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Abstract

One of EU’s actions against climate change is to meet 20% of our
energy needs from renewable resources. Given that the renewable re-
sources are becoming more economical to extract electricity from, this
will result in that more and more distributed generation (DG) will be
connected to power distribution. The increasing share of DG in the
electricity networks implies both increased costs and benefits for distri-
bution system operators (DSOs), customers and DG producers. How
the costs and benefits will be allocated among the actors will depend
on the established regulation.

Distribution networks are traditionally not designed to accommo-
date generation. Hence, increasing DG penetration is causing profound
changes for DSOs in planning, operation and maintenance of distribu-
tion networks. Due to the unbundling between DSOs and electricity
production, DSOs can not determine either the location or the size of
DG. This new power distribution environment brings new challenges
for the DSOs and the electric power system regulator. The DSOs are
obliged to enable connection of DG meanwhile fulfilling requirements
on power quality and adequate reliability. Moreover, regulatory impli-
cations can make potential DG less attractive. Therefore regulation
should be able to send out incentives for the DSOs to efficiently plan
the network to accommodate the increasing levels of DG. To analyze
the effects of regulatory polices on network investments, risk analysis
methods for integrating the DG considering uncertainties are therefore
needed.

In this work, regulation impact on network planning methods and
network tariff designs in unbundled electricity network is firstly an-
alyzed in order to formulate a realistic long-term network planning
model considering DG. Photovoltaic (PV) power and wind power plants
are used to demonstrate DG. Secondly, this work develops a determ-
inistic model for low-voltage (LV) networks mainly considering PV
connections which is based on the worst-case scenario. Dimension the
network using worst-case scenario is the convention in the long-term
electricity distribution network planning for the reliability and secu-
rity reason. This model is then further developed into a probabilistic
model in order to consider the uncertainties from DG production and
load. Therefore more realistic operation conditions are considered and
probabilistic constrains on voltage variation can be applied. Thirdly,
this work develops a distribution medium-voltage (MV) network plan-
ning model considering wind power plant connections. The model ob-
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tains the optimal network expansion and reinforcement plan of the
target network considering the uncertainties from DG production and
load. The model is flexible to modify the constraints. The technical
constraints are respected in any scenario and violated in few scenarios
are implemented into the model separately.

In LV networks only PV connections are demonstrated and in MV
networks only wind power connections are demonstrated. The plan-
ning model for LV networks is proposed as a practical guideline for PV
connections. It has been shown that it is simple to be implemented
and flexible to adjust the planning constraints. The proposed plan-
ning model for MV networks takes reinforcement on existing lines, new
connection lines to DG, alternatives for conductor sizes and substation
upgrade into account, and considers non-linear power flow constraints
as an iterative linear optimization process. The planning model applies
conservative limits and probabilistic limits for increasing utilization of
the network, and the different results are compared in case studies.
The model’s efficiency, flexibility and accuracy in long-term distribu-
tion network planning problems are shown in the case studies.
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Chapter 1

Introduction

1.1 Overview

More distributed generation (DG) is expected to be connected to the distri-
bution network and is considered to have the potential of improving system
integrity, reliability and efficiency [64]. How to optimally integrate DG in the
current network is a common challenge for the distribution system operators
(DSOs) in countries with a high DG penetration level or high potential in-
crease in the DG penetration level. Photovoltaic (PV) and wind power rank
the highest new installed power capacity in recent years in the European
Union (EU) [10]. PV connections in the low-voltage (LV) network is of in-
terest for many countries with increasing PV roof units. Wind power is more
likely to be connected to the medium-voltage (MV) network or transmission
network. Of all the elements that make higher wind power integration pos-
sible, “put the right line in the right place and right time” is ranked as one
of the most important [38]. Wind power is often built far from the urban
areas where most of the energy is consumed, therefore it demands new or
upgraded grid lines. The main point of the problem is that in many places,
the existing network structure was built long before deregulation in power
systems. Shifting the paradigm of this complex system creates serious new
challenges for all players in the power system, wind power developers, trans-
mission system operators (TSOs), DSOs and regulators. It is not uncommon
that the developers of completed wind farms wait for the connection or the
generation does not come forward to connect in time [38]. It has been recog-
nized that the cooperation between the system operators (TSOs and DSOs)
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2 CHAPTER 1. INTRODUCTION

and wind power developers is the key for network expansion planning. How-
ever, in the unbundled power system each player makes the decision based
on their own interest. To ensure that this decision is also the best for elec-
tricity consumers, regulators should be fully aware of the costs and benefits
relations between all the players under different kinds of network regulations.

Regulation affects network planning methods of system operators and
network tariff structure. These two aspects are closely related. Take DSOs
and distribution networks with distributed generation (DG) as an example.
On one hand, how and when the DSOs expand and reinforce the network
affect DSOs’ costs. On the other hand, remuneration for their services are re-
flected in network tariff design. In some deregulated electric power systems,
the DSOs decide how to allocate their costs to customers. The regulation
for how the DSOs are allowed to design network tariffs in systems with DG
varies between countries [47]. Network tariffs for DG also can be designed
differently from DSO to DSO even in the same country. From the point of
view of a society, to achieve network efficiency considering increasing DG, it
is beneficial that network tariffs reflect the value of DG to the network.

This work is the first half of a five-year PhD project on risk analysis
methods for electric power systems with integrated DG considering the reg-
ulatory impacts. DG, generation installed in distribution systems, has been
encouraged in many countries due to various reasons. The methods for dis-
tribution network expansion planning considering uncertainties from DG are
developed in this work. They are used to analyze the costs and benefits re-
lations between the DSOs, DG developers and consumers under a certain
regulation. The future work will analyze the regulation impact on network
tariffs in electric power systems with integrated DG.

The network planner usually study, plan and design the distribution net-
work 3-5 years and sometimes 10 or more years ahead [79]. The plan is
based on how the system can meet the predicted demand for electricity sup-
ply and on improving the supply to the customers. A rule of thumb process
in distribution network planning has been developed in the reality, however,
it is facing new challenges due to the increasing amount of DG connections.
How the integration of DG will impact capital expenditures for DSOs is not
obvious [82]. The main reason for innovating distribution network planning
methods is that there exist new uncertainties in nowadays network with
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DG. From the DSO’s perspective, new uncertainties from DG are mainly
due to the stochastic production, the connection time and the connection
point. This corresponds to “the right line”, “the right place” and “right time”
respectively. Due to the nature of the generation technology, wind power
production follows the wind speed and PV production follows the radiation
and temperature, which increase the uncertainty of power output compared
with conventional power plants. Moreover, in a deregulated electric power
system, the DSO has limited information on where and when the DG will
apply for connection, which cause another uncertainty for the DSO to make
long-term network planning considering DG.

New network planning models proposed here are for the low-voltage (LV)
network (≤ 1 kV) and the medium-voltage(MV) network (≈ 20 kV) respec-
tively. In the LV network planning models power flow calculation is simpli-
fied. The focus is to obtain the hosting capacity for the existing network
on each node due to deterministic constraints and probabilistic constraints
on voltages. Additionally the models for LV networks are able to identify
the weak node that should be examined for gaining higher hosting capacity
in the existing network. In the MV network planning models, an iterative
mix-integer linear problem is formulated, which takes reinforcement on ex-
isting lines, new paths to connect DG and substation upgrade into account.
Non-linear power flow constraints are solved externally to maintain the mix-
integer optimization model linear.

1.2 Aim and scope of the thesis

The objective of this thesis is to obtain the optimal distribution networks
with DG under certain regulation in the long term. In other words, it aims
to develop methods to assist DSOs to build the right line in the right place.
In order to achieve that, models considering uncertainties from DG in the
network planning have to be developed and the total cost for the DSO needs
to be estimated. Another important issue for optimal network planning with
DG focuses on operational control area, which emphasises the usage of com-
munications and control infrastructure in the power system. This is however
beyond the scope of this thesis. In this work the simplified models are first
developed for the deterministic case, and further extended to consider the un-
certain production and load in the network. Moreover probabilistic voltage
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constraints and dynamic line capacity constraints are applied to the models
to improve the utilization of the network.

It is assumed that the DSOs are obliged to connect all DG units in their
network and are motivated to minimize the related cost in this thesis. In
a LV network, it is assumed that the reinforcement in the network caused
by a DG connection is paid by the DG owner, so the capacity of the new
connection will not be higher than the hosting capacity of that connection
node. Therefore, to obtain the hosting capacity of each node in the focus in
LV network. In a MV network, it is assumed that DSOs know the location
and sizes of the planned DG units and will minimize the cost of expansion
by taking consideration of the DG connection. The expansion plan includes
possible new connection lines for the DG units and the reinforcements in the
existing lines.

This work will later be developed to investigate the economic incentives
different network regulations give the DSO to expand and reinforce the net-
work when a larger share of DG is planned. Also on how to allocate network
costs among grid users in the scenario where local DG may compete with
centralized resources for generating electricity.

1.3 Thesis outline

The key words of this work are DG, network planning, deterministic, probab-
ilistic, uncertainty, linear and regulation. The relations of all the key words
and papers are shown in Table 1.1 and Table 1.1. “C” is short for “conference
paper” and “J” is short for “ journal paper” in the tables and the list below.
As such, this thesis deals with the following:

• Chapter 2 gives the technical background related to DG impacts on
power systems. Different DG technologies are shortly presented.

• Chapter 3 provides a literature review on distribution network planning
considering DG.

• Chapter 4 analyzes the regulation impact on distribution systems with
DG. Different regulations related to DG connections are presented.
The main content is also presented in C.1.
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• Chapter 5 presents a simplified approach to assist PV integration on
deterministic basis (C.2) and probabilistic basis (C.3). The maximum
PV capacity to be connected on a certain bus in the existing network
is obtained.

• Chapter 6 proposes a static long-term planning model for integrat-
ing wind power plants in distribution networks. The model applies
linear optimization programming and it is able to capture the non-
linearity nature of the system. Implementing deterministic constraints
(J.1) and probabilistic constraints in the planning criteria are presented
separately.

• Chapter 7 and Chapter 8 apply the models for LV networks with PV
and MV networks with wind power plants.

• Chapter 9 concludes, and future research areas are proposed.

Table 1.1: Table of papers written within the time scale

simplification of the network voltage level DG type
Nr. of
the pa-
per

active
power (re-
sistance)

reactive
power
(reactance)

medium
voltage
(MV)

low
voltage
(LV)

wind
power

PV
power

C.1 � � � � � �
C.2 � � �
C.3 � � �
J.1 � � � �
J.2 � � �

1.4 Contributions

This thesis is the first phase of a project aiming at analyzing how DG affects
the investment in the electricity network and the consequences of power in-
terruptions. It also aims at investigating the economic incentives different
network regulations give the DSOs to extend the network when a larger share
of DG is in the connection pipeline. The first phase consisted of models for
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Table 1.2: Table of papers written within the time scale (continued)

risk methods physical constraints
Nr. of the paper probabilistic deterministic voltages currents

C.1 � � � �
C.2 � �
C.3 � �
J.1 � � �
J.2 � �

network planning considering DG under certain regulation, and the gener-
ation and load model to consider the production and consumption uncer-
tainties for the dimension purpose. The developed network planning models
have been applied to specific cases of power systems with a large amount of
wind power or PV units. Effects of regulation on network investments are
left as future work for the second phase of the project.

In summary, the contributions of this thesis include:

• A literature review focusing on regulatory impact on distribution net-
work planning considering DG.

• A literature review on distribution network planning methods consid-
ering DG.

• A simplified model for LV network to identify the hosting capacity of
each bus in the existing network.

• A probabilistic model for LV network to increase the utilization of the
existing network while fulfilling probabilistic voltage constraints.

• A mix-integer linear optimization model for MV network expansion
planning. The model considers resistance and reactance of the lines,
possible line updates in the existing network and the possible new paths
for the DG connections.

• A probabilistic model for MV network expansion planning. Uncertain-
ties are considered in the model and voltage constraints are probab-
ilistic.



1.4. CONTRIBUTIONS 7

• Applications of the models.

Papers

The publications completed during the period of this thesis are as follows.

• C.1 Y. Huang, K. Alvehag, L. Söder, “Regulation impact on distri-
bution systems with distributed generation”, European Energy Mar-
ket (EEM), 2012 9th International Conference on the, May 2012. Y.
Huang carried out the work and wrote the paper under the supervision
of K. Alvehag and L. Söder.

• C.2 Y. Huang, E. Hagström, K. Alvehag, A.F.Martinez, Y, He, “ Short-
term network planning of distribution system with photovoltaic”, Elec-
tricity Distribution (CIRED), 22th International Conference on , June
2013. E. Hagström and A.F.Martinez developed the method together
with Y. Huang. E. Hagström and A.F.Martinez carried out the simu-
lation under the supervision of Y. Huang. Y. Huang wrote the paper
together with E. Hagström and A.F.Martinez under the supervision of
K. Alvehag and Y, He.

• C.3 A.F.Martinez, Y. Huang, L. Söder, “Distribution network planning
with a large amount of small scale photovoltaic power” submitted to
APPEEC, 5th IEEE PES Asia-Pacific Power and Energy Engineering
Conference. December 2013. A.F.Martinez and Y. Huang developed
the method together. A.F.Martinez carried out the work under the
supervision of Y. Huang. Y. Huang wrote the paper together with
A.F.Martinez under the supervision of L. Söder.

• J.1 Y. Huang, K. Alvehag, L. Söder, “Distribution network expansion
planning considering wind power” submitted to IEEE Transactions on
Power Systems. Y. Huang carried out the work and wrote the paper
under the supervision of L. Söder.

• J.2 C.J. Wallnerström, Y. Huang, L. Söder, “Investing wind power
integration into power distribution using dynamic line rating” submit-
ted to IEEE Transactions on Smart Grid. C.J. Wallnerström and Y.
Huang developed the method together. C.J. Wallnerström carried out
the simulation, Y. Huang carried out the case study analysis. Y. Huang
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wrote the paper together with C.J. Wallnerström under the supervision
of L. Söder.
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Chapter 2

Distributed generation

This chapter describes the recent development related to distributed genera-
tion, and some short description on impacts of DG on power systems.

The definition of the term distributed generation (DG) has been analyzed
in detail in [2] [72]. In this work, DG is considered as generation connected
to distribution networks. The DG technologies that have big market shares
are wind and solar power generation.

2.1 Wind energy

Wind power becomes more and more popular in the world. In the year 2012,
the worldwide installed wind capacity reached 282.3 GW after 236.8 GW in
2011, 196.9 GW in 2010 and 159.7 GW in 2009 [43]. The increase of wind
power is conspicuous. All wind turbines contributed to more than 3% of the
global electricity demand in 2011 [43]. While the new installed wind capacity
in European Union (EU) reached 11.9 GW during 2012, the market share
for new capacity installed is showed in Fig.2.1.

Most of the wind energy statistics categorize the data into: offshore
wind and onshore wind (or continental distribution). In 2012, the worldwide
offshore wind capacity reached 5, 416 MW (accounted for 1.9% of the total
installed wind capacity) [43], while the offshore accounted for 10% of total
EU wind power installations [10]. It has not been possible to find data of
the amount of wind power installed in distribution networks.

11
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Germany 
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Romania 
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Figure 2.1: EU member state market shares for new wind power capacity
installed during 2012 [10].

2.2 Solar energy

There are two main kinds of solar energy: solar photovoltaic (PV) and con-
centrating solar power (CSP). PV directly converts solar energy into elec-
tricity using a PV cell made of a semiconductor material. And CSP devices
concentrate energy from the sun’s rays to heat a receiver to high tempera-
tures. This heat is transformed first into mechanical energy and then into
electricity. Therefore, it is also called solar thermal electricity (STE) [3].
Solar PV has been more popular than CSP in the world. Only the United
States and Spain have installed significant CSP capacity, about 1 GW and
500 MW respectively. While the cumulative installed capacity of solar PV
reached around 65 GW at the end of 2011 [3].

All over the world 31.1 GW of PV systems were installed in 2012, up
from 30.4 GW in 2011, it is the third most installed renewable energy source
after hydro and wind power [9]. Around 16 GW solar PV, accounted for
the highest percentage (37%) of new installations in 2012, were installed in
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Europe [10]. This makes PV the number-one electricity source in the EU
in terms of newly installed capacity. PV now covers 2.6% of the electricity
demand in Europe [9].

Germany 
46% 

Italy 
21% 

France 
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Figure 2.2: EU member state market shares for new PV capacity installed
during 2012 [10].

2.3 Impact on the distribution network

Potential impacts of integrated distributed generation (DG) are analyzed
from technical and non-technical factors in [17, 30, 56, 65, 71, 72]. From the
technical point of view, DG can reduce the system losses, improve voltage
profile, enhance system reliability etc [27,91]. However, in remote areas, the
variation of voltage can be a problem [19]. More negative impacts on the
system can appear when the production from DG exceeds the correspond-
ing local consumption. Technical improvement of the distribution network
and new operation mechanisms should be developed to prevent the negative
consequences such as the automatic voltage regulation [19, 80]. Moreover,
the distribution systems were not designed for bi-direction current flow, the
protection systems in distribution systems were not designed for accommo-
dating generation. One of the most significant technical impact can be on
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protective equipment [7]. Various protection schemes to cope with protec-
tion issues caused by integrating of DG have been discussed in [27] and [40].

Furthermore, the economic benefits of DG can not be ignored. In [77],
the economic impact of different connection points of DG can be assessed to
quantify the risk for the DSO at each DG integration request. The assess-
ment considers benefits from interruption cost reduction, loss cost reduction,
distribution system use of charge, transmission system use of charge, gen-
eration cost reduction, as well as costs from system service charges due to
operation constraints and energy acquisition cost from DG. However, it can
only be quantified accurately if the deferment is relative to the timing when
the reinforcement costs incurred [92]. Thus a multistage distribution net-
work planning scheme is analyzed in [93] to schedule the implementation of
the optimal reinforcements throughout the planning horizon. The analysis
shows that the deferment of investments and the schedule of reinforcements
are highly sensitive to DG locations. The beneficial impact on deferring the
investment in the system may be diluted because of the “wrong” timing and
location [93]. Furthermore, the assessment of investment deferral due to the
contribution of DG has been addressed in many studies, and results demon-
strated that significant benefits can be harnessed [94]. To conclude, DG can
reduce the distribution investment.

Note that location and technologies of DG affect the benefits from DG
in the system [44,77]. These possible benefits exist under the condition that
DGs are located in the “right” place and the “right” time. However, the power
losses can be reduced significantly if DGs are operated in an optimal way
regardless of the location [48,71,80]. The “wrong” DG location is due to the
mismatch between the location of DG and the node hosting capacity. One
means of tackling this is to enable the DSOs to encourage DG connections at
the locations favored by the existing network, the incentives can be sent by
publishing information to developers, or setting different connection pricing
according to the connection point. This would encounter regulatory barriers
in some countries.

From the environment point of view, DG can reduce carbon dioxide emis-
sions when DG technologies include renewable energy technologies such as
wind and solar power. This can be considered as one of the economic benefits
if there is relevant environment regulation. Moreover, the economic impact
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of multiple connection points of DG is assessed to quantify the risk for DSO
at each DG integration request in [77]. The assessment considers benefits
from interruption cost reduction, losses cost reduction, distribution system
use of charge, transmission system use of charge, generation cost reduction,
as well as costs from system service charges due to operation constraints and
energy acquisition cost from DG. However, the economic benefits of DG can
only be quantified accurately if the deferment is calculated based on the time
the reinforcement costs incurred [92].

Due to different characteristic of DG technologies, integration of different
types can have different impact on the power system. The significant impacts
on planning and operations from integrating PV-DG, as well as mitigation
measures to address these impacts, are discussed in [13]. Wind generation
has placed new challenges on system operation and planning, because of
the “non-dispatchable” nature of wind, the difficulty in forecasting, and the
impossibility of storing it [60]. Wind power integration impacts have been
studied separately too, for example in [39] and [22]. Also due to the different
voltage levels that PV-DG and WP-DG are usually connected to, different
methods are dedicated for them in this work.





Chapter 3

Distribution network planning
in the new era of smart grid

This chapter first identifies different uncertainties in the distribution network
planning process, and then reviews the distribution network planning methods
that consider DG. In the end, it describes the motivation of developing new
methods for distribution network planning in smart grid.

The total installed DG capacity is growing very fast and it is an important
element in smart grid [7]. But there are still some technical, regulatory and
other barriers to integration of DG in electric power systems. This chapter
analyzes the new challenges in distribution network planning due to a large
amount of DG integration.

Two main kinds of challenges related to DG integration in the MV net-
work are identified in the relevant literature. One is how to optimally locate
DG which includes the location and size of DG. There is a consensus in the
relevant literature that optimal location and sizing of DG is essential to max-
imize the benefits of DG avoid unnecessary network reinforcements. This is
applicable in the countries where the electric power system is still vertical
integrated. In that case, DG installation and operation are considered as an
alternative to facilitate system planning for the DSOs. Another identified
challenge is how to optimally integrate DG in the existing system considering
the future DG connections and necessary reinforcement in the existing lines.
This is the interest of DSOs in deregulated electric power systems where the
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penetration level of DG is growing fast. Furthermore, DSOs in fully liber-
alized electricity markets are not allowed to decide the location or size of
the DG units to be connected, and are obliged to provide DG owners with
cost-effective connections. Therefore, there are many uncertainties brought
by DG in the distribution expansion planning.

Concerning small scale DG which is connected to the LV network, the
main focus is on determining the available capacity of each node in the net-
work and evaluating the impact of a connection to the system in the network
planning stage. The available capacity in the electric power system is also
called system hosting capacity, which is the total maximum capacity can
be connected to the system without violating the voltage and thermal con-
straints. In this work, it is more interesting to consider the node hosting
capacity, which is the maximum capacity injected from a node to the system
without violating any voltage and thermal constraint in the system.

3.1 Network planning optimization models

The planning and design of electricity distribution networks are divided into
three ares in [52], they are strategic or long-term planning deals with ma-
jor investments and the main network configurations in the future ; network
planning or design covers individual investments in the near future; and con-
struction design includes the structural design of each network component
taking account of the various material available. Research on distribution
long-term planning before year 2000 has been reviewed in [90], and the sig-
nificant shortcomings of previous research in distribution long-term planning
are summarized as: the planning problems (i) not formulated from a practi-
cal point of view; (ii) ignored or inappropriately applied voltage constraints;
(iii) ignored or incorrectly quantified reliability issue; (iv) missed budgetary
constraints; (v) not properly address the alternatives on routes and conduc-
tor (new and existing) size; (vi) not true multi-stage approach that guaran-
tees global optimality. The coordination of the multi-stage problem is often
attained by so-called forward/backward-path procedure [51, 59, 74].

With the improvement of optimization solvers and the changes in the
distribution network (e.g. more DG in the network), new formulations for
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distribution expansion planning have been developed, and most of the short-
comings have been overcome. But the DG integration is still not properly
addressed in the planning formulation. In [6,91] DG optimal planning meth-
ods are reviewed and compared. The methods in [6,91] are used for optimal
placement of DG systems while takeing uncertainties into account. The re-
views focus on the objective function and algorithm. In [47] network planning
problems considering DG are reviewed. The review focuses on the regula-
tory impact and the optimization formulation. It concludes that most of
the reviewed methods take voltage constraints and alternatives on routes
into account [16,20,41,45,75,87]. Other practical issues like budgetary con-
straints and reliability issues are also commonly included in the planning
formulation [16, 41, 48]. So far in network expansion planning literature DG
is considered as an assisting tool to meet the load growth. However, it is
not always the case in reality that DSOs can plan DG units location nor
capacity [31, 47, 76].

The algorithms used for network planning solutions considering demand
growth but not DG have been reviewed in [47] and [63], the optimization
methods are mainly categorized as mathematical programming methods and
heuristic methods. Mathematical programming finds an optimum solution
by solving a mathematical formulation of the problem. Most used methods
for network planning problem include linear programming, dynamic pro-
gramming, nonlinear programming and mixed integer programming [53]. In
general the mathematical programming methods have a drawback that the
final solution is affected by the initial one due to the use of approxima-
tion [61]. The term “heuristic” is used to describe all those techniques that
go step by step generating, evaluating and selecting alternatives with or with-
out the user’s help [53]. Basic heuristic methods include genetic algorithms
(GA), simulated annealing (SA), expert systems, particle swarm optimiza-
tion (PSO) [63]. Many hybrid approaches have been developed to solve the
network planning problems. Heuristic methods have come to be more and
more popular for solving complex optimization problems in diverse area, be-
cause they highly approximate solutions close to global one within the given
time [62, 63]. In [91] all the optimal planning DG methods are compared.
Generally, on one hand the mathematical programming methods have the
drawback that the final solution is affected by the initial point due to the use
of approximation [61]. On the other hand, the main drawback of heuristic
approaches is that there is no guarantee that an optimum solution can be
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found [45].

The uncertainties from DG pose DSOs with major challenges on what,
where and when to reinforce and expand the system in order to make cost-
efficient connections and taking advantages of connected DG units. This
review focuses on models for distribution network planning considering afore-
mentioned DG uncertainties. Because not much research has been found on
this topic, some distribution network planning models with DG planning and
transmission expansion models are also included. Four aspects: variables,
objective, constraints and planning horizon are reviewed in this section.

3.1.1 Variables

Desired solution variables differ from one another, they can be substation
location, feeder routing and conductor sizing [90]. Generally in the net-
work planning process, the DSO chooses the network structure, equipment
types and disconnector placement to connect DG into the system. In many
recent papers ( [16, 37, 41]) radial structure is set as a goal to ensure. How-
ever, inteconnective and ring network structures are sometimes considered
more economical and reliable than radial network structure [87]. A hybrid
structure proposed in [8] is proved to increase the DG connection. The
differences among network structures are beyond this review. Once the con-
nection structure is decided, equipment such as the transformer type, power
line type and switch gear type, as well as the disconnector placement are
optimized [87]. In [97] equipment consists of substations, transformers, MV
feeders and LV conductors. Furthermore, rewiring and installation of new
feeders [16,37,41], installation of protection devices [16], expansion capacity
of existing substations [37] can also be set as variables.

3.1.2 Objectives

Objective of the planning problem differs among DSOs partly because of reg-
ulation. One way to formulate the objective for DSOs is to minimize the sum
of capital investment cost of equipments, annual operating cost and annual
cost of power losses as in [75,87]. The supply reliability can also be considered
as one part of objective. For instance, the objective function includes outage
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or interruption costs (by applying different indices) in [14, 16, 37, 41, 61, 97].
Due to the discreteness of the cost functions, a discrete optimization method
is applied in [97].

Another way to formulate the objective for DSOs is to maximize the rev-
enue. DG benefits, active power demand reduction from transmission lines
and reliability improvement for DSOs, are included in objective function by
Borges [16] and Khalesi [48]. Because reliability is significantly important,
some research integrated the reliability costs with the fixed and variable
costs in the objective function according to penalty schemes as in [97], and
reliability is measured by the average load curtailment cost in [16], but the
cost of reliability is very hard to estimate. If all reliability requirements
are satisfied, the factor is zero. Otherwise, the factor is set as a very large
number and is added to the objective function to narrow down the search
space. Some research proposed inclusion of reliability as a separate objec-
tive [41, 90]. Meanwhile, some research considers investment, maintenance
and operation costs of DG in the objective function, for example in [48],
which is only the case if DG are owned by DSOs. Thus, how to formulate
the objective function highly depends on the relevant regulation.

The objective of the DSO can be decomposed into several objectives,
and can be solved one by one instead of simultaneously, for example in [14]
where first the substation locations, then the feeder sizes, and in the end the
outage costs are optimized. Another way to treat these several objectives is
to assign a weight to each objective, so the sum of the weighted objectives is
optimized [41]. This approach yields only one solution per single run of the
algorithm. By changing the weight, it can yield the solution that tailors to
the needs of DSOs.

3.1.3 Constraints

Technical requirements exist for guarantee of network security and appro-
priate supply quality, also some other guidelines for the integration of DG
should be followed. Thermal constraints, voltage rise or drop effect and short
circuit currents rise effects are considered as the most relevant constraints
to the long-term network planning with DG [87]. Note that a proper for-
mulation should have a practical interpretation on solution. For instance,
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a substation location can be optimal due to it is in the center of the load
area, but the distance from the nearest transmission corridor is too far to be
practical. One way to solve that is to limit the planning alternative solutions
to a specific candidate set [90]. For instance, the maximum DG penetration
level, the maximum number of new switches and the maximum number of
line rewiring should be considered [16,41]. A set of practical substation loca-
tion is defined as constraints in [90]. Furthermore, the maximum capacities
of the substations and feeders are also necessary to be included [16,41]. As
mentioned before, the network structure is also a variable that the DSO
chooses if there is no relevant regulation. To ensure the chosen network
structure, the restrictions can be included as parts of the constraints in the
optimization like in [37, 41]. Otherwise, it can be reflected in load flow cal-
culation as in [75]. Instead of adding reliability into objective functions, it
can be included as constraints and taking uncertainties into consideration.

Timing can be an issue not only because the DG connections applications
are sequential, but also the time to execute a project can be limited by
regulation. The time it takes to execute reinforcement projects in the grid
may not match the legal time to make a grid connection for a DG unit [27].
For example, a large number of DG connection may cause the reinforcements,
upgrading of existing substations as well as building new substations. The
DG production may cause congestion in the upstream grid also, the TSO
has to reinforce the gird before the connection. An overview of the average
project time for various parties in the Netherlands is shown in Fig. 3.1.
Combined heat and power (CHP) plants account for the largest installed
DG capacity in the Netherlands, therefore CHP connection is demonstrated.
No research has included this issue in distribution network planning so far.

3.1.4 Planning horizon

Long-term network planning can be classified as static or dynamic according
the treatment of timing of the solutions. In static planning, the goal is to
find out the final configuration of an optimal network without much interest
in determining when the installation and reinforcement should be done. On
the other hand, in dynamic planning an optimal planning strategy along the
whole planning period is the focus, which represents the nature course of
progression with more challenges to formulate [90]. On distribution level,
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Figure 3.1: Planning period of grid reinforcement of the DSO and the TSO
as well as the legal period for connection [27]

most of the dynamic planning models are used to timely meet the growth of
demand, very few publications have addressed the DG connection problem
by using a dynamic approach [88,90]. Dynamic distribution planning models
using classical mathematical programming algorithms have been reviewed by
Temraz [88] and Vaziri [90]. On transmission level, the dynamic models are
in an underdeveloped status and they have excessive limitations concerning
the system size [53].

Static

How to find the ultimate optimal solution is the goal for static models.
So far many papers found focus on developing methods for static planning
model [41,91]. For example, a long-term distribution planning model taking
stochastic output of DG is proposed by Tao [87]. It is a two-stage heuris-
tic method that combines two search methods to find the global optimum
fast. Firstly, a Large Neighborhood Search uses stochastic algorithm is intro-
duced to explore a large solution space. Secondly, the Guided Local Search is
applied to find the global optimum due to its higher speed than other meta-
heuristic algorithms. This method can be used to find the target network
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with all the possible DG connections. An efficient multi-objective heuristic
method for distribution network planning is proposed by Mori [62] to de-
crease the computational time. However, as mentioned in [87] there still no
work on the planning of distribution networks given that the size and the
location of DG units are not decided by DSOs.

Dynamic

Algorithms based on pseudo-dynamic programming theory are proposed
in [37] and [16] as the solution tools to plan the distribution system with
DG dynamically. First the optimal set of investments at the end of the plan-
ning period is determined by Genetic Algorithm (GA), then uncertainties
from power generated by DG and demand are included in a three-stage or
four-stage planning. GA is known to be very good at finding good global so-
lutions but not so efficient in determining the absolute optimum, which leads
to many GA hybrid approaches [91]. [37] combines optimal power flow (OPF)
into the planning optimization model, while in the model in [16] the power
flow is not optimal, the calculation of multiple stages is done backward and
forward until the solutions converge. Classical mathematical programming
used in [45] also capture the load and DG production growth in different
stages. However, DG location and capacities in these papers are used as de-
cision variables decided by the DSOs. Either the dynamic approaches used
DG as a variables, nor the dynamic approaches does not take DG into con-
sideration [51,59], which are not practical in nowadays distribution network
planning formulation.

3.2 Background on network planning model
considering probabilistic constraints

A lot of studies on distribution network planning considering generation un-
certainties from wind power in a liberalized power industry have been done.
However most of them are deterministic methods. Those methods require
that the constraints should be satisfied with probability 100% in all scenar-
ios (or only the pre-defined worst scenario), which is called stiff constraints
in this thesis. Wind power brings more intermittent production to the sys-
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tem, and to cope with this, some degree of violations of constraints could
be tolerated in the planning stage. Therefore, it is reasonable to demand
constraint satisfaction with some level of probability, which is called probab-
ilistic constraints in this paper. This calls for the use of chance constrained
optimization (CCOPT) in the distribution network planning model.

The major application areas of CCOPT and solution approaches are re-
viewed in [42]. It introduces the state-of-the-art in chance constrained non-
linear optimization problems. It concludes that evaluation of chance con-
straints becomes difficult when process models are nonlinear. A few publica-
tions have been found to apply CCOPT in electric power systems. Chance
constrained programming (CCP) has been applied in transmission system
expansion planning [95, 96]. The optimization problem using Monte Carlo
simulation combined with genetic algorithm to solve the CCOPT. Only a
few studies have considered the probabilistic power flow in analyzing host-
ing capacity and the impact from DG integration, e.g. [69], [77] and [78].
Furthermore, a few studies have considered the probabilistic voltage viola-
tion constraints in locating DG. Reference [5] formulates a multi-objective
analysis of the optimal integration of wind turbines considering probabilistic
voltage constraints. The analysis determines the optimal number of wind
turbines to connect to the network and the optimal location of each of them.

However, to the author’s best knowledge, CCOPT has not been applied
in distribution network planning considering DG in a deregulated distribu-
tion system. Due to the deregulated rules, DSOs cannot invest in generation
facilities. The model proposed in this paper formulates a chance constrained
mix-integer optimization problem for distribution expansion planning. The
new distribution network expansion planning model takes stochastic DG
production and load profiles into consideration. It is expressed as a sin-
gle objective stochastic optimization problem that minimizes the network
cost while satisfying the probabilistic nodal voltage violation constraint, the
power capacity of distribution substations and feeders, the conditions on the
radial networks etc.
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3.3 Conclusions from the review on network
planning methods

This chapter concludes that network planning methods are highly dependent
on the real needs of the DSOs, which are affected by regulation. DG place-
ment can be used as an alternative tool for DSOs in some countries while DG
connections are large uncertain factors for some DSOs. So different variables
and objectives are chosen in the optimization problem, furthermore, differ-
ent uncertainties are considered. Constraints for network planning problems
also differ from one to another due to different operation standards that
are stated in the regulation. It also concludes that many algorithms have
been developed to solve the network planning problems depending on which
problem that are of the DSOs’ interest. Since the problems are formulated
in different ways, it is hard to compare the algorithms in order to find out
the best one.

The models proposed in this thesis are able to obtain the optimal net-
work given that DG placements can not be decided by DSOs. The models
can be used to find the target network with all the possible DG connections
in the long term planning. It applies mixed integer programming method
with physical and practical constraints in network planning. It is able to
consider the voltage and thermal constraints, the alternatives on routes and
conductor sizes. It is also capable to consider probabilistic constraints if the
constraint violation is allowed in extreme conditions.

The models can be applied in the countries where the electric power sys-
tems are deregulated. For example, in Sweden Electricity Act specifies that a
DSO who has received an application for connection of a generation facility
shall specify a schedule for processing the application. All producers in-
cluding those produce renewable electricity, are guarantied an unconditional
right to enter the electricity network and have production transferred to the
electricity grid. Therefore, DG placements can not be used by DSOs in the
network’s favor. When and where the DG will connect are most concerned
uncertainties for DSOs. This work develops a distribution network planning
model for MV network based on Swedish regulation, which is flexible to mod-
ify the constraints and objectives to test other regulations. It also develops
a simulation model to obtain the node hosting capacity in LV network. Both
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models are applied in deterministic limits first and then improved to consider
probabilistic limits.





Chapter 4

Regulation impact on
distribution systems with
distributed generation

This chapter describes the role network regulation plays in the power systems
with distributed generation. The concerned regulation contains the DSOs’
revenue regulation, tariff regulation, DG incentive regulation and perfor-
mance regulation. The impact of regulation for distributed generation on
network efficiency is also addressed.

In Europe, it is recommended that when planning the distribution net-
work, DG that might replace the need to upgrade electricity capacity shall
be considered by the DSO, according to the Article 14/7 of the Directive
2003/54/EC [93]. The regulatory barriers were principally posed by the tar-
iff structures applicable to customers who add DG facilities [7]. How to
evaluate the DG benefits and costs for different system players (the DSO,
DG owners and the society) largely depends on regulation.

Since several stake holders are involved in DG integration, the DG devel-
opers, the DSO and the regulator, the optimal integration of DG has several
points of view. A multi-objective planning model that analyzes technical
and economic impacts of DG integration can help to reflect the different
perspectives on this problem and to identify efficient incentive regulation
that benefit the society. Objective functions relevant to each system player
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are calculated in different regulatory environments in [6] [41] [57] [73] in or-
der to assess how the system players can influence the DG integration.

The regulation specifies how capital expenditures (CAPEX) and opera-
tional expenditures (OPEX) are treated. Regulations relevant for DG imple-
mentation are categories into three areas: revenue regulation, network tariff
regulation, DG incentive regulation and performance regulation. These reg-
ulations can impact significantly on the DSOs’ revenues, DG owners’ cost,
on the efficiency of DG integration process and efficiency of the network.

4.1 Revenue regulation impact on DG integration

DSOs are natural monopolies, so their revenues have be to regulated. Tradi-
tionally, the revenue of the DSO is based on rate-of-return scheme, where a
predefined rate of return on the capital investment is guaranteed and other
operational costs are passed through. There is then no incentive for the
DSO to minimize the costs. To improve the efficiency of DG integration,
traditional revenue regulation model is not suited anymore, one solution is
to provide extra benefits for DSOs to perform that, which is often referred to
as incentive regulation. There are several recommended ways in [12] [28] [40]
to design the required revenue for DSOs in order to encourage them to con-
nect more distributed energy resources (DERs). DG integration is part of
DER integration. Other DERs can be distributed energy storage and electric
vehicle. In general, there are two ways to send out the incentives. One way
is to add an additional component to the regular revenue regulation formula,
which is presented in (4.1). The component can be one of three elements:
a percentage of the total DER connection cost, an average reward for con-
nected DER capacity or an average reward for DER generation. It should
be noted that in some cases, the additional component can be a combination
of those three elements. Therefore, DSO is incentivized to increase their
revenue by connect more DER and reduce the connection cost. Another
way to do that is using the sliding scale method presented in (4.2) to avoid
information asymmetry [12].
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Rt = Rt−1 ∗ adjustment factor +⎧⎪⎪⎨
⎪⎪⎩
α·eDER α : (%),

β · PDER β : (e/kW ),

γ ·GDER γ : (e/MWh).

(4.1)

R = b ∗ revenue cap + (1− b) ∗ cost (4.2)

where Rt represents the revenue in year t, adjustment factor is usually set by
the regulators according to the economic indexes, eDER represents the the
DER connection cost, PDER represents the total installed capacity of DER,
and GDER represents the generation from DERs.

Other methods have also been used to improve the revenue regulation
framework. Yardstick competition is an incentive regulation where the DSO’s
allowed expenses depend on the average of all DSOs in a year. It is more
competitive than revenue cap regulation [89]. Furthermore, reference net-
work models (RNMs) are applied in Spain and Chile and has been used in
Sweden. RNMs are used to estimate distribution network cost assuming that
the network is planned and operated in the optimal way. In the absence of
the sufficient information on actual cases of distribution network costs in
different levels of DG penetration, RNMs are complex to develop and apply,
and are still a subject of research [82]. “RIIO” model used in the UK is
another alternative. RIIO stands for setting Revenue using Incentives to de-
liver Innovation and Outputs. This model aims at incorporating investment
incentives by relying on an output-based approach. Therefore, it bypasses
the complex estimating process. It sets the outputs that the DSOs need to
deliver to their customers, and the associated revenues they are allowed to
collect for a regulatory period [67].

According to regulation, in most European countries, DG owners always
have the right to request grid connections. The allowed revenue will be
collected via distribution network tariffs. The tariff structure will have an
important impact on the integration process. Moreover, the tariff system is
one of the most effective mechanisms for DSOs to optimize DG integration
in the network [19].



32
CHAPTER 4. REGULATION IMPACT ON DISTRIBUTION SYSTEMS

WITH DISTRIBUTED GENERATION

4.2 Network tariff regulation impact on DG
integration

Network tariffs typically involve connection charges and use of system (UoS)
charges. Connection charges cover the capital investment for the connection,
partially or entirely depending on the regulation. UoS charges cover the oper-
ating expenses, may contain fixed-, energy-related as well as capacity-related
elements [82]. In addition to these two charges for DG owners, taxes and
levies can be added to the final bill. An efficient tariff design is essential to
promote DSOs to connect DG units and to encourage developers to invest
on DG units.

There are theoretically three ways to design the connection charges: shal-
low, deep and mixed method. Shallow charging refers to cases where the
DER operators simply pay for the cost of the equipment to make the physi-
cal connection to the grid at the chosen connection voltage [49]. It is recom-
mended in [81] that shallow connection charges can provide efficient long-
term incentives and localized incentives should be reflected through those
charges. However, it should be mentioned that it is not only the charges
that influence the localization of a DER unit; there are many other local
factors that are affecting the choice of location. Deep charging relates to the
cases where DER operators bear the full cost of connection and network up-
grades elsewhere in the distribution network [28]. But the connection costs
can be prohibitive due to the possibility of discrimination to DERs and
the upstream network may involve transmission lines [49]. A recommended
mixed charging method is that the DER owner bears the cost of the physical
connection to the grid plus a share of upstream network reinforcement costs,
where the share is derived from new power capacity relative to the capacity
of local grid network following reinforcement [49]. This method also provides
location signals to generators in some sense.

In most countries DG does not pay UoS charges, since the tariff system
was exclusively designed for pure consuming customers [82]. Traditionally,
the UoS was the socialised network cost among all consumers. The RNM
is one way to evaluate the cost of DG, caused by the location and instant
production. Another method for UoS charges found in the literature is based
on marginal investment pricing [36]. The price depends on the usage of the
network and the time. The UoS charges are positive if the production “con-
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tributes” to the peak flow, otherwise are negative if the production reduces
the critical flow. And the charge is proportional to the usage of the feeder.
This way of charging stimulates the consumption during the low load period
and discourages the consumption during the peak load period. Very little
innovation has been made by regulation in designing efficient UoS regarding
DG users in the network, despite of the fact that DG has been present in
many distribution network for a long time already [82]. One reason can be
that the “equality” principle in regulation, the tariff should be the same on
the same voltage level regardless of the connection points. Another reason
could be that the tradition manners in distribution network, most of the
operational costs are socialized by the consumers and producers only pay
for the connection fee. However how to separate the cost while keeping the
“equality” principle is a challenge for the DSO and regulation when more and
more producers in the distribution network.

4.3 Efficiency of DG connection process

Another issue related to regulation is the efficiency of DG connection pro-
cess. In some countries, there exists a time limitation for DSOs to provide
connections to DG. For example, in the Netherlands, the DSO is required to
provide a connection within 18 weeks upon client’s request [27]. However,
the time that takes to execute projects in reality usually is not comparable
with this legal time period. It is necessary for the DSO to take the future
connections of DG in the grid into consideration while making the network
expansion and reinforcement plan. The connection obligation also influences
the efficiency of the DG connection. If a DG unit is located in an area where
is accessible to several DSOs, how to create a competitive environment for
the DSOs to faster the connection can also be handled by regulation.

4.4 Efficient network with large share of DERs

One of the tasks of energy regulation is to ensure that the electric power
system is operated in an efficient way. From the system’s perspective, DER
behavior should follow market demand to increase the efficiency of the whole
system. UoS tariff can be designed on marginal investment pricing princi-
ple in order to incentivize DERs to behave in that way, which implies that
the remuneration of DER depends on the real-time electricity supply and
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demand [81]. It is also very important to keep in mind that UoS tariffs
must be consistent with the whole regulatory framework in each case [26].
For example, if the connection charge method already considers the location
signal, UoS tariff design does not have to consider it again; and that there
is no need for DER to pay UoS tariffs while using a deep connection charg-
ing method. The interaction with the support mechanisms should also be
taken into account. There are many details that should be considered to
properly design distribution UoS tariffs, such as different voltage levels, level
of penetration, areas of distribution, metering devices capabilities, planning
criteria and quality of service requirements [26]. The regulation should also
consider the future development of the system, measure the efficiency of the
developing system, and define some new performance indicators [35]. In or-
der to motivate the DSOs to efficiently plan the grid and improve power
quality as well, regulation impact on long-term network expansion planning
is important to be analyzed.

Generation curtailment is used in the case of network flow congestions
or severe voltage rises. Curtailment will directly reduce the revenues of the
curtailed generator. In some countries, e.g. Italy, Spain, Ireland, curtailment
management is with the TSO and the respective DSOs have to ask the
TSO to constrain DG. There are different approaches in different countries
regarding a potential curtailment of DG [66]. In the UK, a curtailment
instruction are set out in a DG connection contract between the DSO and the
DG owner. DG units are compensated if the curtailment is subject to TSO
constraints [66]. In Germany, flexibility obligations are implemented. The
PV owners (>30 kW) can choose between installing a device that allowing
for feed-in reduction by the DSO and reducing the feed-in power to 70%
of the nominal power. However the curtailment units will be compensated
with 95% of lost income in case of congestion in the distribution system [66].
Whether the curtailment is allowed or not, the dimension criteria will be
different. Therefore, the network expansion planning methods also need to
take this into consideration.
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Chapter 5

Deterministic and probabilistic
approach for PV integration

This chapter describes the linear approach to integrate PV. The aim of the
methods is to assist DSOs assessing the capacity of each bus for connecting
more photovoltaic power in a low voltage distribution network. The meth-
ods are developed under deterministic voltage limits and probabilistic voltage
limits.

The amount of power that a solar panel can produce strongly depends on
the location of the sun and on the amount of clouds in the sky. The power
production is predictable, but there is limited experience on prediction for
it. Many researchers have focused on applying stochastic simulation on PV
production and load flow, for example in [23] [68]. Some researchers have
focused on modelling PV generation, for example in [70] [86]. Those results
are very important to understand the impact on the network of PV integra-
tion. Analyzing the hosting capacity of the whole network has been studied
a lot , however, none has been found on analyzing the hosting capacity for
each bus in the network with a large amount of small scale PV integration.
The guideline for connecting one PV unit into the grid has been found in
a Swedish handbook [34], this chapter will develop a model for more PV
connections in LV network.

Small-scale PV units are usually installed in the LV network (< 1 kV),
which is used to be planned according to practical experience. In the LV
distribution network where the number of the PV installation is increasing,
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the DSOs are seeking for safe and simple guidelines to integrate PV. Due to
the lack of knowledge on PV production prediction, the guidelines for PV
connection are preferred to be based on “worst-case” scenario, which ensures
the voltage constraints are not violated even when the highest production
meets lowest consumption. Only voltage constraints are considered in this
paper since it has been identified as the most relevant issue in [24] and [25].

The penetration of renewable energy is encouraged by the energy policy
in many countries such as Sweden and Italy; moreover, the new installed
renewable energy from DG is increasing, for example PV DG. The DSOs are
responsible for planning and operation of their networks while fulfilling the
quality regulation and the revenue regulation. In some distribution networks,
the small scale PV owners do not pay for the connection. A higher PV
DG penetration in the near future is foreseen by many DSOs, so it becomes
important to develop simple and safe planning guidelines to connect PV DG.
The planning guidelines developed here focus on how to assess the capability
of connecting more capacity on each node.

5.1 Model for low voltage network

The conventional line model and network model for LV network are presented
first. Then the developed planning models using deterministic voltage limits
and probabilistic voltage limits are introduced.

5.1.1 Line model

Lines connecting two buses of a LV network are usually shorter than 80 km
long. A short line equivalent representation can be used. Figure 5.1a rep-
resents the short line equivalent used for further calculations. This simple
equivalent is based on a series impedance denoted as Z in Fig. 5.1a. The
series impedance consists of a resistance R and a reactance X, which repre-
sent the resistive and inductive component of the line connecting both buses
respectively. The voltage difference between two buses can be obtained in
per unit (p.u) based on Kirchoff’s second law:

V2 = V1 + (R + jX) · I (5.1)

At LV, the phase shift δ between voltages is very low. Consequently
the voltage difference between node 1 and node 2 is approximated by the
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Figure 5.1: Diagrams of an electric circuit

difference between the projections of both voltages over the horizontal line,
as shown in Fig. 5.1b.

V2 − V1 = R · |I cosϕ|+X · |I sinϕ|

I = (
S2

V2

)∗ ≈ P2 − j ·Q2

V2

The voltage difference represents the voltage increase on node 2 compared
to voltage on node 2 in the open circuit:

ΔV2 = V2 − V1 =
R · P2 +X ·Q2

V2
(5.2)

5.1.2 LV network model

The superposition principle is applied to expand the line model to a network
model. Without losing any generality, a four node radial LV network is
presented as an example.

The voltage difference between bus 3 and bus 1:

V3 − V1 =
(R12 +R23) · P3 + (X12 +X23) ·Q3

V3
(5.3)

Assume there is no load in the network, and bus 1 is the slack bus (V3 =
1p.u.). The voltage increase on bus 3 caused by a power injection can be
represented as ΔV3 = V3 − 1, (5.3) can be represented as:

ΔV3 =
(R12 +R23) · P3 + (X12 +X23) ·Q3

ΔV3 + 1
(5.4)
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Figure 5.2: Single power injection in a bus of a radial LV network

A new variable ΔW is introduced to present the Impact of Squared Volt-
age (ISV) from a power injection at any bus in the network. Squared in the
sense that the unit of this index is Volt square. The ISV from bus 3 on bus
3 and bus 4 are:

ΔW 3
3 = ΔV3 · 1 + (ΔV3)

2 = (R12 +R23) · P3 + (X12 +X23) ·Q3 (5.5)

ΔW 3
4 = R12 · P3 +X12 ·Q3 (5.6)

5.2 Deterministic PV connection planning

For any two buses in a radial LV network:

ΔW i
t = Ri,t · Pi +Xi,t ·Qi (5.7)

where ΔW i
t denotes the ISV at bus t due to the power injected to bus

i. The variables R(i, t) and X(i, t) represent the resistance and reactance of
the common line of bus i path and bus t path respectively. Path is used to
describe the line between a bus and the slack bus in this paper. Pi and Qi re-
fer to the active and reactive power injected to bus i respectively. Note that
the variable Pi can also represent the difference between the active power
Pgi generated and the active load Pli demanded in the given bus i. The
same applies to Qi. Therefore, at net demand, the injection is negative.

Any new connection affects the bus voltage at all buses in the network
since no voltage control is assumed. The ISV of each bus contains the impacts
from all power injections in the network on that bus, as

∑
i ΔW i

t in (5.8).
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Therefore, the capacity of squared voltage variation on bus k limited by bus
t is given by:

ΔW k
t = ΔWlim(t)−

∑
i

ΔW i
t (5.8)

where ΔWlim(t) denotes the limit of ISV on bus t. ΔW k
t shows the maximum

ISV allowed on bus t for the new connection on bus k. t ∈ Ωm, i ∈ Ωn, Ωm

represents a set containing all buses in the network; while Ωn represents a
set containing only the buses where the power injection is not zero but bus
k.

Combining (5.7) and (5.8), the hosting capacity of bus k limited by bus
t can be calculated by:

Pk(t) =
(ΔWlim(t)−Qk ·X(k, t) −∑

i[Pi · R(i, t) +Qi ·X(i, t)])

R(k, t)
(5.9)

where bus k denotes the connection bus of a new PV unit. Pk(t) denotes the
hosting capacity of bus k limited by the voltage variation on bus t. Each bus
has a certain capacity of ISV left, ΔW k

t , for the new connection. Moreover,
the location of the new connection represented in R(k, t) and X(k, t) affects
the hosting capacity. Therefore, it is not enough to calculate the hosting
capacity of a bus just based on the lowest ISV capacity (ΔW k

t in (5.8)). It
is necessary to assume each bus as the limiting bus to calculate Pk(t). The
minimum among all the Pk(t) values is the permissible new power injection
in the existing network. The bus that causes the minimum Pk is referred to
as the weak bus (Busw), which limits the hosting capacity of bus k.

5.3 Probabilistic PV connection planning

DG are allowed to be connected as long as their full output capacity can be
safely absorbed by the network as otherwise costly network reinforcement
would be incurred. This is often seen as overly restrictive as it is rarely that
the full-load connection capacity is being utilized due to inherently variable
profile of renewable generation (wind or solar). This would lead to unnec-
essary reinforcement because of the overestimation of the DG production.
Moreover, the voltage constraints in the usual network planning methods are
required to be satisfied with 100% probability. In the reality, the voltages
can be outside the constraints for a short time, which is often ignored in the
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DG integration process. This would further more lead to unnecessary rein-
forcement because of the underestimate of the network capacity. Therefore,
a probabilistic methodology is needed to provide reliable voltage evaluations.

This chapter develops a probabilistic method to assist DSOs to assess the
hosting capacity of each bus in the network. The outputs of the methods
are not only hosting capacity but also the weak bus that limits this capacity.
It takes the stochastic behavior of load and PV into account and applies
probabilistic planning criteria.

5.3.1 Uncertainties from PV and load

Different models can be used to represent the uncertainty of load variation
and solar radiation. One of them is to describe the uncertainty in terms
of a probabilistic density function (PDF) [23]. The Normal distribution is
widely used to describe the load variation at a bus in a DN. For instance,
in [23], [46], [76], and [85], the load is considered as a normally distributed
random variable within each hour.

Moreover, loads can be categorized into groups. A customer group can
be constructed by summing the similar individual customer load curves sta-
tistically. The seasonal and daily behavior of the load demand due to human
work and rest habits is shown in [21], which are presented in terms of mean
value and standard deviation.

The power output of a PV panel is proportional to the irradiance on
a surface with a given inclination [50]. Two different approaches to model
a PV panel production are applied in [29]: the k-means clustering and the
normal density probability function. When applying the normal distribution,
deviations of the daily energy capacity of the PV panel is between 9% and
13%. More detailed PV generation models are also found. A model based
on the inclination, declination, reflectance of the ground, the latitude, etc.
is presented in [23]. In [98] solar radiation in a time step is assumed to
be dependent on the beam radiation, the diffuse radiation, the slope of the
PV surface, the ground reflectance, the anisotropy and the cloudiness. In
addition, the unavailability of the PV units is considered in [58].
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Table 5.1: EN 50160: probabilistic voltage limits

Parameter Acceptable measurement Monitoring Acceptance
limits interval period

Slow voltage rated voltage 10 minutes 1 week 95%
magnitude variation ±10%

5.3.2 Probabilistic voltage limits

The quality of the voltage is the most relevant issue in LV network plan-
ning [23]. The European standard EN 50160 [83] regulates the voltage char-
acteristics in public distribution systems. According to the standard EN
50160, the supply voltage should stay within the range of 10% of the nom-
inal voltage during 95% of each period of one week, when measuring 10
minutes root meant square (rms) values. This restriction is presented in
Table 5.1.

5.3.3 Probabilistic approach

The proposed method requires probabilistic inputs from load and PV pro-
duction in order to apply a probabilistic voltage limit in determining the
hosting capacity of a bus. The linear model for LV network developed in
Section 5.2 is further applied in the probabilistic voltage limits. The hosting
capacity is further scaled to the peak power of a PV unit. This is logical
because the PV panels in the market are mostly described by their peak
capacities.

The production scaling factor (PSF) is used in this step. The PSF of
a PV unit during one hour is defined as the ratio between the mean PV
production and the peak production of the PV unit. It is assumed to be
known during any hour at a certain location. The maximum hosting peak
power of the new PV unit (P̂k) is converted from the hosting capacity of bus
k Pnewk. PSF is zero when there is no sunlight, therefore:

a If PSF = 0, then P̂k = 0

b If PSF �= 0, then P̂k = Pnewk
PSF

The proposed method is able to obtain the hosting peak power of a PV
unit in a LV distribution network, as well as the weak bus that limits the
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connection according to probabilistic voltage limits. The European standard
EN 50160 is used as an example to assist explanation, but the method is not
limited to only apply this standard. Fig. 5.3 shows a flowchart of the pro-
posed method.

One of the most important step is to select the maximum power of the
new PV unit in each week by identifying a bus, in which the number of volt-
age violations first reaches 8 hours (5% of a week), according to EN 50160.
Hourly allowed maximum power injections in a week are ordered from min-
imum to maximum. Then, being the first implies being more likely to cause
over-voltage problems with the lowest values of peak power installed by the
PV unit.

For each specific period of a year (s = 1, , S), a total number of weeks
(j = 1, , J) are solved on an hourly (h = 1, ,H) basis following the next
steps:

1) Create an hourly scenario. Load consumption (Pls,j,hi ) and generation
(Pgs,j,hi ) of existing PV units at bus i are randomized corresponding to
hourly PDFs respectively. (Box A in Fig. 5.3)

2) Analyze the power flow by the proposed linear process in Section 5.2.
The hosting capacity of bus k during this hour (Pnews,j,h

k ) is calculated,
as well as the limiting bus (bus w : Buss,j,hw ) by 5.9. (Box B in Fig. 5.3)

3) Scale the hosting capacity to the hosting peak power of a PV unit using
PSF. (Box C in Fig. 5.3)

4) Repeat Steps 1) to 3) until the counter h equals the value H (H = 168
according to EN 50160).

5) Repeat Step 4) until the counter j equals the value J .

6) Select the maximum peak power of the new PV unit for each week and
corresponding weak bus in each scenario (P̂ s,j

k ,Buss,jw ). (Box D in Fig. 5.3)

7) Repeat Steps 1) to 6) a total of S times, i.e. a whole year is considered.
By convergence of all values obtained in step 6) for each period s, the
power limit of the new PV unit (P̂ s

k ) is obtained. The minimum value
among them is the peak power of the new PV unit that can be hosted on
bus k, P̂ V k = min(P̂ s

k ).
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Figure 5.3: Flowchart of the probabilistic approach for PV integration
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5.3.4 Validation of the proposed planning method

Newton Raphson power flow is used in the validation simulation, instead of
the linear power flow analysis. Since Newton Raphson power flow requires
power injections as input, the hosting capacity of a bus is calculated by an
iterative simulation. The peak power of the new PV is increased step by
step until the probability of the voltage violation limit is violated. This
probability is represented by the maximum number of hours the voltage
violation is allowed (Hlim). The result obtained by the proposed method is
the start value of this iterative simulation. A probabilistic load flow with
Monte Carlo simulation permits to analyze all possible operation scenarios
and it provides the reference results for the above approaches. It follows the
next steps:

1) Create an hourly scenario. Load consumption (Pls,j,hi ) and generation
(Pgs,j,hi ) of existing PV units are sampled following their corresponding
hourly PDFs. The production of the new PV unit on bus c is also sampled
based on its assumed peak power (Pnews,j,h

c ).

2) Analyze the load flow in the network using the Newton-Raphson algo-
rithm. The voltage at every bus is obtained (V s,j,h

i ).

3) Count the number of voltage violations. The voltage level of every bus is
compared to the voltage limit Vmax. If it is over the limit, counter NBs,j

i

adds one.

4) Repeat steps 1) to 3) until the counter h reaches the value H. The variable
NBs,j

i represents the total number of hours a bus i breaks its over-voltage
limit during a week j of the periods.

5) Repeat step 4) until the counter j equals the value J .

Steps 1) to 5) are then repeated a total of S times, i.e. for all periods in
a year. Variable NBs,j

i is obtained for every season s and every simulated
week j for each bus i. By convergence of all values obtained for each bus i
during each period s, the average number of hours each bus i breaks during a
week of each season s is obtained (NBs

i ). The weak bus is the one breaking
the maximum number of hours during a week:NBweek = max(NBs

i ).

In the end if NBweek is below the value Hlimit, the peak power of the
new PV unit is increased by a defined iterative step Δ and the complete
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process is repeated again. Otherwise, if NBweek is larger than Hlimit, the
iterative process stops. Finally, the peak power that can be installed by the
new PV unit corresponds to the value employed in the iteration previous to
the latest one. The bus limiting the connection is also obtained.
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Figure 5.4: Flowchart of the probabilistic approach for PV integration
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Chapter 6

Static approach of integrating
wind power plants

A novel optimization model for radial network expansion planning, including
distributed generation (DG) is proposed. In the model the distributed gen-
eration units are not planned by system operators. The method is static in
the planning horizon, which means the methods dimension and determine the
routes of the connection lines for the wind power and possible line upgrading
in the existing network for the end of the planning period.

More distributed wind power is expected to be connected to the distribution
network and is considered to have the potential of improving system integrity,
reliability and efficiency [64]. How to optimally integrate DG, e.g. distributed
wind power plants, in the current network is a common challenge for the
DSOs in countries with a high DG penetration level or high potential increase
in the DG penetration level. Building optimal connection lines for DG units
in the planning stage is the first step to integrate DG optimally in the system.

The new method developed in this chapter for radial distribution network
expansion planning is applicable for the cases that the DG units are not
planned by the DSOs; however, the DSOs know the connection time and
the location of DG beforehand. The optimum solution is obtained through
the use of mathematical programming methods for the final status of the
network planning period, which is referred to as static planning in this thesis.
Furthermore, voltage constraints and alternatives on routes of additional
branches and conductor sizes of existing branches are considered.
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The proposed model is employed to obtain the decisions for new wind
power plant connections and reinforcements in the existing distribution net-
work. First the common formulation of the optimization model for distribu-
tion network planning considering deterministic voltage limits and probab-
ilistic voltage limits is presented. Second the different parts in the optimiza-
tion process are presented. Then the iterative process which is independent
of the voltage limits formulation is explained.

6.1 Network planning formulation

The optimization problem is formulated as a two-stage single objective mix-
integer problem from a DSO’s point of view. It aims to obtain the optimal
long-term network expansion and reinforcement plan considering new wind
power DG units for all scenarios of production and load. It is assumed that
the regulation sends out incentives for DSOs to minimize the costs while
guaranteeing technical requirements, and that DSOs can not own DG units
but are obliged to connect them. This is, e.g., the case in Sweden, Italy
and many countries where energy market is deregulated [47]. Thermal con-
straints, voltage rise or drop effects and short circuit currents rise effects are
considered as the most relevant constraints to the long-term network plan-
ning with DG [87]. In this thesis, thermal constrains and voltage rise limits
are considered relevant for long-term network planning and load curtailment
is assumed not allowed. In this model it is also assumed that the location
and connection time of DG are known beforehand. Moreover, DG units are
assumed to be connected at the same time, and several possible connection
routes are predefined. Network expansion decisions, which reveal the opti-
mal new DG connection routes, optimal conductors of the connection lines
and reinforcement in the existing network, are represented by integer vari-
ables. These variables are stage-one variables since they do not vary with
the scenarios. Voltages and currents in each scenario are stage-two variables
because they vary with generation and load profiles.

It is assumed that DG units are connected at the same time, and sev-
eral possible connection routes are predefined. The network is divided into
three different parts: replacement branches (R), fixed network (F ), additional
branches (K). This classification is useful to define different logical con-
straints in order to narrow down the searching area. Replacement branches
is the part of the network that would require reinforcement in the existing
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network. Fixed network is the remaining part of the existing network. Ad-
ditional branches is the part of new connections in the network. For the
replacement branches and additional branches, there are several predefined
alternative conductors to choose from (AL). The decision on the alterna-
tives are represented by D. The paper extends the linear model used in [45].
In the model presented in [45] the capacities of DG are decided in favor of
the DSO and reactive power impact on voltage are neglected. However, the
model developed here decreases the dependency between the optimal solu-
tion and the initial point in mathematical programming and more accurate
results on voltage and currents are obtained.

6.1.1 Objective function in network planning model

The total cost of the DSO considered in this paper contains the cost of build-
ing new connection lines, replacing existing lines, the operational costs of the
whole network and the purchase of power from the upstream grid. It is as-
sumed that the operational cost of a line is proportional to the real part of
the current on that line. This assumption is logical since the power transmit-
ted through the line is mainly related to the real part of the current due to
the fact that voltage angels are small in the system, as shown in (6.1). The
current can flow in both directions in a system with DG units, thus the ab-
solute value of the real part of the current on each line is used. Furthermore,
the cost of power exchange with the upstream grid is considered. Feeding
point is the slack bus in the system and it maintains the phase angel very
small; therefore, the cost is only calculated based on real part of the currents.
If there is a reverse current flow (from nodes to the substation which is the
feeding point of the radial network), it is considered as an income (negative
cost). Since the loads and wind power production are provided as data for
the DSO, the net current flow through the feeding point in the objective
mainly reflects losses. This is demonstrated by (6.2).

S = V ∗ I ∗ cos(ϕ) + V ∗ I ∗ sin(ϕ) ≈ V ∗ I ∗ cos(ϕ) ≈ V ∗ Ire (6.1)
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Pfeed = Pload + Ploss (6.2a)
P ′
feed = Pload − PDG + P ′

loss (6.2b)

ΔPloss = Ploss − P ′
loss = Pfeed − P ′

feed (6.2c)

where Pfeed represents the imported active power from the feeding point,
Pload represents the total load in the network after the feeding point, Ploss

represents the losses in the network.
The operational cost (Coper

s ) are scenario dependent, however, the capi-
tal cost (Ccap) is only related to the decision variable.

Ctotal = Ccap +
∑
s

Prob(s) ∗ Coper
s (6.3)

Ccap =
∑
j

CAL
j (DAL

j )� +
∑
k

CAL
k (DAL

k )�

+
∑
q

CAL
q (DAL

q )� (6.4a)

Coper
s =

∑
i

Oi|Ii,re,s|+
∑
j

OAL
j |IAL

j,re,s|�

+
∑
k

OAL
k |IAL

k,re,s|� + PrelI
Q
0,re,s (6.4b)

where CAL
j , OAL

j are vectors of investment and operational costs of the
alternatives of the replacement branch j; CAL

k , OAL
k are vectors of invest-

ment and operational costs of alternatives of the additional branch k; CAL
q

are fixed costs for substation installation of capacity q; Oi is a vector of oper-
ational costs of fixed branch i; Prel is the price of purchasing electricity from
upstream gird; Prob(s) is the probability of each scenario s; Ire,s indicates
the real part of current in scenario s; D indicates all alternatives.

The absolute value of the real part of the currents are used in the ob-
jective function. Nonlinearity due to the absolute operation is linearized by
introducing two non-negative variables.

|Ire| = Iplusre + Iminus
re (6.5a)

Ire = Iplusre − Iminus
re (6.5b)



6.1. NETWORK PLANNING FORMULATION 55

6.1.2 Constraints in network planning model

The objective of the planning model is to minimize the total cost with the
constraints of:

• The radial configuration of distribution network

• Kirchhoff’s current law and voltage law

• Limits on conductor currents, substation capacities, nodal voltages

• Connection of DG units to the existing network

The constraints to ensure a feasible and stable distribution network are
the same in the deterministic model and the probabilistic model, but the
voltage limits constraints.

i Radial configuration
A radial feeder with n+1 nodes (n nodes for the network plus one node
for the substation) always leads to a tree having at most n branches [45].
nr(F ) represents the number of fixed branches.

∑
j,al

DAL
j +

∑
k,al

DAL
k + nr(F ) ≤ N (6.6)

ii Kirchhoff’s current law
The physical balance of the system is guaranteed by Kirchhoff’s current
law (KCL) and Kirchhoff’s voltage law (KVL). KCL implies that the sum
of currents flowing into a node should be equal to the sum of currents
flowing out of it. Load curtailment is assumed that not allowed.

AI
X
s = I

Y
sh,s (6.7)

where I
X
s is a matrix of current flows on all lines in the network; IYsh,s is

a vector of current injected in each node (from predefined load and DG);
A is the node-branch incidence matrix.Note that for the feeding point,
the feeding current should be added to the equation.
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The shunt current is calculated by (6.8b), which is formulated in a way
suitable for the iteration process introduced later. The shunt admittance
Y

Y
sh at each node due to the contribution of the load is calculated by

(6.8a). Ss = P Y
s + jQY

s is the complex power at each node (load and DG
units). Y is a diagonal matrix with the value Y

Y
sh.

Y sh =
S∗

V 2
(6.8a)

Ish,re + jIsh,im = Ish = YV (6.8b)

iii Kirchhoff’s voltage law
KVL implies that the sum of the electrical voltage differences around any
closed network is zero. The voltage drop in a branch is given by Equation
(6.9a) and (6.9b). V ′ and V are the voltages on the sending node and
receiving node respectively of the line. R and X are the resistance and
reactance of the line respectively, while Ire and Iim are the real part and
imaginary part of the current flows on the line respectively.

V ′
re − Vre = IreR− IimX (6.9a)

V ′
im − Vim = −IreX − IimR (6.9b)

For any line x in a radial network:

A�VY
re,s −RAL

x IAL
x,re,s +XAL

x IAL
x,im,s = 0 (6.10a)

A�VY
im,s −RAL

x IAL
x,im,s −XAL

x IAL
x,re,s = 0 (6.10b)

where DAL
j = 1,∀j ∈ ΩR ∪ ΩK

Note that the case when no new line is built between two nodes should be
excluded from (6.10a) and (6.10b). This condition can be implemented by
multiplying the constraint by the corresponding decision variable. Non-
linearities would be thereby introduced into the model. This is, however,
avoided by adopting an extension of the linear disjunctive model which is
widely used in power system [4,11,45]. By introducing a big number M ,
(6.10a) can be relaxed as (6.11), and (6.10b) follows the same manner.

A�VY
re,s −RAL

x IAL
x,re,s +XAL

x IAL
x,im,s ≤ M(1−DAL

x ) (6.11)
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iv The thermal limits of substations and lines
The thermal limits of substations and lines are assumed stiff and no
overloading is permitted. The current flowing through the substation is
limited by the capacity of the substation. The maximum load shedding
on each node is less than the load. The capacity limit of the substation is
represented by the current flowing through since the voltage is assumed
to be 1p.u. at the substation. n here represents the line that connected
to the substation in (6.12a). The current limit on each line is assumed to
be the real part of the current. It is also applied to the imaginary part
of the current to force it to be zero when the line does not exit (i.e. the
integer variable is zero). Equation (6.12e) and (6.12f) also apply to the
additional branches.

∑
n

IQn,s ≤ IQmax (6.12a)

0 ≤ I
Y
cut,s ≤ I

Y
sh,s (6.12b)

−Ii,max ≤ Ii,re,s ≤ Ii,max (6.12c)
−Ii,max ≤ Ii,im,s ≤ Ii,max (6.12d)

−Ij,maxD
AL
j ≤ IAL

j,re,s ≤ Ij,maxD
AL
j (6.12e)

−Ij,maxD
AL
j ≤ IAL

j,im,s ≤ Ij,maxD
AL
j (6.12f)

v The logical constraints
The model also takes logical constraints into account and predefines DG
connection alternatives to reduce the search space. For the replacement
branches, the sum of decisions on all alternatives should be one. For the
additional branches, the sum of decisions on all alternatives for connection
one DG should be not less than one. If the optimal solution is two parallel
lines, this means that the optimal solution is a line with the equivalent
parameters (mainly resistance and reactance). If in reality the choices
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are limited, then these logical constraints can be changed respectively.

∑
al

DAL
j = 1 (6.13a)

∑
al

DAL
k′ ≥ 1 (6.13b)

∑
al

DAL
q = 1 (6.13c)

where k′ represents all the routes of connection one DG units.

6.1.3 Deterministic voltage constraints in the planning
model

In this model, the stiff voltage constraints should be satisfied with probability
100% in all scenarios (or only the pre-defined worst scenario). Equation
(6.14) should be added into the planning model. However, the voltage at the
substation node is assumed constant.

Vmin ≤ VY
re,s ≤ Vmax (6.14)

6.1.4 Probabilistic voltage constraints in the planning
model

The voltage limits of each node is assessed probabilistic. The probability
of voltage constrain violation is calculated as the ratio of the number of
scenarios in which a node has a voltage violation over the number of total
scenarios. Since the phase angles of the voltages are very small, the real part
of it is used instead of the absolute value in the voltage limit constraints.
Moreover, two binary variables are introduced to count the number of voltage
violation of each bus. NY

breakl,s
= 1 and NY

breaku,s
= 0 if the voltage of a node

is less than the lower limit, while NY
breaku,s

= 1 and NY
breakl,s

= 0 if the
voltage of a node is more than the upper limit in the scenario. Otherwise
NY

breaku,s
= 0 and NY

breakl,s
= 0 if the voltage of the node is within the upper

and lower bounds. This is shown in Fig. 6.1.
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Figure 6.1: Attributes measure the number of voltage violation

It is expressed in linear equations:

V Y
re,s − Vmax ≥ (NY

breaku,s − 1) ∗M (6.15a)

V Y
re,s − Vmax ≤ NY

breaku,s ∗M (6.15b)

V Y
re,s − Vmin ≥ (NY

breakl,s
− 1) ∗M (6.15c)

V Y
re,s − Vmin ≤ NY

breakl,s
∗M (6.15d)

NY
breaku,s +NY

breakl,s
= NY

break,s (6.15e)∑
sN

Y
break,s

nrS
≤ Probvolv (6.15f)

The maximum probability of the voltage of a node being out of bounds
depends on the voltage quality regulation. It is also possible to calculate the
probability of any node in the system being out of bounds if it is necessary.

6.2 Iteration process

The procedure is shown in Fig. 6.2, where k is the index for iteration, and s
is the index for scenarios. The optimization model starts with an assumed
state of power system in which the voltages at all nodes in each scenario are
1p.u. as shown in Box A in Fig. 6.2. Then the shunt currents of each load
point in each scenario is calculated (Box B). The decision of lines should be
made before the observation of all possible system states, therefore this is the
stage-one variable in two-stage stochastic programming, the voltages of each
node and currents on each line are the stage-two variables, which is scenario
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dependent as stated in Box C. The preliminary optimal network topology
is obtained in Box D, which is feasible in all scenarios and optimal in the
total cost in average. The preliminary network topology, which defines the
Y-matrix of the power system, is then the input for the Newton Raphson
power flow in each scenario in Box E, therefore the “real” state (mainly the
voltages and currents are relevant in this case) of the obtained network in
each scenario is obtained. The results of the “real” state in each scenario
are then used to re-do the optimization and obtain the new network (Box
F, which is the same module as in Box D). If the decision results do not
correspond to the previous results, go back to Box E and start the module
of new power flow and optimization again. If the decision results match in
two successive iteration, then the optimal expansion plan is obtained under
the “real” states of the power system.

The iterative approach for power flow analysis of radial distribution sys-
tems is referred to as the backward/forward sweep method in some literature,
where the convergence of the method is proved [15]. The error from the back-
ward/forward sweep analysis in this model is corrected by using traditional
Newton Raphson load flow in the iterative process (Box E), which keeps
the optimization linear and avoid the errors from the linearized power flow
calculation.

The planning model is developed in GAMS [18] and MATLAB, which
allows simultaneously sophisticated optimization tools provided by GAMS
with the user-friendly visualization tools provided by MATLAB. GAMS
stands for general algebraic modeling system, which is very flexible at mod-
ifying the equations for optimization models. By storing the data and
performing the iterative procedure in MATLAB, this model is problem-
independent. By running Newton Raphson load flow in MATLAB, the non-
linearity is avoided in the optimization problem. In Fig. 6.2 only the mix
integer optimization (Box D) is performed in GAMS, while other parts are
performed in MATLAB.
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Figure 6.2: Flowchart of the proposed method
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Chapter 7

Case study–PV

This chapter describes PV connection case studies for both deterministic ap-
proach and probabilistic approach.

A Swedish LV network with high potential for PV connections is studied to
analyze the application of the proposed methodologies. All calculations are
implemented in MATLAB. It is assumed that several PV units have been
previously installed in the grid. These PV units present different locations
within the network. In pursuit of generality, different scenarios are created.
Scenarios differ from each other in the following characteristics: location of
the previously installed PV units, power installed by each of the previously
installed PV units and location of the last PV unit.

It is assumed that no reinforcement of any of the grid component is con-
sidered in small-scale PV connection cases. According to this, all scenarios
will respect the following two requirements. First, the total installed power
after connection of the last PV unit cannot exceed the limit established by
the feed-in transformer rated power as no load is considered as the worst
scenario. No overload of the transformer is allowed. Second, the power
installed by the existing PV units is kept within limits established by the
applied voltage level standards.

7.1 LV network

According to the Swedish electrical legislation Ellag (1997:857), DSOs have
to maintain a good quality of the transfer of electricity [55]. There is no
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Figure 7.1: A single-phase equivalent circuit of Grid A

uniform definition regarding the voltage levels that Swedish DSOs must ap-
ply for planning [84]. However, the voltage limits presented in the European
standard EN 50160 are included in a Swedish regulation called EIFS 2011:2,
which was published by “Energy Markets Inspectorate” in June 2011 [84].

Fig. 7.1 represents a single-line diagram of a three-phase Swedish LV
network. The nominal three-phase voltage of the network is 400 V and it
consists of a total of 18 buses. The network is compounded of five main
feeders. Load points are located at the end of the feeders. The slack bus is
set as the LV busbar of the feed-in transformer. The feed-in transformer is
a 10/0.4 kV transformer with a rated apparent power of 200 kVA and the
voltage at the feeding point is assumed to be kept on 400 V. The planning
problem is to determine the maximum allowed peak power of a PV unit to
be connected to Bus 10 in this network, where five PV units are already
installed. PV units are already installed in Bus 02, 07, 08, 09 and 17, and
their peak power are 40 kW, 32 kW, 35 kW, 12 kW and 20 kW respectively.
Consequently, the feed-in transformer of Grid A is allowed to handle a max-
imum active power of 200 kW. The possibility of upgrading the transformer
power rate is not considered in this case study. Additionally, no upgrading
of fuses is neither considered. Therefore, no more than 43.5 kW power is
allowed to be injected into any single consumption point. Establishing this
limit is coherent with the current Swedish framework.
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7.2 Load model

According to the consumption behavior in Sweden, the characteristics of
hourly electrical loads are divided into three seasons (summer, autumn and
winter), weekday and weekend. Consequently a total of 144 (3x2x24) repre-
sentative hours are used for each kind of load. Two different load groups are
considered: residential and industrial. All loads are assumed to be normally
distributed in each hour and all loads in the same group are fully correlated.

In each hour, the mean value is calculated by:

Meanvalue(kW ) = LSF ·Nominalvalue(kW ) (7.1)

The LSF is defined as the ratio between the mean load consumption and
the nominal power of the load. The LSF varies in every hour for each group.
LSF of both a residential and an industrial load during the 24 hours of a
weekday in spring are considered as base case. These values are obtained
from [33], where a 24 hour load characteristic for a thirty-bus IEEE system
is depicted. Values of LSF for weekends and other seasons are derived from
this base case by application of correction factors. Correction factors are
chosen according to [32] and [54].

For each hour, the standard deviation is calculated by:

Standarddeviation(kW ) = RSD ·Meanvalue(kW ) (7.2)

The relative standard deviation (RSD) of a normal distribution is defined
as the ratio between the standard deviation and the mean value. The RSD
is different for residential and industrial loads. In the case study presented
in this paper, a value of 10% and 5% is used for residential and industrial
loads respectively. These values have been chosen following [23] and [85].

7.3 PV model

Power produced by each PV unit is assumed to be normal distributed every
hour of the year. Following the Swedish standard SvKFS 2005:2, PV units
are assumed to produce with a constant power factor one [34]. The seasonal
variation of PV arrays power output in Sweden has been shown by a test
carried out by Energy Agency [1]. According to that, daily and seasonal
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behavior of the PV power output is considered by dividing the power pro-
duction into three seasons (summer, autumn and winter) and in 24 hours a
day. Consequently a total of 72 (3x24) representative hours are used. PV
units are assumed to be available all year long.

For each hour, the mean value of PV power is defined as:

Meanvalue(kW ) = PSF · Peakpower(kWp) (7.3)

where the mean value defining the hourly normal distribution of the
power production is shown to be dependent of the parameter PSF, which
refers to “production scaling factor”. The PSF of a PV unit during one hour
is defined in this report as the ratio of the mean PV production and the
peak power of the PV unit. The PSF is assumed to vary for every hour
and depends on the season. The PSF parameter may remind the reader of
the capacity factor. For instance, the capacity factor is defined in [58] for
a specific period of time as the ratio between energy produced and energy
that would be produced by the PV array at continuous full-time operation
during the same period. However, the PSF focuses on power values instead
of energy values.

The solar radiation in every node of the network is assumed to be fully
correlated. The same probability distribution is then used for every PV
connected to the network. In each hour, the mean value of the normal dis-
tribution is calculated based on the PSF and the peak power. PSF variation
of a real PV unit during the 24 hours of a weekday in summer is considered
as base case. These values are obtained from available production data of
a PV panel of 1 kWp peak power. These data belong to the department of
Ingeniería Eléctrica in E.T.S.I Industriales de la Universidad Politécnica de
Madrid. PSF for winter and spring are 30% and 70% of the base case. In
addition, according to hours of sunlight, there are more zero values of PSF
for winter. In this case study, a value of 5% is used as PSF for all PV units.

7.4 Deterministic approach to determine the
hosting capacity

The deterministic approach requires that the voltage limits be respected
during all the scenarios, which means that the worst scenario defines the
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hosting capacity in order to not violate the over-voltage limit in a value of
0.1 p.u. In this case, a maximum value of 14.09 kW is obtained for the peak
power of the new PV unit to be installed in Bus 10 of Grid A using the
method described in Chapter 5.2.

7.5 Probabilistic approach to determine the
hosting capacity

The probabilistic approach to determine the hosting capacity for PV con-
nection, represented in Chapter 5.3, is employed with an over-voltage limit
of 0.098 p.u. The standard EN 50160 establishes the over-voltage limit in a
value of 0.1 p.u. (nominal voltage + 10%).

A maximum peak value of 35.11 kW is obtained for the peak power of
the new PV unit to be installed in Bus 10 of grid A, and bus 10 is identified
as the weak bus considering this connection. This value corresponds to
the power limit during a summer week. Values obtained during winter and
spring weeks are higher than during summer weeks. This means that summer
conditions are the worst ones from an over-voltage perspective in this case
study. In grid A, load consumption is lower during summer than during
winter or spring. Additionally, the PV production is higher during summer.
Therefore, a summer week is characterized by low demand and high PV
production. Reverse power flow is favored and voltage levels are expected to
rise, increasing the risk of breaking the over-voltage limit established by the
standard EN 50160.

7.6 Discussion

According to the standard EN 50160, the over-voltage limit can be violated
5% of the time, which means, a maximum of 8 hours in a week. A value of
35.56 kW is obtained as the reference admissible peak power of the new PV
unit in this case study, using the validation method described in Section 5.3.4.

Assume to install a PV unit with the peak power 14.09 kW on bus 10,
which is the permissible value obtained by the deterministic approach, the
168 voltage values obtained by power flow during each hour of a summer
week have been plotted in Fig. 7.2. This summer week is the week in which
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Figure 7.2: Voltage at Bus 10 with PV unit of 14.09 kW
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Figure 7.3: Voltage at Bus 10 with PV unit of 35.11 kW
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Figure 7.4: Voltage at Bus 10 with PV unit of 35.56 kW

the result is obtained using the probabilistic approach. Therefore it is the
most problematic week in this case study. It shows that the voltage on bus
10 never reaches 1.1 p.u. Assume to install a PV unit with the peak power
35.11 kW on bus 10, the voltage profile in the same week is presented in
Fig. 7.3. It shows that the voltage on bus 10 reaches 1.1 p.u. seven times,
which means that there are seven hours in a week the voltage reaches the
limits. The voltage profile in the same week on bus 10 is also presented in
Fig. 7.4 for the reference value. It can be noticed that results obtained by
the deterministic approach are conservative, since the over-voltage limit is
never broken. Moreover, Fig. 7.3 shows that the result of the probabilistic
approach is slightly smaller than the reference value.





Chapter 8

Case study–wind power

This chapter describes cases for wind power integration in MV network.
The wind power integration is considered in the network long-term expan-
sion planning process. Therefore, reinforcements in the existing network and
the new connection lines for wind power plants are optimized at the same
time.

To validate the mathematical model given in Chapter 6 a fictitious 9 Node
Test System is studied and the method is applied to connect two wind power
plants. Three different planning methods are compared: worst case, stiff
voltage constraints and probabilistic voltage constraints. Worst case plan-
ning method only analyzes one extreme scenario of the load and production
profile, the network is dimensioned and routed according to the least cost
plan while respecting all constraints in this scenario. Stiff voltage constraints
method analyzes many different scenarios of the load and production profiles,
the network is dimension and routed according to the least cost while voltage
constraints are fulfilled in all the scenarios. The lines are still dimensioned by
the “worst” scenario; however, multi-scenario analysis is able to include the
more representative losses in the objective function. And it is not necessary
to identify the “worst” scenario. Probabilistic voltage constraints method is
also capable to analyze different scenarios, however, the voltage constraints
are not necessary to be fulfilled in all scenarios, in the extreme scenario the
voltage violation can be outside the constraints. Therefore it decreases the
over-dimension risk.
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The computation is performed in a PC Intel Core i7 2.70 GHz, 8 GB
RAM. The iterative procedure is performed in MATLAB 7.11 while the
mixed integer optimization procedure is performed in GAMS 23.9 using
CPLEX solver.

8.1 The 9 Node Test System

The network in this test system consists of 9 nodes ( 1 substation, 6 nodes
with loads and 2 nodes with a wind power plant) and operating at 24900 V.
The topology of the network is displayed in Fig. 8.1. In this figure, the square
node represents the feeding substation, the circles are the load points and
the wind turbines represent wind power plants. The branches between nodes
represent the electrical connections between nodes. Straight lines denote the
existing network and dashed lines are candidate routes for new connections.
The base values for the whole network are 2.5 MVA and 24.9 kV.

Figure 8.1: Diagram of the 9-node network

8.2 Planning background

Table 8.2 displays the data of the branches, where the columns show the
capacities, impedances and costs of branches in the network and candidates
for reinforcement and the new connections. In this small grid, L1 L2 L3 L4
L5 L6 have three alternatives (AL1 is the initial line and AL2 AL3 AL4
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are the alternatives) to upgrade, and there are three paths (L7 L8 L9 L10
L11 L12) to connect each new wind farm into the network. The load data
and wind production data is shown in Table 8.3. The data is shown in per
unit. Each new path has four alternatives of different line conductors. The
optimization problem has 48 binary variables for investment (four options
for six existing branches and four options for six new possible branches) and
216×32 (46×122) combinations of planning alternatives considering practical
constraints.

The operation and maintenance cost of all branches are assumed to be
0.01 per ampere. The price for the purchasing electricity from upstream grid
is assumed to be 1 per ampere. This high cost for importing energy is used
to prioritize the energy from DG.

The voltages are limited between [23.65 26.14] kV (±5 percent). For the
probabilistic constraints method, the supply voltage should stay within the
range of 5% of the nominal voltage during 90% of the planning period. Ten
different scenarios of load and generation profiles are implemented into the
multi-scenario planning methods; therefore for each bus in one extreme sce-
nario the voltage violation is allowed.



76 CHAPTER 8. CASE STUDY–WIND POWER

Table 8.1: Branch data of the 9-node network

Branch Alternative R X Imax C O

L1

AL1 0.0440 0.04 0.2 0 1
AL2 0.0220 0.02 0.5 15 1
AL3 0.0114 0.01 0.6 20 1
AL4 0.0040 0.003 0.7 25 1

L2

AL1 0.0450 0.041 0.2 0 1
AL2 0.0223 0.022 0.4 10 1
AL3 0.0113 0.011 0.5 15 1
AL4 0.0033 0.003 0.6 20 1

L3

AL1 0.0432 0.03 0.3 0 1
AL2 0.0200 0.02 0.4 12 1
AL3 0.0100 0.01 0.5 16 1
AL4 0.0050 0.001 0.6 18 1

L4

AL1 0.0430 0.04 0.2 0 1
AL2 0.0221 0.02 0.3 18 1
AL3 0.0141 0.01 0.4 25 1
AL4 0.0041 0.001 0.5 35 1

L5

AL1 0.0421 0.039 0.3 0 1
AL2 0.0210 0.019 0.4 15 1
AL3 0.0110 0.008 0.5 25 1
AL4 0.0050 0.004 0.6 28 1

L6

AL1 0.0321 0.03 0.3 0 1
AL2 0.0218 0.02 0.4 14 1
AL3 0.0118 0.01 0.5 26 1
AL4 0.0018 0.001 0.6 30 1

L7

AL1 0.0470 0.03 0.2 10 1
AL2 0.0220 0.02 0.3 15 1
AL3 0.0154 0.01 0.4 20 1
AL4 0.0084 0.005 0.5 25 1

L8

AL1 0.0500 0.04 0.2 10 1
AL2 0.0333 0.03 0.3 20 1
AL3 0.0133 0.013 0.4 25 1
AL4 0.0033 0.001 0.5 30 1

L9

AL1 0.0632 0.05 0.2 10 1
AL2 0.0300 0.02 0.3 15 1
AL3 0.0100 0.01 0.4 20 1
AL4 0.0040 0.001 0.5 25 1

L10

AL1 0.0470 0.04 0.2 10 1
AL2 0.0220 0.02 0.4 15 1
AL3 0.0124 0.01 0.5 20 1
AL4 0.0044 0.002 0.6 25 1

L11

AL1 0.0400 0.04 0.2 10 1
AL2 0.0233 0.02 0.3 20 1
AL3 0.0133 0.02 0.4 25 1
AL4 0.0033 0.001 0.5 30 1

L12

AL1 0.0432 0.04 0.2 10 1
AL2 0.0200 0.02 0.3 22 1
AL3 0.0100 0.01 0.4 26 1
AL4 0.0050 0.001 0.5 32 1



8.3. PLANNING RESULTS 77

Table 8.3: Node data of the 9-node network for scenario 1

Node PG PD QG QD Vini θini

1 0 0 0 0 1 0
2 0 0.125 0 0.06 1 0
3 0 0.136 0 0.07 1 0
4 0 0.116 0 0.06 1 0
5 0 0.113 0 0.05 1 0
6 0 0.138 0 0.08 1 0
7 0 0.104 0 0.06 1 0
8 0.25 0 0.03 0 1 0
9 0.26 0 0.06 0 1 0

8.3 Planning results

This section presents the planning results from different planning methods.
The results show the decisions on reinforcement on the existing network
and the connection line for the new power plants, and it also shows the total
cost. Each planning method is applied in: Reinforcement plan and Expansion
plan. Voltage profile in the initial grid shows the network is weak and certain
reinforcement is needed. Reinforcement plan is the planning strategy that
improves the voltage level in the network without considering new DG units
in the network. Expansion plan is the planning strategy that improves the
voltage level in the initial network taking new DG units in the network into
consideration.

8.3.1 Network planning with wind power for the worst case

Only one scenario of production and load is considered in this planning
method. Usually it is the worst scenario. It is assumed that the maximum
total production and minimum total load is the scenario to dimension the
network. Because the total number of wind power is less than the total
load in the system, if reverse flow is permitted in the network the voltages
in the nodes in the network will not be the concern. The maximum pro-
duction mainly determines the connection lines to the grid. The resulting
reinforcement plan for the initial network to improve the voltage profile and
the expansion plan considering new DG units are shown in Table 8.4. In the
expansion plan connecting wind farm is guaranteed, and only one alteration
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is permitted for the possible reinforced lines. In the reinforcement plan no
wind farm is needed to be connected, thus the logical constraints on new
connection lines are removed. And the logical constraints (6.13c) is relaxed
to make more combinations of the line alternatives to ensure the feasibility.

The reinforcement plan shows that L1 and L2 need to be upgraded in
order to ensure the voltage limits. The total cost for that is 106.8554. The
total execution time is 3.18 seconds and it converges after two iterations. If
the expansion plan takes the DG units into account, L7 and L11 are needed
to be built, and the total cost for the expansion plan is 50.0081. The total
execution time is 3.08 seconds and it is converged after three iterations.
Voltage profiles in the network for initial, reinforced and expanded structure
are as shown in Table 8.5. It is shown that the voltages on several nodes
are lower than the limits in the initial network, reinforcement is needed in
the network. The reinforcement can be planned considering DG units in the
grid or not. The cost is lower when considering DG units in the planning,
because of the reduction on importing energy and losses in the grid.

Table 8.4: Results for decisions using the worst case planning method

Decision L1 L2 L3 L4 L5 L6

AL(reinforce) 1,3 2 1 1 1 1
AL(expansion) 2 1 1 1 1 1
Decision L7 L8 L9 L10 L11 L12

AL(reinforce) - - - - - -
AL(expansion) 2 0 0 0 2 0

Table 8.5: Voltages in the network using the worst case planning method

Voltage N1 N2 N3 N4 N5

initial 1 0.9485 0.9223 0.9077 0.9001
reinforce 1 0.9900 0.9775 0.9638 0.9566
expansion 1 0.9989 0.9914 0.9880 0.9860

N6 N7 N8 N9

initial 0.9316 0.9261 - -
reinforce 0.9739 0.9686 - -
expansion 1.0063 1.0144 1.0061 1.0215
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8.3.2 Network planning with wind power using stiff voltage
constraints

Many scenarios can be considered using this method. The production and
load profile in those scenarios are presented in Table 8.3 and 8.7. The con-
straints are fulfilled in all scenarios. Therefore the dimension of the network
is still determined by the worst case; however, in the case that it is hard to
decide the worst case, several bad cases can be analyzed by this method. The
resulting reinforcement plan for the initial network to improve the voltage
profile and the expansion plan considering new DG units are shown in Table
8.8. In the expansion plan connecting wind farm is guaranteed, and only one
alteration is permitted for the possible reinforced lines. In the reinforcement
plan no wind farm is needed to be connected, thus the logical constraints
on new connection lines are removed. And the logical constraints (6.13c)
is relaxed to make more combinations of the line alternatives to ensure the
feasibility.

Table 8.6: Node data of the 9-node network in different scenarios

Node Power S2 S3 S4 S5 S6 S7 S8 S9 10

N2 PD 0.155 0.105 0.095 0.120 0.065 0.125 0.125 0.125 0.125
QD 0.09 0.06 0.06 0.08 0.02 0.06 0.06 0.06 0.09

N3 PD 0.186 0.105 0.136 0.110 0.066 0.136 0.136 0.136 0.136
QD 0.09 0.07 0.07 0.06 0.01 0.06 0.07 0.07 0.09

N4 PD 0.116 0.106 0.116 0.096 0.116 0.116 0.116 0.116 0.116
QD 0.06 0.06 0.06 0.05 0.06 0.06 0.06 0.06 0.09

N5 PD 0.113 0.106 0.003 0.153 0.113 0.113 0.113 0.093 0.113
QD 0.05 0.05 0.01 0.07 0.05 0.06 0.05 0.05 0.09

N6 PD 0.108 0.103 0.138 0.158 0.138 0.138 0.138 0.108 0.138
QD 0.08 0.08 0.06 0.09 0.08 0.06 0.08 0.08 0.09

N7 PD 0.104 0.108 0.104 0.104 0.104 0.154 0.104 0.104 0.104
QD 0.06 0.06 0.05 0.06 0.06 0.06 0.06 0.06 0.09

N8 PG 0.15 0.30 0.15 0.15 0.25 0.15 0.25 0.125 0.25
QG 0.03 0.03 0.03 0.03 0.03 0.06 0.03 0.03 0.03

N9 PG 0.26 0.26 0.16 0.16 0.26 0.30 0.16 0.125 0.16
QG 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06

Reinforcement plan shows that L1, L2 and L5 are needed to be upgraded
to maintain the voltage profile in the existing grid using the stiff voltage con-
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straints. And the total cost for the expansion plan is 123.4371. The total
execution time is 11.58 seconds and it is converged after two iterations. Ex-
pansion plan considering wind power plants costs 95.4099. L1 and L2 should
be upgraded while L9 and L12 should be built to connect wind power plants.
The total execution time is 4.85 seconds and it is converged after four iter-
ations. Note that the investment on the initial network using the expansion
plan strategy is less than that using the reinforcement plan strategy.

Table 8.8: Results for decisions using stiff voltage constraints planning
method

Decision L1 L2 L3 L4 L5 L6

AL(reinforce) 1,4 1,2 1 1 1,2 1
AL(expansion) 2 2 1 1 1 1
Decision L7 L8 L9 L10 L11 L12

AL(reinforce) - - - - - -
AL(expansion) 0 0 2 0 0 3

8.3.3 Network planning with wind power using
probabilistic voltage constraints

The same scenarios as used in the stiff constraints method are applied here.
Two more binaries for each bus are introduced to count the voltage violations
in this method. One voltage violation for each bus in all these ten scenarios
is permitted. The result shows that L1 and L2 are needed to be upgraded,
and the total cost for the expansion plan is 98.703. The total execution
time is 9.58 seconds and it is converged after two iterations. There are
four nodes that have violate the lower voltage limit once in all scenarios.
Expansion planning considering wind power plants costs 85.2437. The total
execution time is 7.79 seconds and it is converged after three iterations. The
voltage limit violation scenarios are presented in Table 8.10. In the table “S”
represents scenario and “L” represents the lower voltage limit, “H” represents
the higher voltage limit. Note that the expansion plan results in lower plan
than using the stiff voltage constraints in this case.

Using probabilistic voltage constraints as planning criteria results a less
cost plan both in reinforcement plan strategy and expansion plan strategy
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Table 8.9: Results for decisions using probabilistic voltage constraints plan-
ning method

Decision L1 L2 L3 L4 L5 L6

AL(reinforce) 1,2 1,2 1 1 1 1
AL(expansion) 2 2 1 1 1 1
Decision L7 L8 L9 L10 L11 L12

AL(reinforce) - - - - - -
AL(expansion) 0 0 2 0 0 1

Table 8.10: Scenarios with voltage violations

Voltage N1 N2 N3 N4 N5

reinforce - - - S4,L S9,L
expansion - - - - S1,H

N6 N7 N8 N9

reinforce S10,L S10,L - -
expansion - - S9,L S4.H

than using stiff voltage constraints. This is because the dimension of the
network is not determined by the worst scenario.

8.3.4 Discussion on the results

The results show that the planning methods are flexible to take different
voltage constraints into account. By comparing different planning methods,
the worst case method for dimension the network can cause a high cost
while if the voltage violation is permitted in the planning optimization, the
cost will be reduced. By comparing planning the network considering wind
power plants or not, the results show that the wind power plants can defer
the investment cost on reinforcement.
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CLOSURE
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Chapter 9

Conclusions

9.1 Conclusions from this thesis

This thesis has developed different models for distribution network planning,
both low-voltage and medium voltage. Models for low-voltage network plan-
ning focus on obtaining the hosting capacity of each node in the network
without any reinforcement. Models for medium voltage network planning
focus on optimizing the conductor sizes and routes given the connecting DG
location and capacity. One important characteristic of the proposed models
is the ability to assist decision making for DSOs in unbundled electric power
industry where DG units are not sited by the DSOs.

The models for low-voltage network planning are illustrated by connect-
ing PV units. It has been shown that the locations of previous installed
PV units have impact on the hosting capacity of each bus in the network.
The methods can be applied as connection guidelines in reality and provide
efficient results.

The developed model for medium voltage network expansion planning
is based on a combination of power flow in MATLAB and mix integer pro-
gramming in GAMS. Some improvements in the optimization formulation
are proposed. Due to the DG connection, reverse power flow is possible,
but only the absolute values are relevant for the losses. Therefore the abso-
lute values are included in the linear optimization model. In addition, losses
are considered implicitly by charging the power exchange with the upstream
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grid. Last but not the least, reactive power and reactance of the network
are considered in the linear optimization model. The mathematical opti-
mization formulation shows its flexibility on adapting technical constraints,
which contributes to a reduction in the search space. The cooperation be-
tween MATLAB and GAMS. MATLAB can efficiently handle the nonlinear
power flow in the network expansion planning problem, which makes the
optimization model in GAMS linear and consequently fast.

Both models for low-voltage and medium voltage network are furthered
applied for considering probabilistic voltage constraints. Cost of planning
with probabilistic voltage constraints and the stiff voltage constraints are
compared. It concludes that considering voltage constraints probabilistic in
the planning stage can decrease the cost of the system. This advantage de-
pends on the status of network, such as load and age, as well as the planning
standards that the DSO applies. This model can be applied to analyze the
effect of different planning methods, and the risk of different methods. It can
also applied to analyze the regulation impact on network planning, which is
the next step of the project.

9.2 Future work

This model can be further developed to consider wind curtailment and load
shedding. Wind power plants in this model is assumed to maintain the volt-
age on the connection bus and no voltage control equipment is assumed in
load buses, but the power is assumed be to prioritized to consume than the
power from upstream network. However, it is not necessary optimal for the
DSOs to perform in this way, for example, the cost to export power upstream
may cost too much so it could be more economical to down regulate the wind
power. The cost of down regulation on wind power can also have an impact
on the wind power integration.

In Sweden, the connection lines for wind power plants are usually paid
by the first wind power plant that built there. The wind power plants built
afterwards can just used the connection line without paying for it. This phe-
nomenon has been recognized, and referred to as “first mover disadvantages”.
By including the time factors into the model, it can be applied to analyze
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how to decrease the first mover disadvantages.

The probabilistic voltage constraints have been implemented in the model,
but the voltage limits for the violation is not considered. If the voltage vio-
lation is too large, it may cost too much to permit it. Therefore, the cost of
violation can be related to the value of the violation. The risk of different
voltage limits that applied in the network planning stage can be analyzed as
well. This also can be interest of future work.

This model can also be applied to analyze how to regulation can affect
the DSO’s network planning methods. It will be used to investigate the
economic incentives different regulations give the DSO to stimulate the DG
optimal connection, which means DG provides positive contribution to the
network on voltage profiles, losses and so on.
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