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Abstract

Overvoltage is one of many aspects that needs to be considered for utility-scale
solar inverters, to ensure electrical safety and high reliability. The objective of
this thesis is to understand the reasons for failures related to external sources of
overvoltage and special characteristics for utility-scale solar inverters, in terms of
overvoltage events. The thesis explains the utility-scale inverter and its connection to
the grid and PV array, focusing on areas that are relevant for overvoltage generated
to the auxiliary power-supplies.
In this thesis a lightning impulse in the PV array is simulated for different cases of
DC cable installations and different values for soil resistivity. Both the direct effects
from GPR and indirect effects from inductive coupling are simulated in separate
simulation models. Components in the PV array earthing arrangement are modeled
through the finite-element method. In the simulations, lightning current of 10 kA
1.2/50 µs waveform injected into the earthing arrangement at one combiner box in
the PV array and the effects to the DC circuit of the inverter are analyzed. Based
on the simulation results, the low-pass EMC-filters installed in the DC-circuit passes
a significant portion of the fast-front lightning-impulse current to earth, and can be
subjected to significant stress compared to SPDs installed in the inverter. DC cables
on metal cable supports is demonstrated to be a potential issue with respect to the
voltage generated over the cable sheath during a lightning impulse. The simulated
indirect effects from inductive coupling are small compared to the simulations of GPR,
and no additional protection measures for mitigating inductively coupled voltage are
deemed necessary.
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Sammandrag

Överspänning är en av många aspekter som behöver beaktas för en växelriktare för
solcellsparker, för att säkerställa elsäkerhet och hög tillförlitlighet. Arbetets syfte är
att förstå orsaker till fel relaterade till utomstående källor av överspänning och vilka
speciella karaktärer solcellsparkernas växelriktare har i relation till överspänningar.
Arbetet förklarar växelriktaren och dess anslutning till elnätet och solcellerna, med
fokus på områden som är relevanta för överspänningar.
I arbetet simuleras blixtimpulser i solpanelfältet för olika fall för installationen av
DC kablarna, samt olika värden för markens resistivitet. Både direkta effekterna från
förhöjd jordpotential och de indirekta effekterna från inducerad spänning simuleras
genom separata modeller. Komponenter i solpanelfältets jordningssystem modelleras
genom den finita elementmetoden. I simuleringarna injiceras en blixtström av 10 kA
1.2/50 µs vågform i jordningssystemet vid en av kopplingsboxarna vid solpanelfältet
och effekterna i DC-kretsen för växelriktaren analyseras. På basis av simuleringsresultaten leder lågpass EMC-filtren en betydande del av bliximpuls strömmen till
jord, och kan vara utsatta för märkbar stress i jämförelse med överspänningsskydden
i invertern. Simuleringarna demonstrerar även att DC kablar installerade på metalliska stödstrukturer i solpanelfältet kan vara ett potentiellt problem, med tanke på
spänningen över kablarnas yttre hölje under blixtimpulsen. De simulerade indirekta
effekterna från inducerade spänningar är små i förhållande till simuleringen av förhöjd
jordpotential och inga ytterligare skyddande åtgärder antas behövas för att förminska
de inducerade spänningarna.
Nyckelord ATPDraw, Solcellspark, Växelriktare, Åska, Överspänning
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1

Introduction

Electricity generation (TWh)

The market for solar inverters has grown rapidly in recent years, as seen in figure 1
below, with the plummeting costs of PV modules, along with policy mechanisms
such as feed-in-tariffs designed to accelerate investments in renewable energy. The
customers of utility-scale solar inverters are companies that either use the produced
electrical energy from a PV system locally to save in electricity costs or aim to make
a profit by selling electricity to the grid. The value of the PV system for the owner
is dependent on the investment cost of the entire system in terms of $/kW together
with the maintenance costs and the income from electricity tariffs. The competition
on the market for solar inverters is thus pushing for low investment costs and low
maintenance costs. The PV modules are simple solid-state components, usually of
high reliability, while inverters being relatively complicated systems, usually have
lower reliability. Therefore, there is a demand for long warranty periods and long-term
service agreements on the solar inverters. From the solar inverter producer’s point of
view, the cost from warranty and service agreements can be minimized in different
ways, where designing for reliability is one crucial step.
300
200
100
0
2000

2005

2010
Year

2015

Figure 1: The annual electricity generation of solar PV globally, years 2000 - 2016
[1].
Overvoltage means voltage above the operating limits of an electrical equipment.
While the voltage in an ideal electrical system would always stay within the nominal
boundaries, almost every system can be expected to suffer from overvoltage events.
Overvoltage does not necessarily always lead to faults or permanent damage. Electrical
equipment, designed according to international standards, should withstand certain
levels, waveforms and durations of overvoltage. Surge protective devices are used
to protect electrical equipment from voltage spikes, and electrical components can
often in themselves withstand short durations of voltage above its rated values.
Overvoltage does, despite this, create widespread issues for electrical installations
and is one of the many aspects that need to be considered when designing electrical
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equipment, to ensure both electrical safety and high reliability. With good knowledge
of possible overvoltage situations, it is possible to design electrical equipment to
operate reliably and safely in different overvoltage situations, and thus increase the
value for the end user.

1.1

Thesis objective

The thesis objective is to understand the reasons for failures related to external
sources of overvoltage in utility-scale solar inverters. The thesis also aims to find
out what special characteristics utility-scale solar inverters have in terms of likely
overvoltage events.

1.2

Thesis structure

The thesis is divided into six sections:
1. Introduction
2. Solar park
3. Overvoltage
4. PV array lightning impulse simulation
5. Results
6. Conclusions
The sections 2 and 3 lays a theoretical foundation for the thesis. Section 2 explains
the solar park and its installations; how the inverters are connected to the AC grid
and PV array, with issues related to overvoltage in mind. Section 3 examines the
different sources of overvoltage from the solar inverter’s point of view. Section 4
explains the assumptions made and methods used for simulating the effects of a
lightning impulse in the PV array. Section 5 explains the results received from the
simulations. Lastly, in section 6, the conclusions are taken with respect to the thesis
objective.
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2

Solar park

In this thesis solar park is used to describe the entire installation for supplying power
from photovoltaic modules at the utility-level to the grid. The term utility-scale means
the installations are of large scale, commonly tens or hundreds of MWp AC power
output, meant for feeding into the HV or MV grid instead of locally consumed. The
utility-scale solar inverter is one block necessary for a working solar park connected
to the AC electrical grid. Information of the ABB product offering for utility-scale
solar inverters can be found from ABB websites [2]. The ABB product portfolio
for utility-scale solar inverters includes the products PVS800, PLUS, PVS980 and
PVS980BC. PVS800 is designed for 1000 V input and up to 2078 kW output power,
PLUS for 1000 V input with smaller than 400 kW PV arrays, PVS980 for 1500 V
input and maximum output power of 2300 KW and lastly PVS980-58BC which
is a bidirectional inverter. PVS980 and PVS980-58BC are designed for outdoor
application with IP66 degree of protection while PVS800 and PLUS are designed for
indoor application with little to no protection from liquid.
A simplified circuit diagram for a typical PVS980 inverter is shown in figure 2
below. The inverter consists of two power modules, which using switching devices
converts the DC current to AC. The low-pass LCL filters smoothens out the waveform
of the switched current. There are both AC and DC contactors, along with fuses
on both sides of the power modules. Although optional for the customer, there
are commonly additional AC breakers and DC switches installed, that can be used
during maintenance. The inverter uses an auxiliary single-phase LV AC circuit for
powering different components in the auxiliary circuit, such as cooling fans and
DC power supplies. The auxiliary LV AC circuit is commonly powered through
a single-phase auxiliary transformer installed inside the PVS980 inverter, with its
primary connected to two phases of the main LV circuit. The customer also has
the option for connecting the auxiliary supply from an external source. Inside the
inverter are also SPDs for the main LV circuit and the DC circuit. The inverter also
has a functional earthing board for earthing one of the DC poles and a board for
insulation resistance measurement for detecting any failure of insulation at the PV
array.
In practice, the customers of the utility-scale solar inverters design and integrates
the rest of the solar park with grid connection, earthing system, PV modules and
communication. For applications with indoor inverters, the customers need to employ
a facility for the inverter, to provide adequate protection from the environment.
Commonly the facilities with indoor inverters are made inside a shipping container or
a structure of similar size, which also contains a power transformer for transmission
to MV level and a transformer for auxiliary power-supply. Such facilities are named
solar station in this thesis, whereas solar inverter in the thesis only refers to the
inverter. For outdoor inverters, such as PVS980, the transformer to MV level is
generally designed for outdoor environment as well, and the transformer for auxiliary
power-supply can either be enclosed in the inverter, or as an outdoor transformer
situated close to the inverter.
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AC SPD

PV SPD

Funct.
earthing

DC fuses
AC contactor

AC breaker

DC switch

DC contactor

PV array
MV transformer
aux.

LCL
filter 1

Power
module 1
Ins. res.
meas.

aux.

LCL
filter 2

Power
module 2

PVS980 simplified circuit diagram

Figure 2: A simplified circuit diagram of the PVS980 inverter.

2.1

Basic function of an inverter

A simplified circuit diagram of a three-phase two-level inverter along with the vector
diagram of its switching states is shown in figure 3 below. The inverter has a voltage
source Vdc and a switch for each of the three phases u, v and w with two possible
switching states P and N, adding up to eight possible switching states in total [3]. The
vector diagram displays the possible switching states, where for example PNN means
phase u is connected to the positive pole P and phases v and w are connected to the
negative pole N. A practical topology of a two-level inverter requires two switching
devices, such as IGBTs or MOSFETs, for each of the three phases and free-wheeling
diodes over each switching device to provide a current path for overvoltage created
during the switching events.
NPN

P

PPN

+Vdc /2
u

O

v

w

PPP
NNN

NPP

PNN

–Vdc /2
N

NNP

PNP

n

Figure 3: Three-phase two-level inverter and its possible switching states expressed
in a vector diagram. Adapted from source [3].
In some applications, a three- or higher-level inverter topology is employed,
requiring more switching devices than a two-level inverter. A visualization of the
line-to-line voltage generated by pulse-width modulated (PWM) two- and three-level
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Voltage

Voltage

inverters can be seen in figure 4 below. In the figure the shape of the PWM voltage
is exaggerated for educational reasons, where the switching frequency in practical
applications is much higher. The figure shows one fundamental difference between
two-level and three-level inverters. The two-level inverter is only able to switch
the line-to-line voltage into either 0, +Vdc or –Vdc . With a three-level inverter the
line-to-line voltage can also be +Vdc /2 or –Vdc /2 [3]. The switching nature of all
practical inverters require filtering to generate a sine wave output voltage and comply
to power quality standards. Multilevel inverters require less filtering as they generate
lower harmonic distortion. Lower distortion means reduced losses from filtering and
that the LCL-filters and can be built cheaper and smaller. With every level added
to the inverter topology, the unfiltered output voltage shape approaches a smooth
sine wave. The downside is that the costs and complexity of higher than three-level
designs are seldom commercially sensible with the switching devices on the market.

Time

a)

Time

b)

Figure 4: Visualization of the line-to-line voltage in black aiming to produce the red
sine wave voltage as seen in a) a two-level inverter and b) a three-level inverter. In
real application the switching frequency is much higher.

Solar inverter characteristics
A solar inverter is an inverter used to convert DC supplied by PV cells into AC. The
nature of the DC supply from PV cells is further explained in the next section 2.2. In
order to provide high efficiency for the entire solar park the solar inverter must be able
to handle the continuous changes of output power in the PV modules. The PV arrays
also set special requirements on the power converters used in PV systems. Some
of these requirements are set in IEC standard [4], such as measuring the insulation
resistance of the PV array, to avoid the shock hazard risk from earthed parts in the
system.
The solar inverter application also poses challenges from the environment. String
inverters for roof installations are often designed to be installed in outside environment
and large utility-scale solar parks are often situated away from residence areas, with
no existing buildings to allow inside installations. Utility-scale inverters are either
designed directly for outside environment or placed inside containers or small buildings
ensuring protection from the environment. Failure of the environment protection
means dust and water, insects and sometimes even small animals can cause short
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circuits and failure of components, which in the worst case leads to arcing inside the
solar inverter. The DC current from the PV modules is in normal MPP operation
close to the short circuit current, which means it is not possible to design simple
input fusing for the DC circuit that would interrupt an arcing event.

2.2

PV array

The word PV array is usually used to describe the entire installation of PV modules
in a solar park. A PV string is a row of series connected PV modules to achieve
the desired voltage level for the inverter. PV modules in return is a construction
consisting of a high amount of PV cells in series. A PV cell is a semiconductor
over which a voltage is generated due to the photovoltaic effect when light hits the
semiconductor and excites electrons. The voltage generated by a single crystalline
silicon (c-Si) PV cell is about 0.5-0.6 V and there are usually about 60–72 cells
connected in series in a PV module, leading to the module voltage being around
30–45 V [5]. Assuming a maximum input voltage 1500 V, there would be around
30–50 series connected PV modules.
Two parameters commonly used for PV cells and modules are open circuit voltage,
and a short circuit current. The output current of a PV cell is almost constant at
lower voltages and drops rapidly when approaching the open circuit voltage. Short
circuit current is limited by the irradiance on the PV cell and the open circuit voltage
is limited by the band gap between the valence band and the conduction band in the
semiconductor. MPP is the point of voltage and current of the PV cell, where power
output is at its highest possible value. As seen in figure 5 below, the output current
of the PV module is dependent on the solar irradiance, and the output voltage drops
with increased ambient temperature, as the band gap in the semiconductor decreases.
If correctly dimensioned, the PV array is not able to produce overvoltage to the
inverter, as the Vmax,P V voltage is defined by the semiconductor characteristics and
the amount of PV cells in series.
Displayed in figure 6 below are some of the common solar inverter topologies.
The utility-scale inverter consists of a high amount of PV modules in both series and
parallel and there is often only one MPP tracker for the entire PV array connected to
the inverter, which is one of the main disadvantages of the utility-scale solar inverter
when compared to smaller inverters. Smaller inverters such as string, multistring
and module integrated inverters have less PV cells for which the MPP is tracked,
meaning the individual PV cells are more likely to be close to their respective MPP.
Utility-scale inverters need to make up for this loss in power by lowering the cost of
the inverter, cost of installing the inverter and the cost of inverter maintenance. The
multistring inverter similarly to the utility-scale inverter consists of several parallel
connected PV strings, but has separate DC-to-DC converters for one or a few parallel
connected strings, optimizing the MPP performance of each PV module. The module
integrated inverter is a small inverter integrated in each PV module, usually with a
maximum AC output power of a few hundreds of watts.
There are three possibilities for the earthing technique of the PV array, namely
floating earth, positive earthing and negative earthing. The earthing is often done
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MPP
MPP

1000 W/m2

Current (A)
Power (W)

Current (A)
Power (W)

800 W/m2
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◦
0 C

20
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Voltage (V)

Voltage (V)

b)

a)

Figure 5: The basic functionality of a PV module as seen in a) the I-V and PV
curves with different values of solar irradiance on the PV modules and b) the I-V
and PV curves with different values of temperature. Reproduced from source [5].

DC

DC
DC

DC

DC
AC

a)

DC

DC
AC

b)

DC
AC

c)

AC

d)

Figure 6: Common solar inverter topologies, a) utility-scale, b) multistring, c) string
and d) module integrated. Adapted from source [5].
through a resistor to limit fault currents. The optimal technique is mostly defined by
the PV modules and the mechanisms behind Potential Induced Degradation (PID)
for the employed PV module technology [6]. Sources such as [7]and [6] indicate,
however, that floating ground is the worst possible configuration considering PID of
the PV modules, leading to faster PID. Most systems are hence functionally earthed
in the inverter to decrease PID issues.
Bypass diodes in parallel connection with PV cells are used in PV modules to
ensure high performance in case a cell is partially shaded or defective [8]. Without
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bypass diodes, in case one PV cell in the PV module is not producing voltage, the
voltage over one PV cell can become almost the entire PV module voltage. The
bypass diodes allow current to flow from the cathode to the anode of one or several
PV cells in the partially shaded or defective conditions.
2.2.1

Insulation resistance

The PV modules are commonly framed with aluminum, which are connected to
metallic rails and electrically earthed. Frameless double glass modules have, however,
increased in popularity, especially with thin-film technology [7]. With double glass,
the modules are commonly fastened by aluminum clamps or adhesive to fastening
rails, which in return are earthed.
The insulation resistance of the PV array varies greatly with changes in the
environmental conditions, such as influence from rainfall on the panels and humidity
in the air, along with microcracks in the front glass formed by mechanical shocks,
such as from hailstorms. In IEC standard 62109-2 [4] the expected insulation
resistance from the PV array to the ground is 40 MΩ/m2 , where the area is the total
interconnected area of PV modules. The insulation resistance at the PV arrays is
mostly due to the insulation resistance of the insulator between the PV cells and
grounded parts in the system, while the effect from DC cables is minimal in relation.
Source [9] has divided the leakage capacitance into three parameters originating from
different structures. Firstly, the capacitance between the cells and the PV module
frame, secondly the capacitance between the cells and the mounting racks for the
PV modules and lastly the capacitance between the cells and ground.
In figure 7 below the mechanism behind increased current leakage to ground in
a PV module is visualized. The grounded frame has a potential difference to the
PV cells inside the encapsulation foil. Today’s solar park topologies can result in
a potential difference up to 1500 V in open circuit conditions. Water from rain or
morning dew on the PV module front glass has a conductance dependent on the purity
of the water. When the water is sufficiently conductive, the water layer will act as a
continuation of the grounded aluminum frame. This means the capacitance from the
PV cells to ground increases and the insulation resistance decreases. Measurements
in the PV array usually follow a pattern of increasing insulation resistance while there
is power production from the PV array, reaching values above 40 MΩ/m2 . When the
power production stops, the insulation resistance starts to decrease and can go at
least one order of magnitude below 40 MΩ/m2 .
In figure 8 below the equivalent circuit for the insulation of the PV array is
shown. The insulation has a series insulation resistance RS . The large surface area
of the PV module creates a significant capacitance value Cleak along with the parallel
insulation resistance RP . The parallel parameters Cleak and RP would be highly
affected by water coverage, while the series resistance RS is expected to degrade
slowly through electrochemical corrosion [11]. For utility-scale solar parks there is a
high amount of PV modules in parallel connected to the same grounding circuit, and
when many modules are simultaneously covered with water, it can lead to relatively
small resistance values for the entire PV array.
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Figure 7: Mechanism behind increased current leakage to ground during wet conditions. Reproduced from source [10].
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2.2.2

Lightning in the PV array

Lightning surge tests to directly to aluminum frames of PV modules with currents
up to 80 kA and di/dt values of 40–50 kA/µs have been conducted and some of the
results are presented in [8]. In these tests, the I-V characteristic curves were affected
negatively and for some modules the bypass diodes failed, but there was no total
failure, such as from long-duration arcing. The change in I-V characteristics was due
to degradations such as microcracks in both front and back contact lattices of the
PV cells, leading to increased series resistance of the module. Lightning tests with a
lightning protection system consisting of short air termination rods only 10 cm away
from the module frames eliminated all degradation effects of the PV module I-V
curves.
In book [12] it is said that an air-termination system is vital for the external
lightning protection system of a solar park. Currents from uncontrolled lightning
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strikes will flow into the electrical installation and cause severe damage, according to
the book. It is recommended that air-termination rods are installed according to the
positioning requirements described in IEC 62305-3 [13]. Observations and pictures
from customer solar parks show, however, that air termination systems for utilityscale solar parks are uncommon. Some observed solar parks have air-termination
rods installed around the inverters, as shown in figure 9a below. Air-termination
rods in the PV array are commonly not seen in customer sites, however, as shown in
figure 9b below.

(a) Air-termination around inverters.

(b) PV array without air-terminations.

Figure 9: Observations of air terminations in utility-scale solar parks. Some installations have air-termination rods at the corners around the inverters, here circled with
red. Commonly no air-terminations are seen at the PV array.
In figure 10 below is shown three configurations for PV strings in parallel with
a lightning protection system down conductor along with the parameters affecting
inductive coupling to the PV string from lightning surges in the down conductor.
The loop area is largest in configuration b) leading to highest voltages from inductive
coupling, while the configuration c) has two parallel loops of different directions,
which compensate the inductive effects and leads to small voltages from inductive
coupling.
A similar idea as displayed in figure 10 can also be applied to the loops formed by
the wiring inside PV modules, where the PV cell configuration should form minimal
loop areas and preferably compensated loops. The DC cables between the inverter
and the combiner boxes should also be placed as close to each other as possible, to
minimize the loop area between the positive and negative cables.
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Figure 10: Inductive coupling between a lightning down conductor (red) and the
wiring of a PV string in parallel, where case a) is a normal single row with minimized
loop area. Case b) generates a large loop area and worst-case mutual inductance,
while case c) has two compensating loops and small mutual inductance to the down
conductor. Reproduced from source [8].
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2.3

Grid connection

Shown in figure 11 below is a simplified single-line diagram of a solar park with
utility-scale solar inverters connected to a HV grid. The utility-scale solar inverters
produce AC power in in the LV level, which is connected to an MV transformer close
to the inverter. In urban installations of a few MW total power production, the solar
park is often connected to the local MV or LV grid where there are other installations
in near vicinity. For large utility-scale solar parks the power is transferred within the
plant on MV level and transferred to HV level, from which it is connected to the HV
grid in the area.

TM V
THV

HV grid
Inverter

CB

Surge arrester
PV module

CB

Taux

PV string
PV array

Figure 11: Simplified structure of a typical solar park with utility-scale solar inverters.
In figure 12 below is drawn the dimensions of a solar park capable of generating
20 MWp of AC power to the HV grid. The blue areas are where the PV stings are
installed and there are 10 solar stations, drawn as black rectangles, which consists
two solar inverters and a MV transformer and a transformer for LV auxiliary-supply.
PV strings are connected to combiner boxes, where several strings are combined in
parallel and connected to DC cables leading to the solar inverter.
2.3.1

Cabling

Connected directly to the inverter is LV cabling connected to the MV transformer, LV
cabling connected to the AC auxiliary power-supply, DC cabling from PV modules
and control cables connected to grid monitoring and possible controls at the PV
modules. The PV cabling usually involves two levels; the DC cables between the
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Figure 12: Dimensions of a 20 MWp solar park connected to the HV grid.
inverter and the combiner boxes, and the string cables between the PV modules and
the combiner boxes. The combiner box is where several strings are connected in
parallel into larger sized DC cables running all the way to the inverter. To the MV
transformer usually underground cables are used on the MV level, as overhead lines
and poles would result in shading and unbalanced power production between the PV
cells and modules.
Coupling models for disturbances to cabling can be found in EMC engineering
books, such as [14]. Cabling is an important topic in EMC engineering as their long
structure act as antennas, picking up and radiating noise. Noise can be coupled to
cables through external electromagnetic fields and through coupling between cables.
The noise can be transferred from source to victim both through capacitive coupling
and inductive coupling.
Both capacitive and inductive coupling depend highly on the dimensions of the
cabling system. With two cables being closer to each other the stray capacitance
between the cables increases and leads to higher noise from capacitive coupling,
where one cable is the source of noise and the other cable the victim. With inductive
coupling the mechanism is due to the derivative of magnetic fields in closed loops, as

23

described by Faraday’s law below:
VN = −d/dt

∫︂

(1)

⃗ · dA
⃗
B

With a closed loop circuit and a known angular frequency of the disturbance ω
Faraday’s law becomes:
VN = jωBA cos θ

(2)

where θ is the angle of incidence of the magnetic field into the loop and magnetic
field being perpendicular with the loop area results in maximum interference.
Inductive coupling between two circuits is displayed in figure 13 below. The
area A which picks up disturbance magnetic field in equation 1 consists of the loop
created by the cable and the ground plane. The source of the magnetic field is the
current in the source line generating a magnetic field around it. For EMC calculations
the inductive coupling is often described by the mutual inductance M between two
circuits, accounting for the geometric properties and the magnetic properties of the
medium between source and victim circuit. When the mutual inductance M and the
current in the source circuit are known the generated voltage in the victim circuit
can be written as:
VN = jωM I1 = M di1 /dt

(3)

Cable shielding with ground termination is an effective way for mitigating noise
coupled capacitively to cables. Shielding without ground termination would not
reduce noise levels picked up by a cable [14]. A single ground termination of the shield
is sufficient as long as the length of the cable is much smaller than the wavelength of
the noise, with long cables multiple ground terminations becomes motivated.
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Figure 13: Inductive coupling between two circuits as described by a) the physical
representation of the circuit and b) the equivalent circuit. Reproduced from source
[14].
The hardware manuals of ABB utility-scale solar inverters require routing the
AC, DC and control cables in separate paths. The LV AC cable shields are instructed
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to be connected to the PE busbar inside the inverter. To prevent EMI, the control
cables should also be placed at least 500 mm away from the DC or AC power cables
when they run in parallel, and when crossing power cables, they should be arranged
at 90◦ angle.
2.3.2

Protective earthing

According to standard [15] the two main objectives of earthing are to protect the
electrical equipment from failure and reduce the risk of electric shock to persons in
the vicinity of earthed facilities. The words earthing and grounding when speaking of
electrical systems are often meant to describe the same thing, in IEC standards [16]
earth is used and in IEEE standards such as [15], ground is used. Reference earth or
remote earth is defined as a point of zero potential to which the earthing system,
consisting of connections and devices, is electrically connected. Generally, when
speaking of earth, it is a point with electrical connection to an earthing system but
not necessarily of zero potential to remote earth at all times. Earthing arrangement
is a term used to describe all the electrical connections and devices involved in the
earthing of a system [17].
Neutral earthing means connecting the neutral point of an electrical system to
earth. The method of how neutral is earthed, or not earthed at all, in the system
further defines many of the characteristics of the electrical system, such as the fault
current and line-to-ground overvoltage generated during an earth fault. Neutral
earthing in the solar inverter is done for the auxiliary transformer neutral, while the
main circuit has no neutral.
ABB PVS800-57 hardware manuals require constructing an earthing electrode
for the solar stations following the local regulations. The earthing electrode should
at least round the solar station with 1 m distance to the outer wall, have a thickness
of 16 mm2 Cu and be buried at 50 cm to 80 cm depth. The earthing electrode is
connected to an earthing terminal inside the inverter substation. To the earthing
terminal inside the inverter station is also connected the equipotential bonding of
conducting structures, such as air ducts and the station frame.
ABB PVS980 hardware manual requires an earthing conductor that can withstand
65 kA RMS current for 1 second, connected to the PE busbar of the switchboard
or MV transformer. Further, the manual instructs to avoid grounding loops and to
install grounding cables at least 0.5 m away from the LV AC cables. When using
shielded AC cables, the shields are instructed to be connected to PE.
Soil resistivity
Soil resistivity directly affects the resistance of the earthing electrodes to reference
earth and can vary highly depending on the soil type. Clay and chalk can have
very low values of resistivity around 10 Ω m, while coarse sand and gravel in surface
layers can have resistivity of 3000 Ω m and more [18]. Increased salt and moisture
content decrease the soil resistivity drastically, so the soil resistivity can be highly
increased during a prolonged dry season compared with measuring directly after rain.
Temperature also affects resistivity and the resistivity is particularly increased when
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going below the freezing point of the moisture in the soil. In areas where the ground
freezes, the earthing arrangement should consider the increased soil resistivity after
freezing,
For the earthing system, as low as possible resistance to reference earth is wanted,
to limit step and touch voltage for protecting against voltage hazards for people.
Voltage experienced by the equipment is also limited by diverting the fault currents
to earth as effectively as possible. In IEEE Std 81-2012 [18] resistance values in
the range 1-5 Ω is noted to be acceptable for earthing system of industrial plant
substations.
Methods for determining soil resistivity are presented in IEEE Std 81-2012 [18].
The soil resistivity can be measured using four-point sensing methods, such as the
Wenner method as displayed in figure 14 below, with equal spacing between the test
probes in the soil and all probes at equal depth. A known current is supplied through
the outer probes and the voltage is measured over the inner probes.

A
V

b

a

a

a

Figure 14: Wenner method for measuring soil resistivity. Reproduced from source
[18].
With the Wenner method, using small probe depths compared to distance between
probes b < 0.1a, the resistivity of the soil can be calculated with the following equation
ρ = 2πaR

(4)

, where a is the distance between the measurement probes and R is the resistance
value given by the measurement. The measurements are often repeated at several
different probe spacings, to find out the uniformity of the soil structure. Large changes
in the measured soil resistivity with increased probe spacings suggests a multilayer
soil with significantly different resistivity in different layers. For non-uniform soils a
multilayered mathematical model with several layers of uniform resistivity for the soil
can be employed for lower uncertainty of any further calculations and simulations.
One common way to approximate the electrical properties of the soil is as shown
in the figure 15 below. The soil has two horizontal layers of uniform resistivity, where
the first layer has a thickness d from surface level and resistivity ρ1 , while the second
layer has infinite thickness and resistivity ρ2 . With the same working principle, the
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soil model can be expanded to include additional layers of uniform resistivity, for
improved accuracy of the model. Another common soil model is the exponential
model with resistivity increasing or decreasing exponentially with depth in the soil.

0

ρ1
d

ρ2

∞

Figure 15: Two-layer soil model.
The soil resistivity decreases around an earthing electrode conducting lightning
current, due to the ionization process in the soil. Source [19] compares measured
results from lightning impulse in different soils, to simulations performed without
considering soil ionization, where the simulations result in much higher voltage in the
current injection point. Especially in high resistivity soil ρ = 2056 Ω m the measured
voltage at the top of a earthing rod was much smaller, down to about 40 % of the
simulated voltage. In lower resistivity soil ρ = 228 Ω m the ionization had smaller
effect, the measured voltage around 80 % of the simulated voltage without considering
soil ionization. In the research a simulation model was developed to include the effects
of soil ionization, with high accuracy compared to the measurements. Lightning
simulation without a model for soil ionization should at least note that the voltage
rise in actual cases would be expected to be smaller.
Concrete resistivity
Some of the conducting constructions in a solar park are supported by concrete
foundations. The conducting constructions, such as PV mounting systems are made
of aluminum or steel and are connected to the earthing grid. The resistivity of the
concrete layer affects the earthing resistance of the constructions. In source [20] the
resistivity is shown to be dependent on temperature, chloride content and moisture
content, similarly as for soil. In case of high chloride content, the resistivity can be
below 67 Ω m and can with negligible chloride content be over 1400 Ω m.
2.3.3

Power transformers

Transformers in near electrical vicinity to the auxiliary power-supply are the auxiliary
transformer, MV transformer and possible HV transformer, in that order. Transformers work by induction and are commonly used to transfer energy between electrical
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circuits. For the nominal operation of the transformer, mainly mutual inductance
between primary and secondary windings is a wanted parameter. As displayed in
figure 16 below, there is always capacitance between primary and secondary windings,
along with capacitance towards earthed structures. The capacitance is dependent on
how close the surfaces of the transformer components are from each other and the
relative permittivity of the insulating medium.
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Figure 16: Origin of RLC parameters in a power transformer.
In most applications for ABB PVS980 the auxiliary transformer is a single-phase
transformer with its primary winding connected to two of the main circuit busbars.
In this case, one pole of the secondary winding is earthed to the inverter PE busbar.
If the potential of earth inside the inverter is raised, so is the potential of the LV
AC auxiliary circuit. The auxiliary circuit is also not affected by the common-mode
overvoltage in the three-phase AC circuit. Only differential-mode overvoltage in the
grid should be able to pass to the auxiliary circuit.
For transient overvoltage, it is interesting to examine especially how the transformers work with high-frequency signals, where the capacitive coupling between
windings and from windings to ground becomes significant. Source [21] has developed a method for measuring the relevant RLC parameters for power transformers
and applying a model for simulating the transient behavior in EMTP. The aim is
to produce a simple transformer model for overvoltage transient simulations, with
the circuit diagram displayed in figure 17 below for a delta-wye transformer. The
amplitude and phase shift is measured in three measurement configurations when
supplying a sine wave over the frequency range 10 Hz–1 MHz to the transformer. The
measurements give an impedance–frequency dependence, to which the capacitance
and inductance parameters of the circuit diagram can be fitted.
The figure 17 below shows the network structure for the wide frequency power
transformer model proposed by source [21]. The model in the figure is applied to a
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31.5/0.4 kV, 250 kVA delta-wye distribution transformer.
n
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c
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C

Figure 17: Network structure of a wide frequency model of a power transformer.
Reproduced from source [21].

Multiple winding transformer
For utility-scale solar inverters it is common to employ MV power transformers with
three or more windings [22]. The purpose of transformers in a utility-scale solar park
is to transfer power generated by the solar inverters to the grid, and integrating two
or more inverters into the same MV transformer means less costs for the solar park
as a whole. The hardware manual of ABB PVS980 instructs galvanically isolating
each inverter from other inverters; two inverters are not designed to be connected in
parallel to the same transformer winding. Apart from requiring fewer transformers
per inverter, there is a significant reduction in the complexity of the plant design, as
it results in fewer MV cables in the plant.
The previously mentioned method in source [21] for measuring the parameters for
a high-frequency transformer model, is meant for common two-winding transformers.
The method could, however, be easily adapted for measuring three-winding transformers as well. For a three-winding transformer it can be expected that there is less
capacitance between the primary and one of the secondary windings, compared to a
two-winding transformer. Instead of one capacitive path from primary to secondary
windings there would be two paths in a three-winding transformer, meaning the
disturbance in the secondary could be expected to be smaller. If the installation of
the two secondary windings is unsymmetrical with respect to the transformer primary,
it is possible that one of the secondaries would be more affected by a disturbance in
the primary.
The multiple winding transformer obviously also introduces stray capacitance
between the secondary windings. These capacitive current paths could be a problem
with respect to the harmonics introduced by the inverters. The multiple winding
transformer and its relation to the switching nature of inverters seems to be a field
with little available research.
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Transformer connection types
The three-phase windings of the transformer can be connected into either delta
or wye (star) connection. In some rare applications, such as the use of grounding
transformers, an interconnected star or zigzag connection is used. Wye connection
creates a neutral point that either can be earthed or unearthed in the system. Delta
connections are almost always ungrounded but can in cases of old LV installations
be grounded in one corner [23]. Wye-connection is preferred in HV installations
as the voltage across the individual windings is line-to-ground voltage instead of
the line-to-line voltage, making it easier to tackle the design constraints from high
voltage [22]. Transformers in wye-wye connection are usually avoided in distribution
systems, as the neutral point allows third-order harmonics introduced from non-linear
loads to flow from secondary to primary [22]. In case of a grounded neutral, the
current from third-order harmonics can flow in the neutral wire, causing EMI to
nearby circuits and possibly neutral wire overload. If the wye-wye transformer is
left ungrounded, the harmonics would oscillate between the neutral points of the
transformer, where the production of dangerous overvoltage in the transformer and
cables is possible. Wye-wye connected transformers should not be used for the MV
transformer connected to the utility-scale solar inverter as the switching nature of
the inverter introduces harmonic distortion.
Delta-delta connection results in higher voltage over the windings, but also smaller
current through the individual windings, meaning they are inherently cheaper to
construct than wye-wye transformers [22]. The delta-delta connected transformer also
has inherent cancellation of the third-order harmonics. The delta-delta connection
of transformer means the third-order harmonics from one side would flow between
the corners of the delta-connected windings, inducing voltage of opposite polarity on
the opposite side. The disadvantage of the delta connection is no available neutral.
The main circuit of the inverter has no neutral wiring, however, making the delta
connection optimal for the secondary side of the MV transformer.
System earthing
System earthing is a term used to describe how the neutral of a three-phase system is
connected to earth. System earthing is done at the power transformer and commonly
divided into three categories:
1. Direct earthing
2. Isolated neutral
3. Resonant earthing
Direct earthing means the neutral of the electrical system is directly connected to
the earth. According to source [24], most HV systems have a directly earthed neutral,
as it leads to the smallest line-to-ground voltages during an earth fault, decreasing
the risk for arcing and failure of insulation in the healthy phases. Protective relays
can detect the earth faults easily, as the fault current is high with direct earthing. In
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some cases, the electrical system is earthed through a resistance, to limit the fault
currents during an earth fault while allowing use of earth fault relays with power
frequency current monitoring.
Isolated neutral means the neutral point of the system is not connected to the
earth. With isolated neutral, the electrical system is only capacitively coupled to
earth. The capacitance from the lines to earth depends on the length of the cables,
the cable insulation and how the cable is installed. According to source [24], one of
the main benefits of isolated neutral is the possibility of continued service during
an earth fault, as the fault only has a capacitive current path and the fault current
remains very low. The increased line-to-ground voltage along with the phase shift
from capacitive fault current during earth faults can cause intermittent arcing.
Resonant earthing means the neutral point of the system is earthed though an
inductor, commonly known as the Petersen coil or arc suppression coil. According to
source [24], the purpose of the inductor is to compensate for the capacitive current
flowing between an earth fault and the healthy phases. The inductance value is
adjusted for the capacitance of the power lines, with respect to earth. The resonant
earthing minimizes the risk for long duration arcing faults that can occur due to the
90◦ phase shift phase shift between the capacitive arc current and the line voltage in
an isolated neutral system.
2.3.4

Surge protective device

An SPD is a device intended for limiting transient overvoltage. SPDs are designed
using one or more non-linear components which in an ideal situation do not conduct
current under the MCOV rating and at higher voltages starts conducting to limit
the voltage across the terminals, so that the voltage rises to a maximum value of Up .
There are different categories of SPDs, such as voltage limiting and voltage switching
type SPDs or a combination of the two types. SPDs are also categorized into oneand two-port SPDs, where one-port SPDs are placed in parallel with the circuit to
be protected and two-port SPDs are placed in series with the supply.
The functionality of one-port SPDs, as described in IEC standard 61643-12 [25],
is displayed in figure 18 below. When a current impulse is applied over the terminals
of the SPD, the voltage limiting type SPD limits the voltage below a rated value.
Voltage limiting SPDs usually contain a metal-oxide varistor (MOV) such as zinc
oxide. The switching type SPD are usually designed through a spark gap, and thus
needs voltage to rise to a certain level before breakdown can occur in the gas, causing
a short voltage peak before breakdown, followed by a drop down to the arc voltage
in the spark gap. The switching type SPDs are not suitable for PV application,
as quenching the arc in the spark gap requires current to drop to near zero. The
combination type usually consists of a spark gap in series with a MOV, and results
in a voltage peak before the spark gap breakdown after which the voltage over the
SPD is limited mainly by the MOV characteristics. In PV application commonly
voltage limiting type SPDs are used, and in some cases combination type.
There are different models for modeling metal-oxide surge arresters. The Pinceti
model [26], has been used in many overvoltage simulations due to it being a simple
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Figure 18: The functionality of SPDs as displayed by a) an applied current waveform,
b) the response of a voltage limiting type SPD, c) the response of a voltage switching
type SPD and d) the response of a one-port combination type SPD. Adapted from
source [25].
five-component circuit, for which the component parameters can be determined from
values given in the surge arrester datasheets. The five-component circuit is shown
in figure 19 below. The parallel resistor R is always 1 MΩ and the inductances are
defined as:
L0 =

1 Vr1/T 2 − Vr8/20
·
· Vn
12
Vr8/20

(5)

L1 =

1 Vr1/T 2 − Vr8/20
·
· Vn
4
Vr8/20

(6)

where Vn is the rated voltage of the arrester, Vr1/T 2 is the residual voltage of the
10 kA fast front current surge (1/T2 µs) and Vr8/20 is the voltage at 10 kA current
surge with a 8/20 µs surge. The varistors A0 and A1 are defined as in [26], with fixed
characteristics for the two varistors in p.u. voltage for current points 0.01–20 kA.
The voltages then only need to be scaled for the SPD to be modeled, according to
the following equation:
AkV (i) = Ap.u. (i) · Vr8/20

(7)

where AkV (i) is the current dependent voltage in kV over the varistor element, Ap.u. (i)
is the voltage given in p.u. for different current levels in the source [26] and Vr8/20
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expressed is in kV.
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Figure 19: The Pinceti model for MOV surge arresters. Reproduced from source [26].
The SPDs for PV application are usually not sold as single element MOVs that
could be modeled directly with the Pinceti model. For protection against both
common and differential mode disturbance, the SPDs for the PV array usually
have two MOVs connected in series over the DC poles and a third MOV connected
between the other two to the PE connection. Figure 20 below illustrates how a
Pinceti model without modification would be applied to a PV SPD consisting of
three MOV elements. To apply the Pinceti model, the characteristics are needed for
the separate MOV elements, while the datasheets commonly give the characteristics
from line to line and line to PE for the whole package. For some PV SPDs, however,
the MOV elements are sold as separate cartridges with the characteristics of the
individual cartridges given in the datasheet, which can then be applied for the Pinceti
model.
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Figure 20: a) Configuration of a PV SPD with three MOV elements b) Pinceti model
applied to the SPD.
For gas-filled spark gaps there are few published simulation models. A source
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[27] has attempted to produce a simulation model for gas-filled spark gaps, which
has high complexity when compared to the Pinceti model for zinc oxide SPDs. The
complexity is mainly added from the many non-linear processes, such as dielectric
breakdown of the gas, and the changing parameters of the conducting channel after
breakdown.
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3

Overvoltage

Overvoltage generally means voltage above the designed rating of the system. There
are several ways to categorize overvoltage, such as by voltage nature in dV /dt
from fast- to slow-front. This thesis separates overvoltage into externally and
internally generated overvoltage followed by subcategories based on different causes
for overvoltage. Externally generated or natural overvoltage happens due to the
build-up of atmospheric charges in clouds, resulting in dielectric breakdown of air and
high currents to the earth in cloud-to-ground lightning flashes. Internally generated or
man-made overvoltage originates from the operation and fault situations of electrical
systems and equipment.

3.1

Externally generated – lightning

Lightning is typically the only external source of overvoltage that is covered in
standards and literature related to overvoltage. Other possible external sources
are bursts of solar wind, which are considered for electrical circuits in space, and
electromagnetic pulses from nuclear explosions. Lightning remains, however, the
most commonly occurring external event able to cause significant overvoltage on the
ground.
Lightning is a discharge of charges in clouds, due to local electric field exceeding the
dielectric withstand strength of air, which is around 30 kV/cm in air with atmospheric
pressure. Thunder clouds are situated between 500 m and 10 000 m above ground
and in an active thunder cloud the larger particles usually possess negative charge
and smaller possess positive, resulting in thunder clouds usually being negatively
charged underneath and positively charged above [28]. Lightning can take complex
shapes in terms of discharged current depending on lightning polarity, amount of
charge in the clouds, shape and electrical properties of structures on the ground.
Although lightning has an unpredictable behavior, it is a well-researched subject, so
there are well-established theories for underlying mechanisms and there are several
distinctions of lightning that can be made.
In IEC standard 62350-1 [29] a lightning flash to earth is defined as the electrical
discharge between cloud and earth consisting of one or more strokes. A lightning
stroke is a subset of lightning flashes and is defined as a single electrical discharge in
a lightning flash to earth. Lightning strokes can further be divided into short strokes,
meaning a part of a lightning flash corresponding to an impulse current, and long
strokes, corresponding to a continuing current between 2 ms and 1 s. Point of strike
is the point where a lightning flash strikes the earth, or protruding structure.
Lightning occurs both as cloud flashes and cloud-to-ground (CG) flashes, where
cloud flashes are more common, accounting for about 90 % of all lightning [28]. At
least in theory, cloud flashes can cause overvoltage due to electrostatic induction,
where positive charge accumulates on the power line close to the negatively charged
center of cloud. When the cloud flash occurs, the positive charges on the power line
are freed and released as traveling waves to both sides of the power line.[30] However,
for examining the overvoltage generated in electrical equipment on the ground, CG
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flashes are usually the more important events as cloud flashes are far away from the
ground and their electromagnetic effects are weakened with distance [31].
Lightning modeling
Withstand voltage tests are commonly employed to test insulation of electrical
equipment from overvoltage caused by lightning. Tests with lightning-impulse voltage
are defined in IEC standard 60060-1 [32]. In the standard, the lightning-impulse
voltage has a voltage shape as shown in figure 21 below. A line is drawn between
point A, which is 0.3 of the lightning-impulse extreme value Ue and point B, which
is 0.9 of Ue . The virtual origin O1 is defined as the point in time, where the drawn
line crosses zero voltage. The front time T1 is defined as the interval between O1
and the time when the drawn line reaches Ue . The time to half-value T2 is defined
as the interval between O1 and the time when the voltage has decreased to half of
Ue . The standard lightning-impulse voltage has 1.2 µs front time T1 and 50 µs time
to half-value T2 , which is a waveform corresponding to return strokes of downwards
flash lightning.
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Figure 21: Voltage shape of the standard lightning-impulse test as described in IEC
60060-1 [32].
For simulating lightning there are several functions that can be used. In this
thesis the Heidler function is used, which is defined in source [33]. The Heidler
function can be defined through relatively simple expressions, while holding all the
relevant characteristics of the lightning current surge during a return stroke. The
expression for the channel-base current of the lightning is written in the form:
(t/τ1 )n −t/τ2
e
(8)
1 + (t/τ1 )n
, where Ie is the peak current and τ1 and τ2 are time constants determining the
current rise and decay-time respectively and n is the current steepness factor. The
iH (t) = (Ie /η)
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current steepness factor n=10 is used in IEC standard 62305-1 for the Heidler function
[29] and the time constants τ1 and τ2 need to be iterated to obtain the desired front
and tail times for the current surge. The current peak is corrected with the value η,
for which the value is expressed as:
1/(n+1)
η = e−τ1 /τ2 (nτ2 /τ1 )

(9)

Flash density
The lightning flash density is highest around the equator with flash density around
30 km−2 yr−1 [34], while northern parts of North America and Europe commonly
have figures below 5 km−2 yr−1 . In colder climates the flash density is highest around
the summer months, while in areas around the equator the distribution is more
even, with slightly lower flash density at summer and winter months. In figure 22
below is shown a map of the average lightning flash density globally. The image is a
composite of data acquired by two lightning sensors, the Lightning Imaging Sensor
(LIS) aboard the TRMM satellite and the Optical Transient Detector (OTD) aboard
the Orbview-1 satellite.

Figure 22: Average lightning flash density. Combined data acquired by LIS, years
1998–2013 and by OTD 1995–2000. Image from source [35].
Taking the previously presented case of the 20 MWp solar park in figure 12, there
is approximately an area of 0.28 km2 where PV modules and inverters are installed.
With a flash density of 5 km−2 yr−1 , the time between lightning flashes directly on
the solar park would be 0.72 yr. With a higher flash density, such as in the tropics,
the plant would be expected to be hit with several lightning flashes per year.
Strike locations
During the stepped-leader phase of downward flash lightning, the lightning will move
randomly towards ground, with no significance from the geometrical structures on
the ground. When the stepped leader is 30-100 m from ground, a discharge occurs
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upwards from the grounded structures nearest the edge of the stepped leader, where
the electric field is high enough to initiate an upwards discharge [8].
In IEC standard 62305-3 [13] three methods for designing a functioning lightning
protection system (LPS) is defined; the rolling sphere method, the protection angle
method and the mesh method. The parameters for the protection system are defined
for four lightning protection levels (LPL) I–IV, where an LPS designed according
to LPL I has highest protection and LPL IV has lowest protection. The highest
LPL categories are used to protect highly critical systems, while the lower categories
provide adequate protection from most types of lightning. Lightning protections
systems (LPS) has four corresponding categories, where LPS level I has a rolling
sphere radius of rB =20 m for LPS IV the radius is rB =60 m.
The rolling lightning sphere method is a commonly adopted method to determine likely strike locations on a structure, where a sphere of radius rB is, through
calculations, rolled over the ground structures and the earthed points that touch
the sphere are locations where lightning is likely to strike. In the presented case
in figure 12, the highest points of the solar park would be ground wires of the HV
line crossing the middle of the plant and the ground wires above the air-insulated
HV substation. These high points are likely strike locations according to the rolling
sphere method. However, as distances on a typical solar park are hundreds of meters,
there are also possible strike locations over almost the entire area of the PV arrays.
The spacing between PV strings is only a few meters, so the rolling sphere method
would suggest lightning strikes to hit module frames, inverters or MV transformers.
If direct strokes to PV module frames are to be avoided, an air-termination system
should be installed over the entire PV array.
The figure 23 below illustrates the application of the rolling sphere method for
LPS I on a utility-scale solar park installation with two inverters, a MV transformer
and nearby PV modules. In the figure, the dimensions of PVS980 inverter is used
along with PV modules of 2 m width and 3 m spacing between PV strings. Without a
separate air-termination system, the most likely lightning strike locations in the solar
park, are the edges of the inverter and transformer along with the highest points of
the PV module frames.
Downward flash
Most CG flashes are downward flashes. A downward lightning flash is defined by
standard [29] as a lightning flash initiated by a CG leader moving downwards from the
cloud. Downward flashes start as stepped leaders traveling in virgin air downwards
from the cloud during several thousands of µs in steps of 50 m to 100 m, with a pause
of a few tens of µs after each step [28]. As the stepped leader approaches ground, the
electric field increases and causes partial discharge from pointy earth objects, such
as trees and buildings and, when electric field is high enough, an upwards positive
streamer moving towards the downwards negative streamer. When the leaders meet,
a highly conductive plasma-channel is formed from the negative electrode in the cloud
to the positive electrode in the earth, resulting in a fast discharge of typically 30 kA
peak current, in extreme cases around 80 kA, called the ’main’ or ’return’ stroke
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∼3m

Figure 23: Rolling sphere with sphere radius rB = 20 applied to the dimensions of a
utility-scale solar park installation without a separate air-termination system.
[31]. With negative lightning there is usually several strokes after the main stroke,
following the path of the first stepped leader. The following strikes usually begin as
so-called dart leaders with a propagation velocity of 10 about times faster than the
stepped leader, followed by subsequent return strokes of usually smaller magnitude
than the first return stroke, and faster rise-time. More than 80 % of downwards
flashes consist of more than one returns stroke [31].
The different stages of a typical downward flash can be seen in figure 24 below.
The flash begins as a stepped leader taking several milliseconds to build up, with a
fast discharge in the return stroke when it reaches ground. Between the strokes there
is a pause of some milliseconds. The secondary return stroke is preceded by a dart
leader conducting in the heated channel from the previous return stroke, traveling
much faster to ground than the stepped leader. After the return strokes there is often
seen a long stroke or continuing current, which according to source [36] is explained
by the movement of charges during the build-up process of the leader.
The return strokes of negative lightning usually have a high current derivative,
typically about 110 kA/µs [31], forming the highest peaks of overvoltage caused by
lightning. Between the return strokes there is a continuing current with order of
magnitude around 100 A, lasting tens of µs, which accounts for most of the charge
transfer from cloud to ground.
M-component
M-component is another mode of charge transfer in downward flash lightning, usually
happens after and between the return strokes [37]. The current during the Mcomponent is characterized by a usually two orders of magnitude smaller current
peak than in return strokes and three orders of magnitude longer rise time, around
300-500 µs. The current pulse is usually hook shaped and symmetrical.
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Figure 24: Representation of the mechanism behind downwards flashes along with
the current flowing to ground. Adapted from source [28].
Failed ZnO SPDs have been reported in source [38] due to the longer withstanding
currents in M-components and continuing current from GPR in flashes a few meters
from installations. For an SPD to fail during the M-component stage during lightning
strikes to earth, the voltage over the SPD needs to rise sufficiently high for the
varistor to start conducting enough to be overloaded. With the lower current peaks
of the M-component stage, a high earthing resistance is required to generate this
kind of voltage, along with the lightning strike being in close vicinity to the SPD.
Upward flash
Upward flashes are also commonly are called positive lightning. Upwards flashes
transfer a net positive charge from cloud to earth, whereas a downward flash transfers
net negative charges from the cloud to the earth. Approximately 10 % of CG lightning
are upward flashes and several sources [29][36][39] agree are more common during
winter thunderstorms and at the edges of a thunderstorm, usually starting as a
negative leader from a tall structure over 100 m. An upward flash is in more than
90 % of cases a single stroke and tend to be followed by continuing currents of tens
to hundreds of milliseconds [31]. The charge transfers in positive CG tends to be
much larger than in negative CG; up to 1000 C in positive CG and only up to 10 C
in negative CG. The peak current of positive CG flashes can reach very high values,
typical values around 35 kA and extreme values around 250 kA [31].
Due to most upward flashes occurring during cold seasons at high elevation or
high constructions, upward flashes should not be one of the main causes for concern
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for solar parks. Despite their occurrence being relatively common overall and their
current levels reaching the highest observed values for lightning, most solar plants are
situated in warm climates and the constructions are of low height. A lightning stroke
from an upward flash should be unlikely to strike in the PV array. Direct stroke
to the HV grid the solar plant is connected to could, however, generate significant
overvoltage towards the inverter.
3.1.1

Direct stroke

Direct stroke is defined as a lightning flash striking directly into the conductive
parts of the electrical system. When lightning strikes a conductor with current I
it generates a voltage wave to both directions on the conductor dependent on the
surge impedance of the conductor [28]. To one direction the generated voltages is
then simply divided by half as follows:
1
· Z0 · I
(10)
2
, where Z0 is the surge impedance of the conductor. The surge impedance of a
transmission line is defined as follows:
U=

√︄

Z0 =

R + jωL
G + jωC

(11)

, where the parameters R, L, G and C are the electrical properties of the conductor.
When neglecting the losses in the conductor from parameters R and G, the equation
for surge impedance can simplified as follows:
√︄

L
(12)
C
The voltage wave travels with a speed defined by the relative permittivity and
permeability in the conductor. In a low-loss medium the following applies for the
traveling speed of the voltage wave:
Z0 =

1
c
v=√ =√
ϵµ
ϵR µR

(13)

During direct strokes to earthing system of transmission towers, the voltage from
line to earth can rise high enough to cause breakdown in the air between the line
and the earth. This phenomenon is called back flashover. Decreasing the surge
impedances of the earthing system through lower resistance earth electrodes decreases
the risk of back flashovers.
Ground potential rise
Ground potential rise (GPR) happens when there is high current flowing into one
earthed point in the earthing system, raising its potential in relation to reference
earth [18]. The high currents can be resulted from earth faults or lightning strikes
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and the generated voltage depends on the resistance of the earthing electrode to the
reference earth.
3.1.2

Indirect stroke

Indirect stroke is defined as CG lightning strokes which do not hit parts of the
electrical system. Overvoltage can still in this case be generated in the electrical
system, by coupling mechanisms where the electromagnetic field produced by the
nearby lightning stroke is picked up by the electrical system. For the indirect strokes,
the accuracy of the model depends essentially on two parts; the modeling of the
current distribution during the return stroke phase and the modeling of how the EM
field is coupled to the electrical system.
One commonly employed and modified model for indirect strokes is the Rusck
model, which assumes ground with infinite conductance and an infinite homogenous
line above ground. The return stroke for downward flash lightning is modeled as
current moving upwards from ground near the line and transmitting an electric field.
In the model the induced voltage on any point of the line is purely dependent on the
vertical component of the electric field. Sources [40] and [41] has adapted the Rusck
model to consider soil models with finite conductivity. The horizontal component of
the electric field plays a large role in the case of finite ground and conductors with
ground terminations.

3.2

Internally generated

The magnitude of the internally generated overvoltage is completely dependent on
the system design and the nominal voltage of the system, while the overvoltage from
lightning are mostly independent on the system voltage level. Usually for LV and MV
systems insulation design, such as for PV-systems, the effect of internal overvoltage
is assumed to be small in relation to external overvoltage from lightning. According
to book [28], for systems with nominal voltage up to 300 kV, insulation and surge
protective devices designed for protection against lightning are generally assumed to
be able to withstand the internally generated overvoltage. With increased system
voltage, the effect of internally generated overvoltage becomes more dominant and
must be considered separately from lightning when designing the system insulation.
In EHV installations with nominal voltage of 765 kV and above the switching
overvoltage predominates the requirements for the insulation design.
While internally generated overvoltage is often overlooked in LV installations,
there are evidently situations where it can break the weakest electrical components
in the system. Therefore, it is important to understand the causes of internally
generated overvoltage, in order to avoid mistakes in electrical design of the equipment
and choose correct components for the application. Surges caused by switching
operations are generally considered to be more frequent than lightning and there
are several situations where the voltage becomes high enough to cause issues for
electrical equipment, but not high enough to activate SPDs applied for protection
against lightning. In this thesis internally generated overvoltage is divided into longer
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lasting temporary overvoltage and transient switching overvoltage. The internally
generated overvoltage are however, often a combination of the two [28].
3.2.1

Temporary overvoltage

Temporary overvoltage (TOV) means long duration rise above the nominal boundaries
of power-frequency voltage, with time durations of milliseconds, seconds or more. In
IEEE standards such as IEEE Std C62.44-2016 [42], TOVs are categorized separately
from swells. A swell is defined as a momentary increase in power-frequency voltage,
outside of normal tolerances, with a duration of more than one cycle and less than a
few seconds, while TOVs are of duration longer than swells. In IEC standards, such
as IEC 61643-1 [25], this distinction is not made, but the term TOV contains both
swells and TOVs as defined in IEEE standards.
According to standard [42], SPDs are not designed to protect the electrical system
TOVs, but from lightning surges and the surges caused by switching. TOV with
higher voltage than the MCOV rating of the SPD would likely result in failed SPDs
and other electrical equipment in the circuit. When the TOV is lower than the
SPD MCOV-rating, there should be no failure of the SPDs, while failures in weak
electrical components are still possible.
Earth fault
Earth fault is a short circuit between the electrical system and earth, which can
cause phase-to-earth overvoltage in the healthy phases in the system depending
on the system earthing. Isolated neutral systems have only a current return path
through line-to-ground capacitances for the earth fault, meaning the neutral point in
the ungrounded system is raised to the phase-to-earth voltage of the faulted phase
and the phase voltage in the healthy phases rises to line voltage [43]. Earth faults
normally occur on overhead lines, such as from trees, branches or other structures
falling on the lines, or during back flashover when lightning strikes the earthing
system.
Earth faults in underground MV cables in the solar park would happen from
failure of the cable insulation, for example if the cable has been mechanically damaged.
These kinds of failures should not be expected at least in normal cases during the
initial years of the solar park. Earth faults would rather occur in the overhead HV
system to which the solar park is connected. Earth faults would in neither of the
cases cause line-to-line voltages to rise on either the MV or LV side. As the auxiliary
transformer in normal cases is a single-phase power transformer connected to two
lines of the LV bus bars in the inverter, the earth faults in themselves would not
cause overvoltage in the auxiliary power-supply.
Ferroresonance
Ferroresonance is associated with the resonance frequencies originating from the
electrical parameters of power transformers, especially the non-linear characteristics
of the iron-core inductors, in combination with capacitance from the connected cables.
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High capacitance values of 100–300 nF/km are found in underground cables, making
ferroresonance an issue mostly in systems with underground cabling. According to
source [44] the term ferroresonance relates to transients with frequencies less than
300 Hz and the shape of the overvoltage is generally irregular and chaotic. In extreme
cases the amplitude of the resonance can be around 4 p.u., in more stable cases the
voltage settles around 2 p.u.. The situations where ferroresonance generates high
overvoltage are generally unloaded and asymmetric, such as a single phase open or
closed in a three-phase system. Ungrounded three-phase transformers, long distances
of high-voltage underground cables also increase the likelyhood of ferroresonance.
Common issues from ferroresonance are faulted SPDs, transformer overheating and
failure from overvoltage at electronic appliances.
One recommended procedure to mitigate ferroresonance include preventing openphase condition by using three-phase breakers instead of fusing [45]. Avoiding
unloaded transformer energization and limiting cable lengths are other recommended
procedures.
For utility-scale PV solar plants, there are a few factors that could make ferroresonance overoltage a topic for concern. One factor is the relatively long distance of the
MV cabling in the plant, which is of hundreds of meters. Another is the light-loaded
situations while sun is down, and the main circuit of the inverter is disconnected from
the system while there is no power production. Choice of ungrounded delta-winding
in the MV transformer primary would also worsen the effects. Worst-cases would
likely occur when the plant is started, if MV transformers are magnetized with very
light or no load on the secondary side. Use of fusing in the MV grid of the solar park
could also in some cases lead to an unbalanced grid, which when re-energized could
cause ferroresonance.
Inverter disconnection
If the inverter is disconnected from the grid during power production, the inverter
suddenly has minimal load and the voltage rises quickly for a few cycles until the
internal logic detects the situation and makes corrections. Results from previously
performed tests in ABB of this situation are presented in figure 25 and figure 26 below,
where the voltage in the auxiliary-power supply is measured during the opening of
MV transformer primary circuit breaker. Test was done with two different voltage
levels, 115 V and 230 V, in the auxiliary power-supply. The test was also done with
two different DC voltage levels, 1100 V and 1400 V, where a higher DC voltage
level results in higher voltage peaks. The largest measured voltage peak is about
1.7 p.u. of the nominal voltage. In cases 25a and 26a with a DC voltage of 1100
V, the inverter continues modulation for about 0.7 s, as the peak voltage does not
rise above the inverter overvoltage tripping limit. With DC voltage of 1400 V in
cases 25b and 26b the voltage does reach the tripping limit, and the inverter stops
modulation after about three cycles.
The tripping limits for overvoltage in the inverter are primarily defined by the
grid codes. Grid codes commonly require the inverter to stay connected to the grid in
short whiles of temporary overvoltage and set voltage limits where the inverter should
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Figure 25: Auxiliary power-supply of 115 V during opening of MV transformer
primary circuit breaker with a) 1100 Vdc and b) 1400 Vdc
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400

400

200

200

0

0

-200

-200

-400

-400

-600
-1.2

-1

-0.8

-0.6

-0.4

-0.2

230V auxiliary power supply, 1400 Vdc

600

Voltage [V]

Voltage [V]

600

0

0.2

-600
-1.2

-1

-0.8

-0.6

-0.4

Time [s]

Time [s]

(a)

(b)

-0.2

0

0.2

Figure 26: Auxiliary power-supply of 230 V during opening of MV transformer
primary circuit breaker with a) 1100 Vdc and b) 1400 Vdc
remain connected indefinitely. In source [5] the high-voltage ride-through (HVRT)
requirements for Puerto Rico and South Africa are compared. In Puerto Rico grid
code there is a requirement to remain connected for at least 0.15 s in voltages below
1.4 p.u., 1 s in voltages below 1.3 p.u. and 3 s in voltages below 1.25 p.u.. Additionally
the inverter should remain connected indefinitely for voltages below 1.15 p.u.. In
South Africa, the limits are 2 s for voltage below 1.2 p.u. and indefinitely for voltage
below 1.1 p.u..
Islanding means a situation where the distributed generation facility, in this case
the solar inverter, continues power production while it is disconnected from the grid.
This would occur when the produced power from the inverter is matched by a load
in the local system, so the inverter islanding can remain unnoticed. Islanding is a
safety hazard in the sense that the power plant can be assumed to be powered down

45

after the disconnection from the grid, while the system is still live [8]. The local grid
code set requirements on the inverter anti-islanding settings, mainly how fast the
inverter should detect the islanding situation and disconnect from the grid.
Grid support
In a highly simplified circuit, the connection to the grid formed by cabling and
transformers can be described by a simple reactance X. The phasor diagram of the
inverter connected to the grid can then be presented as shown in figure 27 below.
According to source [5], the power produced by the inverter is then described by the
following equation:
Vgrid · Vinv
· sin(δ)
(14)
X
, where Vgrid and Vinv are line-to-line voltages of the grid and the inverter and δ is
the power angle. The reactive power output is described by the following equation:
P =3

Q=3

Vgrid
(Vinv cos(δ) − Vgrid )
X

(15)

Vinv
jXI
δ
θ

Vgrid

I

Figure 27: Simplified phasor diagram of the inverter connected to the grid. Reproduced from source [5].
During positive or zero active positive power production, it can be seen from
equation 15 that for the inverter to produce positive reactive power, the voltage
of the inverter needs to be higher than the voltage of the grid. This relationship
is used reversely in droop-controlled voltage support for inverters, as presented by
[46]. During voltage dips of the grid, the inverter can support the grid by providing
reactive power towards the grid. One possible scenario for overvoltage is in the case
of the inverter supporting the grid with reactive power during a voltage dip in the
grid, and while forcing reactive power output, the grid voltage suddenly returns
to nominal value. Although it makes little sense for supporting the grid, forcingly
generating a high reactive power output, when the grid voltage is normal, results in
auxiliary power supply overvoltage. Scenarios like these could most likely be avoided
through a well-designed internal logic.
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Figure 28: Relationship between reactive power and voltages in a droop-based
controller. Adapted from source [46].
3.2.2

Switching overvoltage

Switching overvoltage is used to describe different impulse voltage caused by switching
events. The switching overvoltage originates from the capacitances and inductances
from different components in the power system, trying to limit changes in voltage or
current. The switching of transformers, cables, capacitors introduces a fast change
in the electrical circuit, which can cause voltage transients in certain situations.
In IEC standard 60060-1 [32] there are different defined tests for insulation and
equipment against such transients. The standard switching-impulse voltage has a
time to peak of 250 µs and time to half-value of 2500 µs, a significantly slower rate of
change compared to the standard lightning impulse voltage.
Breaking an inductive load
The breaking an inductive load is one obvious cause for overvoltage, as the voltage
across an inductor is defined by the inductance and the rate of change in current. A
fast rate of change in current would result in a high voltage across the inductor. The
disconnection of inductive loads would mostly affect the switching device, such as
the circuit breaker.
IEEE standard Std C37.011 [47] sets guides for the application of transient
recovery voltage (TRV) for HV circuit breakers. In the standard, TRV is defined
as the voltage across the terminals of a circuit breaker after interruption. TRVs are
recognized as a limiting factor for the breaking capability of HV circuit breakers but
is not related to line-to-line overvoltage that could be connected to the auxiliary
transformer.
One case similar to the breaking of an inductive load in case of a line-to-line short
circuit on the AC side. If the short circuit current between the lines is suddenly
cleared, a large load from the system is removed, which could lead to overvoltage up
to 2.0–2.3 p.u. [43].
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Connection of power factor correction capacitor
The purpose of power factor correction capacitors is to minimize penalties from
a highly lagging power factor. Some power correction capacitors are permanently
connected to the system and would not cause any overvoltage, other capacitors are
connected during high load of the network, such as during daily load peaks.
According to book [44], the worst-case overvoltage occur when connecting a
capacitor while the system voltage is at its peak and the capacitor voltage has
opposite voltage due to trapped charge in the capacitor. This case could lead to
overvoltage up to 2 p.u.. In practice, the impedances in the power system would
limit the voltage reaching the theoretical peak, and the overvoltage is usually within
1.3 and 1.5 p.u. at its peak, with a decaying oscillatory nature of about 300 – 900
Hz frequency.
GIS switching operations
The overvoltage caused by GIS disconnection switching operations are usually in the
high frequency domain and called very fast transient overvoltage (VFTOs) due to
their fast dV /dt nature, much faster front than overvoltage caused by lightning. The
disconnection event results in a rapid dielectric breakdown in the gas of the GIS,
happening within a few nanoseconds, due to the short distances and high electric
field strengths in GIS with SF6 as an insulating gas. According to book [48], the
rapid breakdown generates a transient of very fast voltage rise, with a frequency
of around 100 MHz close to the switch. The coaxial structure of the GIS allows
propagation of the high-frequency waves with little loss, and the waves are reflected
and refracted at the impedance discontinuities of the system. Inside the GIS the
highest frequency components are filtered out by impedance discontinuities, and the
remaining waves usually takes on a oscillatory nature of a few MHz in the system.
According to source [49], the total duration of the VFTO event is usually not longer
than a few microseconds and the generated overvoltage amplitude is usually around
1.5 p.u., although the traveling waves can reach superpositions of over 2 p.u. in some
cases.
Book [48] further makes a distinction of VFTO and transient enclosure voltage
(TEV). TEV means transients conducted to the earth during the GIS switching
events. The TEV is also of high frequency and can reach high magnitudes of tens
to hundreds of kV on the grounded parts. TEVs and VFTOs mainly described to
generate a concern for the internal insulation coordination of the GIS. Electrical
systems in close electrical proximity to the GIS, such as cable terminations and
power transformers connected to the system can in some cases be affected by the
overvoltage. EMI is also a common concern for control and communication cables at
the GIS. The very high frequency nature of VFTOs means that the outside power
system is seen as high-impedance paths for the travelling waves, meaning the largest
portion of the waves are reflected to the GIS and only a small portion is transmitted
to the power system.
VFTOs and TEVs could pose special challenges in case of the solar plant being
directly connected to a GIS as the HV substation. This would most likely be only
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in some special cases of solar parks in urban areas, as one of the main reasons for
employing GIS technology is the smaller required space. Even in that case most
likely only the nearest power transformers and communication systems would be
affected and require special solutions, not the solar inverters in themselves.

3.3

Failure from overvoltage

Electrical equipment failure from overvoltage is due to the breakdown of insulation.
In case of failures during undervoltage events, the failure mechanism is overload, as
the current needs to increase to supply the same power. The Information Technology
Industry Council [50] has published a curve seen in figure 29 below, which describes
how Information Technology Equipment (ITE) powered by 120/240 V 60 Hz systems
typically would react to different durations of under- and overvoltage. At the "No
damage region" ITE is expected to stop working from undervoltage without permanent
damage and at the "Prohibited region" expected to stop working with a possible
permanent damage from overvoltage. Within the "No Interruption region" the ITE
is expected to function without interruptions.
For short durations of 100 µs and less, the equipment is expected to work without
interruption in voltages up to 500 % nominal voltage, corresponding to overvoltage
caused by lightning flashes. For 1 ms durations equipment is expected to withstand
200 % and for 3 ms 140 % nominal voltage, corresponding to switching events, such
as the energization of power-factor-correction capacitors. The ITI curve expects no
interruption or failure from temporary overvoltage such as ground faults of 120 %
nominal voltage, and for permanent voltage of 110 % nominal voltage.
While the ITI curve gives a basic idea of the functionality of equipment powered by
an LV AC source, it was not meant for a general application of electronic equipment.
The curve was originally developed for ITE such as computers and servers powered
by 120 V 60 Hz supplies. A study [51] compared the actual interruptions from voltage
sags in home appliance equipment powered by 230 V 50 Hz network with the "No
damage region" of the ITI curve and found that in all cases the equipment could
withstand longer duration voltage sags than described in the ITI curve. The limits
of "Prohibited region" in the curve cannot be directly applied to describe what
overvoltage that would break electrical equipment in the auxiliary power-supply,
while overvoltage failures should be expected mainly within the "Prohibited region"
area.
SPDs should normally divert fast transients from lightning return strokes without
failure but cannot withstand long duration overvoltage above its MCOV rating. The
nonlinear I-V characteristic of the varistors in SPDs means that voltage needs to rise
significantly above the varistor nominal voltage, in order to a significant amount of
current. Long durations of voltage slightly above the varistor nominal voltage could
lead to the failure of electrical equipment, while the SPDs might remain undamaged.

49

500

Percent nominal voltage

400

Prohibited region
300

200

No interruption region
100

No damage region

0.001 c

0.01 c

1c
1 ms

3 ms

10 c
20 ms

100 c
0.5 s

10 s

Steady
state

Duration in cycles (c) and seconds (s)

Figure 29: ITI curve, describing typically tolerated durations and amplitudes of
voltage for Information Technology Equipment powered by 120/240V 60Hz systems.
[50].
3.3.1

Insulation breakdown

As shown in figure 30 a) below, the classical approach is to design the protective
system so there is a high enough safety margin in voltage between protective voltage
level of the protective equipment and the BIL of the device to be protected. In
figure 30 b) the insulation breakdown is explained to be a result of overlapping
distributions in the insulation strength and overvoltage levels. Failure happens when
the highest overvoltage occur to the weakest samples. The safety margin needs to
be wide enough to account for both the distribution of overvoltage and insulation
strengths.
Insulators are commonly categorized into gas, liquid and solid insulation. These
categories have different characteristics when it comes to how dielectric breakdown
occurs. The breakdown mechanisms are well known and described in books such as
[28]. Breakdown in gas is usually self-generating, where a previous partial discharge
does not mean the risk for total breakdown in the future is increased. In liquid
insulation, such as in transformer oil, partial discharges can leave by-products that
decreases the insulation performance and can gradually lead to dielectric breakdown.
In solid insulation, partial discharges can happen gradually in local discontinuities of
the insulator, releasing energy that further deforms the local discontinuity towards
dielectric breakdown.

D: device to be protected
safety margin

D

P

Insulation
breakdown
probability

Overvoltage
distribution

R
Voltage

Time

a)

Probability of
insulation breakdown

P: protecting device

Probability of overvoltage

Voltage

50

b)

Risk of failure

Figure 30: a) Classical approach to protection from overvoltage with BIL of D being
of higher voltage than the protective voltage level of the protective devices. b) Risk
of failure from overvoltage described with a gaussian distribution of the possible overvoltage and cumulative gaussian distribution for the insulation breakdown probability.
Adapted from source [28].
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4

PV array lightning impulse simulation

Lightning in the solar parks are assumed in this thesis to be downward flashes
and they are assumed to strike directly into the PV mounting system most of
the time. On the solar park there are large fields covered by earthed PV module
frames and mounting systems, and there are seldom any external air-termination
systems installed. The direct effect from the lightning impulse is that the potential
of the earthing arrangement is raised and lightning current flows towards all points
connected to reference earth. During lightning strikes to the PV array, a portion of
the lightning current flows in the PE-cable close to DC cables between the inverter
and the combiner boxes. Based on pictures and observations from actual solar parks,
the PE-cable in the PV array earthing arrangement are commonly wired closely
together with the DC cables. One hypothesis is thus that current in the PE-cable
can also couple significant overvoltage to the loops formed by DC cables and towards
the inverter DC input.
Previous scientific studies of lightning flashes in the PV array were not found in
international publications. As the phenomenon of lightning in he PV array is both
assumed to occur relatively frequently and seems to be a poorly researched topic,
the empirical part of this thesis was chosen to be simulations of lightning strikes
to the earthing arrangements of the PV array. The objective of the simulations is
to get an idea of the possible stress caused by lightning to the utility-scale solar
inverter. As the simulations are done through making multiple assumptions and
simplifications, although they are based on observations from actual installations
and previous scientific studies, the error margin of the results can be assumed to be
high. Validation of the simulation results is also outside the scope of this thesis. The
simulated results can, however, be used to better understand the possible problems
caused by lightning to the DC-side of the solar inverter.
The simulations are conducted with ATP-EMTP, which is software designed for
simulation of electromagnetic transient phenomena [52]. The simulation models are
built in a graphical preprocessor ATPDraw. For modeling certain components to the
ATPDraw simulation model, electrical current FEM-modeling through COMSOL is
used. The results from the ATP-EMTP simulations are calculated and post-processed
in Matlab into presentable formats, such as plots and tables.
The simulations are conducted in two steps with separate simulation models:
1. Simulation of lightning strike to the PV array mounting system close to one of
the combiner boxes.
2. Simulation of inductive coupling from current in PE-cable to nearby loop
formed by DC cables.
Three different solar park installation cases are modeled and simulated:
1. DC cables directly buried 0.5 m below ground along with a PE-cable of bare
copper 25 mm2 .
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2. DC cables in a concrete cable trench along with PE-cable of bare copper
25 mm2 .
3. DC cables installed above ground on galvanized steel supports, with PE-cable
of bare copper 25 mm2 connected to the cable supports.
Uniform soil resistivity is assumed and simulated in two scenarios with high
resistivity (ρ=1000 Ω m) and low resistivity (ρ=50 Ω m) without changes to the
earthing arrangement. In the simulations, the inverter has three possible states
denoted "Open", "Closed" and "On", further explained in section 4.1.2. With three
installation cases, two values for soil resistivity, and three inverter states, there are a
total of 18 simulation cases.
Assumptions for the simulation models are made with the objective to get an idea
of the worst-case overvoltage from lightning surges to the PV array. The following
assumptions are made for modeling the system for the simulations:
• The system is one Utility-scale inverter connected to 14 combiner boxes in the
PV array, as shown in figure 31 below. There are two routes of DC cables
between the combiner boxes and the inverter.
• Equipotential bonding to the earthing grids of nearby inverters and PV arrays is
neglected. The effect from the PV mounting system’s connection to earth is also
neglected. This generates higher current and voltage to the individual inverter
than expected in real solar parks, where the entire solar park is connected to
one large earthing arrangement with multiple interconnections and multiple
connections to earth.
• The lightning current surge is assumed to have a peak current of 10 kA and a
standard lightning-impulse test waveform (1.2/50 µs). The choice of relatively
small peak current compensates the effect from the previous point.
• The distance between the inverter and the combiner box struck by lightning is
assumed to be 100 m. Combiner boxes are assumed to be installed with 20 m
distance to each other, making the cabling distance from the farthest combiner
box and the inverter 160 m.
• Four interconnected vertical earth electrodes of 7.93 mm radius are placed
around the inverter at 2.44 m depth and one vertical electrode is placed near
the combiner boxes at 1.83 m depth.
• One ZnO PV SPD is placed in each of the combiner boxes and one PV SPD of
the same type is placed in the inverter.
• For earth electrodes, only the effect from self-inductance in the wire and
resistance from wire to earth in uniform soil is considered. Capacitance from
electrode to earth is neglected and the PE-cable resistance is neglected, due to
their relatively small significance in research such as [53].
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• Soil ionization near earth electrodes is not modeled, despite having a high
significance especially in soils of high resistivity.
• Concrete is assumed to be relatively dry and have a high resistivity of 1000 Ω m.
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Figure 31: Assumed layout of the simulated system.

4.1

Simulation 1: GPR from a lightning flash to the PV
mounting system

In this section all the parameters are presented that are used in simulation 1. The
simulation aims to model the direct effects from a lightning strike to an earthed
point in the PV array, causing current to flow into the earthing arrangement towards
reference earth at one of the combiner boxes.
4.1.1

General parameters

In this subsection the parameters are presented which are assumed to be same in all
simulation cases.
PE-cable partial inductance
Inductance describes the tendency to oppose change in electric current in a conductor
based on Faraday’s law of induction in a closed circuit. Lightning current in the
buried PE-cable flows from the lightning source towards reference earth, following the
paths of least resistance, so there are no simple wire loops for which the inductance
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would be easily defined. Instead, the inductance must somehow be estimated partially
for a segment of the loop.
Source [53] has attempted modeling the inductance in a horizontal earth electrode,
consisting of steel wire of radius 0.5 cm through different formulas, obtaining values
of inductance of 1.4–1.9 µH/m. In the appendix of book [14], there is presented a
formula for calculating the partial inductance of a round conductor according to the
following formula:
µl
2l
Lp =
ln − 1
(16)
2π
r1
where r1 is the radius of the wire, l is the length of the wire part and µ is the
permeability of the surrounding medium. Taking a 1 m length of the same wire
radius r1 =0.5 cm and assuming the relative permeability of the surrounding material
is µr = 1, the obtained value from the equation 16 is Lp =0.99 µH, which at least is
in the same order of magnitude as calculated by [53].
In the simulations of this thesis, equation 16 is used to describe inductance per
unit length of the PE-cable. For a 25 mm2 wire the radius is r1 =2.82 mm and the
resulting inductance per unit length of the PE-cable is LP E =1.1 µH/m.
[︃

]︃

Combiner box earthing rod resistance
Source [54] has developed a method for determining the earthing resistance for earth
electrodes of any shape, using the finite-element method (FEM). FEM is used to
model static electric current in the medium, where only the soil resistivity is needed,
as the voltage drop in the earth electrode is assumed to be small. In the method,
the earth electrode is modeled in uniform soil, represented by two hemispheres, as
shown in figure 32 below. The inner hemisphere has a finite radius d1 and is modeled
with FEM, by defining the outer boundary as ground and a perfectly conducting
surface and defining the electrode volume as a perfect conductor with an arbitrary
potential towards ground. The resistance can then be calculated from the FEM
results, according to the following equation:
R1 =

(V oltage)2
Dissipated power

(17)

The outer hemisphere has an infinite radius d2 = ∞, where the outer surface is
the reference earth. From the inner hemisphere to the outer hemisphere, the current
flow is assumed to be uniformly distributed, and can thus be calculated according to
the following equation:
ρ
(18)
2πd1
, where ρ is the resistivity of the soil. The resistance of the earth electrode to
reference earth is then simply having the both resistances in series:
R2 =

RT = R1 + R2

(19)
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d2 = ∞
d1
R1

R2

Figure 32: Modeling of soil surrounding an earth electrode with two hemispheres,
one with a finite radius d1 and another with an infinite radius. Reproduced from
source [54].
The source [54] determines the inner hemisphere radius according to the expression:
D
+ 30 (m)
(20)
2
, where D is the largest diagonal dimension of the earth electrode. The basis of the
expression is experience gained from FEM modeling and soil resistivity measurements.
The expression does, however, lead to large hemispheres in relation to the dimensions
of the earth electrodes, requiring an unreasonable amount of tetrahedrals in order to
produce a high-quality mesh for FEM. In this thesis, d1 ≥ 2·D is used instead, to keep
mesh sizes reasonable for FEM modeling without an exceptionally high-performing
computer, accepting that some accuracy will be lost.
For the FEM model of the earthing rod, the parameters shown in table 1 are
used, where d1 is the radius of the inner hemisphere, h0 is the depth of the earthing
rod, r0 is the radius of the earthing rod and ρ is the soil resistivity.
d1 =

Table 1: Parameters used for modeling the CB earthing rod resistance.
d1 [m]
5

h0 [m]
1.83

r0 [mm]
7.93

ρ [Ω m]
1000 / 50

The resulting electric potential distribution in the soil surrounding the earth
electrode is shown in figure 33 below. The potential of the electrode is chosen to be
1 V in the FEM model. There is a high potential gradient close to the electrode and
the gradient decreases fast when moving away from the center.
In IEEE Std 142-2007 [23], there is also a simple equation for calculating the
earthing resistance of a single rod of length L and radius a, defined as:
ρ
4L
R=
ln
−1
2πL
a
(︃

)︃

(21)
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Figure 33: Potential distribution as a result from electric current modeling using
FEM of an earthing rod buried in a hemisphere of soil with uniform resistivity.
Table 2: Earthing rod resistance calculated with the FEM model
R1 [Ω]
R2 [Ω]
RT,CB [Ω]

ρ =50 Ω m
23.4
1.59
25.0

ρ =1000 Ω m
469
31.8
501

Taking the parameters used for FEM modeling in table 1, equation 21 yields resistances shown in table 3 below. As it can be seen, the values achieved from FEM
modeling are slightly smaller, but still very close to the values achieved from the
IEEE equation.
Table 3: Earthing rod resistance calculated from equation 21.
RIEEE [Ω]

ρ =50 Ω m
25.3

ρ =1000 Ω m
507

57

Inverter earthing
Inverter earthing is modeled by four vertical earthing rods connected to each other
with bare PE cable. The earthing encircles the dimensions of a Utility-scale inverter
by 1 m on all sides and the PE cable is 0.5 m underground. The potential distribution
as a result of electric current FEM modeling is shown in figure 34. The resistance
values received from the model are shown in table 4.

Figure 34: Potential distribution as a result from electric current modeling using
FEM of the inverter earthing arrangement buried in a hemisphere of soil with uniform
resistivity.
Table 4: Inverter earthing resistance calculated with the FEM model.
R1 [Ω]
R2 [Ω]
RT,inv [Ω]

ρ =50 Ω m
3.51
0.796
4.31

ρ =1000 Ω m
70.4
15.9
86.3

58

DC cable loop inductance
The DC cables from one combiner box to the inverter is modeled. In book [14]
the loop inductance for two round parallel conductors is defined according to the
following equation:
2D
L = 0.0254 · 10 ln
nH/m
(22)
d
, where 0.0254 is multiplied to the original equation to get metric units, D is the
distance between the two wire centers and d is the diameter of the conductor.
The parameters in table 5 are assumed for the DC cables, based on the used
cables in a real Utility-scale inverter installation. The conductor cross-section
area A=240 mm2 gives a conductor diameter dc =18.5 mm. The DC cables are
assumed to be installed with an average separation distance, from center to center,
of D=do +do /2 =43.05 mm, where do is the outer diameter of the cable.
(︃

)︃

Table 5: Assumed DC cable dimensions
A [mm2 ]
240

dc [mm]
18.5

do [mm]
28.7

D [mm]
43.05

With the assumed cable parameters of table 5 and equation 23 the loop inductance
of the DC cable is LDC =605 nH/m, for the portion of the DC cables between the
inverter and the combiner boxes. The inductance of each DC cable is scaled according
to the length of the DC cabling from the inverter to the combiner box.
PV array model
The PV array forms a connection between the DC+ and DC– cables at the affecting
how differential mode overvoltage are coupled in the circuit. The PV array consists
of a high amount of PV cells in both series and parallel. The model for a PV cell is
shown in figure 35 a) below. For the simulations in this thesis, the simplification
shown in figure 35 b) is made, taking only the resistive parameters of the PV cell
model into account. In source [55] the series resistance value for a PV cell is solved
to be Rs =3.8 mΩ and the parallel resistance Rp =73.19 Ω. In the configuration of
figure 35 b), the effect from the much smaller resistance Rs will be minimal, so in
this thesis, the PV cells are simply modeled by the parallel resistance, assumed to
be Rp =73.19 for all cells in the PV array.
A commercial PV module is assumed with the parameter values shown in table 6
below and the assumed parameters for the solar inverter is shown in table 7 below.
Table 6: Datasheet values for a commercial 72-cell PV module.
P max [Wp]
325

VOC [V]
45.58

VM P [V]
36.85

ISC [A]
9.33

IM P [A]
8.82

AP V [m2 ]
1.94
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Figure 35: PV cell, a) one diode model b) simplification made for the simulations in
this thesis.
Table 7: Values assumed for the inverter.
PP V,max [kWp]
3346

Pac,max [W]
2300

Vmax,DC [V]
1500

ISC [A]
2400

Based on the datasheet values, the assumptions for the PV array are made
according to table 8 below. The PV string size n is designed so that the inverter
Vmax,DC value is not exceeded. With m = 32 the open circuit string voltage is
VOC,string = n · 45.58 V = 1459 V. With n strings in parallel, there is a total amount
of PV modules N = m · n = 9856. The maximum DC power of the PV array is
PP V,max = 9856 · 325 Wp = 3203 kWp.
Table 8: PV array assumptions.
String size
m
32

String voltage
VOC,string [V]
1459

String amount
n
308

PV modules
N
9856

Array power
Pmax,dc [kWp]
3203

The assumptions for the combiner boxes in the PV array are displayed in table 9
below. The strings are assumed to be connected in parallel into combiner boxes in
batches of 22 strings, making a total of 14 combiner boxes in the PV array. The
resistance of the PV array connected to one combiner box is RCB,sh =12 340 Ω.
Using the standard 40 MΩ/m2 [4] of insulation resistance, the insulation resistance
of the entire PV array can be estimated as:
40 MΩ/m2
(23)
N · AP V
where N is the total amount of PV modules in the PV array and AP V is the surface
area of one PV module. Using the assumed amount of PV modules and PV module
surface area, the insulation resistance of the entire PV array connected to one inverter
is approximately 2090 Ω and the insulation resistance of the PV array connected to
one CB is about 29 000 Ω.
RP V array =

60
Table 9: PV array assumptions.
Strings per CB
ns/CB
22

CB amount
nCB
14

Cell resistance
Rsh Ω
73.19 [55]

CB resistance
RCB,sh Ω
12340

PV SPD Pinceti model
The PV SPDs is modeled with the Pinceti model according to the configuration
shown in figure 20. A problem with the Pinceti model is that the Vr1/T 2 value is
not given in any of the applied PV SPDs. In this thesis this problem is solved by
examining the datasheets of two commercial MV surge arresters, for which both
Vr1/T 2 and Vr8/20 values are given. A ratio between the two values is calculated,
with the assumption that LV ZnO SPDs will have a similar ratio as for MV surge
arresters.
/︂
In figure 36 below the Vr1/T 2 Vr8/20 relation is displayed for different nominal
voltage ratings for three different MV ZnO surge arresters. The relation is around
1.097 for the lower voltage ratings and decreases towards higher voltage ratings. In
the Pinceti journal article the value for a 20 kV arrester is also similar.
1.098

ABB MWK datasheet
ABB POLIM-K datasheet
Pinceti article [26]

/︂
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Figure 36: Relation between Vr1/T 2 and Vr8/20 for ABB surge arresters.
Based on the findings from MV surge arresters, the following relation is used for
applying the Pinceti model to PV SPDs in this thesis:
Vr1/T 2 = 1.1 · Vr8/20
/︂

(24)

founded in the Vr1/T 2 Vr8/20 ratios being between 1.090 and 1.098 for the MV surge
arresters with rated voltages between 5/︂and 55 kV with the highest ratios in the
lower voltages. In this thesis, the Vr1/T 2 Vr8/20 ratio is assumed to be 1.1 for the
PV SPDs with 0.75 kV rated voltage.
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The input values for creating the Pinceti model for a PV SPD is shown in table 10
below.
Table 10: Pinceti input values for a single element of a PV SPD
Vn [kV]
0.75

Vr8/20 [kV]
2.5

Vr1/T 2 [kV] (from equation 24)
2.75

Using equations 5 and 6, the inductance parameters are as shown in table 11
below.
Table 11: Calculated inductance values for the Pinceti model
L0
0.006 25 µH

L1
0.018 75 µH

The I-V characteristic of the nonlinear resistors A0 and A1 is shown in table 12
below. The p.u. values given in [26] are multiplied by the Vr8/20 value to obtain the
characteristic to be used in the model.
Table 12: Varistor element I-V characteristic
I [kA]
0.000002
0.1
1
3
10
20

A0 [p.u.] [26]
0.81
0.974
1.052
1.108
1.195
1.277

A1 [p.u.] [26]
0.623
0.788
0.866
0.922
1.009
1.091

A0 [V]
1266
1522
1644
1731
1867
1995

A1 [V]
973
1231
1353
1441
1577
1705

The Pinceti model applied to ATPDraw can be seen in figure 37 below. The
model is made with simple resistors and inductors along with non-linear resistors.
The non-linear resistors are modeled with a type 92 current dependent resistance,
for which the I-V characteristic in table 12 can be defined.
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Figure 37: Pinceti model of the PV SPD applied to ATPDraw.
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4.1.2

Inverter model

The inverter model is simplified to include only the parameters that affect the
propagation of lightning current in the DC section of the inverter. The model
includes two power modules, two EMC-filters and a functional earthing resistor. To
the DC busbars is also a PV SPD, same as in the PV array, installed.
Power module model
The DC side of the power modules are modeled by the capacitance of the DC
capacitor, and resistive loads to describe current flow through the switched-mode
power supplies and inverter main circuit.
The voltage in the PV array with maximum power is approximately Vmp,string =
1179 V, based on the Vmp value in table 6 and 32 modules in each string. When
the inverter produces the maximum ac power Pac,max = 2300 kW, the DC current
is approximately IDC,mp = Pac,max /Vmp,string = 1950 A. Assuming the inverter main
circuit can be modeled by a resistive load, the resistive load of the main circuit during
max power is RDC,mp = Vmp,string /Imp = 0.6 Ω.
In the simulations of this thesis, during inverter on state, the power production
is assumed to be about 20 % of full power. The main circuit consists of two power
modules, where the main circuit is modeled with a resistance of 6 Ω for each power
module. In each power module there is a DC power supply in parallel with the main
circuit, which in the simulations are modeled by resistive loads of 60 Ω.
The DC capacitor of the power modules are meant for filtering out ripple in the
DC circuit from the switching nature of the inverter. The capacitor should be large
enough to reduce the ripple, to ensure the output voltage remains at the MPP of
the PV array [5]. In source [56] the capacitance value for the DC-link high power
inverters is chosen primarily based on the output inductance, the bus voltage and
the PWM frequency of the inverter. A higher DC-link voltage and lower PWM
frequency requires higher capacitance. In source [57] a 1.2 mF capacitance is used
for the DC-link of a 500 VDC solar inverter with a 10 kHz switching frequency and
a 5 kW maximum output power. In source [58] a 3.4 mF capacitance is used for a
720 VDC solar inverter with a 16 kHz switching frequency and a 20 kW maximum
output power.
The inverter is assumed to use a 1500 VDC maximum voltage and a lower switching
frequency, meaning the capacitance value should at least be significantly larger than
in the examples. For the simulations a 20 mF is assumed for the inverter, with 10 mF
capacitance in each power module.
Table 13: Parameter values for each of the two power modules.
CDC [mF]
10

Rmain [Ω]
6

Rpsu [Ω]
60
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Functional earthing resistor
The functional earthing resistor should be sufficiently small to limit the PID effects
on the PV modules, by limiting the voltage of the earthed pole of the DC circuit to
the potential of the earthing arrangement. During normal operation, the functional
earthing makes a closed circuit as displayed in figure 38 below. The circuit consists
of an approximated power supply half of the DC voltage of the PV array, as the
circuit has distributed connections to earth with voltage between 0 and UDC . The
resistor RP V approximates the insulation resistance of the PV array to earth, and
the resistor Rf e is the resistance of the functional earthing.
–

+

UDC /2
Rf e

RP V

Figure 38: Closed circuit formed by the insulation resistance of the PV array, the
DC power supply of the PV array and the functional earthing resistor.
The functional earthing resistor should also be sufficiently large to limit fault
currents flowing through the resistor, such as during a ground fault of the DC cables
or PV modules. In worst-case, if there is the full PV array voltage, there could be
1500 V over the resistor as shown in figure 39 below.
+

–

Rf e
IF
RP E

Figure 39: Closed circuit formed by the insulation resistance of the PV array, the
DC power supply of the PV array and the functional earthing resistor.
Assuming the insulation resistance of the PV array is 2090 Ω as previously
calculated, the effect from different values of functional earthing is displayed in
table 14 below. With low functional earthing resistance Rf e values the voltage from
PE to the earthed DC pole is limited to low voltages. Increasing the resistance value
greatly affects how effectively the functional earthing can limit the voltage over the
earthing resistor, and thus affects how effectively PID effects are mitigated for the
PV modules. On the other hand, with low resistance values, the fault currents IF can
rise to significant values. To ensure both low enough fault currents and low enough
voltage of the earthed pole, a compromise between the two sides must be done.
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Table 14: Parameter values for each of the two power modules.
Rf e [Ω]
1
10
100
1000
10000

Rf e + RP V array [Ω]
2091
2100
2190
3090
12090

If e [A]
0.359
0.357
0.342
0.243
0.062

Vf e [A]
0.359
3.57
34.2
243
620

IF [A]
1500
150
15
1.5
0.15

For the simulation model, functional earthing through a 100 Ω resistor is assumed.
In the simulation model functional earthing of DC– is assumed, which is more
common than earthing DC+.
EMC-filter
Two EMC-filters connected between DC terminals and PE as shown in figure 40 below.
The two EMC-filters are identical and function as low-pass filters, aiming to reduce
high-frequency harmonic distortion coupled from the inverter to the DC-circuit. The
simulation model of the filter is based on the filters used by ABB and in order to
protect the intellectual property of the company, the internal design of the filter is
not reveled in this thesis.

Figure 40: EMC-filter is a three-node block connected between DC terminals and
PE.
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Inverter ATPDraw model
The resulting ATPDraw simulation model for the inverter is shown in figure 41 below.
The model consists of two power modules and two input cubicles for the DC cables
from the PV array. Close to each input cubicle an EMC-filter is installed. The DC
bus bars are interconnected inside the inverter, and the PV SPD along with the
functional grounding resistor is installed close to power module 1.
The inductance parameters of the model is shown in table 15 below and are
resulted from wiring and busbars inside the inverter. Book [14] uses gives general
rule of thumb for wiring inductance as 1 µH/m, which is applied to the busbars and
wiring in the inverter model. The model has three DC busbar sections, which each
are assumed to be about 1 m length. The first bus bar section is between the first
DC input cubicle and the first power module, the second busbar section between the
two power modules and the third busbar section between the second power module
and the second DC input cubicle. Where there is wiring, the wire length is assumed
to be 0.5 m.
Table 15: Inductance parameters of inverter busbars and wiring.
Lbusbar [mF]
1 µH

Lw [Ω]
0.5 µH

The inverter ATP model has switches denoted Q1 after the EMC-filters and
switches denoted K1 at the power modules and the functional earthing. The different
possible states of the inverter are shown in table 16 below, where 1 means the switch
is closed and 0 means the switch is open. The switches denoted Q1 are DC switches
turned by a manual lever, which during the operational lifetime of the inverter are
open only during service work. The inverter state "Open" is in other words the most
unlikely state, but still possible. The switches denoted K1 are contactors and are
closed whenever there is power production from the PV array. The inverter state
"Closed" is the expected state during night-time and "On" during day-time.
Table 16: Inverter states and the states of DC switch Q1 and contactor K1, where 1
denotes closed switch and 0 an open switch.
Inverter state
Open
Closed
On

Q1 state
0
1
1

K1 state
0
0
1
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Figure 41: ATP simulation model for the inverter.
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4.1.3

Combiner box ATPDraw model

The ATPDraw model for one of the combiner boxes is shown in figure 42 below. The
model consists of the parameters for the PV array, the PV SPD, the earth rod and
the inductance from the DC cables connected between the combiner box and the
inverter. To the PV SPD there are wire inductances connected of Lw =0.5 mF.

Figure 42: ATPDraw simulation model for the components connected to one combiner
box in the PV array.

4.1.4

Lightning current surge ATPDraw model

The lightning current surge ATPDraw model is shown in figure 43 below. The surge
is modeled with a Heidler current source in parallel with a 400 Ω resistor. The parallel
resistor is in source [59] used to describe the lightning-path impedance.
The parameters used for the Heidler source is shown in table 17 below. The
Heidler source time constant τ1 is denoted Tf and τ2 denoted τ in the ATPDraw
software.
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Figure 43: ATPDraw simulation model for the lightning current surge.
Table 17: Parameters used for the Heidler source of 1.2/50 µs waveform in ATPDraw.
Parameter
Amplitude
Tf
τ
n
Tstart
Tstop
4.1.5

Unit
A
s
s
s
s

Value
10000
2.36E − 6
6.9E − 5
10
0
1000

Case 1: Buried cables

The first case is an installation illustrated in figure 44 below. Current in the bare
copper wire buried in earth flows both forward in the wire and outwards from the
wire to the reference earth. To estimate the inductive coupling effects, the current in
the wire must be known over the whole length of the wire. To describe how current
decreases in the PE-cable, a resistance is estimated from the wire surface to reference
earth for short parts of the wire.
100 m
IL
CB

B

B

B

PE rod

Figure 44: Visualization of the lightning current path in Case 1.
Assuming a round conductor of infinite length buried in soil with homogenous
resistivity, the potential distribution to an outer semicircle would be as displayed
in figure 45 below. In the figure, the 25 mm2 PE-cable buried 0.5 m below ground
is modeled in with FEM, where the entire conductor is assumed to have a voltage
of 1 V with reference to ground, which is the outer semicircle arc. From the FEM
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model, the resistance can be calculated per unit length of the conductor.

Figure 45: Potential distribution around the buried PE-cable, with an outer semicircle
with radius r=5 m.
In figure 46 below is shown how the earth resistance per unit length increases
with increased semicircle radius in the FEM model. There is no clear sign that
the resistance would converge with increasing the semicircle value. It is known,
however, that the resistance between two hemispheres, with a uniform conducting
medium between them, as in figure 32 converges when the outer hemisphere radius
approaches infinity. When moving further away from the PE-cable in the soil, the
current flow from the PE-cable to earth is assumed to deform from the cylindrical
shape in figure 45 towards a hemisphere shape. The equation 18 for the hemisphere
resistance towards reference earth results in negligible earth resistance values with
high radius values, such as r=100 m. Thus, in this thesis, the assumption is made
that the earth resistance per unit length of the PE-cable can be approximated by
using the FEM model of cylindrical current distribution with an outer semicircle of
radius being the same as the cable length 100 m.
Using the FEM model of cylindrical current distribution with an outer semicircle
of 100 m, the resistance values per unit length of the PE-cable shown in table 18 is
obtained. The resistance per unit length of the PE-cable is the resistance from the
cable surface to reference earth.
Table 18: Earth resistance of the buried PE-cable.
Rburied

PE

[Ω/m]

σ = 0.02S/m
120

σ = 0.001S/m
2400

PE-cable earth resistance (Ω/m)
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2,200
2,000
1,800
1,600
1,400

10

20
30
40
Semicircle radius (m)

50

Figure 46: Earth resistance as a function of semicircle radius calculated in FEM,
with soil resistivity ρ =1000 Ω m.
4.1.6

Case 2: Surface level cable trench

In this case, the bare PE-cable runs in concrete cable trenches together with DC
cables. The concrete structures forming the trench are dug about 0.3 m down to
earth, but not filled with any material. There is assumed to be high resistance
towards reference earth, thus its connection to earth is neglected in the simulations
in this thesis. The basis for this assumption is that the PE-cable only has a small
contact area with the concrete, which is assumed to have high resistivity of 1000 Ω m,
making for a very high earth resistance in dry conditions. During the rainfall during a
thunderstorm, however, the cable trenches could will up with water, greatly affecting
the resistivity of the concrete and forming a larger contact surface from PE-cable
to earth through the water in the trench. Over time, the trenches would also be
expected to be filling up with the surrounding soil or sand, affecting the earth
resistance. As it is difficult to make assumptions for these kinds of situations, such
as for the conductivity of the water and concrete, simulations will be conducted for
the worst-case scenario with no conductance to earth. The simulated results in this
case would in other words be expected to exaggerate the overvoltage from lightning,
which needs to be accounted when discussing the results.
4.1.7

Case 3: Cables above ground on cable supports

The third case is an installation as displayed in figure 47 below. The main difference
from Case 1 is that the DC cables are installed on cable supports above ground. The
cable supports are installed with 1.5 m intervals and are interconnected by a bare
PE-cable, for equipotential bonding of the metallic structures. The cable supports
themselves function as earthing electrodes with a resistance depending the cable
support geometry towards the soil.
The geometry of the cable support is shown in figure 48 below. The cable support
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100 m
IL
CB

B

B

B
1.5 m

PE rod

Figure 47: Visualization of the lightning current path in Case 3.
consists of two L-angle steel bars of 80 cm length welded to a U-channel steel bar of
100 cm. The U-channel is lowered 40 cm into a concrete cylinder of 9 cm radius and
60 cm height. The concrete cylinder is assumed to be completely buried into soil.

Figure 48: Geometry of the DC cable supports.
The dimensions of the FEM model and the potential distribution of the cable
support with 1 V inserted into the steel bars can be seen in figure 49 below. The
outer hemisphere radius is 4 m.
The FEM model gives the resistance values shown in table 19 below. As the
concrete volume is assumed to have a resistivity of 1000 Ω m in both cases, the
earthing resistance is not as much affected by lower soil resistivity as in previous
cases.
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Figure 49: Potential distribution from the electric current FEM modeling of DC
cable supports in soil.

Table 19: Cable support earthing resistance calculated with the FEM model.
R1 [Ω]
R2 [Ω]
RT,supp [Ω]

ρ =50 Ω m
510
1.99
512

ρ =1000 Ω m
1180
39.8
1220
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4.1.8

ATPDraw simulation model for the whole system

The simulation model for the whole system with all components can be seen in
figure 50 below. As the simulation model consists of many interconnected components
it is difficult to fit in a large enough figure, where every detail is represented clearly.
Instead the simulation model shown in the figure has been divided into four different
blocks. The blocks are the following:
• Solid red rectangle, inverter model, shown previously in figure 41.
• Solid red circle, Heidler lightning source, shown previously in figure 43.
• Dashed blue rectangles, combiner box model, shown previously in figure 42.
• Dotted yellow rectangles, PE cable, which are different depending on the
installation case.
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Figure 50: ATPDraw model of the whole simulation model in its final form.
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4.2

Simulation 2: Inductive coupling to DC cables

In this section the simulation 2 model is presented, which aims to model the effect
from inductive coupling from the PE-cable to the loop formed by DC cables between
the inverter and the combiner box. The simulation model is built on the model
of Simulation 1. All connections to the ground are removed, such as the earthing
arrangements and the SPD and EMC-filter components connected to PE. Kept in
the model are all connections between the DC poles.
The following assumptions are made for the simulation model:
• Only the effect from the DC cable loop closest to the PE-cable is modeled,
as the inductive coupling effect weakens significantly with distance from the
source.
• The assumed cable geometry is 100 m length and the DC cables have an outer
diameter of 28.7 mm.
• The DC cables are assumed to be separated by around 1.5 times the DC cable
diameter and the DC cable loop is assumed to be separated from the PE-cable
by around 2 times the DC cable diameter. Calculations are performed using
the separation distance between the DC cable loop and the PE-cable as a1 =
65 mm and the DC cable loop width as b1 = 43 mm.
• The simulations are performed using a voltage source with the inductively
coupled voltage as calculated for an open loop.
• The current generated by the voltage source is limited to the short circuit
current induced in a loss-free loop, calculated as in source [8]. Current limitation
is done by terminating the circuit through a resistor Ri .
The induced maximum short circuit current is in source [8] calculated from the
following equation:
M
· iAmax
(25)
LS
Here, M is the mutual inductance between the source wire and the loop, LS is
the inductance of the loop and iAmax is the maximum current in the source wire.
The mutual inductance in µH is calculated as follows:
iSCmax ≈

a1 + b 1
(26)
a1
, which using the assumed cable dimensions is M = 10.2 µH and the DC cable loop
inductance is according previous calculation LS = 605 nH/m·100 m = 60.5 µH. In
other words, the max induced current assuming the cable loop is loss-free and short
circuited is about 1/6th of the max current in the nearby PE-cable.
M = 0.2 · L · ln
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4.2.1

Parallel wire inductive coupling to open circuit

In this section a simplified inductive coupling case is presented in order to get an idea
of the possible overvoltage into DC cable loops from inductive coupling. A 1.2/50 µs
current surge related to return strokes flows in a PE-cable close to the DC cables.
All wires are modeled as perfect conductors and the DC cables are assumed to form
a loop which is open on one end.
The dimensions in two different DC cable and PE-cable configurations is shown
in figure 51 below. The cable length is L, the cables are separated from each other
by a distance a1 and the DC+ and DC– poles are separated by a distance b1 .
a1

IL

a1

b1
V1

V2

V3

V4

φ01

φ02

φ03

φ04

CB1

CB2

CB3

CB4

L

V1

V2

φ01

φ02

CB1

CB2

PE

IL

b1
V3

V4

φ01

φ04

CB3

CB4

L

PE
a)

b)

Figure 51: Simplified case of inductive coupling to DC cables. In configuration a),
the magnetic flux is in the same direction in all cable loops while in configuration b)
the magnetic field is in opposite direction.
According to the Biot-Savart law, the magnetic flux density B at a distance r
from a current carrying conductor of infinite length is:
µI
2πr
The magnetic flux though a general surface S is expressed as:
B=

φ=

∫︂∫︂

(27)

(28)

B · dS
S

Taking the magnetic flux due to lightning current IL , through the DC cable loop
of CB1 in figure 51 a), the magnetic flux can be expressed as:
φ01 =

∫︂ L ∫︂ a1 +b1
0

a1

µIL
µIL
a1 + b 1
drdl = L
ln
2πr
2π
a1
(︃

)︃

(29)
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The voltage generated from induction can be expressed as:
d
φ
dt
, which in case of voltage generated over the loop in CB1 is:
VN = −

(30)

µ
a1 + b 1 d
d
φ01 = −L ln
IL (t)
(31)
dt
2π
a1
dt
The two cases can be computed as shown in the Matlab script in appendix A.
In the script, the current surge is modeled with the Heidler function as defined
previously in equations 8 and 9, where the time constants τ1 and τ2 are adjusted to
get a standard lightning impulse (1.2/50 µs). The shape of the current surge and the
current derivative can be seen in figure 52 below. A current surge modeled with the
Heidler function reults in a current derivative of relatively symmetric shape.
VN = −

(︃

)︃

Figure 52: Heidler type lightning current surge to the left and its current derivative
to the right.
The voltages over the DC cable loops are shown in figure 53 below. The generated
voltage is dependent on the current derivative and thus reaches its highest values in
the beginning of the curve. The coupled voltage decreases significantly with distance
from the PE-cable and the latter case (figure 51 b)) results in generated voltages
that are of opposite polarity.
The maximum value of the inductively coupled voltage when varying the cable loop
dimension parameters a1 and b1 is shown in figure 54 below. Both parameters a1 and
b1 are varied between 0.01 and 1 m, cable length is kept at a fixed value L =100 m
and the current impulse is the same waveform as previously in figure 52. Both
parameters a1 and b1 affect the inductively coupled voltage significantly. Minimizing
the separation between DC+ and DC– cables along with keeping a reasonable distance
to the PE-cable would greatly mitigate the effect from inductively coupled voltage.
Increased cable length increases the coupled voltage linearly.

79

Figure 53: Inductively coupled voltage to the DC cable loops computed in Matlab,
with the dimensions shown in figure 51

Figure 54: Maximum inductively coupled voltage to open loop DC cables with
different cable loop dimensions a1 and b1 .
4.2.2

Model for induced voltage and current

Part of the simulation model for the inductively coupled voltage to the DC cables is
shown in figure 55 below. The source is connected to the DC+ pole at the inverter
input, with only one path to ground through the termination resistance Ri on the
DC– pole. In the figure it is also seen that the connections to PE are removed in the
model, as seen in the EMC-filter and the SPD. The voltage is calculated as the open
circuit voltage using the current values in the PE-cable from simulation 1 and the
equation 31.
The resistance value of the termination resistance Ri is adjusted between 5 and
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30 Ω, so the max current reaches no higher than the short circuit current in a loss-free
loop, as calculated by equation 25 and the max current in the PE-cable.
In ATPDraw, the Empirical type voltage source is used, which can take 30
datapoints for voltage and time. The datapoints are calculated from simulation 1
results.

Figure 55: Part of the ATPDraw simulation model for simulating inductively coupled
voltage to the loop formed by the DC cables. Enclosed by the red dashed box is the
voltage source and termination resistance.
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5

Results

In this section the results of the simulations are presented. The objective is to present
the results that are of relevance for the thesis objective, to understand the causes for
overvoltage related failures.
In simulation 1 the overvoltage has mainly a common-mode nature, where the
voltage from PE to both DC poles is raised. No significant voltage between the DC
poles is generated, as they both have mostly identical connection to PE. In this
simulation it makes little sense to examine the effects in the power module, but the
effect in all components in the inverter with connection to PE are of interest. In
solar park installation case 3, it is interesting to examine how high the voltage over
the outer insulation of the DC cables rises. The outer surface of the DC cables is
in direct contact with the conducting cable supports, for which the potential rises
during the lightning flash and there can be a risk of dielectric breakdown in the cable
insulation.
In simulation 2, with inductive coupling to DC cables, the overvoltage is purely
differential-mode and effects to the components connected between the DC poles in
the inverter are of interest.

5.1

Simulation 1

In this section the results are shown for simulation 1, where the direct effects from a
lightning flash to the PV mounting system are simulated.
5.1.1

Inverter busbar to PE voltage

The maximum simulated voltages in the inverter busbars in each simulation case are
shown in table 20 below. Both DC+ and DC- busbars have the same connection
to earth, except for the functional earthing resistor, which only has a minor effect
to the voltage between the two busbars in the inverter "On" state. Generally, the
simulation 1 model results in practically the same voltage in both the negative and
positive side of the inverter model. In the figures, only the positive voltage is plotted,
where the negative voltage can be assumed to be effectively the same.
The waveform of the inverter busbar voltage in different simulation cases can
be seen in figures 56, 57 and 58 below. In inverter "Closed" and "On" state, there
is noticeable oscillation between the two EMC-filters, due to the busbars and wires
being lossless inductors in the simulation model, creating a lossless LC-circuit between
the two filters. In "Open" state there is no oscillation, as the two EMC-filters are not
connected to each other.
The highest voltage busbar to PE voltage is seen in Case 2 with a short peak at
7.8 kV in the beginning of the simulation, in figure 56a. In most simulations there are
only small differences between the installation cases, although the smallest voltages
are seen in Case 1. Difference between the installations is clearer in the low resistivity
soil simulation cases.
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Table 20: Maximum simulated voltage in the inverter busbars with respect to inverter
PE.
Simulation case
Case 1 – High – Open
Case 1 – High – Closed
Case 1 – High – On
Case 1 – Low – Open
Case 1 – Low – Closed
Case 1 – Low – On
Case 2 – High – Open
Case 2 – High – Closed
Case 2 – High – On
Case 2 – Low – Open
Case 2 – Low – Closed
Case 2 – Low – On
Case 3 – High – Open
Case 3 – High– Closed
Case 3 – High– On
Case 3 – Low – Open
Case 3 – Low – Closed
Case 3 – Low – On

(a) High soil resistivity.

DC+ voltage [V]
6483
4357
4336
5414
3978
3949
7784
4653
4636
6269
4396
4380
6476
4427
4407
6202
4187
4170

DC- voltage [V]
6483
4357
4336
5414
3978
3950
7784
4653
4639
6269
4396
4382
6476
4427
4408
6202
4187
4172

(b) Low soil resistivity.

Figure 56: Simulated voltage in the inverter busbars with respect to inverter PE
with inverter in "Open" state and a) high and b) low soil resistivity.
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(a) High soil resistivity.

(b) Low soil resistivity.

Figure 57: Simulated voltage in the inverter busbars with respect to inverter PE
with inverter in "Closed" state and a) high and b) low soil resistivity.

(a) High soil resistivity.

(b) Low soil resistivity.

Figure 58: Simulated voltage in the inverter busbars with respect to inverter PE
with inverter in "On" state and a) high and b) low soil resistivity.
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5.1.2

Current in inverter SPD and EMC-filters

The SPD is according to UL 1449 standard, where the varistors must still function
after 15 pulses of nominal current and 1 pulse of maximum current with a standard
lightning impulse 8/20 µs current waveform. For a single cartridge in the SPD, the
nominal current is also In = 10 kA while the max current is Imax = 40 kA. The
currents in this simulation will, obviously, not exceed these values, as the chosen
peak current for the lightning source is only Ip = 10 kA. Instead, it is interesting to
examine how current is distributed between the SPD and the two EMC-filters.
In table 21 below the maximum simulated currents in the three PV SPD cartridges
of the inverter are shown. As the overvoltage is of common-mode nature, the cartridge
connected to earth experiences the sum of the currents going into the positive and
negative pole of the SPD. At highest the current reaches around 1.3 kA, which is
still not nearly enough to damage the varistor permanently.
Table 21: Maximum simulated current in the inverter SPD.
[A]
Case
Case
Case
Case
Case
Case
Case
Case
Case
Case
Case
Case

1
1
1
1
2
2
2
2
3
3
3
3

–
–
–
–
–
–
–
–
–
–
–
–

High – Closed
High – On
Low – Closed
Low – On
High – Closed
High – On
Low – Closed
Low – On
High – Closed
High – On
Low – Closed
Low – On

SPD+
258
228
90
82
638
604
447
420
378
349
241
216

SPD–
258
228
90
82
638
605
447
421
378
349
241
217

SPDPE
517
456
179
164
1275
1209
893
841
756
698
481
433

In table 22 below the maximum simulated currents flowing to PE through both
EMC-filters and the SPD are shown. The maximum currents flowing through the
EMC-filters reaches high values compared to the currents through the SPD. The
low-pass EMC-filter also functions as a low-resistance path for the fast front 1.2/50 µs
lightning impulse waveform. In inverter ”Open” state, the maximum currents through
the EMC-filters are significantly higher than in other states, as the inverter SPD is
not connected to the circuit. The soil resistivity also significantly affects the current
through the EMC-filters.
In figure 59 the current conducted to PE in the SPD is shown and compared to
the In 8/20 µs waveform. The current in the SPD is no cause for concern. In fact, the
SPD in the inverter should be expected to withstand around 10 times worse currents
than simulated. In the figures 60 and 61 the currents through the EMC-filters to PE
is shown in "Open" and "Closed" state of the inverter. In the open state, especially
with soil of high resistivity, the current approaches the magnitude and duration of
the In 8/20 µs waveform, although there is still some marginal. It is clear from the
figures, however, that the EMC-filters acts as a lower resistance path than the SPD
for the lightning impulse in all simulation cases.
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Table 22: Maximum simulated current flowing to PE through the EMC-filters and
the SPD.
Maximum current [A]
Case 1 – High – Open
Case 1 – High – Closed
Case 1 – High – On
Case 1 – Low – Open
Case 1 – Low – Closed
Case 1 – Low – On
Case 2 – High – Open
Case 2 – High – Closed
Case 2 – High – On
Case 2 – Low – Open
Case 2 – Low – Closed
Case 2 – Low – On
Case 3 – High – Open
Case 3 – High – Closed
Case 3 – High – On
Case 3 – Low – Open
Case 3 – Low – Closed
Case 3 – Low – On

(a) High soil resistivity.

EMC-filter 1
4787
2550
2546
1589
1035
1032
5313
3003
2999
4258
2587
2581
4306
1946
1941
2564
1237
1232

EMC-filter 2
3070
2762
2750
140
1134
1124
3116
3052
3042
1828
2387
2380
2630
2423
2411
677
1326
1313

SPD
0
517
456
0
179
164
0
1275
1209
0
893
841
0
536
475
0
594
549

(b) Low soil resistivity.

Figure 59: Simulated current from SPD to PE in inverter "Closed" state and a) high
and b) low soil resistivity.
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(a) High soil resistivity.

(b) Low soil resistivity.

Figure 60: Simulated current through the EMC-filters to PE in inverter "Open" state
and a) high and b) low soil resistivity.

(a) High soil resistivity.

(b) Low soil resistivity.

Figure 61: Simulated current through the EMC-filters to PE in inverter "Closed"
state and a) high and b) low soil resistivity.
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5.1.3

Induced voltage to DC cable loop

The results in this subsection are used to create the voltage source and termination
resistance for simulation 2, as explained in section 4.2. The idea is to use the voltage
assuming an open loop and the current assuming a a short circuit loop, where the
simulation 2 is modeled by a voltage source of open loop voltage, terminated by a
resistor limiting the current in the circuit to the maximum short circuit current.
The induced voltage assuming the DC cables is a loop with one end open is
shown in inverter "Open" state in figure 62 and in "Closed" state in figure 63 below.
The voltage is calculated from the current flowing in the PE-cable parallel with the
DC cables, and the previously explained equation 31. As the induced voltage is
dependent on the rate of change for the magnetic flux in the loop, the voltage over
the open circuit reaches a high peak during the lightning impulse fast rise phase.

(a) High soil resistivity.

(b) Low soil resistivity.

Figure 62: Simulated open circuit voltage induced in DC cable loop in inverter "Open"
state and a) high and b) low soil resistivity.
The maximum short circuit current in the DC cable loop calculated with equation 25 and the simulated current in the PE-cable is shown in table 23 below.
Table 23: Induced short circuit current in DC cable loop.
High – Open
High – Closed
High – On
Low – Open
Low – Closed
Low – On

5.1.4

Case 1
648
534
533
415
395
394

Case 2
600
489
488
515
449
447

Case 3
657
551
549
484
455
454

Current in functional earthing resistor

For very short pulses below ∼10 ms, such as from lightning, it is more relevant to
examine the energy dissipated resistors, rather than the dissipated power. In these
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(a) High soil resistivity.

(b) Low soil resistivity.

Figure 63: Simulated open circuit voltage induced in DC cable loop in inverter
"Closed" state and a) high and b) low soil resistivity.
kinds of pulses, the component manufacturers usually assume all energy goes into
elevating the temperature of the resistive material. From theses pulses there are
often defined a maximum energy limit, that the resistor can withstand.
The simulated current waveforms flowing though the functional earthing resistor
can be seen in figure 64 below. The current reaches peaks of around 40 A, with the
highest current flowing within a 100 µs interval. The calculated energy dissipated in
the resistor can be seen in table 24 below. The energy values reach a maximum of
8.8 J. In downwards flashes there are, however, often more than one return strokes
with around 30 ms interval between the strokes. Each of the subsequent strokes
could further heat up the resistors. The time between the return strokes is enough,
however, for heat to begin conducting towards the resistor surface. If the energy
dissipated from multiple subsequent return strokes are considered, also a higher value
for the maximum energy rating should be used.
Dependent on the maximum energy limit of the used resistors, the simulated
energy values could be a potential issue, with regards to the lightning-impulse currents.
With even lower resistance in the functional earthing, the energy dissipated in the
resistor would be significantly larger.
Table 24: Calculated energy dissipation in the functional earthing resistor during
the simulation.
Energy [J]
High
Low

5.1.5

Case 1
8.1
7.5

Case 2
8.8
7.0

Case 3
8.6
3.8

Voltage over DC cable outer sheath in Case 3

The voltages over the outer sheath of the DC cables installed on cable supports are
shown in this subsection. Each of the cable supports function as an earth electrode,
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(a) High soil resistivity.

(b) Low soil resistivity.

Figure 64: Simulated current in the functional earthing resistor in a) high and b)
low soil resistivity.
resulting in different voltage from the cable supports to the DC cable for points
along the path from the combiner box to the inverter. There is a total of 67 cable
supports assumed between the combiner box and the inverter. A total of 14 voltage
measuring points are distributed evenly on the cable supports with corresponding
measuring points on the DC cable.
In figures 65 and 66 below the voltage waveform on measuring points PE1, PE4
and PE8 are shown, where PE1 is closest to the combiner box and the lightning
current surge. The voltage over the outer sheath of the DC cable rises to the very
high values of around 40 kV for a short duration in the beginning of the simulation.

(a) High soil resistivity.

(b) Low soil resistivity.

Figure 65: Simulated voltage over the DC cable outer sheath in inverter "Open" state
and a) high and b) low soil resistivity.
In figure 67 below, the maximum voltage over the cable outer sheath along the
route on the cable supports is shown for high and low soil resistivity and the inverter
states "Open" and "Closed". The soil resistivity affects the voltage over the DC
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(a) High soil resistivity.

(b) Low soil resistivity.

Figure 66: Simulated voltage over the DC cable outer sheath in inverter "Closed"
state and a) high and b) low soil resistivity.
cable outer sheath more than the inverter state. Voltage reaches its highest values
closest to the lightning current source, but also reaches a peak approximately in the
middle of the route. Close to the inverter the voltage again decreases, as the inverter
EMC-filters and SPD limits the voltage between the DC poles and PE.

Figure 67: Maximum voltage over the DC cable outer sheath along the route on the
cable supports, where cable support 1 is closest to the lightning source and 14 closest
to the inverter.
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5.2

Simulation 2

Results from simulating the inductive coupling effects are presented in this section.
The differential-mode induced voltage can generate stress for the components connected between the DC terminals. The examined results are the voltage over the
DC busbars in the inverter, current flowing through the EMC-filters and the SPD,
voltage over the power module terminals and current flowing into the power modules.
5.2.1

Voltage between inverter DC busbars

The simulations resulted in the max voltage values shown in table 25 below. At worst
the voltage over the terminals rises to about 1.8 kV which is far too low to cause
problems, as it is only slightly higher than the nominal voltage of the system, at
1.5 kV. In most simulation cases the voltage does not rise above the nominal voltage
from inductive coupling.
Table 25: Simulated voltage between DC busbars from current induced in DC cable
loop.
[V]
High – Open
High – Closed
High – On
Low – Open
Low – Closed
Low – On

5.2.2

Case 1
1829
1371
1146
944
814
692

Case 2
1821
1311
1091
1352
1033
854

Case 3
1777
1294
1099
1140
958
809

Current in inverter SPD and EMC-filter varistors

The simulated maximum current through the SPD is shown in table 26 below. All
current values are around 1 mA, meaning the SPDs are largely unaffected by the
inductive coupling simulation.
Table 26: Max current flowing through the inverter SPD due to inductive coupling
to the DC cable loop.
Max current in SPD [mA]
High – Closed
High – On
Low – Closed
Low – On

Case 1
1.60
0.50
0.95
0.30

Case 2
1.54
0.48
1.21
0.37

Case 3
1.52
0.48
1.12
0.36

The simulated current through the EMC-filters is shown in table 27 below. The
maximum currents through the EMC-filters are significant compared to the currents
through the SPD. The EMC-filter farther away from the source is, however, much
less affected from the inductive coupling.
The waveforms of the currents flowing through the EMC-filters are shown in
figures 68 , 69 and 70 below for the inverter states ”Open”, ”Closed” and ”On”. The
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Table 27: Max current flowing through the EMC-filters due to inductive coupling to
the DC cable loop.
Maximum current [A]
Case 1 – High – Open
Case 1 – High – Closed
Case 1 – High – On
Case 2 – High – Open
Case 2 – High – Closed
Case 2 – High – On
Case 3 – High – Open
Case 3 – High – Closed
Case 3 – High – On
Case 1 – Low – Open
Case 1 – Low – Closed
Case 1 – Low – On
Case 2 – Low – Open
Case 2 – Low – Closed
Case 2 – Low – On
Case 3 – Low – Open
Case 3 – Low – Closed
Case 3 – Low – On

EMC-filter 1
648
465
385
415
342
284
600
426
352
515
390
323
657
479
396
483
396
327

EMC-filter 2
0
74.7
64.3
0
108
72.7
0
63.5
51.9
0
85.7
72.1
0
92.5
69.2
0
120
81.9

highest current peaks are seen in ”Open” state and especially in ”Closed” state there
is clear oscillation between the two EMC-filters.

Figure 68: Current through EMC-filter 1 in inverter ”Open” state.
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(a) High soil resistivity.

(b) Low soil resistivity.

Figure 69: Simulated current through the EMC-filters in inverter ”Closed” state and
a) high and b) low soil resistivity.

(a) High soil resistivity.

(b) Low soil resistivity.

Figure 70: Simulated current through the EMC-filters in inverter ”On” state and a)
high and b) low soil resistivity.
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5.2.3

Voltage over power module terminals

The simulated voltage over the two power module terminals are shown in table 28
below. All induced voltages are around 100 mV, and there is no notable difference in
the voltage over the main circuit and the power supply of the power module. Voltage
over the power module terminals from inductive coupling should not be any cause
for concern.
Table 28: Max induced voltage over power module terminals due to inductive coupling
to the DC cable loop.
Max voltage [mV]
Case 1 – High
Case 1 – Low
Case 2 – High
Case 2 – Low
Case 3 – High
Case 3 – Low

5.2.4

Main 1
185
245
143
196
246
282

PSU 1
185
245
143
196
246
282

Main 2
96
112
100
102
120
138

PSU 2
96
112
100
102
120
138

Current in power modules

The simulated current in the power module can be seen in table 29 below. The
maximum current in the main circuit is 3–4 orders of magnitude higher than the
current into the power supply. This can be explained from the main circuit being
modeled by a very large capacitance 10 mF in parallel with a 6 Ω resistor, while the
power supply is modeled by a pure resistance of 60 Ω. The current flowing to the
power modules is mainly charging the capacitors.
In figure 71 below, the waveform of the simulated current into the main circuit of
the inverter power modules is shown. There is clear oscillation in the power module
capacitors.
Table 29: Maximum induced current in the power module main circuit and power
supply due to inductive coupling to the DC cable loop.
Max current [A]
Case 1 – High
Case 1 – Low
Case 2 – High
Case 2 – Low
Case 3 – High
Case 3 – Low

Main 1
117
178
99
134
148
194

Main 2
51
61
41
56
58
67

PSU 1
0.0031
0.0041
0.0024
0.0033
0.0041
0.0047

PSU 2
0.0016
0.0019
0.0013
0.0017
0.0020
0.0023
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(a) High soil resistivity.

(b) Low soil resistivity.

Figure 71: Simulated current into the main circuit of the inverter power modules in
a) high and b) low soil resistivity.
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6

Conclusions

This thesis has explained how external sources of overvoltage relate to the utility-scale
solar inverter. Based on previous research and the findings in this thesis there are
some special characteristics of overvoltage related to the utility-scale solar inverters
that can be identified.
The flash density according to satellite observations is around 5–30 km−2 yr−1
in areas where solar parks are expected and the area covered by the plants are
sufficiently large to expect several lightning strikes in the PV array surrounded by an
inverter, during the lifetime of an inverter. There are, however, few published studies
for how lightning affects solar parks and its inverters. Additional research in the field
is needed. No previous studies for simulating lightning impulses in the PV array
has been conducted and published in international peer-reviewed journals, which
makes any information gained from this thesis more valuable, but also generates
challenges. It was not known in this thesis how the PV array should appropriately
be modeled when current is applied from an outside source, such as an inductively
coupled lightning impulse. In this thesis the resistive parameters of a PV cell were
used for simplicity.
As the LV auxiliary circuit is commonly powered through a single-phase transformer, with its primary connected to two of the AC phases, the auxiliary circuit
should be largely unaffected by phase-to-earth overvoltage in the grid. Neither should
the rise of the earth potential in the inverter affect the auxiliary circuit. Only the
differential-mode overvoltage in the grid should be able to cause overvoltage failures
in the auxiliary circuit. Many issues related to overvoltage in the auxiliary-circuit
are eliminated through the use of this transformer topology. In some cases, however,
the customers might require higher than the standard AC voltage in the main circuit,
which needs to be considered for the auxiliary transformer to ensure the voltage
remains within the nominal boundaries. Previously performed tests has also shown
that opening the MV circuit breaker during power production from the solar inverter
can cause significant overvoltage. The internal logic of the inverter can be adapted
to better account for these situations and minimize damage to components in the
auxiliary circuit.
The solar parks usually have long MV cables connected to MV transformers
and situations when low load on the transformer secondary is possible, such as
during nighttime. According to previous studies these are common prerequisites for
ferroresonance. In order to avoid possible issues with ferroresonance, special caution
should be taken when the solar park is connected to the grid. When powering the
MV cables, there should always be a sufficient load in the MV transformer secondary
to avoid oscillation. Use of wye instead of delta winding on the MV transformer
primary is also recommended to avoid ferroresonance. Whether ferroresonance in
solar parks is likely and harmful is a topic where additional research is recommended,
as no research on the topic was found, although it seems to be a possible problem.
Multiple-winding transformers are commonly used for utility-scale solar inverters.
How the stray capacitances of the multiple-winding transformers could affect the
inverter operation, seems to be a poorly researched subject. Especially how stray
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capacitances allows harmonics to be conducted between inverters, is recommended
for future research. There is no information, however, that points towards multiplewinding transformers being worse than two-winding transformers, with respect to
how overvoltage from the grid are conducted to the secondary winding.
The simulations conducted in this thesis provides better understanding of how the
inverter is affected when lightning strikes the earthing arrangements of the PV array.
Based on the simulations, the main effects from lightning strikes in the PV array for
the inverter are of common-mode nature as simulated in simulation 1, meaning the
voltage rises for both DC poles with respect to earth.
The inductive coupling simulated in simulation 2 leads to overvoltage of differentialmode nature, however with small amplitudes and short durations, when compared
to simulation 1. According to the simulations, most of the inductively coupled
current passes through the EMC-filters and the capacitors of the power modules.
No additional protections for mitigating inductively coupled voltage are deemed
necessary. The inductive coupling can be mitigated effectively through relatively
simple methods, such as minimizing the loop area of DC cables.
Soil resistivity had relatively little effect to the voltage over the components in
the inverter, but had more effect on the currents flowing through the EMC-filters,
SPDs and functional earthing resistors in the inverter. With lower soil resistivity the
voltages in the inverter are raised to almost same values as with higher resistivity, but
the currents are more effectively flowing to earth through earth electrodes before the
inverter. Low soil resistivity makes the earth resistance of the individual electrodes
much smaller, making it significantly easier to design and implement an adequate
earthing arrangement. The soils of many solar plants can, however, be expected to
have relatively high soil resistivity.
According to the simulations, the low-pass EMC-filters meant for filtering the
higher frequencies of the harmonic distortion produced by the inverter, passes significant portions of the fast-front lightning-impulse current. The stress on the EMC-filters
during a lightning flash is most likely significantly higher than on the SPDs in the
DC circuit. Lightning-impulse tests are recommended for all EMC-filters designed
for the DC-circuit of solar inverters, as the EMC-filters cannot be removed in order
to comply with international EMC-standards. The potential issues with EMC-filters
and lightning-impulses in the DC-circuit is most likely specific to the entire solar
inverter application, not product-specific. Unlike the SPDs, which includes current
breaking mechanisms from overheating, the EMC-filters are commonly not designed
for lightning-impulses.
The dissipated energy in the functional earthing resistor from one lightningimpulse was around 8 J when using a 100 Ω resistance. Depending on the used sizes
and types of resistors for functional earthing, the dissipated energy could be an issue.
Using a smaller resistance value would result in a larger energy dissipation. Further
research is recommended for correctly dimensioning the functional earthing resistors,
where also the lightning-impulse effects are considered. To make sure the simulated
currents causes no problems, it is recommended that tests, with currents similar to
the simulated waveform, are performed for the resistors.
The simulations also highlight problems with installing the DC cables on metal
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cable supports on the PV array. The earthed cable supports rise to different potentials
during the lightning impulse, meaning there can be locations where there is very
high voltage over the outer sheath of the cable. Installing the cables in the solar
park underground is a better practice when possible.
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1
2
3

1
2
3
4

Inductive coupling Matlab script

f u n c t i o n [V_N] = i n d u c t i v e _ c o u p l i n g ( dI_L , a1 , b1 , L)
V_N = −L∗2E−7∗ l o g ( ( a1+b1 ) / a1 ) ∗dI_L ;
end
% c a b l e geometry i n meters
a1 = 0 . 0 6 5 ;
b1 = 0 . 0 4 3 ;
L = 100;

5
6

I_p = 1 0 0 0 0 ; %10 kA peak c u r r e n t

7
8
9
10
11

%d e f i n e time i n t e r v a l
dt = 1E−9;
t1 = 0.000006;
t = 0 : dt : t 1 ;

12
13
14
15
16
17
18
19
20
21
22

%d e f i n e l i g h t n i n g c u r r e n t su rge , h e i d l e r f u n c t i o n n=10
tau1 = 1 . 9 5 ∗ 1 . 2 E−6;
tau2 = 1 . 4 ∗ 5 0E−6;
n = 10;
e t a = exp ((− tau1 / tau2 ) ∗( n∗ tau2 / tau1 ) ^ ( 1 / ( n+1) ) ) ;
I_L = z e r o s ( l e n g t h ( t ) , 1 ) ;
for i = 1: length ( t )
ks = t ( i ) / tau1 ;
I_L ( i ) = ( I_p/ e t a ) ∗ ( ( ks ^n ) /(1+ ks ^n ) ) ∗ exp(− t ( i ) / tau2 ) ;
end

23
24
25

%c u r r e n t d e r i v a t i v e
dI_L = g r a d i e n t ( I_L , dt ) ;

26
27
28
29
30
31

%c o n f i g u r a t i o n a )
v_a1 = i n d u c t i v e _ c o u p l i n g ( dI_L , a1 , b1 , L) ;
v_a2 = i n d u c t i v e _ c o u p l i n g ( dI_L , ( a1∗2+b1 ) , b1 , L) ;
v_a3 = i n d u c t i v e _ c o u p l i n g ( dI_L , ( a1∗3+b1 ∗2) , b1 , L) ;
v_a4 = i n d u c t i v e _ c o u p l i n g ( dI_L , ( a1∗4+b1 ∗3) , b1 , L) ;

%CB1
%CB2
%CB3
%CB4

%c o n f i g u r a t i o n b )
v_b1 = −i n d u c t i v e _ c o u p l i n g ( dI_L , ( a1∗2+b1 ) , b1 , L) ;
v_b2 = −i n d u c t i v e _ c o u p l i n g ( dI_L , a1 , b1 , L) ;
v_b3 = i n d u c t i v e _ c o u p l i n g ( dI_L , a1 , b1 , L) ;
v_b4 = i n d u c t i v e _ c o u p l i n g ( dI_L , ( a1∗2+b1 ) , b1 , L) ;

%CB1
%CB2
%CB3
%CB4

32
33
34
35
36
37
38
39

t = t ∗1E6 ; %change t he p l o t t i m e s c a l e i n t o \mus
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40
41
42
43
44
45
46
47
48
49
50
51

%p l o t t h e l i g h t n i n g c u r r e n t s u r g e
figure ;
subplot (1 ,2 ,1) ;
p l o t ( t , I_L ) ;
x l a b e l ( ’ Time [ \ mus ] ’ )
y l a b e l ( ’ Current [A] ’ )
%p l o t c u r r e n t d e r i v a t i v e
subplot (1 ,2 ,2) ;
p l o t ( t , dI_L . / 1 E6 ) ;
x l a b e l ( ’ Time [ \ mus ] ’ )
y l a b e l ( ’ Current d e r i v a t i v e [A/\mus ] ’ )

52
53
54
55
56
57
58
59
60
61
62
63

%p l o t t h e r e s u l t i n g v o l t a g e s
figure ;
subplot (1 ,2 ,1) ;
p l o t ( t , v_a1 . / 1 0 0 0 ) ;
h o l d on
p l o t ( t , v_a2 . / 1 0 0 0 ) ;
p l o t ( t , v_a3 . / 1 0 0 0 ) ;
p l o t ( t , v_a4 . / 1 0 0 0 ) ;
l e g e n d ( ’v_{ a1 } ’ , ’v_{ a2 } ’ , ’v_{ a3 } ’ , ’v_{ a4 } ’ )
x l a b e l ( ’ Time [ \ mus ] ’ )
y l a b e l ( ’ V o l t a g e [ kV ] ’ )

64
65
66
67
68
69
70
71
72
73

subplot (1 ,2 ,2) ;
p l o t ( t , v_b1 . / 1 0 0 0 ) ;
h o l d on
p l o t ( t , v_b2 . / 1 0 0 0 ) ;
p l o t ( t , v_b3 . / 1 0 0 0 ) ;
p l o t ( t , v_b4 . / 1 0 0 0 ) ;
l e g e n d ( ’v_{b1} ’ , ’v_{b2} ’ , ’v_{b3} ’ , ’v_{b4} ’ )
x l a b e l ( ’ Time [ \ mus ] ’ )
y l a b e l ( ’ V o l t a g e [ kV ] ’ )

74
75

%c r e a t e a 3D p l o t o f max induced v o l t a g e by v a r y i n g c a b l e
loop dimensions

76
77
78
79

% c a b l e geometry i n meters
a1 = 0 . 0 1 : 0 . 0 1 : 1 ;
b1 = 0 . 0 1 : 0 . 0 1 : 1 ;

80
81

Vmax = z e r o s ( l e n g t h ( a1 ) , l e n g t h ( b1 ) ) ;

82
83

f o r i = 1 : l e n g t h ( a1 )
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84
85

86
87

end

f o r j = 1 : l e n g t h ( b1 )
Vmax( j , i ) = −min ( i n d u c t i v e _ c o u p l i n g ( dI_L , a1 ( i ) , b1 ( j )
,L) ) ;
end

88
89
90
91
92
93
94
95

%p l o t 3d p l o t i n new f i g u r e
figure ;
mesh ( a1 , b1 , Vmax. / 1 0 0 0 ) ;
view ( ( 4 5 ) , 1 5 ) ;
x l a b e l ( ’ a1 [m] ’ ) ;
y l a b e l ( ’ b1 [m] ’ ) ;
z l a b e l ( ’V_{max} [ kV ] ’ ) ;

B

MV surge arrester datasheets
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Figure B1: Electrical data in the datasheet for ABB MWK surge arrester, the values
used in this thesis are highlighted.
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Figure B2: Electrical data in the datasheet for ABB POLIM-K surge arrester, the
values in this thesis are highlighted.

