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Abstract: This paper discusses the lightning-induced voltage effect on a hybrid solar photovoltaic
(PV)-battery energy storage system with the presence of surge protection devices (SPD). Solar PV
functions by utilizing solar energy, in generating electricity, to supply to the customer. To ensure its
consistency, battery energy storage is introduced to cater to the energy demand. For the countries
located at the Equator, lightning has always become a major issue for the system to operate at
maximum efficiency, due to its nature of installation in open space areas where the equipment may
suffer serious damage that may stop the operation abruptly. To minimize the possible damages,
insulation coordination on the lightning protection system is needed. Hence, three case studies, i.e.,
lightning current amplitude, lightning strike distance, and cable length are presented in this paper,
which the quantified analysis is taking into account, to identify the performance of the system with
the single installation of SPD Class II at DC and AC sides. The simulation results have contributed
towards a better understanding of the importance of SPDs, and the need to properly coordinate
according to the standard, taking into account the quantified information obtained from this work,
hence providing the necessity of proper installation of SPD will provide better maintenance and
prolong the lifespan of the equipment.

Keywords: hybrid solar PV; battery energy storage; lightning-induced voltage; insulation coordi-
nation; surge protection device; lightning strike distance; lightning current amplitude; cable length;
quantify analysis; EMTP-RV

1. Introduction

Nowadays, the use of electrical power is a must, and basic need, which plays a vital
role in the daily routine of all individuals all over the world. The global electrical energy
demand keeps increasing due to the high populations in every country, including Malaysia.
To fulfill the electrical energy demand, utility companies are working hard to generate
non-renewable energy resources. However, it is not a sustainable option for the future due
to the environmental pollution issue, and the depletion of resources [1]. Thus, it is crucial
to mitigate the consumption of non-renewable energy and it is where renewable energy is
required for future planning [2].

Today, amongst the available renewable energy resources, solar energy is the most
reliable and actively used in the world. Solar energy provides a lot of advantages: clean
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energy, produce no noise, low maintenance cost, and have diverse applications [3]. Hence,
to fully utilize it, solar photovoltaic has become one of the most desired technologies in the
world, including in Malaysia. In Malaysia, the growth rate of solar photovoltaic (PV) instal-
lation has drastically increased since Malaysia enjoys sufficient solar radiation within the
range of 4 to 8 h per day [4,5]. To make the electricity industry more effective and profitable,
the Government has also implemented the tariff mechanisms under the 2011 Renewable
Energy Act [6]. As reported in the Sustainable Energy Development Authority (SEDA)
National Survey Report of PV Power Applications in Malaysia 2019 [7], Table 1 tabulates
the annual total capacity of solar PV power from 2012 until 2019 provided by Sustainable
Energy Development Authority (SEDA) Malaysia and Energy Commission (EC).

Table 1. Total Solar Photovoltaic (PV) Power Installed from 2012 until 2019 [7].

Year Off-Grid (MW)

Grid-Connected (MW)

Total (MW)Decentralized
(Residential, Commercial

and Industrial)

Centralized
(Ground-Mounted, Floating

and Agricultural)

2012 1.00 10.46 15.83 27.29
2013 1.00 56.47 59.00 116.47
2014 1.00 90.75 79.00 170.75
2015 1.00 139.36 80.67 221.03
2016 1.00 197.98 86.92 285.90
2017 8.90 230.19 88.92 328.01
2018 35.64 302.68 399.42 737.74
2019 41.53 371.12 715.59 1128.25

By implementing all the tariff mechanisms, renewable energy would become a good
investment for a long-term period in industries, as well as individuals, due to its secure
access to the grid and a reasonable price per unit [8]. In addition, solar energy also has
become a key role in empowering smart cities. The smart city concept aims to adopt the
Internet-of-Things (IoT) technologies, improve the living standards, and focus on sustain-
ability of community living spaces, whereas utilities aim to provide sustainable and reliable
renewable energy, which leads to economic growth [9,10]. Considering how advanced
smart technologies are these days, the smart city and utilities also improve by having the
sensors, utility’s smart meter, video cameras, Wi-Fi, etc. Thus, it can help to serve smart
city initiatives in secluded areas and provide a better solution for system management.

Besides that, solar energy has to be used in the right way, and the electrical energy
produced from solar PV system is a commodity that may be wasted if it is not preserved
or consumed properly. Since solar energy is weather dependent, which does not work
consistently all the time and has unstable fluctuations due to the weather changes, and thus
it is difficult to adjust the electrical energy to cater to the energy demand. Furthermore,
the electrical energy demand is expected to increase in the next few years. Hence, it is
necessary to consider a battery energy storage system in conjunction with a solar PV system.
This might help the power utility to ensure the consistency of supplying electricity to the
customer and to provide an effective solution to accommodate the potential high demand
by downsizing the maximum demand tremendously [11]. Therefore, a battery energy
storage system plays a key role in supporting the high demand from customers.

However, since the installation of solar PV systems are usually located and exposed on
the rooftop or outside areas, the chances of such a system to be struck by lightning are very
high, especially in areas that are prone to lightning. For many countries, especially those
that are close to the Equator, lightning has always been a major threat to power systems,
which can cause overvoltage due to direct lightning strikes and indirect lightning strikes. In
this study, indirect lightning strikes are the prime interest, since they can cause significant
problems to power systems, which usually strike the ground surface or a nearby object,



Sustainability 2021, 13, 6889 3 of 23

while the lightning-induced overvoltage occurs due to electromagnetic coupling between
the system and the lightning strike channel [12]. Figure 1 shows the types of lightning.
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Malaysia is one of the countries that have an isokeraunic level of about 200 thun-
derstorm days every year and is known as the ‘Crown of Lightning’ in the world [13,14].
Based on statistical data on the damage to solar PV systems in South Africa, about 31.2%
of the damage recorded whereby caused by lightning strikes [15]. Besides, Malaysia also
has a high potential to receive the same experiences due to its location, which is near to
the Equator. Malaysia is placed within the top five countries with a high occurrence of
lightning activity [16,17]. It causes more than 100 deaths in Malaysia over 10 year periods
and also encounters more than 70% of power outages due to lightning events [14]. As
reported in [18–25], few studies have investigated either direct, or indirect, lightning strikes
that contribute to the major damages of the solar PV systems. In Malaysia, there are a few
solar PV systems available, such as the ones located at Puchong, Selangor, and Terengganu,
etc., that have also experienced damages caused by lightning, although there is no official
data recorded. SEDA also has received several complaints on damaged equipment and
distribution boards of the solar PV system, especially the inverters.

The main reason such cases happen is due to the lack of knowledge and exposure to
the need to carry out an insulation coordination study against lightning. Insulation coordi-
nation refers to the relationship between the insulation of the various equipment in a power
system and the insulation of the surge protective devices (SPD) used to protect equipment
from overvoltage [26]. The damages depend on a few critical factors based on lightning
characteristics on the solar PV system i.e., lightning current amplitude, lightning striking
distance, cable length, type’s selection, and placement of SPD [27]. Hence, insulation coor-
dination studies are required to protect the equipment of the system from the secondary
effect of indirect lightning. To ensure all the equipment is properly protected by the SPD,
the protective devices must be properly coordinated according to the desired guideline.
Therefore, the objective of this paper is to study the effect of the lightning-induced voltage
on hybrid solar PV-battery energy storage systems with the single installation of SPD Class
II at DC and AC sides based on few case studies. Further investigation was made through
sensitivity analysis to identify the performance of the system by varying several aspects of
system design. The quantitative analyses carried out in this study are crucially needed for
the performance evaluation of the overall system and equipment, taking into account the
impulse withstand voltage, as referred in the standards of IEC TR 63227, MS IEC 60664-1
and PD CLC/TS 50539-12. Therefore, an appropriate protection scheme shall be assigned
and coordinated accordingly.

2. Insulation Coordination and Overvoltage Protection for Equipment in Hybrid Solar
PV-Battery Energy Storage System

During operation, the solar PV systems are highly exposed to various environmental
factors and potential interference like lightning events. The damage to solar PV modules,
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inverter, battery energy storage, charge controllers, data monitoring, and communication
systems can result from direct, or indirect, lightning strikes. Furthermore, unsupervised
system installation may result in damage after a short time, and system failure or down-
times result in high repair and replacement costs as well as loss of productivity. Thus,
these issues can be mitigated by carrying out insulation coordination studies, specifically
on lightning protection systems, since the lightning-induced voltage is one of the factors
that can cause overvoltage to the system. A few factors must be considered in insulation
coordination studies, such as the lightning protection level, the surge protective devices’
placement, and numbers, as well as rating, and the connection or bonding between the
panels. Figure 2 illustrates the classification lightning protection system (LPS) for a hybrid
solar PV-battery energy storage system.
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Figure 2. Classification of Lightning Protection System (LPS) [28,29].

There are several standards and guidelines available for the solar PV system that
govern the aspects of lightning protection system (LPS) installation for building and solar
PV systems, which can be obtained from the International Electrotechnical Committee
(IEC), Malaysian Standard (MS), and various recognized bodies such as MS IEC 60664-1,
MS IEC 62109-1, PD CLC/TS 50539-12 and IEC TR 63227, BS IEC 61643-11 and BS IEC 61643-
31, which can be referred for solar PV system installation and insulation coordination for
equipment within low voltage systems [30–35]. The damage that occurred to the equipment
on the hybrid solar PV-battery energy storage system can also be determined by referring
to the overvoltage category as tabulated in Table 2.

Table 2. Category of overvoltages [30,32].

Category Description Examples

I
Applies to equipment connected to a circuit

where transient voltages have been reduced to
a low level.

Equipment that containing electronic
circuits protected to this level.

II
Applies to non-permanently connected

equipment, including energy-consuming
equipment supplied by the fixed installation.

Appliances, portable tools, and
plug-connected equipment.

III Applies to fixed installations equipment
including the main distribution board.

Switchgear and equipment in an
industrial installation.

IV Applies to permanently connected equipment
at the origin of the installation.

Meters, primary overcurrent protection
equipment, and equipment directly

connected to outdoor open lines.



Sustainability 2021, 13, 6889 5 of 23

Table 3 defines the values of impulse withstand voltage and the temporary overvoltage
for low voltage circuits which are adopted from the standard of MS IEC 60664-1 and MS
IEC 62109-1.

Table 3. Insulation voltage for low voltage circuits [30,32].

Column 1 2 3 4 5 6

System Voltage (V)
(7.3.7.2)

Impulse Withstand Voltage (V) Main Circuits
Temporary Overvoltage

(peak/rms)
(See NOTE 5)

Overvoltage Category

I II III IV

50 Vrms or 71 Vdc 330 500 800 1500 1770/1250

100 Vrms or 141 Vdc 500 800 1500 2500 1840/1300

150 Vrms or 213 Vdc 800 1500 2500 4000 1910/1350

300 Vrms or 424 Vdc 1500 2500 4000 6000 2120/1500

600 Vrms or 849 Vdc 2500 4000 6000 8000 2550/1800

1000 Vrms or 1500 Vdc 4000 6000 8000 12,000 3110/2200

NOTE 1 Interpolation is not permitted in main circuits but is permitted in other circuits.
NOTE 2 The last rows only apply to single-phase systems, or to the phase-to-phase voltage in three-phase systems
NOTE 3 Column 6, temporary overvoltage, only applies to main circuits.
NOTE 4 PV circuits are in general OVCII with a minimum impulse voltage of 2500 V-see 7.3.7.1.2b.
NOTE 5 Three values are derived using the formula (1200 V + system voltage) from IEC 60664-1.

Description: Vrms = root-mean-square voltage, Vdc = direct current voltage, OVCII = Overvoltage category II.

The overvoltage in hybrid solar PV-battery energy storage system can be found in
few conditions; (a) caused by the direct strike to the external lightning protection system
(LPS) or lightning flashes nearby the solar PV installations, (b) caused by lightning-induced
currents distributed into the electrical network, (c) transmitted from the distribution net-
work due to switching [31]. Therefore, to ensure adequate protection of the equipment, the
protection voltage shall be lower than the impulse withstand voltage of the equipment to be
protected [31]. In between the impulse withstand voltage of the equipment and protection
voltage, at least 20% of the safety margin should be kept (CLC/TS 61643-12) [31]. Table 4
presents the impulse withstand voltage for equipment between solar PV and inverters at
the DC side, which is adopted from standard PD CLC/TS 50539-12.

Table 4. Impulse withstand voltage for equipment between PV and inverter [31].

Maximum Open Circuit
Voltage, Voc max (V)

Impulse Withstand Voltage (V)

PV Generator a Inverter b Other Equipment c

100 800

2500
(minimum requirement)

800

150 1500 1500

300 2500 2500

424 4000 4000

600 4000

4000

4000

800 5000 5000

849 6000 6000

1000 6000 6000 6000

1500 8000 8000 8000
a Component withstand values are based on the basic insulation values according to standard IEC 61730-2 edition 2.0 [36]. b Component
withstand values are based on EN 62109-1:2010, 7.3.7.1.2b. c Component withstand values are based on impulse voltage, Uimp according to
EN 60664-1:2007 overvoltage category II.



Sustainability 2021, 13, 6889 6 of 23

As stated in MS IEC 62109-1 [32], the equipment of hybrid solar PV-battery energy
storage system at DC side such as solar PV, the battery and inverter are assumed to be in
overvoltage category II, whilst the inverter and transformer at the AC side are assumed
to be overvoltage category III [37]. Therefore, the impulse withstand voltage for solar
PV, battery, and inverter on the DC side is 6 kV, while the inverter and low voltage (LV)
transformer on the AC side are 2.5 kV and 4 kV, respectively.

3. Simulation Modelling in Electro-Magnetic Transient Program-Restructured Version
(EMTP-RV) Software

In this study, the EMTP-RV software is the most recent version of EMTP software,
has been used to study the lightning-induced effect with surge protection device (SPD)
placement in the hybrid solar PV-battery energy storage system. This section discusses the
method of modelling the hybrid solar PV-battery energy storage system, lightning-induced
voltage, and surge protection device (SPD) Class II.

The hybrid solar PV-battery energy storage system was made up of a 1-Megawatt
(MW) solar PV system with an ideal battery energy storage system to produce DC power.
Then, the DC power, converted through the inverter, passes the AC power through a
433 V/11 kV transformer to the utility grid. In order to simulate the effect of the indirect
lightning strike on the system, two models were practiced; the Heidler model was used
to simulate the lightning return stroke current, and the Rusck model was used to obtain
the lightning-induced voltage. Lastly, the SPD Class II also was modelled to investigate
the system’s performance with a single installation of SPD in the system after being struck
by indirect lightning. Throughout this simulation of modelling, the sensitivity analysis
was made to identify the performance of the system with a single installation of SPD and
without SPD.

3.1. Modelling of Hybrid Solar PV-Battery Energy Storage System

In this study, the 1 MW solar PV system, was modeled based on the existing application
in Puchong, Malaysia with the ideal battery energy storage system. It consists of solar PV
arrays, inverters, ideal battery energy storage, transformer, and grid. The battery energy
storage system was modelled based on the ideal properties provided in the master library
of EMTP-RV software. The battery energy storage system was also assumed to be in full
charge capacity when performing the sensitivity analysis on the effect of lightning-induced
voltage with, and without, a single installation of SPD Class II in the hybrid solar PV-battery
energy storage system. The hybrid solar PV-battery energy storage system converted from
715.2 VDC to 354.7 VAC output and supply to the grid through a transformer with a rating of
1.5 MVA 433 V/11 kV. The irradiation and temperature of the solar PV were set according
to the standard test condition (STC), which is 1000 W/m2 and 25 ◦C, respectively. The
detail of components of a hybrid solar PV-battery energy storage system is tabulated in
Table 5.

Table 5. Detail of Equipment in a Hybrid Solar PV-Battery Energy Storage System.

Equipment Specifications

Solar PV
Power 1 MW
Voltage 715.2 V
Current 1398.2 A

Battery Energy Storage Battery nominal capacity 5.26 MWh

Inverter Nominal AC
Power per inverter 20 kW

Transformer
Rating 1.5 MVA

Type Step-up transformer
(433 V/11 kV)

Grid 11 kV
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3.2. Modelling of Lightning Return Stroke Current and Lightning-Induced Voltage

Indirect lightning is termed when the lightning strikes a nearby object or the ground
surface and causes the lightning-induced voltage, due to electromagnetic coupling be-
tween the lightning strike channel and the system [12]. The evaluation of lightning-
induced voltage can be performed by using these two steps [38,39] as explained in
Sections 3.2.1 and 3.2.2, respectively.

It is also worth noting that, the challenge of this study was to replicate the real
lightning return stroke current and lightning-induced voltage by using the mathematical
equation. Due to this, the Heidler and Rusck models were used as alternative equations to
represent the lightning return stroke current and lightning-induced voltage. The simulated
lightning-induced voltage was injected away from the hybrid solar PV-battery energy
storage system. The injected point was assumed to be at the nearest point to the system,
denoted as x equals to 0, with the lightning strike distances, d was varied. However, there
are some limitations in modelling the lightning whereby the application of the Rusck model
is only considered perfect ground conductivity and the perpendicular lightning channel to
the ground in other works related to induced effect [38,40].

3.2.1. Modelling of Lightning Return Stroke Current

The Heidler function was modeled to illustrate the lightning current waveshapes. As
recommended in standard IEC 62305-1 [41], the Heidler function produces more realistic
results and starts with steepness 0 at t equals 0 [42]. The lightning return stroke current
was simulated by using a lightning waveshape of 8/20 µs, and was chosen to determine
the lightning-induced effect, when the surge protection device (SPD) was connected to
the system [28,43,44]. Nine lightning current amplitudes, ranging from 2 kA to 200 kA,
were selected, as referred to in the International Council on Large Electric Systems (CIGRE)
distribution [45]. These values were also based on a statistical analysis of lightning activity
at the Solar PV farm, Puchong in Selangor [28]. Therefore, the lightning waveshape was
modelled by using the Heidler equation as expressed in Equation (1).

i(t) =
Im

η

(
t

τ1

)n

1 +
(

t
τ1

)n exp(−
t

τ2
) (1)

where Im is the lightning peak current, η is the correction factor of peak current, τ1 is the
rise time constant, τ2 is the fall time constant, and n is the steepness factor. The parameters
used to model the lightning waveshape of 8/20 µs and its graph is shown in Table 6 and
Figure 3, respectively.

Table 6. Parameters to model the lightning waveshape by using Heidler equation [41].

Parameters Value

Lightning waveshape 8/20 µs
Rise time, τ1 (µs) 4.4
Fall time, τ2 (µs) 14

n 3
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3.2.2. Modelling of Lightning-Induced Voltage

There are three basic coupling models that were used to determine the lightning-
induced voltage on a hybrid solar PV-battery energy storage system caused by an indirect
lightning strike; i.e., Model of Rusck, Chowdhuri and Gross, and Agrawal et al. [46]. In
this study, the Rusck model was chosen as a coupling model due to its simplification and
mathematically correct which leads to consistent results [47,48]. The Rusck model was
simulated using mathematical formula as expressed in Equation (2).

v(x, t) =
ζ0 I0h

4π
β

 ct− x

d2 + β2(ct− x)2

1 +
x + β2(ct− x)√
(βct)2 + x2+d2

γ2

 ct + x

d2 + β2(ct + x)2

1 +
x + β2(ct + x)√
(βct)2 + x2+d2

γ2

 (2)

where, β = v/c is the ratio between the return stroke velocity and the light speed, ζ0 is
376.730313 Ω (free space characteristics impedance), I0 is the return stroke current, d is the
horizontal distance between the lightning channel and the system, x is the point nearest to
the lightning stroke, h is the system height, and γ is equal to 1/

√
(1 − β2).

3.3. Modelling of Surge Protective Device (SPD)

A surge protective device is a device that protects the equipment in the power system
against surge voltages. It consists of at least one nonlinear component to limit the surge
voltages and diverts the surge voltages to a distant ground in terms of amplitude [47].
The SPD is also one of the types of lightning protection systems applied in the hybrid
solar PV-battery energy storage system. There are three classes of SPD, which are Class I,
Class II, and Class III defined by their requirements for testing. With the typical Lightning
Protection Level (LPL) of III and IV considered for solar PV farms, generally, the SPD
class II is chosen for all low voltage electrical installations that must be able to discharge
the lightning-induced voltage occurs from indirect lighting strike [49]. To prevent the
induced effect from spreading in the power system, and also to protect the loads, this SPD
is installed in a sub-distribution board [28].

Therefore, amongst the discharge technology available, varistor technology is de-
signed with fast response behavior that fits the SPD testing. A varistor is also known as a
variable resistor or metal oxide varistor (MOV) made from metal oxide ceramics, which
is composed of zinc oxide (ZnO) that has nonlinear resistance characteristics [28,50], as
shown in Figure 4. In this work, the SPD was modelled based on the MOV component in
U-configuration, adopted from Section 9.2.2.6 of the standard PD CLC/TS 50539-12 [31].
This is due to the safety purposes whereby the flow of current can pass through the second
varistor without being interrupted when one varistor fails [49].
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However, there is still a limitation in modelling the SPD whereby the installation
of SPD in the hybrid solar PV-battery energy storage system was considered without an
external lightning protection system (LPS). The SPD Class II also was modelled based on
the manufacturer’s datasheet to ensure its performance while testing with the simulation
of lightning-induced voltage. Tables 7 and 8 tabulate the main characteristics for DC and
AC SPD Class II and the current-voltage characteristics, respectively.

Table 7. Main characteristics for DC and AC SPD Class II [51,52].

Key Characteristics
Value

DC SPD Class II AC SPD Class II

Maximum Discharge Current, Imax (kA) 40 40
Maximum Continuous Voltage, Uc (kV) 1.17 0.275

Voltage Protection Level, Up (kV) ≤1.9 ≤1.5
Nominal Discharge Current, In (8/20 µs) (kA) 15 20

Table 8. Current-Voltage Characteristics for DC and AC SPD Class II [51,52].

DC SPD
Class II

Current (kA) 0.01 0.10 1 5 10 15 20 25 30 35 40

Residual
Voltage, Ures

(kV)
1.10 1.20 1.30 1.50 1.70 1.85 2.00 2.15 2.30 2.40 2.50

AC SPD
Class II

Current (kA) 0.01 0.1 1 2 3 4 5 10 15 20 30

Residual
Voltage, Ures

(kV)
0.94 0.97 1.00 1.03 1.06 1.10 1.20 1.30 1.40 1.50 1.70

Based on the abovementioned parameters, both DC and AC SPD Class II were tested
with lightning waveshape 8/20 µs and nominal discharge current, In under the Class II test
as recommended in the standard BS EN 61643-31 [35]. The nominal discharge current is
defined as the crest value of the current passing through the SPD with an 8/20 µs lightning
current waveshape. Referring to the manufacturer’s datasheet of DC and AC SPD Class
II [51,52], Figures 5 and 6 successfully show the nominal discharge current of 15 kA and
20 kA, based on 8/20 µs waveshape and their corresponding discharge voltage of 1.85 kV
and 1.50 kV, after testing with nominal discharge current, respectively.



Sustainability 2021, 13, 6889 10 of 23Sustainability 2021, 13, x FOR PEER REVIEW 10 of 23 
 

 
 

(a) (b) 

Figure 5. DC SPD Class II (a) Nominal discharge current of lightning waveshape 8/20 µs at In = 15 kA, (b) Discharge voltage 
after testing with In. 

  

(a) (b) 

Figure 6. AC SPD Class II (a) Nominal discharge current of lightning waveshape 8/20 µs at In = 20 kA, (b) Discharge voltage 
after testing with In. 

4. Case Studies 
4.1. Placement of Surge Protection Device (SPD) on DC and AC sides of Hybrid Solar PV-
Battery Energy Storage System 

In the placement of SPD, two types of SPD Class II were used, which are DC SPD 
Class II and AC SPD Class II. Each type of SPDs was placed near the DC inverter on the 
DC side and near the transformer on the AC side, respectively as shown in Figure 7. The 
placement of SPD Class II was based on standard IEC TR 63227, BS EN 61643-11, and BS 
EN 61643-31 standard [33–35]. The SPD’s installation on a hybrid solar PV-battery energy 
storage system is required to protect the power supply as well as the system’s communi-
cation circuits. 

 
Figure 7. Placement of SPD Class II near the inverter on DC side and near the transformer on AC 
side. 

15kA 1.85kV 

20kA 1.50kV 

Figure 5. DC SPD Class II (a) Nominal discharge current of lightning waveshape 8/20 µs at In = 15 kA, (b) Discharge
voltage after testing with In.

Sustainability 2021, 13, x FOR PEER REVIEW 10 of 23 
 

 
 

(a) (b) 

Figure 5. DC SPD Class II (a) Nominal discharge current of lightning waveshape 8/20 µs at In = 15 kA, (b) Discharge voltage 
after testing with In. 

  

(a) (b) 

Figure 6. AC SPD Class II (a) Nominal discharge current of lightning waveshape 8/20 µs at In = 20 kA, (b) Discharge voltage 
after testing with In. 

4. Case Studies 
4.1. Placement of Surge Protection Device (SPD) on DC and AC sides of Hybrid Solar PV-
Battery Energy Storage System 

In the placement of SPD, two types of SPD Class II were used, which are DC SPD 
Class II and AC SPD Class II. Each type of SPDs was placed near the DC inverter on the 
DC side and near the transformer on the AC side, respectively as shown in Figure 7. The 
placement of SPD Class II was based on standard IEC TR 63227, BS EN 61643-11, and BS 
EN 61643-31 standard [33–35]. The SPD’s installation on a hybrid solar PV-battery energy 
storage system is required to protect the power supply as well as the system’s communi-
cation circuits. 

 
Figure 7. Placement of SPD Class II near the inverter on DC side and near the transformer on AC 
side. 

15kA 1.85kV 

20kA 1.50kV 

Figure 6. AC SPD Class II (a) Nominal discharge current of lightning waveshape 8/20 µs at In = 20 kA, (b) Discharge
voltage after testing with In.

4. Case Studies

4.1. Placement of Surge Protection Device (SPD) on DC and AC Sides of Hybrid Solar PV-Battery
Energy Storage System

In the placement of SPD, two types of SPD Class II were used, which are DC SPD Class
II and AC SPD Class II. Each type of SPDs was placed near the DC inverter on the DC side
and near the transformer on the AC side, respectively as shown in Figure 7. The placement
of SPD Class II was based on standard IEC TR 63227, BS EN 61643-11, and BS EN 61643-31
standard [33–35]. The SPD’s installation on a hybrid solar PV-battery energy storage system
is required to protect the power supply as well as the system’s communication circuits.

Sustainability 2021, 13, x FOR PEER REVIEW 10 of 23 
 

 
 

(a) (b) 

Figure 5. DC SPD Class II (a) Nominal discharge current of lightning waveshape 8/20 µs at In = 15 kA, (b) Discharge voltage 
after testing with In. 

  

(a) (b) 

Figure 6. AC SPD Class II (a) Nominal discharge current of lightning waveshape 8/20 µs at In = 20 kA, (b) Discharge voltage 
after testing with In. 

4. Case Studies 
4.1. Placement of Surge Protection Device (SPD) on DC and AC sides of Hybrid Solar PV-
Battery Energy Storage System 

In the placement of SPD, two types of SPD Class II were used, which are DC SPD 
Class II and AC SPD Class II. Each type of SPDs was placed near the DC inverter on the 
DC side and near the transformer on the AC side, respectively as shown in Figure 7. The 
placement of SPD Class II was based on standard IEC TR 63227, BS EN 61643-11, and BS 
EN 61643-31 standard [33–35]. The SPD’s installation on a hybrid solar PV-battery energy 
storage system is required to protect the power supply as well as the system’s communi-
cation circuits. 

 
Figure 7. Placement of SPD Class II near the inverter on DC side and near the transformer on AC 
side. 

15kA 1.85kV 

20kA 1.50kV 

Figure 7. Placement of SPD Class II near the inverter on DC side and near the transformer on AC side.



Sustainability 2021, 13, 6889 11 of 23

4.2. Location of Lightning-Induced Voltage on Hybrid Solar PV-Battery Energy Storage System

The case study demonstrates the indirect lightning strike by injecting lightning cur-
rent waveshape of 8/20 µs to the ground or nearby object/system. By conducting this
simulation, it results in the production of lightning-induced voltage at both DC and AC
sides of the system which might damage or breakdown the electrical network, equipment,
or data/communication line in the system. Given that, it is where the lightning protection
system (e.g., surge protection device) is needed to ensure the system’s efficiency in gener-
ating and supplying the power output to the grid. Thus, to identify the effectiveness of
SPD, there are three case studies considered, namely the effects of lightning strike distance,
lightning current amplitude, and cable length. In this study, the lightning-induced voltage
model and geometry case study were presented in Figure 8a,b, respectively.

Figure 8. (a) Lightning-induced voltage model (b) Geometry adopted for the lightning-induced voltage.

Figures 9 and 10 illustrate the lightning waveshape of 8/20 µs struck at two locations;
the DC and AC side of the system, respectively. To observe the effect of lightning-induced
voltage, there are two measurement points denote as Point A (near the solar PV and battery)
and Point B (near the DC inverter) on the DC side and another two measurement points
denotes as Point C (near the AC inverter) and Point D (near the transformer) on the AC
sides are considered as shown in Figures 9 and 10, respectively.
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5. Results and Discussion

In this study, three case studies were carried out to simulate the effect of lightning-
induced voltage analysis on a hybrid solar PV-battery energy storage system with the
installation of SPD Class II on DC and AC sides. They are the lightning strike distances
(i.e., 20 m, 50 m, and 100 m), the lightning current amplitudes, and the cable lengths
(i.e., 5 m, 10 m, and 20 m). The parameters for simulation are tabulated in Table 9 and
the measurement data of lightning-induced voltages are tabulated in Tables 10 and 11,
respectively. Results in all case studies are compared with the ones without SPD [42] for
quantifying analysis purposes.
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Table 9. List of parameters for simulation.

Lightning
Current, I0 (kA) Height (m) Velocity (m/s) Lightning Strike

Distance, d (m)

The Voltage Induced at
the Point Nearest the
Lightning Strike, x

Cable Length (m)

3

2.8 1.2 × 10−8

20

0

58

13

19

50 1025

50

90

100 20120

169

Table 10. Measurement of lightning-induced voltage on DC side.

Lightning Current,
I0 (kA)

The Point Nearest the
Lightning Strike, x

Lightning Strike
Distance, d (m)

Lightning-Induced Voltage (kV)

DC SPD Class II

Point A
(Near the Solar PV-Battery)

Point B
(Near the Inverter)

5 m 10 m 20 m 5 m 10 m 20 m

3

0

20 1.01 1.03 1.13 1.01 1.01 1.03

50 1.01 1.02 1.13 1.01 1.01 1.03

100 0.98 1.00 1.11 0.98 0.98 1.02

8
20 2.26 2.26 2.42 1.35 1.29 1.26

50 2.24 2.24 2.41 1.35 1.29 1.26

100 2.20 2.20 2.37 1.34 1.29 1.26

13
20 3.40 3.42 3.65 1.47 1.39 1.31

50 3.38 3.41 3.63 1.47 1.39 1.31

100 3.31 3.34 3.57 1.46 1.38 1.30

19
20 4.77 4.81 5.07 1.61 1.46 1.38

50 4.74 4.78 5.06 1.61 1.46 1.38

100 4.64 4.68 4.96 1.60 1.46 1.37

25
20 6.14 6.18 6.48 1.73 1.53 1.43

50 6.10 6.14 6.46 1.73 1.53 1.43

100 5.96 6.01 6.33 1.72 1.52 1.42

50
20 11.84 11.81 12.26 2.18 1.81 1.59

50 11.76 11.76 12.23 2.18 1.80 1.59

100 11.48 11.49 11.98 2.16 1.79 1.59

90
20 20.94 20.84 21.44 2.71 2.20 1.81

50 20.80 20.71 21.39 2.66 2.19 1.81

100 20.29 20.24 20.94 2.68 2.18 1.80

120
20 27.75 27.65 28.28 2.99 2.43 1.97

50 27.56 27.42 28.24 2.99 2.42 2.00

100 26.91 26.80 27.65 2.96 2.40 1.95

169
20 38.91 38.75 39.50 3.37 2.73 2.21

50 38.63 38.43 39.44 3.36 2.72 2.21

100 37.68 37.51 38.60 3.33 2.70 2.19
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Table 11. Measurement of lightning-induced voltage on AC side.

Lightning
Current, I0 (kA)

The Point Nearest
the Lightning

Strike, x

Lightning Strike
Distance, d (m)

Lightning-Induced Voltage (kV)

AC SPD Class II

Point C
(Near the Inverter)

Point D
(Near the Transformer)

5 m 10 m 20 m 5 m 10 m 20 m

3

0

20 1.08 1.05 1.14 0.95 0.95 0.93

50 1.07 1.04 1.13 0.95 0.94 0.93

100 1.04 1.02 1.10 0.94 0.94 0.93

8
20 2.90 2.84 3.15 1.03 1.00 0.99

50 2.87 2.81 3.13 1.03 1.00 0.99

100 2.80 2.74 3.06 1.03 1.00 0.99

13
20 4.71 4.77 5.55 1.18 1.05 1.01

50 4.66 4.71 5.52 1.17 1.05 1.01

100 4.55 4.62 5.35 1.16 1.04 1.01

19
20 6.82 7.15 8.77 1.27 1.13 1.04

50 6.76 7.11 8.72 1.27 1.13 1.04

100 6.59 6.96 8.51 1.27 1.12 1.03

25
20 8.90 9.75 12.03 1.35 1.23 1.07

50 8.83 9.71 11.97 1.34 1.23 1.07

100 8.59 9.51 11.69 1.34 1.22 1.06

50
20 17.64 20.18 25.46 1.67 1.40 1.25

50 17.54 20.15 25.38 1.66 1.39 1.25

100 17.14 19.87 24.87 1.65 1.39 1.25

90
20 31.48 36.29 46.22 2.04 1.66 1.39

50 31.17 36.25 46.09 2.04 1.66 1.39

100 30.63 35.71 45.37 2.02 1.64 1.39

120
20 41.79 48.28 61.58 2.25 1.83 1.49

50 41.63 48.25 61.52 2.25 1.83 1.49

100 40.81 47.54 60.44 2.23 1.81 1.48

169
20 58.98 67.89 86.59 2.53 2.05 1.67

50 58.65 67.85 86.50 2.52 2.05 1.66

100 57.50 66.87 85.13 2.50 2.03 1.65

Table 10 shows the results of lightning-induced voltage when the single DC SPD Class
II was installed close to the inverter on the DC side. There are two measurement points,
denoted as point A (solar PV and battery) and point B (DC side of the inverter). The results
obtained were compared with the impulse withstand voltage, and the quantifying analysis
was explained in each of Sections 5.1–5.3. Considering the impulse withstand voltage of
equipment on the DC side is 6 kV, as per standard PD CLC/TS 50539-12, one can clearly
see that the recorded induced voltage exceeds the limit of 6 kV when the current is greater
than, or equal to, 25 kA, regardless of the strike distance. As for the inverter on the DC
side, it is properly protected by the SPD Class II below the withstand limit.

Next, Table 11 shows the results of lightning-induced voltage when the single AC SPD
Class II was installed close to the transformer. There are two measurement points, denoted
as point C (near inverter on AC side) and point D (transformer). Likewise, in this case,
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results obtained were also compared with the impulse withstand voltage, as mentioned in
Sections 5.1–5.3. i.e., 2.5 kV and 4 kV for the inverter and LV transformer, respectively.

Again, results indicate that the installation of AC SPD Class II close to the transformer
was able to protect from the potential damage. As for the AC side of the inverter, any
current of greater than 3 kA has caused the induced voltage to exceed the withstand limit of
2.5 kV, regardless of strike distance cable lengths. Therefore, it is obvious that the AC SPD
is clearly needed for protecting the equipment, despite that the location of less than 10 m
does not require an SPD installation, as highlighted in the IEC TR 63227 and PD CLC/TS
50539-12. Hence, depending on the local lightning data, one can have a very good idea of
selecting an appropriate rating and lightning protection level for their system.

5.1. Effect of Different Lightning Strike Distance

This section discusses the effect of lightning-induced voltage when the lightning
current amplitude of 19 kA strikes nearby the 10 m cable of the system with varying the
lightning strike distances (i.e., d = 20 m, 50 m, 100 m away from the system) with the SPD
Class II installed on both DC and AC sides. Figure 11a shows the solar PV-battery can
withstand the induced voltage since it is less than the 6 kV of maximum impulse withstand
voltage for solar PV-battery at the DC side. Figure 11b shows the inverter on the DC side is
properly protected by the single installation of DC SPD Class II. Meanwhile, Figure 11c
shows the induced voltage near the inverter, on the AC side, has exceeded the impulse
withstand voltage of 2.5 kV. However, Figure 11d presents the AC SPD Class II was able to
clamp the induced voltage near the transformer.
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Figure 11. Lightning-induced voltage at x = 0 (d = 20 m, 50 m, 100 m, I0 = 19 kA, β = 0.4) at four measurement points.
Point A (near the solar PV and battery); Point B (near the DC inverter); Point C (near the AC inverter); Point D (near
the transformer).

Tables 12 and 13 present the percentage difference of clamped induced voltage by
comparing the data without, and with, SPD Class II installation at both DC and AC sides.
Table 12 shows that, with the single installation of DC SPD Class II installed near the
inverter on the DC side, the measurement of lightning-induced voltages at point A was
about 25.08% at 20 m, 24.96% at 50 m, and 24.64% at 100 m. Meanwhile, it is a different
case at point B where the clamped lightning-induced voltages were about 77.26% to 76.49%
as the lightning strike distance increases. From this observation, it can be seen that with the
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single installation of DC SPD Class II near the inverter, the solar PV-battery can withstand
the impulse withstand voltage of 6 kV.

Table 12. Percentage difference at measurement Point A and B on DC side.

Lightning
Current, I0 (kA)

Lightning Strike
Distance, d (m)

Lightning-Induced Voltage (kV) Percentage Difference of Clamped
Induced Voltage between Without and

With SPD (%)Without DC SPD Class II With DC SPD Class II

Point A Point B Point A Point B Point A Point B

19

20 6.42 6.42 4.81 1.46 25.08 77.26

50 6.37 6.37 4.78 1.46 24.96 77.08

100 6.21 6.21 4.68 1.46 24.64 76.49

Table 13. Percentage difference at measurement Point C and D on AC side.

Lightning
Current, I0 (kA)

Lightning Strike
Distance, d (m)

Lightning-Induced Voltage (kV) Percentage Difference of Clamped
Induced Voltage between Without and

With SPD (%)Without AC SPD Class II With AC SPD Class II

Point C Point D Point C Point D Point C Point D

19

20 6.94 6.88 7.15 1.13 3.03 83.58

50 6.85 6.81 7.11 1.13 3.80 83.41

100 6.68 6.65 6.96 1.12 4.19 83.16

Meanwhile, Table 13 presents the single installation of AC SPD Class II near the
transformer, the measurement of lightning-induced voltages at point C was about 3.03%
at 20 m, 3.80% at 50 m, and 4.19% at 100 m. However, the lightning-induced voltages,
measured at point D, were from 83.58% to 83.16% with increasing lightning strike distance
from 20 m to 100 m. In this case, a single installation of AC SPD Class II is not enough to
protect the inverter on the AC side since it is exceeded 2.5 kV of impulse withstand voltage.

Based on the results obtained, it can be seen that the solar PV-battery was in a safe
zone only up to 19 kA of lightning current amplitude at lightning strike distances of
20 m and 50 m. For 100 m, the solar PV-battery was protected only up to 25 kA. High
lightning-induced voltages were observed at the solar PV-battery when the lightning
current amplitude is more than 25 kA. However, it is different for the inverter on the AC
side, which is protected only up to 3 kA at all lightning strike distances. Hence, based on
the analysis of percentage difference, one can clearly see that when the lightning current
amplitude is 19 kA, the single SPD Class II at the DC side able to clamp a maximum of 25%
of induced voltage at solar PV-battery whilst only 3% to 4% of clamped induced voltage at
the AC inverter.

Results showed that as the lightning strike distances are increased, the percentage
difference of clamped induced voltage without, and with, SPD on the DC side at points
A and B decreases. It is the same as on the AC side whereby the percentage difference of
clamped induced voltage without, and with, SPD at points C and D also decrease as the
lightning strike distance is increased.

5.2. Effect of Different Lightning Currents Amplitude

This section discusses the effect of different lightning-induced voltage with varied
lightning current amplitude (i.e., 3 kA to 169 kA) when lightning strikes 50 m away from
the system and cable length is 10 m with the single installation of SPD Class II on both
DC and AC sides. Figure 12a shows the solar PV-battery is in the safe zone for only up to
25 kA of lightning current amplitude with a single installation of DC SPD Class II near
to the inverter on the DC side. If the lightning current amplitude is more than 25 kA, the
induced voltage may exceed the 6 kV of impulse withstand voltage for the solar PV-battery.
Figure 12b presents the inverter is properly protected with a single installation of DC
SPD Class II. Figure 12c also depicts that the inverter on the AC side is able to withstand
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2.5 kV of impulse withstand voltage for only up to approximately 5 kA of lightning current
amplitude. Meanwhile, Figure 12d demonstrates the induced voltage was able to be
reduced with a single installation of AC SPD Class II near the transformer.
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Tables 14 and 15 present the percentage difference of clamped induced voltage by
comparing the data without and with SPD Class II installation on both DC and AC sides. In
this section, only three lightning current amplitudes were selected based on the statistical
analysis at the Solar PV farm, Puchong [28]. It represents the probability of 5%, 50%, and
95% of lightning current amplitude occurrence according to the International Council on
Large Electric Systems (CIGRE) [45].

Table 14. Percentage difference at measurement Point A and B on DC side.

Lightning Current,
I0 (kA)

Lightning Strike
Distance, d (m)

Lightning-Induced Voltage (kV) Percentage Difference of Clamped
Induced Voltage between Without

and With SPD (%)Without DC SPD Class II With DC SPD Class II

Point A Point B Point A Point B Point A Point B

3

50

1.02 1.01 1.02 1.01 0 0

19 6.37 6.37 4.78 1.46 24.96 77.08

169 56.65 56.65 38.43 2.72 32.16 95.20

Table 15. Percentage difference at measurement Point C and D on AC side.

Lightning Current,
I0 (kA)

Lightning Strike
Distance, d (m)

Lightning-Induced Voltage (kV) Percentage Difference of Clamped
Induced Voltage between Without

and With SPD (%)Without AC SPD Class II With AC SPD Class II

Point C Point D Point C Point D Point C Point D

3

50

1.06 1.06 1.04 0.94 1.89 11.32

19 6.85 6.81 7.11 1.13 3.80 83.41

169 61.28 60.34 67.85 2.05 10.72 96.60
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Table 14 shows that with a single installation of DC SPD Class II near the inverter on
the DC side, the measurement of the lightning-induced voltage at points A and B shows
that the system is safe even without the SPD Class II for the lightning current amplitude of
3 kA. For lightning current amplitude of 19 kA, the lightning-induced voltage has been
clamped for about 24.96% at point A and 77.08% at point B. Whilst for the lightning current
amplitude of 169 kA, the lightning-induced voltage has reduced to about 32.16% at point A
and 95.20% at point B. However, in the case of 169 kA, the single installation of DC SPD
Class II is not sufficient and may harm the system since it exceeded the impulse withstand
voltage of 2.5 kV.

Meanwhile, Table 15 shows that with the single installation of AC SPD Class II near
the transformer, the measurement of the lightning-induced voltage at point C shows about
1.89% for 3 kA, 3.80% for 19 kA, and 10.72% for 169 kA were able to be clamped by AC
SPD Class II. Whilst at point D, about 11.32% for 3 kA, 83.41% for 19 kA, and 96.60% for
169 kA have successfully been reduced. It can be seen that the transformer is protected
since it is not exceeding the impulse withstand voltage of 4 kV.

Based on the percentage difference of clamped induced voltage for without, and with,
SPD on the DC and AC side, it shows that as the lightning current amplitude increases, the
percentage difference also increases. However, the lightning-induced voltage was clamped
by single SPD only up to 19 kA of lightning current amplitude at solar PV-battery. If the
current is more than 19 kA, the maximum clamped induced voltage goes up to 32% but still
exceeding the 6 kV impulse withstand voltage, which may damage the solar PV-battery.
Likewise, in the case of the inverter on the AC side, where the single SPD can only clamp
up to 3 kA. Thus, the inverter is at high risk of being damaged by lightning-induced voltage
should it be more than 3 kA. In this case, the higher the lightning current amplitude, the
higher the lightning-induced voltage obtained, which resulted in rapid rising for the front
time and long decaying of tail time. It is described through the lightning current amplitude
(peak) value, rise time, and tail time. The tail time is measured as the time taken for the
waveform to decay to half of its peak value.

5.3. Effect of Different Cable Length

In this case study, the effect of lightning-induced overvoltage with varying cable
lengths (i.e., 5 m, 10 m, and 20 m) at 19 kA lightning current amplitude and 50 m lightning
stroke distance away from the system is investigated. An SPD Class II was installed at the
DC and AC sides, respectively. Figure 13a shows that the solar PV-battery was protected
from the lightning-induced voltage for all selected cable lengths since the induced voltage
is less than 6 kV of impulse withstand voltage. Whilst Figure 13b shows that the inverter
was protected by the single installation of DC SPD Class II.
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Figure 13. Lightning-induced voltage at x = 0 (d = 50 m, I0 = 19 kA, cable length = 5 m, 10 m, 20 m, β = 0.4) at four
measurement points. Point A (near the solar PV and battery); Point B (near the DC inverter); Point C (near the AC inverter);
Point D (near the transformer).

Figure 13c shows that the inverter on the AC side was damaged, due to the induced
voltage, which has exceeded the impulse withstand voltage of 2.5 kV and 4 kV. However,
with the single installation of AC SPD Class II near the transformer, the induced voltage
near the transformer has fully been clamped by the SPD as shown in Figure 13d.

The percentage difference of resulting induced voltage measured with, and without,
SPD installation at both DC and AC sides are tabulated in Tables 16 and 17, respectively.
Table 16 shows that with a single installation of DC SPD Class II near the inverter on the
DC side, the lightning-induced voltages were clamped at point A for about 25.71% for
5 m, 25.43% for 10 m, and 25.37% for 20 m. It is the same for the case measured at point B
whereby about 74.73% for 5 m, 77.12% for 10 m, and 79.40% for 20 m. Thus, it showed that
the equipment on the DC side was protected with a single installation of DC SPD Class II
near the inverter.

Table 16. Percentage difference at measurement Point A and B on DC side.

Lightning
Current,
I0 (kA)

Lightning
Strike

Distance,
d (m)

Cable
Length, m

Lightning-Induced Voltage (kV) Percentage Difference of Clamped
Induced Voltage between Without

and With SPD (%)Without DC SPD Class II With DC SPD Class II

Point A Point B Point A Point B Point A Point B

19 50

5 6.38 6.37 4.74 1.61 25.71 74.73

10 6.41 6.38 4.78 1.46 25.43 77.12

20 6.78 6.70 5.06 1.38 25.37 79.40

Table 17. Percentage difference at measurement Point C and D on AC side.

Lightning
Current, I0

(kA)

Lightning
Strike

Distance,
d (m)

Cable
Length, m

Lightning-Induced Voltage (kV) Percentage Difference of Clamped
Induced Voltage between Without

and With SPD (%)Without AC SPD Class II With AC SPD Class II

Point C Point D Point C Point D Point C Point D

19 50

5 6.97 6.86 6.76 1.27 3.01 81.49

10 6.88 6.83 7.11 1.13 3.34 83.46

20 6.72 6.57 8.72 1.04 29.76 84.17

Table 17 shows, with a single installation of AC SPD Class II near the transformer, the
lightning-induced voltages clamped at point C were recorded about 3.01% for 5 m, 3.34%
for 10 m, and 29.76% for 20 m. Meanwhile, the measured lightning-induced voltage at point
D was about 81.49% to 84.17% for 5 m to 20 m, respectively. Again, a single installation of
AC SPD Class II near the transformer was not sufficient enough to protect the inverter at
the AC side regardless of any distance.

Therefore, it can be seen that, as the cable lengths are increased, the percentage
difference of clamped induced voltage for without, and with, SPD at points A and C are
also decreased. However, the percentage difference of clamped induced voltage obtained
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for without and with SPD at points B and D (where SPD is located) has increased as the cable
lengths are increased. Overall, the cable length between the SPD installation point and
equipment to be protected are of great importance in terms of the effectiveness of surge
protection. From observation in Figure 13a,c, the farther the distance between SPD and the
equipment to be protected, more than 10 m in this case, the higher the lightning-induced
voltage recorded. This is due to the overvoltage and electromagnetic oscillations that lead
to a higher induced voltage measured at the equipment to be protected [53–55]. Hence, the
failure on the equipment to be protected may happen despite the presence of SPD. However,
the oscillations may be neglected for cable length less than 10 m from the SPD since the
SPD installation should be kept as close as possible to the equipment to be protected.

Based on the analysis in all sections, the lightning-induced voltage was travelled
and caused overvoltage in the system, which leads to crucial damage and equipment
inefficiency especially solar PV, battery energy storage, inverter, etc. [21,23,42,56]. Therefore,
throughout all the case studies, the distant the certain equipment/device from the SPD, the
lower the percentage of reduction in clamped induced voltage between without, and with,
SPD in the system. As referred to the standard IEC TR 63227, it is recommended that more
than one SPD Class II, in a system without external LPS, is required to be installed directly
at the equipment to be protected due to the following reasons:

• The closer the lightning strike distance, the higher the induced voltage on the system.
• The higher the lightning current amplitude, the higher the induced voltage generated.
• The longer the cable, the higher the induced voltage produced to the system.

However, as referred to the standard IEC TR 63227 and PD CLC/TS 50539-12, there is
no adequate information on impulse withstand voltage requirement or basic insulation
level (BIL) for battery energy storage as there are not many studies available, especially
related to lightning-induced voltage studies. Therefore, by having the above results, it also
becomes part of the contribution for the International Council on Large Electric Systems
Working Group Committees 4.44 (CIGRE WG C4.44) on Electromagnetic Compatibility
(EMC) for Large Photovoltaic Systems. In addition, it is also recommended to further
investigate the SPD’s capability of clamping impulse voltage by using the different SPD
types and configurations, as stated in standard PD CLC/TS 50539-12, in the next study.

6. Conclusions

In conclusion, this paper presented the effect of lightning-induced voltage on a hybrid
solar PV-battery energy storage system through a single installation of SPD at both DC
and AC sides. In this work, it is proven that the single installation of SPD in the system
is not enough to fully protect the equipment. The single installation of SPD, near the
inverter on the DC side, causes the solar PV-battery to withstand impulse voltage of 6 kV
only up to 19 kA, regardless of any lightning strike distances and cable lengths and up to
25 kA at 100 m lightning strike distance for 5 m cable only. Meanwhile, regardless of the
lightning strike distances for cable length 10 m and 20 m, the withstand impulse voltage
is up to 19 kA. With a single installation of AC SPD near the transformer, the inverter on
the AC side can withstand impulse voltage of 2.5 kV only up to 3 kA, regardless of the
lightning strike distances (from 20 m to 100 m) and cable lengths (5 m to 20 m). The major
contributions of this work contributed to the quantified results of induced voltage, based
on the sensitivity analysis carried out from the three case studies in Sections 5.1–5.3. Taking
into account the withstanding voltages of the equipment, one can clearly see the probability
of damage to the equipment, particularly to the inverter, when each of the parameters
is varied.

This kind of problem may lead to fluctuations and unstable generation output which
causes profit loss to the customer. Therefore, to ensure the system is able to operate in
maximum efficiency along with operation, without any constraint, the SPD is required to
be properly installed and coordinated based on the published standard PD CLC/TS 50539-
12 [31] and IEC TR 63227 [33], taking into account all the results presented in this study.
Owing to the criticality of the solar farm, in terms of protection and productivity, several im-
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portant criteria, such as the placement, rating, and quantity of SPD needed have to be taken
into account. These aspects govern the performance evaluation of the equipment when
comparing with its withstanding Basic Lightning Insulation Level (BIL). Consequently, an
appropriate protection scheme shall be assigned and coordinated accordingly upon the
proper installation.
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