformers installed in the wind farms although
the transformer terminals are interconnected, and neither side
of the transformer is isolated. Furthermore, as a mitigation
method of ferroresonance overvoltage, the proposed STATCOM
controller succeeds in improving the system voltage profile and
speed profile of the wind turbine as well as protecting the sys-
tem components against the ferroresonance overvoltage.

Index Terms—Ferroresonance overvoltage, doubly-fed induc-
tion generator (DFIG), static compensator (STATCOM), wind
energy conversion system (WECS).

[. INTRODUCTION

WING to the fossil fuel and pollution problems as well

as the clean and green generation, many renewable en-
ergy resources have been profusely integrated into the power
grid [1]. Photovoltaic (PV), fuel cell, and wind energy con-
version systems (WECSs) have been recently considered as
the mostly used renewable energy resources [2], although
they significantly affect the system reliability and voltage sta-
bility [3]. To overcome these problems associated with apply-
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ing renewable energy sources, some control techniques and
devices may be added to the power grid [4]. Generally, the
interaction of the wind farm with the power grid should be
dynamically investigated to avoid energy service interruption
from these resources.

In the wind farms, the doubly-fed induction generator
(DFIG) is one of the most important grid-connected energy
conversion systems. However, they were sensitive to the
wind speed variations, causing power fluctuations which bad-
ly affected the power quality [S]. With the high penetration
of WECSs, some restrictions and solutions were proposed to
support the ride-through capabilities under the abnormal
power grid conditions such as the voltage sag/swell and
faults [5]-[10]. In [9], flexible devices were added to regu-
late the active and reactive power flow between WECSs and
the power grid. In [10], a superconductor was connected
across the DC-link capacitor interconnected with the rotor-
and grid-side converters of the DFIG to regulate the reactive
power flow between the DFIG and the power grid. In [11], a
unified power flow controller (UPFC) was used to improve
the performance of the DFIG. A static compensator (STAT-
COM) was connected at the point of common coupling
(PCC) between the DFIG and the power grid to improve the
ride-through capabilities of the DFIG with either symmetri-
cal or asymmetrical faults [12], [13]. All those mitigated dis-
turbances, e.g., voltage sag and swell and faults, for the
wind farm interconnected with the power grid were con-
cerned by fundamental frequency and voltage disturbances.
Also, the STATCOM applicability was ensured for the chal-
lenges of grid-connected wind farm operations.

Ferroresonance phenomena usually occurred due to the in-
teraction between the system capacitances and non-linear in-
ductances, in which they could be initiated by abnormal
switching operations such as single-pole switching, transmis-
sion line clearing faults, and transformer energization. This
contributed to slow transient overvoltage with non-sinusoidal
or distortion waveforms affecting the power grid compo-
nents. Therefore, the ferroresonance overvoltage mitigation
was highly required to protect the power grid components
against the damage. The mitigation could be classified ac-
cording to the type of the considered transformer, i.e., volt-
age transformer or power transformer. For the voltage trans-
former, there were three main types of mitigation methods
called active, passive, and control methods. These methods
were widely covered in the literature [14]-[19]. However, all
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these methods were introduced to mitigate the ferroreso-
nance associated with the voltage transformers containing
light loads. There were few methods introduced to mitigate
the ferroresonance overvoltage associated with the power
transformers and more especially in the system of grid-con-
nected wind farms. In [20], the dynamic interaction of the
surge arrester within the non-linear inductance of the power
grid was considered to limit the corresponding chaotic ferro-
resonance overvoltage. However, the energy absorption limit
of the surge arrester was not evaluated, which could limit
the capability of the surge arrester to suppress the ferroreso-
nance overvoltage. In [21], solid-state current limiters associ-
ated with the reactor, resistor, and capacitor to mitigate both
the fault and ferroresonance were designed as a dual func-
tion. In [22], the inductive superconducting fault current lim-
iter was considered to mitigate the ferroresonance overvolt-
age. However, advanced technology is needed by the super-
conducting fault current limiters with an inductive behavior
practically installed.

The ferroresonance overvoltage in wind farms occured
due to the same reasons for the traditional power grids,
where the elements of ferroresonance dynamic interactions
were available such as the non-linear inductive elements and
capacitances. The power transformers associated with the in-
duction machines in the wind farms provided non-linear in-
ductive elements. Besides, there were capacitive effects due
to the overhead lines and underground cables distributed in
the wind farms to transmit and collect the generated power
toward the power grid. Furthermore, distributed reactive
power supported capacitors might be installed, e.g., with the
single-fed induction generators. In [23], further ferroreso-
nance causes for the wind farms were addressed. In [24], the
ferroresonance overvoltage were investigated considering en-
ergizing and de-energizing as the initialing conditions of the
ferroresonance. The research was considered for different
types of WECSs such as DFIG, squirrel cage induction gen-
erator, wound rotor induction generator, and permanent mag-
net synchronous generator. Ferroresonance overvoltage and
its mode were addressed to ensure the ferroresonance occur-
rences in the wind farms.

We introduce a new application for exploiting STATCOM
to mitigate the ferroresonance overvoltage of the grid-con-
nected WECS based on DFIG. STATCOM is used to control-
lably inject or absorb reactive power to interact with the fer-
roresonance instance. Therefore, it mitigates the correspond-
ing overvoltage due to ferroresonance occurrences. The con-
sidered STATCOM is controlled via two optimized propor-
tional-integral (PI) controllers, which are optimized by the
modified flower pollination algorithm (MFPA). Two differ-
ent scenarios for the ferroresonance occurrence in the power
grid including WECS, and the designed STATCOM are simu-
lated using MATLAB/Simulink. One scenario is for the un-
loaded transformer, while the second one is for the loaded
transformer. Based on the results, two different ferroreso-
nance types are investigated, in which the second scenario
produces higher overvoltage although the power transformer
terminals at both sides are in service. Therefore, the reactive
power participation of STATCOM is higher for the second
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scenario. Generally, the fast response from the STATCOM
successfully mitigates the ferroresonance overvoltage and
makes the system in safe operation.

II. SYSTEM DESCRIPTION

The power system under study consists of six WECSs in
DFIG-based wind farm, each rated in 1.5 MW, and is con-
nected to the power grid via two transformers and transmis-
sion lines as shown in Fig. 1. As the power grid is at 120
kV level while the WECS is at 0.575 kV level, the ratings
of the two considered transformers are 120 kV/25 kV and
25 kV/0.575 kV, respectively. As depicted in the zoomed
part in Fig. 1, two voltage source converters (VSCs) coupled
through DC capacitor are used for the WECS. The grid-side
converter (GSC), which is the first VSC, is used to ex-
change the power between the power grid and the capacitor.
The rotor-side converter (RSC), which is the second VSC, is
used to feed the machine rotor. The generator data are pre-
sented in Appendix A.

DFIG-based wind farm

WECS
O Wind turbine

i

PCC

Transmission O
line (30 km)
25kV/
Transmission| | 0-373kV 7777 ;
line (30 km) 0 ;
Bus 1 Bus 2 777777777
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, f e,
IgI::(rill::(r::t(())rrl #Gearbox HWind turbine
GSC

1

Fig. 1.

Power system under study with ferroresonance.

In the DFIG-based wind farm, the distributed capacitances
and non-linear inductances of the transformers and induction
machines enhance the ferroresonance occurrence, even if the
transformer is in service. In this paper, two different scenari-
os with ferroresonance overvoltage are considered when a
single pole of the breaker opens. The first ferroresonance
test case is the common one, where the power transformer is
connected to the system through a 30 km transmission line,
while its secondary side is isolated. In this test case, the fer-
roresonance phenomenon is stimulated by opening the pole
of phase a for the breaker installed at point M, where the
breaker pole stray capacitance is considered to be 0.01 pF,
and the status of breaker installed at point N is closed. The
other test case for simulating the ferroresonance is that the
pole of phase a for the breaker at point N is opened as
shown in Fig. 1. Note that there is a 30 km transmission line
connecting the WECS to the power grid, and the three poles
of the breaker at point M are open and isolated from this
branch. In this test case, the transformer under ferroreso-
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nance stress is in service, and there is no side isolated from
the power grid. However, a single-pole opening of the break-
er at node N causes the ferroresonance overvoltage as evalu-
ated in Section IV.

The single-pole switching of the circuit breaker is consid-
ered in this paper. The equivalent analytical circuit is shown
in Fig. 2 [25], where C,, and C, are the mutual and ground-
ing capacitances, respectively. As shown in Fig. 2, the net-
work topology is changed across the non-linear inductance
of the disconnected phase. The difference of the wind farm
is that there are distributed underground cable capacitances
and the non-linear inductance of the induction machine in
parallel with the non-linear inductance of the transformer,
which is shown as the dashed outlined non-linear inductance
in Fig. 2.

Fig. 2. Equivalent analytical circuit.

For the first ferroresonance scenario considered, the induc-
tance is only for the transformer as it is isolated at the sec-
ondary side, which is shown in Fig. 1, where the single-pole
switching is at point M. The second ferroresonance case is
that the transformer is in service and the switching is at
point N. However, the secondary side is not isolated but con-
nected to DFIGs which contain induction machines with fur-
ther non-linear magnetic circuits. Note that the machine rat-
ing is high, in which its participation is dynamically effec-
tive. The circuit in Fig. 2 has been usually utilized to analyti-
cally solve and find the ferroresonance overvoltage for sin-
gle-pole switching. Instead of solving partial differential
equations of the non-linear system, the other method is to
simply represent the circuit using transient programs such as
the electromagnetic transient program (EMTP) or MATLAB/
Simulink, involving the system parameters and non-lineari-
ties. The advantage of the analytical circuit is to evaluate the
effects of parameter variation on the ferroresonance perfor-
mance [20], [25]. However, in this paper, the system is mod-
eled in detail using MATLAB/Simulink. STATCOM is added
to the power grid at PCC to regulate the reactive power flow
and mitigate the ferroresonance overvoltage. Generally,
STATCOM is installed at the point of connecting WECS to
the power grid.

III. STATCOM CONTROL

Using the STATCOM to enhance the integration of WEC-
Ss into the power grid provides a promising performance if
they are properly controlled. Many controllers are introduced
to drive the STATCOM as reported in [13], [26]-[28]. Re-
garding different types of controller, the classical PI control-
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lers are used owing to their simplicity in the structure and
implementation. Furthermore, the PI controllers are convert-
ed into adaptive controllers to drive the STATCOM for the
WECS [6], [29].

Driving the STATCOM for the WECS to mitigate the fer-
roresonance is a non-linear problem. Accurate adjustment
and tuning of the control parameters are needed to control
the STATCOM using PI controllers. Evolutionary computing
(EC) techniques are used for the optimal tuning of the PI
control parameters in many applications. Genetic algorithm,
particle swarm optimization, cuckoo search optimization, har-
mony search (HS), bacterial foraging optimization (BFO),
MFPA, and electromagnetic field optimization (EFO) are uti-
lized to find optimal PI control parameters for wide applica-
tions in the power grid [29]-[31].

By regulating the reactive power flows between the STAT-
COM and the power grid at PCC, the voltage at PCC can be
controlled to mitigate the ferroresonance overvoltage for
grid-connected wind farms. The ferroresonance phenomena
cause a sudden increase in the system voltage instantaneous-
ly and in the form of repetitive transients and power frequen-
cy waveform distortion as the ferroresonance repeatedly oc-
curs within positive and negative half-cycles.

A. STATCOM Controller

STATCOM is introduced to regulate the voltage and miti-
gate the effects of ferroresonance on the power grid. STAT-
COM is composed of two converters linked to DC capacitor
C, as shown in Fig. 3(a). One converter is an uncontrolled
rectifier (converter A), while the second one is a controlled
DC-AC inverter (converter B). Through converter A, the
power flows from the AC side to the DC side and vice versa
for converter B. The controlled converter controls the charg-
ing/discharging of the capacitor based on the values of the
PCC voltage and the STATCOM voltage V. Under the nor-
mal operation condition, the STATCOM voltage lags the
PCC voltage that leads to the power flow from the AC side
to the DC side, consequently charging the capacitor to the
maximum value of the grid voltage at PCC. If the capacitor
voltage reaches the maximum value, there will be no power
flow between the STATCOM and the power grid. Under ab-
normal operation conditions in the PCC voltage, the capaci-
tor discharges and absorbs reactive power from the power
grid.

The STATCOM is controlled by two PI controllers. The
parameters of the two PI controllers are tuned by the optimi-
zation technique of MFPA. MFPA is used to minimize the in-
tegral of the square of error (ISE) between the reference volt-
age (1 p.u.) and the actual grid voltage at PCC. Then, the
STATCOM successfully regulates the system voltage during
the ferroresonance occurrence. The block diagram of the
STATCOM controlled by the two PI controllers is shown in
Fig. 3(b).

As shown in Fig. 3(b), the three-phase voltage V, V,, V.,
of PCC are sensed and converted by the dg frame into V),
and V,. The other dg frame is to transform the three-phase
current /,, 1,, I, into 7, in which I, is set to be zero as there

b Le qm>

is no active power flow between the system and the STAT-
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COM. The voltage magnitude at PCC V, is calculated based
on V, and V,, then it is compared with the reference voltage
V. of 1 p.u.. The error between the reference and the volt-
age magnitude at PCC is e,. Based on the difference be-
tween the voltage magnitude at PCC during the network dis-
turbance such as ferroresonance and the reference voltage, e,
is used to stimulate controller A for updating the reference
quadrature axis current as well as /. Controller B is used
to update the angle a, which is based on the difference be-
tween the updated reference quadrature current and the
quadrature current component. This angle is added to the
phase angle of PCC terminal voltage 6. Sinusoidal pulse
width modulation (SPWM) is utilized to generate the switch-
ing pulses of the three-level inverter, driving the STATCOM
to control the inverter voltage injected into the system based
on a control [6].

¥

Vector Rotating axis ’ Phase locked loop ‘
magnitude transformation
L )
[a [b IL'
v, v,
Va Vb Vc
(b

Fig. 3. Circuit and block diagram representation of STATCOM. (a) Single-
phase STATCOM circuit. (b) Block diagram of STATCOM controlled by
two PI controllers.

Controller A has two parameters K, and K,,, and control-
ler B has the other two parameters K , and K, MFAP is
used to optimally tune the parameters of two PI controllers
while minimizing the objective function J, which is the inte-
grated square error (ISE) function of e, (¢) as:

= ;(el,(t))zdt )

The STATCOM is not used as an exact PCC voltage con-
troller but it allows the voltage to vary in an accepted range
proportional to the compensated current. Without allowing
the voltage variation, a zero slope or droop is achieved
which causes a poorly defined operation point and tendency
to oscillation. In addition, the maximum capacitive and in-
ductive ratings of the STATCOM could not be extended if
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the droop control is activated. The droop controller is used
to allow the voltage to be more than the no-load voltage at
inductive compensation and, conversely, for capacitive com-
pensation as shown in Fig. 4. [. abd I, are the capacitive
and inductive mode currents, respectively; and /., and /.,
are the maximum capacitive and maximum inductive mode
currents, respectively.

127 ‘ 127
1.0+ 1.0F
0.8 0.8F
£ 06 £06
0.4} 0.4
02} 0.2
oL 0
]L,lllax IL

(b)

Fig. 4. Characteristics of current and voltage for STATCOM with droop
controller. (a) Capacitive mode. (b) Inductive mode.

B. MFPA

MFPA is an amendment for the flower pollination algo-
rithm (FPA) that depends on the application of clonal compo-
nent animated from the clonal selection algorithm. Random
walks are utilized to put in place of the Levy flights for
their speedy convergence. The random walks are picked
from a non-uniform distribution between 0 and 1. Besides,
the local pollination is updated by step-size scaling factor y,.

The pollination in flowers is a natural process, in which
the pollinators are carried out by two types of carriers: biotic
and abiotic. Biotic pollination refers to the process when the
carriers are living organisms like insects. Abiotic pollination
refers to the process when the carriers are non-living organ-
isms such as air [31]. Some insects such as bees follow a
Levy flight of the pollen to carry pollinators between the
flowers and travel for long distances. If the bees carry the
pollinators to the same flower, this is self-pollination, other-
wise cross-pollination. Based on the four types of pollination
introduced and with some combination, the biotic and cross-
pollination are considered as global pollination, while the
abiotic- and self-pollination are considered as the local polli-
nation.

In the global type, the best generation is ensured by the
ability of insects to travel for long distances, and the fittest
is represented as J*. J is the objective function to be mini-
mized as defined in (1). Then, the flower fastness and the
first rule can be mathematically expressed by:

Xt =xi+y, LJ = x)) )

where x! is a solution set at iteration ¢ of the i" current itera-
tion that contains four variables of the two proposed PI con-
trollers K, K,,, K ,, K, for the STATCOM; x;"' is the best
solution at iteration ¢+1; y, is the step size scaling factor;
and L is the pollination strength or the step size. The local
pollination and flower constancy are formulated as:

t+1

X =xlty, L e(xi—xp)

3)
where € represents a uniform distribution between 0 and 1;
x; is the iteration k; and y, is the step size scaling factor.
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The pollination may be local or global, then a switch proba-
bility P is used to discriminate them. The flowchart of MF-
PA optimization is illustrated in Fig. 5.

| Create a random initial population P,, |
Identify J

Is the generation
less than the maximum
generation?

Is the rand value
larger than P?

Draw from a step
X! and global
pollination via (3)

Select best m solutions from P,
to form clones P, population

!

Draw and randomly choose j and k&
from P,, and perform local pollination in (2)

!

Select best solutions from P,, and clones of P,, to
form new P,, population and replace P,, by new P,,

l
!
Find current best solution /" and if it does not change during successive
100 iterations, keep J” and replace P,, by a new randomly generated G,,,
]

Fig. 5. Flowchart of MFPA optimization.

MPFA is used to determining the optimal two PI control
parameters of the STATCOM for mitigating the ferroreso-
nance overvoltage of DFIG-based WECS through minimiz-
ing ISE between the reference and actual voltage as present-
ed in (1). Through 25 flowers and 100 iterations, the popula-
tion of the flowers is initialized by a random selection of the
four control parameters K, K, K, and K, and positive
values. Based on this random selection of the control param-
eters and the increasable voltage due to the ferroresonance,
the objective function is determined for each flower and the
global flower is selected from the populations in (2). For
each flower, a random number is selected within the proba-
bility. Otherwise, the flower is randomly selected for local
pollination. Pollinating the flower with global ones based on
(3) is finished for each flower. For 100 iterations, all these
processes are repeated, and the optimal four control parame-
ters are recorded based on the minimum objective function.

C. Comparison of MFPA and PSO for Optimal Tuning of PI
Control Parameters

To demonstrate the effectiveness of the proposed MFPA
optimization technique for optimal tuning of the PI control
parameters, another optimization technique namely particle
swarm optimization (PSO) is considered for comparison.
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The PSO is stimulated by the behavior of some living organ-
isms in groups like birds, fishes, and ants [32]. The PSO has
had many applications in different optimization problems in
power grid applications [30], [32], [33]. MFPA is proven to
have higher efficiency than some other optimization tech-
niques like PSO and harmony search for optimal tuning of
PI control parameters for different applications [30], [33].

MFPA and PSO are compared through minimizing the ob-
jective function given in (1), the four PI control parameters
using MFPA and PSO are given in Table I, and the conver-
gence curves is presented in Fig. 6 for 100 iterations. The re-
sults show that MFPA provides better performance than PSO
by reaching a lower value of the objective function that com-
plies with the results presented in [30], [32], [33].

TABLE I
OPTIMAL PI CONTROL PARAMETERS USING MFPA AND PSO

Technique K, K, Kz K,
MFPA 9 95 16 153
PSO 15 82 34 96
6
~ — MFPA
g 3 ——PSO
2
S 4
E
53
2
|
S 1
0 20 40 60 80 100
Iteration No.
Fig. 6. Convergence curves for MFPA and PSO.

IV. RESULTS AND DISCUSSIONS

The grid-connected WECS is tested with and without in-
stalling the STATCOM when the ferroresonance occurs. Two
cases are investigated including different services of the pow-
er transformer as follows.

A. Case 1: Ferroresonance Overvoltages of Isolated Trans-
Jformer at Secondary side

The ferroresonance is simulated in this case, while the in-
terconnection of the transformer of bus 1 is isolated as de-
picted in Fig. 1. The ferroresonance is initialized by discon-
necting the pole of phase a of the breaker at point M. The
voltage waveforms at the primary and secondary sides of the
transformer of bus 1 and bus 2 are presented without using
the STATCOM when the ferroresonance occurs are present-
ed in Fig. 7(a) and (b), where the opening time of phase a
for the breaker at point M is 1 s. The ferroresonance occurs
frequently for positive and negative half-cycles as observed
for the voltage measurements of bus 1 and bus 2. The ferro-
resonance increases the voltage of the opened phase instanta-
neously to 2.83 p.u. compared with the normal operation of
pure rated voltage waveform before the ferroresonance oc-
curs. The results confirm that the waveform distortion associ-
ated with high spikes is due to ferroresonance occurrence for
each half-cycle. The current spikes in the no-load current of
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the transformer increases from 0.01 to 0.1 p.u. due to the fer-
roresonances as depicted in Fig. 7(c).

’;:\ 3-—Phase a
&
> 2
)
s 1
S
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=2 3 . . . . . ) )
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4 —Phase a
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Fig. 7. Ferroresonance occurrence without STATCOM. (a) Three-phase
voltage waveforms of bus 1. (b) Three-phase voltage waveforms of bus 2.
(c) Three-phase current waveforms of bus 1.

When the controlled STATCOM is installed and evaluated
toward mitigating the waveform distortion due to the ferro-
resonance occurrences as shown in Fig. 7, the corresponding
voltage and current waveforms are improved as confirmed
by the performance shown in Fig. 8. The STATCOM with
the regulated power flow enhances and restores the voltage
and current waveforms of the transformer to be pure sinusoi-
dal ones. However, the open phase, which is a disturbance
that could not be compensated using the STATCOM, still af-
fects the voltage measurements,. The voltage of bus 1 is reg-
ulated at the level of 0.8 p.u. peak value due to the single-
pole disconnection as depicted in Fig. 8(a). The voltage at
the secondary side of the transformer of bus 2 is regulated at
reduced levels due to the A connection of this side as de-
picted in Fig. 8(b). Furthermore, the repetitive current spikes
of the unloaded transformer disappear as shown in Fig. 8(c).

Due to the ferroresonance occurrence, the rotor speed in-
creases by 16% which can damage the rotor shaft, and the
speed values could not be retained to be lower value as de-
picted in Fig. 9. With the controlled the STATCOM, the ro-
tor speed is slightly affected by the ferroresonance as con-
cluded from the comparison shown in Fig. 9. The proposed
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STATCOM controller fast injects the reactive power from
the STATCOM into the PCC to overcome the sudden in-
crease of the voltage due to the ferroresonance as shown in
Fig. 10.
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Three-phase voltage (p.u.)
=

-1.0! A h . . A . )
095 100 1.05 110 115 120 125 130
Time (s)
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= 1.0
S osl
> 0.5
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E‘ -0.5 '
E -1.0fy
= - 5 1 1 1 1 1 1 J
095 1.00 1.05 110 1.15 120 125 130
Time (s)
2
&
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(o]
3
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™
(5]
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= .0.004 L L L L L L )
095 1.00 1.05 110 1.15 120 125 130
Time (s)
(©)
Fig. 8. Ferroresonance mitigation with STATCOM (case 1). (a) Three-

phase voltage waveforms of bus 1. (b) Three-phase voltage waveforms of
bus 2. (c) Three-phase current waveforms of bus 1.
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Fig. 10. Reactive power of STATCOM (case 1).
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B. Case 2: Ferroresonance Overvoltage of In-service Trans-
former in Grid-connected WECSs

The pole of phase a of the breaker at point N of the trans-
mission line connecting the WECSs into the power grid is
opened at 1 s to simulate case 2. The ferroresonance is stim-
ulated, while the transformer is in service to interconnect the
WECSs into the power grid as shown in Fig. 1. Instanta-
neous voltage of PCC and bus 4 significantly increases to
higher levels than 1 p.u. as depicted in Fig. 11(a) and (b), re-
spectively. The current at PCC during the ferroresonance oc-
currence increases to 1.5 p.u. in a form of fundamental cur-
rent as shown in Fig. 11(c). Comparing the currents in Figs.
7(c) and 11(c), the current of the open phase in Fig. 11(c) is
significantly higher during the ferroresonance period, in
which this high current path is through the non-linear induc-
tance of the power transformer.
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Fig. 11. Performance with ferroresonance occurrence. (a) Three-phase volt-
age waveforms at PCC. (b) Three-phase voltage waveforms at bus 4. (c)
Three-phase current waveforms at PCC.

When the PI control parameters are optimized by MFPA
and used to mitigate the ferroresonance overvoltage, the cor-
responding performance is shown in Fig. 12(a) and (b) for
the measurements of the voltage at PCC and bus 4, respec-
tively. The voltage of the transformers at PCC and bus 4 are
affected owing to the single-pole opening of the breaker at
point N. However, the voltage is not in the form of overvolt-
age owing to the fast regulation of the reactive power pre-
sented by the STATCOM. Furthermore, the current at PCC
is reduced as shown in Fig. 12(c). The interrupted phase cur-
rent is diminished. The STATCOM has dynamically protect-

ed the transformer from being damaged due to the ferroreso-
nance overvoltage and overcurrent.

The optimal control of the STATCOM is attained to keep
the rotor speed at a minimum disturbance compared with the
speed values without using the STATCOM as shown in Fig.
13. The fast response of the reactive power from the con-
trolled the STATCOM is shown in Fig. 14, in which it could
mitigate the ferroresonance overvoltage and overcurrent.
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Fig. 12. Ferroresonance mitigation with STATCOM (case 2). (a) Three-
phase voltage waveforms at PCC. (b) Three-phase voltage waveforms of
bus 4. (c) Three-phase current waveforms of PCC.
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C. FFT-based Analysis

Ferroresonance modes are classified into four types: funda-
mental, subharmonic, quasi-periodic, and chaotic [34].
These types are recognized using the voltage or current spec-
tra. There are many features indicating the ferroresonance oc-
currence [34], e.g., high permanent overvoltage and overcur-
rent. However, the overvoltage and overcurrent lead to cata-
strophic failure of the power grid. There are several modes
for the ferroresonance interaction with the power grid. One
of the methods processed to estimate the ferroresonance
mode is the fast Fourier transform (FFT). Figure 15 shows
FFT of the disturbed phase voltage for the aforementioned
two test cases. Figure 15(a) and (b) illustrates the voltage
waveforms of phase a for FFT shown in Fig. 7(a) and Fig.
11(a), respectively. FFT is numerically processed during the
ferroresonance period using MATLAB. By comparing the
spectrum and concerning the modes in [34], the ferroreso-
nance of the case 1 is in a quasi-periodic mode, where there
are frequencies f,—f,, f,, f,» 3fi—f» and nf,+mf,, where f,
and f, are equal to 60 Hz and 80 Hz, respectively, and » and
m are the integers as reported in [34]. However, case 2 re-
fers to a chaotic mode with a fundamental dominant frequen-
cy. Figure 15(a) and (b) shows that the fundamental overvolt-
age of case 2 is higher than case 1 as the amplitude is high-
er.
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Fig. 15. FFT analyses of ferroresonance. (a) Phase voltage of case 1. (b)
Phase voltage of case 2.

V. CONCLUSION

We introduce two PI controllers of the STATCOM using
MFPA, where the interaction of STATCOM is successfully
utilized to mitigate the ferroresonance phenomena of the
DFIG-based grid-connected WECSs. The proposed optimal
controllers mitigate the ferroresonance disturbances due to
the rapid regulated injections or absorptions of the reactive
power based on STATCOM. Accordingly, the system wave-
forms are restored to the sinusoidal shapes. However, the sin-
gle-pole openning of the breaker has still caused a system
disturbance. Considering the performance with DFIG, the
voltage profile is improved and the generator rotor speed
during ferroresonance phenomena is achieved successfully.
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By evaluating the ferroresonance overvoltage waveforms of
grid-connected wind farm, the ferroresonance type is found
as the quasi-periodic mode for the unloaded transformer and
chaotic mode for the loaded transformer, in which it is nu-
merically processed using FFT. In this paper, the ferroreso-
nance occurrence is confirmed for the power transformer in-
stalled in the wind farms although they are fully in service.
Accordingly, the mitigation method has been introduced us-
ing the STATCOM, which has efficiently mitigated the ferro-
resonace in the wind farms.

APPENDIX A

Tables Al and AlI illustrate the parameters of induction ma-
chine and STATCOM rating data, respectively.

TABLE Al
PARAMETERS OF INDUCTION MACHINE

Parameter Value
Rated power 1.5 MW
Rated voltage 575V

Rated frequency 60 Hz
Stator resistance 0.0045 Q
Stator inductance 0.0357 H
Rotor resistance 0.0032 Q
Rotor inductance 0.033 H
Mutual inductance 0.575 H
TABLE AIl
PARAMETERS OF STATCOM
Parameter Value
STATCOM rating 4 MVA
Series line resistance 0.1301 Q
Series line reactance 242 Q
DC-link capacitance 750 pF
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