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ABSTRACT Geomagnetic disturbance (GMD) arises during space weather and solar activity can result in
geomagnetically induced current (GIC) flow in the grounded power transformers in the power network. This
GIC may cause half-cycle saturation of transformers and lead to severe damage or blackout. To block the GIC
flow into the power transformers, the neutral blocking devices (NBDs) based on capacitor banks are often
installed in the neutral ground paths of transformers to mitigate the GIC. However, the high voltage (HV)
can build up across these capacitors during ground faults and may cause a ferroresonance phenomenon in the
power network. This phenomenon generates high voltages/currents in the transformer windings and results
in transformer failure. This work investigates the effect of connected NBDs to the power transformers on
the potential power network ferroresonance in Peninsular Malaysia. The complete analysis was carried out
using the Power System Computer-Aided Design for Electromagnetic Transients including Direct Current
(PSCAD/EMTDOC) software. These transformers were selected in the power network due to the sensitivity
of their locations to GMD events. The NBD systems were tested under different working conditions. The
simulation results found that the metal oxide varistors (MOVs) arresters in NBDs fault protection mode
effectively clamped ferroresonance overvoltages below the protection level under faulty conditions. Also,
the results showed that GIC protection modes with 1 € and 3180 uF in the mitigation systems had the
lowest ferroresonance overvoltages in the neutrals of the transformers under faulty conditions. Based on
the results, the recommendations were provided to the local power utility which will help to improve the
reliability of the power supply to the consumers.

INDEX TERMS Neutral blocking devices, ferroresonance, overvoltage, Malaysian power network,

PSCAD/EMTDC, power transformer.

I. INTRODUCTION

Geomagnetically induced current (GIC) is a phenomenon that
arises as a result of Geomagnetic Disturbance (GMD) during
solar storms and space weather events [1], [2]. When these
storms strike the Earth’s magnetic field, rapid magnetic field
variations occur on the ground and produce a geoelectric
field on the surface of the Earth [2]-[4]. This geoelectric field
induces quasi-DC current or GIC flow through conductors
and ground connected technological infrastructure [2]-[6].
Power transformers are the most affected by the GIC [7], [8].
When the GIC flows into the windings of the transformer,
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the asymmetrical saturation generated in the transformer
magnetic cores is called half-cycle saturation [9], [10]. This
saturation extremely increases the reactive power losses and
harmonic distortion of the transformer [11] and could result
in long-term damage to the system’s components [12], [13]
or blackout [8], [14], [15].

Researchers have developed different mitigation appro-
aches to limit the GIC flow into the power network. The neu-
tral blocking devices (NBDs) based on the capacitor banks
are the most common and attractive solutions to mitigate the
GIC in power systems [16]. Although the connection of the
capacitor in the neutral ground point of the transformer limits
the flow of the GIC into the winding of a transformer, the high
voltage (HV) could build up across the capacitor banks and
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lead to ferroresonance overvoltage conditions. The ferrores-
onance phenomenon is a non-linear resonance that occurs
in electric circuits containing non-linear inductance, capaci-
tance, and a voltage source. Non-linear inductance and capac-
itance include power transformers, voltage transformers, long
transmission lines and capacitor banks [17]-[19]. Usually,
this phenomenon is observed during transient disturbances
like high phase to ground faults [20]-[22], lightning strikes
[18], switching or the series connections of the capacitors
with transformer magnetising impedance and removing the
loads at the end of the transmission line [23], [24].

The ferroresonance can cause overvoltages, overcurrents,
and distorted voltage and current waveforms in an electrical
power system, posing a risk to transmission and distribution
equipment [25], [26], like overheating a transformer and
possible insulation damage, failures in cables, and arresters
[8], [19], [23]. As a result of these effects, great care must
be considered in the design of the GIC mitigation systems.
The strategy must be carefully examined to avoid problems in
the operation of the power system [27], [28]. In addition, the
overvoltage magnitudes due to ground faults depend on the
system grounding method (i.e., solidly grounded, resistance
grounded, high resistance grounded or ungrounded systems)
[29]. Therefore, this research investigates the effect of GIC
NBD systems on the potential power network ferroresonance
in Peninsular Malaysia. In the previous work, these NBDs
were connected to the four HV power transformer types in the
Malaysian power network. The efficacy of these mitigation
devices has been tested under GIC condition.

These transformer types have been selected from the
power network due to the sensitivity of their locations
to GMD events. The connected NBDs could successfully
block the injected GICs in the neutral paths of transform-
ers [30]. In this work, these NBD systems will be tested
under the faulty condition to investigate their impacts on
the potential power network ferroresonance. A complete sys-
tem was modelled using the Power System Computer-Aided
Design for Electromagnetic Transients including Direct Cur-
rent (PSCAD/EMTDC) software. The PSCAD/EMTDC is a
time-domain industry-standard simulation tool used to study
the electromagnetic transient behaviour of electrical sys-
tems [31] which is commercially available online [32]. Its
graphical user interface enables all simulation aspects to be
conducted within a single integrated environment including
circuit assembly, simulation-time control, result analysis, and
reporting. This paper is divided into the following sections.
The second section presents the modelling design of the
system which includes the NBD systems. In the third section,
the results of the simulation cases are presented. Finally, the
fourth section presents the conclusion and recommendations
to the local power utility in Malaysia.

Il. MODELLING DESIGN OF THE SYSTEM

The Malaysian power network and GIC mitigation system
based on the NBD were modelled using PSCAD/EMTDC
software. The power network model includes 54 substations
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FIGURE 1. GIC mitigation system based on NBD.

and 138 buses which are interconnected through transmission
lines at voltages of 500 kV, 275 kV, and 132 kV. The GIC
mitigation system was modelled based on a conventional
NBD concept presented in [20], [21]. It consists of three
operational modes which are solid ground, GIC protection
and ground fault protection modes, as presented in Fig. 1.
The solid ground mode is modelled by an AC breaker and
a DC disconnect breaker connected in series through a shunt
resistor (0.001 €2) to the ground. The breakers are built in the
PSCAD/EMTDC model with different options. The option
“open possible at any current” at the AC ground switch was
disabled, and the current chopping limit was set at zero. The
DC disconnect switch is modelled and enabled to open at any
current. The AC breaker has an HV stand-off used to protect a
DC breaker from any overvoltages, and a DC breaker is used
to break DC and quasi-DC currents.

GIC protection mode comprises of 50 kW (1 ) power
resistor connected in series with 1 € impedance capacitor
bank to ground, the capacitor value is equal to (3180 wF) at
50 Hz calculated based on Equation 2.

1
Xce=——=1 1
“T 2nfc M

1
C = 2
2nfXc 2

1

= — x3180 uF 3
27 x50 x 1 H )

In the previous work, we tested the GIC protection mode in
the connected NBD systems under an extreme geomagnetic
storm scenario with the value of 20 V/km. The capacitor
banks in the NBDs successfully could block the induced GICs
in the neutral paths of four types of HV power transformers,
as presented in Table 1 [30]. In this study, NBD systems were
tested under the faulty condition to investigate the impacts
of the GIC protection mode in the system on the potential
power network ferroresonance and the effectiveness of the
fault protection mode in suppressing the resonance overvolt-
ages. Note that the effect of the rest of the network on the
short-circuit current was ignored in the current analysis in
order to minimise the manuscript size and avoid confusion
to the reader. The flowchart of the used method is illustrated
in Fig. 2.
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FIGURE 2. The flowchart of the used method.

The fault protection mode includes a 4 kV metal oxide
varistor (MOV) surge arrester is used to protect the capacitor
bank in the NBD system and transformer from any resonance
overvoltage that might occur across the capacitor during any
line to ground faults. The protection level of the arrester was
set to 3.67 kV. The non-linear I-V characteristics curve of the
MOV arrester is presented in Fig. 3.

Varistors are variable resistors with varying resistivity that
corresponds to the applied voltage. They consist of materi-
als that present highly non-linear I-V characteristics, such
as zinc oxide with admixtures of other metal oxides. The
I-V characteristics of MOVs are significant parameters of
the surge arrester. MOV arresters are used to protect small,
medium, and high-voltage systems against transient overvolt-
age. They also provide high resistance under normal opera-
tion (normally above 1 M2). When a transient surge occurs,
their resistance decreases rapidly to below 1 Q within a few
nanoseconds and the applied transient current is discharged
to the ground. Furthermore, MOV provide a fast response to
transient surges and high energy dissipation characteristics.
Nevertheless, their life expectancy is limited as they are
degraded when exposed to a few large surges or much smaller
surges [33].

To ensure the accuracy of the I-V characteristics and
clamping level of the used arrester, the 10/350 us 25 kA
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FIGURE 4. 10/350 us 25 kA lightning current waveform.

standard lightning current waveform was applied to the
arrester in the PSCAD. The lightning current was modelled
using the Heidler function based on the following Equation.

n
t
1 (_> _t
i) =2 " e )

’ t
T ()
where [ is the current peak value, 1 is the correction factor, 71
is the rise time, and 73 is the decay time. The lightning current

waveform and the clamping voltage of the MOV arrester are
shown in Figs. 4 and 5, respectively.

IIl. RESULTS AND DISCUSSION

In this section, three case studies were performed, includ-
ing power transformers under normal operating conditions,
NBDs under faulty conditions, and the impact of NBDs on the
system and neutral voltages. The locations of these connected
NBD:s to the transformers in the system were selected based
on their vulnerability to the GICs, as illustrated in Fig. 2. The
details of these simulation cases are presented and discussed
in the following subsections, respectively.

A. RESULTS OF SIMULATION CASE 1

In this case study, the PSCAD model of the Malaysian power
network was operated under steady-state conditions. The
results of RMS and instantaneous voltages and current wave-
forms of four types of HV transformers that were connected
to NBDs in the power network are illustrated in Figs. 6 and 7.
According to Fig. 6, the RMS voltages of the transformers
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TABLE 1. Details of transformers that are connected to NBD systems.

Type Rated Voltage (kV) Rated MVA Substation No.
Autotransformer 500/275 1050 21
Autotransformer 275/132 180 22
Standard Transformer 132/33 45 17
Standard Transformer 132/11 30 19
primary side of 500/275 kV autotransformer is calculated
o according to Equation 6.
;>: 3.0
3 25 500
£ Viphase = —= = 288.68 kV ®)
g 20 V3
g 15 Veak = Vohase X V2 = 408.25 kV (6)
£ peak phase .
g 1.0
22 B. RESULTS OF SIMULATION CASE 2
000000 0.00002 0.00004 0.00006 0.00008  0.00010 In this simulation case, the behaviour of the installed NBD

Time (Second)~

FIGURE 5. Clamping voltage of 4 kV MOV arrester.
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FIGURE 6. RMS voltages at the primary sides of different transformer
types in the Malaysian power network under steady-state conditions.

were within the acceptable limits of the voltage regulation in
Malaysia, which were close to 1 pu [34]-[36].

It was obvious from the figure that the system reached
a steady-state condition after 0.7 seconds of the simula-
tion time. Fig. 7 presents the sinusoidal current and voltage
waveforms at the primary sides of the transformers under
steady-state conditions.

Based on the figure, the output current and voltage pro-
files of the power transformers were pure (clean) three-phase
sinewave and symmetrical around zero. Note that the peak
values of the voltages presented in the figure are instanta-
neous phase to ground quantities provided by multimeters
in the PSCAD. The peak value of voltage waveform at the
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GIC mitigation systems and the efficacy of MOVs arresters
used to protect the capacitor banks were investigated under a
Single Line to Ground (SLG) fault in two simulation scenar-
ios. Firstly, it was assumed that the GIC mitigation systems
were set to the solid ground mode (the AC and DC switches
assembly in the placed NBDs were in the closed position)
during the faulty condition, as illustrated in Fig. 8(a). Then,
the GIC protection modes in the NBDs were enabled (the AC
and DC switch assembly were in the open position) and the
simulation was repeated (Fig. 8(b)).

Additionally, proper settings (thresholds and time delays)
were determined with no GIC flowing into transformers (all
voltages representing the earth’s surface potentials were set
to zero magnitudes). The fault scenario was modelled using
the available fault source in the PSCAD/EMTDC library and
simultaneously applied to a primary terminal of transformers.
The fault time was set to start at 1 second of simulation
time and cleared after 0.1333 seconds. The SLG fault was
considered the most common fault that occurs in Malaysia.
According to the power utility company in Malaysia Tenaga
Nasional Berhad (TNB) five-year tripping statistics (from
2001 to February 14, 2006), more than 90% of the trip-
ping was caused by SLG fault [37]-[39]. Hence, this assess-
ment was necessary to investigate the possible ferroresonance
under faulty conditions and determine whether the situation
could be aggravated by overvoltage despite the expected
operation of the MOVs for these conditions. Besides, this
assessment was performed to evaluate the energy handling
capabilities of the MOVs used in NBDs since the MOV
would fail to open if its energy limit is exceeded dur-
ing the faulty condition, resulting in catastrophic overvolt-
age across the capacitors [22]. The applied fault current
and instantaneous current and voltage at the HV side of
500/275 kV autotransformer at substation 21 are illustrated in
Figs. 9 and 10.

The detailed results of the above tests for solid ground and
GIC protection modes of NBDs during the faulty condition
are presented in Figs. 11-13 and indicated as red and blue
lines, respectively. Additionally, Fig. 11 depicts that the RMS
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FIGURE 7. Three-phase current and voltage waveforms at the primary sides of different transformer types in the Malaysian power network under
steady-state conditions at (a) substation 21, (b) substation 22, (c) substation 17, and (d) substation 19.

-1 Neutral Current Flow
HV Path to Ground
Disconnect/ Unactive
Mode
Lv i .
: Fault Gc Solid Grounded
Switch Mode Mode Mode
O Kirk Key 1
Interlock | C |
g Brealer
1 Power | |
Resistor | |
Mov | oc |
Arrester | ) Breder |
| . |
L Capacitor
Power Transformer T Bank Shunt
Resistor
GIC Mitigation
System
(a)
1 Neutral Current Flow
HV Path to Ground
Disconnect / Unactive
Mode
Lv . . :
Maintenance Fault Protection GIC Protection Solid Grounded
Switch Mode Mode Mode
Kirk Key II‘ S
Interlock : )B(AC“ I
i Power |1 7% ':
Resistor || |
MoV H
Arrester | )B(eam!
! 1
L Capacitor T~~~
Power Transformer T Bank Shunt
Resistor
GIC Mitigation
System
(b)

FIGURE 8. Mitigation system during a faulty condition when (a) solidly
grounded and (b) GIC protection mode was enabled.

voltages at the HV voltage sides of transformers dropped
from 1 pu to below 0.78 pu during the faulty condition. The
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FIGURE 9. SLG applied fault current at the primary side of 500/275 kv
autotransformer at substation 21.
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FIGURE 10. Three-phase current and voltage waveforms at the primary
side of 500/275 kV autotransformer at substation 21 during the SLG fault.

RMS voltages experienced the same drop rates for both solid
ground and GIC protection modes of NBDs.

Meanwhile, Fig. 12 shows the neutral currents during
the solid ground and GIC protection modes of NBDs in
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FIGURE 11. RMS voltages at the primary sides of different transformer types in the Malaysian power network under faulty conditions at

(a) substation 21, (b) substation 22, (c) substation 17, and (d) substation 19.

substations 21, 22, 17, and 19. The results demonstrated that
all components (the switches and the shunt resistors) in the
solid ground mode and the MOV arresters in NBD mitigation
systems passed this phase of testing. The conducted fault
currents were cleared by the normal processes and at the same
time protecting the capacitor banks from damage. However,
the flowing currents during the GIC protection modes were
slightly smaller due to the available impedance in their paths.
Moreover, the graphs show that higher transformer MVA and
kV ratings resulted in higher flowing fault currents in the
neutrals. The largest fault current of 21.13 kA was observed
at the neutral ground of the 500/275 kV autotransformer
in substation 21 during the solid ground mode operation.
In comparison, the lowest current of 1.01 kA was observed
at the neutral ground path of 132/11 kV transformer in sub-
station 19, as illustrated in Fig. 12(a) and (d).

In terms of the possible voltage build-up across the capac-
itors and potential ferroresonance during the ground faults,
Fig. 13 shows that the solid ground mode operation of NBDs
presented good control of overvoltages from the neutral to
grounds, and the neutral voltages were close to zero. In this
case scenario, the MOV arresters were not operated (trig-
gered) since the neutral voltages were very small and did
not exceed the arresters’ clamping voltage level. However,
a small current leakage in the milliampere range could still
be observed in the arresters [40].

During the GIC protection mode, Fig. 13 shows that the
connected arresters in the NBD systems were enabled and
successfully clamped overvoltages in the neutral paths of
transformers to below their protection levels of 3.67 kV and
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drained most of the fault currents that the system experi-
enced. It should be noted that MOV provide a low resistive
path (typically 1-5 €2) when entering the pressure relief
mode. The highest clamped voltage variation was obtained
in the 500/275 kV autotransformer in substation 21 at
3.26 kV given its highest neutral fault current, as illustrated
in Figs.12(a) and 13(a). The developed voltage across the
NBDs could be greater than the device rating, particularly
when combined with the DC voltage caused by a GMD
event [22]. These overvoltages in the neutrals of transformers
during SLG faults and without MOV were further discussed
in the next simulation case. Regarding the potential effects
due to the rapid collapse of the neutral voltage by MOV,
two groups of researchers from the University of Manitoba
and ASEA Brown Boveri (ABB) corporation have analysed
the potential damage of transformer insulation when a MOV
rapidly collapses the neutral voltage. The researchers found
that this rapid change in the neutral voltage would not damage
the insulation on the transformer windings [20].

In order to demonstrate the pressure relief process of
the arresters and energy stress levels during the GIC pro-
tection modes, the flow of discharged fault current and
energy dissipated through MOVs under faulty conditions
were calculated and presented in Fig. 14. As depicted
in the figure, when the faults started at 1 second, the
MOVs were activated and drained the fault currents to
the ground. The discharged highest current and dissipated
energy through MOVs were observed at the NBD connected
to the 500/275 kV autotransformer in substation 21 up
to —19.82 kA and 3.206 MJ, respectively. At the NBD
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FIGURE 12. Neutral currents of different transformer types in the Malaysian power network under faulty conditions at (a) substation 21,

(b) substation 22, (c) substation 17, and (d) substation 19.
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FIGURE 13. Neutral voltages of different transformer types in the Malaysian power network under faulty conditions at (a) substation 21,

(b) substation 22, (c) substation 17, and (d) substation 19.

connected to the 275/132 kV autotransformer, the discharged
current and dissipated energy variations through MOV were
equal to —8.88 kA and 1.036 MJ. Whereas the discharged
current and dissipated energy of the MOV in the connected
NBD 132/33 kV transformer in substation 17 were equal
to 2.072 kA and 60.92 kJ. The lowest current and energy
dissipated through the MOV arrester in this simulation case
obtained at the NBD connected to the 132/11 kV transformer
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were —0.388 kA and 4.368 kJ. As shown in the figure,
the energy dissipation and current flow through the MOVs
were increased when the fault current was increased. The
dissipated energy of the arrester was computed based on
Equation 7 [41].

t
W= / up (1) i () dt (7
0]
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FIGURE 14. Simulation results of the MOV arresters in NBDs under faulty conditions (a) discharged current variations and (b) dissipated energy.

where W is the energy dissipated in the surge arrester during
the discharge process, fy is the time instant when the surge
current reaches the arrester, us(f) and is(¢) are the instan-
taneous voltage and discharge current across the arrester,
respectively. The results showed that connected NBDs to
the higher kV and MVA rated transformers, such as substa-
tions 21, 22, and 17, required high-energy MOVs handling
capabilities. If the MOV energy limit is exceeded, the MOV
will fail to open during the faulty conditions, thus, leaving
the NBD capacitor bank without HV protection. A failed
MOV condition would result in severe overvoltage across
the capacitor, which may cause major capacitor damage or
even transformer insulation failure [22], [23]. Some utilities
may connect an additional spark gap arrester parallel with the
MOV in the NBD system to provide an extra conducting path
to the ground and fault protection. Spark gap arresters have
been shown as reliable, simple, low cost, low capacitance, and
extremely high energy dissipation to handle very high cur-
rents [33]. The available arresters in the mitigation systems
should be replaced only under rare circumstances since the
occurrence of simultaneous faults during the GIC event was
very rare [20].

C. RESULTS OF SIMULATION CASE 3

During the operation of installed NBD mitigation systems,
the ground faults could result in ferroresonance overvolt-
age, while the transformer neutrals are in GIC protection
modes due to the higher grounding impedance. Therefore,
in this simulation case, the effects of power resistances
and capacitances in the NBD systems on the ferroreso-
nance overvoltage were investigated during the SLG fault in
two simulation parts when these systems were in the GIC
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FIGURE 15. NBD system without the MOV connection.

protection modes and MOV's were disconnected, as illustrated
in Fig. 15.

In the first part of the simulation, the values of the capacitor
banks were fixed at 3180 uF, while the connected power
resistances in the GIC protection modes of the NBD sys-
tems were varied in the range of 1-4 Q. The SLG faults
were applied to the primary sides of the transformers at the
NBDs-installed substations, and the neutral ground currents
and voltages were measured for each value. Similarly to the
previous case, the faults were set to occur after 1 second of
simulation time and cleared after 0.1333 seconds.

For the second part of the simulation, the power resistances
were fixed at 1 €2, while the capacitances of capacitor banks
were varied in the range of 31.8, 318.0, 3180, and 5300 uF.
The simulation was repeated and the neutral ground current
and voltage results were obtained due to the same applied
faults for each capacitance value. These above-mentioned
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FIGURE 16. Variation of RMS voltages of transformers with different resistances under faulty conditions at (a) substation 21, (b) substation 22,

(c) substation 17, and (d) substation 19.

values of series power resistor and capacitor bank available in
the GIC NBD systems were selected randomly and based on
the previous study [42]. Figs. 1618 depict the results of the
RMS voltages, neutral currents, and voltages of 500/275 kV,
275/132 kV, 132/33 kV, and 132/11 kV transformers in sub-
stations 21, 22, 17, and 19 for the first part of the simulation,
respectively. The results of 1, 2, 3, and 4 2 were represented
in the graphs as black, red, blue, and green, respectively.

Fig. 16 shows that similar values of RMS voltages were
obtained at the HV sides of transformers due to various
power resistances with the same voltage drops. The graphs
overlapped each other since they had similar results. The
RMS voltages of transformers dropped from 1 pu to below
0.78 pu when the fault currents were applied at 1 second.

Furthermore, Fig. 17 shows that the neutral currents in
the neutral paths of transformers slightly decreased by the
increase in the power resistances of the connected mitigations
systems under faulty conditions since they were supposed
to limit the current flows. The highest variations of neutral
currents were obtained at 1 €2, while the lowest variations
were obtained at 4 Q.

Contrary to the neutral currents, Fig. 18 shows that by
increasing the power resistances of the connected NBDs, the
neutral voltages of transformers increased during the faulty
condition. Fig.18(a) shows that the maximum variation of
neutral voltage in the neutral path of the 500/275 kV auto-
transformer was in the range of 43.8 to —58.2 kV when the
power resistance was 4 €2, while the minimum variation was
in the range of 20.5 to —43.7 kV when the power resis-
tance was 1 €2. Additionally, the maximum variation in the
neutral of 275/132 kV autotransformer was in the range of
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22.86 to —40.10 kV for a 4 2 resistance, while the minimum
variation was in the range of 11.05 to —27.44 kV when the
resistance was 1 2 (Fig.18(b)). Regarding the 132 kV trans-
formers, the maximum variations of the resonant voltages in
the 132/33 kV and 132/11 kV transformers were equal from
7.06 to —10.81 kV and 1.72 to —3.84 kV, respectively, for
a 4 Q power resistance, as illustrated in Fig.18(c) and (d).
These values decreased from 3.75 to —7.25 kV and 1.15 to
—3.03 kV when the power resistance decreased to 1 2 in
both transformers, respectively. This analysis showed that
the 1 € resistor in series with the capacitor bank effectively
dampened the potential resonances caused by the neutral
connection. In other words, a higher value of series power
resistor in a mitigation system might increase the potential
ferroresonance.

Figs. 19-21 depict the results of the RMS voltages, neutral
currents, and voltages of transformers for the second part of
the simulation when the value of power resistors in the NBDs
were fixed to 1 €2, whereas the values of the capacitor banks
were varied at 31.8, 318.0, 3180, and 5300 uF, which were
represented as black, red, blue, and green lines, respectively,
in the graphs.

Fig. 19 depicts that the drop in RMS voltages during the
applied faults at the primary sides of transformers decreased
slightly due to the decrease in the capacitance of the capac-
itor banks from the connected NBDs. For example, in the
500/275 kV autotransformer located in substation 21, the
RMS voltage dropped from 1 pu to 0.76 pu during a faulty
condition and when the grounding capacitances were equal
to 318, 3180, and 5300 uF (Fig. 19(a)). This drop rate
was reduced to 0.80 pu when the grounding capacitance
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FIGURE 17. Variation of neutral currents of transformers with different resistances under faulty conditions at (a) substation 21, (b) substation 22,

(c) substation 17, and (d) substation 19.
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FIGURE 18. Variation of neutral voltages of transformers with different resistances under faulty conditions at (a) substation 21, (b) substation 22,

(c) substation 17, and (d) substation 19.

was decreased to 31.8 wF under the same applied faulty
condition. The highest RMS voltage drop differences were
obtained by the 275/132 kV autotransformer in substation 22.
As shown in Fig. 19(b), when the grounding capacitance
was equal to 318, 3180, and 5300 uF, the RMS voltage
dropped from 1 pu to 0.75 pu. However, when the ground-
ing capacitance was decreased to 31.8 uF, the drop rate
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was reduced to 0.83 pu. The RMS voltage results in the
132/33 kV and 132/11 kV transformers were almost similar
for different grounding capacitances under each faulted cur-
rent with similar values compared to the previous simulation
cases (Fig. 19(c) and (d)).

In terms of the neutral currents, different variation rates
were obtained with respect to the different capacitor bank
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FIGURE 19. Variation of RMS voltages of transformers with different capacitances under faulty conditions at (a) substation 21, (b) substation 22,

(c) substation 17, and (d) substation 19.

values and transformer types, as illustrated in Fig. 20. For
instance, in Fig. 20(a), the maximum current variation in
the ground path of 500/275 kV autotransformer was in the
range of 16.31 to —17.13 kA when the capacitance of the
capacitor bank was equal to 5300 and 3180 uF, respectively,
during the applied faulty condition. The value range was
decreased slightly and became 14.25 to —14.21 kA when
the capacitance decreased to 318 wF. Furthermore, the mini-
mum variation of neutral current was in the range of 1.81 to
—1.30 kA when the grounding capacitance equals 31.8 uF.
The maximum variation of neutral currents obtained in the
275/132kV autotransformer and 132/33 kV transformer were
in the ranges of 19 to —19.43 kA and 7.91 to —7.78 kA,
respectively, when the grounding capacitances were equal to
318 uF. In contrast, the minimum variations were obtained
with values of 1.49 to —1.35 kA and 1.11 to —1.04 kA
for both transformers, respectively, when the grounding
capacitances were equal to 31.8 uF (Fig.20(b) and (c)).
In Fig. 20(d), the maximum variation of neutral current in
the 132/11 kV transformer was obtained in the range of
1.15 to —0.90 kA when the grounding capacitance was equal
to 5300 wF, while the neutral current was close to zero when
the capacitance was equal to 31.8 uF.

Fig. 21 illustrates the variations of resonant overvoltages in
the neutral paths of the transformers, where the NBD systems
were connected under faulty conditions. From the figure, the
lowest variations were obtained when the values of these
capacitors were set to 5300 uF. In contrast, the highest over-
voltage occurred when the capacitance of capacitor banks
was set to 318 and 31.8 uF. For example, in Fig. 21(a), the
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minimum resonant overvoltage variation in the 500/275 kV
autotransformer was in the range of 15.5 to —33.7 kV when
the grounding capacitance was 5300 uF. The value was then
increased at a range of 140.3 to —139.4 kV, which was
approximately four times greater when the capacitance was
decreased to 318 wF. The ground overvoltage was decreased
at a range of 119.9 to —125.1 kV when the grounding
capacitance was reduced to 31.8 uF. The finding indicates
that decreasing the capacitance of the capacitor bank would
not always increase the resonant overvoltages. It was worth
mentioning that the GIC blocking capacitor bank values in
previous cases were set to 3180 uF. In the 275/132 kV auto-
transformer, the minimum variation was in the range of 7.6 to
—19.9 kV for the 5300 uF capacitance, while the maximum
variation was in the range of 189.7 to —191.5 kV, which was
approximately nine times greater for the 318 uF capacitance.
This variation was considered the highest value among the
overvoltage results in the transformer’s ground (Fig. 21(b)).
In addition, Fig. 21(c) depicts that the resonant overvoltage in
the neutral of 132/33 kV transformer due to the applied fault
still had a large variation with a value of 80.7 to —76.1 kV
when the grounding capacitance was 318 uF.

In contrast, the minimum value was obtained with a value
of 2.6 to —5.8 kV when the capacitance was 5300 wF. How-
ever, the 31.8 uF capacitor bank developed a high oscillation
after the ground faults ended at 1.6 seconds and continued
until 3.7 seconds of the simulation time. In the 132/11 kV
transformer, the results of overvoltage for different capaci-
tor values were considered small compared to other trans-
formers with a 31.8 uF capacitance recorded the maximum
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FIGURE 20. Variation of the neutral currents of transformers with different capacitances under faulty conditions at (a) substation 21, (b) substation 22,

(c) substation 17, and (d) substation 19.
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FIGURE 21. Variation of neutral voltages of transformers with different capacitances under faulty conditions at (a) substation 21, (b) substation 22,

(c) substation 17, and (d) substation 19.

variation of 3.43 to —7.60 kV (Fig. 21(d)). Overall, the results
showed that the resonance overvoltage could be increased
by decreasing the capacitance of capacitor banks. However,
the increase rate varies from one transformer to another.
Also, the results of this simulation case demonstrated that
the amplitudes of overvoltages that were developed in the
neutral paths of transformers during SLG faults when the
GIC protection modes of NBDs were enabled and MOVs
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were disconnected. The obtained overvoltages in most cases
were large enough to damage capacitor banks and windings
of transformers. This scenario simulated the case when con-
nected MOVs fail to open under faulty conditions. There-
fore, when a neutral blocking system is implemented, it is
recommended to conduct a simulation analysis or laboratory
test to evaluate the potential resonance overvoltage across the
capacitor banks during faulty conditions, especially when the
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mitigation system is in the GIC protection mode. Given that
the increased overvoltage may exceed the energy handling
limits of MOVs used to protect capacitor banks, as dis-
cussed in the previous simulation case, therefore, additional
protection against ferroresonance events should be possible
by adding a relay capable of sensing such resonance and
bypassing the capacitor [20].

IV. CONCLUSION
This study investigated the effect of GIC NBD systems on the

power network ferroresonance in Malaysia. The Malaysian
power network and NBDs were modelled by using the
PSCAD software. The connected NBD systems to the trans-
formers have been evaluated under SLG faults with respect to
different working scenarios with and without MOV's connec-
tion. The available MOV’ that were used to protect the capac-
itor banks in the NBD systems could suppress overvoltage in
the neutral grounds during faulty events. Nevertheless, high
variations of dissipated current and energy were observed
through MOVs in the NBDs that were connected to trans-
formers in substations 21, 22, and 17 since these transform-
ers possessed higher MVA and kV ratings. The analysis
showed that the 1 Q2 series power resistors and 3180 uF (1 €2
impedance) capacitor banks in the mitigation systems effec-
tively dampened the potential ferroresonance caused by the
neutral connection. Based on the overall analysis results that
were obtained in this work, the following recommendations
are given to the local power utility.

1) Before a GIC mitigation system installation, it is rec-
ommended to perform a simulation analysis or labora-
tory test to assess the potential resonance overvoltage
across the power capacitors during a faulty condition
when this system is in the GIC protection mode.

2) MOVs connected to high MVA rating transformers
must be equipped with high-energy handling capabili-
ties or be connected to additional spark gap arresters in
parallel to avoid any failure and ensure the protection of
capacitor banks from severe overvoltage in the system
during ferroresonance phenomena or faulty conditions.

3) The values of series resistors and capacitor banks in
the mitigation systems should be 1 & and 3180 uF,
respectively.
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