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There are no problems, only solutions.

(John Lennon)





Abstract

Since some years ago greenhouse gases and especially carbon dioxide have
become one of the most widely debated issues. To reduce the emission of
carbon dioxide and nuclear waste, renewable energy sources as for example
wind power plants have become very successful. These generation units are
normally small compared to common thermal power plants and they are often
placed distributed and connected to the distribution network. Therefore they
are also called distributed generation (DG) units.

For the distribution network the connection of generation units is a challenge
since distributed networks were planned and built and dimensioned for the
connection of load. Customers are normally connected to the distribution
network and therefore voltage quality is an important issue for distribution
networks. Medium and low voltage distribution networks are quite passive
today with none or only somewhat communication and voltage control. In
many cases the only feasibility to control the network voltage is the on-load
tap changer at the high voltage/medium voltage transformer. Voltage varia-
tions and varying network losses are two important aspects when connecting
generation units to the distribution network.

To reinforce an existing network by building new lines to cope with the volt-
age variations caused by DG units and in such a way increase the DG capacity
in a distribution network is always a solution but it is an expensive one. In this
thesis other solutions which allow an increase of the DG capacity without
network reinforcement are considered. Three different methods for voltage
control in medium voltage distribution networks are mentioned in this work:
coordinated control of the on-load tap changer, reactive power consumption
and active power curtailment.

A voltage control algorithm to maintain the voltage within the limits at all
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network nodes has been developed within this work. The voltage control al-
gorithm is able to perform three different control strategies: local on-load tap
changer (OLTC) control, DG control and coordinated OLTC control. Local
OLTC control is often used in medium voltage networks today. With DG con-
trol the voltage is controlled at the connection point of the DG units by the
use of reactive power consumption and active power curtailment. In the case
of coordinated OLTC control the voltage is controlled by a coordination of
the on-load tap changer, reactive power consumption and active power cur-
tailment. In addition to previous work done within this area voltage measure-
ment values from already installed electricity meters are used as feedback for
the OLTC control. The voltages obtained by the control algorithm and the
network losses are simulated within this work.

Simulations of the network voltages and the losses in the network were done
on a generic network with three typical kinds of feeders. It is shown that the
DG capacity in this generic network can be increased if the network becomes
more active and the DG units are participating in the network voltage control
as in the case of local DG control and coordinated OLTC control. Furthermore
a more fair distribution of the curtailment has been tested but that increases
the totally used curtailment. To exemplify on a real existing network, the
network of Svalöv substation (Sweden) was analysed and transferred into the
simulation tool. The Svalöv area has already today a lot of wind turbines
connected and more are planned. The simulations from the generic network
were repeated on this existing network and also here the DG capacity could
be increased significantly by a more active voltage control in the network.
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Chapter 1

Introduction

The focus of this work is to describe methods for using the medium voltage
distribution network more flexibly through an extended and more active volt-
age control and by this increase the amount of connected distributed genera-
tion (DG) capacity without need for rebuilding the network. A closer look has
been taken at the opportunities for active voltage control obtained from the
use of reactive power consumption, generation curtailment and a coordinated
control of the on-load tap changer (OLTC) at the substation transformer. New
electricity meters, installed in all Swedish households and at other customers,
are capable to measure the voltage at the customer side. Using voltage values
from these meters as input for the voltage control is considered within this
work.

This chapter introduces the work presented in this thesis. The motivation for
the work is described and the contributions obtained are summarized.

1.1 Motivation

In the early days of electrification local networks with local generation and
consumption were built. Since then networks have been increasingly inter-
connected. In our days electricity is mostly generated in large power plants
and then transferred via the transmission network to the distribution network
where the customers are connected. These large generation units can be both
coal or gas fired thermal power plants, nuclear thermal power plants or large
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hydropower stations. The common ground for all these power plants is that
they are connected to the high voltage transmission network.

During the last years, with a focus on reducing the emission of carbon diox-
ide, renewable energy sources have become more popular for the generation
of electricity [1]. A huge development of renewable energy sources took place
during the last decade caused by the increased demand for environmentally
friendly electric power production. Today the most established ones are wind
power, biomass-fired combined heat and power (CHP) and photovoltaic in-
stallations.

These generation units are small compared to the conventional power plants
and therefore they are often, like customers, connected to the distribution
network, which is one possible definition of distributed generation [2]. Thus
the splitting between generation and consumption has been blurred and the
traditional power flow from the large generation units in the high voltage
transmission grid to the customers connected to the low voltage distribution
network is not necessarily valid for all cases today.

A large number of these previously named DG units are placed in rural areas
and therefore they are connected to weak parts of the distribution network
where even small units can influence the voltage at and around their connec-
tion point. This is one of the most important factors limiting the amount of
DG that can be connected in a certain network.

DG units are often connected to the medium voltage distribution network as
shown in figure 1.1 or to the low voltage distribution network. In this work
the DG units under study are at the size of several 100kW up to some few
MW and therefore typically connected to the medium voltage distribution
network, where 10kV and 20kV are common voltage levels.

Due to the historical application field of traditional medium voltage distri-
bution networks, they are equipped with none or only some communication
and voltage control. Therefore these networks are mainly passive. The volt-
age is maintained by dimensioning the network according to the expected
voltage drop caused by the connected loads. The only active component is
normally the on-load tap changer at the substation that keeps the voltage at
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Figure 1.1: Simple single-line diagram of a typical medium voltage and low
voltage distribution network with load and generation connected
(EM: electricity meter at customer connection point)

the substation within a deadband. Therefore the actual voltage in the network
is depending on the on-load tap changer setting and the network loading. The
focus is on avoiding undervoltages. When generation is connected to the grid
it brings the risk of overvoltage which was previously not an issue.

Until now, a certain amount of DG units is allowed to be connected to existing
feeders of medium voltage distribution networks. Before they are connected,
a simple analysis of the expected voltage at the connection point is carried
out but otherwise DG units are often treated as negative loads. If the expected
voltage at the connection point in the worst case scenario is over the limit, the
connection at the existing feeder is normally considered not possible. Then
the network will either be reinforced or the DG unit will not be connected if
the costs for the network reinforcement are too expensive.

Until some years ago, but even today, medium voltage networks, especially in
rural areas, were often consisting of non-isolated overhead lines. They were
cost-efficient and easy to repair but vulnerable to extreme weather conditions
and falling trees. Typical overhead lines have an inductive characteristic. To
make the distribution network in Sweden more reliable and less susceptible to
weather related disturbances, many of the overhead lines have been replaced
by underground cables, hanging cables or isolated overhead lines during the
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last years. This replacement changed the characteristics of the network from
inductive to more capacitive.

In a traditional overhead line medium voltage distribution network with an
inductive characteristic the highest voltage could typically be found at the
substation medium voltage side. This voltage is often maintained by an on-
load tap changer located at the HV/MV transformer. To maintain the voltage
in all network nodes the grid is designed so that the voltage drop is acceptable
also in the case of maximum loading. When load is connected, the voltage de-
creases from the substation along the feeder as presented in figure 1.2 (solid
black line), where the voltage at the substation is shown on the left side. To
compensate for the voltage drop along the feeder and to keep the voltage
within the limits, the voltage at the substation is chosen above 1p.u. to shift
the voltage profile up (dotted black line in figure 1.2). Since the connection of
DG units acts to increase the voltage at the connection point, the assumption
that the voltage is always lower with increasing distance from the substation
is no longer necessarily valid under all circumstances (dash-dotted black line
in figure 1.2). In this case it would be preferable to set the voltage at the
substation below 1p.u. (dashed black line in figure 1.2) to maintain the volt-
age within the limits along the feeder. Although generation is connected to
a feeder, the voltage will still decrease, if the load along the feeder is larger
than the generation. In contrast, the voltage will increase along the feeder
or in some parts of the feeder, if the generation is larger than the load. For
the case of equally distributed load and generation with the same amounts,
the voltage may actually remain constant along the feeder (solid blue line in
figure 1.2).

The possibility of voltage rises brings new challenges to the operation of
distribution networks which are designed and operated considering only con-
sumption [3]. Until now they were purely passive networks and not designed
to cope with generation units and increasing voltages caused by the injected
power [4]. Since network voltage is important to power quality and also di-
rectly affects all the other units and customers connected to the grid, voltage
control to keep the voltage within the limits is an important matter. More ac-
tive distribution networks, in the literature often referred as Smart Grids, may
be one solution for this problem [5, 6, 7]. The benefits from active manage-
ment of distribution networks are discussed in [8]. Active power curtailment,



1.1 Motivation 5

node1 node2 node3 node4 node5
0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1
 V

 [
p
.u

.]

Figure 1.2: Voltage at substation (node 1) and along a feeder with only load
connected and without OLTC (solid black), with only load and a
traditional OLTC (dotted black), with only DG connected (dash-
dot black), with only DG and traditional OLTC (dashed black)
and with equal amounts of load and DG connected (solid blue)
and assumed voltage limits (dash-dotted red) which are not re-
spected here

reactive power management and coordinated voltage control are mentioned
as active management strategies. In an example for a wind farm of 8MW
it is shown that the need of generation curtailment could be decreased from
6.04% to 1.61% when the power factor is decreased from 0.98 to 0.95. In the
same network configuration not more than 5.3% of the total available energy
in a year had to be curtailed for a wind farm of 16MW when the on-load tap
changer was used for voltage control.

The numerous publications in this research area during the last years reflect
a great interest in connecting generation to the distribution network. Some
recent papers covering the most important topics are introduced below.

The voltage rise caused by the DG units is one of the limiting factors when in-
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stalling distributed generation especially in rural distribution networks where
the line impedance is comparatively large [1]. The maximum amount of dis-
tributed generation capacity, that can be connected to an existing network is
in the literature also referred as hosting capacity [9].

Particularly for generators, which are connected to the grid by inverters, the
output or consumption of reactive power is controllable in a large range [10].
The feasibility to control the reactive power output independent of the active
power output makes it possible to contribute to the voltage control in some
extent and is taken into account in many papers discussing voltage control in
medium voltage networks.

When using reactive power for voltage control, the total flow of reactive
power and thereby also the network losses may increase as shown in other
work [11]. Therefore network losses have to be considered if a noticeable
amount of reactive power is used in the network.

To cope with voltage variations in distribution networks caused by DG units,
an advanced control of the on-load tap changer has been proposed [12, 13].
Voltage measurements at some network nodes combined with state estimation
were used to adapt the voltage setpoint of the on-load tap changer to the actual
network loading situation.

However, nearly ten years ago in 2002 active management of distribution net-
works to control the voltage rise effect was mentioned in [14]. Simulations on
a large medium voltage network have been performed and active power cur-
tailment is mentioned as reasonable when it is only needed during some short
time and the DG capacity can be increased during the rest of the time. The use
of increasing reactive power compensation for avoiding active power curtail-
ment has been discussed and the benefit for that strategy has been shown. In
addition benefits of OLTC coordinated voltage control were mentioned. Both
strategies reduced the need of curtailment but a combination of the strategies
was not applied as the studies were mainly focussing on monetary benefits
from the various strategies. Furthermore it is not mentioned how the setpoint
for the OLTC is obtained.

An advanced on-load tap changer control combined with reactive power out-
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put of the generation units was proposed in another paper [15]. Here a re-
peated load flow on the network was used to determine the voltages at all
network nodes. Based on the calculated voltages the OLTC position and the
reactive power were adjusted by the control algorithm.

Reactive compensation alone will not be sufficient to maintain the voltage
in distribution networks due to their low X/R-ratio [16]. While close to the
substation, where the influence of the transformer is significant, the X/R-ratio
may still be comparatively large it will decrease further out in the network.
Three methods for voltage control in highly resistive networks are proposed:
active power, a variable series inductor and combination of parallel and serial
converters.

In Finland research was done on local and coordinated voltage control in
distribution networks presented in [17]. A combination of local control and
coordinated control has been proposed. For the local voltage control local
reactive power control and production curtailment was introduced. The co-
ordinated control was carried out by changing the set point of the on-load
tap changer. Local voltage measurements are used to limit the voltage by ab-
sorption of reactive power. By state estimations of the network voltages the
voltage setpoint of the on-load tap changer is adjusted which is called sub-
station voltage control. A continuous voltage control has been proposed as
well as optimization algorithms to choose the priorities of the different con-
trol variables. The proposed control algorithm was tested for primary control
of the substation voltage and primary control of the DG reactive power. Due
to the fact that the absolute voltages were known, a smooth restore control
could be implemented. In a further step substation voltage control and DG
reactive power control have been simulated in a RTDS environment [18].

An approach in which a coordinated control of the OLTC, reactive power con-
sumption and active power curtailment are used is presented in the Austrian
DG DemoNet-Concept [19, 20]. Various voltage control strategies including
local control and coordinated voltage control are discussed in these papers.
For the coordinated control of the on-load tap changer voltage measurements
are assumed at critical nodes of the system. Due to absolute voltage measure-
ments a smooth control of the OLTC is possible here as well. To minimize
the use of curtailment, a ranking table for the DG units was created. Thus,
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several units increase their reactive power consumption to maintain the node
voltage before active power curtailment is activated. A case study of an Aus-
trian distribution grid has been carried out and economical aspects have been
considered [21].

During the last years new electricity meters have been installed in all house-
holds in Sweden, as it is compulsory to read the customers’ measurement
values on a monthly basis since July 2009. These electricity meters come
with communication to report the measurement values of consumed energy
at least once per month to the distribution network operator. Beside consumed
energy, also other measurement values as for example for the determination
of voltage limit violations are available. These values are a potentially valu-
able resource for voltage control in an active network.

1.2 Objectives

The purpose of this work is to find solutions for increasing the DG capacity
connected to a medium voltage distribution network with respect to the volt-
age limits but without reinforcement or rebuilding of the network. As wind
turbines currently are the most common type of DG units in Swedish medium
voltage distribution networks, they will be in the focus of this thesis. Although
rebuilding and reconstruction of the existing networks are always solutions to
avoid inadequate voltage rise in the distribution grid, other solutions may be
preferred because of the high costs and the much time consuming process of
changing existing lines or installing new lines. Instead several voltage control
strategies available in a medium voltage distribution network could be used
to obtain a voltage control which fits to the needs of DG. The voltage control
could be done locally by the DG units as well as on the entire network by the
on-load tap changer at the substation transformer.

The major objectives for this work are:

• Local voltage control at the DG connection points by the use of reac-
tive power consumption as well as active power curtailment should be
implemented.
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• The control of the OLTC should be adapted in such a way that it is set
according to the situation in the entire network.

• A central coordination controller should be used to decide which meth-
ods are activated to maintain the network voltage. The coordination
controller can get feedback about the network voltage in form of volt-
age limit violation alarms from electricity meters.

• The part of the voltage band which is available for the distributed gen-
eration units should be increased during most of the time by the use of
an active network control.

• Network losses should be considered when reactive power is used for
voltage control.

• The theoretical considerations derived from this work should be veri-
fied by simulations on a realistic network.

1.3 Contributions

The voltage control methods on-load tap changer, reactive power consump-
tion and active power curtailment discussed in this thesis are well known and
have been discussed before. Also some combinations of them have been con-
sidered.

The main contribution from and innovative feature of this thesis is a contin-
uous monitoring of the voltage limit violations at the customer connection
point at the low voltage level by already existing electricity meters. There-
fore the marginals to the voltage limits which are normally applied today
when distributed generation is connected to the distribution network can be
reduced.

The main contributions obtained from this work are:

• A control algorithm for coordinated voltage control which includes a



10 Chapter 1 Introduction

combination of coordinated OLTC control, reactive power consump-
tion and active power curtailment has been developed within this work.
Restore control to go back to normal system operation is included in
the algorithm.

• Voltage limit violation alarms obtained from the electricity meters were
taken into account and used as feedback for the coordination controller.
Hence, the voltage situation at the customer connection point was mon-
itored continuously and therefore margins could be decreased.

• Simulations on a large, real existing medium voltage distribution net-
work with high penetration of wind turbines were carried out. Load and
generation profiles over 15 days were obtained by measured values.

• The total network losses were simulated. Thus the impact on the losses
from the use of reactive power could be determined. Therefore a simple
cost analysis to identify the most advantageous control strategy could
be done.

1.4 Outline of the Thesis

In chapter 2 an overview of typical medium voltage networks is given. It
starts with the network structure, typical components used in a medium volt-
age distribution network and which requirements regarding the voltage that
need to be met. Then changes caused by the introduction of distributed gen-
eration are described. The possibility brought by the new energy meters and
the potential of more and more available communication are shown. In the
end of the chapter some challenges of modern medium voltage distribution
networks are mentioned.

The various methods to maintain the voltage in a medium voltage distribution
network are more detailed explained in chapter 3. Beside the theory also some
examples will be given. The three most common ways of voltage control in
medium voltage distribution networks (on-load tap changer, reactive power
and active power curtailment) are described more in detail.
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A voltage control algorithm for an extended voltage control in medium volt-
age networks is presented in chapter 4. Three different voltage control strate-
gies which will be used for the simulations in following chapters are de-
scribed and discussed.

In chapter 5 some background about losses in a typical medium voltage net-
work is given. Also an example for a typical calculation of losses in such a
distribution network is shown.

Chapter 6 describes the structure and the characteristics of the generic test
network. The network is first considered with only local voltage control of the
on-load tap changer. Then voltages and losses are simulated for local voltage
control at the node of DG connection. Finally coordinated voltage control in
the entire generic medium voltage distribution network is described.

The real medium voltage distribution network of Svalöv substation is pre-
sented in chapter 7. First the test system is presented and some characteristics
of the network are pointed out. Later on the simulations done on the real net-
work are described and in the last section of the chapter the results from these
simulations are summarized. Also some economical aspects of the integration
of distributed generation into distribution networks are given in this chapter
by comparing the costs for tap operations, reactive power consumption and
active power curtailment.

A short summary of this thesis and the conclusions obtained by this work are
presented in chapter 8. Moreover the results obtained from the simulations
are discussed.

An outlook on further work that could be done within this area is given in the
last chapter 9.

1.5 Publications

Two papers have been published based on this work:
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I. Leisse; O. Samuelsson; J. Svensson; "Increasing DG Capacity of Exist-
ing Networks Through Reactive Power Control and Curtailment" (2010) pre-
sented at 9th Nordic Distribution and Asset Management Conference (NOR-
DAC) 2010, Aalborg, Denmark.

I. Leisse; O. Samuelsson; J. Svensson; "Electricity Meters for Coordinated
Voltage Control in Medium Voltage Networks with Wind Power" (2010) pre-
sented at IEEE PES Conference on Innovative Smart Grid Technologies Eu-
rope, Göteborg, Sweden.



Chapter 2

Medium Voltage Network
Overview

This chapter will give a short overview over the structure and the components
of current medium voltage distribution networks and show in which way they
will be affected by the increasing number of DG units connected to the dis-
tribution networks.

2.1 Structure

The medium voltage network is a part of the distribution network. Usually
distribution networks including medium voltage networks are built to trans-
fer energy from the high voltage transmission network to the customers in
the low voltage distribution grid. There are also some customers with larger
loads directly connected to the medium voltage distribution network. As a
result of having the generation units connected to the transmission grid and
the customers to the distribution network, until now the power flow was uni-
directional from the transmission network to the customers. This leads under
normal conditions to a decreasing voltage from the substation to the customer
point of connection. Especially in urban areas medium voltage networks are
often built in a meshed structure. However, on the countryside a radial net-
work structure is more common. Although medium voltage networks built as
meshed networks also may be operated as meshed, they are normally oper-
ated as radial networks [22, 23].
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Common voltages for the medium voltage distribution grids in Sweden are
10kV and 20kV. There are also medium voltage networks with higher volt-
ages as for example 40kV, 50kV and 70kV depending on the network oper-
ator.

Medium voltage networks in Sweden are both consisting of underground ca-
bles and overhead lines. After the storms Gudrun (2005) [24] and Per (2007)
[25] tenthousands of kilometres of overhead lines have been replaced by un-
derground cables and covered conductor overhead lines which are much less
sensitive for wind, snow and falling trees compared to the old non-isolated
overhead lines. In the area of the network operator E.ON more than 17000km
of lines have been replaced in the years 2006 to 2010 [26]. Several medium
voltage distribution feeders are usually connected to one substation and from
there they spread out to the medium voltage/ low voltage substations. The
feeders can both be pure load, pure generation and mixed load and genera-
tion feeders.

2.2 Components

In this section typical main components of an ordinary medium voltage dis-
tribution network are described.

2.2.1 Overhead Lines and Underground Cables

In medium voltage distribution networks overhead lines as well as under-
ground cables are common. While medium voltage networks in urban re-
gions are almost always built with cables there are still quite a lot of rural
areas where overhead lines are used. In Sweden a lot of non-isolated over-
head lines have been replaced by underground cables or isolated overhead
lines during the past years.

Underground cables and isolated overhead lines are more robust regarding
extreme weather conditions as for example storms with falling trees, icing
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and lightning. Therefore they become more common even in rural areas es-
pecially those with large forest areas. A drawback of underground cables is
that fault diagnostics and repair are more time consuming than for overhead
lines. Overhead lines are normally less expensive but they are more visible
and space consuming.

In medium voltage distribution networks the lines have to be dimensioned
with respect to the voltage drop (see chapter 3), the thermal conditions and
also network losses (see chapter 5). All of them are depending on the total
line impedance, which is the product of the impedance per length and the
line length, and the current through the line, i.e. the loading. In rural areas
the loads are usually more distributed as in urban areas where the consump-
tion is more concentrated. Thus network lines on the countryside are often
lower loaded then lines in urban areas. Since the cross section area of a line
is selected based on the current that should be transferred through the line,
lines in urban areas are often of larger cross section than in rural areas. The
larger cross section implies a smaller line impedance. A rule of thumb says
that an economic rating for aluminium cables in newly built medium voltage
networks is achieved with an ampacity of 1A/mm2 [27]. This is a trade-off
between investment costs, network losses and the voltage drop. Under normal
conditions this value is rather far below the thermal limit for which reason
higher loading may be acceptable during some periods of time [28].

Lines are characterized by their series resistance, series conductance and
shunt capacitance. They differ for each individual type of line. The series
resistance is equal to the line resistance Rs and the line reactance Xs is ob-
tained from the line inductance Ls. The sum of them is the series impedance
Zs as shown in (2.1). As shown in (2.2) the line admittance Ysh is the sum
of the line conductance Gsh and susceptance Bsh, which is obtained from the
shunt capacitance Csh.

Zline = Zs = Rs + jXs = Rs + jωLs (2.1)

Ysh = Gsh + jBsh = Gsh + jωCsh (2.2)

The line impedance Zline, used for determining the X/R-ratio, is normally only
considering the series impedance Zs. The line impedance and admittance can



16 Chapter 2 Medium Voltage Network Overview

be calculated from the line parameters as resistance, inductance and capaci-
tance which are shown in table 2.1 for some common types of overhead lines
and underground cables used in Swedish medium voltage distribution net-
works. Since the shunt conductance is very small, it is normally neglected.
Due to the much shorter distance between the conductors, the characteristic
of underground cables is much less inductive and more capacitive than the
one of overhead lines. This affects both behaviour on faults and on the trans-
fer of reactive power. A possibility to describe the lines characteristic is the
Xs/Rs-ratio.

When calculations on lines are done, lines can be modelled in different ways
depending on the length of the line [29]. Short lines are often modelled as
pure series connections of the resistance and (positive) reactance. Medium
long lines are either modelled as a T - or a π- (see figure 2.1 and 2.2) networks
where the difference is the placement of the line capacitance. For long lines
the π-model extended with the shunt admittance is the most suitable. In the
π-model for medium long lines the line consists of a series connection of the
line resistance and the line reactance. The line capacity is divided in two parts
and placed at each end of the line. For very long lines it may be reasonable
to divide the line in shorter sections and use a number of π-models in series
connections. Typical line data, the current-carrying capacity and the X/R-
ratio for some common types of overhead lines and underground cables are
shown in table 2.1 [30] [27].
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Figure 2.1: T -equivalent of a medium long line with series resistance Rs and
reactance Xs as well as shunt conductance Gsh and susceptance
Bsh
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Figure 2.2: π-equivalent of a medium long line with series resistance Rs and
reactance Xs as well as shunt conductance Gsh and susceptance
Bsh

2.2.2 Transformer

Transformers form the interface between the medium voltage distribution net-
work and networks on other voltage levels as the high voltage (HV) and low
voltage (LV) level. When calculations on transformer characteristics are done,
the values are often presented in per unit (p.u.) values since this is a conve-
nient way to handle the turns ratio.

High Voltage/Medium Voltage Transformer

High voltage/medium voltage transformers change the voltage level from e.g.
130kV to 20kV. These transformers have a typical power rating of some tens
of MVA depending of the size of the HV/MV substation. HV/MV transform-
ers are normally equipped with on-load tap changers which are automatically
controlled. The on-load tap changer changes the turns ratio of the transformer
and consequently the voltage ratio under operation without disconnecting the
load (see chapter 3.2.1).

The equivalent circuit of a two-winding transformer as shown in figure 2.3
consists of two series impedances ZP = RP + jXP and ZS = RS + jXS as well
as a magnetizing branch, consisting of the magnetizing reactance XM and the
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type cross
section

area
[mm2]

current-
carrying
capacity

[A]

R
[Ω/km]

L
[mH/km]

C
[µF/km]

X
R

cable
(3-phase)

AXCEL 3*50/16 145 0.641 0.38 0.16 0.19
AXCEL 3*95/25 205 0.320 0.35 0.21 0.34
AXCEL 3*150/25 260 0.206 0.32 0.24 0.49
AXCEL 3*185/25 290 0.164 0.31 0.27 0.59
AXCEL 3*240/35 340 0.125 0.30 0.29 0.75

overhead
line

FeAl62 62 155 0.535 1.132 0.0061 1.50
FeAl99 99 205 0.336 1.085 0.0061 1.01
FeAl157 157 270 0.214 1.036 0.0061 1.52
FeAl234 234 345 0.143 0.996 0.0061 2.19

Table 2.1: Typical line impedance for some types of underground cables and
overhead lines in medium voltage networks. AXCEL cable was
chosen as a reference for PEX insulated aluminium cables for
12kV and 24kV rated voltage. The current-carrying capacity is
valid for underground installation of the cables and a conductor
temperature of 60 ◦C. For overhead lines the current-carrying ca-
pacity is valid for a maximum conductor temperature of 100 ◦C
and an ambient temperature of 30 ◦C.
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Figure 2.3: Equivalent circuit of a transformer
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core losses RC, between the series impedances. The series impedances form
the leakage impedances and the windings resistances. The shunt impedance
is a parallel connection of the magnetizing inductance and the no-load losses.
Normally the current through the shunt admittance in power transformers is
very small compared to the load current and can therefore be neglected [29].
In this case the series impedances can be combined into one, where the resis-
tance is often neglected. The remaining reactance is called the short-circuit
reactance [31]. A typical value for the transformer short-circuit reactance is
ten percent of the base impedance which calculates as shown in (2.3) [29].

Zbase =
U2

rated
Srated

(2.3)

Medium Voltage/Low Voltage Transformer

Medium voltage/low voltage transformers bring the voltage down from e.g.
20kV to the normal voltage at households, offices and small industries of
230/400V. Typical values for the apparent power of such transformers are
between 50kVA and 500kVA in rural areas. In urban areas up to 800kVA are
common. MV/LV transformers often have manual tap changers with some
few steps that can be adjusted manually to adapt the transformer to the voltage
conditions of the local network. These adjustments are normally done once
during the installation of the transformer.

2.2.3 Shunt Capacitors/Reactors

In inductive networks shunt capacitors are used to increase the voltage and to
avoid reactive power transfer over longer distances. Since the reactive power
delivered by a capacitor is depending on the voltage (QC = U2/XC) less re-
active power will be produced during times of low voltage, equivalent with
high network load, which is when it is most needed. For the varying reactive
power needs capacitors are often connected in banks where the capacity can
be switched and also variable reactive power sources as Static Var Compen-
sator [32] and Static Synchronous Compensator [33] are available.
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In medium voltage networks with long underground cables a large amount
of reactive power is produced due to the capacitance of the cables. In some
cases shunt reactors are connected to consume reactive power. Local reactive
power compensation at the HV/MV substation avoids the transfer of reactive
power through the transformer and through the high voltage network. In this
way network losses can be decreased.

2.3 Requirements

The medium voltage distribution network is the link between the high volt-
age transmission network and the customers. They are either connected to
the low voltage distribution network, which is fed by the medium voltage
network, or, in the case of large energy consumption industries, directly to
the medium voltage distribution grid. Since the low voltage distribution net-
work normally does not have voltage regulation, the voltage at the customer
point of connection is also directly depending on the voltage in the medium
voltage grid.

To avoid damaging the equipment connected to the medium voltage distri-
bution network it is important to define limits for the network voltage. For
distribution networks and so also for medium voltage distribution networks
the European standard EN 50160 [34] is the most important one.

Beside the general European standard for the voltage in the network there are
also national regulations which have to be considered and which can be more
strict than the standard. For small scale distributed generation connected to
the low voltage network at 400V and medium voltage networks at a voltage
level between 10kV and 20kV Svensk Energi1 has issued recommendations
called "Anslutning av mindre produktionsanläggningar till elnätet - AMP"
[35] that translates as "Connection of Smaller Power Plants to Electrical Net-
works". The guideline is including generation units up to 1.5MW but is often
used also for larger generation units up to 10MW which so far are not covered

1 Svensk Energi (Swedenergy) is the industry organization which represents companies in-
volved in the production, distribution and trading of electricity in Sweden.
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by other documents2. In a simplified way and with some limitations accord-
ing to this document long term voltage variations caused by a DG unit are
calculated as shown in (2.4)

∆U
U
∼=

Rline ·PDG +Xline ·QDG

U2 ·100% (2.4)

where R and X are the series line resistance and line reactance. PDG and QDG

are the active and reactive power delivered by the DG unit. According to the
AMP the voltage variations caused by the DG unit should generally not ex-
ceed more than 2.5% of the nominal voltage. In this value also the deadband
of the on-load tap changer has to be included. Larger voltage variations can
be acceptable if accurate calculations have been done to ensure that the volt-
age at the customer connection point is within the limits during all operating
conditions.

The European standard EN 50160 defines the power quality that can be ex-
pected to be supplied to electricity customers. This standard describes among
other things limits both for frequency, voltage magnitude variations (long
term voltage variations), rapid voltage changes and supply voltage dips. Re-
lated to the network voltage at the consumer connection point the standard
is rather generous. Voltage magnitude variations in low voltage and medium
voltage networks should be limited to ±10% for 95% of a week when mea-
sured as mean 10 minutes RMS values.

As a compromise between the recommendations in the strict AMP and the
generous but mandatory standard for the study in this work a voltage vari-
ation of ±5% which corresponds to 0.95p.u. and 1.05p.u. is chosen. This
interval seems reasonable since the voltage at the customer connection point
is monitored but some reserve is still desirable as safety margin. In this work
the focus is on long term voltage magnitude variations. Therefore rapid volt-
age changes and supply voltage dips are not taken into account.

The voltage span which should be reserved for the on-load tap changer dead-
band calculates according to AMP as shown in (2.5). For a common OLTC

2 Generation units of 10MW and more are covered by the "ASP - Anslutning av större
produktionsanläggningar till elnätet". A new document for both small and large generation
units, "Handbok för Anslutning av elProduktion (HAP)", is currently being developed.
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with a step size of 1.67% and a safety margin of 20% of the stepsize the
deadband for the OLTC is 1.0%.

deadband =±stepsize · sa f ety f actor =±1.67 ·1.2 = 2.0% (2.5)

To obtain the total voltage change at a node the maximum voltage rise from
the infed power and the deadband from the OLTC have to be summarized.
For a mixed medium voltage feeder the maximum voltage rise introduced
by the connected DG units is therefore in practice limited to only 1.5%
(2.5%− 2.0

2 %) which is a much less than the total allowed voltage change
at the customer point of connection specified in EN 50160.

2.4 DG Expansion

Small scale generation units have become popular during the last years. At
the medium voltage level in Sweden wind turbines are the most common DG
units which are newly connected to the grid. But also other types of genera-
tion units as solar power plants and combined heat and power (CHP) are con-
ceivable on the medium voltage level even if they are not common in Swedish
medium voltage networks today. Wind turbines are often placed in the coun-
tryside where the distribution network is rather weak. Thus the impact on the
network is comparatively large.

As mentioned before distribution networks are traditionally planned and con-
structed to transfer power unidirectionally from the high voltage/medium
voltage transformer to the customer. Thus a decreasing voltage from the sub-
station to the customer point of connection is assumed. When connecting
larger distributed generation units to the medium voltage network, the gen-
eration can become larger than the consumption during some time in some
areas. These areas are consequently no longer load but generation areas seen
from a network perspective. Therefore the power flow may reverse whereby
some assumptions made for the traditional medium voltage network are no
longer valid. Now, when feeding in active power, the voltage can be higher in
some network nodes than at the substation. As the distribution networks are
built today there is no way to limit the voltage at individual network nodes
where the voltage is above the voltage at the feeder header.
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Beside the potentially inverted voltage profile along the feeder the connection
of DG units may also affect short circuit currents. These issues have to be
considered when planning protection systems for distribution networks with
distributed generation but they are out of scope for this work and will not be
considered here.

2.5 Metering

Metering of power consumption is done at the customers. Until some years
ago electromechanical electricity meters working according to the Ferraris
principle were exclusively used. Measurement values were displayed on a
mechanical counter device and the readings were taken once a year manually.
For common households only the active power is measured and charged.

In Sweden the electricity consumption of all households has according to the
law to be read at least once a month since July 2009. Therefore electricity
meters (Smart Meters) which can be read remotely have been installed.

The new generation of electricity meters provides more functions than only
measuring the consumed energy during a period of time. One example is to
provide other measurement values as voltage limit violations, voltage magni-
tude values and the actual consumption of active and reactive power whenever
needed. For the network operator this makes it possible to get a more precise
overview of the actual network situation by for example continuously reading
voltage or power measurement values from electricity meters. The obtained
measurement values can be used to operate the network in a more efficient
way for example by a more detailed voltage control. Some other features that
are provided by these new energy meters are power outage detection, remote
control of relays, gathering of metering values from other units such as gas
and water meters, remote disconnection and connection as well as manipula-
tion alarms.

Communication with the electricity meters is established in different ways.
In urban areas often power line communication is used, but short distance
wireless techniques as ZigBee are also common. If the number of electricity
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meters per area is low, often other wireless techniques such as GPRS are
used. Since the request of measurement values is done for each individual
electricity meter the communication capacity is limited in some manner.

2.6 Communication

For the most part the medium voltage distribution network is by now a quite
passive network with only little communication installed. Normally the HV/-
MV substation has communication and monitoring equipment installed. But
farther from the HV/MV substation out in the medium voltage network only
some few MV/LV substations are equipped with remote control and commu-
nication.

Communication has become more available and less expensive during the
last years and probably the availability of communication for network con-
trol will increase also in medium voltage distribution networks. It could be
used to obtain a more detailed network overview by the reading of actual
measurement values at the substations. Furthermore new protection relays
are developed and some of them can make use of communication between
the units installed at different places in the network.

2.7 Challenges

The introduction of generation units in the medium voltage network is a chal-
lenge for the future network operation. Until now the planning of medium
voltage distribution networks was more or less done only with respect to the
maximum load and voltage drop as well as the fault conditions.

Essential for the network design is the knowledge about the loads connected
to the network. The maximum load that could be expected can be calculated
and the network will be designed for that plus probably some additional mar-
gin for future load increase. Even though an individual load is not really pre-
dictable, aggregated loads are following a pattern which is fairly predictable.
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Hence the load variations are also well known.

The distributed generation active power output is for the most common type
of units, wind turbines, not or only to some extent predictable. With much
DG connected to the network the generated power may exceed the consumed
power during some time. Therefore the power flow in the network or a part of
the network can be reversed during some periods. Then the network voltage
is not necessarily decreasing from the substation along the feeder but can also
increase. Therefore overvoltage suddenly becomes an issue when connecting
DG units to distribution networks.

Rebuilding or extending existing networks often means new underground ca-
bles which is expensive and time consuming. Therefore the integration of
distributed generation units without rebuilding of existing networks is a pre-
condition for the large scale integration of distributed generation within rea-
sonable costs. An extended and more advanced voltage control scheme is one
of the most important means for solving this problem.
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Network Voltage

The network voltage is one of the key values in distribution networks. In
this chapter an introduction to voltage control in medium voltage distribu-
tion networks will be given. The first section is about the voltage changes in
the network and what causes them. Different methods for voltage control in
medium voltage networks will finally be shown in the second section.

3.1 Voltage Changes

As mentioned in section 2.3 the network voltage is one of the most important
key values of a distribution network and has to fulfil some requirements. The
voltage at each network node of a medium voltage distribution network is de-
pending on the voltage at the substation, the current in the lines and the line
properties. In this section the relation between these factors will be shown.
The high voltage network which feeds the medium voltage distribution net-
work will be seen as infinitely strong and the voltage there is not affected by
the medium voltage network.

The difference between the lower voltage limit and the upper voltage limit
is the available voltage band within which the node voltages may vary in
the network. Furthermore the used voltage band is the difference between
the voltage at the lowest node voltage and the highest node voltage of all
network nodes. Thus a more narrow used voltage band allows a larger degree
of freedom to adjust the voltage level in the entire network.
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In traditional medium voltage networks without generation the highest volt-
age is usually at the secondary side busbar of the HV/MV transformer in the
substation. In loaded networks the voltage is decreasing from the substation
along the feeders depending on the current and the line impedance. Apart
from that the voltage can also increase along the feeders in networks with
long underground cables during periods of low load due to the large shunt
capacity of underground cables. The voltages in each feeder are independent
of each other except the voltage at the substation busbar which depends on
the total load of the transformer.

As mentioned before the voltage is not necessarily decreasing from the sub-
station along the feeders to the outer nodes of the network in medium volt-
age distribution networks with generation connected. During some periods of
time the power flow can be reversed. Thus the voltage may increase on nodes
farther out in the network. Hence, the term voltage drop is in this thesis used
both for positive voltage drops and negative voltage drops (voltage rise).

Figure 3.1 shows a line with the voltage at the sending end Vs and the voltage
at the receiving end Vr. The voltage drop along a line is in general calculated
according to (3.1) where Iline is the current through the line and Zline the
impedance of the line [31]. The line current Iline can be divided into a real Ip

and an imaginary part Iq, thus obatining Iline = Ip + jIq.
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Figure 3.1: Voltage drop along a line

In figure 3.2 a vector diagram of the sending end voltage Vs, the receiving end
voltage Vr and the voltage drop ∆Vline is shown. The phase of the voltage at
the sending end is set to reference voltage with angle zero degrees.
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Figure 3.2: Vector diagram of the sending end voltage Vs, receiving end volt-
age Vr and the voltage drop ∆Vline with a small angle difference
between the sending end voltage and the receiving end voltage as
well as the current through the line (Iline)

∆Vline = Iline ·Zline

= (Ip + jIq) · (Rline + jXline)

= RlineIp + jRlineIq + jXlineIp−XlineIq

= (RIp−XIq)+ j(RIq +XIp)

with ∆Vline,p = RlineIp−XlineIq and ∆Vline,q = RlineIq +XlineIp

= ∆Vline,p + j∆Vline,q

=
√

∆V 2
line,p +∆V 2

line,q e
j arctan

(
∆Vline,q
∆Vline,p

)
(3.1)

If the reactive current transferred through a line Iq is small compared to the
active current Ip and the X/R-ratio of the line is small too, the active volt-
age drop ∆Vline,p is significantly larger than the reactive voltage drop ∆Vline,q.
Therefore the difference in phase angle between the voltages of both sides of
the line normally is small and it is assumed that ϕ = arg(∆Vline)≈ 0 and thus
a close approximation for the voltage drop over a line is obtained by (3.2).

∆Vline ≈ ∆Vline,p

=
√

(RlineIp−XlineIq)2

= (RlineIp−XlineIq)

with ϕ = arctan
(

Iq

Ip

)
= RlineIlinecosϕ +XlineIlinesinϕ (3.2)
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In distribution networks the voltage drop thus practically becomes the voltage
difference between the voltage magnitudes at the sending end Vs and at the
receiving end Vr of a line. Still assuming the approximated voltage drop ∆Vline
shown in (3.2), the expression in (3.3) will be obtained.

Vs =Vr +∆Vline

⇒ |∆Vline|= |Vs−Vr|
≈ |Vs|− |Vr|
≈ RIlinecosϕ +XIlinesinϕ (3.3)

Since in distribution networks power is often a more common entity than
current it is preferred to describe the voltage drop depending on the active
and reactive power flow in the network. For only a small difference in the
angle between the voltage on the sending end and the voltage at the receiving
end, the current through the line Iline can be calculated according to (3.4),
where Sr is the apparent power at the receiving end.

Iline =

[
Sr

Vr

]∗
=

[
Pr + jQr

Vr

]∗
(3.4)

With Vr as reference and arg(Vs)−arg(Vr)≈ 0 becomes

Iline = Ip + jIq =

[
Pr

Vr
+ j

Qr

Vr

]∗
(3.5)

Equations (3.2) and (3.4) give the voltage drop ∆Vline depending on the trans-
ferred apparent power as shown in (3.6), where per unit values have to be
used for the quantities. In the literature Vr and Vs are often assumed to be
about the nominal voltage V =Vs =Vr. Thus (3.6) can be simplified to (3.7).
As it can be seen from the equation both active and reactive power flow affect
the voltage change in a distribution network where the line series resistance
Rline can not be neglected compared to the line series reactance Xline.

∆Vline = RlineIp−XlineIq = R
Pr

Vr
+X

Qr

Vr
=

RlinePr +XlineQr

Vr
(3.6)

∆Vline ≈
RlinePr +XlineQr

V
(3.7)
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If the voltage drop is expected to be large or the accuracy should be increased,
the assumption that Vr = Vs is no longer applicable. When the voltage at the
receiving end Vr is unknown it has to be replaced by the difference of the
voltage at the sending end and the voltage drop Vr =Vs−∆Vline. In this case
it has to be distinguished if the connected loads have constant impedance or
constant power characteristics since the current through the line, thus also the
voltage drop, are depending on the loads characteristic.

In (3.8) the voltage drop is calculated for the case of constant power loads
and the voltage drop is referred to the sending end voltage Vs. The angle
between the voltages Vs and Vr is still assumed to be close to zero. Since the
voltage drop has to be zero without any load connected to the receiving end,
the alternative with the negative square root has to be taken from (3.8).

∆Vline ≈
RlinePr +XlineQr

Vr
=

RlinePr +XlineQr

Vs−∆Vline

⇔ ∆Vline(Vs−∆Vline)≈ RlinePr +XlineQr

⇔ 0≈−∆Vline
2 +∆VlineVs− (RlinePr +XlineQr)

⇒ ∆Vline ≈
Vs

2
±

√(
Vs

2

)2

− (RlinePr +XlineQr) (3.8)

For loads with constant impedance Zload = Rload + jXload the current is cal-
culated according to (3.9). With the current obtained from (3.9) the voltage
drop can be calculated as shown in (3.10) when the phaseshift between the
sending end and receiving end voltage is negligible.

I =
Vr

Zload
=

Vr

Rload + jXload
=

VrRload− jVrXload

R2
load +X2

load

=
Vr

R2
load +X2

load
(Rload− jXload)

⇒ Ip =
VrRload

R2
load +X2

load
and Iq =

−VrXload

R2
load +X2

load
(3.9)
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∆Vline ≈ RlineIp−XlineIq

=
Vr

R2
load +X2

load
(RlineRload +XlineXload)

=
Vs−∆V

R2
load +X2

load
(RlineRload +XlineXload)

=Vs
RlineRload +XlineXload

R2
load +X2

load +RlineRload +XlineXload
(3.10)

As (3.8) shows the voltage drop over a line for constant power loads depends
on the square root of the line impedance and the power of the connected
load. For constant impedance loads the voltage drop is inversely proportional
to the load impedance when the line impedance Zline is much less than the
load impedance Zload as shown in (3.10). In practice both loads with constant
power characteristics and constant impedance characteristics are common.
Thus the voltage drop will be a mixture of these cases.

Example: Voltage Variations caused by the transfer of active and
reactive power

Since the reactance of an overhead line is normally notably larger than the
one for underground cables, the voltage change differs between those dif-
ferent types of lines even though the load and the cross sectional area of
the conductors are the same. Figure 3.3 shows the change in voltage when
transferring active and/or reactive power over an overhead line and an under-
ground cable of 8km length and a conductor cross section area of 95mm2

respectively.

Especially in the front corner and the back corner of the figure, where both
active and reactive power are transferred in the same direction, the difference
in the voltage variations caused by the transfer of active and reactive power
can be seen.
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Figure 3.3: Voltage at the receiving end of a 8km long line when Vs = 1 and
the active and reactive power at the end of the lines are varying
between −3MW/Mvar and +3MW/Mvar
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3.2 Voltage Control

In a medium voltage network there are several methods to control the net-
work voltage. Since in pure load networks the voltage is decreasing from the
feeder head along the lines to the outer nodes of the network, the voltage
drop during high load periods has been the most relevant issue for years. It is
also presumed that the voltage drop occurs in all feeders at the same time in
about the same proportion. Therefore it was sufficient to have the possibility
to alter the voltage in the entire medium voltage network. As the assumption
of equal voltage changes in all feeders at the same time is no longer valid
with DG connected to the grid, it may be desirable to have the possibility to
control the voltage more locally [36].

3.2.1 On-load Tap Changer

The use of on-load tap changers is one method of controlling the voltage in
a medium voltage network. A tap changer alternates the turns ratio of the
transformer and in this way also the ratio between the primary and secondary
side voltage. To avoid interruption of the current flow through the transformer
advanced switching with two switches is used to alter the position. By doing
this the tap changer becomes an on-load tap changer in the literature also
referred as under-load tap changer [37]. A step size of 1.67% is reasonable
for avoiding voltage disturbances at the customers’ point of connection and
is therefore often used for OLTC in Sweden but also other step sizes are quite
normal. The number of steps is typically ±9 steps if the step size is 1.67%
which allows the ration to vary around ±15% in total. These characteristics
will also be assumed later in this work (see chapter 6 and 7).

Different control modes are available to operate an OLTC. The most com-
mon way in Sweden is the automatic voltage control mode. In this mode the
voltage at the secondary side busbar is controlled to be constant. Therefore
a sensing relay is connected to the secondary side busbar and adjusting the
on-load tap changer according to the busbar voltage. This control eliminates
the impact of voltage variations on the high voltage side and the voltage drop
in the transformer, which is depending on the load. To maintain the voltage
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at the customers point of connection within the limits it is still necessary to
set the voltage setpoint at the secondary side busbar rather high so that it is
adequate to compensate for the voltage drop over the lines during high load
periods.

Another control strategy for the OLTC is the line drop compensation (LDC).
LDC is an attempt to control the voltage at a more remote node in the net-
work by increasing the medium voltage side busbar voltage with an offset
depending on the voltage drop over the line. To model the voltage drop of the
line, a current proportional to the transformer load current is injected through
an impedance corresponding to the network impedance. Since the network
impedance has to be modelled, line drop compensation is more complex than
simply keeping the voltage constant.

As the on-load tap changer is located at the HV/MV transformer, the voltage
will be changed downstream in all connected feeders of the entire network.
Therefore the OLTC is most suitable for networks where the voltage varies
in the same manner on all feeders. Other advantages of the OLTC are the
large voltage range in which the voltage can be adjusted and low losses. One
drawback of on-load tap changers are the mechanical contacts which need
maintenance from time to time. The interaction of cascaded tap changers and
how to decrease the number of tap changer operations has been studied in
[38]. In which way the OLTC is affected by the connection of DG has also
been studied before [39].

Case 1: Simple network with voltage control by an OLTC and
only load connected

A generic medium voltage network is shown in figure 3.4. When the OLTC
is performing a tap change operation, the voltage changes in both feeders and
therefore the voltage at the load feeder (node 3) is changing as well as the
voltage in the feeder with load and generation (node 7).

To start with the OLTC in the basic position gives a voltage of 1.0p.u. at the
secondary side busbar of the HV/MV transformer (node 2). In the network
two constant power loads, L3 at node 3 and L7 at node 7, are connected.
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Figure 3.4: Medium voltage network with OLTC

The loads are 2.000MW and 0.657MVar which corresponds to 2.105MVA
with PF = 0.95(ind). All lines in the network are FeAl99 overhead lines.
Base values for the network voltage and the power are Vbase = 10kV and
Sbase = 1MVA. Thus the per unit values of the line impedance are calculated
as shown in (3.11).

Rline,p.u. =
Rline,SI

Zbase
= Rline,SI

Sbase

Vbase
2

= 0.336Ω/km
106MVA
(104V)2 = 3.360 ·10−3p.u./km (3.11a)

Xline,p.u. =
Xline,SI

Zbase
= Xline,SI

Sbase

Vbase
2

= 2 ·π50 ·1.085 ·10−3
Ω/km

106MVA
(104V)2 = 3.419 ·10−3p.u./km

(3.11b)

The load values also have to be converted into per unit values as shown in
(3.12).

PL3,p.u. =
PL3,SI

Sbase
=

2MW
1MVA

= 2p.u. (3.12a)

QL3,p.u. = PL3,p.u. · tan(arccos(0.95)) = 0.657p.u. (3.12b)

According to (3.8) the voltage drop over the line between node 2 and node 3
is calculated as shown in (3.13). Equivalently the voltage drop between node
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2 and node 7 can be calculated as in (3.14).

∆Vnode2−3 ≈
Vs

2
−

√(
Vs

2

)2

− (Rnode2−3PL3 +Xnode2−3QL3)

=
1
2
−

√(
1
2

)2

− (2 ·3.360 ·10−3 ·2+2 ·3.419 ·10−3 ·0.657)

= 0.018p.u. (3.13)

∆Vnode2−7 ≈
1
2
−

√(
1
2

)2

− (8 ·3.360 ·10−3 ·2+8 ·3.419 ·10−3 ·0.657)

= 0.078p.u. (3.14)

If the maximum allowed voltage variation is ±5% as assumed in chapter 2,
the voltage at node 7 is 2.8% under the lower limit. To bring the voltage back
within the limits, at least two steps of the OLTC will be needed to increase
the voltage at the substations secondary busbar to 1.033p.u. Afterwards both
voltages are within the limits again.

As shown in this example the OLTC located at the substation is sufficient to
keep the voltage within its limits at all network nodes in a network where
only load is connected.

Case 2: Simple network with voltage control by an OLTC and
load as well as generation with unity power factor connected

Now the load at node 7 from case 1 is replaced by a DG unit with a rated
capacity of 3MW at unity power factor while the rest of the network config-
uration remains unchanged. The injection of active power at node 7 leads to
an increased voltage in this network node which can be calculated as shown
in (3.15).

∆Vnode2−7 ≈
1
2
−

√(
1
2

)2

− (8 ·3.360 ·10−3 ·−3)

=−0.075p.u. (3.15)
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To maintain the voltage within the limits and to obtain an acceptable voltage
level at node 7, the OLTC needs at least two steps to decrease the voltage at
the transformer secondary busbar. Notwithstanding the tap position changes,
not all node voltages are within the limits since now the voltage at node 3 is
too low. The used voltage band, that is the difference between the lowest and
highest node voltage, Vmin = 0.949p.u. and Vmax = 1.042p.u., is nearly 10%
and the step size of the OLTC is too wide to get both voltages back within the
limits. Therefore the OLTC alone is not enough to maintain all node voltages
within the limits.

These two cases show the capability of the on-load tap changer and its limits
for maintaining the network voltage within the limitation. In case of a pure
load network that was possible since the voltage was below the nominal volt-
age in both feeders. The used voltage band was thus rather narrow. For the
mixed load and generation network as in case 2 the OLTC was not capable to
maintain all network voltages within the limits. In other network configura-
tions this may be different but definitively when the voltage band between the
voltage at the node with the lowest voltage and the node with highest voltage
is larger than 10% at the same moment, other methods as described in 3.2.2
and 3.2.3 have to be used as well.

3.2.2 Reactive Power

In transmission networks voltage control is normally done by reactive power.
Transmission lines have a large X/R-ratio [3] and voltage control is therefore
very efficient with a small amount of reactive power compared to the active
power transferred through the lines. For large X/R-ratios as in transmission
lines (Rline << Xline) (3.6) can be simplified to (3.16) [29].

∆Vline ≈
XQr

Vr
(3.16)

As mentioned this simplification is only valid for lines with a large X/R-ratio.
However, the X/R-ratio of medium voltage distribution lines is much smaller
than for high voltage transmission lines and therefore the line resistance can
not be neglected. Voltage control by reactive power is also possible for lower
X/R-ratio. In that case (3.6) has to be used to calculate the total voltage drop.
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In (3.6) it is shown that more reactive power is needed in relation to the trans-
ferred active power when the X/R-ratio is low. For this reason voltage control
with reactive power is more efficient in networks with overhead lines than in
networks with underground cables with lower X/R-ratios. Voltage control, by
the use of reactive power, is finally limited by the increasing line losses and
the thermal capacity limit of the line.

Traditionally shunt capacitors are used to deliver reactive power and in con-
sequence also a current which raises the voltage in the point of connection. In
extensive cable networks shunt reactors at the end of the feeder can be used
to decrease the voltage during periods of low load when the line capacitance
causes unwanted voltage rise. When connecting DG units to the network they
are often connected by power electronic inverters which can both deliver and
absorb reactive power. In this case the reactive power output is mostly in-
dependent on the active power output. Some standard wind turbines allow a
power factor (PF) as low as PF = 0.89 at rated capacity. With such units quite
large reactive power variations are available.

Case 3: Simple network with voltage control by an OLTC and
load as well as generation consuming reactive power connected

The same network configuration as in figure 3.4 is assumed and again a DG
unit with a rated capacity of 3MW is connected at node 7 and the load at that
node is removed. As before the voltage at node 7 will increase to 1.075p.u.
when the OLTC is in nominal position. Now the power factor of the DG unit
is changed to PF = 0.92 with the DG consuming reactive power. The value
of the consumed reactive power is calculated in (3.17).

QG3,p.u. = PG3,p.u. · tan(arccos(0.92)) = 1.176p.u. (3.17)

The calculation of the new voltage increase at node 7 with a DG unit of 3MW
and PF = 0.92 connected is shown in (3.18). The voltage rise is now only
0.046p.u. and thus the minimum and the maximum network voltage are both
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within the limits of ±0.05p.u.

∆Vnode2−7 ≈
1
2
−

√(
1
2

)2

− (8 ·3.360 ·10−3 · (−3)+8 ·3.419 ·10−3 ·1.176)

=−0.046p.u. (3.18)

As shown in this example the consumption of reactive power by DG units
can be used to decrease the network voltage at the point of connection to an
acceptable limit. This technique is limited by the reactive power consump-
tion capability of the DG unit as well as the line capacity and the network
losses.

3.2.3 Active Power Curtailment

In contrast to transmission lines the X/R-ratio is significantly lower on dis-
tribution network lines. Therefore the line resistance Rline is larger compared
to the line reactance Xline than on high voltage overhead lines. Thus the ac-
tive power has a comparatively large effect on the voltage drop over lines
in medium voltage distribution networks. In transmission systems with large
X/R-ratios the effect of active power is low compared to the effect achieved
by reactive power. Hence, voltage control by active power is not a matter
in transmission systems. However, it becomes an option in distribution net-
works. Considering voltage control both consumption and generation is ap-
plicable to maintain the voltage.

In the case of overvoltage the consumption could be increased or the genera-
tion decreased which is called active power generation curtailment. However,
when active power is curtailed to control the voltage, the amount of energy
delivered by the DG unit decreases. The energy which could not be trans-
ferred is lost because it is not possible to store the energy from DG units as
wind turbines. To increase the consumption for voltage control seems not to
be reasonable under normal conditions since the surplus of injected power
has to be consumed directly.

Since disconnecting loads for voltage control purposes during times of high
load will probably be unacceptable in the most cases, this is not an realistic
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issue for avoiding undervoltage. However, curtailing the active power output
of DG units to limit the voltage rise during some time may be an option if
costs for network reinforcement can be avoided. If it is a question of short
time periods and only marginal curtailment it can be beneficial also from an
economic perspective. An example for the use of active power curtailment
during short time periods is shown in figure 3.5. Notwithstanding the maxi-
mum curtailment is close to 50%, during 45 hours of the total 48 hours no
curtailment is needed at all. Furthermore active power curtailment is gener-
ally needed during times when the generation from wind power is large and
the consumption low. During this time the price for electricity is compar-
atively low with increasing wind power capacity in the network. Thus the
economical losses caused by active power curtailment are maybe acceptable
to some extent. Otherwise a small change in the expected income from a wind
turbine can also make projects non-profitable.
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Figure 3.5: Example for the use of active power curtailment during short time
periods where the curtailment is shown in relation to the available
active power

Case 4: Simple network with voltage control by an OLTC and
load as well as generation with active power curtailment
connected

Assuming the same network configuration as in 3.2.1 and replacing the load
at node 7 again by a DG unit with 3MW and unity power factor will lead to a
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network configuration in which the voltage at node 7 is above the upper limit
of 1.05p.u. As the rated capacity of a DG unit like a wind turbine is only
reached during some periods of time as shown by the duration curve in figure
3.6 it may be reasonable to limit the voltage by decreasing the active power
output during this time. The maximum active power which can be injected
without violating the upper voltage limit is shown in (3.19).
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Figure 3.6: Output power duration curve of a wind farm during a year in re-
lation to the rated capacity of the wind farm

From (3.8) and with PF = 1 the following is obtained:

0≈−∆Vline
2 +∆VlineVs− (RlinePr +XlineQr)

Pmax ≈
−∆V 2 +Vs∆V

Rline

=
−(0.05)2 +1 ·0.05

8 ·3.360 ·10−3

= 1.77p.u. (3.19)

As the example shows the active power generated by the DG unit at node 7
has in the worst case to be limited to 1.77p.u. =̂ 1.77MW for unity power
factor when the voltage rise should not exceed 5%. The worst case assump-
tion is valid during times were no power is consumed at node 7 and the entire
power generated by the DG unit at this node has to be transferred through
the 8km long line between node 7 and node 2 at the main substation. Wether
active power curtailment of 1.23MW (41%) is reasonable, depends on the
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duration of the curtailment. A measure for the total curtailment is the amount
of active power curtailment times the periods when curtailment is needed.

3.2.4 Summary of Voltage Control Methods

To obtain as much energy as possible from the DG units, voltage control by
the OLTC must be the first choice since the network losses are not increasing
and all available active power can be fed-in to the grid. When the OLTC is
not able to maintain the voltage at all network nodes within the limits or the
voltage variations occur too often, reactive power consumption is the second
choice. Still all active power can be fed-in to the network but the network
losses are increasing. Active power curtailment is the last choice to reduce
the network voltage, if no more reactive power consumption is available, if
the line capacity is reached or if the increase in losses is larger than the benefit
in active power output.

Hence the order of the methods for voltage control in a medium voltage dis-
tribution network is depending on the network structure, the DG units and
the preferences according to the different methods. In general the most cost
effective method seems to be the one where most active power is fed-in to the
network.





Chapter 4

Voltage Control Algorithm

Until now medium voltage distribution networks are mainly passive (see
chapter 1) but to handle the integration of distributed generation a more ac-
tive voltage control is needed in the future. Various modes for voltage control
in a medium voltage distribution network are available and as mentioned in
chapter 1 most of them have been discussed in the literature. In this work
three different strategies of voltage control in medium voltage distribution
networks will be discussed and simulated. These three types of control are de-
scribed in this chapter. First the traditional case of a locally controlled OLTC
is considered and acts as a base case which is mainly used today. Next a lo-
cal voltage control of the DG units by using reactive power consumption and
active power curtailment is presented. Finally a coordinated OLTC control
is presented. Here the OLTC is used for a voltage control depending on the
network node voltages enhanced with voltage control by the DG units using
reactive power consumption and active power curtailment. The three control
strategies have in common that they use a constant cycle time to check for
voltage limit violations and to take action. In this work the cycle time was
set to 60s to obtain a compromise of fast response and low calculation re-
quirements. The delay time for the on-load tap changer is set to 20 minutes
to limit the number of tap changer operations and consequently the need of
maintenance.

The power connections and the communication used for control of the units in
a medium voltage distribution network are shown by the single-line diagram
of the power lines (solid) and the communication lines (dashed) in figure 4.1.
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Figure 4.1: Single-line diagram of a distribution network with wind turbines
including local control (LC) and a 20/0.4kV substation con-
nected and electricity meters (EM) for voltage limit violation
alarms at the customers side
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4.1 Local OLTC Control

Local OLTC voltage control means that the voltage is kept constant within the
defined deadband by the on-load tap changer at the secondary side busbar of
the HV/MV transformer. Since medium voltage networks are normally built
to supply only loads and dimensioned to handle maximum load, no more
voltage control is needed to ensure proper voltage at all network nodes when
only load is connected to the network.

Local OLTC control is the dominating type of voltage control in medium volt-
age distribution networks today. It is mainly used to compensate for voltage
variations in the high voltage network and the voltage drop over the HV/MV
transformer. Figure 4.2 shows the principle of operation of a local OLTC
controller. Since the voltage for the control of the OLTC is measured at the
medium voltage busbar of the HV/MV transformer, actual voltages further
out in the medium voltage network are not considered. A constant compensa-
tion for the voltage drop along the feeders of the network can be achieved by
selecting a voltage setpoint at the transformers busbar that is above the nom-
inal voltage. Voltage increases as caused by DG units are not considered by
the traditional local OLTC control, as it is assumed that the highest voltage in
the network occurs always at the substation. The local OLTC controller used
for the simulations in this work checks the voltage at the medium voltage
busbar in the main substation within each cycle. When the set delay time of
20 minutes since the last tap change has elapsed, a change of the tap position
is possible. In this case the algorithm checks if the voltage at the substation
is within or outside the deadband around the setpoint. If the voltage is out-
side the deadband a tap change is performed as long as the tap changer is not
already in one of the end positions.

Main parameters of the OLTC control are the step size, which is determined
by the physical unit at the HV/MV transformer, the deadband and the delay
time to prevent the OLTC from unnecessary tap changes caused by short volt-
age variations. A common value (1.67%) for the step size of the on-load tap
changer and an in practice established value for the OLTC deadband (2%)
were also assumed in this work.
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Figure 4.2: In common medium voltage networks with mainly load con-
nected local OLTC control as in this flowchart is often used for
voltage control.
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The local OLTC control is very efficient in networks with only load connected
and thus the highest voltage at the substation busbar. In networks with both
load and generation connected it is not sufficient to keep the voltage at the
substation constant. One alternative is to control also the generation units.

4.2 DG Control

Nowadays many DG units are controllable and thus they are capable of con-
suming reactive power or/and reducing the active power output when needed.
These control options can be used to maintain the voltage at the point of con-
nection.

In general DG control means that the network node voltage can be altered by
some unit which is connected to the specific node and has knowledge about
the node voltage. For this work DG control implies that the generation unit
connected to a network node measures the node voltage and takes, if needed,
some action to control the voltage at this node. The function of the local DG
control as implemented for the simulations in this work is shown in figure
4.3.

As the generation and feed-in of active power to the network is the main issue
when connecting DG units, the active power output should not be limited
more than necessary. Therefore control through reactive power consumption
by the generating units is preferred before active power curtailment is used.
Since the voltage control is only done locally by the DG units, the on-load
tap changer still acts to keep the voltage constant at the substations secondary
side.

When local voltage control by the DG units is activated in this work, the
control algorithm is checking all network voltages locally and individually at
each cycle. If overvoltage is found at any node the algorithm is first looking
for the availability of increasing reactive power consumption. How the reac-
tive power controller is working is shown in figure 4.4. The reactive power
consumption is increased with 5% of the maximum reactive power consump-
tion in each step when the voltage is above the limit and reactive power con-
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Figure 4.3: The function of DG control as used in this work is shown as
flowchart.
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sumption is still available. Reactive power generation is not considered in this
algorithm as the increase of the voltage at nodes with generation is normally
not needed. Since a constant cycle time is used in this work, reactive power
changes are done at all nodes with overvoltage simultaneously which is not
necessary in practice.

Figure 4.4: The reactive power controller is responsible for the reactive power
consumption of the controllable DG units

To avoid undervoltages, caused by the excessive consumption of reactive
power during times where the active power generation has decreased rapidly,
the algorithm is also checking for undervoltages. In case of undervoltage and
still activated consumption of reactive power, the reactive power consumption
will decrease with the same step size at affected nodes.

Decreasing the reactive power consumption when not needed is necessary to
keep the losses as low as possible. Therefore the control algorithm tries to
decrease the reactive power consumption by itself after three minutes if the
reactive power consumption has not been increasing during this time. Also
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the decrease of the reactive power consumption is done with the same step
size as the increase.

If the node voltage is over the limit and no more reactive power consumption
is available to reduce the voltage, the algorithm starts active power curtail-
ment to keep the voltage at the upper voltage limit. The active power curtail-
ment is done by the curtailment controller which is shown in figure 4.5. The
controller identifies the nodes at which the voltage is too high and starts lo-
cally to decrease the active power output from the generation units connected
to these nodes.

As the curtailment is implemented by now the active power output is de-
creased with a constant value at all generation units connected to nodes where
the voltage is above the limit. For the generic network an additional feature
to decrease the active power output at all nodes in a feeder where overvoltage
occurs with the same amount has been implemented (see left side of figure
4.5). By this feature a more fair distribution of the curtailment is achieved.
But also other solutions as curtailing with a constant share are imaginable if
communication is available. At the moment the curtailment controller is al-
lowed to restrict the active power output as much as needed to get the voltage
back into the limits. Therefore also a curtailment to zero active power output
is possible if needed.

Of course active power curtailment should be used as little as possible. There-
fore the algorithm attempts to reduce curtailment two percent of the maxi-
mum active power output ten minutes after the last increase of the curtail-
ment. Then the active power output is increasing each following minute un-
til overvoltage occurs or the active power output has reached the maximum
available.

By using the options presented in this section, local voltage control can avoid
overvoltage caused by the connection of DG in a certain manner. Since the
use of reactive power consumption is limited by technical reasons and both
the use of reactive power consumption and active power curtailment are gen-
erating costs, the use of local control needs to be limited.
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Figure 4.5: Flowchart of the curtailment controller that is responsible for
the active power curtailment of the DG units in the case of
overvoltage.
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4.3 Coordinated OLTC Control

Coordinated voltage control is combining the local control with the control of
the on-load tap changer. It is used for coordination of the on-load tap changer
together with the reactive power consumption and curtailment of the active
power. The overall target of the coordinated voltage control is still to main-
tain the voltage at all network nodes within the limits. The voltage measure-
ment values are assumed to be obtained from the electricity meters at the cus-
tomers. Since only voltage limit violations are assumed to be registered, the
actual voltage magnitude is unknown and the coordinated voltage controller
only knows if the lower or upper voltage limit has been violated.

The main issue of using coordinated OLTC control is to minimize the lossy
use of the reactive power consumption and active power curtailment. The
power generation of DG units such as wind turbines is often not matching
the load. This general disadvantage, that causes increasing network losses
and a wider voltage band, can be an advantage when load and generation are
connected to the same network but different feeders since it avoid the oc-
currence of low and high voltages at same time. This is leading to a narrow
voltage band and therefore the OLTC can be used to adapt the voltage level
in the entire network according to the operation state. However, the OLTC is
no longer keeping the voltage at the transformers medium voltage side con-
stant. The coordinated OLTC control applies this option to reduce the use of
reactive power consumption and active power curtailment when possible.

Figure 4.6 shows the implementation of the coordinated OLTC control al-
gorithm in this work. Initially the voltage is checked at each specific node
of the network. If all voltages are within the limit a delay is started and the
voltages will be checked again after a while (here one minute). If the voltage
limits are violated at any node, action will be taken according to the settings
of the priority scheduler. It decides which of the three modules, on-load tap
changer, reactive power controller and curtailment controller, is activated first
to restore the voltage. If the chosen controller is not able to handle the voltage
any longer, it is communicated to the coordination controller and the control
module with the next priority will be activated in addition.
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Figure 4.6: Flowchart of the coordinated OLTC control in which the three
controllers for the voltage control in the network are activated
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For the simulations in this work the priority order is as follows:

1. OLTC controller

2. Reactive power controller

3. Curtailment controller.

While the lowest priority on the curtailment controller is obvious, the priority
of the two other controllers could also be switched depending on the pref-
erences for reactive power transfer and tap changes. The reactive power and
curtailment control modules used by the coordinated OLTC control are the
same as described in chapter 4.2 and shown in figure 4.4 and figure 4.5.

For the OLTC the base values from 4.1 were used but as mentioned before, it
is no longer desirable to keep the voltage constant at the HV/MV transformer
secondary side. Instead the OLTC is now reacting on over- and undervoltages
at the network nodes. A scheme for principle of operation of the coordinated
OLTC controller is presented in figure 4.7. When the on-load tap changer
controller is chosen by the coordination controller, it is checking the voltage
at all network nodes. If for example overvoltage is detected at one or more
network nodes, the controller is looking for undervoltage at all other nodes.
If no undervoltage is detected and at least one more tap position is available
and the delay time has expired, the controller will move the tap changer one
step to decrease the voltage. In the case of undervoltage at one or more nodes
the same procedure is done the other way round.

Since it was assumed that only voltage limit violations are reported to the
controller and not the voltage magnitudes at the network nodes, it is possi-
ble that a tap position change is leading to voltages outside the limit at some
node. This will be corrected by the tap changer after the delay time has run
out. However, this behaviour has to be recognized, for example by adding
some margin, when the setpoints for the controller are chosen. In some man-
ner this behaviour can also be found in the reactive power consumption and
curtailment control.

Coordinated OLTC control is very flexible and also adequate for networks
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Figure 4.7: Flowchart of the coordinated OLTC controller
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with both load and generation. It combines the advantages of the different
methods to feed-in as much energy as possible to the medium voltage net-
work without violating the voltage limits. Coordinated OLTC control makes
use of communication between at least the most exposed network nodes and
the central controller. For the design presented in figure 4.6 the loss of com-
munication during some time is not jeopardizing the network voltages since
the controller can fall back to a safe mode where only local control modes are
used. A less optimal operation of the generation units is possible during this
time to keep the voltage within the limits.



Chapter 5

Network Losses

In this chapter losses in medium voltage distribution networks will be dis-
cussed. Losses occur always when power is transferred in a network. In the
literature it is distinguished between technical and non-technical losses as
for instance theft and non-payment [40]. Since the focus in this work is on
the losses caused by power transfer, only technical losses will be consid-
ered. They are an important issue both from an economical point of view and
from a technical perspective since normally losses will be converted to heat.
Permanent high temperatures caused by stressing the components above the
rated current values can be a reason for faster ageing of insulation or melting
of conductors or insulation for excessive temperatures which also becomes
an economical aspect. For this reason losses are one of the limiting factors
for the maximum power transfer through a line of a distribution system.

5.1 Shunt and Series Losses

The losses which occur in power networks are of two types. Shunt losses are
depending on the shunt impedance consisting of the shunt resistance Rsh and
shunt reactance Xsh. Since the shunt resistance is in parallel to the shunt re-
actance, it is more common to use the shunt admittance Ysh = Gsh + jBsh that
consists of the shunt conductance Gsh in parallel with the shunt susceptance
Bsh. The losses caused by the shunt admittance are proportional to the net-
work voltage squared and fairly independent of the transferred power. There-
fore they are often assumed to be fixed losses when the voltage variations are
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neglected. Shunt losses are also called iron losses as they are often related
to magnetization current in transformers and reactors. The shunt losses are
calculated according to equations (5.1a) and (5.1b). Shunt losses will not be
taken into account in this work since the power flow changes caused by DG
units are not affecting this kind of losses in a larger manner.

Ploss,sh =U2Gsh (5.1a)

Qloss,sh =U2Bsh (5.1b)

Another and for the case of DG connection more relevant type of losses are
the series losses which are varying depending on the current. Since these
losses are caused by the current flow through the series impedance Zs = Zline,
consisting of the line resistance Rline and line reactance Xline, their active part
shown in (5.2a) is also called copper losses. These losses are directly depen-
dent on the current flow through the network lines and therefore a changed
power flow due to the connection of DG units is affecting the variable losses.
How to calculate the active and reactive series losses is shown in (5.2a) and
(5.2b) [31].

Ploss,s = 3I2Rline =

[
P
U

]2

Rline +

[
Q
U

]2

Rline (5.2a)

Qloss,s = 3I2Xline =

[
P
U

]2

Xline +

[
Q
U

]2

Xline (5.2b)

As it is shown in equation (5.1) and (5.2) there are both active and reac-
tive losses in a network. Active power losses are always positive but reac-
tive power losses can become both positive and negative which is depending
on the component where the losses occur. Since only active losses result in
heating and costs for lost energy reactive losses are not in the focus of this
work.

From (5.2a) it is obvious that also the transfer of reactive power causes ac-
tive power losses. Therefore the unneeded transfer of reactive power should
be avoided as much as possible which is often done by local reactive power
compensation. As most of the loads are of inductive character and for that
reason consuming reactive power, reactive power compensation is often done
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by connecting capacitors. In extensive cable networks especially in rural ar-
eas the generation of reactive power due to the cable capacitance may ex-
ceed the reactive power consumption and thus shunt reactors are connected
to compensate for the reactive power production. Even though local com-
pensation is beneficial regarding network losses, it is not guaranteed that the
local placement of an inductor or capacitor will also provide economic bene-
fits compared with central compensation.

While the total network losses are the sum of all partial losses in the lines
and the network components, the maximum acceptable loading of a line re-
garding the thermal limits is determined by the largest losses that can arise
on this specific line. Regarding the ageing of components both the time and
the amount of losses are of interest. However the total sum of the losses over
a time period is the most important issue from the economical perspective. In
case of pure load networks these energy losses Wloss are calculated according
to equation (5.3) where Ploss can be obtained from the load curve for each
node. When generation is connected to the network the difference of gener-
ated and consumed active power has to be used.

Wloss =

T∫
0

Ploss(t)dt = 3R
T∫

0

I2(t)dt (5.3)

5.2 Network Losses with DG Connected

When connecting DG units to the medium voltage distribution network, the
power flow is changing and losses either increase or decrease or remain un-
changed in some special cases. In which way the losses change depends on
the place where the DG units are connected, to what extent the generation
profile and the load profile match each other and on the capacity of the con-
nected DG unit.

As shown in (5.3) the energy losses are depending on the current through the
line squared. If the generation profile of the DG units is fitting the consump-
tion profile of the loads, the power which has to be transferred Strans will
decrease according to (5.4). Therefore the losses decrease as well. Are the
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profiles not matching each other the integration of the current squared over
the time will increase and in consequence also the losses will increase.

Strans = Sload−Sgen = (Pload−Pgen)+ j(Qload−Qgen) (5.4)

Even though the amount of losses increases in some cases in a network when
DG units are connected that may still increase the efficiency of the total net-
work since the percentage of losses decrease due to the increase of transferred
energy injected by the DG unit.

When the losses in the medium voltage network are reduced by the connec-
tion of DG under normal circumstances the losses will often also be reduced
in the feeding transmission network since the power flow from the transmis-
sion network to the medium voltage network is decreasing [3]. If the amount
of connected DG energy is large enough to reverse the power flow between
the feeding transmission network and the distribution network, losses in the
feeding network may even increase. However, the feeding network is out of
the scope for this work.

To determine the losses added by each load or generation unit connected to
the network, marginal loss coefficients ρi are introduced [41]. The marginal
loss coefficients (MLC) describe the change in the losses as a result of mar-
ginal changes in the transferred active and reactive power. MLC can be de-
fined for both the losses in active power and the losses in reactive power.
Equation (5.5) shows the marginal loss coefficients for the active power with
Pi and Qi as changes in active and reactive power in node i. Marginal loss
coefficients can be used to determine the value of distributed generation in
a certain network or feeder in general [11]. When using the reactive power
for voltage control, the loss coefficients can be used to identify if there is a
benefit regarding the losses when increasing the reactive power consumption
for an increase of active power injection.

ρPi =
∂Ploss

∂Pi
ρQi =

∂Ploss

∂Qi
(5.5)

When determining the marginal loss coefficients as in (5.5) the reactive power
consumption or generation of the DG units connected to the respective nodes
has to be considered as well. Today most of the connected DG units should
operate with unity power factor, i.e. not generate or consume any reactive
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power, or only consume reactive power in some manner. But in case of volt-
age control by the use of reactive power the losses introduced by this reactive
power flow will be an issue and probably also the limiting factor for the use of
reactive power for voltage control in medium voltage distribution networks.
In case of extensive cable networks where cables generate a large amount of
reactive power, at least during periods of low network load it can be beneficial
if the DG units consume some reactive power to maintain the voltage.

Figure 5.1 shows the active power network losses for the simple network in
figure 3.4 when injecting or consuming active and reactive power at node 7.
As it can be seen, especially in the corners, the losses increase if the transfer
of active and/or reactive power increases. The losses are larger in case of
overhead lines, although the cross section area is about the same for both
lines. This is caused by the higher current which is needed to compensate for
the larger voltage drop of the overhead line when the same amount of power
should be transferred.
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Figure 5.1: Network losses caused by the transfer of active and reactive power
through overhead lines and underground cables with same cross
section area

5.2.1 Simple Cases for Network Losses with and without
DG Connected

The given cases are based on the network shown in figure 3.4 and will com-
pare two different network configurations. In the first case the load and the
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generation unit are connected to different network nodes. This corresponds to
a situation in which load and generation are physically displaced or in which
the load and generation profiles are not matching. In the second case load
and generation are placed at the same node and also their load and generation
profiles are assumed to match.

Case 1: Network losses in a network with physically displaced
load and generation

For the calculation of the series losses equation (5.2a) is used. In the first case
it is assumed to have a load of 2.0MW and PF = 0.95(ind) connected to node
3. The DG unit has a rated capacity of 2.0MW and unity power factor and
is placed at node 7. The active series network losses consist of the losses in
the line between node 2 and node 3 and the lines between node 2 and node 7
which are calculated in equation (5.6).

Pnode2−3 = 3I2Rline =

[
P
U

]2

Rline +

[
Q
U

]2

Rline

=

[
2
1

]2

·2 ·3.360−3 +

[
0.657

1

]2

·2 ·3.360−3

= 0.030p.u. (5.6a)

Pnode2−7 =

[
−2
1

]2

·8 ·3.360−3

= 0.108p.u. (5.6b)

Ploss = Pnode2−3 +Pnode2−7 = 0.030p.u.+0.108p.u.= 0.138p.u.
(5.6c)

In the shown case the losses increase due to the connection of a DG unit.
Without the DG unit connected only the losses for the line between node
2 and node 3 will occur. The power dissipation is in this case 0.030p.u. =̂
0.030MW. When the DG unit is connected to node 7 the losses will increase
to 0.138p.u. =̂ 0.138MW.
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Case 2: Network losses in a network with load an generation
placed close to each other

In the following case the same network configuration as in case 1 is assumed.
But to start with the DG unit at node 7 is replaced by a load of 1.5MW and
PF = 0.95(ind). Now the network is a pure load network without any gen-
eration connected. The network losses for this configuration are calculated
in equation (5.7d). In a further step also a DG unit with a rated capacity of
2.0MW and unity power factor is connected at node 7 without removing the
already connected load at that node. Since the DG units decreased the amount
of transferred active power, the losses will decrease as shown in equation
(5.7e).

Pnode2−3 = 3I2Rl =

[
P
U

]2

Rl +

[
Q
U

]2

Rl

=

[
2
1

]2

·2 ·3.360−3 +

[
0.657

1

]2

·2 ·3.360−3

= 0.030p.u. (5.7a)

Pnode2−7,load =

[
1.5
1

]2

·8 ·3.360−3 +

[
0.493

1

]2

·8 ·3.360−3

= 0.067p.u. (5.7b)

Pnode2−7,load−gen =

[
1.5−2.0

1

]2

·8 ·3.360−3 +

[
0.493

1

]2

·8 ·3.360−3

= 0.013p.u. (5.7c)

Ploss = Pnode2−3 +Pnode2−7,load

= 0.030p.u.+0.067p.u.= 0.097p.u. (5.7d)

Ploss = Pnode2−3 +Pnode2−7,load−gen

= 0.030p.u.+0.013p.u.= 0.043p.u. (5.7e)

For the example shown here, the connection of a DG unit is beneficial from
the perspective of losses. The network losses will decrease from 0.097p.u. =̂
0.097MW to 0.043p.u. =̂ 0.043MW since the load and the generation are
placed at the same node.
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Summary of Case 1 and Case 2

As shown in the cases above losses may both increase and decrease when a
DG unit is connected to the network depending on whether the total amount
of transferred power is increasing or decreasing. Even though the connection
of a DG unit is beneficial for case 2 this may change if the generation from
the DG unit mainly is fed in to the grid during times where the load is low
and vice versa.



Chapter 6

Generic Network

Simulations of voltage control and losses in a generic medium voltage net-
work consisting of three feeders are presented in this chapter. First the test
system is illustrated and then the simulation program and the models are pre-
sented. Finally the simulation for the different ways of voltage control results
are shown.

6.1 Test System

Since DG units and especially wind turbines are often located in rural areas
and connected to weak networks, a test system depicting the characteristics
for a typical countryside medium voltage cable network was used for the
simulations. Typical for a medium voltage network in a rural area are feeders
consisting of long lines and comparatively low power flows which implies
weak lines with large impedance. Furthermore the network should also in-
clude the most common cases of DG connection and network feeders.

As test system a generic medium voltage network with a nominal voltage
of 10kV was assumed. The generic medium voltage network is connected
to the high voltage transmission network by a 130/10kV transformer with
an integrated on-load tap changer. As shown in figure 6.1 the network has
16 network nodes. Node 1 is the primary side of the HV/MV transformer,
while node 2 is the secondary side busbar of the transformer. All lines in the
network are of the same type. For this generic network 95mm2 aluminium
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Figure 6.1: One-line diagram of the generic test system

underground cables (AXCEL 95mm2) are used and each cable section has
a length of 2km. Hence the parameters of each line section are as shown in
(6.1a) to (6.1c).

R = 2km ·0.320Ω/km = 0.640Ω (6.1a)

L = 2km ·0.35mH/km = 0.70mH (6.1b)

C = 2km ·0.32 µF/km = 0.64 µF (6.1c)

This implies that node 16 is with 10km distance the node with the largest
impedance between the substation and the node.

The HV/MV transformer has a rated capacity of 10MVA. With an assumed
short circuit voltage of 10% and Sbase = 1MVA a transformer impedance of
0.01p.u. is obtained.

The long term voltage variations at the network nodes where load and/or
generation are connected should be limited to ±5% at the medium voltage
node to allocate some part of the voltage band for voltage changes in the low



6.2 Simulation Program and Models 69

voltage distribution network. As explained in chapter 2 more generous limits
can be assumed to be reasonable when the voltage is monitored.

6.2 Simulation Program and Models

For the simulations MATLAB was used together with MATPOWER [42].
MATPOWER is a package for solving power flow and optimal power flow
problems and was developed of the Power System Engineering Research
Center (PSERC) at Cornell University. For the simulations in this work ver-
sion 4.0 of the MATPOWER package was used. Some modifications have
been done to fit the needs of this work especially to run time series. The cal-
culation of the network state was done by the MATPOWER package running
a power flow solver using Newton’s method.

Network transmission lines are modelled as standard π-models. As described
in chapter 2.2.1 the π-model consists of a series impedance and a shunt ca-
pacitance.

Normal loads connected to the low voltage distribution network are aggre-
gated and connected as one load directly to the medium voltage network at
that place where the MV/LV substation would have been placed. All loads
connected to the network are assumed to be constant power loads with a con-
stant power factor. Notwithstanding other load characteristics are also com-
mon, many loads connected via power electronics are behaving as constant
power loads. During the simulations the power consumed by each load is
scaled with the load profile where the rated power of the load is the largest
value. All loads are scaled with the same factor at each time. In this work each
load has been modelled as complex power consumption in the MATPOWER
package.

Since the generation units have a rated power of up to 2.6MW they are sup-
posed to be connected to the medium voltage network, probably by their own
transformer. The generation units connected to the generic medium voltage
network have a variable power factor. Unity power factor and consuming re-
active power with power factors between PF = 0.89 and PF = 1 are possible
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for the whole active power range from zero to rated active power output. The
active power output is scaled with a factor derived from the generation profile.
In the MATPOWER package each generator is modelled as complex power
injection at a specific bus.

A strong connection to the high voltage transmission network is assumed
and therefore the voltage at the HV/MV transformers primary side is not af-
fected by the connected medium voltage network. Moreover the voltage of
the high voltage network is understood to be constant at 1p.u. during the
simulations.

An on-load tap changer is placed at the HV/MV transformer. The OLTC can
change the transformer tap ratio with ±9 steps and each step changes the
voltage at the transformers secondary side with 1.67%. The voltage dead-
band for the constant voltage control of the on-load tap changer is 2%.

For the simulation of the time variation of the load and the generation units
time profiles as shown in figure 6.2 were used. The profiles span over a time
frame of 48 hours with repetition after 24 hours and a time resolution of one
minute values. The load profile is a generic profile whereas the generation
profile is logged from real wind turbines and scaled. Even if the load profile is
missing a detailed resolution, the two profiles together include the two worst
cases of maximum load and low generation (around hour 4 in figure 6.2) as
well as no load and maximum generation (around hour 21 in figure 6.2).
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Figure 6.2: Load and generation profiles of the total load and generation used
in the simulation
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6.3 Simulations

In the simulations the network node voltages and the network active power
losses were determined for each time step. This was done for different control
modes: local OLTC control, DG control and coordinated OLTC control. The
results of the simulations for all three control strategies are presented in the
following sections.

6.3.1 Local OLTC Control

Local OLTC control is used for the simulation of the network node voltages
and the losses which are presented in this section. First the traditional case of
a pure load network will be presented and then also the case with all DG units
connected as shown in figure 6.1 (without any local voltage control) will be
shown in these simulations. The generated and consumed active and reactive
power at each specific network node is presented in figure 6.3.
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Figure 6.3: Consumed and generated active and reactive power at each net-
work node
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Voltage

Since the network is built to keep the voltage above the lower limit at maxi-
mum load, the case of only load should not be a problem from the perspective
of the voltage. The voltage at the secondary side busbar is set to 1.033p.u.
(two steps of the OLTC) so that the lower voltage limit will not be exceeded.
Hence undervoltage is no longer an issue in this case. However, large gener-
ation units are connected to some nodes of the network without any voltage
regulation. Due to the capacity of the DG units and the already high voltage
level caused by the basic on-load tap changer setting the voltage will exceed
the upper voltage limit during some time periods considerably. The voltage
profiles for the 48 hours time period are shown in figure 6.4. The lowest net-
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Figure 6.4: Voltage at the network nodes during the simulation without volt-
age control

work voltage will occur at node 6 since large load is connected in that node
far out on the feeder and no generation unit is placed there. Under maxi-
mum load conditions the node voltage is as low as Vnode6 = 0.957p.u. Since
the voltage at the secondary side busbar in the HV/MV substation is set to
1.033p.u. there are only 0.017p.u. left to the upper voltage limit of 1.05p.u.
The upper voltage limit will in this case be violated at all nodes where gener-
ation units are connected. The largest voltage in the network can be found at
node 16 where the voltage is as high as 1.117p.u.

The voltage difference between the lowest voltage and the highest voltage, i.e.
the used voltage band, is 0.160p.u. corresponding to 16.0% of the nominal
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voltage. With a wide voltage band like in this case it is impossible to find a
constant voltage at the substations secondary busbar which is adequate. Either
the lower or the upper voltage limit will be violated.

Losses

With no generation connected to the network the losses are 4.5MWh during
the simulated time span of 48 hours. As the total amount of transferred energy
is 96.0MWh during this time, the losses in percentage are 4.7%. If the DG
units were connected without any voltage limitation the transferred energy
will increase to 199.8MWh whereof 103.8MWh are produced by the DG
units. The total network losses would increase to 6.4MWh but due to the
increase of the transferred energy and the correlation between some of the
consumption and generation, the relative losses are decreasing to 3.2%. The
variation of the losses when load and generation are connected to the network
with local control of the OLTC is shown in figure 6.5.

0 5 10 15 20 25 30 35 40 45
0

0.1

0.2

0.3

0.4

0.5

0.6

 Time [h]

 P
lo

ss
 [

M
W

]

Figure 6.5: Losses in the network

6.3.2 DG Control

Results for the simulations of distributed generation control, as introduced in
section 4.2, on the generic network are presented in this section. When using
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DG control the voltage at node 2 is still kept as constant (beside the OLTC
deadband) as possible by the OLTC. Also in this case the voltage at the MV
busbar has to be chosen in such a way that the lowest voltage in the network
will never go below 0.95p.u., which is equivalent to at least two OLTC steps
corresponding to a voltage of 1.033p.u. at node 2.

With local OLTC control and a variable power factor as well as curtailment
for the active power generation different cases are feasible. In the first case
only curtailment will be used to limit the voltage and the output of the gener-
ation units has still unity power factor. Secondly the reactive power consump-
tion of the DG units can be activated at a constant level which is proportional
to the active power output (constant PF). A more advanced control strategy is
a variable power factor where the reactive power consumption is set accord-
ing to the voltage at the network node where the DG unit is connected. For
this third case the voltage at the network node will first be controlled by in-
creasing the reactive power consumption until the minimum power factor (or
the maximum reactive power consumption) is reached. Subsequently active
power curtailment is used to maintain the voltage below the upper voltage
limit. In the end a constant reactive power consumption is imaginable as well
but this case is not taken into account here since it is not reasonable.

Figure 6.6 shows the active and reactive power consumption and generation
in each specific network node of the generic network for the three different
modes of DG control. The rectangular variation in the active power output
of the wind turbines comes from the curtailment controller that tries to de-
crease the curtailment after that the voltage has been below the upper limit
for some time. This is done to avoid unnecessary curtailment. The totally con-
sumed active energy during the 48 hours simulation period is still 96.0MWh.
During that time 103.8MWh of wind energy would be available from the in-
stalled generation units if no curtailment would be used. As expected there is
no reactive power consumed at the nodes where only DG units are connected
if only curtailment is used for the DG control. The total amount of energy
generated by the connected DG units has to be curtailed to 64.0MWh. When
using a constant power factor the reactive power consumption at the nodes
is proportional to the active power generation. By this 69.3MWh of the total
available wind energy can be transferred to the grid without violating the up-
per voltage limit. In the case of variable power factor the reactive power is set
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(a) with only curtailment

0 5 10 15 20 25 30 35 40 45

−1.5

−1

−0.5

0

0.5

1

1.5

2

2.5

 Time [h]

 P
 [M

W
], 

Q
 [M

V
A

]

 

 

P4
P6
P8
P10
P14
P16
Q4
Q6
Q8
Q10
Q14
Q16

(b) with constant power factor (PF = 0.89)
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Figure 6.6: Active and reactive power consumption and generation at each
network node
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to keep the voltage within the limits. The reactive power consumption is lim-
ited by maximum reactive power capacity of the DG unit which corresponds
to the reactive power with minimum power factor at rated capacity. This im-
plies that the power factor during some operation points may be below the
lowest power factor for rated active power output (PF = 0.89) and therefore
totally 88.8MWh are injected into the grid with keeping the voltage within
the limits.

The curtailed active power and the reactive power consumption used for the
various strategies of DG control are presented in figure 6.7. If only curtail-
ment is available for the DG control a large amount of the DG capacity has to
be curtailed during the periods of low load and high generation. To avoid the
violation of the upper voltage limit as much as 39.8MWh corresponding to
38.3% of the available wind energy has to be curtailed. If the reactive power
consumption is proportional to the active power generation less curtailment
is needed to keep the voltage below respectively at the upper limit. With the
data used in the simulations 53.2Mvarh of reactive power are consumed by
the DG units and curtailment decreases to 34.5MWh equivalent to 33.3%. In
the case of a variable power factor the need for curtailment is going down to
15.1MWh (14.5%) but the use of reactive power is increased to 54.7MVarh
since during periods of less than maximum active power output a smaller
power factor is available and used before curtailment is activated.

Voltage

The lowest voltage in the network is obtained for all three cases of DG con-
trol at node 6 where only load is connected. As it can be seen in figure 6.8(a)
compared to figures 6.8(b) and 6.8(c) the voltage at the pure load feeder (node
3 - node 6) is affected by the reactive power consumption of the DG units
connected at the other feeders. Due to the fact that the current through the
HV/MV transformer and for this reason also the voltage drop in the trans-
former varies with the reactive power consumption also the voltage at the
MV busbar varies. As long as the voltage variation is below the threshold of
the OLTC’s deadband no action will be taken of the on-load tap changer. The
lowest voltage of 0.953p.u. therefore occurs when using a constant power
factor. For the two other cases of unity power factor and variable power fac-



6.3 Simulations 77

−1.5

−1

−0.5

0

re
ac

tiv
e 

po
w

er
[M

va
r]

 

 

Q4
Q6
Q8
Q10
Q14
Q16

0 5 10 15 20 25 30 35 40 45

−2

−1.5

−1

−0.5

0

Time [h]

cu
rt

ai
lm

en
t

[M
W

]

 

 

P4
P6
P8
P10
P14
P16

(a) with only curtailment

−1.5

−1

−0.5

0

re
ac

tiv
e 

po
w

er
[M

va
r]

 

 

Q4
Q6
Q8
Q10
Q14
Q16

0 5 10 15 20 25 30 35 40 45

−2

−1.5

−1

−0.5

0

Time [h]

cu
rt

ai
lm

en
t

[M
W

]

 

 

P4
P6
P8
P10
P14
P16

(b) with constant power factor (PF = 0.89)

−1.5

−1

−0.5

0

re
ac

tiv
e 

po
w

er
[M

va
r]

 

 

Q4
Q6
Q8
Q10
Q14
Q16

0 5 10 15 20 25 30 35 40 45

−2

−1.5

−1

−0.5

0

Time [h]

cu
rt

ai
lm

en
t

[M
W

]

 

 

P4
P6
P8
P10
P14
P16

(c) with variable power factor

Figure 6.7: Reactive power consumption and active power curtailment at each
network node if local DG control is used. With unity power factor
as in 6.7(a) no reactive power is consumed.
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tor the lowest voltages are 0.957p.u. and 0.954p.u. respectively. In the case
of a constant power factor in general a lower voltage level as needed is kept
as it can been seen in figure 6.8(b). Due to the large variations especially in
the reactive power flow the number of tap changes is increasing from two to
three when reactive power is used for the voltage control.

At the upper limit of 1.05p.u. the voltage should be limited by the controller.
Since the controller is first taking action when the upper voltage limit is vi-
olated voltage peaks where the voltage is over the upper limit during a short
time may appear. For all cases the highest voltage is found at node 16. In case
of unity power factor the highest voltage is at 1.058p.u. For a constant power
factor and variable power factor these values are 1.062p.u. and 1.071p.u. re-
spectively. The voltages at the relevant network nodes for the different strate-
gies of DG control are shown in figure 6.8.

Losses

For the three different modes of DG control, the losses are varying a lot due to
the various amount of active and reactive power which are transferred through
the lines. In absolute numbers the lowest losses (4.0MWh) occur by the use of
unity power factor but at the same time the amount of totally transferred active
power is also the lowest for this control strategy and when this is taken into
account the losses in percentage are at 2.5% of the transferred energy. When
a constant power factor is used the absolute losses increase to 5.5MWh hours
even though the totally transferred power is increasing the percentaged losses
are increasing to 3.3%. For a variable power factor the losses (6.6MWh) are
increasing further because of the more extended use of reactive power for
the voltage control but also due to the increasing amount of energy that is
injected to the grid. Nevertheless even the losses in percentage are increasing
to 3.6%.
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Figure 6.8: Voltages at the relevant network nodes
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Summary of the Results from DG Control

The results obtained from the simulations with DG control are summarized
in table 6.1.

Moreover than the results shown in table 6.1 for the DG control also the fea-
ture for the more fair distribution of the curtailment was simulated. Since
active power curtailment has the lowest priority of the three voltage control
methods, only the amount of curtailment and its distribution between the var-
ious DG units is changing. If the fair distribution is activated, in total more
curtailment is needed, depending on the fact that curtailment of generation
units at nodes which are closer to the substation is less efficient. The total cur-
tailment with unity power factor is increasing from 39.8MWh to 45.3MWh,
from 34.5MWh to 40.6MWh with a constant power factor (PF = 0.89) and
from 15.1MWh to 17.0MWh with variable power factor.

In the case of individual distribution curtailment at the nodes closer to the
substation (node 8 and node 14) is decreasing and nearly all curtailment is
provided by the DG units at node 10 and node 16. In the case of unity power
factor for example the need of curtailment at node 8 decreases from 7.0MWh
to 0MWh and at node 14 from 7.3MWh to 2.5MWh when changing from
fairly distributed curtailment to individual curtailment. At the same time the
curtailment at node 10 is increases from 14.0MWh to 17.7MWh and at node
16 the values are 17.0MWh and 20.0MWh.

6.3.3 Coordinated OLTC Control

In this section coordinated voltage control as described in section 4.3 is stud-
ied by simulations on the generic medium voltage network (figure 6.1). The
main issue with using coordinated on-load tap changer control is to take more
advantage of the available voltage band by changing the voltage level in the
entire network according to the actual voltage situation on the network nodes,
i.e. the actual consumption and generation in the network.

However, there are still different strategies to handle the control of the reac-
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Table 6.1: Basic values from the simulation cases of DG control
Load and

generation,
cosϕ = 1,

local OLTC,
curtailment

Load and
generation,

cosϕ = 0.89,
local OLTC,
curtailment

Load and
generation,
cosϕ var,

local OLTC,
curtailment

Transferred energy
[MWh]

160.0 165.3 184.8

Consumed energy
[MWh]

96.0 96.0 96.0

Uncurtailed energy
from DG units
[MWh]

103.8 103.8 103.8

Obtained DG energy
[MWh]

64.0 69.3 88.8

Curtailed DG energy
[MWh]

39.8 34.5 15.1

Curtailed DG energy
[% of uncurtailed
energy]

38.3 33.3 14.5

Consumed reactive
power [Mvar]

0 53.2 54.7

Network losses
[MWh]

4.0 5.5 6.6

Network losses
[% of transferred
energy]

2.5 3.3 3.6

Number of OLTC
steps

2 3 3

Minimum network
voltage [p.u.]

0.957 0.953 0.954

Maximum network
voltage [p.u.]

1.058 1.062 1.071
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tive power in the network to control the voltage by the corresponding con-
troller. Both a constant power factor as well as a variable power factor and
unity power factor are alternatives which can be taken into account. The ac-
tive and reactive power going in to and out from all nodes for the three differ-
ent cases mentioned before is shown in figure 6.9.

As the load has not been changed since the simulations in 6.3.2 the total
amount of consumed active energy during the simulation period will remain
unchanged 96.0MWh. With unity power factor and a coordinated controlled
on-load tap changer totally 100.3MWh of the available 103.8MWh wind en-
ergy can be transferred into the grid. Only 3.6MWh which is equal to 3.4%
have to be curtailed. When reactive power is consumed by the DG units cor-
responding to a constant power factor of PF = 0.89 all available wind power
can be absorbed by the grid without violating the upper voltage limit. No cur-
tailment of active power is needed in this case. For a variable power factor the
situation is as expected the same as for the case of a constant power factor.
All wind energy can be transferred into the medium voltage network and of
course no curtailment is needed in this case either.

Figure 6.10 shows the distribution of reactive power consumption and active
power curtailment over the simulated time period. When unity power factor
is used no reactive power can be consumed to maintain the voltage. As shown
in figure 6.10(a) there are some moments when curtailment is needed at node
10 and node 16 to keep the upper voltage limit. Totally 3.6MWh (3.4%) from
the wind turbines has to be curtailed to fulfil the voltage limits. A constant
power factor together with the coordinated control of the on-load tap changer
is sufficient to keep the voltage at all nodes within the limits. In figure 6.10(b)
the variation of the reactive power consumption which is proportional to the
active power generation is illustrated. Furthermore it shows that no curtail-
ment is needed. The total reactive energy consumption is 53.2Mvarh. The
coordinated use of the on-load tap changer and a variable power factor are
also able to maintain the voltage at all nodes without the need for any cur-
tailment. Only at node 10 and node 16 reactive power consumption is needed
during some short time periods as figure 6.10(c) illustrates. Not more than
3.0Mvarh need to be consumed to keep the voltage within the limits.
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Figure 6.9: Active and reactive power consumption and generation at each
network node
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Figure 6.10: Reactive power consumption and active power curtailment at the
network nodes with generation if coordinated OLTC control is
used. For the use of unity power factor as in 6.10(a) no reac-
tive power is consumed. In 6.10(b) and 6.10(c) no curtailment is
needed.
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Voltage

The lowest voltage occurs for all reactive power control strategies in node 6
where only load is connected (figure 6.11). Since only voltage limit violations
are taken into account by the coordination controller and due to some delay
in the on-load tap changer the lowest voltage will be below the lower voltage
limit during some short periods until the voltage is returned by the OLTC.
The lowest voltage with unity power factor is 0.940p.u. as shown in figure
6.11(a). For a constant power factor the lowest voltage is down to 0.937p.u.
and actually down to 0.930p.u. for a variable power factor as it is illustrated
in figure 6.11(b) and figure 6.11(c) respectively.

Both for unity power factor and for a variable power factor the maximum
voltage is limited to 1.054p.u. With a constant power factor the upper volt-
age never increases above 1.052p.u. The oscillations of the voltage during
some time periods are caused by the tap changing controller that tries to go
back to the basic settings after a while without undervoltage. As the coor-
dination controller obtains information only when voltage limit violations
occur, it is difficult to avoid this behaviour. The strong influence from the
reactive power consumption of the DG units on the voltage on the pure load
feeder is also clearly illustrated in figure 6.11(b) and figure 6.11(c). If the
on-load tap changer is used for coordinated voltage control the number of tap
changes will probably increase significantly. For coordinated voltage control
the on-load tap changer has no longer only the function to compensate for
the voltage changes on the HV network and the varying voltage drop over the
transformer but it should also balance voltage variations which are caused
by the varying power flow in the medium voltage network. All tap changes
during the simulated period are shown in figure 6.12.

When only active power curtailment is used for the voltage control by the
DG units, the tap changer is doing 22 step changes during the simulated pe-
riod of 48 hours. As expected the tap position and by that also the voltage
at the secondary side busbar is increased during times of heavy load and low
generation. Vice versa the tap position is decreased when the load is low and
generation high. In the case of a constant power factor 40 tap changes occur
during the simulation time. This large number is caused by oscillation which
occur due to low voltage on the load feeder when the tap change controller
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Figure 6.11: Voltages at the relevant network nodes



6.3 Simulations 87

tries to go back to the basic settings. For a combination of a coordinated
OLTC and a variable power factor 26 step are done by the tap changer to
keep the voltage within the limits.

Voltages at the upper voltage limit can be affected by all three controllers.
However the OLTC is the only unit in the actual control that can increase the
network voltage when it comes close to the lower limit. Thus voltages which
are below the lower voltage limit have to lead to an operation of the on-load
tap changer.

Losses

Over the simulation time the active power losses of the entire generic medium
voltage network are summarized to 6.4MWh corresponding to 3.2% if only
active power curtailment and the tap changer are used for voltage control. The
losses increase to 7.9MWh with a constant power factor for the consumption
of reactive power by the DG units. Accordingly 4.0% of the total transferred
energy will be lost. With a variable power factor activated the losses are going
down again (6.8MWh). Even though the total transferred energy is increasing
the relative losses for this case are 3.4% of the total energy transfer which is
just marginally higher than in the case of unity power factor.

Summary of the Results from DG Control

The results from the simulation of coordinated OLTC control are summarized
in table 6.2.

Beside the individual control of the voltage at its own node, also the fair dis-
tribution of curtailment has been simulated with coordinated OLTC control.
Since curtailment is only needed for the case of unity power factor and the
amount of curtailed energy is very low, the results for the total curtailment
remain unchanged.
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Figure 6.12: Position of the on-load tap changer (OLTC)
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Table 6.2: Basic values from the simulation cases of coordinated OLTC
control

Load and
generation,
cosϕ = 1,

coordinated
OLTC,

curtailment

Load and
generation,

cosϕ = 0.89,
coordinated

OLTC,
curtailment

Load and
generation,
cosϕ var,

coordinated
OLTC,

curtailment
Transferred energy
[MWh]

196.3 199.8 199.8

Consumed energy
[MWh]

96.0 96.0 96.0

Uncurtailed energy
from DG units
[MWh]

103.8 103.8 103.8

Obtained DG energy
[MWh]

100.3 103.8 103.8

Curtailed DG energy
[MWh]

3.6 0 0

Curtailed DG energy
[% of uncurtailed
energy]

3.4 0 0

Consumed reactive
power [Mvar]

0 53.2 3.0

Network losses
[MWh]

6.4 7.9 6.8

Network losses
[% of transferred
energy]

3.2 4.0 3.4

Number of OLTC
steps

22 40 26

Minimum network
voltage [p.u.]

0.940 0.937 0.930

Maximum network
voltage [p.u.]

1.054 1.052 1.054
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6.4 Summary

Several strategies for voltage control in a medium voltage distribution net-
work have been presented in the previous sections of this chapter. A coor-
dinated control of the OLTC, reactive power consumption and active power
curtailment have been used to maintain the voltage within the defined limits.
The most relevant cases that have been simulated and the key values of the
results are listed in table 6.3.

As the results show it is possible to maintain the voltage roughly within the
predefined limits when the presented voltage control is used. Since the volt-
age controller is only taking action in course of voltage limit violation, the
defined limits will be violated for some short time. To prevent this absolute
voltage measurements can be used or the limits can be set comfortable to ob-
tain some reserve. The last named solution is wasting a part of the available
voltage band during most of the time and is therefore maybe not the preferred
solution. According to the standard EN 50160 voltages just outside the limit
during short time periods are tolerable. Which strategy to prefer depends on
the priorities regarding the number of movements of the OLTC, the losses
caused by the reactive power transfer and the not available energy due to
active power curtailment.

As shown in table 6.3 the totally most beneficial strategies seems to be the use
of the coordinated OLTC control and a unity power factor (Load and gener-
ation, cosϕ = 1, controlled OLCT, curtailment) and variable power factor
(Load and generation, cosϕvar, controlled OLCT, curtailment) respectively
if communication is available and thus measurement values from the electric-
ity meters are obtained. Without communication and voltage measurement
values to obtain network voltages, local voltage control with reactive power
and active power curtailment may be an acceptable alternative. In this case
a variable power factor seems to be the most advantageous mode. If neither
communication nor reactive power is available for the voltage control, only
active power curtailment can be used. In most cases the loss of the active
power is probably too expensive but this is depending on the specific network
structure and the load and generation profiles.



6.4 Summary 91

Ta
bl

e
6.

3:
B

as
ic

va
lu

es
fr

om
th

e
m

aj
or

si
m

ul
at

io
n

ca
se

s
Pu

re
lo

ad
,l

oc
al

O
LT

C
L

oa
d

an
d

ge
ne

ra
tio

n,
co

sϕ
=

1,
lo

ca
l

O
LT

C
,

cu
rt

ai
lm

en
t

L
oa

d
an

d
ge

ne
ra

tio
n,

co
sϕ

=
1,

co
or

di
na

te
d

O
LT

C
,

cu
rt

ai
lm

en
t

L
oa

d
an

d
ge

ne
ra

tio
n,

co
sϕ

=
0.

89
,

co
or

di
na

te
d

O
LT

C
,

cu
rt

ai
lm

en
t

L
oa

d
an

d
ge

ne
ra

tio
n,

co
sϕ

va
r,

lo
ca

l
O

LT
C

,
cu

rt
ai

lm
en

t

L
oa

d
an

d
ge

ne
ra

tio
n,

co
sϕ

va
r,

co
or

di
na

te
d

O
LT

C
,

cu
rt

ai
lm

en
t

Tr
an

sf
er

re
d

en
er

gy
[M

W
h]

96
.0

16
0.

0
19

6.
3

19
9.

8
18

4.
8

19
9,

8
C

on
su

m
ed

en
er

gy
[M

W
h]

96
.0

96
.0

96
.0

96
.0

96
.0

96
.0

U
nc

ur
ta

ile
d

en
er

gy
fr

om
D

G
un

its
[M

W
h]

0
10

3.
8

10
3.

8
10

3.
8

10
3.

8
10

3.
8

O
bt

ai
ne

d
D

G
en

er
gy

[M
W

h]
0

64
.0

10
0.

3
10

3.
8

88
.8

10
3.

8

C
ur

ta
ile

d
D

G
en

er
gy

[M
W

h]
0

39
.8

3.
6

0
15

.1
0

C
ur

ta
ile

d
D

G
en

er
gy

[%
of

un
cu

rt
ai

le
d

en
er

gy
]

0
38

.3
3.

4
0

14
.5

0

C
on

su
m

ed
re

ac
tiv

e
po

w
er

[M
va

r]
0

0
0

53
.2

54
.8

3.
0

N
et

w
or

k
lo

ss
es

[M
W

h]
4.

5
4.

0
6.

4
7.

9
6.

6
6.

8
N

et
w

or
k

lo
ss

es
[%

of
tr

an
sf

er
re

d
en

er
gy

]
4.

7
2.

5
3.

2
4.

0
3.

6
3.

4

N
um

be
ro

fO
LT

C
st

ep
s

0
2

22
40

3
26

M
in

im
um

ne
tw

or
k

vo
lta

ge
[p

.u
.]

0.
95

5
0.

95
7

0.
94

0
0.

93
7

0.
95

4
0.

93
0

M
ax

im
um

ne
tw

or
k

vo
lta

ge
[p

.u
.]

1.
01

7
1.

05
8

1.
05

4
1.

05
2

1.
07

1
1.

05
4



92 Chapter 6 Generic Network

Table 6.4 shows the key values for the favoured mode with coordinated con-
trol of the on-load tap changer and various modes for the control of the reac-
tive power. The number of tap changes will be minimized by the use of unity
power factor. Losses are lowest for unity power factor, too, but only slightly
increasing for variable power factor.

Table 6.4: Key values for using various power factors
Load and

generation,
cosϕ = 1,

coordinated
OLTC,

curtailment

Load and
generation,

cosϕ = 0.89,
coordinated

OLTC,
curtailment

Load and
generation,
cosϕ var,

coordinated
OLTC,

curtailment
Curtailed DG
energy [MWh]

3.3 1.1 0

Losses [MWh] 6.3 7.9 6.8
Number of
OLTC steps

22 40 26

Even though the use of active power curtailment is always a solution to avoid
overvoltages caused by the injection of active power produced by DG units it
is of course not the favoured way since the target is just to transfer as much
active power from the DG units to the network as possible whenever it is
available. Therefore it should be preferred to use the other methods of volt-
age control as much as possible. For the use of reactive power, beside the
maximum available reactive power consumption by the DG unit, the increas-
ing network losses caused by the reactive power transfer is a consequence that
has to be taken into account. The reactive power consumption may be limited
by the thermal limits of the line or by the fact that the ratio of the increase in
losses is larger than the ratio of increase in active power transfer. Coordinated
control of the OLTC is limited by the total width of the voltage band. If the
difference between the lowest voltage and the highest voltage, i.e. the used
voltage band, is larger than that between the lower and upper voltage limit,
i.e. the available voltage band, the on-load tap changer alone can not be used
for a sufficient voltage control. Another limitation for the OLTC is the limit
in the number of steps that can be accepted considering maintenance.
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During normal operation coordinated voltage control needs communication
to obtain the alarm signals when the voltage is outside the limits at any node.
If communications breaks down the network can still be run in DG voltage
control mode. In this kind of fall-back operation probably more active power
curtailment is needed to maintain the voltage within the limits. But still volt-
age control is possible and the DG units may remain connected during this
time.

Regarding the energy values in the results it is important to point out that
they are strongly dependent on the profile of the active power generation and
consumption. If the profiles are matching and load and generation are placed
close to each other, the power transfer in the network will decrease notably
and this causes a reduction in the network losses. In the opposite case for ex-
ample when the load and generation feeders are separated totally the transfer
of power may increase since additional to the load power also the power from
the DG units has to be transferred through the network.





Chapter 7

Svalöv Network

In chapter 6 the network node voltages and the total network losses in a
generic medium voltage distribution network were simulated. It was shown
that it is possible to increase the DG capacity connected to a network by the
use of coordinated control of the OLTC, reactive power consumption and ac-
tive power curtailment for voltage control. To exemplify on a real existing
network this chapter will take a closer look on such a network. The medium
voltage network discussed in this chapter is connected to the HV/MV substa-
tion in Svalöv (Sweden) and is operated by E.ON Elnät Sverige AB.

7.1 Test System

The medium voltage network in Svalöv was chosen for this work since it is
a comparatively weak country side grid with a large amount of wind power
connected. The maximum load in the network is around 28MW and by now
nearly 13MW of wind power generation are connected to the network. Since
the minimum load of the entire Svalöv network is only around 5MW the
generation in the network is larger than consumption during some periods
of time already today. Requests for the connection of more wind power are
already in progress and it is expected that the DG penetration in this area will
increase substantially during the next years.

The medium voltage distribution network in Svalöv is connected to the re-
gional high voltage network at 130kV by the substation in Svalöv where the
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130kV/20kV transformer and the switchgear are located. As shown in figure
7.1 the substation in Svalöv has eight 20kV feeders connected. Only three
feeders in the network are still pure load feeders without any generation con-
nected. Four of the eight feeders are mixed load and generation feeders and
one feeder is a pure generation feeder. Thus, the network includes all three
types of feeders. Table 7.1 shows load and generation connected to each
feeder. Totally around 170 20kV/0.4kV substations and three 20kV/10kV
substations are connected to the eight feeders.

130/20 kV

1

8

7

6

5

4

3

2

load

load

load

load

load

load

load existing WT

existing WT

existing WT

existing WT

existing WT

new WT

new WT

new WT

new WT

Figure 7.1: Schematic of the busbar at Svalöv substation with feeder types
indicated

Since the network in Svalöv is in a rural area a large part of the network is con-
sisting of overhead lines. All feeders except the pure generation feeder, which
is quite new, are mixed feeders with both underground cables and overhead
lines. Underground cables are mainly used in the urban areas while overhead
lines are more common in the countryside. The total length of all 20kV lines
in the network is around 130km. Due to the combination of overhead lines
and underground cables the network has around 250 network nodes.
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Table 7.1: Load and generation capacity connected to the feeders of Svalöv
network

Feeder Load [MW] Existing WT
[MW]

New WT [MW]

1 5.8 0.7 0
2 0 9.0 0
3 5.1 0 0
4 1.7 0.9 6.0
5 4.0 0 0
6 1.9 0 3.0
7 5.3 1.4 13.0
8 4.2 0.8 3.0
∑ 28.0 12.8 25.0

In addition to the 20kV network also three 10kV networks are belonging to
the Svalöv network. These three networks are located in small places outside
Svalöv and they are fed by the 20kV feeders. To reduce the complexity each
of these networks is concentrated as a single load at a 20kV node.

7.2 Simulations

To carry out simulations of the Svalöv network, the structure and the line data
of the network were analysed and converted into the required data format for
the simualtion tool. Minute-by-minute measurement values of the consump-
tion and generation in each network feeder recorded during November 2010
were obtained from E.ON Elnät. The total active and reactive power in each
feeder had to be spread out to the individual network nodes. Due to the huge
amount of data, the period for the simulation was reduced to a time period of
15 days in the beginning of the month. During this time the voltage in all net-
work nodes and the total network losses were computed once a minute. Thus
21600 values for each node voltage and the network losses were obtained.

Some simplifications were introduced to reduce the total complexity of the
network:
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1. Three 10kV networks have been aggregated and considered as single
loads.

2. The number of the network nodes has been reduced from around 250 to
228 nodes. This was done by eliminating and/or combining some short
line sections which do not affect the voltage drop or the network losses
in a mentionable manner. In addition some substations located close to
each other have been combined.

3. It was assumed that the feeder load is equally distributed at all nodes
along the feeder according to the rated power of each node obtained by
Velander’s equation.

4. The active power generation of each connected wind turbine was sup-
posed to be the same fraction of the rated power for all connected units.

5. For all loads a constant power factor of PF = 0.95(ind) was assumed.

The DG units which are already connected to the network were included in
the simulations. It was assumed that these units are operated at unity power
factor and that they are not controllable. Since the network is operated in this
way with broad margins, violations of the voltage limits are not expected.
To increase the stress of the network and analyse the impact of increasing
DG capacity, seven new wind turbines with a rated capacity of 25MW in
total were placed in the network. The location of the new wind turbines was
chosen to be at weak places in the network and their rated power is set close
to thermal limit of the existing lines. The added DG units are assumed to be
controllable meaning that the active power output can be curtailed and the
power factor can be maintained from PF = 1 to PF = 0.89 with rated active
power output to consume reactive power.

It is assumed that one 40MVA HV/MV transformer is in operation to feed
the network. This transformer has an on-load tap changer which can change
the tap ratio with ±9 steps. The step size is set to the commonly used value
1.67% and the voltage deadband is set to 2.0%.

While the maximum voltage rise caused by DG units connected to combined
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load and generation feeders is usually limited to 2.5% of the nominal volt-
age, thus 1.025p.u., the voltage limits in this work were set to 0.950p.u. and
1.050p.u., corresponding to ±5.0%. This increase of the limits should be
acceptable since the voltage at the network nodes is now monitored.

7.2.1 Local OLTC Control with Existing DG Units

In the first case which is presented in this section the medium voltage network
of Svalöv was simulated only with already installed DG units connected. The
DG units are not equipped with any voltage control capacity and they are
operating at unity power factor. Voltage regulation in this network is done
only by local OLTC control. Figure 7.2 shows the load and generation profiles
that were derived from the measurement values.
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Figure 7.2: Total load and generation in Svalöv network with existing DG
units

Voltage

Networks are planned and built to handle the maximum load without going
below the lower voltage limit. Therefore the lower voltage limit is as expected
not an issue when the voltage at the secondary busbar is chosen properly.
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Here it was set to 1.033p.u. Under this conditions the lowest voltage in the
network was 0.952p.u. Since the network was simulated in about the same
manner as it is operated today it is not surprising that also the highest voltage
(1.049p.u.) occuring at the pure generation feeder is within the limits with-
out any additional voltage control as shown in figure 7.3. Beside the largest
voltage both the voltage at the substation and the voltage at the node with the
lowest voltage are shown.

The voltage setpoint at the substation was chosen to keep the lowest voltage,
that occurs during the time of highest loading, over the lower voltage limit.
Furthermore the voltage at the feeding point of the substation work was as-
sumed to be constant. Thus no tap changer operations were necessary during
the simulated time period with only local OLTC control activated.
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Figure 7.3: Voltage at the substation, the node with the lowest voltage and the
node with the highest voltage in Svalöv network with existing DG
units and only local OLTC control

Losses

When the network is simulated in normal operation as it is today, totally
55MWh are lost. This is corresponding to 1.0% of the totally transfered en-
ergy of 5732MWh. The total generation within the network is calculated to
1520MWh and the load is 4212MWh during the 15 days.
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7.2.2 Local OLTC Control

By adding seven additional generation units with a total rated capacity of
25MW which totally adds 2777.5MWh, the total available energy from DG
units is increasing to 4297.5MWh. The total load and generation for the entire
network with the additional DG units connected are shown in figure 7.4. Dur-
ing the simulation time the lowest load was at 7.7MW and the highest load
16.7MW. The power from the generation units was varying between 0MW
and 38.9MW which slightly higher than the nominal capacity of 37.8MW.
Since the capacity of the connected DG units was increased, the upper voltage
limit is violated during some time when no additional control is implemented.
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Figure 7.4: Total load and generation in Svalöv network with seven additional
DG units connected at weak network nodes

Voltage

As mentioned in 7.2.1 the lower voltage limit should not be a problem in
this case. It is reasonable to try to decrease the voltage setpoint of the OLTC,
if there is sufficient margin to the lower voltage limit for obtaining a larger
range to the upper voltage limit. Here the substation voltage was still set to
1.033p.u. Thus the lowest voltage obtained during the 15 days of simulation
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time was 0.952p.u. Without any voltage control in the network and the added
generating units the voltage would increase to 1.079p.u. at one node during
some periods of time. Beside the voltages at the nodes with generation fig-
ure 7.5 shows the voltage at the substation and at the node where the lowest
voltage occurs.

For the same reason as in 7.2.1 no tap changer operations are executed for
local OLTC control at the substations secondary busbar.
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Figure 7.5: Voltage at the substation, at the node with the lowest voltage and
the node with the highest voltage in Svalöv network when 25MW
of DG capacity were added

Losses

If no additional control of the DG units is implemented all available energy
from the DG units which is 4298MWh is delivered to the network. During
the simulation span of 15 days network losses are 104MWh corresponding
to 1.2% of the total transfered energy of 8905MWh.
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7.2.3 DG Control

For this part of the simulations the DG control was activated. In a first step
only curtailment was activated and in a second step both reactive power con-
sumption and active power curtailment were activated for the added DG units.
Figure 7.6 shows the load and generation profile of the entire network in these
control modes. The minimum and maximum loads as well as the minimum
and maximum available generation are the same as in 7.2.2. Figure 7.6(a)
compared to figure 7.6(b) shows that the active power output from some DG
units has to be curtailed during the periods of highest generation and that
higher DG output can be allowed with variable power factor. This results in
Pgen reaching higher in 7.6(a) than in 7.6(b). The total absorbed DG power
has to be curtailed to around 33MW with unity power factor compared to
around 38MW in the case of a variable power factor.

Voltage

For the local DG control the voltage at the substation busbar has still to be
chosen to take care of the maximum load without violating the lower voltage
limit. The OLTC setpoint was therefore set to 1.033p.u. As seen in 7.2.2 the
voltage at some nodes exceeds the upper voltage limit if no local control is
implemented. The voltages at the substation, at the node where the lowest
voltage occurs and at the node where the highest voltage occurs are shown in
figures 7.7(a) and 7.7(b). The local DG control limits the maximum voltages
to 1.062p.u. and 1.067p.u. respectively.

With unity power factor no tap changer operation is needed to keep the volt-
age at the substation within the deadband around the setpoint and for a vari-
able power factor the on-load tap changer is changing the position once.

Losses

When unity power factor is used, a large amount of the active power out-
put (269MWh), which is corresponding to 6.3% of the totally available DG
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(a) with only curtailment
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(b) with curtailment and variable power factor

Figure 7.6: Total load and generation in Svalöv network with additional DG
units connected and local control of the DG activated
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(a) with only curtailment
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(b) with curtailment and variable power factor

Figure 7.7: Voltages at the substation, the network node with the lowest volt-
age and at the node with highest voltage
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energy, has to be curtailed by means of voltage control. During the 15 simu-
lated days the losses in the network amount to 87MWh which is correspond-
ing to 1.1% of the total transfered energy of 8239MWh. However, with a
variable power factor only 13MWh, corresponding to 0.3% needs to be cur-
tailed to maintain the voltage below or at the upper limit. Since reactive power
consumption, i.e. variable power factor, both increases the amount of trans-
ferred energy and the transfer of reactive power, the losses are increasing to
109MWh or 1.3% of 8497MWh transferred energy. The curtailment and the
reactive power which are needed to keep the voltage within the limits are
presented in figures 7.8(a) and 7.8(b).

Summary of the Results from DG Control

A summary of the results from the simulations of DG control are shown in
table 7.2. The increase in obtained DG energy should be worth the small
increasing losses and a single tap operation.
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(a) with only curtailment
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(b) with curtailment and variable power factor

Figure 7.8: Reactive power consumption and active power curtailment at the
nodes where DG units are connected. The shown amounts are
needed to limit the voltage to 1.05p.u.. When using unity power
factor as in 7.8(a) no reactive power will be used.
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Table 7.2: Basic values from the simulation cases of DG control
Additional DG,

cosϕ = 1,
local OLTC,
curtailment

Additional DG,
cosϕ var,

local OLTC,
curtailment

Transferred energy
[MWh]

8239.3 8496.7

Consumed energy
[MWh]

4211.7 4211.7

Uncurtailed energy
from DG units
[MWh]

4297.5 4297.5

Obtained DG energy
[MWh]

4027.6 4285.0

Curtailed DG energy
[MWh]

268.9 12.5

Curtailed DG energy
[% of uncurtailed
energy]

6.3 0.3

Consumed reactive
power [Mvar]

0 348.9

Network losses
[MWh]

87.3 109.4

Network losses
[% of transferred
energy]

1.1 1.3

Number of OLTC
steps

0 1

Minimum network
voltage [p.u.]

0.952 0.952

Maximum network
voltage [p.u.]

1.062 1.067
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7.2.4 Coordinated OLTC Control

For the coordinated OLTC control three different modes for the power factor
were simulated for the Svalöv network. First a unity power factor was used,
then the power factor was set to PF = 0.89 and finally a variable power factor
was used. The minimum/maximum load and available generation were still
the same as in 7.2.2. Figure 7.9 shows the resulting total load and generation
of Svalöv network during the simulation period. From the generation curve it
can be seen, that the generated power is close to the maximum value shown in
figure 7.4. Thus in all three cases only a little or no active power curtailment
is needed.

Voltage

When a coordinated control of the on-load tap changer is activated, undervolt-
age can also become an issue since the voltage at the substations busbar is no
longer set to a defined value but varying depending on the operation state of
the network. Even though the lower voltage limit is set to 0.950p.u. slightly
lower voltages can occur due to the fact that only a voltage limit violation is
recognized by the controller.

For unity power factor the lowest voltage during the 15 days is 0.935p.u. If
a constant power factor is set, the lowest voltage is 0.948p.u. and in case of
a variable power factor 0.932p.u. is actually the lowest voltage that occurs.
The upper voltage is limited by the use of reactive power consumption and
active power curtailment. In that way it is possible to limit the voltage to
1.059p.u. when using unity power factor. With a constant and variable power
factor the highest voltages are 1.050p.u. and 1.058p.u. respectively if the
controller’s upper voltage limit setpoint is 1.050p.u. Figure 7.10 shows the
voltage magnitudes at the substation busbar, the node with the lowest and the
node with the highest voltage in the network.

The number of the tap changer operations is varying a lot between the differ-
ent methods. While a constant power factor of PF = 0.89 keeps the voltage
profile flat and therefore only three tap changer operations are needed, the
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(b) with curtailment and constant power factor
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(c) with curtailment and variable power factor

Figure 7.9: Total load and generation in Svalöv network with additional DG
units connected and coordinated OLTC control
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number of tap changer operations increases to 123 for unity power factor and
to 105 for a variable power factor. The repeating voltage variations (for ex-
ample around hour 100 in 7.10(a)) are as for the generic network caused by
the on-load tap changer control trying to go back to normal position.

Losses

Without using reactive power, that means with unity power factor, some ac-
tive power has to be curtailed to maintain a proper network voltage. In this
case 27MWh, thus 0.6%, were curtailed. This is resulting in less power trans-
fer (8482MWh) than in the other cases and therefore the losses are only
107MWh which is the same as 1.3%.

For a constant power factor of PF = 0.89 no more curtailment is needed but
additional 1423Mvarh of reactive power are transferred in the network. This
large transfer of reactive power increases the losses that become 126MWh
corresponding to 1.5% of the total transferred power (8509MWh).

In case of a variable power factor again there is no need to curtail the ac-
tive power at any time. All available 4298MWh from the DG units can be
absorbed by the network. Since some reactive power (42Mvarh) is needed
to maintain the network voltage within the limits and more active power is
transferred, the losses are about the same as for unity power factor but less
than for the constant power factor. Totally 109MWh are lost during the simu-
lated time and that corresponds to 1.3% of the total transfered energy which
was 8509MWh. The amount of reactive power and curtailment which is used
to maintain the voltage is presented in figure 7.11.

Summary of the Results from Coordinated OLTC Control

The results from the simulations of coordinated OLTC control are summa-
rized in table 7.3. The decrease in network losses may be worth the increased
number of tap changes for unity and variable power factor.
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(a) with only curtailment
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(b) with curtailment and constant power factor
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(c) with curtailment and variable power factor

Figure 7.10: Voltage at some characteristic network nodes which are the sub-
stations busbar, the node with the lowest voltage in the network
and the node where the highest voltage occurs
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(a) with only curtailment
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(b) with curtailment and constant power factor

−3.5

−3

−2.5

−2

−1.5

−1

−0.5

0

re
ac

tiv
e 

po
w

er
[M

va
r]

 

 

Q
44

Q
55

Q
119

Q
149

Q
159

Q
168

Q
227

0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360
−4

−3

−2

−1

0

Time [h]

cu
rt

ai
lm

en
t

[M
W

]

 

 

P
44

P
55

P
119

P
149

P
159

P
168

P
227

(c) with curtailment and variable power factor

Figure 7.11: Reactive power consumption and active power curtailment of
the DG units which were added to Svalöv network when using
coordinated OLTC control. Since unity power factor is used, the
reactive power consumptions is zero in 7.11(a). In 7.11(b) and
7.11(c) the curtailment is not needed and therefore zero.
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Table 7.3: Basic values from the simulation cases of DG control
Additional DG,

cosϕ = 1,
coordinated

OLTC,
curtailment

Additional DG,
cosϕ = 0.89,
coordinated

OLTC,
curtailment

Additional DG,
cosϕ var,

coordinated
OLTC,

curtailment
Transferred energy
[MWh]

8482.3 8509.2 8509.2

Consumed energy
[MWh]

4211.7 4211.7 4211.7

Uncurtailed energy
from DG units
[MWh]

4297.5 4297.5 4297.5

Obtained DG energy
[MWh]

4270.6 4297.5 4297.5

Curtailed DG energy
[MWh]

26.9 0 0

Curtailed DG energy
[% of uncurtailed
energy]

0.6 0 0

Consumed reactive
power [Mvar]

0 1423.0 41.9

Network losses
[MWh]

106.7 126.2 109.4

Network losses
[% of transferred
energy]

1.3 1.5 1.3

Number of OLTC
steps

123 3 105

Minimum network
voltage [p.u.]

0.935 0.948 0.932

Maximum network
voltage [p.u.]

1.059 1.050 1.058
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7.3 Summary

In this chapter network node voltages and losses in an existing medium volt-
age network with a large amount of DG have been simulated. Real measure-
ment values for both the connected loads and generation units have been used
to generate load and generation profiles. After a simulation of the base case
the already existing DG units have been completed with seven more gen-
eration units and in this way the installed DG capacity was increased from
12.8MW to 37.8MW.

Three different control strategies, local OLTC control which is mainly used
today, local DG control and coordinated OLTC control, were simulated. For
two of these control strategies several modes for the local control have been
analysed and compared to each other concerning the network node voltages,
the active power curtailment, the total network losses and the tap changer
operations.

As the results show, regarding to the voltage, much more DG can be con-
nected to existing distribution networks as soon as local DG control is acti-
vated to limit the voltage at the connection points of the DG units. With the
additional wind turbines connected and without local DG control the voltage
would exceed the upper limit during some time as it is shown in section 7.2.2.
Since the controller is triggered by voltage limit violations the minimum and
maximum voltage setpoints in the controller are exceeded during some short
time periods before the control is reacting.

As expected the use of reactive power consumption decreases the need of cur-
tailment. When also coordinated OLTC control is used, the need of reactive
power consumption is decreasing and thereby also the losses but the number
of OLTC steps is increasing. For the DG units used in this study the use of
reactive power consumption is sufficient to avoid any active power curtail-
ment.

The most advantageous results are obtained by using coordinated OLTC con-
trol with variable power factor as shown in column Additional DG, cosϕ var,
controlled OLTC, curtailment. No active power curtailment was needed in
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this case and the network losses are still acceptable compared to the amount
of transferred energy. Only the minimum voltage occurring during some time
before the control reacts is somewhat to low. The number of tap changes is
comparatively large compared to some other cases but in relation to the time
span it does not seem to be unreasonable when regarding the costs for tap
changer operations.

By using a constant power factor as shown in column Additional DG, cosϕ =
0.89, coordinated OLTC, curtailment proper voltages are obtained with only
a few tap changes. Compared to other cases the generous reactive power con-
sumption leads to larger network losses. Maybe a constant power factor closer
to unity power factor could solve this problem.

Using either local DG control with a variable power factor (see column Ad-
ditional DG, cosϕ var, local OLTC, curtailment) or coordinated OLTC con-
trol with unity power (see column Additional DG, cosϕ = 1, coordinated
OLTC, curtailment) seem also to be reasonable solutions. Both curtailment
and losses are comparatively low in these cases too.

Of course the pure use of active power curtailment (column Additional DG,
cosϕ = 1, local OLTC, curtailment) as already mentioned in chapter 4 is
always a solution to limit the voltage in network nodes where generation is
connected but in most cases this will not be acceptable in a larger extent. Thus
other methods as for example discussed in this thesis should be preferred.

Some key values from the most advantageous strategies have been extracted
out from table 7.4 and are summarized in table 7.5. In two of the shown cases
no active power curtailment is needed at all. Moreover the results are varying
in the total network losses and the number of tap changes.

To evaluate the economic consequence of the different voltage control strate-
gies, a simple analysis of the costs for tap changer operations as well as reac-
tive power consumption and active power curtailment is done here. The cost
of tap changer operations is depending on the increased need of maintenance
and it is assumed that a tap changer operation costs 1SEK /tap operation cor-
responding to 0.11e/tap operation.



7.3 Summary 117

Ta
bl

e
7.

4:
Si

m
ul

at
io

n
re

su
lts

fr
om

Sv
al

öv
ne

tw
or

k
O

nl
y

ex
is

tin
g

D
G

,l
oc

al
O

LT
C

A
dd

iti
on

al
D

G
,

co
sϕ

=
1,

lo
ca

l
O

LT
C

,
cu

rt
ai

lm
en

t

A
dd

iti
on

al
D

G
,

co
sϕ

=
1,

co
or

di
na

te
d

O
LT

C
,

cu
rt

ai
lm

en
t

A
dd

iti
on

al
D

G
,

co
sϕ

=
0.

89
,

co
or

di
na

te
d

O
LT

C
,

cu
rt

ai
lm

en
t

A
dd

iti
on

al
D

G
,

co
sϕ

va
r,

lo
ca

l
O

LT
C

,
cu

rt
ai

lm
en

t

A
dd

iti
on

al
D

G
,

co
sϕ

va
r,

co
or

di
na

te
d

O
LT

C
,

cu
rt

ai
lm

en
t

Tr
an

sf
er

re
d

en
er

gy
[M

W
h]

57
31

.7
82

39
.3

84
82

.3
85

09
.2

84
96

.7
85

09
.2

C
on

su
m

ed
en

er
gy

[M
W

h]
42

11
.7

42
11

.7
42

11
.7

42
11

.7
42

11
.7

42
11

.7

U
nc

ur
ta

ile
d

en
er

gy
fr

om
D

G
un

its
[M

W
h]

15
20

.0
42

97
.5

42
97

.5
42

97
.5

42
97

.5
42

97
.5

O
bt

ai
ne

d
D

G
en

er
gy

[M
W

h]
15

20
.0

40
27

.6
42

70
.6

42
97

.5
42

85
.0

42
97

.5

C
ur

ta
ile

d
D

G
en

er
gy

[M
W

h]
0

26
8.

9
26

.9
0

12
.5

0

C
ur

ta
ile

d
D

G
en

er
gy

[%
of

un
cu

rt
ai

le
d

en
er

gy
]

0
6.

3
0.

6
0

0.
3

0

C
on

su
m

ed
re

ac
tiv

e
po

w
er

[M
va

r]
0

0
0

14
23

.0
34

8.
9

41
.9

N
et

w
or

k
lo

ss
es

[M
W

h]
55

.7
87

.3
10

6.
7

12
6.

2
10

9.
4

10
9.

4

N
et

w
or

k
lo

ss
es

[%
of

tr
an

sf
er

re
d

en
er

gy
]

1.
0

1.
1

1.
3

1.
5

1.
3

1.
3

N
um

be
ro

fO
LT

C
st

ep
s

0
0

12
3

3
1

10
5

M
in

im
um

ne
tw

or
k

vo
lta

ge
[p

.u
.]

0.
95

2
0.

95
2

0.
93

5
0.

94
8

0.
95

2
0.

93
2

M
ax

im
um

ne
tw

or
k

vo
lta

ge
[p

.u
.]

1.
04

9
1.

06
2

1.
05

9
1.

05
0

1.
06

7
1.

05
8



118 Chapter 7 Svalöv Network

Table 7.5: Key values for using various power factors
Additional

DG,
cosϕ var,

local OLTC,
curtailment

Additional
DG,

cosϕ = 1,
coordinated

OLTC,
curtailment

Additional
DG,

cosϕ = 0.89,
coordinated

OLTC,
curtailment

Additional
DG,

cosϕ var,
coordinated

OLTC,
curtailment

Curtailed DG
energy [MWh]

12.5 26.9 0 0

Losses [MWh] 109.4 106.7 126.2 109.4

Number of
OLTC steps

1 123 3 105

During the simulated time period in the beginning of November 2010 the
electricity price at the Nordic power market was in average 49e/MWh for
Sweden [43]. To support the production of electricity from renewable energy
sources, electricity certificates were introduced in Sweden in 2003. These
certificates are issued to the producer with one certificate per MWh. In the
beginning of November 2010 the price per certificate, thus per MWh, was in
average about 28e/MWh (262SEK /MWh) [44].

Due to the electricity certificate system it should be distinguished between
losses and curtailed energy from the wind turbines. The price for losses is
assumed to be the same as the price at Nordic power market, thus 49e/MWh.
However, the electricity price for curtailed energy from the DG units is the
sum of the price at the Nordic power market and the electricity certificate,
thus 77e/MWh.

The costs for voltage regulation by the different control strategies are shown
in table 7.6. As this simple cost analysis shows there is a large benefit from
using coordinated OLTC control and a variable power factor (column Ad-
ditional DG, cosϕ var, controlled OLTC, curtailment). Although the first
case (Additional DG, cosϕ = 1, local OLTC, curtailment) with additional
DG units and only curtailment would probably never be realized because of
the huge costs for the curtailemnt, it is presented here. Since this is only a
simple cost analysis, price variations during the simulated time period are not
considered.
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Even though these simulations are done with parameters of an existing net-
work, it is important to point out that only measurement values for 15 days
have been used. This time period is not necessarily representative for the
rest of the year and therefore especially the energy values can not simply be
scaled up to longer periods. The placement of the additional DG units was
also chosen based on network parameters and not depending on the wind
conditions.

Notwithstanding some simplifications and limitations in this study, the in-
crease of the DG capacity in the existing medium voltage network which was
simulated within this work is clearly possible without reinforcement of the
network.



Chapter 8

Conclusions

In this thesis a closer look is taken at the possibility to increase the DG ca-
pacity in existing medium voltage networks without reinforcement of the net-
work. To start with the general structure of medium voltage networks was
presented and some common components of medium voltage networks were
described. The voltage control options in medium voltage networks were
analysed. A control algorithm to maintain the voltage at all network nodes
within defined limits was developed. The control algorithm and the various
control strategies were simulated in a generic network. Finally, an existing
medium voltage network was analysed and implemented in the simulation
tool and simulations on this network were run with load and generation pro-
files derived from real measurement values.

In contrast to other work done in this area before, the voltage control in this
work is using measurement values from electricity meters and DG units to
obtain the actual state of the network voltage. Thus the voltage setpoint at the
substation can be adapted to the actual network operating situation. Further-
more it is assumed that the DG units are equipped with a local control unit
to control the reactive power consumption and the active power curtailment.
Therefore no reactive and active power setpoints have to be transmitted to
the DG units. This is beneficial when the communication may be lost during
some time.

Reinforcing existing networks by adding or changing cables and in that way
ensure that the voltage limit never will exceed by the feeding of active power
is always a solution to avoid voltage limit violations. However, it is an ex-
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pensive practice especially when it is only needed some short time periods.
The ambition of this work was to find solutions for increasing the DG capac-
ity in existing medium voltage networks without such network reinforcement
but with a more advanced voltage control as it is normally used in medium
voltage distribution networks today. Three different strategies of voltage con-
trol have been identified: local OLTC control, DG control and coordinated
OLTC control. Local OLTC control is normally the only voltage control that
is present in medium voltage networks today. The DG control can be im-
plemented to various extents. The simplest way is only curtailment, but it
can be extended with reactive power control and thus a variable power factor.
Coordinated OLTC control is dependent on knowing actual network voltages.
Therefore communication is needed for this control strategy. But as new elec-
tronic electricity meters are introduced, communication is already in place in
large scale in distribution networks. To use voltage violation alarms from
these meters seems to be a practicable way to obtain feedback about the volt-
age to the controller, even though some oscillations appear when the on-load
tap changer algorithm tries to go back to normal position. This could probably
be solved by using voltages values instead of limit violation signals.

A generic network as example for a weak rural area network with a large
amount of DG was set up in the simulation tool and the different control
strategies have been simulated to evaluate these extended voltage control
strategies presented in chapter 4. In this way the voltage was maintained
within the limits and the use of curtailment could be decreased from 38%
to zero by only slightly increasing network losses and some few tap changer
operations. While actual voltages are most important regarding the voltage
limits, average values, i.e. energy, are the most interesting when it comes to
network losses and active power curtailment. To include the energy aspect,
time series consisting of load and generation profiles were implemented in
the simulations. In the generic test network a kind of fair curtailment dis-
tribution has been simulated as well. The results show that the curtailment
needed for some DG units could be decreased as expected but nevertheless
the total amount of curtailment was increased in this case.

In chapter 7 an existing medium voltage network was analysed and trans-
ferred into the simulation environment. For the first time the algorithm for
coordinated voltage control developed within this work was used for simu-
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lations in a real existing Swedish medium voltage network. Recorded mea-
surement values of load and wind turbine power generation from the network
were used to carry out the simulations over a time period of 15 days and
to include energy values. First the network was simulated as it is today. In a
next step seven new wind turbines with a total capacity of 25MW, in addition
to nearly 13MW already installed, were added to the network and the sim-
ulations were repeated with the existing local OLTC control which was not
sufficient to handle the network voltage for the large DG capacity. Finally the
advanced voltage control strategies developed in this work were simulated.
The results have shown that it was possible to control the network voltage
in a proper way and they indicate a considerable benefit from using coordi-
nated voltage control to increase the DG capacity in existing medium voltage
networks.

The DG capacity in the Svalöv network was increased with a capacity corre-
sponding to nearly twice the installed capacity and neither network reinforce-
ment nor active power curtailment was needed, when a coordinated voltage
control as presented in this thesis was implemented in the simulations. The
amount of energy transferred in the network during the simulated time period
increased with around 44% due to the extension of the DG capacity.

Both the analysis of the generic network and the real network indicate that
an increasing DG capacity in medium voltage networks could be handled
without the need of physical network reinforcement. This can be achieved
by upgrading the traditionally passive medium voltage distribution networks
to more active networks. In the discussed cases active networks means to
make the DG unit active and reactive power controllable and to introduce an
active network controller which takes care of the actual network state and
coordinates the OLTC setting.

Notwithstanding the results from the two networks differ in details and can
not directly be generalized for other networks, they have in common that they
demonstrate a benefit from the advanced voltage control strategies. The com-
bination of extended control of the DG units (active and reactive power) and
a central controller being responsible for the control of the OLTC by having
information about the actual network state, integrates distributed generation
in a proper way.
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The use of extended voltage control instead of network reinforcement is es-
pecially interesting in networks where the voltage limits otherwise would be
violated only during short time periods and where the load and generation
profiles characteristics allow benefits from a more advanced voltage control.
Wind turbines are a good example of such a type of DG units since their
rated power is often available only for short times and these may coincide
with times of low network load. During these times a large voltage span can
be made available for the DG units.

A simple cost analysis has shown that there is a large value of using the
OLTC and in some extent also reactive power consumption for a coordinated
voltage control to minimize the need of active power curtailment. By the use
of coordinated voltage control with a coordinated OLTC and variable power
factor the costs for network losses and active power curtailment could be cut
significantly, around 27%, compared to the case where only a coordinated
OLTC control with unity power factor is used. Compared to the exclusive use
of curtailment for maintaining the voltage, the costs could actually be reduced
with 78% even though such a large amount of curtailment is not realistic.

Communication has become less expensive during the last years and is al-
ready existing in form of remotely readable electricity meters for example
in Swedish distribution networks where monthly meter readings are already
compulsory. The advanced electricity meters and their under- and overvolt-
age alarm functions have been used in this work to obtain the network state.
By this the voltage, directly at the customer connection point, was taken into
account and therefore smaller margins are needed.

Even though the focus of this thesis was on wind turbines, there is no limita-
tion to a special type of distributed generation in medium voltage networks.
More decisive for the efficiency of the proposed methods for voltage con-
trol is the type of the network, the control feasibility of the DG units and the
correlation between the load profile and the generation profile.
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Future Work

This work focussed on the increase of the DG capacity (especially wind
power) in existing medium voltage distribution networks. Different control
strategies have been compared from a technical perspective and simulations
have been held. But there is still a lot of work that can be done in the contin-
ued work.

In the work presented in this thesis simulations have been performed on data
of an existing medium voltage network. To verify the results obtained in this
thesis one of the next steps should be to implement and test the advanced
voltage control strategies in a laboratory. Later on, the implementation in a
real network is aimed to obtain practical results over a longer time period.

As the results obtained by the simulations are strongly depending on the time
series used for the load and generation, it is important to find realistic time
series. In addition, the impact of the resolution of the time series and the delay
time in the control algorithm could be analysed.

The interaction with low voltage networks could also be investigated. Until
now low voltage networks are normally consuming electricity and therefore
they contribute to the lowering of the voltage in medium voltage distribution
grids. Especially when distributed generation finds its way into the low volt-
age distribution network, it has to be clarified how the total available voltage
band should be distributed between the networks on the different voltage lev-
els. In addition it can be necessary to introduce active voltage control in low
voltage distribution networks as well.
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Since the voltage is exceeding the set voltage limits during some short time
periods an improvement or optimization of the voltage control algorithm
could be necessary. However, the performance of the voltage control algo-
rithm is also strongly depending on the input data. In a concept, like the one
used in this thesis, where the control algorithm is reacting on limit violations
and also time delays have to be taken into account, it is difficult to keep the
voltage always within the limits. Beside keeping the voltage within the limits,
network losses are also of interest. To minimize the network losses it could
be advantageous to introduce optimal power flow.

For obtaining the actual network status only information about voltage limit
violations were used in in this work. To obtain a more complete network state
it would be advantageous to use voltage magnitude values. DG units are often
already equipped with both voltage measurement units and communication.
In a further step calculating the actual network state with load and generation
data of all connected units is also an opportunity. But depending on the time
step size this would generate a large amount of data that has to be transferred
and computed.

Within the simulations in this work the voltage was checked at all network
nodes. For the future it would may be reasonable to identify some key nodes
where the voltage is measured. This would decrease both the required com-
munication capacity and the needed computing power.

In this work the contribution of each individual DG unit to the voltage change
was not taken into account. All distributed generation units were treated in the
same way independently from their contribution to the voltage change.

The costs for and benefits from active power curtailment, changing network
losses and varying number of tap steps were only briefly compared to each
other. As well as a comparison to the costs for network reinforcement was
outside the scope of this work. Economical aspects should be investigated
further to decide which solution is most beneficial.
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