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ABSTRACT Geomagnetically induced current (GIC) is a ground end manifestation of geomagnetic
disturbances (GMDs) and space weather arising from solar activity, which causes half-cycle saturation
and represents a potential hazard for a stable and safe operation of earthed high voltage (HV) power
transformers. Previous studies have shown that the impact of GIC is not limited to high and mid-latitude
regions, but it can also affect power systems located in lower geographic latitudes. This work presents
the impact of GIC on HV transformers in the Malaysian power network. A detailed power network was
modelled using the Power System Computer-Aided Design for Electromagnetic Transients including Direct
Current (PSCAD/EMTDC) software. The entire network was subjected to a geoelectric field strength
of 20 V/km at the northward and eastward directions. The GIC analysis has determined the most critical
locations in the power network model that are prone to high GICs. The simulation results demonstrated
that the most vulnerable substations to GMD events and experience the most severe GICs were those
located in the middle of the Malaysian power network. The GIC effects and saturation levels of four
transformers’ types in these locations have been investigated over the transmission network. Under the
GIC condition, transformers were driven into half-cycle saturation and their reactive power consumption
drastically increased. Thus, conventional GIC mitigation systems based on neutral blocking devices (NBDs)
were proposed and connected to the power transformers to block the GIC flow in their neutral paths. It was
found that the GIC protection modes in the mitigation systems effectively eliminate the injected GICs in the
neutral paths and are able to prevent the saturation occurrence of the transformers.

INDEX TERMS  Geomagnetically induced current, geomagnetic disturbance,
PSCAD/EMTDC, high voltage transformers, malaysian power network.

space weather,

I. INTRODUCTION

The Geomagnetically Induced Current (GIC) is a phe-
nomenon that occurs during space weather or Geomag-
netic Disturbance (GMD). It is considered one of the most
hazardous phenomena associated with space weather and
solar activities. These disturbances are masses of electro-
magnetic fields and particles, known as Coronal Mass Ejec-
tions (CMEs) that are emanated by the Sun during solar
activity. Sometimes these CMEs are many times larger than
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the Earth thrown out from the Sun in a specific direction and
can travel at speeds about 2000 kilometres per second (km/s)
in space [1]-[4]. Note that CMEs are only one kind of driver.
There are also corotating interaction regions (CIRs) and inter-
planetary (IP) shocks that cause GMDs [5]-[9]. Moreover,
large GICs in power lines can also be induced by detonating
nuclear bombs at an altitude of 30 km above the Earth’s sur-
face or higher, commonly known as a High-altitude Nuclear
Electro-Magnetic Pulse (HEMP). The gamma particles are
spread over a wide area by such detonation and collide with
air molecules. These collisions result in ionization of the
atmospheric layer and create an electromagnetic signal that
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might interact with electrical power networks and lead to
GIC [10], [11].

When CME:s strike the magnetic field of the Earth which
provides protection against the fast-moving plasma becomes
compressed and results in a varying magnetic field on the
ground. This magnetic field variation generates a geoelectric
field on the Earth’s surface and leads to GIC flow through
man-made technology [2]-[4], [12]. This GIC exhibits a very
low-frequency quasi-Direct Current (DC) (less than 1 Hz)
with amplitudes of 10-15 A and up to 300 A peak current for
1-2 minutes that flows along conductors and technological
infrastructure [13], [14]. The power transformers which are
connected by transmission lines are the most affected by
GIC events. The GIC enters from the neutral ground point of
the star-connected (wye) transformer windings and divides
equally among the phases [15], [16]. When the GIC flows
through the transformer windings, a DC magnetic flux is
generated in the core, whose magnitude depends on the GIC
flow magnitude. This DC flux is then superimposed on the
AC flux in such a way that the asymmetrical saturation takes
place in the magnetic cores of the transformers (half-cycle
saturation) and increases their reactive power consumptions
critically.

During saturation phenomenon, transformers draw an
extremely large asymmetrical exciting distorted current that
isrich in even and odd harmonics [17]-[21]. These harmonics
can trigger the relays improperly, overheating the generators
and transformer’s windings and cores, leading to unstable
operations of the power system and could result in long-
term damage to the system’s components. These effects may
turn into catastrophic failures (i.e., permanent damage or
blackouts) if they persist for a few minutes. The 1989 geo-
mantic storm in North America [16], [18], [22]-[24] that
lead to severe economic losses [2] is an example of such
catastrophic consequence due to the effects of GIC. Besides,
a review of previous studies has shown that the GMD effects
are not limited to power systems in high and mid-latitude
countries but also extend to HV power systems at lower
geographic latitudes and equatorial regions [25]. Therefore,
this research aims to investigate the impacts of GMD on
different types of HV power transformers in a power grid in
Malaysia that is located a few degrees south of the equatorial
electrojet (EEJ) current, an ionospheric current that ““snakes”
around the Earth along the magnetic equator. Previous works
showed that IP shocks are the main cause of the EEJ cur-
rent enhancement because the auroral electrojets are far at
high latitudes. Other previous works showed that IP shocks
that strike Earth nearly head-on may further compress and
enhance EEJ current effects leading to higher geomagnetic
perturbations related to GICs if stations and substations are
located near the local noon [5], [6], [8], [26]-[32].

A complete system that considers all network param-
eters and variations is modelled using Power System
Computer-Aided Design for Electromagnetic Transients
including Direct Current (PSCAD/EMTDC) software. The
PSCAD/EMTDC is an industry-standard simulation tool
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for studying the transient behaviour of electrical networks
in the time-domain [33] which is commercially available
online [34]. The PSCAD model in this work has been
designed to study the GIC effects on the power transformers
in the Malaysian power system. In addition, the produced
GICs in the system were calculated based on the nodal admit-
tance matrix method (NAMM) due to the given geoelectric
field. The correct assessment and mitigation effects of GMD
on HV power grids require detailed analysis considering the
influence of all factors that may contribute to increasing
the GIC risks. In addition, a conventional GIC mitigation
system is proposed and tested in PSCAD to block or reduce
the related effects. This paper is divided into the following
sections. In the second section, the modelling design of the
system is presented, which includes the PSCAD modelling
design of the power network, the GIC calculation method
and the modelling design of the GIC mitigation. In the third
section, the results of the simulation cases are presented.
Finally, the fourth section presents the conclusion and per-
spectives of this paper.

Il. MODELING OF POWER NETWORK

The Malaysian power network was modelled using
PSCAD/EMTDC software to investigate the GIC effects on
HV power transformers from different viewpoints and to mit-
igate the related impact with the application of conventional
GIC neutral blocking device (NBD) systems. The PSCAD
layout of the power network is illustrated in Fig. 3. The
PSCAD library provides users with many function blocks,
which help to build and design custom electrical devices and
different NBDs according to the system requirements and
GIC values.

1190.46
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915.07
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400
200
o]

132 275 500
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Line Range (km)

FIGURE 1. Transmission line length with the rated voltage used for the
design.

The modelled power network comprises 54 substations,
138 buses which are linked through transmission lines at the
voltages of 500 kV, 275 kV, and 132 kV. A total of 117 trans-
formers with different operating voltages was also included
in the system (Figs. 1 and 2). The power utility company
in Malaysia provided the system’s data. Given that GICs
are strongly dependent on the grid topology with higher
operating voltages of the grid implying smaller conductor
resistances, thus, the probability of GIC effects is higher.
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FIGURE 2. Number of transformers with the rated voltage used for the
design.

In addition, the grid expansion leads to a strong increase in
the intensity of GIC in substations [18]. In general, a modern
power system is divided into four major parts: generation,
transmission, distribution, and loads [35], and only the first
three parts are essential for the GIC modelling analysis [36].
Considering the unity power factor (ideal case), this work
only connected pure active loads to the system.

The bus voltages of the system in PSCAD are presented
in Fig. 4. According to the voltage regulation requirements
in Malaysia at steady-state operating condition [37], all bus
voltages were within the permissible limits between 0.95 pu
and 1.15 pu.

A. GIC CALCULATION

In this simulation case, the vulnerability of the power network
to GICs is performed considering the worst-case geomagnetic
storm scenarios by applying the uniform geoelectric field
with a value of 20 V/km to the power network model at
the northward and eastward directions. This field value was
selected to represent a 1 in 100 years storm scenario that could
occur during a severe GMD in a certain region, where the
Earth’s conductivity is low [38], [39]. This analysis will assist
in estimating the power grid response under such geoelectric
field amplitude, which may occur in the future, as well as to
identify the most critical locations that require NBD(s) instal-
lation. Also, it helps to test the efficacy of related mitigation
systems under a worst-case scenario.

The produced GICs due to the applied geoelectric field
are calculated across the Malaysian power network based on
NAMM. n the NAMM analysis, a circuit model of the power
network is treated as DC with consideration of DC resistance
parameters of system components since the GIC has a very
low-frequency range from power systems viewpoint. For the
GIC calculation, only windings that have physical connec-
tions to the ground, such as grounded wye connections are
considered since they provide the GIC flow path. Windings
without a physical connection to ground and mutual coupling
windings, such as ungrounded wye and delta windings are
excluded [28]. In [25], a detailed derivation of GIC calcula-
tion based on DC analysis was presented.
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B. GIC MITIGATION SYSTEM
A GIC mitigation system was modelled in PSCAD software
based on a conventional NBD concept presented in [10], [40].
The system consists of three operational modes comprising
solid ground, GIC protection, and ground fault protection,
as presented in Fig. 5.

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 a 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. The GIC protection
mode consists of a 50 kW (1 €2) power resistor connected in
series with a capacitor bank to the ground, where the capacitor
value (3180 uF) is equal to (1 2 impedance) at 50 Hz. The
capacitance of the capacitor bank for 1 © impedance was
calculated using the following equations.

1
Xe=—— =1 (1

2rfC

1

C = 2
2fXc 2

1
- 3183uF 3
27 % 50 x 1 " )

where f is the system frequency equal to 50 Hz, and C is
the capacitance of the capacitor bank. A signal from the
shunt resistor (0.001 €2) is used to detect any DC current
or GIC. This signal and/or detected induced harmonic from
the bus voltages of power transformer due to the GIC is
then used to trigger the system into the GIC protection mode
and effectively block DC or quasi-DC currents in the neutral
path of a transformer. The generated trip signal from the
control circuit is used to trigger (open) the AC and DC
switches during the GIC events. The flowchart process of
the control circuit is depicted in Fig. 6. The fault protection
mode is comprised of a 4 kV metal oxide varistor (MOV)
surge arrester connected in parallel with the GIC protection
mode to protect the capacitor bank and transformer from any
overvoltage that might build up across the capacitor during
potential ferroresonance conditions from any phase to the
ground faults. The parameters of the GIC mitigation system
are presented in Table 1.

TABLE 1. Parameters of the GIC mitigation system.

Shunt Resistor 0.001 Q
Series Resistor 1Q
Capacitor Bank 3180 pF
Operating Frequency 50 Hz
MOV Rating 4kV
MOV Clamping Voltage 3.67kV
Delay Time of Control System 2 Seconds
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FIGURE 3. PSCAD Modelling design of the system.

Ill. RESULTS AND DISCUSSION

Three case studies were carried out in this section, including
GIC calculation in the power network, the effect of GIC on
the transformer operation, and mitigation device operation
during the GIC event. The simulation results of these cases are
presented and discussed in detail in the following subsections,
respectively.
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A. SIMULATION RESULTS OF CASE 1

In this simulation case, the produced GICs were calculated
in the Malaysian power network model using the NAMM
due to the geoelectric field value of 20 V/km which uni-
formly applied to the entire system at 0° northward and
100° eastward directions. The results of only two directions
were presented because these angles are considered the main
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FIGURE 4. Bus voltages of the system in PSCAD.
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FIGURE 6. Flowchart of the control circuit.

field directions that generate the highest GICs in most cases
[41]-[50]. In this work, the 100° field angle contributes the
highest GICs in the entire system. The grounding resistance
of substations was set at 0.8 €2. The results of induced currents
at the substations are presented in Fig. 7. As seen from
Fig. 7(a), the produced GICs across the system at 0° are in
the range between 4608 A at substation 4 and —630 A at sub-
station 22. The results showed that the GICs tend to remain
either positive or negative at a particular site throughout the
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modelled storms [51]. The behaviour of the GICs in the power
network depends on the induced DC current in the power
lines and the resistance values of different elements in the
system [47].
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600 608 |*—— (substation 4)
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FIGURE 7. The response of the Malaysian power network model to
20 V/km electric field with respect to total GIC flow into substation
ground grids at field angle (a) 0° northward direction and (b) 100°
eastward direction. Positive GIC (current flowing into the bus) and
negative GIC (current flowing into the ground).

When the field angle was changed from 0° to 100°
eastward direction, the polarities and values of the GICs
across substations also changed. Most of the substations
located in the middle of the Malaysian power network
experienced higher induced GICs, especially substations
(17-22), as shown in Fig. 7(b). Transformers at these locations
were the prime candidates to be protected by GIC mitigation
systems given that they are the most vulnerable to GMD
events as well as the most critical to the stability of the
power system since they draw the highest reactive powers
during space weather events [52]. The maximum GIC was
obtained at substation 22 with a value of 743 A, as depicted
in Fig. 7(b). Also, the obtained high GICs in the middle of
the system are due to long transmission lines connected to
these substations with respect to different voltage levels. The
GIC was zero at substations that do not contain the neutral
grounded transformers since there is no ground path for the
GIC to flow into the system.

The adequacy of the GIC analysis results in this case was
validated using the IEEE benchmark test system that was
provided by Horton et al. [49]. The system was imposed
to a 1 V/km geoelectric field in the 0° northward and 90°
eastward directions. The results of substation” GIC of the test
system were compared with the results based on the NAMM
and denoted in blue and red colour, respectively, as depicted
in Fig.8. The figure shows that the substations GIC results
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TABLE 2. Critical locations that experience high GICs with respect to the different transformers due to geoelectric field 20 V/km.

Type Rated Voltage (kV) Rated MVA Substation No. GIC (A)
Autotransformer 500/275 1050 21 268
Autotransformer 275/132 180 22 743

Standard Transformer 132/33 45 17 433
Standard Transformer 132/11 30 19 505

were extremely close for both the northward and eastward
geoelectric field directions.
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100 = NAMM
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200
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FIGURE 8. GIC values provided in the previous study [49] compared to
the values calculated using the NAMM due to the 1 V/km geoelectric field
at (a) 0° northward and (b) 90° eastward directions.

B. SIMULATION RESULTS OF CASE 2

This simulation case, the four types of HV power transform-
ers available in the Malaysian power network were operated
under the GIC condition and the AC reaction of the system
was investigated without connection of the GIC mitigation
devices. This analysis was carried out in the PSCAD/EMTDC
software using the system model illustrated in Fig. 3, and the
transformers’ details are presented in Table 2. The controlled
voltage sources were used to inject the GICs into the power
system through the grounded neutral of the HV sides of
transformers. Most of the previous studies have used current
sources to represent the GIC flow into the system. This
approach is practical when studying the GIC effects on the
transformers. However, it is unsuitable in the case modelling
GIC mitigation system as the current source model would
attempt to force its current through an alternative path when
breaking an existing GIC path in the power network. For
instance, the GIC might be forced to flow through an open
breaker that is purposely modelled as a very large impedance
in a mitigation system, producing spurious voltages in the

VOLUME 9, 2021

simulation [53]. The waveforms of injected GICs are pre-
sented in Fig. 9.
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FIGURE 9. GIC waveforms due to 20 V/km geoelectric field at angle 100°
injected into neutrals of transformers.

The injected GIC values and locations of transformers
were selected based on the results of the previous simulation
case due to the geoelectric field of 20 V/km at 100° angle
(Fig. 7 (b)). The injection time for all transformers was set
simultaneously at 1 second, assuming that the GMD event
starts when the system is under the steady-state condition and
the duration time was set to Sseconds. The GIC is divided
equally between the phases of star windings transformers.
In autotransformers, the GIC flow is divided in all terminals
since the series and common windings are linked physically.

When the power transformers are subjected to GICs,
DC flux is impressed in the transformer cores, and half-cycle
saturation will take place. The magnitude of this DC flux is
dependent on the magnitude of the DC current, the number of
turns in the windings carrying this current, and the reluctance
DC path. During half of the 50-Hz cycle, the DC flux adds to
the AC flux and subtracts from the AC flux during the other
half cycle, consequently shifting the operating point of the
transformer’s magnetizing characteristics [54].

After the GICs were injected into the transformers in the
Malaysian power model, the half-cycle saturation occurred
in the transformers’ cores, as depicted in Fig. 10. Based on
the figure, the saturation period during the GIC in autotrans-
formers was much longer than other transformers. In other
words, the required time to accumulate flux and for the
magnetizing current to increase to steady-state was longer for
the autotransformers. This was due to the connected tertiary
delta winding in the autotransformer acts as damping winding
for the DC excitation and works against the DC current in
the primary winding. As a result, the increase of DC flux
will slow down. Eventually, the flux will finally increase to a
similar level as with no tertiary delta winding [55].
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FIGURE 10. Magnetizing currents of transformers before and after GIC (a) 500/275 kV autotransformer at substation 21 (b) 132/33 kV transformer at

substation 17.
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FIGURE 11. Magnetizing currents of different transformers’ types in the Malaysian power network under normal operating condition and during GICs in

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

The simulation results of the magnetizing current, hystere-
sis, instantaneous current and voltage, and reactive power
of transformers with and without GICs are presented in
Figs. 11-14. The results of normal operation conditions (no
GIC) and with GICs are depicted as blue and red lines,
respectively.

As shown in Fig. 11(a), the magnetizing current of the
500/275 kV autotransformer at substation 21 was symmet-
rical around zero under the normal operating condition with
a peak value of 0.0077 kA. When 268 A GIC was injected
into this transformer at 1 second simulation time, the mag-
netizing current was steadily drifted to the positive side.
After 1.5 seconds, the half-cycle saturation occurred, and
the peak current became 0.0098 kA. In Fig. 11(b), the
magnetizing current of 275/132 kV autotransformer at sub-
station 22 without GIC was 0.0025 kA. The magnetizing
current was then increased to 0.0067 kA on the positive

167210

side when 743 A of GIC was injected into the transformer.
Regarding the 132 kV transformers in the system under GIC
condition, Fig. 11(c) shows that the magnetizing current of
the 132/33 kV transformer at substation 17 was equal to
0.0068 kA under normal operating condition. After 433 A of
GIC was injected into the primary winding, the magnetizing
current was increased in the positive side of the waveform to
0.0134 kA. While in substation 19, the magnetizing current
of the 132/11 kV transformer was asymmetrically increased
from 0.0022 kA under normal condition to 0.006 kA
after 505 A of GIC was injected into the primary side
(Fig. 11(d)).

In addition, the hysteresis curves of the transformers during
normal AC operating condition with and without GIC are
presented in Fig. 12 to illustrate the half-cycle phenomena
more clearly. As shown in the figure, with no GIC, the curves
were symmetrical around the zero-flux point and the peak
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FIGURE 12. Hysteresis curve of different transformers’ types in the Malaysian power network under normal operating condition and

during GICs.
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FIGURE 13. Current and voltage waveforms at the primary sides of different transformers’ types in the Malaysian power network during GICs.

AC fluxes lay just under the knee points of the nonlinear
characteristics. When the DC fluxes were added to the AC
fluxes under a GIC condition, the transformers’ cores were
driven into the saturation region with asymmetric fluxes that
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exceeded the knee point in one of the half-cycles, as depicted
in red lines. It is because a slight increase of the flux requires
a very large increase of the magnetization current. Conse-
quently, the amplitude of the magnetization current becomes

167211



IEEE Access

Z. M. Khurshid et al.: Impact of GICs on High Voltage Transformers in Malaysian Power Network

500/275 kV Autotransfomer (Sub 21)

0 = Normal Operation
10 = With GIC

20
-30
-40
-50
-60

Reactive Power (Mvar)*

-68.84
-70 B

0.0 05 1.0 15 2.0 215 3.0 3:5 4.0 45 5.0
Time (Second)~

(a)
= Normal Operation 132/33 kV Transfomer (Sub 17)
= WithGIC o417
1:10; .
08 -
0.7656

o
S

Reactive Power (Mvar)*
o
(]

@ @
o N

0.0 05 1.0 1.5 2.0 25 3.0 3:5 4.0 45 5.0
Time (Second)*

(c)

275/132 kV Autotransfomer (Sub 22)

= Normal Operation
= WithGIC 1.025

510
;’0 8
g : 0.617
05 0.6
o
Q
204
ko]
302
& 0.0 GIC Injection Time
0.0 05 1.0 15 2.0 25 3.0 35 4.0 45 5.0
Time (Second)~
(b)
= Normal Operation 132/11 kV Transfomer (Sub 19)
5 = With GIC 053
+0.40
g 0.35
= 0.2881
+ 0.30
[
2 0.25
o
a 0.20
(]
=2 0.15
ko]
© 0.10
o 0.05

0.0 05 1.0 1.5 2.0 2.5 3.0 3i5 4.0 45 5.0
Time (Second)*

(d)

FIGURE 14. Active power of different transformers’ types in the Malaysian power network under normal operating and during GICs.

very high in a one-half cycle and decreases slightly in the
other half-cycle [56].

The worst saturation occurred in the 275/132 kV and
132/11 kV transformers, as presented in Fig. 12(b) and (d).
When the transformer core becomes saturated, the flux leaks
and travels outside the core through adjacent paths and is no
longer contained within the transformer core. This results in
additional flux linkages clamping the structural parts such
as tie plates, yoke clamps, tank cover, tank walls, and tank
bottom [57]. Similar results were observed in other studies
on the magnetizing current [58]. The hotspots may occur in
the transformers due to this flux and cause severe damage
to the insulation paper of the winding, produce gassing and
combustion of the transformer oil or lead to major transformer
failures [57], [59].

The impact of the saturation phenomenon could lead to
several consequences, such as harmonics in the excitation
and secondary currents, an increase reactive power consump-
tion, and a possible transformer breakdown [59]. Based on
Fig. 13, the three-phase excitation currents of the trans-
formers at the primary sides drifted to the negative side of
the waveforms and were accompanied by high harmonic
distortions under GIC conditions. These distortions reflect
the sensitivity of the transformers to DC excitation during
GMD events [55]. In Fig.13(a), the peak-to-peak excitation
current in the 500/275 kV autotransformer was in the range
of —0.21 to —0.46 kA. While in the 275/132 kV autotrans-
former, the peak-to-peak of excitation current was in the
range of —0.22 to —0.26 kA (Fig. 13(b)). Regarding the
transformers at substations 17 and 19, the peak-to-peak exci-
tation currents were in the range of —0.13 to —0.16 kA
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FIGURE 15. Simulation results of (a) sensor currents and (b) neutral
currents of transformers during GIC event.

and —0.14 to —0.18 kA in the 132/33 kV and 132/11 kV
transformers, respectively, as presented in Fig.13(c) and (d).

In terms of the saturation impacts on the transformers’
reactive powers, Fig. 14 shows that the reactive power losses
increased during the GICs condition. Because, during GICs,
the transformers will turn to an inductive load and consume
more reactive power resulting in fluctuations in the voltage
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FIGURE 17. Hysteresis curve of different transformers’ types in the Malaysian power network under normal operating

condition and during NBDs operation.

level. In addition, the reactive power increases to fulfil the
magnetization characteristics reported in the previous liter-
ature [60]-[63]. The reactive power consumptions of the
transformer under the normal exciting current and with GIC
condition are calculated based on equations 4 and 5.

Q=3U;-1 4

where U; and I} are the voltage and fundamental har-
monic values of the magnetization current in each
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phase, respectively.

Ocic =k 1y + 0 ©)

where k is the Mvar/ampere scaling factor, which depends on
the transformer’s core type [64], [65] and L. is the effective
value of the GICs flowing in the transformer windings, which
is dependent on the transformer’s winding type [39].

Fig. 14(b) shows that the reactive power consumption
of the 275/132 kV autotransformer has increased from
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FIGURE 18. Current and voltage waveforms at primary sides of different transformers’ types in the Malaysian power network during NBDs operation.
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FIGURE 19. Reactive power at primary sides of different transformers’ types in the Malaysian power network under normal operating condition and

during NBDs operation.

0.61 Mvar to 1.02 Mvar (increased 65.6%) after GIC injec-
tion. In substation 17, the reactive power of the 132/33 kV
transformer increased from 0.76 Mvar to 0.93 Mvar (incre-
ased 22.4%) (Fig. 14(c)). In the 132/11 kV transformer in
substation 19, the reactive power increased from 0.28 Mvar
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to 0.40 Mvar (increased 42.9%) (Fig. 14(d)). Likewise, in the
500/275 kV autotransformer at substation 21, reactive power
varied from -69.44 Mvar to -68.84 Mvar (decreased 0.9%),
which was considered a slight difference compared to the
actual value (Fig. 14(a)). The severity of the saturation and
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DC magnetization is dependent on the magnitude of GIC and
type of transformer. Usually, single-phase transformers are
more vulnerable with respect to this phenomenon compared
to the three-phase transformers [56]. Additionally, the size
and type of connected loads can influence the severity of the
saturation. This test is significant because it establishes some
of the principle behaviour patterns of large power transform-
ers during the presence of the GIC intended in-situ environ-
ment of the power grid rather than tests in the laboratory
environment.

C. SIMULATION RESULTS OF CASE 3

In the third simulation case, the modelled conventional GIC
NBD systems in PSCAD were connected to transformers in
the same locations of the second simulation case to investi-
gate the efficacy of these systems under such large GIC threat
scenarios and during system operation. The same GICs pre-
sented in Table 2 and Fig. 9 were injected into the system and
the second simulation case was repeated. The GICs injection
time was set at 1 second, and the time delay of mitigation
systems was set to 2 seconds so that after 1 second of the
GMD occurrence, these systems were enabled, as illustrated
in Fig. 15(a) and (b).

As shown in Fig. 15, when GICs were detected by sensors
of NBD mitigation systems, the solid ground mode switches
were opened at 2 seconds, enabling the GIC protection
modes, introducing a high impedance to the paths of very
low-frequency DC currents and effectively eliminating them.
The blocked DC currents were almost equal to zero in the
neutral paths of the transformers, where the mitigation sys-
tems have been installed. It is more revealing and valuable to
do a preliminary evaluation of proposed mitigation strategies
using GICs obtained in the Malaysian power network due to
the applied geoelectric field of 20 V/km.

Figs. 16-19 present the comparison of magnetizing cur-
rent, hysteresis, instantaneous current and voltage, and reac-
tive power of transformers under normal operating condition
(no GIC) and NBDs operation during the GIC depicted as
blue and red lines, respectively. In Fig. 16, it can be seen that
the operations of the mitigation devices prevented the satu-
ration of transformers, and their magnetizing currents were
symmetrical around zero, which matched with the results
under normal operating condition with no GIC so that they
overlapped.

Likewise, the hysteresis curves of transformers were cen-
tred around zero and laid just under the knee point, which
agreed with the results under normal condition (Fig. 17).
Also, the obtained simulation results of current and voltage
profiles of power transformers at the primary sides after GIC
mitigation systems operation were pure (clean) three-phase
sinewaves that did not contain harmonic distortions and were
symmetrical around zero, as presented in Fig. 18.

Regarding the reactive power outputs of the transform-
ers, Fig. 19 shows that when the installed NBD mitigation
systems were switched on after 2 seconds, reactive power
losses occurred in the transformers due to the injected
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induced currents were successfully eliminated. As shown
in the figure, during the operation of the GIC mitigation
systems, the reactive powers were stabilized at the exact
values obtained under normal operating condition with no
GIC. Note that the time delay of the mitigation systems was
set to 2 seconds to present the differences and display how
these systems eliminate the saturation in the transformers.
The NBDs installation left no path for the passage of GICs
and completely desensitized the network to the impacts of
GMD. Moreover, these NBD mitigation systems are also
able to provide protection against enhanced GIC due to the
detonation of HEMP [10], [66].

IV. CONCLUSION

In this work, the Malaysian power network for GIC
impact analysis performance has been implemented using
PSCAD/EMTDC software based on the actual data provided
by the local power utility. The distribution of GICs in the
network due to a geoelectric field of 20 V/km in the northward
and eastward directions was investigated and the most suscep-
tible locations to GMD event in the Malaysian power network
were estimated. The analysis showed that an electric field
pointing at a 100° angle induced the maximum GICs in the
whole network. Also, it demonstrated that substations located
in the middle of the network and linked to the longer length
of transmission lines were the most vulnerable to GMD
events and experienced the most severe GIC impacts. The
maximum value of GIC was observed at substation 22 with a
value of 743A.

Then GIC impacts and saturation levels of four trans-
former’s types in the related locations were investigated over
transmission networks. The transformers selected from sub-
stations 17, 19, 21, and 22 experienced the highest GICs.
The injected GICs caused half-cycle saturation and increased
the reactive power consumption of the transformers. Sub-
sequently, the proposed GIC mitigation systems based on
NBDs were connected to block the GIC flow in their neutral
paths and eliminate its effects. Thus, the results showed that
connected NBDs successfully blocked the injected GICs in
the neutral ground of transformers and were able to pre-
vent the saturation occurrence. The analysis results provide
relevant researchers, engineers and utility operators with a
better understanding of the GIC effects and select a suitable
GIC mitigation system with the most appropriate ratings for
respective locations in the case of GMD events.
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