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Abstract— 

Lightning strike causes a large lightning voltage injection into grid-connected PV systems at the point between inverter and 

transformer. The overvoltage resulting from the lightning-impulse voltage is a major concern for the multiple expensive electrical 

devices of the grid-connected PV system and to be studied in depth in order to decrease the damage caused by this overvoltage. In 

this paper, PSCAD/EMTDC software simulated the complete model of the system. In this work, the point which selected from grid-

connected PV system to inject impulse lightning voltage is between transformer and inverter. In different locations of the grid-

connected PV system, lightning overvoltage has been noted by injecting impulse lightning voltages. In this paper, the surge arrester 

is used to mitigate the lightning overvoltage on the PV array. STATCOM is used to improve voltage of the PV array. The results 

show that in case of using the surge arresters and STATCOM, the lightning overvoltage is mitigated. 
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Introduction 

Lightning is an electrical discharge of clouds in the 

atmosphere. It generates double-exponential impulses that 

have a significant impact on equipment and power systems. 

The resulting overcurrent or overvoltage propagates into the 

low voltage and the power lines [1]. 
Lightning overvoltage is separated into induced 

overvoltage and direct overvoltage. Induced overvoltage 
indicates the voltage produced by connecting lines to the 
electromagnetic field induced by the return current during 
the lightning return stroke period. While direct lightning 
overvoltage relates to the voltage produced by lightning 
currents that flow directly through electrical equipment, 
lines or houses when the lightning directly hits them  [2].  

The authors in [3] presented a lightning current with 

short tail time and high peak increases the transient voltage 

and current considerably. The lightning was injected 

between the inverter and the photovoltaic (PV). The 

transient current and voltage may travel along the conductor 

and damage other parts, especially the PV modules and 

inverters. They have given a references and instructions for 

installing lightning protection devices in solar photovoltaic 

farms. The effect of grounding system characteristics on the 

overvoltages in a grid-connected PV system caused by the 

lightning is analysed in [4]. The results proved that the 

frequency-dependency of soil parameters and the high-

frequency grounding system behaviour can have a major 

impact on the resulting overvoltages compared to the simple 

grounding system resistive model.  
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In [5], the lightning strike adds to high transient current 
and voltage, which can cause severe damage to electronic 
components and modules of the PV. Therefore, a suitable 
place of the surge protective device (SPD) was assigned to 
protect the inverter and modules of the PV. The results 
showed that, in addition to the inverter and modules of the 
solar array, the SPD should also be mounted to reduce the 
effect of the lightning strike. 

In [6], the lightning strike induced a large transient 
current injection at the contact point into hybrid systems. 
The transient overvoltage induced by the lightning current is 
a major problem or the hybrid system's multiple expensive 
electrical equipment and needs to be researched in depth to 
minimize overvoltage damage. The result makes it essential 
for the engineers involved to choose SPDs with the most 
suitable levels for a specific point. The choice of SPD for a 
specific purpose depended on the level of threat and 
vulnerability of the component; the impulse to withstand 
voltage, waveform rise-time and maximum energy. 

The authors in [7] presented invaded lightning 
overvoltage induced by the failure of the electrical apparatus 
to insulate. A monitoring system based on an arrester valve 
divider is performed to achieve the actual substation 
lightning invaded overvoltage. In [8] presented a temporary 
over voltage mitigation strategy for the grid-connected PV 
system. Single line to ground fault accompanied by 
insulation is a serious cause of temporary over-voltage. The 
result demonstrates that the neutral current is decreased to a 
certain degree by including high breaking current (HBC) in 
the circuit and that inverter power is reconnected to the grid 
after failure. 

This paper presents a mitigation method for lightning 
overvoltage subjected to grid-connected PV system. The 
surge arresters and STATCOM are used to mitigate the 
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resulting overvoltages. The study is carried out using 
PSCAD/EMTDC. 

I. TEST SYSTEM SIMULATION 

The PV module is a semiconductor device that 
transforms   the   radiation of solar directly   to   electrical 
energy. The modules are connected in parallel and in series 
to form a solar array with the required rated power. Fig. 1a 
illustrates a schematic diagram for grid-connected PV 
system [9]. The system contains PV source, a dc-link 
capacitor, a dc-dc converter, a dc-dc controller with 
maximum power point tracking (MPPT), a grid interface 
inverter with an appropriate filter and a step up transformer. 
Details of all parameters applied in the model for a PV cell 
are listed in Table 1. 

a) PV Grid-Connected System Simulation 

The 0.27 MW PV systems are simulated using 
PSCAD/EMTDC [9]. It mainly consists of as shown in Fig. 
1b solar array, inverter, setup transformer and utility grid. 
The PV system is connected to the 11 kV AC common bus; 
a 0.6 kV/11 kV step-up transformer connects the AC 
common bus to the utility grid. The system operates at a 
frequency of 50 Hz. The outputs of the PV grid-connected 
system are summarised in table 2.  

b) The Impulse Lightning Voltage Simulation 

Lightning is an atmospheric electrical discharge, 
generally during thunderstorms. It is classified as intracloud, 
cloud-to-air, cloud to-cloud, and cloud-to-ground [3]. The 
lightning current and voltage can be characterised by the 
waveshapes through different mathematical expressions and 
the double exponential expression is used in this paper.  

Referring to the IEEE standard, the proposed value for 
the lightning voltage and current impulses are 1.2/50 μs and 
8/20 μs respectively [3]. Fig. 2 represents a standard 
impulse wave with t1 as front time and t2 as fall time. The 
standard specifications is 1.2/50 μs duration, Where front 
time is 1.2μs with a tolerance of ±30% and a tail time of 50 
μs with a tolerance of ±20% for a 1000 kV peak value [5]. 

Marx generator [10] is the vital part of HV equipment's 
impulse voltage tests. Its output is a form of a double 
exponential function pulse: 

      ttVtV   expexp                               (1) 

where V(t) is the instantaneous output voltage value and V 
is the voltage stored by the capacitor (Cg), α and β are 
inverse time constants in μs. 

Based on the Marx generator, the impulse generator is 
constructed. The Marx generator's main circuit is shown in 
Fig. 3a. As shown in Table 3, there is a typical C1/C2 ratio 
for the special Marx generator circuit. C1 is a stage 
capacitor, C2 is a load capacitor, R1 is a front resistor and 
R2 is a tail resistor. The waveform depends on the Rf (front 
resistor) and Rt (tail resistor) by modifying the values of 
these resistors. These resistors control the output impulse 
voltage waveform wave-tail and wave-front [11]. 

The sphere gap for initiating the lightning is simulated 
using the switch to simulate the circuit using PSCAD / 
EMTDC, as shown in Fig. 3b. The function of the generator 
is also switched and all switches are simultaneously closed. 

The stage capacitor, C1 is an initial charge value and is 
determined. The simulated circuit's output waveform is 
shown in fig. 3c, with 1.2 μs rise time and 50 μs fall time. 

TABLE 1: A PV CELL PARAMETERS [9] 

Items Value  

Irradiation 1000 [W/m2] 

Temperature 25 [°C] 

Series resistance of cell 0.02 [Ω] 

Shunt resistance of cell 1000 [Ω] 

Saturation current cell 1e-12 [kA] 

Short circuit current of cell 0.0025 [kA] 

Coefficient of  temperature 0.001 

TABLE 2: OUTPUT OF PSCAD/EMTDC PV GRID-

CONNECTED SYSTEM [9] 

     Output of DC 

(PV Array) 

Output of AC 

Inverter Transformer 

Vmax. 

(V) 

Imax. 

(A) 

Vmax. 

(kV) 

Imax. 

(kA) 

Vmax. 

(kV) 

Imax. 

(kA) 

1500 185 0.6 0.4 11 0.023 

 

TABLE 3: DIFFERENT STANDARD WAVES LIMITING 

VALUES For C1/C2 [10] 

Value determined T1/T2 (µS) 

1.2/5 1.2/50 1.2/200 250/2500 

Max. (C1/C2) - 40 185.19 6.37 

 

 

 
(a) The schematic diagram [9] 
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(b) The PSCAD/EMTDC model 

Fig. 1: The Grid-connected PV system 

 

Fig. 2: Standard waveform of an impulse 

 

(a) Equivalent circuit 

 

(b) PSCAD/EMTDC model 

 

(c) The output of lightning impulse voltage. 
Fig. 3: Impulse voltage generator 

II. LIGHTNING TRANSIENT OVERVOLTAGE IN PV GRID-

CONNECTION SYSTEM 

Lightning impulse voltage hits the PV grid-connected 
system at inverter terminals. Fig. 3c illustrates the impulse 
lightning voltage 1.2/50 μs that hits the grid-connected PV 

system at 1 sec. The transient overvoltage appears at the PV 
array and point of common coupling (PCC). 

Fig. 4a shows the PV array output voltage. It is raised up 
to 1.8 kV at 1 sec that it means the PV array is open circuit 
due to lightning impulse voltage. Fig. 4b shows the output 
current of the PV array. It is dipped to zero A at 1 sec and 
the PV array is not operated due to protection limits. 

Fig. 5 illustrates the active and reactive powers, the 
current, and the voltage at PCC when the impulse lightning 
voltage hits the grid-connected PV system at 1 sec. Fig. 5a 
shows the current at PCC. It is raised up to 4.5 MA at 1 sec 
and then it is decreased gradually to a steady state value of 
23 A. Fig. 5b shows the voltage at PCC. It is raised up to 
1.01 pu. Fig. 5c shows the active power at PCC. It is raised 
up to 2400 pu at 1 sec and then it is decreased gradually to 
100 pu. Fig. 5d shows the reactive power at PCC. It is raised 
up to 900 pu at 1 sec and then it is decreased gradually to 
200 pu.  

 

(a) Array voltage 

 

(b) Array current 

Fig. 4: The Output of the PV array when a lightning impulse 
hits the system. 
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(a) current 

 

(b) Voltage 

 

(c) Active power 

 

(d) Reactive power 

Fig. 5: The output at PCC when a lightning impulse hits the system. 

Fig. 6 illustrates the active and reactive powers, the 
current, and the voltage at inverter when the impulse 
lightning voltage hits the grid-connected PV system at 1 sec. 
Fig. 6a shows the current of the inverter. It is decreased to -
70 MA at 1 sec and then it is raised up gradually to 10 MA, 
and then fluctuated at 1.5 MA. Fig. 6b shows the voltage of 
the inverter. It is raised up to 4500 pu at 1 sec and then it is 
decreased gradually to a steady state value of 1 pu. Fig. 6c 
shows the active power of the inverter. It is dipped to -
1.3x10

9
  pu at 1 sec and then it is increased gradually to a 

steady state value of 1 pu. Fig. 6d shows the reactive power 
of the inverter. It is raised up to 55x10

3
 pu at 1 sec and then 

it is decreased gradually to 2x10
3
 pu.. 

Fig. 7 illustrates the active and reactive powers, the 
current, and the voltage at grid when the impulse lightning 
voltage hits the grid-connected PV system at 1 sec. . Fig. 7a 
shows the voltage of the grid. It is 1 pu and it is clearly seen 
that the voltage of the grid is not changed when the impulse 
lightning voltage hits the PV grid connected system. Fig. 7b 
shows the current of the grid. It is decreased to -50 KA and 
then increased gradually to 5 kA and then fluctuated 250 . 
Fig. 7c shows the active power of the grid. It is dipped to -
2400 pu at 1 sec and then it is increased gradually to -100 
pu. Fig. 7d shows the reactive power of the grid. It is 

decreased to -900 pu at 1 sec and then it is increased 
gradually to -180 pu. 

Fig. 8 illustrates the active and reactive powers, the 
current, and the voltage at load when the impulse lightning 
voltage hits the grid-connected PV system at 1 sec. Fig. 8a 
shows the voltage of the load. It is raised up to 1.01 pu at 1 
sec. 

Fig. 8b shows the current of the load. It is raised up to 
0.25 kA and then decreased 0.1 kA. Fig. 8c shows the active 
power of the load. It is raised up to 0.83 pu at 1 sec and 
fluctuated to a steady state value of 0.8 pu. Fig. 8d shows 
the reactive power of load. It is fluctuated between 0.63 pu 
and 0.8 pu. 

Table 4 shows the comparison between the results at 
each point before and after lightning. It is clear that, the 
lightning overvoltage is occurred at the terminal of PV 
array, inverter, and PCC. Therefore, it is required to 
introduce a method for mitigation the resulting overvoltage 
due to impulse lightning voltage. 

III. MITIGATION OF LIGHTNING  OVERVOLTAGE IN GRID-

CONNECTED PV SYSTEM 

There are several methods to mitigate the overvoltage in 
the power system such as surge arrester, SPD, grounding 
system and STATCOM. Therefore, in this paper, the 
STATCOM and surge arrester are selected to mitigate the 
transient overvoltage due to the impulse lightning voltage 
that hits the grid-connected PV system. 

a) Mitigation Using Metal Oxide Surge Arrester 

Metal oxide varistor (MOV) [12 ] is used in advanced 
HV surge arresters worked with a highly nonlinear voltage 
compared to the current characteristic. The characteristic of 
the V-I depends on the current waveform of the arrester. 
The advanced physical building of HV arresters consists of 
MOV discs inside polymer insulator or porcelain. By adding 
discs in a sequence, high voltage is achieved. Using larger 
diameter discs or parallel disc shafts, the highest power 
ratings are obtained. 

The IEEE model is shown in Fig. 9a [12].  A0 and A1 
are the two nonlinear resistances separated by an RL filter. 
The front surges are slow, the RL filter has very little 
impedance and the model's nonlinear sections are essentially 
parallel. The front surge currents are fast, the impedance of 
a filter becomes more important, but in the non-linear A0 
section the inductance L1 is more derived current. Since A1 
has a reduced voltage for a given current than A0, a greater 
voltage is generated between its input terminals. Initially 
RLC elements are determined by the following formats [11, 
12]:  

 

(a) Current 
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(b) Voltage 

 

(c) Active power 

 

(d) Reactive power 

Fig.6: The inverter output when a lightning impulse hits the system 

TABLE 4: COMPARISON BETWEEN THE RESULTS AT 

EACH POINT BEFORE AND AFTER LIGHTNING 

Items 

V
 a

rr
ay

 

(k
V

) 

I 
ar

ra
y

 (
A

) 

V
 p

cc
 (

p
u

) 

V
 l

o
ad

 (
p

u
) 

V
 g

ri
d
 (

p
u

) 

Without lightning 1.5  185    1    1    1   

With lightning  1.8   Zero    1.01   1.01    1    

Lightning with SA 1.15   Zero   1.8    1.8    1    

Lightning with SA & 

STATCOM 
1.6   150   1    1    1    

 
(a) Voltage 

 
(b) Current 

 
(c) Active power 

 
(d) Reactive power 

Fig. 7: The output at grid when a lightning impulse hits the system 

n
dL 151       µH                                                         (2)  

n
dR 651          Ω                                                          (3) 

n

d
L

2.0
0             µH                                                         (4) 

n
dR 1000        Ω                                                  (5) 

d
nC 100          pF                                                         (6) 

where d is the arrester's measured height in metres. n is the 

number of metal oxide arrester parallel columns. 

The model's inductance Lo is the inductance associated 
with magnetic fields in the arrester's immediate vicinity. 
When applying the model to the digital computer software, 
the Ro resistor is used for numerical integration 
stabilization. The capacitance C represents arrester's the 
terminal-to-terminal capacitance of the arrester. The non-
linear V-I characteristics can be estimated A0 and A1 from 
the per unitized curves given in Fig. 9b. The metal oxide 
surge arresters is used on the two sides of the transformer 
with d=4m and n=100. 

b) Mitigation Using STATCOM. 

STATCOM is considered as a voltage-source converter 
(VSC) that uses a dc voltage to produce a three-phase ac 
voltage [9].  If the dc link voltage is increased, the reactive 
power flows from the inverter to the system and vice versa. 
The DC side of the STATCOM is used to keep the DC 
voltage as low as possible and to improve DC capacitor 
utilization [9]. The DC capacitor is used to inject reactive 
power to the STATCOM when the voltage is in sag 
condition. The parameters of STATCOM are calculated as 
equations in [9]. 

 
(a) Voltage  
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(b) Current 

 
(c) Active power  

 
(d) Reactive power 

Fig. 8: The output at load when a lightning impulse hits the system. 

 
(a) IEEE Frequency-dependent model [12]. 

 
(b) V-I relationships [13].   

Fig. 9: The metal oxide surge arrester  

The dc bus voltage and power rating of STATCOM are 
given by [9]: 

SSTAT VIQ 3                            KVar                          (7) 

a

DC
M

V
V

3

22
                               V                                 (8)  

where QSTAT is the power rating of STATCOM, V is the line 
voltage of STATCOM, IS is the STATCOM line current, 
VDC is the dc bus voltage and Ma is the modulation index of 
pulse width modulation. 

The ac coupling inductor, LAC, is calculated using the 
following form [9]: 

PPS

DCa
AC

Ifa

VM
L




...12

.3
                   mH                               (9) 

where fs is the switching frequency, IP-P, is the ripple current 

for ac inductor and a  is the overcurrent factor .  
The dc bus capacitance of the STATCOM can be 

expressed as [9]: 

)(

3
2

1
2

DCDC

SPh
DC

VV

TIV
C


                    µF                                (10) 

where T is the response time of STATCOM (350 µs), VDC1 
is the dip in the dc bus voltage. 

IV. RESULTS AND DISCUSSION 

In this paper, two mitigation methods are applied. Firstly, 
surge arresters are used when lightning is applied at 1 sec. 
Secondly, a STATCOM is added to the surge arresters when 
lightning is applied at 1 sec. 

 In first mitigation method, the surge arrester is used to 
mitigate the transient overvoltage on the PV array. Fig. 10a 
shows the output voltage of the PV array when the surge 
arresters are connected to the grid-connected PV system. 
The voltage decreases to 1.15 kV at 1 sec and then raises up 
gradually to 1.5 kV that its steady state value. Also, Fig. 10b 
shows the output current of the PV array when the surge 
arresters are connected to the grid-connected PV system. It 
is dipped to zero A at 1 sec and then raised up to the steady 
state value. 

In second mitigation method, the surge arresters and 
STATCOM are used to mitigate the transient overvoltage on 
the PV array. Fig. 11a shows the output voltage of the PV 
array when the surge arresters and STATCOM are 
connected to the grid-connected PV system at 1 sec. The 
voltage is improved in this case than using surge arresters 
only and the PV array operates at steady state value. Fig. 
11b shows the output current of the PV array when the surge 
arresters and STATCOM are connected to the grid- 
connected PV system. It dips to 150 A and then raised up to 
the steady state value. It is better than using surge arresters 
only. 

It can be seen that the surge arrester mitigates the 
lightning overvoltage of the PV array, but the output voltage 
of the PV array is minimized to 1.15 kV, the protection 
limits for this value is not satisfied and causes protection 
problems in the system. STATCOM is used in addition to 
the surge arrester to improve the voltage of the PV array. It 
is found that the lightning overvoltage of the PV array is 
mitigated and the PV array voltage is improved. Therefore, 
it is recommended to use surge arresters with STATCOM to 
improve the voltage of the PV array.  

 

(a) Voltage 
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(b) Current 
Fig. 10: The output of the PV array using surge arresters when 

lightning is applied at 1.0 sec. 

 

(a) Voltage 

 

(b) Current 
Fig. 11: The output of the PV array using surge arresters and 

STATCOM when lightning is applied at 1.0 sec. 

V. CONCLUSION 

In this paper, the lightning overvoltage waveforms that 
appear at different parts of the grid-connected PV system 
are investigated. The impulse lightning voltage is injected 
between transformer and inverter in the grid-connected PV 
system. In this paper, the metal oxide surge arrester is used 
to mitigate the lightning overvoltage on the PV array and 
with adding STATCOM. The results show that the 
overvoltage is mitigated to accepted limits and the voltage 
of the PV array is improved from 1.15 kV to 1.5 kV.  
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