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Abstract: The reliability of electric power distribution networks has gained greater interest in recent times.
One of the main causes of frequent failure of electric power distribution networks is exceeding the current
carrying capacity of the conductors being used. That normally happen as a result of failure of utility companies
to upgrade the conductor to a bigger size as the load increases due to lack of resources. The projected annual
load growth for metropolitan areas in Ghana averages 8% per annum. For that reason, the projected load
growth for the Sekondi-Takoradi metropolis for the years 2020, 2025 and 2030 was estimated using the 8%
annual load growth rate. The modelling and the simulation results indicated that aluminium conductor of size
265 mm?is required to sustain the projected load growth beyond the year 2030 but will require switch shunt
capacitor compensation.
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. Introduction

The role of the electric power distribution network is of prime importance within the electric energy
business. Its operation is governed by physical laws. The electric power distribution network has a fixed
structure consisting of different voltage levels; the higher levels are for transmission purposes whereas the lower
levels are used for the distribution tasks, and each network element has a finite capacity. The electric power
system consists of a generation, a transmission, a subtransmission, and a distribution systems. The generation
and transmission systems are referred to as bulk power supply, and the subtransmission and distribution systems
are considered to be the final means through which the electric power is transferred to the consumer. The capital
investment at the distribution sector was estimated to be roughly equal in capital investment to the generation
sector on a national average, and together they represent over 80% of the total power system investment.
However, these figures have somewhat changed. The major investment has been in the generation sector, with
distribution a close second. The economic importance of the distribution system cannot be overemphasised, and
the amount of investment involved dictates careful planning, design, construction, and operation (Gonen, 2008;
Zhang et al., 2006).

A core mission of an electric power distribution network is to deliver electrical energy from the
supplying points to the end users without any interruption. The electric power distribution network segment has
been the weakest link between the source of supply and the customer load points. The greatest problem
encountered in the area of electric power distribution system operation and maintenance is how to reduce the
number of interruptions experienced by customers (Venu et al., 2014). Large blackouts around the world have
also aroused the consumers’ interest in electricity distribution and reliability of distribution networks.

The reliability of supply has gained greater interest in recent times (Kivikko, 2010). One of the main
causes of frequent failure of electric power distribution networks is exceeding the current carrying capacity of
the conductors being used. That normally happen as a result of failure of utility companies to upgrade the
conductor to a bigger size as the load increases. The study is based on the premise that the electric power
distribution network of the Sekondi-Takoradi Metropolis is All Aluminium Conductor (AAC) of size 150 mm?.
The study is to determine whether the 150 mm? conductor size can sustain the load growth into the year 2020
and beyond. The projected annual load growth for metropolitan areas in Ghana averages 8% per annum (Anon.,
2013). For that reason, the projected load growth for the Sekondi-Takoradi metropolis for the years 2020, 2025
and 2030 was estimated using the 8% annual load growth rate. The Sekondi-Takoradi metropolis is in the
Western Region of Ghana which shares border with La Cote D’Ivoire to the west and the Gulf of Guinea to the
south.
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Il.  Power Flow Study For Contingency Analysis
Contingency analysis is the study of the outage of elements such as generators, transmission lines, transformers
etc., and investigation of the resulting effects on line power flows and bus voltages of the remaining electric
power system components. It represents an important tool in studying the effect of outages of elements in power
system security during operation and planning stages. Power flow analysis is probably the most important of all
network calculations. It is performed to investigate the magnitude and phase angle of the voltage at each bus and
the real and reactive power flows in the electric power system components (Onojo et al., 2015).

Variables of Load Flow Studies
At each bus, two of the four quantities 0, | \Y% | , P and Q are specified and the remaining two are determined as

given in Table 1 (Hu, 2010; Onojo et al., 2015).

Table1 Load Flow Variables

Bus Type Known Variables Unknown Variables
Slack/Swing/Reference Bus V,d P, Q
PV/Generator/Voltage Control Bus P,V Q, 8
PQ/Load Bus P, Q vV,

Developing a Power Relation

For the formulation of the real and reactive power entering a bus, use is made of Equation (1) through to
Equation (7) according to Anthony and Chukwuma (2016) and Onojo et al. (2015).

Let the voltage at the i th bus be denoted by Equation (1).

1
Vi=|Vi|£8j= |Vi| (cos 8j+jsindj) @
Also, the self-admittance at bus i is given by Equation (2).
Yii= |Yii|49ii = |Yii|(c0s 0jjHjsin eii) = Gijj+jBij )
Similarly, the mutual admittance between the buses i and j can be written as in Equation (3).
Yij = ‘Yij‘éeij = ‘Yij‘(cos Bjjtisin eij) = Gijj+]Bijj ©)
Let the power system contain a total number of n buses. The current injected at bus i is given by Equation (4).
n
li=YjitV1+YjoVo+........... +YinVh = X YikVk
k=1

(4)

The assumption here is that the current entering a bus is positive and that leaving the bus is negative. Hence, the
real power and reactive power entering a bus will also be assumed to be positive. The complex power at bus i is
then given by Equation (5).

F-1Q=Vi | )

U
=Vi X YikVk
k=1

n
= |Vi|(cos 8j-jsin 8j ) X | Yijk Vk|(cos Ok +isin B )(cos S +jsin Sk )

n
= X |YikViVk|(cos 8j-jsin &j )(cos Bjk *jsin Oj )(cos Sk +jsin dk )
k_

Therefore, substituting Equation (5), real and reactive power is given respectively by Equation (6) and Equation

().
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S Vi VLV [cos(6: _ (6)
P —kZ_)1|Y|kaV,|cos(9,k+6k-6|)

n
Q; =- Z |VikVkVilsin(0jk +3k-3) !
k=1

where, V; = voltage at bus i
Vi = voltage at bus k
di = angle of deviation at bus i
3k = angle of deviation at bus k
Pi = real power at bus i
Qi = reactive power at bus i
Y;i = self-admittance at bus i
Y;; = mutual admittance between buses i and
Yik = mutual admittance between buses i and k
li =current injected at bus i
0;; = phase angle of self-admittance of bus i
0i;= phase angle of mutual admittance between buses i and j
0 = phase angle of mutual admittance between buses i and k
B;i = self-susceptance of the admittance matrix of bus i
Bj; = susceptance of the admittance matrix between buses i and
G;; = self-conductance of the admittance matrix of bus i
Gj; = conductance of the admittance matrix between buses i and

Types of Violations

Line contingency and generator contingencies are generally the most common types of contingencies.
These contingencies mainly result in two types of violations namely, low voltage violations and line Mega Volts
Ampere (MVA) violations. Low voltage type of violation occurs at the buses. This suggests that the voltage at
the bus is less than the specified value. The operating range of voltage at any bus is generally between 0.95 -
1.05 per unit (p.u). Thus, if the voltage falls below 0.95 p.u. then the bus is said to have low voltage. If the
voltage rises above the 1.05 p.u. then the bus is said to be experiencing high voltage problem. It is known that in
the electric power network, generally, reactive power is the reason for the voltage limit violation.
Hence, in the case of low voltage problems, reactive power is supplied to the bus to increase the voltage profile
at the bus. In the case of the high voltage, reactive power is absorbed at the buses to maintain the system normal
voltage (Chaitanya et al., 2013). Line MVA limit contingency violations occur in the system when the MVA
rating of the line exceeds a given rating. This is mainly due to the increase in the amplitude of the current
flowing in that line. The lines are designed in such a way that they should be able to withstand 125% of their
MVA limit. Based on utility practices, if the current crosses the 80-90% of the limit, it is declared as an alarm
situation (Chaitanya et al., 2013).

Switch Shunt Capacitor Size Determination

Reactive power compensation technique is often the most effective way to improve both power transfer
capability and voltage stability of a power system. The control of voltage levels is accomplished by controlling
the production, absorption and flow of reactive power. To control the voltage throughout the system, use must
be made of additional devices to compensate reactive power (Akwukwaegbu and Okwe, 2013). The primary
purposes of distribution system shunt compensation near load centres are voltage control and load stabilisation.
Shunt compensation technique in practical applications is often used to regulate the voltage at a given busbar
against load variations, or to provide voltage support for the load when, due to generation or line outages, the
capacity of the sending-end system becomes impaired (Anon., 2008). When there is any occurrence of voltage
violation during simulation, thus if the p.u. voltage falls below the specified 0.95 p.u. or goes above 1.05 p.u.
range, that violation must be corrected by using switch shunt capacitors (shunt compensation). The switch shunt
capacitor size must be determined by taking into consideration the original power factor (Cos 01) of electric
power distribution network before simulation and the power factor after simulation (Cos 62). The required
switched shunt capacity is given by Equation (8) (Chandral and Agarwal, 2014; Mon, 2014).
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MVAr=P (Tan 01 — Tan 62) (8)

where, P = real power at the bus for which power factor has to be improved
Cos 0, = initial power factor of the distribution network before simulation
Cos 0, = final power factor of the distribution network after simulation

The Electric Power Distribution Network of Sekondi-Takoradi Metropolis

The main source of electric power supply within the Sekondi-Takoradi Metropolis is from three
primary substations designated as Station ‘A’, Station ‘B’, and Station ‘C’ respectively. Primary substation ‘A’
is a 33/11 kV line with two power transformers rated at 10 MVA each. Primary substation ‘B’ is also a 33/11
kV line with two power transformers with a rating of 20 MVA and 10 MVA respectively. Substation ‘C’ is also
a 33/11 kV line with two power transformers rated at 10 MVA each. Work is currently on going for two more
additional substations designated as Station ‘D’ and Station ‘E’ respectively. The medium voltage being used
within the metropolis is 11 kV. The 33 kV medium voltage is being used to serve adjoining towns and
communities that are far away from the metropolis (Anon., 2013).

The electric power distribution network comprises various sizes of distribution transformers. The
transformer sizes range from 25 kVA to 2 MVA. The smaller size up to 200 kVA are double pole mounted and
those that are above 200 kVA are ground mounted. Almost all the distribution transformers are equipped with
individual fuses and disconnect switches on the Medium Voltage (MV) side. Lightning arrester is provided for
every transformer for protection from lightning strikes. On the low voltage side, the feeder is protected with
fuses. The body of the distribution transformers and the Low Voltage (LV) network’s neutral are solidly
earthed.

I1l.  Materials and Method

Power World Simulator version 19 GSO was used in modelling and simulating the electric power
distribution network of Sekondi-Takoradi metropolis. The secondary substations within the metropolis are
many. In modelling the network, the major suburbs within the metropolis were considered as the load points
whilst the load points of the minor suburbs were absorbed into the major ones. The estimated real power
requirement of the metropolis based on installed transformer capacities was 48.60 MW. For the modelling, the
network of the metropolis was reduced to forty (40) busbars and ninety-two (92) feeders or transmission lines.
For the modelling, the major suburbs within the metropolis were considered as the load points whilst the load
points of the minor suburbs were absorbed into the major ones to achieve the reduced number of buses which
were initially three hundred and thirty-two (332) busbars (transformer substations) and circuit feeders which
were four hundred and thirty-four (434). The estimated real power requirement of the metropolis based on
installed transformer capacities was 48.60 MW.
The modelling was done based on the following assumptions:
1. Base voltage = 11 kV.
. System base MVA = 100 MVA.
. Supply frequency = 50 Hz.
. Static load power factor = 0.9.
. Conductor type = AAC.
. Resistance = Ohm/km.
. Reactance = Ohm/km.

~NOoO Ok~ WN

Methodology of investigations was modelling and simulations of the electric power distribution
network of the metropolis using the year 2020 estimated load data and that of 150 mm? aluminium conductors.
Figure 1 gives the electric power distribution network modelled with 150 mm? conductor size. Figure 2 gives
the snapshot of the simulated results. Forty-bus and ninety-two transmission line contingencies were inserted
and simulated to ascertain whether the 150 mm? aluminium conductors can withstand the estimated load growth
without any violation be it voltage or MVA. The snapshot of the outcome of that simulation is given in Figure 3
in the case of the 40-bus contingency simulations. The snapshot of the ninety-two transmission line contingency
simulations is also given in Figure 4.
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Figure 2 A Snapshot of the Simulated Results of the Year 2020 Estimated Load Growth Data using
150 mm? Conductors
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Figure 3 A Snapshot of the Forty-bus Contingency Simulations based on the Year 2020 Load Growth Data
using 150 mm? Conductors
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Figure 4 A Snapshot of the Results of the Ninety-two Transmission Line Contingencies using
150 mm? Conductors

Due to the voltage violations that occurred when the year 2020 projected load growth data was used as
the input data with 150 mm?aluminium conductor size transmission lines, further investigations were carried out

to determine the appropriate aluminium conductor size that can at least sustain the load growth up to the year

2030. During the simulations, it was noted that aluminium conductors of size 265 mm? can sustain the load
growth beyond the year 2030 with installed switch shunt capacitors since the violations mainly encountered
were those of voltage. The projected load growth data for the year 2020 served as the first input data for the
modelling and simulations in PowerWorld Simulator version 19 GSO software. The modelled network using
265 mm? conductors only is as given in Figure 5, and Figure 6 shows the evidence of its simulations.
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Figure 5 The Modelled Electric Power Distribution Network using 265 mm? Aluminium Conductors
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Figure 6 A Snapshot of Simulation Results based on the Year 2020 Projected Load Growth Data
using 265 mm? Aluminium Conductors
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Forty-bus and ninety-two transmission line contingencies were inserted. The evidence of such contingency
simulations are also given in Figure 7 and Figure 8 respectively. The projected load growth data for the year
2025 served as the input for the next modelling and simulations using 265 mm? aluminium conductors. The
snapshot of simulations is given in Figure 9. The evidences of the forty-bus and ninety-two transmission line
contingencies are also given in Figure 10 and Figure 11 respectively.
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Figure 7 A Snapshot of the Forty-bus Contingency Simulation Results Based on the Year 2020
Projected Load Growth Data using 265 mm? Aluminium Conductors
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Figure 8 A Snapshot of the Ninety-two Transmission Line Contingency Simulation Results Based on the
Year 2020 Projected Load Growth Data using 265 mm? Aluminium Conductors
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Figure 9 A Snapshot of Simulation Results based on the Year 2025 Projected Load Growth Data using
265 mm? Aluminium Conductors
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Figure 11 A Snapshot of the Ninety-two Transmission Line Contingency Simulation Results based on the
Year 2025 Projected Load Growth Data

The projected load growth data for the year 2030 was also modelled in the PowerWorld Simulator version 19
GSO using the 265 mm2 conductor size. The evidence of that simulation is given in Figure 12.
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After the simulations, it was noted that three (3) of the buses had their per unit voltages below the 0.95 p.u.

minimum threshold. The following buses had that problem: 31, 37 and 38. Under this condition, any attempt to

insert any contingency would result in a lot of violations. A switch shunt compensation is required. The sizes of

the various switch shunt capacitors required at each of the three buses were determined using Equation (8) i.e.:
MVAr =P (Tan 61 — Tan 62)

The results are as given in Table 2.

Table 2 MVAr Capacity Determination for Voltage Improvement

NuBr;J;er Angle (Deg.) MVAr Calculation MVAr Size
31 ~6.74 9.4 [(0.4843) — (- 0.1182)] 5.7
37 ~6.88 1.5 [(0.4843) — (— 0.1207)] 0.91
38 —6.71 9.10 [(0.4843)—(— 0.1177)] 55
Total 12.11

The calculated MVAr of approximate size of 12 was placed at bus number 31 as given in Figure 13. The
simulation was carried out to ascertain the level of voltages after the compensation at the buses experiencing
low voltages. The evidence of the simulation is given in Figure 14. Based on the encouraging results, a forty-bus
and ninety-two transmission line contingencies were inserted. The snapshots of the contingency simulations are
given in Figure 15 and Figure 16, respectively.
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Figure 13 The Compensated Distribution Network with Switch Shunt Capacitors Placed at Busbar
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Figure 14 A Snapshot of the Simulated Results with Switched Shunt Capacitors based on Year 2030
Projected Load Growth Data
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Figure 16 A Snapshot of Ninety-two Transmission Line Contingency Simulation Results with
Switched Shunt Capacitors based on the Year 2030 Load Growth Data

Based on the phasor diagram of Figure 6, the reduced voltage drops, Vp along a series compensated
transmission line is given by Equation (6) according to (Kranti and Laxmi, 2011).

IV.  Results And Discussions

Presented in this section are the results emanating from the investigation into the ability of conductor
size upgrading to sustain the load growth beyond the year 2030 which were obtained through modelling and
simulations of the network. The results are presented in Figure 17, Figure 18 and Figure 19 for the years 2020
and 2025. Two simulations were performed for the year 2030. The first simulation was without switched shunt
compensation and the second simulation was after switched shunt compensation was effected. Figure 20 and
Figure 21 represent these results. From Figure 17, for the year 2020 using 150 mm? conductors, no p.u. voltage
at the buses fell below the 0.95 minimum. The results of the forty-bus contingency simulations however, gave a
total of eight (8) low voltage violations during the contingency simulations. This gives an indication that
conductor upgrading or switched shunt compensation is required. There was not any violation noted when the
ninety-two transmission line contingencies were inserted. For the year 2020 using 265 mm2 conductors, from
Figure 18 all the p.u. voltages were within the acceptable range of 0.95 to 1.05 limits.

The forty-bus contingency results showed that there was only one low voltage violation at bus number 3.
The results of the ninety-two transmission line contingencies showed no violation. This points to the fact that
conductor size of 265 mm?can sustain the projected load growth of the year 2020 without any serious violations.
Justifying from Figure 19, for the year 2025 using 265 mm? conductor size, the p.u. voltage magnitudes were all
within the acceptable limits of 0.95 and 1.05. From the forty-bus contingency simulations, nineteen (19) low
voltage violations were obtained but the results of ninety-two transmission line contingency simulations showed
no single violation. These showed that the 265 mm? aluminium conductors can withstand the projected load
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growth for the year 2025. For the year 2030 using 265 mm?’ conductor size without switched shunt
compensations from Figure 20, three (3) of the buses had their p.u. voltage magnitudes below the 0.95 minimum
threshold. Any attempt therefore to insert any contingency would result in serious voltage violations at most of
the buses. Switched shunt compensation was implemented. From Figure 21, all the p.u. voltage magnitude
variations were within the acceptable limit range of 0.95 to 1.05.
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Figure 17 Simulated Bus Voltages for the Year 2020 using 150 mm? Conductors
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Figure 18 Simulated Bus Voltages for the Year 2020 using 265 mm? Conductors
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Figure 19 Simulated Bus Voltages for the Year 2025 using 265 mm? Conductors
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Figure 20  Simulated Bus Voltages for the Year 2030 using 265 mm? Conductors without Switched Shunt
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Figure 21  Simulated Bus Voltages for the Year 2030 using 265 mm? Conductors with Switched Shunt

Capacitor Compensation

V. Conclusion
The present use of 150 mm? conductor size result in voltage violations giving an indication that the

network is not immune to N-1 contingency. Use of 265 mm? aluminium conductor size will enable the
distribution network sustain the projected annual load growth up to the year 2030. Beyond the year 2030, switch
shunt compensation will be required to enable the 265 mm? aluminium conductors sustain further load growth.
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