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Abstract

This paper evaluates HVDS and LVDS concepts by system performance. This is achieved by examining system losses on HV
and LV distribution networks in radial AC distribution systems. Challenges associated with system losses may demand network
conversion from LV to HV network. This paper addresses this issue by using HVDS optimization specifically, linear
programming techniques with Matlab optimization toolbox to determine the optimal number of unit transformers in the HV
network. Studies conducted on a test distribution system using CYMEDIST software show the optimized HVDS has improved
voltage profile and a total system loss reduction of 29.50% as compared to the LVDS. Consequently, there is reduced operational
cost and increased annual capitalized loss savings in the optimized HVDS.
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1. Introduction

LVDS and HVDS are two basic configurations of the electrical power distribution system. The LVDS is
characterized by a high capacity transformer at a load centre. This transformer supplies multiple customers through
long low voltage (LV) lines such as 0.415kV. In the HVDS, high voltage (HV) lines such as 11kV are the primary
distributors. The HV lines terminate into a population of low capacity unit transformers with short LV lines to
supply fewer customers. The main differences between the two schemes are in layouts, configurations, and
applications [1]. Network limitations such as future growth, voltage drop and thermal limitations on the LV network
may require voltage upgrade by migration to the HV network [2]. In support of this assertion, there are emerging
projects of migration from the existing LV distribution network to the HV distribution network [2] [3] [4]. Similarly,
the Electricity Company of Ghana (ECG), under Ghana Energy Development and Access Project (GEDAP) program
has piloted the HVDS project in Kumasi Magazine.

A distribution system should improve voltage profile and minimizes technical losses. Usually, utilities employ
various loss minimization techniques to reduce system losses in the networks. In many cases therefore, the primary
objective of migration is to reduce system losses and improve voltage profile. The HVDS implementation is one of
the techniques of loss minimization [S]. In [6], a simple power flow technique was used to evaluate losses on an
agricultural feeder before and after migration to HVDS network. A total loss reduction of 99.89% on the feeder
resulted after the migration. In certain cases, transformer losses are more in the HVDS. In spite of the increased
transformer no-load losses recorded in [7], a 28.7% reduction in line loss, averagely reduced the total system losses
in the HVDS.

Several authors have shown that the HVDS scheme also improves voltage profile. Amaresh et al. (2006), [6],
used load flow techniques on radial networks and obtained a 20% voltage improvement as a result of migration to
HVDS. By modelling and simulating a rural agricultural network, [3] recorded 24.47% improvement in tail-end
voltage as a result of the proposed HVDS scheme. In a proposed restructuring of LVDS to HVDS, the backward-
and-forward sweep method of iteration for load flow solutions is used to determine voltage drops in both networks
[8]. The result is a reduction in voltage drop in the HVDS scheme. Reference [9] have used simulations with
PSCAD software on a case study for HVDS implementation. As a result the tail-end voltage increased by 10 V. This
is estimated to be about 3% voltage improvement per day.

A major challenge in the HVDS scheme is the number of transformers involved; since it represents the largest
capital investment in the distribution system, and provides the best opportunity to reduce operational cost [10]. In
the preceding assessments of migration schemes, there is no indication of a well-defined scientific principle used to
populate the HV network with unit transformers. It follows that the HV network can suffer from some level of
overpopulation or under-population with unit transformers.

Our proposed solution in this paper, overcome the challenge in selecting the right number of transformers by
adopting a rigorous optimization approach. The HVDS optimization aims at determining the optimal number of unit
transformers in the scheme using a linear programming approach similar to the approach used in [11]-[13]. The
methodology is deployed on a modeled LV network to convert it into HV network. The two networks are modeled
with CYMEDIST software and simulations are performed for load flow studies. Subsequently, an assessment of the
networks is done to determine the level of enhancement on voltage profiles and system losses. A better voltage
profile means improved power quality and reduction in investment in voltage improvement equipment for the utility.
Furthermore, the optimal network leads to savings in operational cost due to the reduction in system losses.

The rest of the paper is structured as follow: section 2 deals with the methodology, section 3 deals with the result
and discussion and section 4 presents the conclusion.

2. Methodology

The first task required a formulation of the optimization problem. In this respect, linear programming formulation
for HVDS optimization was realized to select unit transformers [14]. Secondly, load flow analysis tool in
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CYMEDIST was used to model and simulate the LV and HV networks using field data. Based on the load flows
results, an assessment of the networks was done to determine the level of enhancement on the voltage profile and
system losses.

2.1. Summary of Optimisation Technique

Table I. presents the design parameters employed in the optimization process.

Table 1. Design Parameters for the Optimisation process

Maximum Number of Poles for 16 kVA 2

Maximum Number of Poles for 25 kVA 4

Maximum System Demand 216 kVA
Number of Existing Poles 36

Maximum Average Demand /Pole 6 kVA

Bulk Transformer Capacity 315kVA

Unit Transformers 16 kVA, 25 kVA
No-load Losses of 315 kVA Transformer (CRGO) 501 W

No-load Losses of Amorphous 16 kVA Transformer 20W

No-load Losses of Amorphous 25 kVA Transformer 28 W

The optimisation process should be able to effectively harmonize with the network design conditions. The
conceptual model is hereby considered using linear programming techniques [15].

Decision variables:

nig = 6 kVA Transformers
nys = 25 kVA Transformers

Linear inequality and equality constraints:

Sum of no-load losses of unit transformers < sum of no-load losses of bulk transformer;
0.02*n16+ 0.028* nys < 0.501 €))

Maximum system loadings in HVDS < maximum system loadings in LVDS

2%6%n6+ 4*6*y5< 36*6*(1+1)! ©)
12% njg+ 24% mys < 216%(1+1) 3)

Non-negativity constraints:

number of 16 kVA transformer > 0
number of 25 kVA transformer > 0

n;6=0 “
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s> 0 (%)

Transformer stockings ratio:

number of 16 kVA transformer = N*number of 25 kVA transformer

nis= N*ns (6)

Objective function:

The objective function required to give the maximum capacity of the unit transformers is given by (7).
P =16 *n16+25 *nos O]

where, i = number of accumulated years
r = growth rate

N = scale factor

P = transformer capacity

In the base case,i=0 and N = 2;

Problem modelling and solution
The generic optimization problem would be in the form given by [18]

Minimize C(x) ®)
subject to g(x)<b
where, x is the decision variable, C(x) is the objective function and g(x)<b is the inequality constraint.

The solution algorithm is obtained for (1) to (7) using [12].

2.2. Conversion of LV Network into Optimal HV Network

Having obtained the optimal number and sizes of unit transformers for the HV network, the next stage was to
implement the HVDS scheme. The conversion was done by replacing the high capacity distribution transformer with
low capacity amorphous transformers [16]. There was no significant change in the other components of the
distribution system such as type of conductors, sub-station, protection equipment, operation methodology etc. Due to
the voltage upgrade the conductor size for the primary distributor was changed from 50 mm2Albare to 120
mm2Albare. The high voltage line length increased due to the reduction in the length in the low voltage lines, as the
transformers were taken closer to the customers. These features are shown in the modelling process as described
below.

2.3. Modeling and Simulation of LV and HV Networks

The existing LVDS was modelled with field data to exhibit the characteristics of a typical network. In this design,
6 kVA was used as the demand per pole with respect to the 315 kVA transformer. As a result, 36 poles were
obtained for a reasonable level of transformer loading. Hence, at each load-point the actual loading required for
modelling was 6 kVA. A maximum pole span of 50 m was used. In order to ascertain its effectiveness, the proposed
optimization process was tested on the network in Figure 1 to realize the network in Figure 2.
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Fig. 2. Proposed Optimal HV Network

Similar networks have been modelled by other researchers on the HVDS migration scheme for loss minimization

(91 [4].
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3. Results and Discussion

Several studies have compared the LV and HV networks for loss minimization and voltage profile, thus obtaining
similar results. Notable amongst them are the works of [3] [4] [9]. What is not so clear is the level of enhancement as
a result of the optimization process on voltage profile and system losses on the HV distribution network. This
discussions thus establish an understanding in this regard.

3.1. Voltage profile

The voltage profile is considered from the source to the point of utilisation of power. The drop in voltage is due to
line and component impedances, and the varying loads at the load point. Technically, the final voltage drop along the
line is the resultant drop due to the long line itself, and components between the source and the load. Figure 3 and
Figure 4 show the drops in line voltages for load 36 in the LV and optimised HV networks respectively. In Figure 3
load 36 is 250 m away from the source of supply. It is observed that there is a steady decline in voltage along the
phases due to the long LV line. However, in the case of Figure 4, there is a marginal drop in voltage along the phases
due to the short LV lines.

Voltage Profile for Spot Load-36

{11KV_SOURCE )

Distance from the source (meter)
—— Basevoltage on phase A ~— Base voltage on phase B
~—— Base voltage on phase C

Fig. 3. Voltage Profile in LV Network
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Fig. 4. Voltage Profile in Optimal HV Network

It is observed in Table II that Load 36 has a voltage drop reduction from 2.8% to 2.0% after the migration to the
optimised HV network.

Table 2. Voltage Profile Results for LV and Optimal HV Networks

Source Voltage

Network Load Point Base Voltage (V) Voltage Drop (%)

(A
LV 36 2255 219.08 2.8
Optimal HV 36 230.0 225.38 2.0

Similar results have been obtained by [6] for loads on agricultural feeders after implementation of HVDS. They
reported a voltage improvement of up to 20% for the running of electrical machines at their rated voltages. Under-
voltages as a result of voltage drops may result in dim lights and cause damage to electric motors due to overheating
of coils. Equipment lifetime may be reduced, or damage could result due to voltage violations. Therefore, a healthy
distribution system should ensure that the voltage variation at the consumer’s terminals is within permissible limits.

3.2. System Losses

The total system losses in the network consist of transformer no-load, transformer load and line loss. Figure 5
presents a higher loss in the LV network than the optimized HV network.
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Fig. 5. Overall Losses of Networks

The difference in losses represents a reduction of 29.50% as a result of the HVDS implementation (Table 3). In a
related work, [17] obtained similar results for total system losses reduction after an HVDS implementation.

Table 3. Total System Losses

Quantity LVDS Optimal HVDS Percentage Change (%) Effects

Line Losses (kW) 1.33 0.13 90.20 Reduction
Transformer No-Load Losses (kW)  0.50 0.29 42.00 Reduction
Transformer Load Losses (kW) 0.91 1.51 60.00 Increment
Total System Losses (kW) 2.75 1.94° 29.50 Reduction

This difference in losses is largely caused by the line losses due to the long lines in the LV network. Clearly, over
29.50% of the losses in the LVDS are saved with the implementation of optimal HVDS.

4. Conclusion

In summary, this paper presents a set of constraints in Low Voltage distribution network that explain the need for
migration to a High voltage distribution network. It further presents an optimization technique to help select the
appropriate number of unit transformers needed to provide equal services with minimized losses in the HV network.
Based on the optimisation process, the results of the comparative analysis revealed the following: the optimized
HVDS has a better voltage profile which results in improved voltage profile; system losses reduction decreases the
operational cost and increases the annual capitalised loss savings in the optimal HVDS. This study is therefore an
innovative approach in selecting unit transformers needed in a migration from LVDS to HVDS that will provide
reliable and economical services to service providers.
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