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ABSTRACT With the global commitment to achieving net zero carbon emissions by 2050, the importance
of transitioning to clean and efficient energy sources has become increasingly crucial. On this note, grid
resiliency is crucial for sustainable energy supply because it ensures a reliable and uninterrupted flow of
electricity from renewable sources to consumers. By withstanding and recovering quickly from disruptions,
the grid can maintain a stable energy supply, support the integration of intermittent renewable sources, and
meet the increasing demand for clean energy. This study presents a detailed case study of the extreme
geomagnetic disturbance (GMD) impacts on high voltage (HV) power networks in Peninsular Malaysia.
The GMD events arise from extreme conditions on the Sun due to solar activity and drive geomagnetically
induced current (GIC) in power transmission lines and other technological conductor networks, causing
half-cycle saturation of earthed transformers and leading to voltage-control problems or transformer failure.
The power system model comprises 54 substations interconnected with 500 kV, 275 kV, and 132 kV
transmission lines. The GIC was calculated through the system with respect to different extreme geoelectric
field strengths and substation grounding resistance (GR) values using the nodal admittance matrix (NAM)
method. The results showed that extreme GMD events can produce intense GIC values across the system,
especially at substations located at the edge and middle of the power network, meaning that the Malaysian
power grid is not immune to such events. The maximum GIC was obtained at substation 22 with a value of
896 A at field orientation 140°. Also, the results showed that when the GRs of the substations were decreased,
the calculated GICs across the system increased.

INDEX TERMS Energy, extreme space weather, geomagnetic disturbances, geomagnetically induced
current, high voltage transformers.

I. INTRODUCTION

Geomagnetic disturbances (GMD) events occur due to the
interaction of charged material ejected from the Sun dur-
ing solar activity and interact with Earth’s magnetosphere.
This interaction causes enhancement of the existing electric

The associate editor coordinating the review of this manuscript and
approving it for publication was Mehmet Alper Uslu.

currents in the ionosphere and results in rapid time geo-
magnetic field variations [1], [2]. There are a few types of
disturbances that drive geomagnetic storms, such as coro-
nal mass ejection (CME), corotating interaction regions
(CIRs), and interplanetary shocks [3], [4]. The geomag-
netic field variations create surface geoelectric electric fields
and cause low frequency (0.001-1 Hz) geomagnetically
induced currents (GICs) flow into grounded technological

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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conductors [5], [6] such as oil and gas pipelines, power
networks, and railway [7], as illustrated in Fig. 1.
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FIGURE 1. GIC event description in a power grid.

A neutral-grounded power transformer is most affected by
GIC since itis built to work with alternating current (AC). The
GIC flow through the windings of the transformer creates DC
magnetic flux in the transformer’s cores. The DC flux adds to
the AC flux in a half cycle and subtracts in another, causing a
half-cycle saturation due to the nonlinear response of the core
material, as shown in Fig. 2.
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FIGURE 2. Magnetizing current of power transformer under normal
operating condition and during half-cycle saturation.

When the transformer is operated during half-cycle satu-
ration, it draws a large asymmetrical exciting current which
is rich in even and odd harmonics and increases the reactive
power losses of a transformer [8], [9], [10]. This asymmet-
rical current and the reactive power losses may result in
hotspots in the transformer, relay misoperation, and tripping
static var compensator (SVC), turning to permanent trans-
former damage or system blackout. The review of previous
studies has shown that GMD effects can extend to power
grids located in low latitudes as well and are not limited to
high and mid-latitudes [7]. Therefore, we have made a few
GIC analyses on the power network in Malaysia since it is
located close to the equatorial electrojet (EEJ) [10], [11], [12].
In [10], we have analysed the GIC impacts on saturation of
four high voltage (HV) transformers types available in the
Malaysian power grid using AC analysis and proposed proper
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GIC blocking devices to mitigate the related impacts. In [11],
we have analysed the effects of these devices on the potential
power network ferroresonance. In [12], we have performed
GIC analysis on the network with respect to benchmark geo-
electric fields and the effects of lower voltage systems on the
calculated GIC. This work shows the behaviour of the HV
Malaysian power network under extreme GMD events. Even
though the occurrence of extreme GMD events is rare, it can
result in large GICs in the electric power grid that could affect
system voltages, power transformer and system protection
performance [13]. The analysis considered different parame-
ters and scenarios, such as the effective GIC of transformers,
substation isolation and grounding resistance (GR) on the
calculated GIC. These parameters and characterization of
such events are fundamental and vital to be carried out as the
first time performed on the system to avoid the severe social
and economic consequences and can present a clear view
to power utility in case of any future space weather event.
The rest of this paper is organized as follows. The Malaysian
power network and related transformer data are introduced
in the second section. The third section presents the method
used to calculate GIC in the power grid. The fourth section
includes the results and discussion of the simulation cases,
and the fifth section is the conclusion.

Il. POWER NETWORK MODEL

This work investigated the HV transmission network in
Peninsular Malaysia under extreme GMD events, considering
different scenarios. The system includes 117 HV transform-
ers located in 54 substations. The stations are interconnected
through 500 kV, 275 kV, and 132 kV transmission lines,
as illustrated in Fig. 3. The transformer data is presented
in Fig. 4. The k factor values in the figure were selected
based on the recommendation of the North American Electric
Reliability Corporation (NERC) standard since the actual
value is unavailable and the system includes a large number
of transformers [14].

Ill. GIC CALCULATION

The GIC is calculated across the system using the nodal
admittance matrix (NAM) method, considering the DC equiv-
alent model of the power network components since GIC is
a quasi-dc current. For GIC calculations, any ungrounded
transformer windings are excluded from the model since
they do not have a path for GIC flow. The NAM method is
widely used since it is relatively simple, straightforward, and
requires a smaller number of equations to solve the circuit.
To simplify a power network, a three-bus system example
with a single-line diagram of the DC equivalent circuit of all
components is used in Fig. 5, assuming that the resistance in
each phase of each component in the circuit is equal.

where Rr| and Rp, are per-phase winding resistances of
the transformers in nodes 1 and 2, respectively. Ry and R,
are per-phase series and common winding resistances of the
autotransformer in node 3, respectively. Rg1, Rg2, and Rg3
are GRs of the nodes 1, 2, and 3, respectively. Rj> and Ry3
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FIGURE 3. Description of the power network in Peninsular Malaysia.
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FIGURE 4. Transformer specification used in the power grid model.
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FIGURE 5. DC equivalent circuit of a three-bus network.

are per-phase line resistances between the nodes. /17 and />3
are current flow through the lines and I1, />, and I3 are current
flow through the grounds of the nodes. Vi, and V>3 are the
induced voltages along the lines, as presented in Equation (1).

Vip = ExLy + EyLy (n

where E, and E, are (V/km) uniform electric fields in the
northward and eastward orientations, respectively and L,

98708

and L, are the corresponding northward and eastward line
distances (km), respectively. In the NAM method, all voltage
sources are transformed to current sources and all impedance
elements are transformed to their equivalent admittances
using Norton’s theorem, as shown in Fig. 6.

3V /Rez= ]12
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FIGURE 6. DC equivalent circuit of a three-bus network in nodal form.

where y1, y» and y3 are the node admittances, yj2 and y»3
are the transmission line admittances, and ji» and jp3 are
the equivalent current sources along the lines. The matrix of
current sources is equal to

Y1fvl=1/1] @)

where [Y] is the network admittance matrix, [V]isaN x 1
vector of the nodal voltages, and [J]is a N x 1 vector of the
current sources, as illustrated in matrix form in Equation (3).

Yn Y ... Y Vi Ji
Yo Yo ... Yo Vs J2

= 3
Yww Yo ... Ywwv Vv Jn

The nodal voltage is defined as:
V1=l “

The GIC flow through the ground of the nodes in the power
network is calculated as follows [15]:

Ugicl = (1 + [Y112)'1J] (&)

where [1] is a unit matrix and [Z] is the earthing impedance
matrix. The reactive power losses of the transformers under
the GIC condition (Qgc) is calculated based on Equation (6).

Ocic =k -l + 0 (6)

where k is the reactive power/ampere scaling factor, which is
dependent on the core type of transformer [16], [17] and Ly
is the effective value of the GIC flowing in the transformer
windings and Q is reactive power losses of transformers at the
normal operating condition without GIC. A detailed deriva-
tion of GIC calculation based on DC analysis was presented
in [7].

IV. RESULTS AND DISCUSSION

The GIC analysis results were obtained from two main simu-
lation cases considering different factors. The details of these
cases are discussed in the following subsections.

VOLUME 11, 2023
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A. FIRST SIMULATION CASE
In this simulation case, the power network vulnerability to
GICs was performed taking into account the worst-case geo-
magnetic storm scenarios. The Malaysian power network
model was subjected to extreme geoelectric fields with values
of 5 V/km, 10 V/km, and 20 V/km in various angles of 0—180°
clockwise directions starting from the North with an interval
of 20° to investigate the effects of these field values on the
system operation and reactive power losses. These selected
geoelectric fields represent a 100-year storm scenario with
different severity [18]. Approximately 5 V/km could occur
during a severe GMD in certain regions where the earth’s
conductivity is high, whereas 10 V/km and 20 V/km could
occur in regions with low earth conductivity [19]. In this
case, the GR of the substations was fixed at 0.8  as it is
common to have substation GR less than 1 ohm in Malaysia
due to its comprehensive/mesh earthing arrangement. This
analysis would assist in estimating the power grid response
under such extreme geoelectric fields and identify the most
critical locations that may collapse due to such field strengths.
Firstly, we estimated the sum of effective GICs and cor-
responding reactive power losses of all transformers in the
system with respect to applied field values. In Fig. 7, it can
be seen that the highest sum of effective GICs for all trans-
formers occurred at a 100° angle with the value of 601.12
A due to the 5 V/km geoelectric field which means a worse
field angle with respect to the entire system as produces the
highest GIC compared to other angles. Note that the effec-
tive GIC is the GIC that flows in the transformer windings.
The corresponding reactive power loss for the same field
value is 524.34 Mvar. When the applied geoelectric field
was increased to 10 V/km, the results of effective GICs and
reactive power were doubled to 1202.23 A and 1048.67 Mvar,
respectively. Thes values increased further to 2404.46 A and
2097.35 Mvar due to the 20 V/km applied geoelectric field,
meaning that the effective GICs increase gradually along with
the applied electric field strengths.

Effective GIC @5 W/km =10 W 20v/km} = Reactive Powe:

2500 14
1000 ‘ ‘ l
] 0 a0

&0 80 100 10 14
Geaelectric Field Angle (deg)

oy,

Effective GIC [A) [ Reactive Power (Mvar)
B

i 150 180

FIGURE 7. Comparison results of GIC flow and reactive power sums in all
transformers available in the Malaysian power network due to the
extreme electric fields directed at 0-180° angles clockwise from the
North. Red, blue, and orange represent effective GIC for 5 V/km, 10 V/km,
and 20 V/km geoelectric field strengths, respectively, and grey represents
reactive power losses for each field.

The reactive power losses of transformers due to GICs were
calculated based on Equation 6, considering different k factor

VOLUME 11, 2023

values for each transformer type available in the system,
as presented in Fig. 4 since it is more precise than the unity
k factor for all transformers. In this case, the highest reactive
power sum was obtained at a field angle of 120° with the value
of 2163.30 Mvar. In Fig. 8, the results of the induced DC volt-
age potentials at different substations show that the induced
DC voltages of substations gradually increase by increasing
the magnitude of the applied geoelectric field. The polarity
of induced voltages strongly depends on the locations of the
substations with respect to the field direction or storm angle,
as presented in Equation 1. In addition, the largest induced
DC voltage will be produced if the substations or transmission
lines between them are parallel to the geoelectric field with
the largest GICs. In contrast, transmission lines perpendicular
to the geoelectric fields result in a zero-induced voltage [20].

(0deg)
486,23 | (Substation 4)
400
= 200 A
B i
o | AP Pt
= 0 w T N A= AR o ¥ S
5 M
8 -200 \
-400
-503.8 |- - (Substation 22)
o 5 10 15 20 25 20 35 40 45 50 58
Substation Number
(@)
(100 deg)
500 (Substation 22) —=] 594.3 2
400
= A
a (Substation 12) N
E‘ 200 B ‘/\\-'I_.\Il
- [~ A
] \ (=~ \ '’
% a - A 4 S 355 il PO
g "-‘".'-I \'C:i\\.._;r?'\:;f == =
\' Al
200
-333.8
0 5 10 15 20 25 20 35 40 45 &0 58

Substation Number

(b)

FIGURE 8. The induced DC voltage at substation ground grids in the
Malaysian power network model due to the extreme electric fields at
(a) 0° northward and (b) 100° eastward orientations.

In terms of calculated GICs at the substation ground grids,
Figs. 9 and 10 show the performance of the Malaysian power
network in the presence of extreme GMD with the value
of 20 V/km at different field angles. As seen from Fig. 9,
the obtained GICs range of substations at different angles
were between 4896 A (flowing into the system) at substation
22 and —660 A (flowing into the ground) at substation 4.
Also, Figs. 9 and 10 show that substations 4, 19 and 22 expe-
rienced the peak GICs during the GIC analysis for different
field angles which indicates that they may collapse due to
such GMD event, the highest GICs obtained at 22 with the
value of 896 A at 140°. The peak GICs were obtained at these
substations because of their critical location with respect to
the applied storm.
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FIGURE 9. The presentation of computed GICs at the substation ground grids. The different colours indicate different orientations of the
20 V/km geoelectric field. A positive value indicates GIC (flowing from the ground into the grid) and a negative (flowing from the grid into

the ground).

The results show that the GICs at a particular site remain
positive or negative throughout the modelled storms for a
certain angle. The GIC behaviour in the power grid depends
on the different system components’ resistance and the lines’
induced DC voltage. The substation level GIC is the total
GIC observed at the common neutral ground path of the
transformers and divided based on the number of neutral
grounded transformers available in the station.

I Substation No.

MMw 1000 NNE [ GIC Peak
- @00 ooy
N
N \ ENE
Ilh J‘I
Wl -E
1
\ |
WawW ! EsE
sW
ssW T—— L —— s8E

FIGURE 10. The absolute GIC peak at substation ground grids at different
field orientations due to 20 V/km.

In addition, Fig. 11 shows the observed effective GIC in
windings of the transformers available in the system due
to 20 V/km. As can be seen from the figure, the highest
per phase GIC obtained at transformer located at substation
4 with the value of 101.3 A at 0° field angle. While at 100°

98710

field angle, the highest per phase GIC obtained at transform-
ers located at substation 19 with the value of 84.3 A. Note that
this field angle also experienced the highest GIC sum with
respect to all transformers in the system, as we discussed in
Fig. 7.

® Odeg

N 101.3
100 . 1
o [ *(Substationd)
C 84.3 — (Substatien 19}
8o
= ‘ M
% o ‘ |
i I [
5 |
4 a0 ‘ |\ |
o J
- t [
o 20 | 18 Bl
20 ITERY T
‘., J A J oY " e I||—1|
105 |~ [aVs '||| | "n ] L Mg

-] 70
Transformer ID

S0 BOD

FIGURE 11. The comparison of effective GICs flow in the transformers
available in the system due to 20 V/km northward (blue) and
east-southward (orange) geoelectric fields. The colours indicate a
different orientation angle of the 20 V/km geoelectric field.

Furthermore, to analyse the effects of substation isolation
during the GMD events on the calculated GICs in the system,
we gradually isolated the substation number from the system
and repeated the simulations each time for 20 V/km geoelec-
tric field at 0—180° directions, as illustrated in Fig. 12. In this
work, substation isolation was selected randomly, however,
in the real scenario only the most significant substations with
respect to GIC response will be selected for isolation. As it
is clear from the figure, increasing the number of isolated
substations gradually decreases the sum of effective GIC from
the system as the number of GIC flow paths is reduced. The
decreasing rate varies from one field angle to another due to
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GIC distribution in the system with respect to a particular
field angle. Substation isolation is another technique that can
be used to avoid GIC flow into the system during GMD
events. However, great care must be considered as other
power quality issues may arise.

Effective GIC (A)

o 5 10 15 20 25 30 35 40 45 50 55

Substations Isclated from Ground +

FIGURE 12. The maximum sum of effective GICs for the Malaysian power
grid model as substations have their transformers isolated from the
ground. The different colours indicate different orientation angles

of 20 V/km geoelectric field.

B. SECOND SIMULATION CASE
The GR of the substations is one of the power network
characteristics that influence the magnitude of GICs. The
transformer’s neutrals are connected to a mesh of conduc-
tors buried in the sediment at the substation location. If
it is conductive, the substation will exhibit a low GR and
higher GICs will flow into the system from the ground.
Likewise, the resistive sediment will lead to a high GR, thus
limiting the GICs. As a safety precaution, substations are
built with the lowest possible GR values [20]. Furthermore,
the IEEE standard recommends a GR value within the limit
of 1 ©Q in the case of transmission substation, whereas the
distribution substation is recommended for a value within the
limit of 5 € [21]. Therefore, this simulation case investigated
the effect of different GRs on induced currents. Firstly, the
whole system was evaluated by uniformly altering the GR of
all substations with values of 0.1, 0.3, 0.6, 0.8, 1, 3, and 5 2.
Then, the system was evaluated with non-uniform GRs of
the substations with the same range (0.1-5 €2), as presented in
Fig. 13 as it could lead to relatively different GICs in the sys-
tem. The selected GR values are within the recommended GR
ranges based on the IEEE standard. These values are the most
actual representation of the substations’ GRs in Malaysia
since the Malaysian power utility follows the IEEE standard
[22]. The GICs were computed individually across the system
for each GR value due to 20 V/km at different directions of
0-180°. It was expected that all currents would be decreased
when the GRs increased, correspondingly reducing the reac-
tive losses as well. Note that the GR values in the first
simulation case were set to 0.8 €2. The significance of this
simulation case was that it would assist utility operators in
predicting the produced GICs concerning different GR resis-
tances during space weather [23], [24], [25]. The simulation
results in Figs. 14 and 15 for 0.1, 0.3, 0.6, 0.8, 1, 3, 5 €,
and non-uniform GR values are represented in the graphs
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as blue, orange, grey, black, green, yellow, purple, and red,
respectively. As expected, the simulation results showed that
varying the GR from 0.1 up to 5 €2 recorded a significant
difference in the estimated GICs and reactive power losses
at most substations for 20 V/km applied geoelectric field.
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FIGURE 13. Locations of substations for non-uniform GRs with the range
of 0.1-5 Q.
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FIGURE 14. Variation of total GIC flows into the substation ground grids
due to 20 V/km geoelectric fields at (a) 0° and (b) 100° field orientations
under different GRs when uniformly and non-uniformly applied.

In terms of the variation of GIC flow into the substation
under different GR values, Fig. 14a shows that at 0° angle,
the maximum GIC produced at substation 22 with value of
—782 A when the GRs of substations equal to 0.1 € and
the 20 V/km geoelectric field. Increasing the value of GRs
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decreased the produced GICs at most substations gradually
and the lowest GIC values were obtained when the GR
was 5 €2. At substation 22, the GIC results decreased by 63%
to —290 A due to the 20 V/km geoelectric field when the
GRs were increased to 5 Q. At 100° oriented electric field,
the maximum GIC observed at substation 19 was 1020 A
due to the same geoelectric field magnitude when the GRs
were 0.1 €2, as illustrated in Fig. 14b. When the GRs were
increased, the GICs of most substations in the network model
decreased. The GIC value at substation 19 was recorded at
141 A (decreased 86%) for the above extreme applied field
when the GRs were set to 5 Q. The results showed that
the GICs at some substations varied considerably with the
altering GR values, while others were only slightly varied.
On the contrary, the flow of GICs was limited if the value
of GRs was increased. In terms of results for non-uniform
GR of the substations, Fig. 14 shows that the GIC almost
have the same pattern for most of the substations, except
substations 11, 18, and 19 in Fig. 14b the variation rate of
GIC values is high compared to GIC results for uniformly
applied GRs. Note that only the graphs for these two angles
were presented to highlight the results’ significance and avoid
confusing readers.

Similar to the previous case, Fig. 15 shows that the highest
sum of reactive power losses in all transformers in the net-
work model due to the 20 V/km applied electric fields was
obtained at 120° field direction for different GRs. Given that
the maximum sum of reactive power losses obtained at 0.1 2
was 2945.67 Mvar. The increase in GRs of the substations
caused a decrease in the sum of effective GICs and reactive
power losses in all transformers in the network with respect to
different geoelectric field angles. The lowest sum of reactive
power losses across the system at the same field angle was
1205.61 Mvar (decreased 59%) when the GRs of substations
were 5 €2 at the same field angle, as illustrated in the figure.
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FIGURE 15. Sum of reactive power losses in all transformers available in
the network model due to the 20 V/km applied geoelectric field at 0-180°
field orientations under different GRs when uniformly and non-uniformly
applied.
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From this simulation case, we notice that the power trans-
formers connected to the lower GR in the network system
were more vulnerable to GMD events and stressed the entire
system’s voltage stability since they consume more reac-
tive power losses, as presented in Fig. 15. Furthermore, the
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variation rates of GICs and reactive power losses depend on
the value and directions of the applied geoelectric fields. For
example, in Fig. 14b, the variation rate at substation 19 was
86%, which was the highest variation in this simulation case,
while the variation rate at substation 22 was 62% when the
GR varied from 0.1 €2 to 5 Q2. This simulation case would
significantly assist the utility operators in predicting the pro-
duced GICs with respect to the different GR resistances in
future GMD occurrences.

V. CONCLUSION

This work investigated the effects of extreme geoelectric
fields on the Malaysian power network using the NAM
method. The GICs calculated in the network model are based
on various factors such as geoelectric field values, orienta-
tions, and different GRs of substations. The results showed
that the sum of GIC and reactive power losses at fixed 0.8 Q2
substation GRs were highest when 100° and 120° electric
field angles were applied with values of 2404.46 A and
2163.30 Mvar, respectively due to the 20 V/km electric field.
In terms of GICs at the substation level, the results showed
that substations located in the middle of the network and con-
nected to longer transmission lines were the most vulnerable
to GMD events and experienced the most severe GIC. The
maximum GIC was obtained at substation 22 with the value
of 836 A at a 140° field angle with 20 V/km.

When the geoelectric field magnitudes or the number of
connected substations to the system are decreased, induced
voltage and GICs also decrease. Consequently, decrease the
reactive power consumption of transformers. In addition, the
analysis showed that an increment of GRs substations led to
a limited flow of GICs, consequently minimizing the reactive
power consumption. On the contrary, both the flow of GICs
and reactive power losses were increased if the value of GRs
were decreased. Overall, the simulation results provided new
insights into the GIC effects analysis on the Malaysian power
network model and HV power transformers. This could help
researchers and power utilities in Southeast Asia and other
low-latitude countries to predict and estimate the induced
GIC during future space weather events.
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