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Abstract

The high cost of grid extension to rural areas, which are of-
ten characterized by scattered communities with low load den-
sities, requires the use of low cost electrification technologies
to ensure economic viability. In Single Wire Earth Return
(SWER) power distribution networks, the earth itself forms the
current return path of the single phase system leading to sig-
nificant cost savings on conductors, poles and poletop hardware
compared to conventional systems. However, challenges exist in
SWER with regard to earthing and safety as well as the depen-
dence on earth conductivity to supply consumer loads.

This work presents models for the optimal planning of SWER
power distribution networks. The earth return path is mod-
eled as a conductor based on the Carson line model taking into
consideration specific ground properties of the considered loca-
tion. A load flow algorithm for radial SWER networks is subse-
quently formulated whereby the overhead line and ground volt-
ages and currents are determined using the backward/forward
sweep method.

First, heuristic planning models are developed based on the
SWER load flow model. The objective of the heuristic mod-
els is to determine the optimum feeder configuration and over-
head conductor subject to SWER load flow constraints and load
growth over several time periods. Whereas the resulting solu-
tions are good, they may not necessarily be globally optimum.

Optimization models are then developed using mixed integer
non-linear programming (MINLP) with the aim of obtaining
global solutions to the SWER network planning problem. Since
the MINLP formulations are limited to the accurate analysis
of limited size networks, considerations and approximations for
the analysis of larger networks are presented.

The developed models are applied to a case study in Uganda
to test their practical application. In addition, comparative
studies are done to determine how the proposed optimization
models compare with previous distribution planning models.
The numerical analysis includes the impact of deterministic dis-
tributed generation on the SWER planning problem.
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Results showed consistent performance of the proposed heuris-
tic and optimization models, which also compared well with
conventional models. The optimization models gave more cost-
effective solutions to the SWER planning problem than the
heuristic models. However, the former models had higher com-
putational cost than the latter. The inclusion of distributed
generation allowed for cheaper network solutions to be obtained.

The models are applicable to the planning of Single Wire
Earth Return networks for isolated mini-grids, grid-extension
to previously un-electrified rural areas as well as the upgrade of
SWER feeders in existing installations.
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Chapter 1

Introduction

This chapter introduces the background of the research, the scientific
objectives, scope and assumptions as well as the contributions and
achievements.

1.1 Background
The levels of electrification in most of sub-Saharan Africa are gener-
ally low with large percentages of the population, especially in rural
areas, going without modern forms of energy. In Uganda, for exam-
ple, the electrification rate is currently about 9% countrywide and 3%
in rural areas [6]. The Uganda Electricity Distribution Company Ltd.
(UEDCL) connects approximately 20,000 new households every year
yet the average growth rate is about 90,000 households per year [1].

The main barrier to rural electrification is the extremely high cost
of grid connections particularly using conventional standards [7]. Most
distribution standards are economically un-viable for rural areas which
have low load densities and small scattered loads. The UEDCL, for ex-
ample, uses the European three-wire standard of 33 kV medium voltage
distribution in its network. This was initially designed for high den-
sity urban areas and would therefore be over-designed for Uganda’s
rural areas. Rural communities in the developing world often have low
household incomes such that high cost power investments would take
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several years to realize a return.

The ability of Single Wire Earth Return (SWER) distribution sys-
tems to provide electricity cost-effectively over long distances to sparsely
populated rural areas is well recognized in several countries worldwide.
The technology has been installed in New Zealand, Australia, Brazil,
Namibia and South Africa, among others which have several thousand
kilometers of SWER lines [1,8,9]. The SWER technology was pioneered
in New Zealand in 1925 and soon gained prominence as the preferred
method for rural electrification [10]. The early work was carried out
by Loyd Mandeno in [10], a paper which when published in 1947 laid
the groundwork for SWER implementation. L. Mandeno also held the
patents for the technology in both New Zealand and Australia [11].

The SWER installation costs are typically about one third and one
half those for conventional three- and single-phase systems respectively
[1]. The use of light-weight, high tensile conductors as well as the
reduced weight of stringing one conductor allow for longer pole spans.
Therefore, SWER systems often require approximately 50% fewer poles
(for normal aluminium conductors), no cross-arms, narrower easements
and lighter poles [8], resulting in a marked reduction in costs.

Typically, SWER lines are spur extensions from radial MV three
phase feeders that supply single phase power such that the ground itself
forms the current return path [2,10]. Although an isolating transformer
can be excluded, e.g. in the Brazilian configuration [9], it is often used
to prevent the SWER ground currents from causing earth current faults
on the main MV network [8], [9]. The extra cost of this transformer is
often off-set by the increased network reliability.

Despite the low investment required for SWER, the technology has
not been widely incorporated into power distribution planning in sub-
Saharan Africa whose rural areas remain largely un-electrified. One
reason for this is the lack of sufficient technical capacity in many utili-
ties in the region [1]. This research aims to contribute to the technical
aspects of modeling and planning SWER power distribution networks
for rural electrification.
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1.2 Scientific Objective
The planning of rural electricity distribution networks in developing
countries has been undermined by the inadequacy of tools optimized
for the local conditions. Most planning tools currently available incor-
porate conventional distribution methods using standardized cables,
poles etc. However, these standards are not adaptable, cost-effectively,
to rural conditions characterized by much lower load factors, long trans-
mission distances and scattered small loads. For rural electricity dis-
tribution network planning, least cost approaches based on simplified
standards have to be applied to achieve significant electrification af-
fordably.

The objective of this research is to develop mathematical models
for the optimal planning of low cost Single Wire Earth Return power
distribution networks. A dynamic planning approach is used to deter-
mine the optimum route configuration and SWER overhead conductor
subject to load growth in different time periods. The optimization
objective is to minimize the fixed and variable costs comprising the in-
stallation and maintenance costs respectively. The constraints include
earth return power flow, load balance, equipment capacity limits, earth
current safety limitations, voltage regulation and radiality.

The research has a two-fold approach. Firstly, heuristic SWER
planning algorithms are developed. In this case, an optimum feeder
route is first established using a minimum spanning tree algorithm.
Then appropriate network performance indices are formulated and an
iterative procedure used to select optimum overhead conductors subject
to SWER load flow. Whereas these algorithms are expected to give
good solutions, the solutions are not necessarily global.

Secondly, planning models are developed based on optimization
techniques and Mixed Integer Non-Linear Programming (MINLP). The
aim of the latter models is to obtain global solutions to the SWER plan-
ning problem. The main limitation of MINLP models is the exponential
increase in problem complexity with increasing number of integer vari-
ables leading to impractical execution times. Hence, modifications and
approximations are considered for the application of the optimization
models to larger networks.
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1.3 Scope and Assumptions
The research scope includes the dynamic planning of Single Wire Earth
Return distribution networks, whereby load growth is considered over
several time periods. However, reliability analysis is not included and
neither is the cost of unserved energy. In addition, the following as-
sumptions are considered.

1. The distribution network is supplied by one SWER isolating
transformer substation located at a known point of grid exten-
sion. Therefore, substation planning is not considered in the
distribution planning problem.

2. The output terminals of the isolating transformer form the net-
work slack bus. Therefore, the costs of installation and internal
losses of the isolating transformer itself are not considered.

3. The sizes and locations of the loads as well as the prevailing load
growth rate are known beforehand.

4. Loads are proportional to the SWER distribution transformer
sizes. Changes in power factor due to transformer inductances
and losses due to the transformers are considered to be part of
the load. Voltage drops beyond the distribution transformers to
customer points are ignored.

5. Only peak load is considered for each year of the planning period.

6. Equipment data including unit costs, capacities, electrical char-
acteristics, etc. are readily available.

1.4 Contributions of Thesis
The following are the main contributions of the thesis:

• A detailed overview of Single Wire Earth Return power distri-
bution systems including operation, equipment, advantages and
disadvantages (Chapter 2).
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• A compilation of a comprehensive line and power flow model for
SWER distribution networks. The line model is derived from
Carson’s line model and incorporated into the formulation for
Single Wire Earth Return power flow (Chapter 3).

• An iterative heuristic algorithm for optimum SWER overhead
conductor selection based on earth return power flow and network
performance indices (Chapter 5).

• An optimization problem formulation of the Minimum Spanning
Tree (MST) algorithm for determining the optimum route con-
figuration for radial distribution networks. Whereas the conven-
tional MST algorithm is iterative, the developed formulation aims
to solve the route configuration problem using mixed integer pro-
gramming to create a minimum cost radial network (Chapter 5).

• A new optimization model for optimum feeder route configura-
tion in SWER networks. In this model, fixed and variable costs
are minimized subject to the conventional constraints of voltage
regulation, capacity limits, load balance, radiality, etc. However,
the earth return path constraints are incorporated as well, allow-
ing safety limitations to be taken into account (Chapter 7).

• A new optimization model for overhead conductor selection sub-
ject to SWER load flow constraints. This model also incorporates
the earth return path constraints in the optimization formulation
to determine optimum conductors either for individual branches
or for the primary and lateral feeders (Chapter 7).

• Detailed practical applications of the proposed models to a rural
area case study in Uganda as well as comparative studies (Chap-
ters 6 and 8). The numerical analysis in Chapter 8 includes the
impact of distributed generation on the SWER planning problem.
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1.6 Division of Work between the
Authors

I. G. Bakkabulindi and I. P. Da Silva jointly drew the outline, G.
Bakkabulindi carried out the data collection, analysis and wrote
the paper under the supervision of I. P. Da Silva, L. Söder and
M. Amelin.

II. G. Bakkabulindi and M. R. Hesamzadeh jointly drew the outline,
G. Bakkabulindi carried out the research and wrote the paper
under the supervision of M. R. Hesamzadeh, M. Amelin, I. P. Da
Silva and E. Lugujjo.

III. G. Bakkabulindi and M. R. Hesamzadeh jointly drew the outline,
G. Bakkabulindi carried out the research and wrote the paper
under the supervision of M. R. Hesamzadeh, M. Amelin and I. P.
Da Silva.

IV. G. Bakkabulindi drew the outline, carried out the research and
wrote the paper under the supervision of M. R. Hesamzadeh, M.
Amelin, I. P. Da Silva and E. Lugujjo.

V. G. Bakkabulindi, I. P. Da Silva and A. Sendegeya jointly drew
the outline, and G. Bakkabulindi wrote the paper under the su-
pervision of I. P. Da Silva, L. Söder and M. Amelin.

VI. G. Bakkabulindi and I. P. Da Silva jointly drew the outline, G.
Bakkabulindi and A. Sendegeya jointly carried out the research
and wrote the paper under the supervision of I. P. Da Silva and
E. Lugujjo.

1.7 Outline of Thesis
Chapter 1 introduced the background of the research project, its sci-

entific objectives, scope, main contributions and publications.
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Chapter 2 presents an overview of the technical and economic as-
pects of SWER power distribution. The general technical con-
cept, economic and technical comparison with convention distri-
bution, power quality as well as earthing and safety issues are
presented and discussed.

Chapter 3 presents the mathematical modeling of the SWER system.
In this chapter, line and ground impedance models are derived
based on the Carson line model. In addition, a power flow algo-
rithm for Single Wire Earth Return networks is presented.

Chapter 4 gives a general overview of conventional power distribution
planning methods.

Chapter 5 presents a new heuristic model for feeder routing and over-
head conductor selection based on performance indices and SWER
load flow. This chapter also presents the optimization problem
formulation for the minimum spanning tree.

Chapter 6 presents the numerical results of the application of the
proposed heuristic model to a case study extracted from Uganda.

Chapter 7 presents the formulation of new planning models for SWER
networks based on optimization techniques.

Chapter 8 presents the results of the practical application of the pro-
posed optimization models to comparative studies and the Ugan-
dan case study. The numerical analysis includes the impact of
distributed generation.

Chapter 9 presents the conclusion and suggestions for future work.
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Chapter 2

Overview of SWER Power
Distribution

This chapter gives an overview of the technical and economic aspects
of Single Wire Earth Return power distribution networks. The con-
siderations for earthing and safety are presented with regard to using
the ground as a current return path. In addition, the power quality
of SWER systems is discussed and some practical solutions to com-
mon challenges are presented. Finally, comparisons with conventional
distribution systems and issues pertaining to upgrading SWER to con-
ventional distribution are discussed.

2.1 Technical concept
The SWER network supplies single-phase power to rural loads from the
main grid’s medium voltage (MV) network such that the earth forms
the current return path [10]. The networks can also be used in mini-
grids with independent power sources. In grid extension, an isolating
transformer is often used for MV reticulation to provide earth fault
protection on the MV network [2,8,9]. Without it, the return current in
SWER would flow back to the main three-phase transformer resulting
in high voltages supplied to equipment [2]. However, the Brazilian
SWER configuration excludes the use of the isolating transformer [9].
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Figure 2.1: Typical configuration of SWER distribution system [1]

In the typical SWER configuration, two phase conductors from a
33, 22 or 11 kV MV three-phase system are connected to the isolation
transformer which then supplies the load at 19.1 or 12.7 kV single phase.
Figure 2.1 shows a schematic diagram of a typical SWER distribution
system. A T-off of SWER lines from an existing three-phase system is
shown in Figure 2.2 and Figure 2.3 shows an isolating transformer.

Consumers are supplied from step-down SWER distribution trans-
formers (Figure 2.4) which have one or two outputs that are center-
tapped in a 240-0-240 V arrangement as shown in Figure 2.1 [1, 2].
The connected load’s neutral is joined to the earth such that the re-
turn current flows into the earth back to the distribution transformer
via electrodes embedded deep into the ground.

The SWER Isolating Transformer
The isolating transformer provides the most technically complex and
expensive component of the SWER system. Because of its high costs
and addition to system losses, SWER is not economically viable for grid
extensions less than 6 km [11]. However, for loads less than 5 kVA, the
concept of Micro SWER developed in South Africa can be used to make
short extensions without use of the isolating transformer [11]. This is

10



Figure 2.2: Two phase T-off from three-phase MV network to SWER
isolating transformer (Gerus substation, Namibia)

Figure 2.3: A SWER isolating transformer with two phase input (L)
and single phase output (R) (Gerus substation, Namibia)
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Figure 2.4: A SWER customer connection transformer [2]

mainly used to supply power to remote mobile repeater sites.
The isolating transformer is typically used to reticulate 33, 22 and

11 kV MV primary systems. These transformers are manufactured in
sizes up to 400 kVA for 33 kV primary and 19 kV secondary [1]. The
standard sizes of SWER customer transformers, on the other hand,
range from 10 to 50 kVA [2].

The various functions and considerations for the isolating trans-
former are outlined below [1]:

• The isolating transformer allows for the selection of voltage for
the SWER network independent of that on the main MV grid
from which it is tapped. Although 33 and 22 kV three phase
lines can be used to supply the equivalent single phase 19.1 and
12.7 kV SWER respectively, an isolating transformer can be used
to supply 19.1 kV from a 22 or 11 kV backbone network.

• Isolating transformers are used to restrict the SWER earth cur-
rents to the area between the SWER distribution transformers
and the supplying isolating transformer. This helps to minimize
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the interference with open wire communications caused by the
earth currents.

• Isolating transformers allow for the use of sensitive earth fault
protection schemes on the primary MV three phase feeders. This
prevents the sensitive protection schemes from detecting the earth
return load currents of SWER as a permanent earth fault.

• Since the supply to the SWER system is taken across the two
phases of the primary MV grid feeders, the isolating transformer
enables better voltage balance on the feeders from the main pri-
mary transformer.

• Isolating transformers enable cost-effective voltage control on the
SWER system since they provide voltage tapping ranges that al-
low fixed tap distribution transformers to be used on the network.

• Since the isolating transformer must carry both the line charging
current and the load current, the transformer impedances must
be carefully designed to within 3 % to 4 % on rating to minimize
losses.

2.2 Earthing and Safety
Earthing is the most important requirement in SWER systems. The
use of the earth as the return path requires that earthing be carried
out very carefully for safe and efficient system operation. For proper
functioning, at least two load current-carrying earths are needed; one
on the supply side and another on the load side [9]. The SWER earth-
ing system must be able to conduct both the occasional network fault
currents and the continuous load current [1, 17]. Therefore, the conti-
nuity of the earthing system as well as its design within specification
must be ensured at all times.

Flow of current through the earth may result into dangerous poten-
tial gradients on the earthing rods (touch potential) and along the earth
surface (step potential). To avoid these dangerous potentials, SWER
system current-carrying earths should be carefully designed such that
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the product of earth resistivity and load current is less than or equal
to 25 V which has been found to be a safe touch and step potential
for both humans and animals [9]. The maximum safe voltage gradient
limit is 30 V [1]. Therefore, soils with low earth resistivity allow for
larger loads to be supplied.

The I2R losses in form of heat through the earth may cause a race
condition if current is not properly distributed. The implications of
this are that the heat will cause the earth to dry hence increasing its
resistivity which in turn will increase the I2R losses leading to further
drying and so on [9]. Therefore, loads in these systems are usually
restricted to within 400 kVA with current limited to 25 A at 19.1 kV,
except where interference with open wire communications is likely, in
which case the limits are 200 kVA or current 8 A [1].

Ground electrodes facilitate the connection of the SWER system to
the earth. The electrode resistance should be as low as possible and its
value depends on the resistivity of the soil with which the electrode is
in contact [18]. The grounding rods at the isolating transformer should
have a resistance between 1 and 2 ohms whereas the range for those
at the distribution transformers should be 5 to 10 ohms [1]. The in-
stallation of the ground electrodes should prevent dangerous voltage
gradients at ground level [19]. To design low-resistance grounding sys-
tems, a site and power survey must be carried out in the installation
area to include considerations for all power and communications equip-
ment to be used on the SWER line [18]. Standard feeder protection
using dropout fuses and circuit breakers with overcurrent relays work
satisfactorily on SWER systems [1]

A well designed grounding system should have the earth electrodes
driven as deeply below the ground surface as possible, at least 3 –
5 m [17]. This ensures continuous contact with low resistivity soils
where the conditions of temperature and moisture content are more
stable and much less influenced by variations in weather conditions
and human activities [1]. Once installed, the earthing electrodes need
to be adequately protected against theft and vandalism. Large ground
voltages will result at ground level from a missing earth connection
[9,19]. Further details on earthing requirements in SWER systems can
be found in [1, 9, 17].
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Soil Resistivity
In SWER systems, the resistivity of the soil has to be closely moni-
tored in order to meet all the earthing requirements and operate the
system within safe levels. Soil resistivity may vary widely within short
distances in the same area and so several measurements may have to be
taken at different locations. The variations in soil type mean that differ-
ent soils will have different concentrations of electrolytes for conducting
electricity. This means, therefore, that soil moisture variations will in-
crease or decrease the soil conductivity. As a general rule, however, the
higher the soil moisture content, the higher the soil conductivity [18].

Soil resistivity is also affected by temperature. The resistivity of
soil, given constant moisture content, reduces with increasing tem-
perature and increases with decreasing temperatures. At lower tem-
peratures, for example, when soil moisture freezes, the soil resistivity
increases almost threefold compared to its unfrozen values [18]. This
is especially detrimental to conductivity in clay or cement-based soils
which rely solely on moisture to conduct current. The relationship be-
tween soil resistivity and temperature is given by the Steinhart-Hart
equation in (2.1) [20].

1
T

= A+B ln(ρ) + C [ln(ρ)]3 (2.1)

where, T is temperature (K), ρ is the soil resistivity (Ω·m) and A, B, C
are Steinhart-Hart coefficients which vary depending on the tempera-
ture range in question. From the relation between resistivity, moisture
content and temperature, it can be deduced that resistance of any
grounding system will vary greatly at different times of the year de-
pending on the season. Therefore, good measurement of soil resistivity
prior to SWER system installation is essential.

The soil resistivity measurements are typically done using resistivity
meters that are based on the Wenner four-pin method [18]. In this
method, four rods are driven into the earth spaced at equal distances
from each other in a straight line as shown in Figure 2.5. A current is
then driven through the two outer rods (C1 and C2) and the voltage
across the two inner rods (P1 and P2) is measured.
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Figure 2.5: Wenner four pin method for measuring soil resistivity [3]

From this, the resistance of the soil can be calculated using Ohm’s
law and the resistivity, ρ, is calculated using (2.2) [18].

ρ = 4πAR
1 + 2A√

A2+4B2 − 2A√
4A2+4B2

(2.2)

where A is the distance between the rods (m), B the depth of the rods
(m), R the earth resistance (Ω) and ρ the soil resistivity (Ω·m). For
cases where A > 20B, the formula is simplified to (2.3). Table 2.1
shows typical values of resistivity for different soil types [1].

ρ = 2πAR (2.3)
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Table 2.1: Typical Soil Resistivity Values

Type of Soil Resistivity (Ω·m)
Clay and Soil 5 - 150
Chalk, Limestone 90 - 400
Sand and Gravel 100 - 3,000

2.3 Power Quality
Voltage regulation remains the most important capacity limitation af-
fecting power quality in existing SWER systems [2]. This poor regu-
lation is mainly caused by the Ferranti effect inherent in most distri-
bution systems but more pronounced in SWER due to the long line
lengths [2,21]. This effect accounts for the rise in voltage with distance
along a transmission line at the load side relative to the supply side
during periods of light loading. This is the result of the line charging
currents caused by induction and capacitance [9].

Line charging currents increase the system losses which are further
aggravated by the typically high impedance SWER conductors. Since
charging currents increase with distance and they are conducted by the
current-carrying earths, there is a restriction on the SWER line length
and supply voltage to limit these currents [9]. The line capacitance
also causes an increase in the loading of the SWER supply transformer
which may cause the transformer to fail to excite the line [2].

Modern systems counter the above problems by using shunt re-
actors which reduce the effects of line charging [2, 21]. Fixed shunt
reactors, however, add to the loading of the line during peak load peri-
ods if they are not removed when the line is fully utilized. A solution
to this is to use controllable shunt reactors which are switchable at
low and high line loading and help to improve voltage regulation for
heavier loads [2]. The incorporation of distributed generation (DG) on
long SWER feeders improves their voltage profile, load carrying capac-
ity and reliability [22]. Power electronic solutions to SWER voltage
regulation problems are presented in [23].
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SWER is limited to areas whose earth resistivity is less than 1000 Ωm
[19]. Above this, sizable loads cannot be supplied due to the lower earth
currents imposed by the high ground resistance. In addition, proxim-
ity to open wire communication systems should be avoided to prevent
interference. Harmonic currents generated in SWER circuits induce
voltages in open-wire communication lines within about 3 km of the
SWER line [1, 9]. However, the shift from open-wire to optical fiber-
based communications means that this is no longer a major problem in
new networks. The minimum separation between any earth return cir-
cuit and nearby open-wire communications for different soil resistivity
values is given in Table 2.2 [19].

Table 2.2: Minimum Separation of SWER Lines from Open Wire Com-
munications

Length of par-
allel comm.
circuit (km)

Minimum separation (m)
for ρ (Ω·m)

ρ=5 ρ=47 ρ=200 ρ=1000
8 220 640 1350 3060
16 300 1000 2000 4570
24 400 1230 230 5790
32 480 1430 2900 6860
40 540 1600 3240 7460

The loading of the primary MV three-phase system with the single-
phase SWER loads leads to negative phase sequence currents. Special
care must be taken to avoid unbalanced single-phase loading. This
can be mitigated by supplying three SWER networks from the same
three phase distribution point. In networks without isolating trans-
formers, good phase load balancing reduces the current flowing back
to the zone three-phase transformer. When this current is kept within
the maximum SWER current limits, considerably higher loads can be
supplied. [9].
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Use of Motors
The lack of capacity to run large motors remains one of the biggest
arguments against installing SWER systems in favor of three-phase
systems in developing countries. The ability to use motors is important
especially in rural areas requiring irrigation. The main challenge is
the voltage depression during motor starting. This challenge and the
selection of motors for SWER are categorised as below [11].

Small conventional 230 V induction motors with ratings up to 5
horsepower (3.7 kW) can be run on SWER using conventional motors
and starters. In addition, 460 V single phase motors can be used with
the 230-0-230 V distribution transformers. Single phase motors with
electronic starters and ratings of 10 to 15 hp (7.5 – 11.2 kW) can be
connected at 460 V for use with 230-0-230 V transformers.

Written-Pole single-phase motors are highly recommended in SWER
for motor ratings of 15 hp and above because they cause lower voltage
depression at start-up. The start-up power demand for motors utiliz-
ing this technology is around 25 to 35 % that of conventional single
and three-phase motors with similar ratings. Hence, they are able to
produce good starting torque with less demand on the network.

2.4 Comparison with Conventional
Distribution

Benefits of SWER
The main advantage of SWER systems over conventional distribution
is the considerably reduced cost both in initial investment and main-
tenance. The single conductor allows for much longer span lengths en-
abling use of fewer and lighter poles. This results into a marked reduc-
tion in material and labor costs. It also requires a lot fewer insulators
as well as switching and protection devices compared to three-phase
lines of similar length.

The design simplicity and ease of construction of SWER networks
ensures a shorter implementation time as well as low maintenance costs

19



after installation. Given the simple protection schemes required, the
major complexity is ensuring the low resistance earthing at the iso-
lating and distribution transformers. The isolating and distribution
transformer earths should be regularly tested at least annually for the
former and thrice annually for the latter transformers. Utilities oper-
ating SWER systems estimate that the maintenance costs for SWER
are about 50% those of conventional systems [1].

The reliability of SWER networks is higher than that for conven-
tional three-wire three-phase and two-wire single phase networks. This
is mainly because the single conductor eliminates instances of conduc-
tor clashing, both physically and magnetically, and requires fewer com-
ponents. The former feature reduces bush fires prevalent in rural areas
supplied by multi-wire distribution systems. Incidences of lightning
strikes are reduced by using simple surge arrestors. The SWER feeders
are typically long and radial and auto-reclosers and section isolators
are used to minimize the magnitude and duration of power outages.
In addition, the requirement for fewer components reduces instances of
failure in power electronic devices [1].

Cost Comparison
Following the construction of SWER lines, utilities in Australia and
New Zealand have reported savings of approximately 30% on the cap-
ital costs of conventional three-wire three-phase and 50% on those of
two-wire single phase systems [1]. Figure 2.6 illustrates the trend of
investment costs against power line distance for (a) SWER without the
isolating trasformer (Brazilian system), (b) SWER with the isolating
transformer (Australian system) and (c) the conventional distribution
system. The graphical comparison is based on the real cost study done
in [9].

Figure 2.6 shows that for line lengths greater than 0.6 km, the
Brazilian SWER configuration is the cheapest option in terms of instal-
lation costs. However, this advantage is often offset by the technical
shortcomings of not isolating the SWER system from the main grid
network as explained in Section 2.1.
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Figure 2.6: Cost comparison of two SWER configurations and conven-
tional distribution

The Australian SWER system has the added cost of the isolating
transformer which accounts for its high starting cost as depicted in
Figure 2.6. Therefore, it only becomes more cost-effective than the
conventional system after about 8.5 km. The conventional system, on
the other hand, is most cost-effective for distances less than 0.6 km. Be-
yond 8.5 km, it becomes economically unviable for rural electrification
compared to the two SWER configurations as shown in the figure.

2.5 Upgradability
The SWER network is often regarded as an entry level technology and
economic enabler for full-scale electrification of rural areas. It is most
suitable for areas whose load will not grow drastically for at least the
first 5 to 10 years after installation. The growth of the load in rural
areas is usually slow even following electrification as experiences in
South Africa, Namibia and other countries have shown [1,2, 9].
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Typical rural loads are lighting, heating, household appliances, weld-
ing, water pumping and running single-phase induction motors up to
22 kW [1]. Higher motor loads can be powered using power electronic
solutions such as the single-to-three phase booster converters [23, 24].
Figure 2.7 shows a SWER line supplying power to households and small
businesses in Oshakati, Namibia.

Figure 2.7: A Single Wire Earth Return line supplying power to house-
holds and commercial loads (Oshakati, Namibia)

If it is envisaged that the load will exceed the SWER limits given in
Section 2.2, the SWER system should be constructed in such a way as
to allow for future upgrade. Through the appropriate selection of pole-
heights and strengths, conductor types and pole-top configurations,
simple future upgrade to two-wire single phase or three-wire three-
phase supply can be achieved.

Since SWER installation costs are about 30% of those for three-
phase distribution, the capital costs for an upgrade would be less than
15% above the overall cost of constructing a conventional system to
begin with [1]. Given the change in the time value of money and
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the fact that electrification often leads to economic growth, the initial
electrification using SWER would be well justified.

The capacity can also be increased to meet growing demand by
installing a second isolating transformer and running another SWER
line on the same poles. This configuration doubles the power with no
additional pole installations and results into a 180 degree phase shift
between the two SWER lines. This causes the cancellation of several
ground currents and hence reduces safety hazards and communication
line interference [8].

Experiences elsewhere, e.g. Namibia, have shown that only a small
percentage of rural areas require an upgrade before 10 years and the
requirement for upgrade is usually between 10 to 30 years after in-
stallation [1]. However, any rapid load growth within a short time
after installation implies that the full economic benefits of electrifica-
tion have been realized. As such, the economic growth would justify
and facilitate the necessary upgrade.
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Chapter 3

Mathematical Modeling of
SWER

This chapter presents the mathematical modeling of Single Wire Earth
Return distribution networks. The SWER line impedance model is for-
mulated based on Carson’s line where the ground return path is replaced
by a homogeneous infinite solid conductor. Carson’s line incorporates
the effects of the ground return path on the impedance of the overhead
line. The SWER line shunt admittance is then formulated and from
this the impact of charging currents can be determined. Finally, the
mathematical formulation of the power flow in Single Wire Earth Re-
turn networks is derived.

3.1 Line Impedance Model
The complexity of modeling the wave propagation and power flow in
distribution networks with earth return was first tackled by J. R. Car-
son in [25], a benchmark paper published in 1926. In the paper, Carson
developed a technique whereby the self and mutual impedances of over-
head conductors could be modeled to include the effects of earth re-
turn. Back in 1926, his method received very little enthusiasm mainly
because of the tedious concepts that had to be manually calculated
and done using a slide rule [26]. Today, however, advancements in
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computing have made Carson’s model the power industry standard for
determining impedance values of transmission and distribution lines
with characteristics of earth return [27]. Hence, the SWER distribu-
tion line model is based on the Carson model derived in the succeeding
section.

Carson’s Line Model
In his model, Carson considers a single overhead conductor a of unit
length parallel to the earth and carrying a current Ia with the return
path g-g′ underneath the earth’s surface as shown in Figure 3.1. The
earth itself is assumed to be a single solid conductor of infinite length
with a flat uniform upper surface, uniform resistivity and a geometric
mean radius (GMR) of 1 m [4, 25]. The depth, p̄, of the homogeneous
ground current return ’conductor’ below the earth surface is equal to
the complex penetration depth for plane waves which is given by (3.1)
[27,28].

p̄ =
√
ρ/(jωµ) (m) (3.1)

where ρ is the ground resistivity (Ω· m), j the imaginary number, ω
the angular frequency (rad/s) and µ the ground permeability (H/m).

From (3.1), the distance Dag between the overhead conductor and
the earth return path in Figure 3.1 is a function of the soil resistivity.
The higher the soil resistivity, the deeper beneath the earth surface
the return current will flow in search of higher conductivity near the
bedrock, increasing Dag, and vice versa. The depth of the return path
can be approximated using p̄ = 93√ρ (m) [29]. Therefore, for soils of
resistivity 300 Ω·m, the SWER earth return current will flow at about
1600 m below the earth surface.

Self and Mutual Impedances of SWER
The objective of this section is to derive the self and mutual impedances
of the SWER line based on the simplified Carson line model. Consid-
ering Figure 3.1, the voltage per unit length for both overhead line and
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Figure 3.1: Model of Carson’s line with earth return [4]

ground return can be formulated as follows [4].[
Vaa′

Vgg′

]
=

[
Va − Va′

Vg − Vg′

]

=
[
z̄aa z̄ag
z̄ag z̄gg

] [
Ia
−Ia

]
(3.2)

where all voltages have the same reference and Vg=0. Taking the dif-
ference between the two equations in 3.2, the voltage expression given
by 3.3 is obtained.

Va = (z̄aa + z̄gg − 2z̄ag) Ia = ZaaIa (3.3)
From which the resultant SWER overhead line impedance Zaa is ob-
tained as:

Zaa = z̄aa + z̄gg − 2z̄ag Ω/km (3.4)
where z̄aa is the line self-impedance, z̄gg the ground self-impedance,
and z̄ag the mutual impedance between the line and earth, all of which
are defined by (3.5) through (3.7) respectively. The factor (z̄gg − 2z̄ag)
represents the impedance correction due to the earth presence.

The self impedance, z̄aa, of the overhead conductor with ground
return is given by (3.5) [4,28]. This impedance formulation is based on
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the simplified Carson line model published by Deri [30].

z̄aa = Ra + j4π × 10−4f ln
(

2(ha + p̄)
ra

)
(3.5)

where Ra is the ac resistance of the phase conductor a (Ω/km), f the
frequency (Hz), ha the height of the conductor a above the earth (m),
p̄ the depth of the earth return conductor (m) as defined in (3.1) and
ra the external radius of a (m). The quantity j4π × 10−4f ln 2(ha+p̄)

ra
has both real and imaginary parts which implies that Raa, the self
resistance of the line corrected by ground return, will be greater than
the conductor resistance Ra. This is because Raa, the real part of z̄aa,
takes into account the losses of both conductor a and the lossy ground
return path [28].

The self impedance of the ground ’conductor’ and the mutual impedance
between the overhead line and ground return are derived from the cor-
rection factor (z̄gg − 2z̄ag) and given by (3.6) and (3.7) respectively [4].
The ground self impedance is represented by the frequency dependent
part of the correction factor.

z̄gg = π2 ·10−4f− j0.0386 ·8π ·10−4f + j4π ·10−4 ·f ln
( 2

5.6198× 10−3

)
(3.6)

z̄ag = j2π × 10−4 ln
 ha√

ρ/f

 (3.7)

where ρ is the ground resistivity (Ω·m) and all impedances are in Ω/km.

3.2 Line Shunt Admittance
The SWER overhead line shunt admittance can be derived using the
line shunt capacitance, C, computed using the self Maxwell potential
coefficient in (3.8) [27, 28]. The capacitive reactance is given by Xc =
1/(jωC). The shunt admittance, Y , is then given as (1/Xc) S/km.

C−1 = 1
2πε0

ln
(
Dag

ra

)
(m/F) (3.8)
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where ε0 is the permittivity in free space (F/m).
It can be observed from (3.8) that the increased separation be-

tween the overhead conductor and the earth return path (Dag) results
into higher capacitive reactance, Xc, in SWER circuits than equivalent
multi-wire circuits whose reactance is line-to-line. This causes higher
charging currents in SWER than in conventional systems leading to
the more pronounced Ferranti effect in SWER.

3.3 SWER Load Flow Model
The load flow models presented in this study consider the Australian
SWER configuration whereby the output terminals of the isolating
transformer form the network slack bus as proposed in [8]. The SWER
load flow formulation is based on the forward/backward sweep method
for radial distribution networks with earth return as derived in [4] and
described in the following steps [31].

In the first step, all nodal current injections due to loads, capac-
itor banks, if any, and shunt elements are calculated based on initial
voltages. In subsequent iterations, updated voltages are used to calcu-
late the nodal currents. In the case of SWER, the calculation of nodal
currents is given by (3.9).

[
Iia
Iig

]k
=
(Sia/V (k−1)

ia )∗
−Iia

− [Yia0
] [
Via
Vig

](k−1)

(3.9)

where, Iia and Iig are the current injections at node i for the overhead
line and earth return path respectively, Sia is the specified complex
power load at node i, Via and Vig are the complex voltages at node i for
the overhead conductor and earth return respectively, Yia is the shunt
admittance of the overhead line at node i, and k is the iteration index.

The second step is the backward sweep which calculates branch
currents starting from the end nodes of the radial distribution network
(RDN) backwards to the source node following Kirchoff’s Current Law.
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The current, J , through branch l is calculated according to (3.10).[
Jla
Jlg

]k
= −

[
Ija
Ijg

]k
+
∑
m∈M

[
Jma
Jmg

]k
(3.10)

where j is the end node of branch l and M is the set of all branches
connected downstream from node j. A branch-to-node matrix was used
to keep track of all the branches and nodes connected downstream from
any branch.

In the third step, i.e. the forward sweep, bus voltages are updated
using the branch currents obtained from the backward sweep, starting
at the root node towards the end nodes. Nodal voltage calculations in
the forward sweep were calculated using (3.11).[

Vja
Vjg

]k
=
[
Via
Vig

]k
−
[
Zaa
Zag

Zag
Zgg

] [
Jla
Jlg

]k
(3.11)

where, Iia and Iig are the current injections at node i for the overhead
line and earth return respectively, Sia is the specified complex power
load at node i, Via and Vig are the complex voltages at node i for
the overhead conductor and earth return respectively, Yia is the shunt
admittance at node i, N is the set of all network nodes, and i and j
are the incoming and outgoing nodes of branch l respectively.

The above methodology can then be formulated as an optimiza-
tion algorithm to obtain a solution to the network load flow following
convergence. The objective of the optimization is to minimize the dif-
ference between the specified and calculated load power injections at
each bus. The objective functions for the overhead line and ground are
given by (3.12) and (3.13) respectively. They are subject to the con-
straints given in (3.9) through (3.11), where the branch impedances are
as calculated in (3.4) to (3.7).

∆Skia = V k
ia(Ikia)∗ − Y ∗ia|V k

ia|2 − Sia (3.12)
∆Skig = V k

ig(Ikig)∗ (3.13)
All parameters and variables in (3.9) through (3.13) are complex.

The mathematical models derived in this chapter are applied to the
proposed SWER network planning models in Chapters 5 through 8.
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Chapter 4

Overview of Power
Distribution Planning
Models

This chapter presents a general overview of existing models and ap-
proaches used in the planning of power distribution networks.

4.1 Introduction
The objective of distribution system planning is to determine opti-
mum installations to meet consumer demand in a single or multi-stage
planning period. Therefore, the planning problem formulation seeks to
determine the sizes and locations of substations as well as the optimum
conductors and feeder routes. Over the last few decades a considerable
amount of research has been done on the planning of power distribu-
tion systems [5, 14, 15, 32–57]. The existing models can be classified
into four general categories [49]:

1. Static-load sub-system: considers the load to be constant with
time and includes only a portion of the total system, that is, either
substation or feeder planning in the problem formulation.
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2. Static-load total system: considers the load to be constant
with time and includes both substation and feeder planning in
the problem formulation.

3. Dynamic-load sub-system: considers the load to be time-
variant but includes only a portion of the total system, that is,
either substation or feeder planning in the problem formulation.

4. Dynamic-load total system: considers the load to be time-
variant and includes both substation and feeder planning in the
problem formulation.

The static approach often considers network planning in a single
time period, usually one year. Therefore, load growth is not consid-
ered throughout the planning period and equipment installations cater
for only the initial load and resultant network topology. Dynamic plan-
ning, on the other hand, considers several time periods and changes in
substation sizes as well as feeder routes and conductor sizes for succes-
sive time periods are determined.

The substation planning sub-system determines the optimal loca-
tion and sizing of substations to meet the network load including losses
at minimum cost. The feeder planning sub-system determines the opti-
mal routing and conductor sizing of feeders to supply all network loads
at minimum fixed and variable costs. In both instances, available equip-
ment, i.e. transformers and conductors, are used with consideration for
their capacity limits and voltage drop constraints.

Some existing models focus solely on solving a single sub-problem,
i.e. either substation planning [32–37] or feeder planning [38–45]. Some
approaches endeavor to solve the two sub-problems sequentially by de-
termining the location and sizing of the substation transformers first
and the optimum network layout or feeder route is determined in a
second step. Whereas this approach gives some simplification to the
network planning problem, it does not guarantee a global solution be-
cause the optimization of the whole system is not separable into the
two sub-problems [58, 59]. Hence, by solving the sub-problems inde-
pendently, local minima may be obtained rather the global minimum.
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To counter the above short-coming, several models have been cre-
ated to solve the planning problem in a single step using either the
static or dynamic approach [5, 49, 52–57]. In this case, the optimum
location and sizing of the substations are determined simultaneously
with the optimum network layout in a single or multi-stage planning
period. The multi-stage planning approach often involves either of two
methodologies [58]:

a) A pseudo-dynamic approach where the solution of the distribu-
tion planning problem for the first time period becomes the input
for the second period whose output in turn becomes the input of
the next period and so on. The demand growth forecast for each
period is considered in this formulation. However, this methodol-
ogy may also yield sub-optimal solutions since the decisions taken
in one time step are not reversible.

b) A dynamic methodology where the network planning problem
is optimized in a single procedure over the entire range of time
periods. The use of mathematical programming methods to solve
this kind of problem gives rise to complex dynamic models that
are applicable to the accurate analysis of small to medium-sized
networks.

Stochastic methods have also been developed to model the inherent
uncertainty in distribution network planning, e.g. load variations, eco-
nomic indices, reliability indices, etc. [60,61]. In this thesis, stochastic
planning of SWER systems is not considered but is proposed for future
work (Section 9.2).

4.2 Network Optimization
The general objective of distribution network optimization is to min-
imize the fixed costs, variable costs and the cost of unserved energy
subject to technical constraints. Fixed costs relate to the purchase
and installation of equipment whereas the variable costs refer to the
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network operation and maintenance costs including losses. The vari-
able costs are dependent on the feeder length and the line loading.
The unserved energy is a measure of the network’s reliability to meet
the demand. Reliability, however, is beyond the scope of this work.
The general distribution network optimization problem is summarized
below [5, 60].

Minimize:

Fixed costs

Variable costs

Energy not supplied

Subject to:

Equipment capacity limits

Voltage drop constraints

Demand/supply balance

Configuration constraints (if any)

Equipment capacities include the line thermal limits and substa-
tion power supply limits. The voltage drop constraints are usually
user-defined and/or dictated by utility or national standards to keep
the voltage regulation within specified limits. Additional voltage and
current restrictions must be applied in SWER to maintain safety for
humans and animals (Chapter 2). Demand and supply constraints en-
sure that the network adheres to Kirchoff’s voltage and current laws in
the power flow to meet the total load. The configuration constraints
ensure that the layout of the distribution network is radial as is nor-
mally the case for medium- and low-voltage networks. However, this
requirement is not necessary for some weakly meshed networks.

Mathematically, the above optimization problem can be generally
formulated as in (4.1) [60]:
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min c1x+ c2y

s.t. A1x+ A2y ≥ b (4.1)
A3y ≥ d

where x represents the vector of integer decision variables, y is the
vector of continuous state variables, e.g. power flows, voltage drops,
etc., c1 and c2 are cost coefficients representing fixed and variable costs
and matrices A1, A2, A3, b, d are derived from the technical constraints
of the particular network problem.

The distribution network planning problem is non-linear and combi-
natorial due to the consideration of electrical losses and the inclusion or
exclusion of candidate installations. Use of binary integer decision vari-
ables to determine optimal choices for candidate installations leads to
a mixed integer non-linear programming (MINLP) problem. The num-
ber of integer variables determines the complexity of solving MINLP
problems. The solution of the network problem involves the consider-
ation of every possible scenario, i.e. options for substation locations,
feeder routes and equipment sizes. For n binary variables representing
the different options, 2n scenarios must be tested for feasibility [62].
This means that adding one load node to the network can double the
potential links to be enumerated for optimality. The increase in prob-
lem complexity with network size means that only limited size networks
can be solved using mathematical programming techniques [50].

Since the number of feasible solutions to be enumerated for opti-
mality in MINLP problems can be very large, it is desirable to use op-
timization techniques which can obtain the optimum solution without
examining all feasible solutions. Dynamic programming has been used
to achieve this in distribution network planning problems [63]. A more
widely used procedure is the branch-and-bound technique [62, 64, 65].
In this method, the original network problem is divided into smaller
subproblems by partitioning the feasible solutions into smaller subsets
(branching). Then the best solution in each subset is bound by how
good it can be and the subset is discarded if its bound cannot possibly
provide an optimal solution [62].
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In order to reduce the problem’s complexity, linear approximations
and relaxations of the distribution network [50, 66] have been made
giving rise to mixed integer linear programming problems (MILP) [5,32,
35, 38, 42, 56]. In addition, some MILP models have used the Bender’s
decomposition and other approximations such as load clustering and
the replacement of discrete variables with continuous ones [45, 49] to
improve execution time.

4.3 Heuristic Models
Larger networks can be solved efficiently using heuristic algorithms
which give good but not necessarily global optimum solutions. Heuris-
tic methods as applied to distribution network planning also follow
the same optimization formulation described in Section 4.2 where an
objective function is minimized subject to a set of constraints.

The principle behind the algorithms is that the state and decision
variables are separable such that for each network configuration de-
fined by the decision variables, the state variables can be calculated
(cf. (4.1)) [60]. The optimal configuration is then determined using
a search or iterative algorithm that starts from a reasonable initial
configuration. In the iterative procedure, the last accepted configu-
ration becomes the starting configuration for the next iteration until
the objective function cannot be minimized (or maximized) any fur-
ther or the iteration limit is exceeded. Heuristic algorithms have the
advantage of providing good solutions with minimal or reduced com-
putational effort but they do not guarantee that a global optimum will
be obtained [60,62].

Metaheuristics are a highly efficient class of heuristic algorithms
that often yield solutions that are close or equal to the global optimum
for large networks in reasonable execution time. Such algorithms in-
clude genetic algorithms (GA), tabu search and simulated annealing,
an overview of which is given in [60] and [62]. Many such algorithms
have now been developed to solve various combinatorial network opti-
mization problems [43–47,52,62].
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More detailed reviews of the merits and demerits of different power
distribution planning models are given in [67] and [68].

4.4 Optimal Feeder Configuration
Due to the widespread deregulation of electricity markets and increased
access to the distribution grids, distribution utilities must increase the
network efficiency in order to sustain their operations. To achieve this,
most utilities now aim to develop networks that have the most appro-
priate and optimal feeder configuration to lower the cost of the energy
supplied, minimize losses and increase the reliability of meeting the
consumer demand while increasing network capacity [44].

Several approaches and models have been developed for optimum
distribution feeder configuration (DFC). In [69–72], heuristic algorithms
are presented to solve the DFC problem beginning with a completely
meshed network. The algorithms then successively eliminate branches
until a radial network topology is achieved. The presented algorithms
differ in the sensitivity analyses used to determine which branch should
be eliminated at each stage. The constraint (4.2) is used to ensure ra-
diality in the models.

m = n− 1 (4.2)

where m is the total number of branches and n is the total number of
network buses.

An investigation into imposing radiality constraints in DFC prob-
lems is presented in [51]. The paper presents a review of the efficiency
of the commonly used constraint (4.2), its incorporation into the math-
ematical models of DFC optimization problems and also examines the
generalization of radiality constraints. In [63], a dynamic programming
algorithm is used in conjunction with GIS facilities to obtain the op-
timum sizing and routing of MV radial networks. A branch-exchange
algorithm is presented in [73] whereby the DFC problem is solved by
starting with an initial feasible radial topology from which successive
radial topologies are created by the branch-exchange method to obtain
the optimum.
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Metaheuristics have also been applied in solving the DFC problem.
In [44], the DFC problem is solved using a methodology based on sim-
ulated annealing to determine an optimum network configuration that
minimizes the outage cost, feeder resistive losses, investment and main-
tenance costs. Genetic algorithms are used to solve the DFC problem
in [74] and [75] whereas an evolutionary algorithm is used in [76].

Despite the extensive research on power distribution planning as
reviewed in this chapter, limited research has been done on planning
models specific to Single Wire Earth Return distribution networks.
This thesis work is aimed at developing SWER network planning mod-
els that could contribute to affordable rural electrification in developing
countries. The proposed models and their application to case and com-
parative studies are presented in the succeeding chapters.
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Chapter 5

Proposed Heuristic Model
for SWER Network Planning

This chapter presents a proposed heuristic algorithm for planning SWER
distribution systems. The model is based on an iterative procedure and
the formulation of performance indices derived from multiple simula-
tions of the SWER load flow algorithm.The developed model includes
optimal feeder routing and overhead conductor selection for both pri-
mary and lateral feeders with load growth over several time periods.
Substation planning and reliability are not considered.

5.1 Introduction
Whereas the planning of conventional distribution networks has been
widely documented (Chapter 4), very little research has been done on
the optimal planning of Single Wire Earth Return distribution net-
works. The specific attributes of SWER systems presented in Chap-
ter 2 highlight the considerable differences in the operation, and hence
planning, of SWER compared to traditional power distribution.

Power flow in earth return distribution systems typically depends
on geographical location and the specific earth properties of that loca-
tion. The soil resistivity will determine how much electrical load the
SWER network is able to supply with higher resistivity reducing the
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allowable load and vice versa. Therefore, planning of SWER systems
has to take into account different operational and safety constraints
from conventional distribution systems.

This chapter presents a heuristic model for planning Single Wire
Earth Return (SWER) power distribution networks. The proposed
model can be classified as a dynamic-load sub-system (Section 4.1) since
it focuses on multistage feeder planning with load growth and excludes
substation planning. The cost of unserved energy, and hence reliability,
is also not considered.

The network is considered to be supplied by a single isolating trans-
former substation whose location near the point of grid extension from
the main three-phase system is assumed to be known. Most practical
SWER systems have this arrangement which precludes the need for
substation planning.

The model comprises two steps: the first step determines the op-
timal network configuration and layout by using a minimum spanning
tree (MST) algorithm formulated as an optimization problem. The
aim is to interconnect all load points spatially spread over a given ge-
ographic region at minimum cost.

The second step uses an iterative procedure to determine the opti-
mum overhead conductor sizes for the network’s primary and secondary
feeders. The conductor selection is based on multiple simulations of the
SWER load flow algorithm (Section 3.3) on the resultant network. Spe-
cially formulated network performance indices are then used to select
the optimum conductors.

Through multiple simulations of the SWER load flow model, the
conductor selection algorithm can be used to determine the time period
when a given conductor will get overloaded. Hence, an approximate
prediction can be made on when the SWER network will need to be
upgraded.

All the assumptions highlighted in Section 1.3 were considered in
developing the heuristic model. The model presents a single planning
decision on the route configuration and conductor sizes for an entire
planning period, as opposed to several decisions for different time di-
visions within the chosen period.
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5.2 Feeder Routing using the MST
Algorithm

The objective of feeder routing is to interconnect all load centers at
minimum cost. This involves obtaining an optimum network config-
uration which minimizes the resistive loss costs for both the existing
and new feeders as well as the investment and maintenance costs of
new lines and switches [44]. The optimal feeder route in the proposed
heuristic SWER planning formulation was determined using the MST
algorithm formulated as an optimization problem.

A MILP Formulation of the MST Algorithm

The input of the MST algorithm was considered to be an acyclic graph,
G = (N,M, c), containing the spatial distribution of all the network
loads spread over a geographic region. In the graph, N is the set of
all network nodes/buses, M is the set of arcs/branches constituting all
possible network routes and c(i, j) is the weight of the arc ij related to
its length or investment cost. An important consideration is that there
is only one directed arc from node i to j and that there are no cycles
of total negative weight [77].

In this thesis, the MST algorithm was formulated as a MILP prob-
lem whose objective was to minimize the total feeder length subject to
radiality constraints. The binary integer variable xij was introduced
and the set X created to include all possible branches such that xij = 1
meant that the arc ij was included in the optimal feeder route whereas
xij = 0 denoted otherwise. The full optimization problem formulation
is given in (5.1) through (5.7) and its solution output gives the opti-
mum feeder route layout with respect to line lengths.

Minimize ∑
(ij)∈M
i 6=j

cijxij (5.1)
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Subject to: ∑
i∈N
i 6=j

xij ≤ 2 ∀j 6= 1 (5.2)

∑
j∈N
i 6=j

xij ≥ 1 ∀j 6= n (5.3)

∑
i∈N

xi1 = 0 (5.4)∑
i∈N
i 6=n

xin = 1 (5.5)

ui − uj + nxij ≤ n− 1 1 ≤ i 6= j ≤ n (5.6)
xij ∈ {1,0} (5.7)

where n is the total number of nodes and ui, uj are unrestricted vari-
ables.

Constraints (5.2) to (5.5) are radiality constraints. Constraint (5.2)
ensures that there are no more than two incoming branches to any node
except the source node which should have none. Constraint (5.3) allows
for multiple outgoing branches from any node except the last (sink)
node which should have no outgoing branch. The chosen sink node
must be located farthest from the source to obtain the desired results.
Constraints (5.4) and (5.5) ensure that no branch is incident on the
source node and that only one branch is incident on the last node
respectively. Constraint (5.6) eliminates local loops in the resultant
network and ensures that all nodes are connected. It is proven in [64]
that there exist values for ui and uj in (5.6) which rule out disjoint
cycles or loops from the MST.

The number of branches incident on a node is limited to a maximum
of two in (5.2), rather than one, to ensure the resultant network is ra-
dial. Restricting the incident branches to one would result in a network
with one directed path from source to sink node without any radial
branches as obtained in the Travelling Salesman Problem (TSP) [64].
In radial network load flow, the power flowing into any node is supplied
by only one incoming branch unlike the MST formulation above. It fol-
lows, therefore, that the branch numbering in developing the MST has
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no relationship with the power flow in the network. Rather, once an
optimal feeder route is obtained, the nodes on the primary and lateral
feeders should be re-labeled using an appropriate method, e.g. that
illustrated in the case study application (Chapter 6).

5.3 Conductor Selection
Following the determination of the the optimal feeder route, a forward
planning approach was developed using an iterative procedure to de-
termine the optimum conductor for each branch. The objective of the
conductor selection is to minimize the energy losses and line voltage
drops while maintaining a reliable, secure and economical supply to
the forecast load [78]. Therefore, the appropriate conductor for each
branch would be that which minimizes the investment and real power
loss costs while keeping the network operation within the technical
constraints.

Conductor selection was done using the SWER load flow algorithm
presented in Chapter 3.3 to formulate appropriate network performance
indices for each conductor option. Performance indices were formulated
to test the suitability of each scenario starting from a base case by
running multiple simulations of the SWER load flow algorithm. The
suitability of different conductor options was measured against load
growth in different time periods up to a horizon year, T . The annual
load growth was calculated using (5.8) [48].

St = S0 · (1 + g)t (5.8)

where St is the load in a given time period t, S0 is the load in the base
year and g is the load growth rate.

In addition, the formulated indices could be used to determine when
an upgrade of existing SWER feeders to two-wire single phase or con-
ventional three phase would be needed in the future for each conductor
size option. This is an important aspect of the model because SWER
is often regarded as an ’entry level’ distribution technology that spurs
load growth in otherwise remote un-electrified areas. A prediction of
when the load will exceed the low cost technology’s supply capacity
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helps not only to design an appropriate network, but also to determine
the viability of installing it in the first place.

Network Performance Indices
In the proposed forward planning approach, each considered conduc-
tor option was placed onto the network in turn and its performance
analyzed using the indices developed below. The performance indices
were based on the voltage profile, feeder losses, conductor utilization
and investment cost. Two overall indices were formulated to combine
the individual performance indices and determine the optimal conduc-
tors for both the primary and lateral feeders respectively. The index
formulations are described below.

Voltage Index

The voltage index, IV,c, was based on the voltage profile of the network
for each conductor option, c. It was used to monitor the nodal voltage
deviations from the nominal, V0 (1 p.u), for each option throughout
the planning period. This index was therefore formulated as the dif-
ference between the actual nodal voltage magnitude and V0, averaged
over the entire planning period T for conductor c. The voltage index
formulation is given by (5.9).

IV,c =
∑n
i=1

∑T
t=1 |Vi,t,c − V0|
n · T

(5.9)

where n is the total number of network nodes, T is the number of years
in the planning period and Vi,t,c is the actual voltage at bus i in time
period t using conductor c.

The voltage index was only calculated for bus voltages within the
allowable SWER voltage limits which range from 0.907 to 1.027 p.u
[8]. Conductors with voltages outside these limits for any period were
discarded. Since it is desired that the nodal voltage deviation from the
nominal is as small as possible, it follows that the smaller the value of
this index, the better the conductor’s performance.
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Conductor Utilization Index

The utilization index, IU,c, was formulated as a measure of the average
current through each conductor as a ratio of its total current capacity
limit in each time period. It was used to keep track of conductor
capacity usage during the planning period. The index was developed
using the line current flows obtained from the load flow simulations.

It was only calculated for branch segments where the current flows
remained within the thermal limits of the corresponding branch con-
ductor. Overloaded lines in any time period were excluded. Con-
ductor under-utilization indicates inappropriate conductor sizing and
leads to unnecessarily high investment costs. It follows, therefore, that
the higher the conductor utilization index without overload during the
planning period, the better the conductor’s performance in supplying
the peak load. This index is given by (5.10).

IU,c =
∑m
l=1

∑T
t=1

(
Jl,t,c/Ĵc

)
m · T

(5.10)

where Jl,t,c is the average current flowing through branch l during year
t for conductor c, Ĵc is the current carrying limit of conductor c, m is
the total number of network branches.

Power Loss Index

The power loss index, IL,c, was formulated to determine the resistive
losses associated with each conductor option for the earth return sys-
tem. The index calculates the ratio of total resistive losses to total
active power demand for all time periods. It is required that the net-
work losses are kept as low as possible which implies that the lower the
loss index the better the performance of a given conductor. The index
is given by (5.11).

IL,c =
∑m
l=1

∑T
t=1

(
J2
l,t,c ·Rl,c

)
∑n
i=1

∑T
t=1 Pi,t

(5.11)

where Rl,c is the total resultant resistance of branch l with conductor
c for the overhead line and earth return path (Section 3.1) and Pi,t is
the active power demand at node i during time period t.
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Overall Indices
The lateral feeders in practical distribution networks carry smaller
branch currents as compared to the main or primary feeders. There-
fore, it is expected that a smaller lateral conductor should be chosen
for improved utilization and lower investment costs.

The selection of the optimal conductors for both the primary and
secondary feeders was done by formulating two overall indices, IOp,c and
IOs,c respectively. The overall indices were based on the proportional
contributions to network performance of the indices developed in (5.9)
through (5.11). Therefore, the option c with the highest overall index
would be the corresponding conductor of choice. The conductor cost
was also included to obtain a suitable balance between affordability
and good network operation.

The overall indices were formulated from the individual indices ac-
cording to the following rationale. The voltage deviation index has an
inverse relationship with good network performance since the smaller
it is, the better the network. The utilization index has a proportional
relationship with network performance since the better the conductor
utilization without overload, the better. The loss index has an inverse
relationship since the lower the losses the better the network. Finally,
it is desirable to minimize costs, hence conductor costs have an inverse
relationship with performance. Therefore, the overall indices for pri-
mary and secondary conductor selection were formulated as given in
(5.12) and (5.13).

IOp,c = IU,c
IV,c · IL,c · C2

c

(5.12)

IOs,c =
I2
U,c

IV,c · IL,c · C2
c

(5.13)

where Cc is the per unit cost of conductor c.
The squared parameters had their respective weightings increased

for emphasis. Simulations showed that squaring to increase the weight-
ing gave the best results as compared to using multiples of scalar weight
factors. The higher weighting of cost in both indices emphasizes the
overall objective of minimizing network cost. The secondary conductor
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choice index, IOs,c, has a higher weighting on utilization, IU,c, to em-
phasize current flow in the laterals which is typically much lower than
that in the primary.

The full iterative procedure proposed for the heuristic conductor
selection algorithm above is summarized by the flow diagram in Fig-
ure 5.1. The algorithm was run after the creation of two sets containing
the branches of the primary and lateral feeders respectively.

The practical application of the algorithm proposed in this chap-
ter is tested by applying it to a previously un-electrified rural area in
central Uganda. The results of the numerical analysis are given in the
next chapter.
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Where, T is the total number of time periods (years) 
considered; Vi,t,c is the voltage at node i in period t for 
conductor c; Jl,t,c is the current flowing through conductor c on 
branch l during period t; Rl,c is the resistance of branch l 
conductor c; Pi,t is the real power demand at node i during 
period t; Jmax,c is the current carrying limit of conductor c; and 
nb is the total number of branches. 

The lateral feeders carry considerably lower current than 
the primary feeder. Therefore, a smaller lateral conductor 
should be chosen for improved utilization and lower 
investment costs. Two overall indices, IP,c and IL,c, were thus 
formulated to determine optimal conductors for the primary 
and lateral feeders respectively. Both indices were based on the 
performance indices formulated in (18) to (20) and are given 
by (21) and (22). 
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Where Cc is the per unit conductor cost. The cost of the most 
expensive conductor was used as the base cost. Therefore, 
indices (21) and (22) are dimensionless. 

The indices given by (21) and (22) reflect the proportional 
contributions of each performance index to the overall network 
performance for a given conductor. For example, in the 
primary feeder index, IP,c ,the conductor performance is directly 
proportional to its utilization since an under-utilized network 
wastes resources. Conversely, the performance is inversely 
proportional to the losses and voltage deviations. Hence, the 
directly proportional index, IU,c, appears in the numerator 
whereas the inversely proportional indices IL,c and IV,c  
including investment costs are in the denominator of (21).  

In the lateral conductor selection index, IL,c, the utilization 
index is squared to emphasize the importance of utilization in 
the lower current carrying laterals. The implementation of the 
above involved the creation of two sets containing the primary 
and lateral branches respectively. The above procedure is 
summarized in figure 1 [7]. 

The following conditions must be fulfilled for each 
scenario of the iterative procedure.  

a) All nodal voltages should be within specified limits. 
b) Kirchoff’s current law should be satisfied at all nodes. 
c) All conductor currents should be within their current 

carrying limits to prevent system overload. 
All indices were calculated only for scenarios that met the 
above criteria. 

 

 

 

 

 

 

 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Flow diagram of conductor selection algorithm 

IV.   APPLICATION 

A.  The Test Network 
Thirty load points were considered in the case study 

extracted from a rural area in Mukono district, central 
Uganda. The SWER line was to be extended from a 33 kV 
grid. Load data in a previously un-electrified rural area were 
obtained from field surveys and the local power distribution 
company. The load data are given in table I whereas figure 2 
shows the relative load locations. 

t = t+1

Calculate voltage 
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Calculate power 
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utilisation index 

Replace or 
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Record index for comparison 

Yes 

No
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No 

Run SWER load flow for option c 

k = k+1 

Read data on topology, conductors, 
loads and earth return. Set k= 0, t=0. 

Start 

Calculate overall 
performance index 

t<T? 

Indices 
within 
range? 

Figure 5.1: Flow diagram of heuristic conductor selection algorithm
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Chapter 6

Application of Heuristic
Model to a Case Study in
Uganda

This chapter introduces a case study extracted from an un-electrified
rural area in central Uganda. The case study area consists of 30 poten-
tial demand points. Using the heuristic model proposed in Chapter 5,
a plan was developed to electrify the area cost-effectively using SWER.
The SWER network would form a spur extension from a nearby 11
kV conventional grid. An isolating transformer would supply single
phase power to the network at 19.1 kV with the load current return
path through the earth. The chapter presents the results of the opti-
mum feeder routing and overhead conductor selection for the selected
area. All mathematical formulations and simulations were coded and
run using GAMS.

6.1 The Ntenjeru Case Study
Ntenjeru is a county located in Kayunga district in the central region
of Uganda. It is about 80 km north-east of the capital, Kampala,
and has an estimated population of 30,000 inhabitants [79]. The ma-
jor economic activities in the area are farming (vanilla and coffee are
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the predominant cash crops) and fishing. The area was largely un-
electrified at the time of this study with the population relying mainly
on fuel wood, kerosene and wet batteries to meet energy needs. How-
ever, there was proximity to the main three phase network, with an 11
kV grid passing by the Ntenjeru town center.

6.2 Case Study Network Data

Demand Sizes and Locations
The main load centers, mostly consisting of households, trading centers,
schools and health centers, were identified. The potential demand at
these centers was then estimated from field surveys and historical data
provided by the local utility. The estimated demand was matched to
standard SWER distribution transformer sizes as shown in Table 6.1.

Most of the electrical demand in the area was for domestic use and
some water pumping systems on the larger farms. The domestic power
usage would be dominated by lighting, cold storage, phone charging and
entertainment systems, e.g. radio and television. Historical data from
similar electrified rural areas indicated that cooking would continue
to be done using fuel wood, a cheaper option than power for most
households. Commercial power demand was in welding, hair salons,
bars, battery charging, water pumping, etc.

Figure 6.1 shows the grid layout of the main demand points num-
bered arbitrarily, with S indicating the location of the isolating trans-
former substation. The location and estimated potential demand data
are given in Table 6.1.

Network Parameters
Field measurements of soil resistivity were done using a resistivity me-
ter based on the Wenner four pin method (Section 2.2). Given the soil
variations in the area, several measurements were taken in different
locations and various weather conditions. The average soil resistivity
for the case study area was found to be approximately 400 Ωm.
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Figure 6.1: Demand point locations in case study area

The general network parameters considered were the following: f=50
Hz, ρ = 400 Ωm, impedance of earth return ’conductor’, Zgg = (0.0493
+ j0.3643) Ω/km, isolating transformer reference voltage, Vbase = 19.1
kV, Sbase = 100 kVA and load growth, g = 5%. The demand factor was
assumed to be 1 and power factor 0.8. The mutual impedance between
the overhead conductor and the earth return path, Zag, was assumed
to be negligible.

Overhead Conductor Options
The SWER lines often span very long lengths with considerable dis-
tances between poles. Therefore, lightweight and high tensile strength
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Table 6.1: Location and Demand data for case study network

Bus X coord. Y coord. kVA Bus X coord. Y coord. kVA
0 1.0 1.0 0 16 6.0 11.3 25
1 0.7 2.3 25 17 7.0 7.7 16
2 2.3 2.3 32 18 6.0 6.0 25
3 1.0 5.0 16 19 7.0 4.7 16
4 3.0 4.7 16 20 8.7 5.0 25
5 4.5 4.7 16 21 7.3 2.3 25
6 2.5 6.0 16 22 9.0 1.0 32
7 1.7 6.3 25 23 9.3 3.3 25
8 4.3 7.3 16 24 8.0 9.0 25
9 2.0 8.7 32 25 9.0 7.3 16
10 3.3 8.3 16 26 10.3 7.7 32
11 5.0 9.0 32 27 10.0 6.0 16
12 4.3 10.0 32 28 11.3 6.3 16
13 3.0 10.3 16 29 11.0 3.7 16
14 2.0 10.3 25 30 12.7 4.7 32
15 1.3 11.7 25 Total demand 682

conductors are typically used to accommodate the long spans. Ten such
ACSR conductor options were considered in this study. The electrical
characteristics of the selected conductors are given in Table 6.2. The
characteristics given in the table were specified for 75◦C and overhead
line clearance of 6.5 m. The conductor unit costs were assumed to be
directly proportional to the conductor sizes and hence current carry-
ing limits (Table 6.2). The per unit costs used in the overall indices
considered the highest conductor cost as the base.
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Table 6.2: Electrical characteristics of selected conductors

Conductor code R (Ω/km) X (Ω/km) Current rating (A)
1 Bantam 5.26 1.02 69
2 Mole 3.30 1.03 98
3 Magpie 3.31 0.99 92
4 Shrike 2.08 0.96 122
5 Squirrel 1.67 0.99 148
6 Snipe 1.31 0.93 162
7 Loon 1.04 0.92 186
8 Grouse 0.86 0.94 195
9 Petrel 0.69 0.91 232
10 Minorca 0.63 0.91 244

6.3 Simulation Results
This section highlights the results of applying the proposed heuris-
tic SWER planning algorithm to the considered case study network.
All the algorithms were coded and simulated in the General Algebraic
Modeling System (GAMS) platform and run on a 32-bit PC with Intel®
Core™2 Duo CPU processor and 2 GB RAM.

Feeder Route Configuration
The optimum feeder route was determined using the MST optimiza-
tion formulation developed in Section 5.2. For simplicity, the feeder
investment costs were assumed to be proportional only to the distance
between demand points. Therefore, costs related to terrain, right of
way, etc. were not considered. Following the determination of the op-
timum feeder route configuration, the demand points were relabeled to
allow calculation of the network load flow as shown in Figure 6.2. The
proposed primary feeder of the network is highlighted in the figure.

The node and branch numbering scheme used was based on that
proposed in [48]. All the nodes on the primary feeder were numbered
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first, with 0 as the source node. Then those on the laterals starting with
the one closest to the source and its sub-laterals were numbered next,
as shown in Figure 6.2. The branches were numbered according to their
outgoing nodes such that branch 1 was that connecting node 0 to 1, for
example. The optimum feeder route obtained is given in Figure 6.2.
Table 6.3 shows the updated demand point data after relabeling.
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Figure 6.2: Optimum feeder route configuration

Conductor Selection
The planning period considered for the conductor selection was 10 years
at an annual load growth rate of 5% in the base case. The SWER load
flow (Section 3.3) and performance indices (Section 5.3) of the network
shown in Figure 6.2 were calculated for each time period. Table 6.4
summarizes the overall index results for each conductor in the given
planning period with the highest index values highlighted.
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Table 6.3: Relabeled demand points of optimum route for case study
network

Bus X coord. Y coord. kVA Bus X coord. Y coord. kVA
0 1.0 1.0 0 16 4.3 10.0 32
1 0.7 2.3 25 17 3.0 10.3 16
2 2.3 2.3 32 18 2.0 10.3 25
3 3.0 4.7 16 19 1.3 11.7 25
4 4.5 4.7 16 20 3.3 8.3 16
5 6.0 6.0 25 21 2.0 8.7 32
6 7.0 4.7 16 22 6.0 11.3 25
7 8.7 5.0 25 23 10.0 6.0 16
8 9.3 3.3 25 24 11.3 6.3 16
9 11.0 3.7 16 25 10.3 7.7 32
10 12.7 4.7 32 26 9.0 7.3 16
11 2.5 6.0 16 27 8.0 9.0 25
12 1.7 6.3 25 28 7.0 7.7 16
13 1.0 5.0 16 29 7.3 2.3 25
14 4.3 7.3 16 30 9.0 1.0 32
15 5.0 9.0 32 Total demand 682

The simulation results in Table 6.4 show that the optimum con-
ductors in the base case were grouse and snipe for the primary and
secondary feeders respectively. The total real power losses throughout
the 10 year planning period were 393 kW on average with the above
conductor selections. The largest p.u nodal voltage deviation at the
end of the planning period was 0.089.

Sensitivity Analysis
In order to test the consistency of the results obtained using the pro-
posed planning algorithm, a sensitivity analysis was carried out. The
analysis involved applying the planning algorithm to different scenar-
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Table 6.4: Overall index results for conductor selection at 5% annual
load growth over 10 years

Conductor IOp,c (Primary) IOs,c (Secondary)
Bantam 0.106 0.057
Magpie 0.245 0.045
Mole 0.164 0.028
Shrike 0.402 0.056
Squirrel 0.671 0.073
Snipe 1.140 0.120
Loon 1.078 0.098
Grouse 1.219 0.105
Petrel 1.005 0.073
Minorca 0.976 0.067

ios whereby the annual load growth rate and length of planning period
were varied compared to the base case above. The results from the
different scenarios are given in the succeeding sections.

Scenario 1: Lower load growth, shorter planning period

This scenario had a reduced annual load growth rate of 2% and a
shorter planning period of 7 years compared with the base case. The
intention was to obtain the results of the overhead conductor selection
algorithm for the same network under slow load growth conditions. The
overall performance indices for both primary and secondary conductors
are given in Table 6.5 with the highest values highlighted.

The simulation results in Table 6.5 show that grouse was the opti-
mum conductor for the primary feeder whereas shrike was the optimum
choice for the laterals. The total real power losses throughout the plan-
ning period with the above conductors were 195 kW. The largest p.u
nodal voltage deviation was 0.084.
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Table 6.5: Index values for conductor selection in different scenarios

Scenario 1 Scenario 2 Scenario 3
Conductor g=2%, T=7 years g=8%, T=10 years g=7%, T=13 years

IOp,c IOs,c IOp,c IOs,c IOp,c IOs,c
Bantam 0.239 0.055 0.042 0.058 0.038 0.061
Magpie 0.341 0.055 0.128 0.045 0.103 0.046
Mole 0.220 0.033 0.096 0.029 0.076 0.029
Shrike 1.530 0.179 0.216 0.034 0.167 0.032
Squirrel 1.222 0.117 0.210 0.027 0.168 0.024
Snipe 1.444 0.125 0.398 0.045 0.269 0.032
Loon 1.360 0.102 0.577 0.058 0.379 0.041
Grouse 1.535 0.109 0.976 0.100 0.585 0.062
Petrel 1.253 0.075 0.807 0.069 0.738 0.068
Minorca 1.225 0.069 0.785 0.064 0.718 0.062

Scenario 2: Higher load growth, same planning period

In this scenario, a higher annual load growth rate of 8% was considered
over the same planning period of 10 years. The overall index results
for this scenario are given in Table 6.5.

According to the results in Table 6.5, the optimum conductor choice
in this scenario was grouse for both the primary and secondary feeders.
The total real power losses throughout the planning period were 564
kW and the largest p.u nodal voltage deviation was 0.094.

Scenario 3: Higher load growth, longer planning period

This scenario considered a higher annual load growth rate of 7% and
a longer planning period of 13 years. The overall index results for this
scenario are given in Table 6.5.

The simulation results showed that the optimum conductor choice
was petrel for both the primary and lateral feeders. The total real
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power losses throughout the 13 year planning period were 669 kW and
the largest p.u nodal voltage deviation was 0.097.

The conductor selection results given in Tables 6.4 and 6.5 are pre-
sented graphically in Figure 6.3, with the relative changes in conductor
sizes for different scenarios clearly shown.
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Figure 6.3: Graphical presentation of heuristic conductor size selections
for different scenarios

6.4 Discussion of Results
The results obtained using the proposed algorithm were consistent with
regard to conductor sizes selected for the primary and lateral feeders
to meet growing demand (Figure 6.3). Larger conductors were chosen
for the primary than for the laterals reflecting the lower current flows
in the latter and hence optimizing costs with smaller lateral conductor
choices. The sensitivity analysis results showed that larger conduc-
tors were consistently chosen to meet increasing demand in the chosen
planning periods and vice versa.
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The conductors selected in the base case with 5% annual load
growth over 10 years were grouse and snipe for the primary and lateral
feeders respectively. The maximum nodal voltage deviation of 0.089 us-
ing the selected conductors was within the recommended SWER volt-
age limits.

In the first scenario of the sensitivity analysis, the conductors grouse
and shrike were selected for the reduced demand growth rate of 2% p.a
over a shorter planning period of 7 years. Although the primary con-
ductor remained the same as for the base case, a smaller conductor was
chosen for the secondary feeders to reflect the smaller network demand
and to minimize investment costs. The maximum nodal voltage devi-
ation in this scenario was 0.084, also within the recommended SWER
voltage limits. This indicates the suitability of the selected conductors.

In scenario 2, a higher annual demand growth rate of 8% over the
same planning period as the base case was considered. This rate is the
prevailing average annual load growth rate in Uganda’s grid-connected
urban areas [80]. The selected optimum conductor in this case was
grouse for both the primary and secondary feeders. Again, the primary
conductor remained the same as that selected in the base case but the
size of the secondary feeders was increased from snipe to grouse to meet
the increased network demand at minimal losses and voltage deviations.
The maximum nodal voltage deviation in this scenario was 0.094 which
was still within the SWER voltage limits.

Scenario 3 considered the higher annual demand growth rate of 7%
and a planning period of 13 years. The optimum conductor selected
was petrel for both the primary feeder and laterals. Therefore, in this
scenario, a larger conductor than those selected in the base case was
chosen due to the higher demand state of the network over the longer
planning period. This increased the investment costs but lowered the
losses and improved the voltage regulation on the network.

The conductor selection results obtained using the proposed heuris-
tic model were benchmarked against those obtained using the proposed
optimization model (Chapter 7) in Section 8.1.
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Conductor Upgrade
The proposed heuristic model could be used to predict when the se-
lected overhead conductors would need to be upgraded. By tracking
the utilization or current flows of each selected conductor in different
time periods, the time period in which the conductor would get over-
loaded could be estimated.

At 5% annual demand growth in the base case, the SWER load
flow simulations showed that the selected conductors would sufficiently
meet the demand for at least 20 years without upgrade. At 7% demand
growth, however, snipe on the laterals and grouse on the primary feeder
in the base case would need to be upgraded in the 16th and 19th years
respectively, when they would get overloaded.

It can be observed that the conductors selected by the proposed
algorithm in the base case can supply the expected network demand for
well over 15 years without need for upgrade while keeping the network
operation within the required constraints. It should be noted that,
for illustration, the load restriction on SWER networks mentioned in
Section 2.2 was excluded in this case study due to the relatively large
size of the case study loads. In addition, the Ferranti effect (Section 2.3)
was not dominant on the case study network because of the relatively
short primary feeder.

6.5 Possible Improvements to Proposed
Heuristic Model

It has been shown in the preceding sections that the proposed heuristic
SWER planning algorithm gives consistent results of the network route
configuration and conductor selection. The proposed procedure can be
applied to power distribution planning in both previously un-electrified
rural areas and those where an upgrade of existing distribution systems
is required. The solutions obtained are good but may not necessarily
be global.

The major shortcoming of the model is the determination of the
feeder route configuration using the MST algorithm without consider-
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ing the power flow in the lines. This means that the feeder route ob-
tained cannot be adjusted with load growth in succeeding time periods
– an important feature in optimum distribution network reconfigura-
tion.

The heuristic planning model can be improved by using optimiza-
tion techniques that incorporate the SWER power flow in both the
optimum feeder route configuration and the conductor selection. Chap-
ter 7 presents such optimization techniques developed for the planning
of SWER distribution networks. The use of combinatorial optimiza-
tion techniques limits the size of the network that can be analyzed.
Therefore, the next chapter also presents approximations that can be
made in order to analyze larger networks.
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Chapter 7

Proposed Optimization
Models for SWER Network
Planning

This chapter presents proposed optimization models that aim to ob-
tain global solutions to the dynamic planning of SWER distribution
networks. The objective is to minimize the network installation and
variable costs subject to SWER load flow and network constraints for
both optimum feeder routing and conductor selection. Approximations
for the analysis of larger networks are also presented.

7.1 Introduction
Chapters 5 and 6 presented the formulation and application of a heuris-
tic SWER distribution network planning model. The objective of the
model was to obtain good but not necessarily global solutions to feeder
routing and overhead conductor selection in SWER networks. This
chapter presents proposed optimization models developed to obtain
global solutions to the SWER network planning problem. A dynamic
planning approach is considered whereby the optimum feeder route and
overhead conductors are determined for different time periods with load
growth. As previously explained, substation planning is not considered.
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The objective was to minimize the investment costs of planned fa-
cilities as well as the variable costs of losses. This was subject to SWER
load flow constraints, equipment capacity and safety constraints, and
user-defined voltage drop limits. The optimization models were for-
mulated as mixed integer non-linear programming (MINLP) problems.
Therefore, their application is suitable for the accurate analysis of lim-
ited sized SWER networks and the approximate analysis of larger net-
works. Approximations for applying the proposed optimization tech-
niques to larger networks are discussed in Section 7.4.

The practical application of the proposed models is tested using a
detailed numerical example and comparative studies on existing and
previously developed planning models in Chapter 8.

7.2 Feeder Routing Problem
Formulation

The feeder routing problem considers a single phase SWER isolating
transformer supplying power from an MV three-phase network to rural
loads of known demand and location. The objective is to obtain the
network configuration that interconnects all network loads at minimum
investment and operational costs subject to network constraints [63].

The routing optimization problem formulation incorporates the SWER
load flow as part of the network constraints. Slight modifications are
made to the load flow algorithm presented in Section 3.3 to achieve
this. Only one network conductor size is considered at this stage; op-
timum conductor size selection from multiple options is presented in
Section 7.3. The full optimization problem formulation for the opti-
mum feeder route is given by (7.1) through (7.12).
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Minimize ∑
l∈M

∑
t∈T

(
Cfl · xl + Cv|Jl,t|2Rl

)
(7.1)

Subject to:[
Iia,t
Iig,t

]
=
[

(Sia,t/Via,t)∗
−Iia,t

]
−
[
Yia
0

] [
Via,t
Vig,t

]
∀i ∈ N, t ∈ T (7.2)

∑
i∈N
i 6=j

Jija,t −
∑
i∈N
i 6=j

Jjia,t = Ija,t ∀j 6= 1, t ∈ T (7.3)

∑
iεN

i 6=j

Jijg,t −
∑
iεN

i 6=j

Jjig,t = Ijg,t ∀j 6= 1, t ∈ T (7.4)

Via,t − Vja,t − (Zlaa · Jla,t + Zlag · Jlg,t)−
(1− xl) (Via,t − Vja,t) = 0 ∀l ∈M, t ∈ T

(7.5)

Vig,t − Vjg,t − (Zlag · Jla,t + Zlgg · Jlg,t)−
(1− xl) (Vig,t − Vjg,t) = 0 ∀l ∈M, t ∈ T

(7.6)

|Jla,t| ≤ xl · J̄la ∀l ∈M, t ∈ T (7.7)

|Jlg,t| ≤ xl · J̄g ∀l ∈M, t ∈ T (7.8)

∑
l∈M

xl = n− 1 (7.9)

V a ≤ |Via,t| ≤ V̄a ∀i ∈ N, t ∈ T (7.10)

|Via,t| ≥ 0, |Vig,t| ≥ 0 ∀i ∈ N, t ∈ T (7.11)

xl ∈ {0, 1} ∀l ∈M (7.12)
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where

M , N are the sets of all branches and nodes respectively,
T is the set of time steps in the full planning period,
Cfl, Cv are the annualised fixed cost of investment in feeder
l and the unit cost of losses respectively,
xl is a binary decision variable equal to 1 if feeder l is con-
structed and 0 otherwise,
Jl,t is the complex current flow in branch l at peak load in
time period t,
Rl is the resistance of the feeder l,
V a and V̄a are user-defined lower and upper nodal voltage
limits respectively,
J̄g is the safe upper SWER earth current limit (Section 2.2).

Constraints (7.3) and (7.4) satisfy Kirchoff’s current law (KCL), whereby
Ija,t and Ijg,t are the line and ground current injections at each node.

Constraints (7.5) and (7.6) are modifications of the SWER overhead
line and ground nodal voltage equations given in (3.11). The factor
(1− xl) (Via,t − Vja,t) deducted in (7.5) ensures that the line voltage
drop between any two nodes that are not connected in the optimum
route is excluded. Therefore, if nodes i and j on branch l are not
connected, xl = 0 and the current flow Jl,t = 0. Hence, expression (7.5)
remains true whilst excluding the voltage drop on branch l. Conversely,
if nodes i and j on branch l are connected, xl = 1. This causes the
above factor to disappear such that the voltages at nodes i and j are
calculated subject to the voltage drop on branch l. The corresponding
expression for the ground nodal voltages is used in (7.6).

Constraints (7.7) and (7.8) ensure that branch current flows are
within conductor thermal and ground limits respectively, constraint
(7.9) ensures radiality of the resultant route [51], constraints (7.10)
and (7.11) ensure that the line and ground voltages are maintained
within defined limits, and constraint (7.12) establishes xl as a binary
variable. All other symbols have their previously defined meanings.
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The solution of the above optimization formulation gives an op-
timum SWER distribution feeder route that is dependent on SWER
power flow and load growth in different time periods.

7.3 Conductor Selection Problem
Formulation

The optimization problem for conductor selection was formulated in
two parts. The objective of the first part was to perform branchwise
conductor selection for minimum installation and loss costs. The sec-
ond part was formulated to select optimum conductors for the primary
and lateral feeders respectively. The assumption in this case was that
the route configuration was already known.

Branchwise Conductor Selection

This section presents an optimization formulation that determines the
optimum conductor size that minimizes the installation and variable
costs for each network branch. The aim is to select an optimum con-
ductor size from a finite set of standard sizes whose parameters of
internal resistance, reactance, thermal limit and unit cost are known.

It follows that the optimum parameters are to be chosen from the
corresponding finite set of all considered conductor parameters. There-
fore, optimization techniques were developed to select the optimum
parameter from each set. The chosen parameters were then incorpo-
rated into the rest of the network constraints in the calculation of the
power flow. The full proposed optimization problem formulation for
branchwise conductor selection is given by (7.13) through (7.22).

Minimize ∑
l∈M

∑
t∈T

[C ′fl + Cv|Jla,t|2R′laa] (7.13)

Subject to:
Nodal equivalent current injections for SWER given by (7.2)
KCL constraints given by (7.3) and (7.4)
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r′laa =
∑
c∈CT

ylc · rlaac ∀l ∈M (7.14)

x′laa =
∑
c∈CT

ylc · xlaac ∀ ∈M (7.15)

C ′fl =
∑
c∈CT

ylc · Cflc ∀l ∈M (7.16)

J̄ ′l =
∑
c∈CT

ylc · J̄lc ∀l ∈M (7.17)

∑
c∈CT

ylc = 1 ∀l ∈M (7.18)

ylc ∈ {0, 1} ∀l ∈M, c ∈ CT (7.19)

[
Vja,t
Vjg,t

]
=
[
Via,t
Vig,t

]
−
[
Z ′laa
Zlag

Zlag
Zlgg

] [
Jla,t
Jlg,t

]
∀l ∈M, t ∈ T (7.20)

|Jla,t| ≤ xl · J̄ ′la ∀l ∈M, t ∈ T (7.21)
|Jlg,t| ≤ xl · J̄lg ∀l ∈M, t ∈ T (7.22)

where

C ′fl, Cflc are the total installation costs of the optimum
conductor and conductor option c on branch l respectively;
R′laa, r′laa are the overall SWER line (including earth re-
turn) and internal resistances of the optimum conductor on
branch l respectively;
rlaac is the total internal resistance of conductor option c
on branch l;
ylc is a binary decision variable equal to 1 if conductor c is
chosen for branch l and 0 otherwise;
x′laa, xlaac are the total internal reactances of the optimum
conductor and conductor option c for branch l respectively;
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J̄ ′l , J̄lc are the thermal limits of the optimum conductor and
conductor option c on branch l respectively;
CT is the set of all conductor options.

An optimum choice for all the variables in (7.14) to (7.17) will be
made provided that constraint (7.18) is fulfilled together with the other
system constraints [62, 64]. The optimum conductor self impedance,
z̄′laa, obtained using (7.14) and (7.15) is incorporated into the SWER
line model in (3.4) to obtain the overall resultant SWER line impedance,
Z ′laa. This impedance is then used in (7.20) to give the nodal voltage
constraints for line and ground respectively. The ground impedance re-
mains independent of the conductor selection. Constraints (7.21) and
(7.22) ensure that line and ground currents remain within thermal and
safety limits respectively for the selected network conductor.

The solution output of the above optimization formulation gives the
optimum overhead conductor for each branch of the SWER network.

Primary and Lateral Feeder Conductor Selection

As mentioned earlier, many rural feeders in practice have one conduc-
tor type for the primary feeder and a smaller type for the secondary or
lateral feeders. Therefore, the branchwise conductor selection formula-
tion above was modified to select optimum SWER overhead conductors
for the primary and lateral feeders respectively.

The same objective function (7.13) formulated for the branchwise
conductor selection applies in this case as well. The constraints (7.14)
through (7.19) were modified and replaced by (7.23) through (7.33) to
facilitate optimum conductor selections for the primary and secondary
feeders. All other constraints remained the same.

r′paa =
∑
c∈CT

ypc · rpaac ∀p ∈Mp (7.23)

r′saa =
∑
c∈CT

ysc · rsaac ∀s ∈Ms (7.24)

x′paa =
∑
c∈CT

ypc · xpaac ∀p ∈Mp (7.25)
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x′saa =
∑
c∈CT

ysc · xsaac ∀s ∈Ms (7.26)

C ′fp =
∑
c∈CT

ypc · Cfpc ∀p ∈Mp (7.27)

C ′fs =
∑
c∈CT

ysc · Cfsc ∀s ∈Ms (7.28)

J̄ ′p =
∑
c∈CT

ypc · J̄pc ∀p ∈Mp (7.29)

J̄ ′s =
∑
c∈CT

ysc · J̄sc ∀s ∈Ms (7.30)

∑
c∈CT

ypc = 1 (7.31)

∑
c∈CT

ysc = 1 (7.32)

ypc , y
s
c ∈ {0, 1} ∀c ∈ CT (7.33)

where

p, s represent a branch on the primary and secondary feed-
ers respectively;
Mp, Ms are sets of the branches on the primary and sec-
ondary feeders respectively. Both are subsets of M ;
C ′fp, C ′fs are the total branch installation costs of the opti-
mum conductor for p and s respectively;
ypc , ysc are binary variables corresponding to 1 if conductor c
is chosen for the primary or lateral feeders respectively and
0 otherwise.
All other symbols have their previously defined meanings
subject to the subscripts p and s.

The solution output of the above optimization formulation gives the op-
timum SWER overhead conductors for the primary and lateral feeders
through the binary variables ypc and ysc respectively.
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7.4 Approximations for Larger Networks
The complexity of solving MINLP problems increases exponentially
with the number of integer decision variables [62]. Therefore, the ap-
plication of the above optimization problem formulations will be limited
to small to medium sized networks beyond which the solution execu-
tion times become impractical. For larger network analysis, a trade-off
between accuracy and efficiency may be required in order to obtain so-
lutions in reasonable time. The considerations below have been made
for the analysis of larger networks using the proposed optimization
models.

Smoothing of Discrete Variables
Smoothing refers to the replacement of discrete decision variables in
the objective function by continuous variables [49, 50]. For example,
objective (7.1) can be reformulated by replacing the binary variable xl
as shown in (7.34).

Min
∑
l∈M

∑
t∈T

[Cfl · {1− exp(−βl)}+ Cv|Jl,t|2Rl] (7.34)

where βl = w · Jl,t/J̄, w is a weighting factor much greater than 0 and
J̄l is the current carrying limit of branch l.

It can be observed from (7.34) that if a feeder l is built during a
given planning period, then Jl,t > 0 and so the exponential term tends
to zero. This ensures that the fixed cost of the corresponding feeder
is included in the total cost function and vice versa [49]. Simulation
results of Sections 8.1 and 8.2 showed considerable reduction in problem
execution times when this technique was applied.

Clustering
Clustering refers to the division of the total network area into sub areas
each consisting of a group of load nodes and one leading node. The
procedure is based on the K-mean algorithm where each load node is
assigned to the first sub-area whose leading node is closest to it [49].
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This gives rise to K subsets from a group of n nodes such that
the total distance between cluster nodes and their respective leading
nodes is minimized according to (7.35) [45]. New sub-areas and leading
nodes are created for load nodes not in the proximity of existing leading
nodes.

Min
∑
kεK

∑
iεCk

|xi − γk|2 (7.35)

where K is the set of clusters, Ck is the kth cluster, xi is the position
of the ith node in cluster Ck and γk is the position of the leading node
of cluster k.

In the context of the SWER planning algorithm above, each sub-
area created is represented by one demand node which is a summa-
tion of all the demand point loads within it [49]. It follows, therefore,
that the maximum number of clusters is n whereas the minimum is
1 where all load points are contained in the same cluster. Following
the clustering procedure, micro-optimization can be done to optimize
nodal interconnections within individual clusters as presented in [45]
and [47]. Micro-optimization is not applied in this thesis and will be
considered in future work (Section 9.2).

The proposed optimization models were tested for practicality using
comparative studies and a detailed application to the case study of
Chapter 6. The results are presented in the next chapter.
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Chapter 8

Practical Application of
Proposed Optimization
Models

This chapter presents the results of studies done to test the practi-
cal application of the SWER optimization planning models proposed in
Chapter 7. The models are tested using: 1) two comparative studies and
2) a detailed numerical example. The first comparative study compares
the proposed routing optimization model with an existing conventional
distribution routing model. The second study compares the results of
the proposed conductor optimization model with those of the heuristic
conductor selection algorithm developed in Section 5.3, as applied to
the same case. Finally, a detailed numerical analysis is done using the
case study presented in Chapter 6. The numerical analysis also inves-
tigates the impact of deterministic distributed generation on the model
results. All mathematical formulations and simulations were coded and
run using GAMS.
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8.1 Comparative Studies

Feeder Routing
A comparative study of the SWER feeder routing optimization problem
formulated in Section 7.2 was done using the simple 5 node test system
presented in [5]. The system consisted of one 6.6 kV source node and
4 load nodes interconnected by existing and potential feeders as shown
in Figure 8.1. The nodal current demands and investment costs of each
branch are indicated in the figure, with the existing feeders having zero
cost. Costs are unitless to facilitate comparison. Further details on the
network can be found in Table 8.1.

Due to the large load currents in the example, the earth current
limits were assumed to be equal to the line current limits (Table 8.1)
rather than the SWER limits (Section 2.2) for illustration. The con-
straint (3.9) which calculates the equivalent nodal current injections
was also excluded since the current demands are already specified. The
ground impedance considered was Zgg = (0.0493 + j0.3643) Ω/km.
The branch distances were considered to be directly proportional to
the branch impedances given in Table 8.1, for one conductor size.

The optimum feeder route of the test network obtained using the
proposed model for one time period is given by (8.1) and shown in
Figure 8.2.

Table 8.1: Data for small scale 5 node test network [5]

Branch Cost Branch Ampacity Node Demand
Impedance (Ω) (A) No. (A)

0-1 0.0 0.0473 150 0 −∞
0-2 30.5 0.0142 150 1 35
3-4 19.2 0.0384 100 2 11
2-4 8.7 0.0113 100 3 52
1-4 9.1 0.0127 35 4 37
1-3 0.0 0.0949 100

x01 = x02 = x13 = x24 = 1 (8.1)
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Figure 8.1: Small scale feeder routing test network
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Figure 8.2: Optimum feeder route of 5 node test network

Discussion

The total investment cost of the optimum feeder route was 39.2. An
identical route and investment cost were obtained using the model for
conventional distribution network planning presented in [5]. This il-
lustrated the accuracy and consistency of the proposed feeder route
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optimization model, which also included earth return power flow con-
straints. Furthermore, the solution of the proposed MINLP optimum
routing problem applied to the test network was obtained in the reason-
able execution time of approximately 1.5 CPU seconds. The execution
time for the same result in [5] was not specified.

Conductor Selection

The proposed SWER optimization model for conductor selection de-
veloped in Section 7.3 was tested on the 31 node case study network
presented in Chapter 6. The results were compared with those obtained
using the heuristic SWER planning algorithm presented in Section 5.3.
The optimum conductor selection was applied to the previously deter-
mined network configuration in Figure 6.2.

The same 10 conductor options whose characteristics are given in
Table 6.2 were considered for this comparative study. Optimum con-
ductors were to be selected for the primary and secondary feeders re-
spectively rather than for individual branches. Due to the size of the
loads considered in the case study example, the constraint (7.22) lim-
iting the earth return current was excluded from the simulations for
illustration.

The conductor selection results obtained using the heuristic algo-
rithm (HA) and the optimization model (OM) for the scenarios con-
sidered in Section 6.3 are presented in Table 8.2. The total investment
costs in Table 8.2 are based on the per unit costs of individual conduc-
tors to facilitate comparison. The peak load, St, in time period t given
a load growth rate g was calculated using (8.2).

St = S0 · (1 + g)t (8.2)

where S0 is the peak load in the base year.
The comparison of the results by both models is summarized graph-

ically in Figure 8.3.
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Table 8.2: Conductor selection results using the heuristic and opti-
mization models

Scenario Method Selected conductor Fixed Execution
Primary Lateral cost time (s)

1 g = 2%, HA Grouse Shrike 30.1 1.3
T = 7 years OM Shrike Bantam 17.8 75.7

2 g = 5%, HA Grouse Snipe 35.2 1.6
T = 10 years OM Snipe Bantam 20.6 20.3

3 g = 8%, HA Grouse Grouse 39.7 6.5
T = 10 years OM Grouse Bantam 23.1 18.4

4 g = 7%, HA Petrel Petrel 47.1 11.6
T = 13 years OM Petrel Magpie 27.7 37.4

Discussion

Table 8.2 and Figure 8.3 show that both methods consistently choose
larger conductors with increasing demand and vice versa. However, it
can be observed that the optimization model (OM) of Section 7.3 gives
more cost-effective solutions for the same system constraints than the
heuristic algorithm (HA). In scenarios 1 and 2, for example, the OM
selects smaller sized conductors than the HA for both the primary and
lateral feeders for the same network requirements. In scenarios 3 and
4, both methods choose the same conductor for the primary feeder but
the OM selects smaller conductors for the laterals in each case.

Whereas all the HA solutions are sufficient to meet the system de-
mand, they are generally over-sized for the network requirements. This
raises the initial installation costs compared to the OM solutions. The
upside to this is that the HA solutions can supply the demand for a
longer time without need for upgrade. On the other hand, the con-
siderably lower installation costs of the conductors selected by the OM
make more economic sense in meeting the network requirements for the
stated time periods.

The trade-off between the more accurate solutions of the OM com-
pared to those of the HA is highlighted by the execution times of both
methods in Table 8.2. Although the execution times of the OM for
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the 31 node network are reasonable, they are considerably longer than
those of the HA in each scenario. It is clear that the HA is much more
efficient in solution execution time than the OM. For much larger net-
works, a compromise between efficiency of execution and accuracy of
solution may need to be considered.

8.2 Application to Case Study

A detailed numerical analysis using the proposed optimization models
was applied to the case study presented in Chapter 6. The impact of
adding deterministic distributed generation (DG) was also investigated.
The load sizes and location data were as given in Table 8.3.
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Table 8.3: Location and Demand data for case study network

Bus X coord. Y coord. kVA Bus X coord. Y coord. kVA
0 1.0 1.0 0 16 6.0 11.3 25
1 0.7 2.3 25 17 7.0 7.7 16
2 2.3 2.3 32 18 6.0 6.0 25
3 1.0 5.0 16 19 7.0 4.7 16
4 3.0 4.7 16 20 8.7 5.0 25
5 4.5 4.7 16 21 7.3 2.3 25
6 2.5 6.0 16 22 9.0 1.0 32
7 1.7 6.3 25 23 9.3 3.3 25
8 4.3 7.3 16 24 8.0 9.0 25
9 2.0 8.7 32 25 9.0 7.3 16
10 3.3 8.3 16 26 10.3 7.7 32
11 5.0 9.0 32 27 10.0 6.0 16
12 4.3 10.0 32 28 11.3 6.3 16
13 3.0 10.3 16 29 11.0 3.7 16
14 2.0 10.3 25 30 12.7 4.7 32
15 1.3 11.7 25 Total demand 682

Clustering
The case study network shown in Figure 8.4 was subdivided into 5
clusters. Groups of nodes were allocated to each cluster according to
the K-mean algorithm described in Section 7.4. Leading nodes A to
E were created and the node allocations to each cluster are shown
in Figure 8.4. An annual load growth rate of 5% was assumed. For
simplicity, the total loading of the leading nodes was assumed to consist
of the summation of the loads assigned to its cluster.

Distributed Generation
The DG units considered in the study case were modeled as PQ loads
and treated as negative loads [81,82]. The net complex power injected
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Table 8.4: Cluster leading node data

Lead X Y Total demand DG
node coord. coord. (kVA) (kVA)
A 2.3 4 146 –
B 3.0 10.3 171 100
C 5.9 8.0 114 –
D 9.0 6.0 121 –
E 10.0 2.9 130 80

into any node i was then calculated according to (8.3) [81].

Pi + jQi = PiL − PiDG + j

QiL ±QiDG −
1
2
∑
j∈γ

Bl · U2
i

 (8.3)

where PiL and QiL are the active and reactive loads at node i, PiDG
and QiDG are the active and reactive power generated by the DG at
node i, Bj is the susceptance of branch l incident on node i and γ is
the set of branches incident to node i.

Equation (8.3) indicates that the DG can generate or consume re-
active power such that QiDG is either negative or positive respectively.
The DG was assumed to be deterministic and was incorporated into the
SWER equivalent current injection expression in (3.9) for each period.

Distributed generators were added to leading nodes B and E with
a flat generation profile of 100 and 80 kVA respectively. The DG units
were assumed to have a power factor of 1 and therefore, to have no re-
active power generation. The above data are summarised in Table 8.4.

Optimum Network Configuration
The optimum feeder route interconnecting the clusters was determined
with snipe as the network conductor, an arbitrary initial choice. The
resultant route for one time period is shown in Figure 8.4.

Using the proposed model with the objective function ’smoothed’
(Section 7.4), the solution was obtained in 39 iterations and 2 CPU
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seconds. Without ’smoothing’, a solution was obtained in 796 iterations
and 23 CPU seconds.

The optimum interconnection of the loads within clusters using
micro-optimization has not been done in the current work but will
be a subject of future work.
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Figure 8.4: Clustering and routing of case study area demand points

Optimum Conductor Selection
The optimum branch conductors for the proposed SWER network were
selected for the feeder route obtained above and shown in Figure 8.4.
The branchwise model proposed in Section 7.3 was used for scenarios
with and without DG over a planning period of 10 years.
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The selected branch conductors and the associated fixed costs with
and without DG are summarised in Table 8.5. The solution without
DG was executed in 86 iterations and 4.8 CPU seconds, whereas that
with DG was executed in 47 iterations and 2.4 CPU seconds. The
distribution losses with and without DG were 420 and 460 kVA respec-
tively, indicating a 9% loss reduction with DG. The introduction of DG
also lowered the selected conductor fixed costs by almost 20%.

Figures 8.5 and 8.6 show the line and ground nodal voltage vari-
ations along the clustered network with and without DG in the 10th

year. The figures reflect the opposite polarities of the line and ground
return currents.

Table 8.5: Optimum branch conductor selections with and without DG

Scenario Branch conductor selection Cost
S-A A-C C-B C-D D-E (p.u)

No DG snipe snipe bantam shrike magpie 16.2
With DG squirrel shrike bantam magpie bantam 13.1
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Chapter 9

Closure

This chapter presents the conclusions of the thesis and discusses the
possibilities for future work.

9.1 Conclusion
The challenges of rural electrification remain considerable. Single Wire
Earth Return (SWER) systems provide an entry level low cost technol-
ogy intended to initiate and accelerate the economic benefits of elec-
trifying rural areas. The technology has already been established in
different parts of the world successfully. However, very little research
work is available on the specific planning of earth return distribution
networks despite the widely documented work on conventional distri-
bution network planning.

The main contribution of this thesis was to provide a mathematical
modeling framework for the optimal planning, analysis and simula-
tion of SWER distribution networks. The mathematical model of the
SWER line based on Carson’s model was first presented. From this,
the power flow in SWER networks was modeled to include the effects
of the earth return path. Two types of models were proposed for the
dynamic planning of SWER distribution networks. The planning mod-
els were aimed at determining the optimum feeder route and overhead
conductors for the SWER network subject to load flow constraints.
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Substation planning and outage costs were not considered.
The proposed heuristic planning algorithm used a minimum span-

ning tree (MST) algorithm to determine the optimum feeder route. The
MST was formulated as a mixed integer linear programming (MILP)
problem and the optimum route determined using mathematical opti-
mization. Network performance indices were then formulated to deter-
mine the optimum overhead conductors through multiple simulations
of the SWER power flow algorithm. Conductors were chosen for both
primary and lateral feeders given load growth in different time peri-
ods. The estimated time period for the future upgrade of the chosen
conductors could also be determined.

Optimization models were proposed to obtain global solutions to the
SWER planning problem compared to the heuristic algorithm. Mathe-
matical programming was used with the objective of minimizing instal-
lation and variable costs subject to SWER load flow, safety and network
constraints. The models were formulated as mixed integer non-linear
programming problems (MINLP) to solve the optimum feeder routing
and conductor selection problems for different time periods with load
growth. Approximations for the application of the MINLP models to
larger distribution networks were presented.

The practical application of the proposed models was tested us-
ing comparative studies and an un-electrified rural case study area in
Uganda. The impact of distributed generation on the SWER network
planning was also investigated. The results obtained for both models
were consistent, giving appropriate conductor selections for different
scenarios. The comparative studies also showed consistency with an
existing conventional distribution feeder routing model. Furthermore,
more cost-effective conductors were selected using the optimization
models compared to the heuristic algorithm. However, the heuristic
algorithms had lower computational cost than the optimization mod-
els. Distributed generation lowered network installation costs further.

The research is applicable to the planning and analysis of:
1. Grid extension to remote rural communities using SWER
2. Rural mini grid networks using SWER
3. The upgrade of existing SWER distribution networks.
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9.2 Future Work
The current thesis work presents further research questions on the plan-
ning of low cost Single Wire Earth Return power distribution networks.
The proposed possibilities for future work are outlined below.

Feeder Routing
Micro-optimization will be added to the feeder routing optimization
model of Chapter 7 such that load points within clusters are optimally
interconnected. Furthermore, SWER feeder routing using the Man-
hattan rather than the Euclidian distance used in this work will be
considered. The former considers routing past obstacles such as build-
ings, restricted areas or natural resources like lakes, etc. as opposed to
the latter which directly interconnects loads.

Linearization of MINLP Problems
The proposed optimizatiom models use mixed integer non-linear pro-
gramming (MINLP) in their formulation which reduces their applica-
bility to large networks and increases computational cost. Future work
will consider developing linear approximations to the SWER planning
problem for application to larger networks. It will then be possible to
predict future upgrades by adding time to the decision variables. Lin-
earization will also make it possible to integrate conductor and feeder
routing into one optimization problem.

Reliability
Future work will also incorporate reliability and the minimization of
the cost of unserved energy in the objective function, a component
excluded from the current work. Another approach would be to deter-
mine whether the cost of extending SWER lines to particular demand
points exceeds the predetermined cost of unserved energy there or not.
This would form a basis on which optimal decisions could be made
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on whether it makes economic sense to electrify certain areas at the
present time or in the future.

Stochastic Distributed Generation
Whereas the current investigation into the impact of distributed gen-
eration considers the DG to be deterministic, future work will model it
as stochastic. This will enable the inclusion of renewable sources such
as wind and solar power in the SWER planning models. The resulting
uncertainty would mean that the earth return power flows would be
stochastic and would therefore be modeled as such.

Impact of SWER on Main MV Network
Finally, the current work considers the main three phase grid network
to be an infinite bus supplying power to the SWER network. The fact
that the SWER system is supplied from two phases of the three phase
MV network means that phase unbalance will likely result on the MV
grid. Future work will investigate and model the impact of a SWER
system on the main MV grid network. Simulations will then be used to
determine if the initial SWER system planning model can be optimized
to minimize this impact.
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