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1 Introduction

To respond to climate challenges, the Paris Agreement is a legally binding, international
UN (United Nations) treaty that aims to keep global warming well below 2°C [1]. One
action is to reduce emissions from fossil energy sources by replacing them with renewable
energy sources such as wind, solar, and hydropower. The IEA (International Energy
Agency) reported that in 2020 the total generated electricity from solar PV (Photovoltaic)
increased globally by 156 TWh (23%) to a total production of 821 TWh/year. The cost
of installing PV systems decrease, and it can soon be the lowest-cost option [2].

In Norway, the total yearly electricity generation with solar PV is 0,15 TWh. This is
about one per mille of Norway’s total electric production. The installed capacity at the
end of 2021 was 205 MWp. 186 MWp is grid-connected PV systems, and about 19 MWp is
off-grid PV systems. Off-grid systems are typically found on cabins, lighthouses, and base
stations for telephone towers have been used for the last 20-25 years, while grid-connected
has had significant growth in the last 6-7 years. Now in 2022, over 90 % of PV systems
are grid-connected in Norway [3].

There is an increasing trend of PV installations in Norway. These installations produce
power to both meet the households’ power consumption but also be able to deliver power
to the grid side. Lede AS have experienced some customers struggling with voltage quality
after installing PV systems. There is a need for more knowledge regarding PV systems’
impact on the voltage quality of the grid. Satisfying voltage quality is critical for the
end-user and the coordination at the grid side.

1.1 Background

According to Norwegian regulation, a DSO (Distributed System Operator) must calculate
a contribution fee if a customer causes investment in the grid by; connecting to the grid,
increasing his or her capacity, or increasing his or her quality [4]. Existing customers of
the grid have the right to use their assigned PV capacity, to produce and deliver the same
amount of power out to the grid as they are allowed to consume from the grid, without
a contribution fee [5]. This means that the main supply fuse or overload protection
limits the customers’ production. If a customer wants to produce more than the main
supply fuse allows, he or she would need to increase the capacity, resulting in a possible
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contribution fee from the DSO. The DSO is responsible for reinforcing the grid in the event
of unsatisfying voltage quality. Historically, production units have not been commercial
in the low voltage distribution grid. Therefore, the previous grid architects considered
all customers only to consume electricity from the grid, and they built the existing grid
for customers to be pure loads. In the last thirty years, small-scale hydropower plants
have challenged the high voltage distribution grid. The challenge have been to integrate
these production units into an existing high voltage distribution grid. In the previous
5-7 years, with decreasing costs combined with incentives for installing PV systems, the
development in PV installations have increased and may challenge the existing low voltage
distribution grid [6].

1.2 Motivation

The increasing number of prosumers causes the motivation of this project; to be proactive
in understanding the potential problems in the grid before they happen. Moreover, to
increase knowledge regarding grid planning to utilize the grid most efficiently.

The current grid is not built to sustain voltage rise. Many existing grid system needs
evaluation for whether they can handle implementation of PV systems, or not. As newer
circuits are stronger and better prepared to handle PV systems, this thesis focus on
implementing PV systems in the existing low voltage grid.

1.3 Problem statement

The main goal of this project is to analyze the impact of high penetration of PV systems
on the existing grid. The DSO, Lede AS provides the data. The data will be used in grid
simulations and sensitivity analysis to determine the impact of PV systems on different
grid parameters. Simulation results are used to find one or more thresholds parameters
that triggers an investment in the grid caused by PV systems. The following sub-goals
are:

• Find a general threshold that can determine when the grid needs investment to
handle new PV installation for households in the grid.

• Map the development of PV installations.

• Investigate the future need for investments in Lede’s grid to meet the growth of PV
installations.

• Investigate different countermeasures that can handle the future requirements of
the grid.
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The word investment in this thesis is meant as assets invested in the grid to either re-
duce losses and disconnections from fault events, increase operation efficiency or maintain
voltage quality despite changes in consumption or production.

This thesis will focus on substation circuits in rural areas with IT network. Industrial
and urban areas will not be regarded. One-phase inverters and voltage imbalance have
not been studied. The thesis disregards parts of voltage quality, such as flickering and
rapid voltage changes. These parameters are considered less important for PV systems’
impact on the grid than slow voltage variations, thermal load, and harmonic distortion.
The impact on relays in distribution grid will not be simulated in this thesis.

1.4 Execution and structure of the thesis

Lillebo, Kirkeby and Holm from PQA have simulated and discussed the impact of PV
systems on different types of grid systems [6]. This thesis will follow up on this report and
look more into impact on existing rural grid systems in Norway. The project chooses four
substation circuits that can represent typical circuits and uses DIgSILENT PowerFactory
to create models of the circuits. The project collects necessary grid and consumption data
to simulate different cases to understand better the impact from PV systems. It will also
collect data for installed PV systems to analyze the trends to better understand how to
handle the development. The models will be subjected to different scenarios for short
circuit analysis, load flow analysis, and harmonic distortion simulations.

The thesis constructs the following chapters as:

• Chapter 2 - Theory relevant for PV systems in the distribution grid such as the elec-
trical grid, voltage quality, low voltage production, and PV systems. The chapter
introduces simulation tools, sensitivity analysis, and different measures to the grid.

• Chapter 3 - Methodology for data acquisition for PV system trends and consumption
data, modeling circuits in PowerFactory, and simulation of study cases with different
analyzing tools.

• Chapter 4 - Simulation results for different study cases to review the impact of PV
systems and a comparison of the results.

• Chapter 5 - Discussions will consider the necessary assumptions and the robustness
of the simulations. It will consider the general PV capacity for rural areas and the
future trends of prosumers.

• Chapter 6 - Conclusion describes how to find the PV capacity of a low voltage grid
in rural area and a method to handle new PV systems for grid planners. There will
also be a recommendation for further work.
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2 Theory

This chapter describes the relevant theory and consists of five parts. The first part is
about the grid, power flow and fundamental grid behaviour. The second part is PV
systems and voltage quality. The third part is an introduction to different simulation
tools. The fourth part is sensitivity analysis for grid systems, and lastly, a description of
different measures to preserve good voltage quality.

2.1 Electrical grids, power and energy

Figure 2.1: Overview of the Norwegian power grid [7].

The Norwegian power grid can be categorized into three parts, based on the voltage level.
A general overview is shown in figure 2.1.

• Transmission grid (Normally 300 to 420 kV).

• Regional distribution grid (Normally 66 kV to 132 kV).
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• Local distribution grid (Normally 0,23 kV to 22 kV) There are about 100 DSO in
Norway. This grid is often divided into high voltage (11 kV to 22 kV) and low
voltage (0,23 kV IT (Isolated terra) or 0,4 kV TN (Terra neutral)).

Two components make the Norwegian power grid different from most countries. The
electricity production almost exclusively consists of hydropower plants and IT network is
still dominant in the low voltage distribution grid [8].

Traditionally the grid has been a one-way road for power flow. Big hydropower plants
produce and deliver electricity at higher voltages. The higher voltages are distributed
closer to the loads and then transformed down to the end-users. Distributed generation
was first commercially introduced in the 90s, as micro hydro power plants were installed
and connected to the distribution grid at the high voltage side. Before PV systems,
production in the low voltage grid was uncommon, and now PV system is the dominant
production unit at the lowest voltage levels. If a customer with a PV system produces
more electricity than he or she consumes, the power flows from the connection point and
delivers electricity to the grid. If the production in a substation circuit surpasses the
consumption of the circuit, then power would flow out to the high voltage grid [6]. Figure
2.2 shows an illustration of how the customer is connected to the grid. Main supply fuse
limits the customers’ consumption and production. The AMS smart meter measures the
customers’ consumption and production. This figure shows a customer connected to a
substation through a cable cabinet. Customers can be directly connected to the substation
without a cable cabinet or connected to the substation with overhead lines on poles. The
interface between the DSO and the customer is often called the PCC (Point of common
coupling) [9].

Figure 2.2: Illustrated overview of how the customer is connected to the grid.
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2.1.1 A dynamic distribution grid with AMS

Many existing substation circuits takes account for up to 20 % voltage drop from the
substation to the last customer. Most substations are set to give an output voltage of
about 245 V IT and 425 V TN. A high output voltage gives a good margin for voltage drop
from the substation to end-users at heavy load. The Norwegian regulations requires the
DSO to keep the voltage variations for to be within ±10 % for customers [10]. PV systems
may in periods cause voltage rises, the substations must therefore account for voltage drop
during heavy load and voltage rise from PV systems. Both new and older customers can
install PV systems; hence all new and old substation circuits need to account for this
[6].

Figure 2.3: Illustrated overview of Advanced Metering Infrastructure [11].

All Norwegian DSOs have rolled out smart meters ”AMS” (Advanced Metering- and
Control-system) too their end-users [12]. These new smart meters offer a more accurate
measuring of consumption, production, and voltage [4]. The location of smart meters
are close to the PCC. Figure 2.3 illustrates how the two ways communication between
the smart meters and the DSOs’ central system. The AMS meters communicate with a
master using radio communication, and the AMS meter can use other AMS meters as
a signal extender in areas with bad connections. The masters use a mobile network to
communicate with the DSOs’ central system work [13].

The AMS smart meter must according to regulation be capable of [4]:

• Storing measured values with a registration frequency of a maximum of 60 minutes
and be able to decrease the registration frequency down to a minimum of 15 minutes.

• Connecting to a standardized interface that accounts for communication between
external equipment based on open standards.
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• Connecting and communicating with different types of meters (gas, heat, etc.).

• Shutting off or reducing the total load at a customer. The exception is for larger
installations that uses current transformers for measuring.

• Sending and receiving information about power prices and tariffs, and be able to
transmit control fault signals and earth fault signals.

• Registering the flow of active and reactive power in both directions.

2.1.2 Reversed power flow and voltage rise

Reversed power flow happens as the PV system produces more power than the customer
consumes, and the excess power distributes to the grid. Figure 2.4 shows that production
PG +QG is greater than consumption PL +QL, causing the current I1 to flow from the
customer to the grid. The voltage drop over the cables’ impedance Z (resistance R and
reactance X) is now from customer U2 to substation U1, this can be defined as a voltage
rise. The voltage rise depends on the power distributed to the grid and the strength of
the grid. Short circuit current can represent the last parameter.

Figure 2.4: Simplified illustration of distribution with consumption and production.

The grid can encounter some problems with reversed power flow. If the production is high
enough and the impedance is small enough, the voltage could be elevated and surpass the
regulated limits. If the production power is greater than the thermal limit of the cable or
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transformer, then a component could be thermally overloaded, or protective relays could
trip [5], [14].

2.1.3 Diversity factor and coincidence factor

A definition of diversity factor by Khare, Nema, and Baradar is ”Diversity factor is as
the ratio of the sum of the individual maximum demands of the various subdivisions
of a system (or part of a system) to the maximum demand of the whole system (or
part of the system) under consideration” [15]. All customers do not peak their load
simultaneously. Therefore, the total sum of individual maximum load demand is greater
than the maximum peak load of the system. Equation 2.1 shows how the diversity factor
expresses the relation between individual maximum demand and the maximum demand
of the system. The diversity factor will normally be more than one.

Diversity Factor = Sum of individual maximum demand
Maximum demand of the system

(2.1)

The coincidence factor is the reciprocal of the diversity factor. Bayliss and Hardy describe
that some engineers prefer to describe a diversity factor to be between zero and one, the
coincidence factor is the inverse of the diversity factor, as shown in equation 2.2 [16].
Bayliss and Hardy states that a coincident factor is always less than one and a general
factor tends to settle at 0,3, at between thirty to unlimited number of loads. This is
verified in the thesis of Lian, he measured the coincidence factor with AMS smart meters
for a group of apartments to be as low as 0,3-0,4 [17]. This means that even though all
customers have access to 100 % of their given capacity, only 30 % to 40 % of assigned
capacity is used simultaneously.

Coincidence factor = 1
Diversity factor

(2.2)

The coincidence factor is of great importance for distribution planning engineers as it is
a key factor for the economic sizing of power grid components [16]. To reduce the cost
of building a grid, engineers will use the coincidence factor to build the grid to handle
the highest expected load in the future instead of the highest theoretical load. In most
cases, the value of the coincidence factor cannot be measured and must be estimated. If
the coincidence factor is estimated too high, the grid will be more expensive than needed.
However, estimating the coincidence factor is too low, and the grid will not be able to
handle the actual load. This leads to a higher risk of thermal overload in power grid
components.

Coincidence factors and diversity factors can be adapted for PV systems. The PQA report
states that the peak of production for a PV system is when the sun is pointing directly
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at PV panels. As the orientation and angle of the roof are different for buildings, the
peak happens at different times. In regions where all roofs face the same way and have
equal roof angles, the peaks would overlap, and the coincidence factor would be close to
1. In the PQA report, it is generally more common to assume a factor of 0,8-0,9 [6]. As
the coincidence factor for PV systems are higher than for loads, there is a risk of thermal
overload in areas with high PV penetration.

2.1.4 Thermal limitations in grid

Figure 2.5: Simplified illustration of thermal loading in cable.

As a conductor with resistance conducts an electric current, some power converts to heat;
this is called conductor-losses. Figure 2.5 illustrates the thermal loading of a simple circuit
where the current I flows through the line or cable resistance R in [Ω] and to the load PL
in [W ]. The conductor-loss is defined in equation 2.3 [18]:

Ploss = I2 ·R (2.3)

Where the power loss, or the conductor-loss is Ploss in [W ] is a product of resistance R in
[Ω] and current I squared in [A2]. The current depends on the customer load PL, hence
the conductor-losses varies with the consumption of the customer. The energy release of
heat into the surroundings is shown in equation 2.4:

Ein = Ploss · t (2.4)

Where the energy release Ein in [J] is the conductor-loss Ploss in [W ] over time, t in [s].
The increased temperature of a mass is given in equation 2.5 [18]:

Tn = Tn−1 +
QE

m ·Cp
(2.5)

Where the increased temperature a mass Tn in [K] is the sum of the previous temperature
of a mass Tn−1 in [K] and the quotient of energy stored in the mass QE in [J] and the
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product of mass m in [kg] and specific heat capacity of the mass Cp in [J/(kgK)] [18]. The
energy stored in the conductor is shown in equation 2.6 [19]:

E(conductor) = QE = Ein −Eout (2.6)

Where the energy stored in the conductor E(conductor) in [J] is given by subtracting the
energy release from conductor-loss Ein and the dissipating energy from the conductor to
the surroundings Eout using radiation, conduction, and convection. Considering only heat
dissipates to the soil and air, the heat release to surroundings neglects conduction. The
equations 2.7 and 2.8 shows the heat release using convection and radiation [18], [19]:

E(convection) = h ·A · (Tn−1 −T0) ·dt (2.7)

E(radiation) = ε ·A ·σ · ((Tn−1)
4 − (T0)

4) ·dt (2.8)

Where the energy release using convection E(convection) in [J] is a product of the convective
heat transfer coefficient h in [W/m2K], the surface area of the conductor A in [m2], and
the temperature difference in [K], all over time, dt in [s]. T0 is the ambient temperature
of the surroundings in [K]. The energy release using radiation E(radiation) in [J] is the
product of the emissivity for the conductor material ε , the Stefan-Boltzmann constant σ

in [W/m2K] and the difference of temperature in [K] in the power of four, all over time,
dt in [s]. By inserting the equation 2.6 for stored energy in conductor into the equation
2.5 for temperature rise of a mass, the temperature of a conductor can be derived as, see
equation 2.9 [18], [19]:

Tn = Tn−1 +

(
Ein −Eout (convection) −Eout (radiation)

m ·Cp

)
(2.9)

The full equation 2.10 by inserting equations 2.7 and 2.8 is shown under [19]:

Tn = Tn−1 +
I2 ·R ·dt − (h ·A · (Tn−1 −T0) ·dt − (ε ·A ·σ · ((Tn−1)

4 − (T0)
4))) ·dt

m ·Cp
(2.10)

Equation 2.10 does not account for the change in cables and lines resistance with temper-
ature. As temperature change, the resistance should be updated accordingly to equation
2.11 [8]:

Rn = Rn−1 · (1+α · (Tn −Tn−1)) (2.11)
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Where the resistance according to new temperature is Rn in [Ω], it is the product of
previous resistance Rn−1 in [Ω], the temperature coefficient α in [1/K] and the temperature
difference in [K].

All cables and lines have a thermal limit. The thermal limit is given in temperature, and
in rated current at ambient temperature. The conductor will reach its thermal limitations
if the current is high enough in a given cable. Transformers have thermal limitations as
the windings consist of conductors. It is essential to differentiate between the thermal
limit for continuous stress and the thermal limit for specific time intervals. Continuous
stress typically have a time span of more than an hour and is often caused by increased
load or production. Thermal limit for specific time intervals typically have a time span
of seconds or minutes and is often caused by short circuit current [8].

2.1.5 Short circuit current

Figure 2.6: Simple illustration of a circuit with two types of short circuits for a customer connection cable.

Svarte defines short circuit in a three-phase grid as a characteristic by which the conduct-
ors in a system are connected over an impedance much smaller than the load impedance
during normal situations [8]. The current in a short circuit is much higher than the cur-
rent in a normal situation. Figure 2.6 shows a simple illustration of a circuit with a short
circuit. The figure illustrates the maximum three-phase short circuit current Isc3max in [A]
and the minimum two-phase short circuit current Isc2min in [A] for a customer connection
cable. REN states that when a customer connects to the grid, the DSO should provide the
maximum three-phase short circuit current and the minimum three-phase short circuit
current [20]. The maximum three-phase short circuit current Isc3max is provided to ensure
that the customers’ relay has a high enough short circuit rating and can handle the energy
from a short circuit event. Isc2min is provided together with the DSO short circuit fuse to
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ensure that the customers’ short circuit relay is selective and disconnects in the event of
a short circuit [21].

Isc3max =
UN√

3 ·
√

(XE)2 +(RE)2
=

UN√
3 ·ZE

(2.12)

Isc2min =
UN

2 ·
√

(XE +XL1)2 +(RE +(RL1)2
=

UN

2 ·Z
(2.13)

The equations 2.12 and 2.13 corresponds to the figure 2.6. The inertia of generators in
bigger power plants defines the power sustaining a short circuit current. The reactance
XE and the resistance RE are the total impedance in [Ω] from cabinet or pole towards
the generators. The reactance XL and the resistance RL are the impedance in [Ω] from
the cabinet or pole to the PCC. The UN is the rated voltage in [V ]. Svarte describes the
equations and figures further in his subject book [8].

PQA states in their report that short circuit values can be used as a measure of grid
stiffness [6]. The equations 2.12 and 2.13 show that if the short circuit current in a circuit
is high, then the impedance value would be small. A low impedance value generally
corresponds to high-capacity cables or lines or being close to the substation. These factors
describe a stiff grid. If the short circuit current value is low and the impedance value is
high. A high impedance value is generally caused by low-capacity cables, connection point
being far away from the substation or a combination, which corresponds to a weak grid.

In a short circuit fault, it is vital with sufficient short circuit currents to ensure relays and
fuses disconnect when a fault occurs in the grid. The short circuit currents can become
very small for customers in weak grids, causing the short circuit fuses not to disconnect
during a short circuit event. REN describes this problem in REN 8072, and in the same
manual, the table 2.1 is found. The table shows the highest short circuit fuses that still
disconnect at the given minimum two-phase short circuit current Isc2min [21].

Table 2.1: Smallest short circuit fuses that still ensures disconnection at given minimum two phase short
circuit current [21].

short circuit fuses [A] Isc2min [kA]
35 0,12
50 0,18
63 0,24
80 0,33
100 0,43
125 0,53
160 0,69
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2.2 Voltage challenges from prosumers with PV systems

NVE-RME (The Norwegian Energy Regulatory Authority) manages the regulations re-
garding electricity in Norway. They define a prosumer as an end-use-customer with
consumption and production of electric energy. This term does not apply to a generation
that requires a license or generators that supply electricity to other end-users or if the
prosumer at some time delivers more than 100 kW [3]. If a grid has multiple prosumers,
the degree of prosumers is often called PV penetration and can be calculated as shown in
equation 2.14:

PV penetration =
Amount of prosumers in circuit

Total number of customers in circuit
(2.14)

The PV penetration degree is derived from dividing the number of prosumers in the circuit
by the total amount of customers in the circuit.

2.2.1 PV systems

Figure 2.7: Illustration of grid-connected PV system.

The PV systems must have cables, measuring equipment, relays, switches, and an inverter
to connect PV panels to the grid. Figure 2.7 shows an illustration of a grid-connected PV
system from photons to input to the grid. Solar PV panels produce DC (Direct Current)
by having doped semi-conductors to trap photons from the sun. The most common
material for semi-conductor is silicon [22], [23].

A PV inverter is a power converter that most often consists of an IGBT (Insulated-gate
bipolar transistor). IGBT consists of switches, normally with a switching frequency of
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between 2 and 20 kHz. The switching uses a PWM (Pulse width modulation) to convert
the solar electric energy into a useful AC (Alternating Current) signal. The inverter reads
the power grid, and the PWM matches the voltage, frequency, and phase angle. The
switches can distort the grid; hence an inverter must be equipped with an EMC (Electro-
magnetic compatibility) filter or similar to decrease the distortion [5], [24]. The inverter
is responsible for protecting itself from the grid by having anti-islanding protection, over-
and undervoltage protection, and the opportunity to decrease or disconnect production
by the DSO [5].

The deviation between actual and theoretical energy output is called PF (Performance
ratio). In a report, Fraunhofer states that the PR for total PV systems is between 80 %
and 90 % [25]. The PR is given in equation 2.15:

PR =
EGrid

GlobInc ·PnomPV ·PVarea
(2.15)

Where EGrid is the measured PV energy effectively delivered to the inverter [kWh], GlobInc
is the incident irradiance in hourly values [kWh/m2], and PnomPV is the PV panels rated
efficiency factor in [−], and PVarea in [m2] [26].

2.2.2 Voltage quality

Voltage quality is the study on the different parameters that deviate from the ideal wave-
form of voltage. Deviations or disturbances can cause discomfort for customers and, in
the worst case, damage electrical equipment [10].

Norwegian regulation of quality of electricity supply regulates three different terms of
quality. The first term is continuity of supply. NVE-RME describes it as the availability
of electrical energy, measured by the frequency and duration of the interruption. The
second term is voltage quality, where voltage quality describes the applicability of electrical
energy. Correct voltage magnitude and the waveform are vital for having usable electricity
and then explained by REN [5], [27]. The third term is information service and contains
the non-technically services such as customer service and information technology regarding
the other two terms. This report will not further discuss the first term, continuity of
supply, or the third term, information service. The definitions and values in this section
are translated from the regulation of quality of electricity supply [10], [27]. The regulation
specifies different measurable parameters for voltage quality in the list below:

• The frequency of the voltage

• Slow variations in the RMS (Root-Mean-Square) value of voltage
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• Rapid voltage changes

• Flickering

• Voltage imbalance

• Over harmonic voltages

• Interharmonic voltages

• Transient overvoltages

Frequency

TSO (Transmission System Operator) controls the frequency by controlling the power
production from larger power plants. Individual prosumers in the low voltage grid do
not affect the power production in the grid to impact the frequency to a measurable
degree [28]. However, findings in a report from Seneviratne and Ozansoy states that the
frequency stability may severely decline due to prolific penetration from PV generators
[29]. This thesis will not further discuss frequency as it focuses on the impact of PV
systems in the low voltage distribution grid.

Slow variations in the RMS value of voltage

According to Norwegian regulation, the Norwegian DSO’s are obliged to deliver electricity
inside a range of ±10 % nominal voltage at the PCC. ±10 % is maximum 253 V and
minimum 207 V for IT network and maximum 440 V and minimum 360 V in TN network.
As mentioned in 2.1.2 a PV system with surplus production will increase the voltage. The
voltage drop is shown in equation 2.16 and can also be used to calculate a voltage rise:

∆U =
1
U

· [(P ·R−Q ·X)+ I · (P ·X +Q ·R)] (2.16)

Where ∆U is the voltage drop or voltage rise in [V ] from one busbar to a second busbar.
U2 is the voltage in [V ] at the second busbar. P in [W ] and Q in [var] are the active
and reactive load or production at the second busbar. R in [Ω] and X in [Ω] are the
resistive and inductive parts of the impedance of the cable that connects the busbars.
One simplification is to neglect that as the voltage increases, the current will decrease
which decreases the voltage drop or rise. This simplification removes the current part of
the equation and the new equation 2.17 is:

32



∆U =
(P ·R−Q ·X)

U
(2.17)

The second simplification assumes that the PV installation does not compensate for the
reactive power. The impact by compensation of reactive power is limited as the ratio
between resistance and reactance (R/X-ratio) is resistance dominant. This means the re-
active part is small, and therefore the contribution of the reactive power can be neglected.
The R/X ratio will be more reactive dominant closer to the substation or long distribution
lines where the conductor has a big cross-section. This means that the simplification can
have deviating results for cases closer to substation or with long, high cross-section lines
[5]. From this simplification and equation 2.17 vi can extract the equations at table 2.2.

Table 2.2: Simplified equations for calculation of the voltage rise from single standing PV systems [6].

Grid system IT network TN network

One-phase ∆U =
PR

Isc2
∆U =

√
3 ·PR

Isc2

Three-phase ∆U =
PR

2 · Isc2
∆U =

√
3 ·PR√

3 ·2 · Isc2

Table 2.2 shows simplified equations for calculating the slow voltage variations. ∆U is
the voltage rise from PV system, Pr is the rated power of the PV system, and Isc2 is a
two-phase short circuit current at PCC. Based on the table and the report from PQA AS
we can establish that [6]:

• Increasing the rated power of PV system PR, will increase the voltage rise.

• A one-phase PV system has higher voltage rise than a three-phase PV system.

• Increasing the short circuit current Isc2, will decrease the impact of the PV system
on the grid.

The short circuit currents were discussed in section 2.1.5. It is essential to understand
the difference between Isc2 and Isc2min. Isc2min is the value presented in the section, and
it takes the temperature increase during a fault into account. Therefore it is about 1,3
smaller than Isc2 [6], [30].

To counter the effect of voltage rise due to prosumers, the distribution transformer can
tap down [5]. Tapping is to regulate the voltage by changing the winding ratio with a tap
changer in the transformer [18]. Be aware that the set value of the tap changer could be
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high to ensure a high enough voltage accordingly to regulation for a customer with a low
short circuit current [6]. The tap changer is also used when connecting a transformer to
the high voltage grid. Because of voltage drops in high voltage grid, the output voltage
may not be as high as nominal. The tap changer adjusts the low voltage to be correct.

High voltage deviation

The voltage drops in high voltage distribution grid varies, this variation in the high voltage
grid can affect the low voltage grid. The variation in voltage from the high voltage grid
can be divided into two components. The first component is voltage drop from loads or
voltage rise (caused by micro power plants, wind farms, or Ferranti effect). The report
from PQA assumes from experience that high voltage variation is often around 5 % but can
sometimes be as high as 7 % [6]. The second component is regulation from OLTC (On-
Load Tap-Changer Controller) power transformer. Consider the tap-change controller
in the power transformer, which automatically regulates the voltage of the busbar in the
secondary station. The regulation is usually made in steps with a deadband of somewhere
between 1 % and 3 % [6]. If the tap-changer controller made a perfect regulation of the
voltage, the voltage variation in the high voltage grid would be equal to the deadband
of the tap-changer controller. However as the power transformer distributes to multiple
radials, and the losses are different for every radial, the variations in the high voltage grid
must be higher than the deadband.

The sum of variations in the high voltage grid can therefore be around 2-8 %. REN
recommends the DSO to have a 5 % limit of slow stationary high voltage variations, a
tap-changer controller of 2 % is taken into account, which means that total high voltage
variations up to 7 % can be expected [31].

Voltage imbalance

Voltage imbalance is the difference in voltage values between phases. Norwegian regulation
[10] § 3-6 states that the DSO is responsible to keep the voltage imbalance between phases
below 2% in the PCC, measured as an average over ten minutes. The degree of voltage
imbalance can be calculated as the relationship between the voltages positive U+ and
negative U− sequence components and is expressed in equation 2.18 [10]:

U−
U+

=

√
1−

√
3−6β

1+
√

3−6β
·100% (2.18)

Where β is defined in equation 2.19:
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β =
U4

12 +U4
23 +U4

31

(U2
12 +U2

23 +U2
31)

2 (2.19)

Where the voltage values are the voltage measured between phases. Voltage imbalance
occurs when there is an unbalance in load, and it could also occur with PV systems with
a one-phase inverter. To decrease the likelihood for voltage imbalance the DSO Lede
AS uses a connection agreement developed by REN. The agreement states that a PV
system with rated current of 16 A or more must use a three-phase inverter to decrease the
possibility of imbalance [32].

THD and over harmonic voltages

Over harmonic voltages are varieties from the voltages sine wave outside in the 50 Hz
frequency. Nonlinear loads causes over harmonic voltages by for instance high-speed
switching to pick small parts from the voltages sine waves, causing the current not to be
sinusoidal. Examples of nonlinear loads are AC-DC (Alternating Current to Direct Cur-
rent) converters and other power electronics. Over harmonic voltages can be represented
as integer times the fundamental frequency, for instance 50 Hz frequency has 100 Hz (2nd
harmonic), 150 Hz (3rd harmonic), etc. The total effect of these harmonics up to the
degree of 40th is expressed as THD (Total Harmonic Distortion).

The DSO is responsible to keep the THD at PCC below 8 % and 5 %, measured on an
average over ten minutes and one week, for customers with nominal voltage from 230 V
to 35 kV. Prosumers with more than 30 kWp installed capacity are only allowed to feed in
a maximum of 70 % of the THD limit set by Norwegian regulation [10], [32]. Equations
2.20 and 2.21 shows how to calculate the THD [18]:

T HD =
IH

IF
(2.20)

T HD =
UH

UF
(2.21)

Where the THD is in [%], IH and UH are the effective value of all the harmonics in [A]
and [V ], respectively, and IF and UF are the effective value of the fundamentals in [A] and
[V ]. The effective value of all the harmonics is shown in the equation 2.22 [18]:
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UH =
√

U2
2 +U2

3 + ...+U2
n (2.22)

The DSO is responsible for keeping the individual over harmonic voltages below the
following values in table 2.3, measured as an average over 10 minutes, in connection
points with nominal voltage from 230 V to 35 kV.

Table 2.3: Limits for allowed individual harmonic voltages in connection point set by Norwegian regula-
tions [10].

Odd harmonic voltages Even harmonic voltages
Non-multiple with 3 Multiple of 3
Order of h U Order of h U Order of h U
5 3,00 % 3 3,00 % 2 1,50 %
7, 11 2,50 % 9 1,50 % 4 1,00 %
13, 17 2,00 % 15, 21 0,50 % 6 0,50 %
19, 23 1,50 % >21 0,30 % >6 0,30 %
25 1,00 %
>25 0,50 %

A Report from Ahsan, Khan, Hussain, Tariq, and Zaffar states that a high prosumer
penetration causes more THD than circuits without solar power. Also, circuits with a
low short circuit current are more exposed to over harmonic currents [33]. A report from
Patsalides found that when solar irradiation is lowest, the harmonic current spectrum is
highest. However, the total harmonic voltage distortion was highest at high irradiates, as
the produced power was highest [22].

Interharmonic voltage

Interharmonic voltage is a voltage component of a periodic quantity with a frequency
that is not an integer multiple with the operating frequency of the power system [34]. A
report from Ravindran, Rönnberg, Busatto and Bollen states that PV system can produce
interharmonic voltages in the grid. The interharmonic voltages are most common at the
transition between the PV system producing and not producing, such as sunrise and
sunset [35].

Transient overvoltage

Transient overvoltage, or spike, is a type of overvoltage in the grid. The voltages range
from 1.3 pu and up to 3 pu, usually lasting a few microseconds. Examples of transient
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overvoltage are lightning or switching in transmission grid [36]. In a report, Zhang, Du,
and Chen stated that a bolt of lightning to transmission lines nearby a PV system can
impact the PV system. This stresses the importance of having overvoltage protection in
PV systems [37].

2.2.3 Relays and impact from PV installations

Multiple units delivering electricity to the grid can cause problems for relays. PV systems
need to have an anti-islanding relay to avoid producing and delivering electricity out on
the grid when there is an outage. An anti-islanding relay reduces the risk for installers
as they need to be sure that the installation is without voltage to work safely. There is a
risk of malfunctions of relays when the PV system feeds current between the relays and
the place of fault, and this is called blinding [38]. Another problem is if there is a relay
between the PV system and the fault, the PV system might try to feed a fault with a
short circuit current, resulting in sympathetic tripping [6]. Namangolwa and Begumisa
state in their master thesis that many of these relay problems can be observed at a PV
penetration of 30 % or more [39].

2.3 Simulation tools

PowerFactory is a power system analysis software created by DIgSILENT GmbH, that
can recreate and simulate models of the grid. PowerFactory is the chosen analysis tool in
this thesis because of the ability to do load flow analysis with PV systems, and harmonic
flow analysis [40].

Trimble NIS is a geographical and technical documentation software, and the grid system
of Lede AS is documented accordingly to geographical positions. This thesis uses Trimble
to access the grid data from Lede AS. Trimble is a tool for grid planners as it can perform
electrical calculations such as short circuit calculations and load flow analysis. Trimble
can collaborate with other systems such as AMS [41].

2.3.1 Analyzing tools

This chapter have earlier described thermal limitations, short circuit current, and voltage
rise. PowerFactory can simulate the thermal load of cables and transformers and the
voltage at all nodes using load flow analysis. Figure 2.8 shows that by inserting the bus,
lines, production, and consumption data, the load flow analysis can calculate the voltage,
current, and power in the circuit.
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Figure 2.8: Flow chart of load flow analysis.

PowerFactory does the harmonic load flow calculation. By inserting the harmonic current
spectrum into components in the circuits. Harmonic load flow can analyze the frequency-
depended network impedances [42].

2.4 Sensitivity analysis

A sensitivity analysis is the study to find the uncertainty of an output of a system that
can be divided into the uncertainty of different inputs. Sensitivity analysis can be used
for decision making or development of recommendations for decision-makers. Inside this
category, there are two subcategories suited to analyze the impact of PV systems in low
voltage grid systems. One of which is identifying sensitive or essential variables. The
second one identifies critical values, thresholds, or break-even values where the optimal
strategy changes [43].

The outputs can be identified as measurable restrains in a power system, such as thermal
overload, voltage level, and voltage distortion. The main contributors to thermal overload
are impedance and current. The impedance is set by the cable type, the line type, the
transformer type, and size. The load and production define the current.

The voltage level is set by feeding voltage from an overlying high voltage grid. The
voltage varies with load and production in the overlying grid, regulated by an OLTC power
transformer. The high voltage grid feeds the distribution transformer in the substation.
The tapping level of the distribution transformer sets the base level of the low voltage
grid. The voltage bandwidth of the end-users is then set by the variation in the high
voltage grid and the low voltage bandwidth with voltage rise/drop between substation
and end-user. The voltage rise or drop is set by the impedance of the cables and lines,
which corresponds to the short circuit current.

Harmonic voltage distortion is described in subsection 2.2.2. Harmonic distortion is set by
input from power electronics. From the perspective of power electronics, the impedance
of the grid is frequency-dependent. The power electronic has a harmonic current spec-
trum, and these two parameters will create harmonic voltage distortion in different orders.
Together these orders are total harmonic distortion. Therefore, the harmonic distortion
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is set by the power electronic apparatus and the impedance of the grid. Compared to
voltage, the grid’s impedance can also correspond to a short circuit current.

2.5 Measures to preserve voltage quality

REN describes some different methods to increase connection capacity in high voltage
distribution. Methods such as upgrading the grid, shunt-reactor, series voltage regulat-
ors, automatic tap changer on distribution transformer, higher temperatures in line, and
energy storage [44].

Voltage regulation with series regulators is a component placed far out in long and weak
high voltage lines where all substations need counteracting for voltage regulation. There
are also series regulators for low voltage grids, suitable for long low voltage grids with
multiple consumers or prosumers. Series regulators are then used to have an extra flexible
voltage bandwidth [45].

To preserve a sufficient voltage level in the low voltage grid, a distribution transformer
with automatic tap-changer controller could be inserted in a substation to counter the high
variation in a low voltage grid. The tap-changer controller shifts the voltage bandwidth
by automatic tapping. The tap-changer controller can increase the substation voltage
in wintertime with high load and decrease substation voltage in the summertime with
low load and/or high production. One problem with automatic tap-changer controller
is the control unit uses the substation voltage as reference, however the voltage problem
happens at the customers [46].

Reactive power regulation is a method where the inverter consumes reactive power from
the grid. This will reduce voltage rise. This method is most effective when the R/X-ratio
is highly reactive dominant, which often means a customer must be close to a substation
or is fed with overhead lines with big cross-section [47]. The effect of reactive power
regulation can be limited in the case of customers in weak grids, as the R/X-factor is
typically resistive dominant [48].

Curtailment is to pay a prosumer to limit delivery of electricity to the grid. The DSO
can consider this in cases where the prosumer plans to produce and deliver a high amount
of power where the power grid is weak. These cases would require the DSO to invest by
upgrading the grid to handle the new production. Notice that this is not something the
DSO can decide alone, this requires an agreement between the DSO and the customer
[6].

Batteries in low voltage grid can be used for weak voltage grids with few customers. As
the voltage rise is high, the battery charges, this will increase the load and decreasing the
grid voltage. Vice versa, as voltage drops low, the battery can discharge, decreasing the
load and increasing the voltage [49].
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3 Methodology for grid simulations and

sensitivity analysis

In chapter 2 the necessary theory for the grid, the PV system, and the voltage quality were
described. Simulation tools and sensitivity analysis were discussed. Different measures to
preserve voltage quality were introduced.

This chapter is divided into three parts. The first part describes the mapping of PV
systems trends, the second part models the different study cases, and the last part defines
the study methods.

3.1 Data acquisition

Three sets of data are acquired to analyze the consequences and trends of PV installations
in the grid of Lede AS. The first set with data is all installed PV systems in Lede AS
grid. The second set with data is data of all low voltage grids in the area of Lede AS
to get an overview of Lede AS situation today. The last set with data is to collect data
on consumption, production, and voltage regarding prosumers and customers for relevant
circuits.

It is vital to note that GDPR (General data protection regulation) regulates customers’
privacy. Therefore it is necessary that all data used and given in this report is not
recognizable back to the customers.

3.1.1 Network connection message

According to Norwegian regulations, all customers must report to the DSO with a network
connection message when installing a PV system with a higher capacity than 0,8 kWp in
their installations [50]. The trend of installing PV systems is found by sorting these
messages by year, amount, and size. The report finds relevant cases for simulation and
interprets the future trends for PV installations by using these messages.

Table 3.1 shows the implementation of PV systems in Lede AS grid area per year and size
for the last four years. The table shows an increase in average size, total size, and the
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Table 3.1: Total installed PV system for Lede AS operating area (installations under 100 kW ).
Year Number Total installed power [kWp] Average installed power [kWp]
2017 52 471.28 9.06
2018 103 1017.37 9.88
2019 233 2087.90 8.96
2020 234 3457.87 14.78
2021 215 2876.4 13.385

total number of installed PV systems. The data from Lede AS is only for the past four
years. This thesis needs to use data from NVE to get a clearer idea of the development
of PV system trends. The figure 3.1 from NVE (The Norwegian Water Resources and
Energy Directorate) shows the development of PV systems in Norway over the last 21
years. The different colors in the figure are a distribution of the sizes. The figure shows
no records of PV systems before 2014 but a significant increase from 2014.

Figure 3.1: Development of grid-connected PV systems in Norway from NVE [3].

3.2 Modeling of distribution grid

Different circuits in the grid can be categorized as rural or urban, industrial or domestic.
The report from PQA states that rural areas with older distribution circuits were the
type of grid with the most challenges connecting multiple PV systems [6]. Traditionally
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only IT networks were built, and therefore four different rural IT networks will be further
considered in this report.

The grid model starts from the high voltage connection and ends at each end-user on
a given circuit. The grid beyond the high voltage connection is considered the external
grid. The external grid model uses the short circuit currents calculated for the high
voltage cable to the substation and calculated output voltage to the substations. The
harmonic distortion model uses the harmonic distortion measured using AMS. According
to measured values, the THD was around 1 to 1,5 % for all circuits.

The models use an assumed value of 4 % variation in the high voltage grid. This represents
both the high voltage grid losses and the deadband from OLTC power transformer.

The model of distribution transformer uses Trimble NIS data for transformers, which
again originates from the transformers data sheet. The data can be found in appendix
C.

The busbars are nodes in the circuit, and points in the grid measuring the voltage. The
busbar represents transformer busbars, cable cabinets, and poles where branches divide or
customers are connected. Losses from busbars and connection points are not considered.

The lines and cables models use Trimble NIS data. Trimble NIS transfers a list with
types for every cables and lines to PowerFactory. The data sheet includes resistance and
inductance per kilometer, the current limit, and is shown in appendix C. The length is
collected from Trimble NIS and inserted for every element in PowerFactory. Table 3.2
shows the short circuit currents for circuit 1 calculated by Trimble and PowerFactory.
The short circuit results show that the external grid, transformer, cables, and lines are
comparable, as the results are approximately equivalent, see appendix D.

Table 3.2: Short circuit current for circuit 1 calculated in Trimble NIS and PowerFactory.
Trimble NIS PowerFactory

Isc2min Isc3max Isc2min Isc3max
Customer 1 387 605 387 606
Customer 2 1185 1738 1115 2655
Customer 3 536 811 529 822
Customer 4 450 678 438 677
Customer 5 196 306 184 289
Customer 6 762 1120 793 1217

PV system uses rated peak power value for simulation. It assumes no diversity factor
between prosumers production, the PF of PV systems is set to 100 %, and the power
factor, cos phi is set to 1. To simulate harmonic distortion from PV systems, the PV
system model uses a harmonic current spectrum presented in a report from Patsalides
[22]. The report presents the harmonic current spectrum from cases with different levels
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of irradiates. The spectrum has the highest values at low irradiates, but the distortion is
highest at high irradiates because the high power at high irradiates supplies power to the
distortion. Figure 3.2 shows the harmonic current spectrum with accompanying angles
from a 16 kWp PV system at high irradiates and is further used in this report.

(a) Amplitude in [A]. (b) Angle in degrees

Figure 3.2: The harmonic current spectrum for a 16 kWp PV system at high irradiates [22].

Figure 3.3 shows how a substation circuit is represented in Trimble NIS. It is the same
circuit as study case 1, which will be used later in this report. The red lines are the high
voltage overhead lines, and the dotted red line is the high voltage cable. The light blue
lines are the low voltage overhead lines. The green lines are the low voltage cables.

Figure 3.3: Map of a substation circuit in Trimble NIS.
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3.2.1 Modeling of consumption

All customers have an AMS smart meter, and the meter collects the consumption data for
every customer. The representative consumption value uses the measured average total
power consumption per hour. The smart meter measures the THD in the circuits, and
the THD is used to model the background harmonic distortion in the external grid.

(a) Highest measured load in a week during winter time for
customer.

(b) Average low load measured in a week during summer
time for customer.

Figure 3.4: The green lines are measured consumption with hourly values over a weak. The dotted lines
are the chosen consumption value to represent the circuit.

In figure 3.4 the winter load is shown to the left-hand side and is the week with the
highest measured consumption for a customer. The highest load for this customer was
found in week 5 of 2021. The representative consumption value uses the peak load from
the records. The chosen value is conservative as the event only have been measured once.
In figure 3.4 the summer load is shown on the right-hand side and is chosen from week
34 of 2021. The chosen value is an average of around noon in the summer. This value
is more realistic, as it is measured multiple times throughout the year. The load values
have the unit kVA (kilo-volt-ampere), and the power factor cos phi is set to 0,9.

In the chosen study case, all cases have at least one prosumer. The choice of consumption
profile for prosumers is slightly different, as they need to consider the existing PV system.
Figure 3.5 shows measured power values for a prosumer in a green line and the chosen
consumption value in a dotted black line. The representative consumption value for
winter load is chosen the same way for a prosumer, as for a customer. The representative
consumption value for summer load is chosen as an average value from the evenings.
The summer load for a prosumer will be selected slightly higher than customer. The
represented consumption value for a prosumer should be as if there was no PV system
there.
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(a) Highest measured load in a week during winter time for
prosumer.

(b) Average low load measured in a week during winter
time for prosumer.

Figure 3.5: The green lines are measured power consumption for a prosumer with a 16 kWp PV system with
hourly values over a weak. The dotted lines are the chosen consumption value to represent
the circuit.

The thesis will use this described procedure to find representative consumption values for
all customers and prosumers as the study cases will be defined in the next sections. The
figures of PowerFactory models are also shown in appendix B.

3.2.2 Study case 1

Figure 3.3 is the study case 1 in Trimble. PowerFactory uses the circuit in Trimble to
create a model in PowerFactory. Figure 3.6 shows the model of study case 1 in Power-
Factory.

The circuit is in a rural area with six customers, and the distribution transformer is 100
kVA. There is one customer in this circuit with a critical low Isc2min of 186 A. The voltage
drop from the substation to this customer in the wintertime is 27 V or almost 0,12 pu.

Figure 3.7 shows the voltage drop for the circuit, and the blue line is winter load. All
customers have a higher load in this situation, and therefore the voltage drop is more
significant than the summer load. The red lines are summer load. In the x-axis, the
number 1 is the substation node, so the blue and red lines show the voltage at the
substation in the begging. The customers’ voltage is at the end of the lines, and the
connection points between the substation and the customer are nodes, such as cable
cabinets and poles.
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Figure 3.6: Substation circuit 1 represented in PowerFactory.

Figure 3.7: Voltage drop for circuit 1 in summer time (red) and winter time (blue) without PV systems.
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3.2.3 Study case 2

Figure 3.8 shows the PowerFactory model of study case 2. The circuit has ten customers,
and the distribution transformer is 100 kVA.

Figure 3.8: Substation circuit 2 represented in PowerFactory.

Figure 3.9: Voltage drop for circuit 2 in summer time (red) and winter time (blue) without PV systems.

Figure 3.9 shows the voltage drop for summer and winter load in circuit 2. The voltage
drop is significantly bigger than circuit 1. The customer with the weakest grid has a Isc2min
of 262 A, and the biggest voltage drop during wintertime is 34 V or almost 0,15 pu. The
summer load is outside the limits because of a big difference in load between winter and
summer and a 4 % variation in the high voltage grid.
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3.2.4 Study case 3

Figure 3.10 shows the PowerFactory model of study case 3 with six customers, and the
distribution transformer is 50 kVA.

Figure 3.10: Substation circuit 3 represented in PowerFactory.

Figure 3.11 shows the voltage drop with summer and winter load. The customer with the
weakest grid has a Isc2min of 530 A, and a voltage drop of 11 V or 0,05 pu.

Figure 3.11: Voltage drop for circuit 3 in summer time (red) and winter time (blue) without PV systems.

49



3.2.5 Study case 4

Figure 3.12 shows the PowerFactory model of study case 4 with ten customers, and the
distribution transformer is 315 kVA.

Figure 3.12: Substation circuit 4 represented in PowerFactory.

The voltage drop for circuit 4 is shown in figure 3.13. The summer load was significantly
lower than the winter load, resulting in the red summer load graph having so little voltage
drop. This circuit has one customer with a low Isc2min-value of 293 A and a voltage drop
of 18 V or almost 0,08 pu. The customer with the strongest grid has a Isc2min of 10 214
A.

Figure 3.13: Voltage drop for circuit 4 in summer time (red) and winter time (blue) without PV systems.
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3.3 PowerFactory simulations

3.3.1 Short circuit current calculations

The models from study cases 1 to 4 use short circuit analysis of Trimble and PowerFactory.
The short circuit result can compare the circuits and ensure the correct modeling of the
PowerFactory circuits. This will ensure that the external grid, transformer, lines, and
cables are comparable from Trimble to PowerFactory. The short circuit current is later
used to describe the impact on the grid as load and production vary.

3.3.2 Load flow analysis

The load flow analysis of PowerFactory can simulate the voltage variations and thermal
loading of components. The thresholds of the grid are found by using summer load and
subjecting the circuit to increasing PV system until surpassing the limitation. The low
voltage level is set by simulating winter load with no PV and then using a tap changer
on the distribution transformer to tap down so that the customers are closest to possible
regulations’ lower limit without breaking the limit. This voltage level shows the maximum
potential in PV capacity concerning the voltage bandwidth of the circuit.

The measured loads are processed to find two outer limit scenarios. Both scenarios are
middle of the day as the PV system produces the most. The first case is the winter load,
where the load is on a cold winter day where the load is highest. The second case is a
warm summer day with low load consumption. High load corresponds to low voltage, and
low load corresponds to high voltage. The PowerFactory models calculate the voltage for
each busbar.

3.3.3 Harmonic load flow

The models will contribute to two types of harmonic distortion for harmonic load flow.
The first is background distortion in the external grid. The grid model uses measured
harmonic voltage values to set a 1,1 % THD default. The second contribution is by insert-
ing a harmonic current spectrum in the PV system as described in 3.2. The study cases
use the harmonic current spectrum from Patsalides’ report with the highest irradiates for
a 16 kWp PV system [22]. Harmonic distortion from the highest irradiation is the case
when the harmonic current spectrum is lowest. However, because of the power output
from PV, it is the case with the highest harmonic voltages distortion.
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4 Simulation results

In section 3.2 the study cases were defined without any PV systems. In section 3.3 the PV
systems production was defined, and the different simulation methods were described.

This chapter uses the defined study cases and PV system to simulate the different thresholds
in the grid for the thermal load, voltage variations, and THD. Simulations will present
and use four different scenarios to better understand the impact from PV systems.

4.1 Short circuit current results

Table 4.1 shows an overview of customers’ minimum short circuit current Isc2min value.
The table categorizes the strength of the grid for different circuits presented in chapter 3
as study cases 1 to 4. These circuits are not supposed to represent the general grid but
weaker grids, typically found in rural areas. Appendix D show all the results from the
short circuit calculations. The results are shown in appendix D.

Table 4.1: An overview of the short circuit value Isc2min of the circuits in study case 1 to 4.
<=199 200-399 400-599 600-799 800-999 1000-1199 >=1200

Circuit 1 1 1 2 1 0 1 0
Circuit 2 0 3 3 1 0 0 3
Circuit 3 0 0 1 1 0 2 2
Circuit 4 0 1 1 1 0 1 6

4.2 Thermal load

The load flow analysis focuses on three parts regarding thermal load. The first part is
the cable or line connecting the customer to the grid, the second part is the feeding lines
of the circuit, and the last part is the distribution transformers in the circuit. As seen
in table 4.2 the connection cable of the customer does not reach thermal overload, even
with very high production.
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Table 4.2: Thermal load of most loaded end-customer cable with 100 % PV penetration of 25 kWp each
during summer load.

Circuit 1 [%] Circuit 2 [%] Circuit 3 [%] Circuit 4 [%]
End-customer cable 48,9 61,2 43,3 71,2

The simulation results in table 4.2 shows that even with a full PV penetration, each with
a 25 kWp production, and with a minimal load situation, the highest thermal load of a
customer connection cable is 71,2 %.

Table 4.3: The feeding cable’s thermal load with 100 % PV penetration of 25 kWp each customer during
summer load.

Circuit 1 [%] Circuit 2 [%] Circuit 3 [%] Circuit 4 [%]
Feeding line 1 77,4 59,1 46,6 94,9
Feeding line 2 38,9 48,5 33,1 119
Feeding line 3 28,4 24,1 86,4
Feeding line 4 98,6 88,1
Feeding line 5 79 73
Feeding line 6 58,1 54,6

The simulation results in table 4.3 shows the thermal load for all feeding cables at 100
% PV penetration and 25 kWp production. The red number in feeding line 2 in circuit 4
means that the cable is thermally overloaded when all customers produce energy with a
25 kWp PV system. Notice that this is thermal overload with reversed power flow.

Table 4.4: The transformer’s thermal load in the circuit with 100 % PV penetration with different installed
rated power of PV systems each during summer load.

Transformer Circuit 1 [%] Circuit 2 [%] Circuit 3 [%] Circuit 4 [%]
0 kWp 43,5 29,5 59,3 10,7
5 kWp 20,4 18,2 25,3 7,8
10 kWp 27 71,7 70,6 22,9
15 kWp 50,4 115,6 125,4 38,3
20 kWp 75,1 157,7 179,4 53,3
25 kWp 99,4 198,1 232,1 67,9

Table 4.4 shows the loading of transformer in [%] at 100 % PV penetration with different
PV sizes. Red numbers mean that the transformer is thermally overloaded. In circuits 1,
2, and 3, the transformers reach thermal overload before the cables and lines in the same
circuits.
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4.3 Voltage variations

Figure 4.1 shows the voltage drop for circuits 1, 2, 3, and 4. The red lines and blue lines
are voltage drops for respective circuits during summer load and winter load. There are
no PV systems producing power during winter load, while during summer load, there is a
100 % PV penetration, and all PV systems produce equally and increases until a customer
reaches the upper voltage limit of 10 %.

(a) Circuit 1 with the highest PV capacity installed 3,2
kWp.

(b) Circuit 2 with no PV systems, as there are no PV ca-
pacity.

(c) Circuit 3 with the highest PV capacity installed 15,8
kWp.

(d) Circuit 4 with the highest PV capacity installed 8,4
kWp.

Figure 4.1: The voltage drop in wintertime (blue lines) and voltage rise during summertime with max-
imum PV capacity installed (red lines).

Circuit 1 has a production of 3,2 kWp per customer before a customer reaches the upper
voltage limit. As shown in section 3.2.3 circuit 2 was unable to handle the existing load
and can therefore not support any PV system. Circuit 3 and 4 can handle respectively
15,8 kWp and 8,4 kWp, regarding the voltage variation.
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4.3.1 Variations in high voltage grid

Table 4.5 shows the impact on PV capacity from different percentage variations. Circuit 1
has a capacity for PV systems with up to 5 % variations in the high voltage grid. Circuit
2 has a capacity for PV systems up to 2 %. The simulations will use 4 % from here on.
Figure 4.2 displays how the PV capacity shifts linearly as the variations changes.

Table 4.5: The highest PV capacity [kWp] in circuits 1 to 4 with 100 % PV penetration for different
percentage variations in a high voltage grid.

0 % 1 % 2 % 3 % 4 % 5 % 6 % 7 %
Circuit 1 6,5 6 5,5 3,8 2,8 1
Circuit 2 3,3 2
Circuit 3 24 21 19 17,5 15,8 14,1 12,3 10,6
Circuit 4 13,2 12 10,8 9,6 8,4 7,2 6 4,8

Figure 4.2: The highest PV capacity [kWp] in circuits 1 to 4 with 100 % PV penetration for different
percentage variations in a high voltage grid.

4.4 Harmonic distortion from prosumers

Figure 4.3 shows all four circuits simulated with 100 % PV penetration, where all PV
systems produces 25 kWp electricity. Simulations for THD indicates that higher load
increases the impact from THD, therefore, simulation uses winter load for simulating
THD. The highest calculated THD is 6,5 % with circuit 2. The simulations do not
surpass the regulation limit of 8 %.

The maximum PV capacity at 100 % PV penetration is shown in table 4.6. The limiting
customer is the first to surpass the regulation limit of 8 % limit. In circuit 2 and 3,
the customer who limit PV capacity regarding THD, is the same customers with least
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Figure 4.3: The calculated THD for each customer at 100 % PV penetration as installed power from PV
is 25 kWp per customer.

minimum short circuit currents in their circuits. In contrast to circuits 1 and 4, the
customers who limits the PV capacity regarding THD are not the same as those with the
least minimum short circuit current.

Table 4.6: The maximum installed PV capacity at 100 % PV penetration regarding the regulations’ THD
limit of 8 %.

THD Limiting customer
Circuit 1 105 kWp Customer 4
Circuit 2 40 kWp Customer 4 and 5
Circuit 3 33 kWp Customer 4 and 5
Circuit 4 65 kWp Customer 8

4.5 Prosumers close versus far from substation

In figure 4.4 each color is a case with 50 % PV penetration, which in this case means three
customers with PV systems and three customers without it. The yellow line shows the
case where all the PV systems are nearby the substation. In contrast, the green line shows
the case where all the PV systems are far from the substation. The case with close PV
systems could handle 32 kWp while the PV systems far away from the substation could
only handle 19 kWp.

Table 4.7 shows results from simulating the cases of PV systems far versus close to the
substation. Each case increases the PV system until the case reaches the upper voltage
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Figure 4.4: Voltage drop for 50 % PV penetration in circuit 3. Green is PV system placed close to
substation, yellow is PV system placed far from substation.

limit or the thermal overload. Notice that in circuit 3, the limiting factor is the trans-
former when the PV systems are close to the substation. In circuit 4, the customers’
connection cable for customer 6 limits the PV capacity when the PV systems are close to
the substation.

Table 4.7: The highest PV capacity for circuits 1 to 4 for 50 % PV penetration regarding PV system
close versus far from the substation.

Close Far
Circuit 1 10,6 kWp Voltage 6,2 kWp Voltage
Circuit 2 - -
Circuit 3 25,4 kWp Thermal transformer 20,8 kWp Voltage
Circuit 4 35,3 kWp Thermal connection cable 9 kWp Voltage

4.6 Farms as prosumers

Many farms make challenging cases in the distribution grid. They are often in rural areas
with a weaker grid, and they are often customers with high consumption and have a bigger
main switch than most other customers in rural areas. Farms tends to have buildings with
extensive roof areas which are suitable for many PV panels.

In circuit 1, customer 4 is an average size farm. As customer 4 produces 19,7 kWp and
all other customers produce no power, the voltage of customer 4 reaches 252 V. When all
other customers produce 5 kWp, then customer 4 is only able to produce 7 kWp before the
voltage of the neighbor customer 5 reaches 252 V.
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As earlier mentioned, circuit 2 has no PV capacity with the existing grid.

In circuit 3, customer 1 is an average size farm. As customer 1 produces 77,5 kWp and all
other customers produce no power, the thermal load of the transformer limits the circuit.
If all other customers produce 5 kWp, then customer 1 can only produce 51 kWp before
thermally overloading the transformer.

In circuit 4, customer 1 is an above-average size farm. As Customer 1 produces 348 kWp,
and all other customers do not produce any, the thermal load in both transformer and
connection cable limits the PV capacity in the circuit. As all other customer produces 5
kWp, and customer 1 produces 300 kWp, the thermal limit of the transformer limits the
PV capacity.

The THD for all simulations is between 1 and 4 % and is not close to limiting the PV
capacity.

4.7 Simulation of countermeasures

Earlier in this chapter, four circuits were simulated to find the general PV capacity for
all customers in a circuit. In the section 4.7 the study case will upgrade the circuits.
The first case will change the transformer, and the second case will reinforce 50 % of the
feeding lines in the circuits. The simulations will focus on how the countermeasure will
impact the PV capacity concerning THD, thermal overload, and voltage variation.

4.7.1 Changing transformers

The most common reason to change a distribution transformer is due to an increase in
load situation. Distribution transformers have standardized impedance. The impedance is
given as a percentage value of the rated power of the transformer. If two transformers with
equal impedance but different rated power, higher rated power means lower impedance
at the same load [51]. The grid impedance will decrease when upgrading the substation
with a new transformer, and the short circuit current will increase. In table 4.8 shows
the increasing of Isc2min when upgrading the transformer one size. Changing transformers
have highest impact on customers with the highest short circuit currents. Customers
close to the substation usually have high short circuit currents, strongly affected by the
distribution transformer. In contrast, cables and lines strongly define the short circuit
current for customers far out in the grid. See simulations results from load flow analysis
in section 4.8.
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Table 4.8: The change in the least short circuit current Isc2min [A] when upgrading the distribution trans-
former.
Circuit 1 Circuit 2 Circuit 3 Circuit 4

100 kVA 200 kVA 100 kVA 200 kVA 50 kVA 100 kVA 315 kVA 500 kVA
387 397 1346 1518 1430 2003 10214 14116
1115 1234 384 397 1033 1281 1003 1022
529 550 354 365 1297 1760 692 698
438 452 262 268 704 821 293 294
184 186 293 301 530 591 1413 1444
793 844 1456 1697 983 1229 2114 2186

695 742 1452 1497
467 486 506 510
506 529 1520 1571
1268 1426 2728 2869

4.7.2 Upgrading cables and lines in grid

Upgrading the grid means either changing the lines or changing the topology by adding
more cables or lines. In this case, all circuits change 50 % of the feeding lines closest to the
substation to the cable TFXP 4x240 Al. Table 4.9 shows that the upgrade increases the
Isc2min value for all customers connected to the substation through the feeding cables.

Table 4.9: The change in the least short circuit current Isc2min [A] when upgrading the grid by changing
50 % of feeding lines in each circuit.

Circuit 1 Circuit 2 Circuit 3 Circuit 4
Upgrade Upgrade Upgrade Upgrade

387 387 1346 1346 1430 1430 10214 10214
1115 1115 384 859 1033 1033 1003 1003
529 698 354 726 1297 1461 692 764
438 545 262 421 704 794 293 305
184 201 293 507 530 575 1413 1751
793 1214 1456 1960 983 1171 2114 2970

695 792 1452 1652
467 509 506 527
506 556 1520 1741
1268 1402 2728 3511

Notice that the length of the cables and lines is not changed. The upgrade of circuit 1
changes the feeding line M1. The upgrade of circuit 2 changes feeding lines M1, M4, and
M5. The upgrade in circuit 3 divides the feeding line M2 in two, changing the feeding line
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M1 and half of the feeding line M2. The upgrade in circuit 4 changes the feeding lines M1,
M2, and M5. With new feeding lines, a new calibration of the distribution transformers
tap changer is done. The tap changer resets the voltage level to review the maximum PV
capacity.

4.8 Summarizing and comparing simulation results

Table 4.10 shows the PV capacity for circuits 1 to 4 regarding the different limiting
parameters; THD, thermal loading in cables, thermal loading in transformer, and voltage
limitation.

Circuit 1 was limited by voltage variation, being able to connect 3,2 kWp for all customers.
The thermal load was not a problem before 25 kWp, at which the transformer reached a
thermal load of 99,4 %.

During winter, the voltage drop for Circuit 2 was so high, that the circuit is unable to
ensure voltage inside the limits of Norwegian regulation. There was no PV capacity in this
circuit. Therefore, looking for opportunities for upgrading grids is necessary. Considering
THD and thermal loading, the PV capacity limits are better.

Circuit 3 has a capacity of 12,2 kWp, at which the transformer would reach thermal load
right under 100 %. The voltage limits the PV capacity to 15,8 kWp.

Circuit 4 was limited by voltage variation, as PV systems reached a production of 8,4
kWp.

Table 4.10: The highest PV capacity for circuits 1 to 4 at 100 % PV penetration for different limiting
factors.

THD Line Transformer Voltage Limiting parameter
Circuit 1 105 kWp 32 kWp 25 kWp 3,2 kWp Voltage variation
Circuit 2 40 kWp 27,5 kWp 13,8 kWp - Voltage variation
Circuit 3 33 kWp 49,9 kWp 12,2 kWp 15,8 kWp Transformer
Circuit 4 65 kWp 21 kWp 35,7 kWp 8,4 kWp Voltage variation

Comparing table 4.10 with table 4.11. Results indicate that increasing transformer size
will decrease the amount of THD. The line capacity decreases because changing the trans-
former allows tapping the substation voltage even lower to allow a higher capacity for PV
systems. According to Ohm’s law, as the voltage is slightly lower, the current will increase,
causing thermal overload sooner. Regarding the transformer, upgrading the transformer
will increase the transformer’s capacity in the circuit.

Comparing table 4.12 with table 4.10. The results indicate that increasing the strength
of the cables in the grid will increase the impact of THD. The line capacity increases
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Table 4.11: The PV capacity in circuits 1 to 4 at 100 % PV penetration that surpasses the limits when
transformer is upgraded.

THD Line Transformer Voltage Limiting factor
Circuit 1 200 kVA 190 kWp 31 kWp 46 kWp 5,1 kWp Voltage
Circuit 2 200 kVA 50 kWp 25,7 kWp 25,7 kWp - Voltage
Circuit 3 100 kVA 49,5 kWp 48 kWp 20,8 kWp 19 kWp Voltage
Circuit 4 500 kVA 80 kWp 21 kWp 57 kWp 8,4 kWp Voltage

as the upgrade change the most loaded feeding lines. The voltage variation increases
significantly for circuit 2, as an upgrade in the grid reduces the voltage drop in winter
load significantly, giving the circuit potential PV capacity. The voltage limit significantly
increases the PV capacity in circuits 1 and 2, as they were worse than circuits 3 and 4
before the upgrade. Therefore, the upgrade is more significant in circuits 1 and 2. Figure
2.4 shows that the voltage drop in feeding lines for circuits 1 and 2 is bigger than for
circuits 3 and 4.

Table 4.12: The PV capacity in circuits 1 to 4 at 100 % PV penetration that surpasses the limits when
50 % feeding lines are upgraded.

THD Line Transformer Voltage Limiting factor
Circuit 1 82 kWp 51,5 kWp 24 kWp 5,7 kWp Voltage
Circuit 2 36 kWp 42,5 kWp 13 kWp 9,1 kWp Voltage
Circuit 3 36 kWp 59,8 kWp 12,2 kWp 16,3 kWp Transformer
Circuit 4 72 kWp 28,3 kWp 35,8 kWp 9,1 kWp Voltage

Simulation in PowerFactory finds the highest THD with evenly distributed PV systems
in the places where the short circuit current is small. In cases with multiple and nearby
neighbors producing THD, the simulations find the highest THD in the connection point
between these prosumers.

Results from the far versus close case show that PV capacity is better the closer the
PV system is to the substation. For circuits 1, 3, and 4, results show that farms’ grid
connections generally have a good PV capacity, and circuit 4 has the most capacity, up
to 345 kWp.
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In figure 4.5 the light green line is the maximum PV capacity at different Isc2min values,
simulated from three different cases at each circuit. As earlier mentioned in this chapter,
the three different cases are; normal situations, with transformer upgrade and with the
upgrade of feeding lines. The darker green line is a calculated PV capacity from the
equation given in the figure 4.5. Where ∆U is voltage drop from substation voltage at
summer load before installing PV system to the customer. The figure does not include
study case 2 before the upgrade and study case 2 after upgrading the transformer, as they
had no PV capacity in simulation or calculation.

Figure 4.5: Calculated and simulated maximum PV capacity.

63



64



5 Discussion

In chapter 3 the circuits with loads and PV systems were defined. In chapter 4, the
circuits were subjected to increasing PV systems to find the grid threshold in different
situations.

The discussion chapter is divided into four parts. The first part is the uncertainties in
models. The second part uses the results to describe the more general PV capacity in
circuits. The third part will discuss the situation of Lede, and the last part is a short
discussion of one-phase inverters.

5.1 Uncertainties in models

This section comments on the choices made in chapter 3 and how they impact the results.
A model will have some deviation from the system, and understanding the deviation will
form a basis for interpreting simulation results into realistic cases.

5.1.1 The cables, lines and external grid

The data quality between PowerFactory and Trimble is considered good, as the comparing
of short circuit currents between Trimble and PowerFactory for all customers, shows
approximately equal results. It is essential to be aware that Trimble does have some
minor deviation regarding lengths and, in some cases, actual cable types between the
actual grid and the model. This deviation is assumed to have minimal significance for
case studies.

5.1.2 Voltage

The voltage set in the substation will usually be around 240 V. In the simulations, the
substation voltage was set as low as possible to review the potential for PV capacity in the
grid. If the objective is to check the grid’s capacity as the grid is today, then the results
will be too optimistic. Assuming that there is free capacity in the voltage bandwidth,
the DSO would adjust the tap changer to avoid unnecessary grid investments. Then the
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results show the actual PV capacity potential without any significant measures to the
grid.

Because of uncertainty in actual values, the variation in the high voltage grid was set
to 4 %. The impacts from different variations were conducted in subsection 4.3.1, which
shows that variations in the high voltage grid have a high impact on the PV capacity in
the circuits.

5.1.3 Load

There have been used two types of values for load; winter and summer load. Both are
measured as an average of over an hour. The winter load used the highest measured
value for all cases in February, and the summer load was the average load on a hot
summer day around noon. Two factors are neglected regarding load. The first is that
AMS measurements are measured averagely over one hour. The load can be higher and
lower inside the measured hour. The winter load, the maximum measured load, could be
higher. The second factor is neglecting the diversity factor because not all households use
maximum consumption simultaneously, reducing the total load in winter for all circuits.
Considering these two factors and that the used measured winter load has only been
recorded one time, the results will be conservative. At last, the load profile assumes
symmetrical loads. If there is a variation in load distribution between phases, the results
might be optimistic.

5.1.4 PV system

The simulations of PV systems in this report use no diversity factor. No diversity factor
means that all roof orientation and angles are the same for all PV systems in a circuit. If
all customers in a circuit had a PV system, it would be unlikely that all customers would
have the same roof orientation and angles. Therefore, it is likely to assume some diversity
factor, and the results of this report are conservative, as simulated PV capacity must be
smaller than actual PV capacity.

In terms of rated power for a PV system, the simulations use the rated power peak value
as producing value. In a more realistic case, there would be a performance ratio, reducing
the efficiency of PV systems. The performance ratio was set to 100 % in the simulations,
but as mentioned in section 2.2.1, the performance ratio will often be around 80 % to 90
%.

At last, the power factor of the PV system was simulated with a cos phi of 1. PV systems
can offer some degree of reactive compensation, which would slightly decrease the load
and voltage. These four aspects of the simulation state that the model for PV systems is
very conservative.
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5.1.5 THD

The THD from the overlying grid originates from using measured data for THD, 3rd, 5th
and 7th order harmonic voltage. The simulations do not focus on individual harmonic
distortion, making it easier to compare the limitation of PV capacity between harmonic
distortion, thermal load, and voltage variation. All PV systems in this report use the
same harmonic current distortion spectrum. The harmonic current spectrum is found in
a report that only shows the spectrum for one phase [22]. Therefore, the spectrum assumes
equal values for the other phases, but the phase angles shift 120 degrees. The harmonic
current spectrum is from a 16 kWp PV system, and it is unknown how the spectrum
changes as PV system size increases. It is unsure if the simulations for when all PV
systems have an equal harmonic spectrum, make the results conservative or optimistic.

5.2 PV capacity in rural areas

In this project, four study cases represent distribution grids in rural areas in Norway.
They have few customers, long lines and cables, and the distribution transformers have
low-rated power. In three of four circuits, the voltage variation limits the PV capacity
of the circuits. In the last circuit, the thermal overload of a transformer limits the PV
capacity.

Table 5.1 shows the simulation results, and the simulations conclude that the PV capacity
for older and rural distribution grids is between 0 to 12 kWp at 100 % PV penetration.
PQA states in their report a general PV capacity of 0 to 8 kWp of rural distribution grid.
The PV capacity is higher closer to the substation, and farms typically have a stronger
connection to the substation and better capacity than regular households.

Table 5.1: The highest PV capacity for circuits 1 to 4 at 100 % PV penetration for different limiting
factors, 4 % high voltage variation is included.

THD Line Transformer Voltage Limiting parameter
Circuit 1 105 kWp 32 kWp 25 kWp 3,2 kWp Voltage variation
Circuit 2 40 kWp 27,5 kWp 13,8 kWp - Voltage variation
Circuit 3 33 kWp 49,9 kWp 12,2 kWp 15,5 kWp Transformer
Circuit 4 65 kWp 21 kWp 35,7 kWp 8,4 kWp Voltage variation

The report conducts two cases to increase the capacity, changing the transformer one size
and changing 50 % of feeding lines to a stronger cable were considered. Changing the
transformers increased the PV capacity regarding voltage variation with an average of 1,3
kWp. Changing the feeding cable increased the PV capacity regarding voltage variation
with an average of 2,5 kWp. In the last case, the transformer size limited the PV capacity
of two circuits.
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Pr[kWp] = (252[V ]−Usubstation[V ]) ·2 · Isc2min[kA] ·1.3 (5.1)

The equation 5.1 rewrites the equation shown in figure 4.5 to predict the maximum PV
capacity of a circuit. The equation for maximum PV capacity is defined in equation 5.1
where Pr is the circuits’ PV capacity for one customer, 252[V ] is the voltage limit, Usubstation
is the substation voltage during the summertime, and Isc2min is the lowest minimum short
circuit current in the circuit. Figure 5.1 shows the equation in use for different substation
voltages. For example, a circuit with a substation voltage of 245 V and the customer with
the lowest minimum short circuit current of 800 A would have a PV capacity of 14,56
kWp. Note that this PV capacity is only valid for voltage variation.

Figure 5.1: General limit for PV system in circuit based on lowest minimum short circuit current in circuit
and different calculated substation voltage.

5.3 Future trends of prosumers

The amount and size of PV systems have increased in the Lede AS’ grid area. Table 5.2
shows that the average size of a PV system is almost 13,4 kWp. The data from Lede is
limited, as it only shows data from 2017, and the data pattern is recognizable to the level
that it is increasing. Supported with data from NVE and IEA, it is safe to assume a
stable, increasing pattern.

Table 5.3 shows the lowest minimum short circuit currents for every circuit operated by
Lede AS. Circuits 1, 2, and 4 can represent 714 of Lede’s substation circuits with the lowest
minimum short circuit current Isc2min less than 300 A. These circuits have according to
results a PV capacity of between 0 and 8,4 kWp per customer. As the average PV system
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Table 5.2: Total installed PV system for Lede AS operating area (installations under 100 kW ).
Year Number Total installed power [kWp] Average installed power [kWp]
2017 52 471.28 9.06
2018 103 1017.37 9.88
2019 233 2087.90 8.96
2020 234 3457.87 14.78
2021 215 2876.4 13.385

was 13,4 kWp in 2021 and 14,78 kWp in 2020, the circuits with a low short circuit current
cannot install the average PV installation without reducing the PV capacity for other
customers in the same circuit.

Table 5.3: An overview of the least minimum short circuit current Isc2min for every substation circuits in
Lede AS operating area.

Least minimum short circuit current Isc2min in a substation circuit.
<=199 200-399 400-599 600-799 800-999 1000-1199 1200-1399 >=1400
173 1311 1293 1105 770 465 289 2077

5.4 One-phase inverter

Earlier, when the inverter technology was immature and expensive, most inverters for
PV systems for households were one-phase inverters. The one-phase inverter is an equip-
ment that can cause voltage imbalance. Therefore it was important for DSO to demand
three-phase inverters for PV systems rated for 16 A or more. It is unsure if these older
installations were responsible for any grid upgrades that could be avoided by using three-
phase inverters.
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6 Conclusion and further work

As the report from PQA AS concludes that the PV capacity is very good for urban and
industrial areas, this thesis has focused on the rural area with older circuits [6]. Equation
6.1 presents a general threshold for PV capacity in a circuit, in respect to voltage variation,
the equation is derived as:

Pr[kWp] = (252[V ]−Usubstation[V ]) ·2 · Isc2min[kA] ·1.3 (6.1)

Where Pr is the PV capacity for all customers in the same circuit that can be installed
without surpassing the voltage limit in [kW p]. 252 [V ] is the voltage limit according to
FOL [10]. Usubstation is the substation voltage at summer load in [V ]. Isc2min is the least
minimum short circuit current in the circuit in [A]. From equation 6.1 we derive the figure
6.1. The figure shows general PV capacity regarding voltage variation for three different
values of substation voltage, and the x-axis is the least minimum short circuit current in
a circuit.

Figure 6.1: General PV capacity regarding voltage variation in a circuit based on the least short circuit
current in the circuit and different calculated substation voltage.

If a planned PV system is larger than Pr, the grid manager can upgrade the grid or
consider accepting the PV system at the risk of reducing the PV capacity for all other

71



customers in the circuit. As earlier mentioned, the PV capacity is greater, closer to the
substation. Customers with cables with higher capacity as connection cables, for instance,
farms, usually have better PV capacity than the other customers.

If the planned PV system is smaller than Pr, it is essential to look at the thermal over-
loading of cables and transformers. The load situation in the circuit should not surpass
any thermal limit during the wintertime, and the production situation for PV systems
should not surpass any thermal limit during the summertime.

Results from the simulation suggest that the THD will not limit the PV capacity for
households and farms in rural areas.

Simulations for the three representative cases, circuit 1, 2, and 4, concludes that 714 of
Lede’s substation circuits with the minimum short circuit current generally have a PV
capacity of between 0 and 8,4 kWp at 100 % PV penetration, which is less than the average
installed PV system from 2021 (13,4 kWp). These 714 of Lede’s 7172 substation circuits
are at a high risk of needing an investing in the grid to increase PV capacity to avoid big
voltage variations.

It is important to consider thermal overload as well as voltage variation. Circuit 3 has
a higher short circuit current than the other circuits with an Isc2min of 530 A. It is the
transformer of this circuit that limits the PV capacity, not the voltage variation.

Upgrading the grid by changing the transformer to increase the PV capacity had little
effect. The short circuit current of the customers closest to the substation increased most,
rather than those customers limiting the PV capacity with low short circuit currents caus-
ing voltage variations. However, for circuits 1 and 3, a transformer change increased the
capacity 1-2 kWp. Circuit 2 had no PV capacity, even after the change of transformer.

Upgrading the grid by changing the feeding lines to stronger cables had a better effect of
increasing PV capacity by increasing the short circuit currents of the weakest customers,
that were connected to the feeding lines. Circuits 1 and 2 increased their PV capacity
with 2,5 kWp and 9,1 kWp respectively. The impact on PV capacity by changing lines to
cables is heavily affected by the amount of feeding lines that is changed and the original
lines.

Further work can do similar research for TN network and for urban and industrial areas.
Many of the parameters used in this report is neglected or uses a conservative value.
For instance the effect total diversity factor and performance ratio for PV systems. The
impact from equal and different harmonic spectrums to the THD. The THD impacts
for grid with high penetration of power electronics. To ensure correct PV capacity, the
variations of high voltage grid should be investigated, and creating statistics for different
substations’ variations. It would be interesting to simulate and compare newer technology
as measures in the grid, for instance, curtailment, reactive compensation, distribution
transformer with automatic tap changer, energy storage, and voltage series regulators.
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Title: Criteria for grid investments to satisfy customer requirements under higher PV-system 
penetration from households.  
 
USN supervisor: Thomas Øyvang and Gunne J. Hegglid 
 
External partner: Lede AS – Marte Neslow 
 
Task background:   
In the past decade, there has been increasing growth in PV systems. These systems are 
integrated into the customers of the DSO, being able to cause more unreliable 
consumption/production and therefore also problems for voltage quality. Lede AS wants to 
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External grid data

Active power 20 MW

Reactive power 10 Mvar

Voltage Setpoint 1,018 pu

Max values

Short-Circuit Current Ik''max 4,489 kA

c-factor (max) 1,1

R/X Ratio 0,04795

Min values

Short-Circuit Current Ik''min 1,12 kA

c-factor (max) 0,9

R/X Ratio 0,04795

Active power 20 MW

Reactive power 10 Mvar

Voltage Setpoint 0,995 pu

Max values

Short-Circuit Current Ik''max 3,58 kA

c-factor (max) 1,1

R/X Ratio 0,04795

Min values

Short-Circuit Current Ik''min 0,805 kA

c-factor (max) 0,9

R/X Ratio 0,04795

Active power 20 MW

Reactive power 10 Mvar

Voltage Setpoint 0,921 pu

Max values

Short-Circuit Current Ik''max 5,852 kA

c-factor (max) 1,1

R/X Ratio 0,04508

Min values

Short-Circuit Current Ik''min 0,8745 kA

c-factor (max) 0,9

R/X Ratio 0,04508

Active power 20 MW

Reactive power 10 Mvar

Voltage Setpoint 1,018 pu

Max values

Short-Circuit Current Ik''max 4,115 kA

c-factor (max) 1,1

R/X Ratio 0,0336

Min values

Short-Circuit Current Ik''min 2,082 kA

c-factor (max) 0,9

R/X Ratio 0,0336

Circuit 1

Circuit 2

Circuit 3

Circuit 4



Transformer data

Rated power 100 kVA

Rated Voltage primary 22 kV

Rated Voltage secondary 0,24 kV

Short-Circuit Voltage uk impedance 4 %

Copper losses 1,566 kW

Short-Circuit Voltage uk resistance 1,56 %

No Load losses 0,289 kW

Tap Changer 2,5 %

Positions 5

Rated power 100 kVA

Rated Voltage primary 22 kV

Rated Voltage secondary 0,24 kV

Short-Circuit Voltage uk impedance 4,15 %

Copper losses 1,615 kW

Short-Circuit Voltage uk resistance 1,615 %

No Load losses 0,247 kW

Tap Changer 2,5 %

Positions 5

Rated power 50 kVA

Rated Voltage primary 22 kV

Rated Voltage secondary 0,24 kV

Short-Circuit Voltage uk impedance 3,94 %

Copper losses 1,068 kW

Short-Circuit Voltage uk resistance 3,94 %

No Load losses 0,164 kW

Tap Changer 2,5 %

Positions 7

Rated power 315 kVA

Rated Voltage primary 22 kV

Rated Voltage secondary 0,24 kV

Short-Circuit Voltage uk impedance 4,61 %

Copper losses 3,003 kW

Short-Circuit Voltage uk resistance 0,953 %

No Load losses 0,66 kW

Tap Changer 2,5 %

Positions 5

Circuit 1

Circuit 2

Circuit 3

Circuit 4



Rated power 200 kVA

Rated Voltage primary 22 kV

Rated Voltage secondary 0,24 kV

Short-Circuit Voltage uk impedance 4,4 %

Copper losses 2,016 kW

Short-Circuit Voltage uk resistance 1,008 %

No Load losses 0,583 kW

Tap Changer 2,5 %

Positions 5

Rated power 500 kVA

Rated Voltage primary 22 kV

Rated Voltage secondary 0,24 kV

Short-Circuit Voltage uk impedance 4,68 %

Copper losses 5,529 kW

Short-Circuit Voltage uk resistance 1,106 %

No Load losses 0,469 kW

Tap Changer 2,5 %

Positions 7

500 kVA - Used in changing transformer case

200 kVA - Used in changing transformer case



Type

Rated 

current [A] R [Ohm/km] X [Ohm/km] R0 [Ohm/km]

X0 

[Ohm/km]

Al 3x1x95 385 0,19 0,215 0,19 0

Al 3x1x70 305 0,257 0,225 0,257 0

Al 3x1x25 158 0,718 0,257 0,718 0

AL 3x1x16 120 1,123 0,271 1,123 0

Cu 3x1x70 282 0,259 0,24 0,259 0

Cu 3x1x35 174 0,515 0,261 0,515 0

Cu 3x1x16 115 1,113 0,294 1,113 0

Cu 3x1x10 80 1,178 0,294 1,113 0

Ex 3x95 Al 280 0,308 0,075 0,32 0

Ex 3x50 AL 180 1,178 0,079 0,32 0

Ex 3x25 Al 115 1,2 0,082 1,2 0

FeAl 3x70 468 0,258 0,22 0,258 0

FeAl 3x50 352 0,361 0,231 0,361 0

FeAl 3x35 284 0,515 0,252 0,515 0

FeAl 3x16 180 1,131 0,267 1,131 0

PFSP 3x240 AL 375 0,125 0,072 0,125 0

PFSP 3x95 Al 220 0,32 0,075 0,253 0

PFSP 3x50 Al 150 0,641 0,079 0,641 0

PFSP 3x25 AL 100 1,2 0,082 1,2 0

PFSP 3x16 Cu 100 1,15 0,085 0,727 0

TFSP 3x240 Al 435 0,125 0,081 0,125 0

TFXP 4x240 Al 435 0,125 0,081 0,125 0,39

TFXP 4x95 Al 260 0,32 0,082 0,32 0,24

TFXP 4x50 Al 180 0,641 0,086 0,641 0,32

TFXP 4x25 Al 125 1,2 0,086 1,2 0,3

Datasheet for cables and lines



Overview of cables and lines

Line Node 1 Node 2 Length [m] Type

Line M1 Bus substation Bus M1 215 Ex 3x95 Al

Line M2 Bus M1 Bus M2 62 Ex 3x95 Al

Line 1a Bus substation Bus 1a 62 Ex 3x95 Al

Line 1b Bus 1a Bus 1b 142 Ex 3x25 Al

Line 1c Bus 1b Bus 1c 24 PFSP 3x16 Cu

Line 2a Bus substation Bus 2a 117 Ex 3x95 Al

Line 2b Bus 2a Bus 2b 196 TFXP 4x240 Al

Line 3 Bus M2 Bus 3 72 Ex 3x25 Al

Line 4a Bus M2 Bus 4a 286 Ex 3x95 Al

Line 4b Bus 4a Bus 4b 11 PFSP 3x50 Al

Line 5a Bus M2 Bus 5a 61 Ex 3x50 Al

Line 5b Bus 5a Bus 5b 286 Ex 3x25 Al

Line 6 Bus M1 Bus 6a 25 Ex 3x25 Al

Line Node 1 Node 2 Length [m] Type

Line M1 Bus substation Bus M1 310 FeAl 3x1x35

Line M2 Bus M1 Bus M2 32 Ex 3x50 Al

Line M3 Bus M1 Bus M3 189 FeAl 3x1x35

Line M4 Bus substation Bus M4 25 Al 3x1x50

Line M5 Bus M4 Bus M5 34 Al 3x1x50

Line M6 Bus M5 Bus M6 115 FeAl 3x1x35

Line 1 Bus substation Bus 1 83 PFSP 3x50

Line 2 Bus M2 Bus 2 22 Ex 3x25 Al

Line 3a Bus M2 Bus 3a Ex 3x50 Al

Line 3b Bus 3a Bus 3b 38 Ex 3x25 Al

Line 4 Bus M3 Bus 4 18 Ex 3x25 Al

Line 5 Bus M3 Bus 5 10 Ex 3x25 Al

Line 6 Bus M5 Bus 6 65 TFXP 4x95 Al

Line 7 Bus M6 Bus 7 35 Cu 3x1x10

Line 8 Bus M6 Bus 8 80 FeAl 3x1x35

Line 9a Bus M6 Bus 9a 50 FeaAl 3x1x16

Line 9b Bus 9a Bus 9b 29 Ex 3x25 Al

Line 10a Bus M4 Bus 10a 40 Ex 3x50 Al

Line 10b Bus 10a Bus 10b 33 PFSP 3x50 Al

Line Node 1 Node 2 Length [m] Type

Line M1 Bus substation Bus M1 63,4 Al 3x1x95

Line M2 Bus M1 Bus M2 196 Al 3x1x95

Line M3 Bus M2 Bus M3 117,8 Al 3x1x95

Line 1a Bus substation Bus 1a 75 Ex 3x95 Al

Line 1b Bus 1a Bus 1b 14,9 PFSP 3x95 Al

Line 2 Bus substation Bus 2 88,2 Ex 3x50 Al

Line 3 Bus M1 Bus 3 29,3 PFSP 3x50 Al

Line 4 Bus M3 Bus 4 14,9 Ex 3x25 Al

Line 5 Bus M3 Bus 5 55,8 Ex 3x25 Al

Line 6 Bus M2 Bus 6 9,2 Ex 3x25 Al

Circuit 1

Circuit 2

Circuit 3



Line Node 1 Node 2 Length [m] Type

Line M1 Bus substation Bus M1 21,9 TFSP 3x240 Al

Line M2 Bus M1 Bus M2 29,1 Cu 3x1x35

Line M3 Bus M1 Bus M3 42,5 Cu 3x1x35

Line M4 Bus substation Bus M4 48,1 Cu 3x1x16

Line M5 Bus M4 Bus M5 39,7 Cu 3x1x70

Line M6 Bus M5 Bus M6 111,3 Cu 3x1x70

Line 1 Bus substation Bus 1 25,7 TFSP 2x3x240 AL

Line 2a Bus substation Bus 2a 584,5 TFXP 4x240 Al

Line 2b Bus 2a Bus 2b 4 TFXP 4x240 Al

Line 3 Bus M4 Bus 3 42,1 TFXP 4x50 Al

Line 4a Bus M4 Bus 4a 88,8 TFXP 4x50 Al

Line 4b Bus 4a Bus 4b 80,1 Ex 3x25 Al

Line 4c Bus 4b Bus 4c 42,5 PFSP 3x16 Cu

Line 5 Bus M3 Bus 5 12,9 Cu 3x1x10

Line 6 Bus M2 Bus 6 15,4 Cu 3x1x10

Line 7 Bus M6 Bus 7 5,9 TFXP 4x50 Al

Line 8a Bus M6 Bus 8a 144,6 Cu 3x1x70

Line 8b Bus 8a Bus 8b 65,6 PFSP 3x25 Al

Line 9 Bus M6 Bus 9 1,5 PFSP 3x95 Al

Line 10 Bus M5 Bus 10 19,6 TFXP 4x50 Al

Circuit 4



Winter load and summer load

Customer Winter load [kWh/h] Summer load [kWh/h]
Customer 1 8,965 1,977
Customer 2 37,800 20,000
Customer 3 19,603 6,276
Customer 4 10,060 3,896
Customer 5 4,493 0,791
Customer 6 9,588 1,878

Customer Winter load [kWh/h] Summer load [kWh/h]
Customer 1 16,320 4,693
Customer 2 2,475 0,346
Customer 3 8,593 1,360
Customer 4 4,930 1,773
Customer 5 8,626 2,338
Customer 6 7,646 0,366
Customer 7 10,781 0,681
Customer 8 7,725 0,901
Customer 9 7,506 1,279
Customer 10 12,575 2,253

Customer Winter load [kWh/h] Summer load [kWh/h]
Customer 1 11,465 2,053
Customer 2 6,147 2,300
Customer 3 5,941 0,803
Customer 4 8,757 3,866
Customer 5 6,351 2,320
Customer 6 6,941 9,916

Customer Winter load [kWh/h] Summer load [kWh/h]
Customer 1 38,587 0,400
Customer 2 19,600 6,500
Customer 3 8,739 1,520
Customer 4 6,358 1,192
Customer 5 8,934 2,102
Customer 6 4,001 0,050
Customer 7 2,649 0,000
Customer 8 11,737 1,875
Customer 9 22,374 3,967
Customer 10 20,592 2,652

Circuit 1

Circuit 2

Circuit 3

Circuit 4
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Isc2min Isc3max Isc2min Isc3max Isc2min Isc3max Isc2min Isc3max
Customer 1 387 605 387 606 397 626 387 606
Customer 2 1185 1738 1115 2655 1234 1869 1115 1655
Customer 3 536 811 529 822 550 862 698 1073
Customer 4 450 678 438 677 452 705 545 834
Customer 5 196 306 184 289 186 293 201 316
Customer 6 762 1120 793 1217 844 1314 1214 1807

Isc2min Isc3max Isc2min Isc3max Isc2min Isc3max Isc2min Isc3max
Customer 1 1409 2103 1346 2032 1518 2357 1346 2036
Customer 2 405 616 384 585 397 610 859 1294
Customer 3 372 568 354 542 365 563 726 1103
Customer 4 274 419 262 400 268 411 421 640
Customer 5 309 468 293 445 301 460 507 762
Customer 6 1458 2098 1456 2121 1697 2538 1960 2839
Customer 7 730 1078 695 1033 742 1119 792 1179
Customer 8 465 709 467 711 486 748 509 777
Customer 9 538 538 506 769 529 813 556 847
Customer 10 1232 1232 1268 1905 1426 2200 1402 2111

Customer Isc2min Isc3max Isc2min Isc3max Isc2min Isc3max Isc2min Isc3max
Customer 1 1439 1989 1430 2020 2003 2940 1430 2020
Customer 2 1083 1559 1033 1514 1281 1946 1033 1514
Customer 3 1268 1751 1297 1818 1760 2539 1461 2054
Customer 4 746 1036 704 993 821 1175 794 1126
Customer 5 559 810 530 775 591 879 575 847
Customer 6 1038 1419 983 1372 1229 1746 1171 1643

Isc2min Isc3max Isc2min Isc3max Isc2min Isc3max Isc2min Isc3max
Customer 1 10887 14079 10214 13917 14116 19558 10214 13917
Customer 2 1048 1546 1003 1485 1022 1519 1003 1485
Customer 3 686 1059 692 1069 698 1081 764 1182
Customer 4 290 455 293 460 294 462 305 479
Customer 5 1481 2223 1413 2133 1444 2194 1751 2634
Customer 6 2171 3244 2114 3183 2186 3322 2970 4439
Customer 7 1441 2074 1452 2092 1497 2168 1652 2386
Customer 8 497 756 506 768 510 775 527 801
Customer 9 1425 2051 1520 2176 1571 2261 1741 2497
Customer 10 2372 3517 2728 4020 2869 4280 3511 5231

Short circuit calculations in Trimble and PowerFactory

Feeding lines

Feeding lines

Feeding lines

Feeding lines
Circuit 1

Circuit 2

Trimble PowerFactory

Circuit 3
Trimble PowerFactory

Circuit 4

Trimble PowerFactory

PowerFactoryTrimble 200 kVA

100 kVA

500 kVA

200 kVA
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