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ABSTRACT

Usually, rural areas can be electrified via three-phase distribution transformers with relatively large capacities. In
such areas, low voltage lines are used for long distances, which cause power losses and voltage drop for different
types of consumers. Reducing losses and improving voltage profiles in rural distribution networks are significant
challenges for electricity distribution companies. However different solutions were proposed in the literature to
overcome these challenges, most of them face difficulties when applied in the conventional distribution network.
To address the above issues, an applicable solution is proposed in this paper by installing a number of small-capacity
distribution transformers instead of every single large-capacity transformer in rural areas. The proposed approach is
implemented in the branch network of Al-Hoqool village, which belongs to the Nineveh distribution network. The
network has been inspected on-site, drawn, and analyzed using the electrical systems analysis program (ETAP). The
analysis showed that using the single-phase pole-mounted transformers can improve the voltage in the network’s
end by 29% and enhance the voltage profile for all consumers. The analysis has also demonstrated that the
modification can reduce the total power losses by 78% compared to the existing network. Concerning the economic
aspect, the payback period for the proposed network is assigned to be 20 months.
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1 Introduction

1.1 Overview

Electricity demand is rising continuously due to the population increment and economic growth,
which necessitates increasing the generated power accordingly [1]. The electricity sector in Iraq has to
face growing demand on the one hand and addressing the persistent issue of generation shortage on the
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other hand [2]. Another adverse impact on the electricity sector comes from permitting low-efficiency
appliances that consume high power [3,4]. Moreover, the unauthorized connections at some regions
of the distribution network (DN) increase the burden and prevent controlling the issue. A solution
to the mentioned issues could be increasing electricity production, which may be tricky due to the
present financial crisis. A more economical solution can be presented by reducing the power loss (PL)
in the DN [5]. Reducing PL saves power and improves the voltage profile at the consumer end [6]. The
DN is the last stage of the power grid that represents the link between the high voltage transmission
system and consumers. The DN distributes the power from the substation to various consumers using
distribution lines and distribution transformers (DTRs). In designing a DN of a power grid, the line
length should be short because a long line means more technical power losses due to the high current
at a low voltage level [7]. However, in some rural areas, the three-phase DTRs supply the consumers
through long distribution lines due to the long distances between consumers. This issue needs to be
addressed to avoid extensive PLs during the high current, regulate the voltage at the user end, and
reduce the rating capacity of power equipment. According to a study for calculating the technical
losses in elected urban areas conducted by the state company of the north distribution electricity
(SCNDE), the technical PL of the low voltage (LV) network represents about 7.3% of the total power.
This percentage increases in rural areas because LV lines extend for relatively long distances, which
affects the performance of the DN due to voltage reduction.

The 2014 World Bank Report stated that the world average annual PL in the transmission and
distribution systems is about 8.26% of the transmitted power [8]. Losses in DNs form 5% of the
total load in the power system. Such losses became a significant concern and a greater challenge for
electrical engineers. According to the mentioned report, the technical and non-technical losses rate
of the transmission and distribution systems in Iraq is 50.632%. This rate indicates a significant issue
compared to some other countries, e.g., the losses rate forms 5.956% in the United States, 5.430% in
Australia, and 4.485% in Japan [9].

DTR is a significant piece of equipment in DN that plays a vital role in system efficiency [10].
The overall efficiency of a DTR depends on how much the transformer is being loaded [11]. The
load factor, which is defined as the ratio of the average load to the peak load, plays an essential role in
determining the transformer size [1 2]. Transformers must be sized according to the expected peak load
instead of the average load. Thus, when there is a considerable difference between the peak and average
loads, the load factor will be small. Distribution companies always try to boost network efficiency by
increasing equipment efficiency along with minimizing the operating cost. Replacing the traditional
large-capacity DTRs with suitable multiple small capacity transformers available in the global markets
can contribute to efficiency enhancement and cost minimization. The traditional large-capacity DTR
is usually placed at the nearest location of the load, and the loads are connected to the DTR through
long LV lines. The long LV lines cause a considerable voltage decrement, especially for consumers who
fall at the tail end [13,14].

1.2 Literature Review and Research Gap

Voltage regulation in DN has been discussed in a wide range of studies with different strategies.
Authors in [15,16] proposed introducing distributed generator (DG) to the MV feeder of DN. Such
a proposal may not have a practical impact on enhancing the voltage profile at the LV feeder and
consumer side. Renewable energy-based DGs can be used in the LV network to boost the voltage
profile, which was proposed in [17,18]. Integrating non-dispatchable energy resources may introduce
stability issues in the power grid. Also, such integration requires an intelligent control system to
avoid reverse power flow [19]. A line reconfiguration method can be applied to distribute the load
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between feeders when needed and thereby reduce the PL [7,20]. The line reconfiguration method
improves the voltage profile at both the LV and MV sides of the DN. But it is a real-time strategy
that requires active DN with an intelligent control system [21]. The conventional DN may lack real-
time communications between the power system and the load. A study to compensate the reactive
power and enhance the voltage profile using flexible AC transmission systems (FACTS) was proposed
in [22]. Injecting the reactive power via FACTS can improve the voltage profile effectively, and it
is suitable for sensitive loads [23]. FACTS devices cannot respond to the challenges of the present
network as they transmit a limited amount of power unless utilizing high rating devices with a high
initial cost. Power loss reduction by replacing the core-type transformers with solid-state transformers
is also suggested in [24]. Such transformers have the capability to run under different load conditions
due to their fast response. Also, these transforms are able to auto-enhance the voltage profile in the
MYV lines of DN. Possible drawbacks of using solid-state transformers are presented by the efficiency
reduction, cost increment, and the amount of harmonics injected into the DN due to the major use
of power electronic components [25,26]. An approach to restructuring the cross-section area of LV
conductors and replacing them with conductors of larger cross-section areas was presented in [9].
However the mentioned approach is suggested to reduce the PL, the voltage profile improvement
cannot reach a satisfactory level at the tail end due to conductor physical limitations. Another solution
is proposed to convert the LV system in DN to an MV system, including transformers and lines [27].
This approach is applicable to conventional DN and does not require updating the control of the
power grid. Optimization of the unit number of transformers is proposed for the same approach in
order to minimize the number of transformers used in the MV system [28]. This approach focused on
reducing the power losses and enhancing the voltage profile. Nevertheless, the economic visibility was
not considered, and the payback period was not determined. The discussed technologies presented in
the literature and their technical/economic gaps are also clarified in Table 1.

Table 1: The comparative analysis of the current technologies in the literature

Technology Technical/economic gap References

Introducing DG to the MV feeder High cost, negligible effect on LV network [15,16]

Introducing renewable energy-based DG Stability issues, control complexity [17,18]

to the LV feeder

Line reconfiguration The need for an active network and [7,20]
real-time communications

Injecting the reactive power via FACTS High initial cost 22,23]

Using solid-state transformers Low efficiency, more harmonics [24,26]

Restructuring the cross-section area of LV Low voltage improvement at the tailend  [9]

conductors

Converting LV system to MV system The presented studies did not consider the [27,28]
economic feasibility

1.3 Contribution

The proposed approach aims to provide the consumer with higher quality power and reduce the
amount of PL produced in the long LV lines. This paper focuses on reducing power losses, enhancing
voltage profile, and assessing the economic feasibility of modifying the DN of rural areas in Northern
Iraq. The main contributions of the paper can be clarified as follows:
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e Introduce an applicable solution to reduce PLs in the LV lines and improve the voltage at the
consumer end.

e Install a new type of DTRs to reinforce the Iraqi radial DN.

e Calculate the economic feasibility of introducing these DTRs to the DN.

1.4 Paper Organization

This paper consists of seven sections as follows: Section 2 presents the traditional DTR in Iraq,
its design, and its no-load and load losses. Section 3 gives an idea of the pole-mounted single-phase
DTR and its types. Section 4 contains an overview of the network size and geographical area of
SCNDE. Section 5 clarifies the case study of this paper and the implementation of the ETAP program
to analyze the particular network. This section also lists the steps required to calculate the technical
losses and shows the results of the economic feasibility analysis. Section 6 discusses the advantages and
limitations of the proposed method. Section 7 concludes the paper and gives some future proposals.

2 Traditional Distribution Transformers in Iraq

DTRs are the essential devices that receive the power, step down its voltage, and distribute it to
the loads as required. The existing DTRs are supplied by the distribution voltage of 11 kV to feed
the loads through the secondary winding with a line voltage of 0.416 kV [29]. The primary windings
of the transformer are connected in the form of a Delta. In contrast, the secondary windings are
connected in a Star form with a link to the ground from the interconnection (neutral) point. Such
connection ensures balancing and stabilizing the loads on the three phases of the transformer, as
shown in Fig. 1a. Transformer iron-core is often made of silicon steel and structured according to the
transformer capacity. Low-voltage coils are often made from copper, while high-voltage coils are made
of varnished copper. Fig. 1b shows the core and windings structure of the distribution transformer.

High-voltage

Secondary Neutral
Low-voltage

(a) (b)

Figure 1: Distribution transformers; (a) Scheme for interconnection of 11/0.4 distribution transform-
ers; (b) The cross-section in distribution transformer

Generally, the transformers are considered the most efficient electrical machines, with efficiency
typically about or higher than 95%. However, the cost of PL is an essential factor in selecting
transformers for networks. The transformer losses are divided into two components, no-load losses,
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and load losses. The no-load losses in the transformer core occur 24 h a day, 365 days a year when
voltage is applied to the transformer regardless of the load. These losses are mostly constant, appearing
even when the secondary windings are open. No-load losses can be divided into:

Hysteresis losses in iron-core platelets.

Eddy currents losses in ferrous cardiac platelets.
I’R losses due to no-load current.

Stray eddy current losses.

Dielectric losses.

Hysteresis and eddy current losses contribute to more than 99% of the no-load losses, while other
losses are trivial and can be ignored. Load losses are varied according to the load on the transformer,
and they represent heat losses in the conductor due to both load current and eddy current. These losses
increase with increasing temperature due to the proportional increment in conductor resistance. Load
losses are hard to quantify due to the difficulty in estimating both peak load and load factor. The
estimation difficulty comes from the load alteration in terms of the day, week, and season due to the
ambient temperatures. Hence, load estimation may require intelligent programs that summarize and
analyze the load data for long periods over several years. In Iraq, there are two different designs for
three-phase transformers of various capacities (100, 250, 400, 630, and 1,000) kVA, Core-type and
Wound-type. Table 2 shows the electrical properties, including load and no-load losses, of the wound
type DTRs made in Iraq by Diala Company, with 11 kV [30].

Table 2: The electrical properties of the wound type DTR made in diala company

Capacity (kVA) Load loss (W) No-load loss (W)
100 1,500 330

250 2,750 650

400 3,775 920

630 5,120 1,300

1,000 8,200 1,850

3 Single-Phase Pole-Mounted Distribution Transformers

Single-phase pole-mounted DTRs have capacities between 5 and 100 kVA with a voltage up to
36 kV. Transformers of this type are usually oil-immersed and suitable for installation on poles [31].
They represent an economical choice, especially for small DNs. Depending on the load requirements,
these transformers can be connected between two phases of a three-phase system or between a single-
phase and ground. Single-phase pole-mounted transformers are classified into four types depending
on the protection system, as follows:

Conventional “S”.
Surge-protecting “SP”.
Current-protecting “CP”.
Self-protected “CSP”.

These types represent a wide range of protection capabilities to meet various load requirements.
This paper deals with the first and fourth types, shown in Fig. 2, due to their importance for the utilized
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network. Considering a single-phase version of the transformer, different sizes are available as 1, 1.5,
2,3,5,7.5,10, 15,25, 37.5, 50, and 75 kVA. The available sizes for three-phase transformers are 3, 6, 9,
15, 30, 45, and 75 kVA. Concerning the current plan of Iraq ministry of electricity to gradually replace
the line voltage of DN from 11 kV to 33 kV, this type of transformer has a dual voltage switch that
enables it to work on both line voltages 11 kV and 33 kV. Furthermore, these transformers operate
with both network frequencies, 50 Hz and 60 Hz.

Type S Type S

Single-phase pole-mounted transformer standard features

1. Lifting lugs 9. Core

2. Arrester mounting pads 10. Coil

3. Cover-mounted high-voltage porcelain 11. Centerline core/coil assembly support
bushing(s) with eyebolt terminal 12. Low voltage leads

4. Low voltage bushings with eyebolt 13. Oil fill plug with cover

terminals 14.Tank ground pad

5. Low voltage neutral grounding strap 15. Primary protective link

6. ANSI support lugs 16. Surge arrester

7. Polyester insulated cover 17. Secondary circuit breaker

8. Self-venting and resealing cover 18. Secondary breaker operating handle

Figure 2: Standard S-Type and CSP-Type single-phase distribution transformers

4 State Company of the North Distribution Electricity

SCNDE is one of the formations of the ministry of electricity in Iraq that provides distribution
services to three governorates (Nineveh, Kirkuk, and Saladin). The map in Fig. 3 shows the geo-
graphical service area of the company, where the study is conducted on one of its DNs. SCNDE
provides the services to 801,294 subscribers of all categories (residential, commercial, agricultural,
industrial, and governmental) with 39,104 transformers of different capacities and 1662 MV feeders.
The company provides its services to more than 6.5 million citizens over an area of more than
71,500 km?. Table 3 shows the number of operating transformers, their capacities, the geographical
area, and the population density of each governorate in the company. Table 4 illustrates the network
size for each of the three governorates.
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« Area: « Area:
37,323 km2 - 9,669km2
« Population: « Population:
3,500,000 (2014) 1,515,600 (2014)
_ Saladin
E « Area:
S el 24,751 km2
+ Population:
1,509,000 (2014)

Figure 3: Iraq map clarifying in green the geographical service area for the SCNDE

Table 3: Statistic for the transformers and their capacities of the SCNDE

Governorate Area Population Distribution Number of DTRs according to capacity Total
(km?) company
100 250 400 630 1,000
kVA kVA kVA kVA kVA
Nineveh 37,323 3,500,000  Center nineveh — 2,640 3,177 652 423 6,892
electricity
Nineveh electric- 1,710 5,738 1,312 88 81 8,929
ity
Kirkuk 9,669 1,515,600  Kirkuk electric- 2,542 6,156 2,375 253 129 11,455
ity
Saladin 24,751 1,509,000  Saladin electric- 1,912 8,096 1,511 179 130 11,828
ity
Total 71,753 6,524,600  North region 6,164 22,630 8,375 1,172 763 39,104
Table 4: The network size for each of the three governorates in the SCNDE
Governorate Feeders Substations
11 kV 33kV 33/11 132/11 132/33 132/33/11
Nineveh 851 142 86 3 14 15
Kirkuk 395 87 39 4 8 5
Saladin 416 67 60 11 8 8

(Continued)
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Table 4 (continued)

Governorate Feeders Substations
11 kV 33 kV 33/11 132/11 132/33 132/33/11
Total 1,662 296 185 18 30 28

5 Case Study and Results

This section presents the economic and technical feasibility of the small capacity distribution
transformers in a rural area of the SCNDE. The following steps are considered to conduct the case
study.

Step 1: Choosing a network of a village located within the geographical zone of the SCNDE

A network of the village named Al-Hoqool in the governorate of Nineveh has been selected. Fig. 4
shows the village is located on the main road between two districts, Tallkayf and Batnay, precisely on
the longitude and latitude of N36.511880 and E43.119302, respectively.

Figure 4: Al-Hoqool village on the map with DTRs marked in green colour

Step 2: On-site inspection and network plotting

The village is fed by an 11 kV feeder from the Tallkayf substation (voltage 33/11 and capacity
of 2 x 16 MVA). The maximum load for the station is 14.4 MVA. The highest load for the feeder is
263 A and the feeder load during the fall period is 175 A. The feeder length includes 110 m cable and
10,220 m overhead line. There are four DTRs in the village, as shown in Fig. 4. This study is concerned
with the DTR (No. 11278) of 250 kVA that supplies 24 residential loads, as shown in Fig. 5. This DTR
was chosen because it has many residential loads, whereas several suffer from a high voltage drop,
especially at node 39. Also, many unauthorized connections were reported at some nodes of this DTR
network. Fig. 5 was plotted after performing an on-site review for LV and MV lines of the specified
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DN. The plot describes the MV lines and eight poles marked with red colour. The LV network of

1,471 m length and 31 tubular steel poles is indicated in green colour.
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Figure 5: The case study network with DTR No. 11278

Step 3: Calculating the cost of the existing network (DTRs, MV (11 m) and LV (9 m) poles, cables,
insulators, etc.)

The cost of the existing network can be calculated as follows:

NLVitem

LVitem )LVitem
: / Ci Qi

i=1

CL Vnet — (1)
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where C*"™ NLVitem, C*""" and Q""" represent the LV network cost, the total number of LV
network items, the i LV item cost, and the i” LV item quantity, respectively. By using network details
in Table 5, the total cost of the existing network is calculated, which is equal to 27,164 USD.

Table 5: Items information of the existing network

No. (i) Item name Type/rate Price in USD QTY Total cost
(CH7em) (O™ USD

1 11 m pole Tubular steel 315 7 2,205

2 Lattice steel 546 1 546

3 9 m pole Tubular steel 218.5 31 6,773.5

4 Lattice steel 420 0 0

5 Aluminum wire 120 mm? 1.7 0 0

6 95 mm? 1.2 632 758.4

7 70 mm? 0.84 0 0

8 50 mm? 0.63 6226 3,922

9 Distribution transformer 250 kVA 4,832 1 4,832

10 LV circuit breaker 250 A 567 2 1,134

11 LV single core cable 50 mm? 4.6 30 138

12 150 mm? 12.6 70 882

13 MYV Cutout fuse 11 kV 35 3 105

14 Ground rod Copper 29.4 2 58.8

15 Connector Aluminum- 2.7 8 21.6

cupper
16 Aluminum- 2.1 30 63
Aluminum

17 Cable terminal 150 mm? 3.15 20 63

18 70 mm? 1.7 10 17

19 Insulators Pin (MV) 5 27 135

20 Disk MV) 10 27 270

21 Shackle (LV) 2.5 152 380

22 Connecters (set) 84 8 672

23 Transformer accessories 210 1 210

Material cost 23,186.3

Implementation cost 3,978

Entire cost 27,164.3

Step 4: Estimating the consumption rate for each consumer

In this step, the data for the previous and next readings of all consumers for a particular period
are achieved to estimate the consumption rate of each consumer and the load rate of each node in the
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network. Table 6 shows the maximum load (DTRs capacity) at each node (pole) at a lagging power
factor of 0.95.

Table 6: Node numbers and corresponding DTR capacity

Node No. DTR capacity (kVA)
30, 32, 28, 27, 26, 24, 23, 22, 10

21

20,14,3,5,6 15

39 37.5

Step 5: Simulating the existing network using ETAP

ETAP is one of the essential simulation programs used for dynamic analysis of the electrical
network under various operating conditions [32]. ETAP provides the highest level of reality in
simulating and analyzing complex electrical networks. The program provides the necessary tools to
design and analyze the electrical system with interconnected electrical elements. Also, it enables the
user to access and control the stored database of each component of the system. The program is
characterized by the accuracy of dealing with data and taking into account all detailed features,
including the Swing process. The network in Fig. 5 was represented in the ETAP program, version
16 beta, to calculate the technical losses and the voltage drops.

Step 6: Calculating the technical and non-technical losses of the existing network (LV lines and
DTRs)

After simulating the network, the ETAP is run to perform load flow calculations, record the
operating loads, and calculate the PLs of LV wires and DTRs. The PL of LV network can be
represented as:

NLVline NLVtr

PLLVnet — Z PLiLVlim’ + ZPLI{‘VN (2)
i=1 i=1

where PLt PL e PL" NLViine, and NLVtr are the LV network’s PL, the i LV line’s PL, the
i LV transformer’s PL, the number of LV lines, and the number of LV transformers, respectively.

Accordingly, PL""" represents 23.79 kW, constituting 16.3% of the total power. The load and
no-load 1 losses of the suggested transformers with different capacities are presented in Table 7.

Table 7: Load and no-load losses of the suggested single-phase pole-mounted transformers

Capacity (kVA)  No-load losses (W) Full load losses (W)

10 35 145
15 55 260
37.5 115 645

The losses in LV lines form 20.89 kW, which means 14.3% of the total power. Whereas the losses
of the transformer are 2.9 kW, which constitutes 2% of the total power, as shown in Table &. The table
shows the maximum load can be applied to each node for a PF of 0.95. These values of load are utilized
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to assess the highest possible PL for the network. Table 8 also shows the actual operating load at each

node after implementing the load flow analysis.

Table 8: Maximum and operating loads of the existing network

Node No. Load at PF = 0.95 (kW + jkVAR) Operating load (kW + jkVAR)
39 35.63 4j3.12 17.80 4 35.85
30 9.50 +j3.12 5.27+431.73
32 9.50 +33.12 5.32431.75
28 9.50 4+33.12 5.49 4+31.80
27 9.50 +j3.12 5.63 431.85
26 9.50 +j3.12 5.80 4+j1.91
24 9.50 +j3.12 6.10 4+ 32.01
23 9.50 4+33.12 6.33 +j2.08
22 9.50 +33.12 6.59 +j2.17
21 9.50 +j3.12 6.88 +j2.26
20 14.25 4 j4.68 10.51 4 33.45
14 14.25 + j4.68 12.54 +j4.12
2 14.25 + j4.68 13.30 + j4.37
3 14.25 4 j4.68 13.05 + j4.29
5 14.25 4 j4.68 12.79 + j4.20
6 14.25 + j4.68 12.71 +j4.18

Total operating load

146.11 kW

Load measured before the transformer

169.90 kW

Load measured after the transformer

167.00 kW

Losses in LV lines and DTR

23.79 kW, 16.3%

Losses in LV lines

20.89 kW, 14.3%

Losses in DTR

2.90 kW, 2%

Step 6: Designing a new network of multiple small DTRs and shorter LV lines

A new medium voltage distribution system (MVDS) is proposed and designed to eliminate the
high PL in the LV network, which forms 14.3%, as shown in Fig. 6. The DTR of 250 kVA was removed,
and 17 transformers were installed with capacities of 37.5 kVA (1), 15 kVA (7), and 10 kVA (9). Given
that the overhead lines, poles and cables in the village network are in good condition, a modification to
the existing LV poles is proposed to enable them to carry the MV 11 kV lines. The pole modification
is proposed by adding the so-called “Hodge”, which is a curved iron triangle with a height of 2 m
placed on the top of the 9 m pole. Hodge contains holes in its base to fix the MV insulators. LV cables
are used to replace MV network cables. Several other components of the existing LV network can be
used in the proposed network to reduce the modification cost. The existing three-phase transformer,
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LV circuit breakers, and LV insulators can be used at another network, in which its cost can also be
subtracted from the modification cost, as shown in Table 9.
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Figure 6: Single line diagram of the proposed network

Step 7: Calculating the cost of the proposed network, including transformers, poles, cables,

insulators, etc.)

The cost of the new network can be calculated as follows:

NMVitem

MVnet __ MVitem YyMVitem
C - : / Ci Qi

i=1

(€)



2460 EE, 2022, vol.119, no.6

where CM"et| CMVitem - O MVitem “and N M Vitem are the cost of the proposed MV network, the i MV item
cost, the i MV item quantity, and the number of MV items, respectively. By subtracting the cost of
the returned components from the existing network using the data of Table 9, the cost of forming and
implementing the new network can be calculated, which is equal to 14,632 USD.

Table 9: Cost details of replacing the Al-Hoqool village network from the traditional DTR network
to the proposed network

No. (i) Item name Type/rate Price USD (CM"my  QTY (Q;*"*)  Total cost USD

1 Hodge 33.6 31 1,041.6

2 MYV Pin insulator 5 93 465
with spindle

3 Single-phase 37.5kVA 1,890 1 1,890

4 pole-mounted 15 kVA 756 7 5,292

5 transformer 10 kVA 504 9 4,536

6 MYV cutout fuse 11 kV 25 31 775

7 Ground rod 29.4 17 500

8 Cable supporter 10 17 170

9 LV circuit 40 A 63 9 567

10 breakers with 60 A 84 7 588

11 boxes 160 A 168 1 168

12 LV single core 50 mm? 4.6 270 1,242
cable (m)

13 Cutout frame 29.4 17 500

14 Cable terminal 50 mm? 0.63 150 94.5

15 Connector Aluminum- 2.1 34 71.4

cupper

Material cost 17,900.5

Implementation cost 1,815.5

Entire cost 19,716

Items returned from the existing network

1 Transformer 250 kVA 4,411 1 4,411

2 LV circuit breaker 250 A 336.5 2 673

Total 5,084

The cost required for network modification 14,632
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Step 8: Representing the proposed network in the ETAP simulation software

The proposed network shown in Fig. 6 has represented in the ETAP program to find out the values
of technical PL and voltage drop.

The PL" equals 19.21 kW in the full network load, and this value will be changed when the load
changes.

Step 9: Calculating the new network’s technical losses

After representing the network in the ETAP program, the program performed the load flow
calculations, recorded the operating loads, and determined the PL for 11 kV lines and 11/0.24 kV
DTRs according to the following equation:

NMVline NMVir

PLMVret — Z PLIMVline_i_ Z PLlMVrr (4)
i=1 i=1

where PLM"™ | PLM"me PLM"" NMVline, and NMVtr represent the PL of the MV network, the i MV
line’s PL, the i MV transformer’s PL, the number of MV lines, and the number of MV transformers,
respectively. Using the data of the maximum and operating loads of the proposed network in Table 10,
the PL"" can be calculated, which is equaled 4.58 kW, which forms 2.36% of the total power. The
data of Table 10 has been achieved in the same way of that in Table 8 after reimplementing the load
flow analysis at each node.

Table 10: Maximum and operating loads of the proposed network

Node No. Load at PF = 0.95 (kW + jkVAR) Operating Load (kW + jkVAR)
39 35.63 4+j3.12 33.43 4 310.99
30 9.50 +j3.12 8.92 432.93
32 9.50 +j3.12 8.92 43293
28 9.50 +j3.12 8.92 432.93
27 9.50 +33.12 8.92 43293
26 9.50 +j3.12 8.92 43293
24 9.50 +33.12 8.92 43293
23 9.50 +33.12 8.92 432.93
22 9.50 +33.12 8.92 43293
21 9.50 +33.12 8.92 43293
20 14.25 4 j4.68 13.38 + j4.40
14 14.25 + j4.68 13.38 + j4.40
2 14.25 + j4.68 13.39 + j4.40
3 14.25 + j4.68 13.39 + j4.40
5 14.25 + j4.68 13.39 + j4.40
6 14.25 + j4.68 13.38 + j4.40
Total operating load 194.02 kW
Load from grid 198.60 kW

Losses in transformers and MV lines

4.58 kW, 2.36%
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Step 10: Calculating the losses difference between the existing network, as in Step 6, and the proposed
network, as in Step 10

The difference in PL between the two networks (PL”") can be calculated as:
PLD[[/” — PLLVnet _ PLMVnet (5)

Step 11: Converting the difference in energy losses to cost

The PLP" calculated in Step 11 must be converted into energy losses in “kWh” and energy losses
must be converted into cost in “USD”.

Given that the load curve during the year can be divided into four sections (i) with different levels
(u;) and different operating hours (o;). Table 11 lists section parameters of load level and operating
hours that achieved from SCNDE. By using Eq. (6) and the data of Table 11, the difference in annual
energy losses between the two networks (EL”"') can be calculated, which is equaled 96,761 kWh.

4
ELPT = pLPw Z MHi0; (6)
i=1

Table 11: Load level and operating hours of the utilized network

[ Mi of

1 0.25 2,628
2 0.50 4,380
3 0.75 1,752
4 1.00 876

The monthly return from implementing the proposal (C**"*) can be clarified as:

CUnirELD;ff

-T2 @

where CY" is the cost of producing an electric unit in Iraq, which is 0.09 USD regardless of the support
provided by the ministry of electricity. Thus, the monthly return from the proposal of the studied
network is equaled to 725.7 USD.

Step 13: Calculating the cost difference between the new network, as in Step 8, and the existing
network, as in Step 3

CR Month

The estimated cost difference of changing the existing network to the proposed network (C”?) can
be clarified in (&), which is equaled to 14,632 USD. This amount can be recovered during the payback
period that will be calculated in the next step.

Cle/ — CMVne/ _ CLVnel (8)

Step 14: Calculating the payback period of the modification expenses

The payback period (Pbh""?) is calculated by dividing the total amount needed to change the
network by the monthly return from reducing the losses (the amounts of additional units) as:

Diff
PbMPeriocl _ C

- CRM(Jnth

)
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According to (9), the payback period for network modification is 20 months. The interest obtained
after this period is considered the company profit. In addition to the economic feasibility, Fig. 7 shows
the technical feasibility of proposing the network modification. Fig. 7 clarifies that the voltage profiles
of all nodes have significantly improved after implementing the proposal, especially at the end of
the line.

Lkt T T T T T

| I Node Voltage with MVDS
| Node Voltage without MVDS

A

Node No.

Voltage (p.u.)
(- 0

=

L]

Figure 7: Voltage profiles before and after implementing the proposed approach

According to Fig. 7, the voltage of node 39 for the highest load was 0.706 PU before the
modification. After applying the proposed modification in the ETAP, the voltage became 0.968 PU
for the same load. The maximum voltage drop has been reduced from 0.294 PU to 0.032 PU.

Step 15: Considering the study is practically implemented if the period for reimbursement is
acceptable

The period of 20 months is considered very acceptable for this network due to the load nature in
the rural area. Such modification is also considered urgent to improve the voltage profile for consumers
who fall at the end of the line, where the existing voltage cannot operate their appliances properly.

6 Discussion of Proposal Features
This section compares the results and highlights both the advantages and limitations of the

proposal. The comparison between the two systems is shown in Table 12.

Table 12: The comparison between the existing and proposed systems

Metrics Existing system Proposed system
Voltage drop High Very low
Unauthorized connection Possible Not possible
Consumer attention Low High

Technical power losses High Low

Efficiency Low High
Installation and maintenance Normal Easy

(Continued)
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Table 12 (continued)

Metrics Existing system Proposed system
Reliability Normal Higher
Initial cost Normal Higher
Probability of temporary faults ~ Normal Higher

6.1 Advantages
e The voltage drop can be significantly reduced in the MVDS, which improves the equipped
voltage for all consumers and makes the operating load match the actual load at all network
nodes.

e The line voltage will increase from 0.4 kV to 11 kV, so there is no possibility for unauthorized
connections that increase the PL and prevent load estimation.

e Some consumers do not pay attention to energy saving and do not avoid overloading the
network DTR which may suffer from frequent failures and affect the entire network. Using
a single-phase pole-mounted transformer for a small number of consumers encourages them to
save energy by avoiding the failure of their particular transformer.

e The technical losses will be reduced significantly, and the difference in losses can support the
network in terms of additional units instead of increasing the energy production.

e The modification increases the efficiency of the entire system because the efficiency is higher in
a single-phase transformer than in a three-phase transformer with the same capacity [33].

e The new transformers are small in size, light in weight, and thus easy to install and maintain.

e When a fault happens to one transformer, the network and the rest of the transformers remain
working, which increases the reliability of the network.

6.2 Limitations
e The initial cost of the proposed network is higher than that of the existing network. However,
all expenses will be returned during the payback period.

e Increasing the number of transformers on the feeder increases the probability of temporary
faults.

7 Conclusion and Future Work

This paper discussed implementing the MVDS to reduce the PL and improve the voltage profile
in rural DNs. The proposed concept was applied to a network in the Tallkayf district of 39 nodes,
which suffers from high PL and significant voltage drop. The PL of the utilized network accounted
for 14.3% of the total network power, and the voltage drop at the last node of the network was 30%.
The network modification has included replacing the 0.4 kV lines with 11 kV lines and replacing the
large capacity DTR with 17 small capacity single-phase pole-mounted transformers. The economic
and technical feasibility clarified that the initial cost of the proposed network is higher than the cost
of the current network, but all expenses will be returned during the payback period, which is 20 months.
The interest obtained after this period is considered the company profit. The difference in EL can be
used to support the network in terms of additional units instead of increasing the allocated amount
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of generation. This proposal is applicable for larger DN in Iraq in which the issues of PL and voltage
drop are more vital.

In future work, studying the effect of the third harmonic on the distribution network when using
single-phase transformers will be conducted. Also, the use of single-phase transformers to balance
11 kV feeders is planned to perform in the future.
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