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ABSTRACT

The planning of distribution networks with earth return is
highly dependent on the ground’s electrical properties.
This study incorporates a load flow algorithm for Single
Wire Earth Return (SWER) networks into the planning of
such systems. The earth’s variable conductive properties
are modelled into the load flow algorithm and the model
considers load growth over different time periods. It
includes optimal conductor selection for the SWER
system and can also be used to forecast when an initially
selected conductor will need to be upgraded. The
planning procedure is based on indices derived through an
iterative heuristic process that aims to minimise losses
and investment costs subject to load flow constraints. A
case study in Uganda was used to test the model’s
practical application.
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1. Introduction

Since the pioneering work on Single Wire Earth Return
(SWER) by Lloyd Mandeno in 1925 [1], the technology
has proven to be very cost effective in electrifying
scattered rural areas. Countries like New Zealand,
Australia, Brazil and South Africa, among others, have
several thousand kilometres of SWER lines installed with
several lines having been in operation for well over 25
years [2]. However, many developing countries
especially in sub-Saharan Africa have yet to mainstream
SWER into their distribution networks despite prevailing
low electrification rates. The major challenges facing
these countries are lack of awareness, insufficient
capacity for the required technical analysis and
implementation as well as inadequate framework within
which to design and plan these low-cost networks [3].
Considerable research has been done on SWER
systems [1 - 3, 5, 9 -12] as well as power distribution
system planning [4, 14, 15]. However, the planning of
SWER distribution systems based on earth return load
flow constraints has not been widely covered. The
general objective of the distribution planning is to

minimise the capital investment and operation costs of
distribution substations and feeders to create a network
that meets the projected load growth reliably and securely.
This is achieved only if the constraints associated with
equipment capacities, voltage limits, technical losses, and
radial configuration are met [4]. SWER distribution
systems use the earth as current return path. As such, the
planning of these networks largely depends on an area’s
ground conductive properties which are, in turn, a
function of soil type and humidity [5].

By using a heuristic approach, this paper presents a
simple iterative procedure for planning SWER
distribution systems. A dynamic planning model is used
to consider the impact of load growth over several time
periods on system performance. By using a load flow
algorithm for earth return networks, optimal conductor
selection is carried out for the initial case and the
algorithm presents the possibility to determine when the
initial conductor will need upgrade. The aim was to
minimise the costs of distribution losses, initial
installation costs for feeders and subsequent upgrades
subject to load flow constraints. The model is applied to a
case study in Uganda to test its performance. All
mathematical model formulations were done using the
General Algebraic Modelling System (GAMS).

2. System Model Formulation

2.1 SWER Distribution Line Model

The SWER distribution line model was based on Carson’s
line [6]. This model considers a single conductor parallel
to the earth with unit length and carrying a current with
return path through the ground. The earth return is
considered to be a single conductor beneath the earth’s
surface with 1 m geometric mean radius (GMR), uniform
resistivity and infinite length [5, 6]. The geometric mean
distance (GMD) between the overhead conductor and the
earth return path is a function of the soil resistivity, p [5,
7]. The total impedance, Z,,, of the overhead line as a
result of the earth presence was derived in [5] and is given
by (1). The ground self impedance, z,,, and the mutual
impedance, z,,, between the earth return and the phase
conductor are given by (2) and (3) [5, 7].
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Where f'is the network frequency, 4, is the height of the
overhead line in meters and the units of (1) to (3) are
Q/km. The self impedance of the overhead line was
calculated using the Simplified Carson Method given by
(4) [5, 8]. The details of the full development of the
Carson line model are not included here for brevity but
can be found in [5, 6, 8].
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Where, r, is the resistance of the phase conductor a
(Ykm) and GMR, is the geometric mean radius of
conductor ¢ (m). The impedances of the sending and
receiving earth connections were considered to be
negligible compared to the conductor and ground values.

SWER lines are characterised by long span lengths
since they supply scattered rural loads spread over large
distances. As a result, line charging currents due to the
Ferranti effect are quite pronounced in these systems
compared to conventional distribution lines [9]. The
voltage rise with distance results into voltage regulation
problems at distant consumer load points [10]. The line
shunt admittance, Y, normally neglected in conventional
distribution lines was included in the line model to reflect
the above phenomenon. The overhead line shunt
capacitance, C, was computed using (5) [8]. Equation (5)
was used to compute the capacitive reactance from which
the shunt admittance was then derived.
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2.2 Load Model

All loads were modelled as constant power loads. It was
assumed that the loads were proportional to the sizes of
the distribution transformers with a power factor of 0.8
lagging. As such, changes in power factor due to
transformer inductances as well as losses due to the
distribution transformers were considered as part of the
load while ignoring voltage drops beyond the
transformers to customer points [11].

3. Load Flow Algorithm

Although SWER lines can be connected directly to the
rest of the three-phase distribution grid, an isolation
transformer is often used to electrically isolate them from
their energising feeders. This allows earth leakage
protection to be used on the rest of the network and
ensures that the energising feeders do not carry zero
sequence currents [12]. In this study, an infinite bus was
added at the isolating transformer output terminals to
form the slack bus [11]. The isolation transformer itself
was not included in the model. The load flow algorithm
was based on the forward/backward sweep method whose
steps are as explained below [13].

In the first step all nodal current injections due to
loads, capacitor banks, if any, and shunt elements are
calculated based on initial voltages. In subsequent
iterations, updated voltages are used to calculate the nodal
currents. For the single wire earth return case, the
calculation of nodal currents is given by (6) [5].
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Where, [, and I, are the current injections at node i for
the overhead line and earth return respectively, S;, is the
specified complex power load at node i, V;, and V, are the
complex voltages at node i for the overhead conductor
and earth return respectively, Y;, is the shunt admittance
of the overhead line at node /, and k refers to 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 (KCL)
[13]. The current, J, flowing through branch / is
calculated according to (7) [5].
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Where, j is the end node of branch / 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, the forward sweep, bus voltages are

updated using the current values obtained from the
backward sweep starting at the root node towards the end

nodes [13]. Nodal voltage calculations in the forward
sweep were calculated using (8) [5].
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Where, i and j are the incoming and outgoing nodes of
branch [ respectively. The impedances are calculated as
in (1) to (4).

The above method was formulated as an optimisation
algorithm in GAMS to obtain a solution to the network
load flow following convergence. The objective of the
optimisation was to minimise the difference between the
specified and calculated load power injections at each bus
[5] subject to the constraints given in (6) to (8). The
objective function formulations to be minimised for the
earth return load flow solution are given in (9) and (10).
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All parameters and variables in (6) to (10) are complex.

4. Methodology

A forward planning approach was used in the planning
model. Using an iterative process shown in figure 1, the
load flow algorithm developed above was used to test
different system scenarios. Performance indices were
formulated to test the suitability of each scenario starting
from a base case and multiple simulations of the load flow
algorithm were used to test each case. The performance
of different feeders was measured against load growth for
different time periods, ¢, up to the horizon year of the
planning period, #,,. This was in turn used to determine
the need for upgrade on existing feeders and the time
period during which this would be required, if at all. The
annual load growth was calculated using (11) [14].

S;=8,x(1+g)’ (11)

Where S, is the load after time ¢ in years, S, is the initial
load in the base year, g is the percentage annual load
growth rate and ¢ is the number of years.

The planning algorithm was intended to identify the
branches exhibiting weak points in the network given load
growth. The performance indices were based on voltage
profile, feeder losses, conductor utilisation and cost. The
different indices were combined using an overall index
which reflected the proportional contribution of each
index to the general system performance. The above
approach is summarised in figure 1.

The proposed procedure was based on the assumption
that only the peak load was considered for the successive
time periods. Furthermore, it was assumed that the feeder
route and different conductor options were known in
advance and their costs of installation estimated.

4.1 Voltage index

An index for the voltage profile was developed to monitor
the node voltage deviations for different conductor

options given increasing load. This index, given by (12),
was formulated as the difference between the actual bus
voltage magnitude and the nominal voltage, ¥, (1 p.u), in
a given time period using conductor ¢ [15].
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Where I, is the voltage index for conductor ¢, V;,. is
the actual voltage at bus 7 using conductor c, f,,, is the
total number of years in the planning period and # is the
total number of buses on the network.
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Figure 1. Flow diagram of proposed methodology

The allowable voltage limits for SWER distribution
transformers are slightly different from those of ordinary
distribution transformers and should be within the range
0.907 to 1.027 p.u [11]. The voltage index in (12) was
only used for bus voltages within that range. It follows
that the smaller the overall voltage deviation from the
nominal 1 p.u, the better the system performance.




4.2 Conductor Utilisation Index

This index was formulated as a measure of conductor
capacity usage compared to rated current carrying limits.
It was intended to determine overloaded lines during the
planning process. In addition, this index would help
determine if a conductor was using too little of its
capacity during the planning period leading to
unnecessarily high investment costs. The index, given by
(13), was developed using line current flows obtained
from the load flow simulations.

The ratios of the branch current flows from the load
flow to the rated conductor current carrying limits were
used to identify the current loadings on specific segments.
The index only considered branch segments whose
current flows throughout the planning period were within
their thermal limits. It follows, therefore, that the higher
the utilisation index for a given conductor, the better its
performance in supplying the peak load.
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Where I, . is the utilisation index using conductor ¢, Jj; . is
the average current flowing through branch / during year ¢
using conductor ¢, J,4.. is the thermal limit of conductor
¢, nl is the total number of branches in the network and
tmax 18 the total number of years in the planning period.

4.3 Power Loss Index

The power loss index was developed to check the
technical losses associated with different conductor
options for the earth return system. The index, given by
(14), was developed based on the system losses as a ratio
of total active power demand.
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Where R, is the resultant resistance in branch / due to the
overhead conductor ¢ and earth return path as derived in
(1). P;,is the active power demand at node 7 during time
period ¢. It is desired to have minimum network losses
and therefore, the lower the loss index the better the
performance of a given conductor.

4.4 Overall Index

An overall index was formulated to combine the different
indices formulated in (12) to (14). The voltage index
tracks the voltage deviations for each option and
therefore, for good system performance, it should be as

small as possible. This implies an inverse relationship
between this index and the overall performance index.

The conductor utilisation index measures conductor
usage compared to thermal limits during the planning
period. Better conductor utilisation within thermal limits
implies better system performance and optimised
conductor cost. Therefore, the utilisation index has direct
proportionality with the overall performance index.

Lower power losses in the system lead to better
system performance. Therefore, the power loss index has
an inverse relationship with the overall performance
index. The above relationships are formulated in (15)
with the proportionality constant formulated as the square
of the present value of investment cost.
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Where ,. is the overall index for conductor ¢ and C. is
the present value of investment cost of conductor c.

5. Application

5.1 Case Study

The case study was done in Ntenjeru county, Mukono
district in central Uganda. The area was selected because
it is largely rural and vast areas of it lay un-electrified at
the time of this study. However, it had proximity to the
national grid and thus the possibility to be electrified cost-
effectively using SWER. All data pertaining to the
proposed distribution network was collected locally
during field surveys. Such data included potential load
demand in villages, soil resistivity, network topology, etc.

5.2 Proposed Test Network

The proposed network topology was based on the
potential electrical load estimates of the main load centers
determined during previous field surveys. The loads
consisted of villages, farms, schools, trading centers and
health centers. Ugandan rural loads are characterized by
low energy consumption with the main energy source
being biomass [16]. However, electrification often acts as
a stimulant for economic activities subsequently leading
to rapid load growth.

In the proposed RDN, a 33 kV grid was considered
located in Ntenjeru town and at that point an infinite bus
was connected. The majority of the load centers were
located along the existing roads. It was considered that
the SWER line would run along the roads to ease
customer connections and line maintenance. Owing to
this and the relatively large distances between load
centers, a network routing algorithm was not formulated.

The proposed network shown in figure 2 had 18 load
points modeled as described in section 2.2.  Soil



resistivity measurements were done using the Wenner
Four Pin Method [17] for different locations and times.
The average soil resistivity, p, was found to be
approximately 400 ohm.m. Additional network data are
given in tables 1 and 2.

The node indexing scheme used for the network in
figure 2 was that proposed in [14]. The nodes on the
primary feeder were numbered first followed by those on
the laterals whereas the branches were numbered
according to their outgoing nodes as in table 2. This
numbering scheme facilitated the forward/backward
sweep method in the load flow calculation for the RDN.
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Figure 2. Considered test distribution network 18
Table 1
Bus indices and loads for the considered SWER RDN
Bus | Demand Bus Demand
(KVA) (KVA)
0 0 10 16
1 32 11 16
2 16 12 16
3 32 13 32
4 32 14 32
5 16 15 32
6 16 16 32
7 16 17 32
8 32 18 32
9 32 Total 240
Table 2

Branch information for considered SWER RDN

Bus i Busj Branch Branch length
index (km)
0 1 1 1.0
1 2 2 1.4
2 3 3 1.9
3 4 4 1.3
4 5 5 2.5
5 6 6 0.5
6 7 7 0.7
7 8 8 2.0
8 9 9 2.5
9 10 10 1.6
10 11 11 2.4
11 12 12 1.2
12 13 13 0.9
9 14 14 3.0
14 15 15 1.2
15 16 16 2.1
15 17 17 4.4
12 18 18 1.0
Total distance 31.5

5.3 Load Flow Calculation

The load growth for rural areas in Uganda was estimated
at 5% following electrification. The planning period for
the test network excluding the base year was chosen to be
5 years for illustration. SWER system impedances were
calculated as described in 2.1 for the different conductors
using the measured average soil resistivity. Table 3
shows some of the electrical properties of the different
conductors used in the study. All resistances were
obtained for 75°C. The conductors were chosen because
of their low cost, light weight and high tensile strength
which allows longer span lengths.

The general system data are: /=50 Hz, p = 400 Qm,
impedance of earth return ‘conductor’, Z,, = (0.0493 +
j0.3643) Q/km, the mutual impedance between single
wire and earth was considered negligible. The base and
reference voltages were considered as 19.1 kV which is
the phase to ground voltage of the 33 kV 3-phase supply.
The base power was chosen as 100 kVA. The conductor
costs were considered to be roughly proportional to their
thermal capacities (table 3). The load demand factor was
assumed to be 1 and power factor 0.8.

Table 3
Electrical properties of considered conductors
Conductor code R X Current
(Q/km) (Q/km) | rating (A)
1 | Bantam 5.26 1.02 69
2 | 3/2.75 SC/GZ 12.55 1.00 38
3 | Mole 3.30 1.03 98
4 | Magpie 3.31 0.99 92
5 | Shrike 2.08 0.96 122
6 | Squirrel 1.67 0.99 148
7 | Snipe 1.31 0.93 162
8 | Loon 1.04 0.92 186

5.4 Results and Discussion
5.4.1 Conductor Selection

The proposed iterative algorithm was applied to the
conductors in table 1 to determine the optimal conductor
for the network in the base case. The objective was to
select the conductor whose electrical properties would be
sufficient to meet the peak load in an economical and
secure way throughout the planning period. Table 4
shows the obtained performance results obtained using the
indices formulated in section 4.

The results in table 4 were calculated over the chosen
10 year period with 5% load growth. The SC/GZ
conductor had the poorest overall performance index.
Despite being the cheapest option, its phase voltage
profile at distant buses dropped well below 0.8 p.u as
shown in figure 3 and so it also had the highest losses.
This can be attributed to its high R/X ratio. Any
installation of the SC/GZ conductor in the case study area
would have to be upgraded in the fifth year when the



branch current flow would exceed its thermal limit as
shown in figure 5.

Table 4
Performance indices for different network conductors in
10 year planning period
Conductor ]volt,c (%) Iu,c (%) Iloss,c (%) Io,c (%)
Code

Bantam 7.74 23.35 11.96 1.84
3/2.75 SC/GZ 22.87 34.12 52.35 0.71
Mole 5.11 15.81 6.98 1.58
Magpie 5.09 16.82 6.98 1.97
Shrike 3.53 12.40 4.23 1.91
Squirrel 3.06 10.16 3.37 1.54
Snipe 2.58 9.21 2.63 1.80
Loon 2.25 7.98 2.09 1.70

The ‘Magpie’ conductor, however, had the highest
overall performance attributed to its lower R/X ratio, low
losses, sufficient thermal capacity allowing small voltage
deviations and moderate cost. This made it the best choice
for the initial conductor selection. Figure 3 shows the
overhead phase to ground voltage profiles of the eight
conductors in the 10™ or horizon year. The annual losses
of the conductors were calculated using (16) and figure 4
shows their trend over the planning period at 5% load
growth. Figure 5 shows conductor utilization as a ratio of
thermal capacity for each conductor in branch 1 which has
the highest current flow magnitude.
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Figure 3. Overhead phase to ground voltage profiles in the
10™ year for different conductors

5.4.2 Sensitivity Analysis
The conductors were subjected to load growth scenarios

categorized under low, base and high to test their
performance under different conditions. The low demand
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Figure 4. Annual losses for different conductors during 10
year planning period at 5% load growth
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Figure 5. Conductor utilization during 10 year planning
period at 5% load growth

scenario was 3%, the base scenario 5% and the high
demand scenario 10%. The base rural demand scenario
was chosen to be slightly lower than Uganda’s average
annual GDP growth rate of 7% [16]. The high demand
scenario was tied to the possibility of rapid economic
growth. Furthermore, a longer planning period of 15
years was considered for the sensitivity analysis to
investigate conductor performance beyond the previously
considered period. Table 5 shows the overall
performance indices for all conductors operating under
the different scenarios above.

It can be observed from table 5 that the Magpie
conductor gave the best overall performance in both low
and base demand scenarios for the 15 year period.
However, with 10% load growth in the same period, the
Shrike conductor outperforms Magpie due to its larger
size. GAMS simulations indicated that for 10% growth,
Magpie would get overloaded in the 13" year thus
requiring an upgrade to Shrike or a larger conductor.



Table 5
Conductor performance for different load growth
scenarios in 15 year planning period

Conductor L,.,3% 1, 5% L., 10%
Code
Bantam 1.92 1.47 0.27
3/2.75 SC/GZ 0.90 0.46 0.17
Mole 1.64 1.29 0.49
Magpie 2.05 1.62 0.59
Shrike 1.98 1.58 0.80
Squirrel 1.59 1.28 0.66
Snipe 1.86 1.50 0.78
Loon 1.76 1.42 0.75

The total primary feeder length of the proposed
network (19.9 km) was relatively short and therefore the
impact of the Ferranti effect was not fully reflected in the
model results. Figure 6 shows the variation of ground
voltages with time at 5% growth for Magpie over 10
years. Since the ground forms the current return path,
ground voltages increase along the length of the network
from the source bus as depicted in figure 6. The voltages
likewise increase with load growth due to increased
current flows. The opposite would be true for longer
SWER feeders where the higher shunt capacitances due to
the Ferranti effect would increase the distributed charging
currents. This would cause the network to draw less
current from the source with load growth [17].
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Figure 6. Ground voltage variation with time at 5% load
growth over 10 years for Magpie conductor.

6. Conclusion

A planning algorithm for SWER systems was formulated
in this study based on a heuristic approach. The SWER
system parameters of phase and ground conductors were
modelled and a corresponding load flow algorithm
formulated. The load flow simulations were used in an
iterative procedure to determine conductor performances
with load growth over different time periods. The
procedure was used to optimise conductor selections for

initial installation as well as upgrade of existing networks.
This was accomplished through the formulation of
appropriate performance indices. The proposed algorithm
was applied to an un-electrified case study in Uganda and
a sensitivity analysis revealed favourable results for the
chosen option. The sensitivity analysis further gave a
forecast of when upgrade would be needed for the chosen
conductor in different demand growth scenarios and a
possible upgrade conductor option.
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