Hindawi

International Transactions on Electrical Energy Systems
Volume 2022, Article ID 4819129, 14 pages
https://doi.org/10.1155/2022/4819129

Research Article

Optimal Number and Locations of Smart RMUs for Self-Healing

Distribution Networks

2

Omar H. Abdalla ®' and Azza Mostafa

'Department of Electrical Power and Machines Engineering, Faculty of Engineering, Helwan University, Cairo 11792, Egypt
2Planning Department, Egyptian Electric Utility and Consumer Protection Regulatory Agency (EgyptERA), Cairo 11811, Egypt

Correspondence should be addressed to Omar H. Abdalla; ohabdalla@ieee.org

Received 27 March 2022; Accepted 1 June 2022; Published 30 June 2022

Academic Editor: Murthy Cherukuri

Copyright © 2022 Omar H. Abdalla and Azza Mostafa. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Smart grids with self-healing (SH) capability provide an important intelligent feature to help in fast correction actions in case of
network faults. SH architecture consists of modern communication systems, smart equipment, and intelligent sensors. With the
high cost of SH components (especially smart ring main unit (SRMU)), optimization is required to achieve optimum performance
with minimum cost. This study presents a proposed methodology to determine the optimum number and locations of SRMUs in
electricity distribution networks considering various cost issues. The disconnection cost of on-grid photovoltaic (PV) plants is
taken into consideration as an important factor in determining the locations of the SRMUs. The nonlinear programming (NLP)
optimization technique is used to determine the required number of SRMUs, considering the cost/benefit analysis (cost of
upgrading MRMUs to SRMUs/benefit due to interruption time reduction), which is the most important factor from DISCOs’
perspective. The mixed integer linear programming (MILP) optimization technique is employed for selecting the optimal lo-
cations of the SRMUs considering the cost of losses, energy not supplied (ENS), and PV disconnection, which improves network
operation cost. The methodology takes into consideration the cable failure rate and the interest rate. Moreover, the study in-
troduces the Egyptian electrical distribution network and a pilot project for control centre development using SRMUs. The
methodology is applied to a modified IEEE 37-node test feeder and a part of a specific district network in South Cairo consisting of
158 nodes; both systems include a number of PV distributed generation plants. Simulation results are presented to show the
effectiveness of the proposed method.

1. Introduction

Due to recent challenges in traditional electrical distribution
networks (EDNs), distribution companies (DISCOs) are
looking for smart grid transformation to increase network
capacity, mitigate the high penetration of renewables, reduce
losses, improve power quality, and help distribution network
operator (DNO) to take fast and right actions in case of
network faults. With the development of smart grid, the
restoration of the network after a fault will be automated;
this is defined as self-healing (SH). The main steps of SH are
as follows: collect data from smart sensors, detect fault lo-
cation, do remote isolation of the fault, use optimization
techniques for optimal reconfiguration, and send signals to
smart equipment for quick action.

Monitoring the operation characteristics of system
components is an important key for detecting component
failures. A proposed method presented in [1] for smart
distribution monitoring of substation is based on collected
information analysis for equipment running status and
environmental and security conditions. For distribution
feeder monitoring, [2] developed a methodology to detect
small ground faults and send data via cloud computing
technology. For most sensor kinds in distribution network,
[3] investigated the framework design of Internet of Things
(IoT) monitoring devices which could be extended for
engineering needs.

Abdalla et al. [4] proposed a strategy for faulted cable
identification using signals from smart meters and Earth
fault indicators. Then the optimal reconfiguration of
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distribution network with photovoltaic (PV) system is de-
termined. Another way for fault detection is phasor mea-
surement unit (PMU), which is time stamp dictated by the
global positioning system (GPS). PMU measures the voltage
at a bus and current at other buses related to the PMU’s bus
[5]. Main components and installation of PMU are well
presented in [6]. Due to high cost of PMUs optimization
techniques are used for the optimal placement as [5] pre-
sented a new binary semidefinite programming (BSDP) for
fault location in power system and [7] developed hybrid
method by coupling branch and bound method with se-
quential quadratic programming (SQP) to detect new so-
lutions. For distribution network a micro PMU was
presented in [8] with customized optimal yPMU placement
algorithm to accelerate a solution for a large-scale system. A
new minimization and low-cost yPMU device were designed
in [9]. Objective functions of reconfiguration are defined in
many researches [10-12]. Technical constraints (voltage
and/or losses) may be violated due to reconfiguration after
fault. Abdalla et al. [13] suggested using a battery energy
storage system to overcome technical constraints violation.
There are different schemes for controlled switching
implementation based on the switch location:

(1) Substation centralized scheme (controlled switches
are for feeder inputs and feeder output in the sub-
station) as in [14], which used a heuristic search
technique to minimize the cost/benefit analysis. The
same scheme was presented in [15] to maximize the
reliability level and benefits.

(2) Sectionalized switching scheme (controlled switches
are sectionalized switches) as in [16], which used
genetic algorithm to minimize cost and improve
system reliability. In [17], the same scheme was used
but employing mixed integer nonlinear program-
ming (MINLP) as an optimization technique for
minimizing interruption cost and investment cost.

(3) Smart kiosk schemes (controlled switches are the
ring main units (RMUs) in the kiosks) have been
studied by many research studies: Xu et al. [18] used
the greedy algorithm for minimizing the inter-
ruption cost. Other studies [19, 20] used the same
objective function to minimize equipment cost and
interruption cost. Maintenance cost was considered
in [21, 22]. The mixed integer convex programming
was presented in [23] for maximizing system reli-
ability. Minimization of energy not supplied (ENS)
was considered in [24] in addition to other ob-
jectives. Economic factors such as interest rate and
equipment depreciation were considered in [25].
Investment cost uncertainty for the optimal number
of controlled switch selection was considered in
[26].

RMUs in kiosk are the most effective equipment to
manage medium voltage (MV) networks by performing
effective switching actions. Manual ring main units
(MRMUs) could be upgraded to be smart ring main units
(SRMUs) to facilitate better management and effective
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remote control. Remote control enables DNO commands to
isolate the fault and reconfigure the network in a short time.
The cost of upgrading traditional networks to effectively
monitor and control smart grids should be optimized (es-
pecially SRMUSs’ number as SRMUs are the most expensive
component for SH implementation) to encourage DISCOs
for investment in improving network performance.

Renewable energy plays a crucial role in advancing
progress on various sustainable development goals (SDGs)
[27], in particular SDG7 as well as the global climate ob-
jectives set out in the 2015 Paris Agreement [28]. Coinciding
with Russian-Ukraine war, the International Energy Agency
(IEA) provides 10-Point Plans to the European Union for
reducing reliance on Russian supplies by over a third while
supporting European Green Deal. One of these points is
“acceleration during the deployment of new wind and solar
projects” [29]. PV plants are suitable to install in the dis-
tribution networks [30]. Therefore, a large spread of on-grid
PV plants is expected in the coming years. The disconnection
cost of these on-grid PV plants should be taken in con-
sideration as an important factor in electricity interruption
cost.

Most of research studies considered one or two objective
functions to find the optimal placement of RMUs in smart
kiosks as interruption cost, ENS, maintenance cost, and
equipment cost. The objective of this study is to propose a
methodology for the optimum number and locations of
SRMUs, which gathers optimal cost/benefit ratio from
DISCOs’ perspective and optimal network operation cost.
The first step of the methodology is based on the nonlinear
programming (NLP) optimization technique for deter-
mining the optimum number of SRMUs considering cost/
benefit ratio (cost of upgrading MRMUs to SRMUs/benefit
due to interruption time reduction). The second step is to
employ the mixed integer linear programming (MILP)
optimization technique for determining the optimum lo-
cations of the SRMUs considering the cost of losses, ENS,
and PV disconnection, thus leading to optimizing network
operation costs. Effects of cable failure rate and interest rate
are considered. Moreover, the study introduces the Egyptian
EDN and a pilot project for control centre development
using SRMUs.

2. Methodology of SRMUs’ Number
and Locations

The proposed methodology determines the number and
locations of the required SRMUs by two steps: (i) determine
the SRMUs number considering minimizing the cost/benefit
(cost of upgrading MRMU to be SRMU/benefit due to
decreasing both interruption time and ENS). While the
interruption time decreases, the reliability index, system
average interruption duration index (SAIDI), is improved;
(ii) determine the locations of the SRMUs considering the
minimization network losses cost, ENS cost, and PV dis-
connection cost. Figure 1 shows the flowchart of the
methodology. The optimization techniques which have been
used are as follows:



International Transactions on Electrical Energy Systems 3

Objective function
Constraints
for optimal SRMUs number

I
—>| Obtain a feasible point at Z; |
v

| Partition variables into Z, Zy, Zg |

v

| Calculate reduced gradient |

v

Evaluate gradient projection search
direction for with quasi-Newton
extension

'

| Perform line search |

No
Yes
Objective function ?
Constraints Optimal Network
for optimal SRMUs configuration
SRMUs locations number Loads information

I

Linear programming preprocessing
(reduce the problem size)

|

Root linear programming
(solve the problem without integer constraints)

v

Integer programming preprocessing
(tighten linear programming relaxation)

Cut generation
(further tighten linear programming relaxation)

!

Heuristics
(try to find integer feasible solutions)

v

Branch and bound
(systematically search for optimal solution)

v
SRMUSs'
number and
locations

FIGURE 1: Methodology flowchart.
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(2) Determine the optimum locations of the SRMUs + Cyvrmu + Cyrmus

using the MILP optimization technique where f,(x) is the objective function for the SRMUs

number, Ciperryption 18 the interruption cost (the price of the

electrical energy that is not consumed due to electricity
2.1. Determining the SRMU Number. For the optimal  interruption during reconfiguration after a fault), c;;‘g‘;ﬂ i
number of SRMUs, the objective function is to minimize the ~ the SRMUs cap1tal cost, Cpaintenance g the SRMUs mainte-

cost/benefit. nance cost, Ciobia  is the MRMUSs capital cost, Chianieran is



the MRMUSs maintenance cost, and CL MRy is the labour and
vehicle costs for MRMUEs.

Cinterruption = [tfault X CkWh XPxN interruptions]SRMU (2)

+ [tfault X CkWh X P X Nmterruptlons]MRMU’

where t,,is the time during fault, Cyy, is th price of kWh
for MV customers, P is the total power, and N; is
the number of interruptions.

interruptions
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where ¢ ,_g is the interruption time while using SRMUs,
tout—ps 18 the interruption time while using MRMUS, Ngpyu
is the number of SMRUs, Nyguy is the number of
MMRUS,Npyy is the total number of RMUs, and A is the
number of interruptions = failure rate of cables/km per
year X total cable length (km).

Failure rate is different from district to another as it
depends on cables’ age and external factors such as road civil
works and atmosphere.

PxN AxN P x Ciayp, XA 2 2
Cimerruption = |:t0ut—S X CkWh X SRMU X SRMU :| Cinterruption = 24{ [tout—S X NSRMU] + [tout—M x NMRMU] }
N RMU N RMU SRMU NRMU
(4)
e <C XPXNMRMU AX Nyrmu
out-M = ~kWh Newu Nevu  viru The objective function can be written as follows:
(3)
Px CkWh x A 2 2 capital maintenance
f1(x) = T RMUS X{ [tout—S X NSRMU] + [tout—M X NMRMU]} + [NSRMU ><(CSRMU + Csrmu )]
| (5)
capital mamtenance X N MRMU L&V
+ [N MRMU X(CMRMU Cymrmu ] [( N X Cyirmu
RMU
it is mentioned in the agreement between the PV station
g
owner and the distribution company). It should be used as
Ngpmu + Nyrmu = Nermu- (6)

The optimization technique to find the optimal SRMU
number is NLP, which involves minimizing the nonlinear
objective function subject to bounded constraints.

NLP is adequate as the design variables (SRMUs and
MRMUEs) are integers. In addition, using NLP provides fast
solution. Reference [31] showed that the NLP model is
sufficient as the binary integer programming model for
PMUs optimal locations. The solution algorithm is Gener-
alized Reduced Gradient (GRG) and more details are shown
in Appendix A.

2.2. Determining the SRMUs Locations. The optimal loca-
tions of the SRMUs are determined using the MILP, which
exhibits global optimum with well-defined solution method.
During the fault, many reconfiguration scenarios could be
used. The best scenario is the one which achieves minimi-
zation of losses cost, energy not supplied cost, and PV
disconnection cost. Therefore, the locations of SRMUs
should be selected to implement the best scenario.

The objective function is to minimize the losses cost,
ENS cost, and PV disconnection cost.

f2(x) = SCyp X ZR X I” + Ciayp, X oy X ZLdis

+0.4 X Ppy_peq X Cgig X 1

(7)

out?

where f, (x) is the objective function for SRMUs locations,
SCywn is the service cost for the MV, ¢t is the outage
duration, )’ Ly is the total disconnected load, Ppy_jc is the
rated power of PV plant, and Cy;, is the disconnection price

the PV connection scheme: feed-in-tariff (FIT) scheme or
independent power producer (IPP) scheme.

3. Egyptian Electrical Distribution Networks

The Egyptian electricity law [32] allows the private sector to
invest in distribution networks. The investor could distribute
electricity to customers after getting a license from the
Egyptian Electric Utility and Consumer Protection Regu-
latory Agency (EgyptERA). Normally, EgyptERA evaluates
DISCOs’ performance every year according to performance
indictors to renew the license.

3.1. Electrical Distribution Networks Layout. EDNs have 6.6,
11, and 22kV for MV according to the zone. MV networks
are designed to distribute electrical energy over a distance of
10 m to more than 10 km, to MV customers and distribution
transformers. MV customers can be supplied via a distri-
bution network from 500 kW to 30 MW [33]. Customers of
more than 30 MW are usually supplied from the trans-
mission network directly. A schematic overview of MV
network part is shown in Figure 2. The MV network starts
from the substation output to the distributors, which have
the same voltage level. Every distributor has two inputs from
two different substations, which are linked by an open bus
coupler for more reliability. The solid lines indicate con-
nected underground cables and dotted lines indicate nor-
mally open underground cables for manoeuvres. Every black
rectangle represents a kiosk, which contains a RMU. Typical
RMU is as shown in Figure 3. A two-source RMU (con-
nected with a solid line and dotted line as shown in Figure 2)
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FiGURE 2: Part of the MV network.
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3.2. Fault Detection and Restoration. The current EDNs are [ 1 Apply
tradltlopal (i.e., non.automated) and operated in r.adlal f(?rm Instruction for new |gapm reconfiguratio
but designed to be ring-shaped layout. Therefore, it provides reconfiguration n instruction
the possibility of rerouting electrical power during outages and confirm
or maintenance. During a fault as shown in Figure 2, the ¥
circuit breaker (CB-14) in the distributor isolates all cable Close C.Bs ]— C.Bs instructions
sections (from distributer to the first kiosk and between the to close
four kiosks). Then the DNO deals with the interruption
caused by that fault as shown in the flowchart in Figure 4.

This procedure can take more than one hour, intensive FIGURE 4: Fault detection and reconfiguration scheme.




efforts, and cost of labour and vehicles. One of the most
important indicators for the quality and performance of a
distribution network is its reliability. Reliability can be
quantified and calculated in several ways looking at different
aspects of what reliability is. The reliability level of EDN
depends on the overall time of fault detection and load
restoration. The reliability index SAIDI is the most used to
indicate DISCOs’ performance.

3.3. Renewable Energy. To encourage the private sector to
produce electricity from renewable energy sources, Egypt
adopted the Renewable Energy Law (Decree No 203/2014) in
2014 [34], which introduced four development schemes. The
Supreme Council of Energy adopted the Egyptian Energy
Strategy until 2035, which aims to reach the percentage of
renewable energy contribution to 42% in 2035 (22% from
PV). Until 2021, the total installed renewable capacity is
6305 MW (1642 MW from PV) [35]. Reference [36] used
Strength, Weakness, Opportunities, and Threats (SWOT)
method for analyzing the PV systems potential and pros-
pects, which indicated a high opportunity for PV in Egypt.
The 27th session of the Conference of the Parties (COP
27) to the United Nations Framework Convention on Cli-
mate Change (UNFCCC) will be held in Sharm El-Sheikh,
Egypt. Various steps have been taken in Egypt towards COP
27 including many projects such as installing PV plants in
most of hotels, increasing the use of PV street lighting, and
developing electric bus charging stations. In addition, the
periodic book (6/2022) [37] is published by EgypERA to
increase PV penetration in the distribution network by
exempting PV plants up to 1 MW from integration fees.

4. Pilot Project for Control Centres
Development in Egypt

Distribution networks are moving towards digitalization
and smart use of energy and optimization are necessary to
cope with new challenges such as higher PV penetration
[38]. In Egypt, EDNs are being developed to improve the
performance and upgrade the quality of electric supply
through the establishment and development of 14 control
centres. These centres will be at the DISCOs using the latest
technology in control, monitoring, and communication
systems for monitoring and controlling distributors,
transformers, and the MV side of distribution stations in a
safe and reliable manner. The project applied Fault Location,
Isolation, and Service Restoration (FLISR) concept. The
project is divided into two phases. The first phase: estab-
lishment of five control centres at three DISCOs (North
Cairo, South Cairo, and Alexandria). The second phase:
establishment of another nine dispatch centres with the rest
of distribution companies following completion of the first
phase [39]. In South Cairo DISCO, a project is being
implemented in two districts, namely, Dokki and 6th Oc-
tober Cities through establishing two distribution control
centres and 1580 SRMUs. The project aims to deploy the
automation solution including SRMUs, communication
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systems, and analytical aid-for-decision tools (SE ADMS
FLISR package).

4.1. Smart RMU. The SRMU consists of motorized load
break switches (number of switches defined according to the
configuration of the selected RMU), a circuit breaker (CB) to
protect the distribution transformer, and a remote terminal
unit (RTU) integrated in the low voltage (LV) cabinet. It
allows for tele-controlling system voltage, current and power
measurement, fault detection, broken conductor detection,
switch/CB status, and thermal and environment monitoring
[40].

4.2. Communication System. The communication system
between the distribution control centre (DCC) and all
distributors and kiosks employs dual communication media.
The detailed communication scheme is shown in Figure 5.
The main communication media of the distributor is radio
frequency and 3 G/LTE for the backup. For the kiosk, the
communication media is 3 G/LTE dual SIM one as the main
and the second is the backup [40].

4.3. SE ADMS FLISR Package. In real-time operation, SE
ADMS FLISR package provides on-demand appropriate
switching sequence to help in FLISR automatic operation. It
provides serval functions [41]:

(1) Fault localization: it provides an estimation of the
distance from the substation to the faulted area. The
fault location is shown in the dynamic diagram and
geographical view, which is determined based on the
fault impedance (resulting from voltage and current
measurements available at the feeder’s CB), infor-
mation from the fault passage indicator (available in
the RTU), and geographical coordinates from the
geographic information system.

(2) Fault isolation: it proposes a switching sequence to
isolate the faulted zone. The switching sequence
includes the control on or off covers automatic
operation only.

(3) Service restoration: it proposes a switching sequence
to restore the healthy parts of another feeder con-
sidering the actual operating conditions to avoid
overloading or causing large voltage droop.

According to the financial perspective, only 20% of the
installed RMUs will be automated. The project contractor
used internal specific analytical tools for optimal SRMU
placement. The mathematical programming-based optimi-
zation algorithm defines the best locations for SRMU to
maximize the selected objectives (reliability indices, system
recovery).

5. Results and Discussion

The following data are used in the case studies:



International Transactions on Electrical Energy Systems

Distribution Control Center (DCC) Building

SERVERS

Switch-A

LT

Switch-B

VHEF/UHF

4
m ( )»
Private Radio —_—

Telecom operation-1

MPLS-||3G/4G Network|
[l Private APN

Kiosk
N4
[T
AR
oo F— ¢ | (] f
Cell Router ~ SRMU combined
with RTU

Main
Telecom operation-2

|13G/4G Network|

VPN Private APN

Backup

Distributor Room Backup

VHF/UHF Router

Ficure 5: Communication scheme.

(1) Labour and vehicle cost for determining a fault
cable =6000 LE

(2) As per the EgyptERA, tarift for 2020/2021 [42]: the
value of Cyp, =1.15LE/kWh and the cost of pro-
ducing and transporting electricity services for 2019/
2020, SCpyyp, =0.991 LE/kWh.

(3) From the FIT scheme phase-1:
Cais = 0.4 X Ppy_pearc X Cprrs (8)

where Cg, is the disconnection price,
Ppy_peax s the rated power of the PV plant,
andCy;pis the feed in tariff price.

5.1. IEEE 37-Node Test Feeder. In this case study, a modified
IEEE 37-node test feeder is used. To implement the
reconfiguration for this test feeder [43], it is modified by
adding four normally open underground cables and two
external grids; the rating of each one is 2500 kVA at 4.8kV.
For studying the PV impact, three medium scale PV (MSPV)
stations, each one being 1000 kWp, are introduced. The
modified IEEE 37-node test feeder is shown in Figure 6. Load
data and cable lengths are listed in Appendix B. The
modified elements are shown in red and open cables are
dotted with red lines.

Total cable length = 6.6 km
Total power =9.890 kW
Number of RMU =35

5.1.1. Step-1: Number of SRMUs Is Determined as a Function
of Failure Rate. Determination of the optimal number of
SRMUs is based on equations (1)-(6). Tables 1 and 2 provide
the results with various interruption rates at two different
interest rates 0% and 12.75%. The latter is as per [44]. As cable
failure rate increases, the number of SRMUs increases to
minimize the interruption cost so the benefit increases. This is

clearly given in Tables 1 and 2. Figure 7 shows a comparison of
the effect of interest rate on the number of the resulting
SRMUs at different failure rates. The number of the SRMUs
significantly decreases with the higher interest rate of 12.75%.

5.1.2. Step-2: SRMUs’ Locations Are Determined by the Node
Number. SRMUSs’ locations are determined by using
equations (7) and (8). The locations of SRMUs should be
suitable to apply the best scenario, which achieves mini-
mization of losses cost, energy not supplied cost, and PV
disconnection cost. For example, if the faulted cable is cable
number (4), there are two scenarios; (scenario-1 closing
cable-40 and scenario-2 closing cable-3 and cable-6) for
network reconfiguration as given in Table 3.

The total cost of scenario-2 is lower than scenario-1. The
PV disconnection cost in scenario-1 is 2400 LE., while it is 0
in scenario-2. Therefore, the most suitable SRMUs are at
nodes (702, 703, 713, and 730), which are used to implement
scenario-2.

More examples are as follows:

(1) For failure rate 1.36 and interest rate 12.75%, Table 2
will be used. The optimal number of SRMUs is (6).
The locations of SRMUs are at nodes (702, 703, 713,
725, 730, and 731).

(2) For failure rate 0.76 and interest rate 0%, Table 1 will
be used. The optimal number of SRMUs is (13). The
locations of these SRMUs are at nodes (702, 703, 705,
708, 713, 725, 729, 730, 731, 732, 737, 741, and 742).

(3) For failure rate 1.82 and interest rate 12.75%, Table 2
will be used. The optimal number of SRMUs is (15).
The locations of these SRMUs are at nodes (702, 703,
705, 708, 713, 725, 729, 730, 731, 732, 733, 734, 737,
741, and 742).

5.2. Part of a Specific District in South Cairo Consists of 158
Nodes. This case study is a part of a specific district in South
Cairo EDN consisting of 158 nodes shown in Figure 8. This
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TaBLE 1: Optimal number of SRMUs with interest rate = 0%.

Number of interruptions (1) Failure rate SRMUs MRMUs Number of SRMUs%
1 0.15 0 36 0%
2 0.30 0 36 0%
3 0.46 0 36 0%
4 0.66 6 30 17%
5 0.76 13 23 36%
6 0.91 18 18 50%
7 1.06 22 14 61%
8 1.21 24 12 67%
9 1.36 28 8 78%
10 1.52 28 8 78%
11 1.67 29 7 81%
12 1.82 30 6 83%

TaBLE 2: Optimal number of SRMUs with interest rate = 12.75%.

Number of interruptions (1) Failure rate SRMUs MRMUs Number of SRMUs%
1 0.15 0 36 0%
2 0.30 0 36 0%
3 0.46 0 36 0%
4 0.66 0 36 0%
5 0.76 0 36 0%
6 0.91 0 36 0%
7 1.06 0 36 0%
8 1.21 1 35 3%
9 1.36 6 30 17%
10 1.52 10 26 28%
11 1.67 13 23 36%
12 1.82 15 21 42%
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TaBLE 3: Network reconfiguration scenarios’ cost (costs are in LE).

Scenario number Scenario-1 Scenario-2
Reconfiguration structure Close cable-40 Close cable-3 and cable-6
SRMUs’ nodes 729 and 742 702, 703, 713, and 730
Losses cost 129 160
ENS cost 0
PV disconnection cost 2400 0
Total cost 2529 160
b
i
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Z
AV)
=)
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>
w
0
0.15 0.3 0.46 0.66 0.76 0.91 1.06 1.21 1.36 1.52 1.67 1.82
Failure Rate (failure/km/year)
B 0 % interet rate
W 12.7 % interest rate
FiGure 7: SRMUs number with 0% and 12.75% interest rates.
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FIGURE 8: A part of a specific district in South Cairo.

part is an actual urban, underground 22kV cable system
with open-ring configuration. Some cables can be connected
to each other through two normally opened RMUs at both

ends of the cable. Loads and cable lengths are listed in
Appendix C. Due to decreasing of PV prices, increasing of
electricity tariff, and exemption of PV plants up to 1 MW
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TaBLE 4: Cable failure rate for a specific district in the South Cairo distribution network.

Year Failure rate (failure/km/year) Interruption percentage due to road civil works (%)
2015 0.15 65
2016 0.13 64
2017 0.11 51
2018 0.10 50
2019 0.09 48
2020 0.12 55
2021 0.13 66
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FIGURE 9: Historical failure rate and percentage interruptions due to road civil works.

TaBLE 5: SAIDI and total cost for the pilot project and the methodology result (costs are in LE).

SRMUs
Option Numb o SAIDI Cost of interruption Cost of upgrading MRMUs to SRMUs Cost of labour and vehicles Total cost
umber 6
1 0 0% 3043 15,292,955 0 7,835,220 23,128,175
2 32 20% 2476 11,354,668 4,838,400 6,391,889 22,584,957
3 56 35.44% 2051 7,622,518 8,467,200 5,428,740 21,518,458
4 158 100% 243 1,274,412 23,889,600 0 25,164,012

TABLE 6: Loads in (MW), power factor of all loads is 0.92lag.

Node Load Node Load Node Load Node Load Node Load Node Load

701 0.50 707 0.28 713 0.28 725 0.14 732 0.14 738 0.42
702 0.28 708 0.28 714 0.12 727 0.14 733 0.28 740 0.28
703 0.28 709 0.28 718 0.28 728 0.14 734 0.14 741 0.14
704 0.28 710 0.28 720 0.28 729 0.14 735 0.28 742 0.14
705 0.28 711 0.28 722 0.53 730 0.28 736 0.14 744 0.14
706 0.28 712 0.28 724 0.14 731 0.28 737 0.46 775 0.00

TaBLE 7: Cable lengths (km) for the modified IEEE 37-node test feeder.

Cable Length Cable Length Cable Length Cable Length Cable Length
1 0.29 9 0.10 17 0.10 25 0.18 33 0.06
2 0.12 10 0.07 18 0.06 26 0.09 34 0.09
3 0.11 11 0.09 19 0.39 27 0.06 35 0.06
4 0.40 12 0.23 20 0.12 28 0.17 36 0.56
5 0.07 13 0.04 21 0.06 29 0.20 37 0.56
6 0.18 14 0.10 22 0.16 30 0.16 38 0.56
7 0.02 15 0.10 23 0.16 31 0.12 39 0.18
8 0.24 16 0.18 24 0.28 32 0.12 40 0,11
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TaBLE 8: Loads in MW, power factor of all loads is 0.92lag.

Node Load Node Load Node Load Node Load Node Load Node Load
1 0.80 24 0.25 47 0.80 70 0.75 93 0.80 116 0.80
2 0.80 25 0.30 48 0.80 71 0.75 94 0.80 117 1.50
3 0.80 26 0.80 49 0.80 72 1.80 95 0.75 118 0.80
4 0.80 27 0.30 50 0.30 73 0.75 96 0.75 119 1.25
5 0.80 28 0.30 51 0.80 74 0.45 97 0.75 120 0.80
6 0.80 29 0.30 52 1.45 75 0.40 98 2.00 121 0.80
7 0.80 30 0.80 53 0.40 76 0.75 99 1.45 122 1.50
8 0.80 31 0.80 54 0.75 77 0.70 100 1.10 123 1.25
9 0.80 32 0.80 55 0.75 78 0.75 101 0.75 124 0.80
10 0.80 33 0.80 56 0.05 79 2.20 102 1.45 125 1.50
11 0.80 34 0.80 57 3.00 80 1.45 103 1.45 126 0.80
12 0.30 35 0.80 58 0.75 81 0.75 104 1.45 127 0.45
13 0.30 36 0.80 59 0.15 82 0.75 105 0.75 128 1.50
14 0.80 37 1.50 60 1.20 83 0.75 106 0.75 129 0.80
15 0.35 38 0.80 61 0.80 84 0.40 107 0.80 130 0.80
16 0.80 39 0.40 62 0.75 85 0.40 108 0.80 131 0.80
17 0.80 40 0.80 63 1.45 86 0.75 109 0.45 132 0.80
18 0.80 41 0.80 64 0.75 87 1.10 110 0.80 133 0.80
19 0.80 42 0.80 65 0.75 88 0.75 111 0.80 134 0.80
20 0.80 43 0.30 66 0.75 89 0.75 112 0.34 135 0.80
21 0.80 44 0.80 67 0.75 90 0.75 113 0.80 136 1.50
22 0.30 45 0.80 68 0.75 91 0.75 114 1.50 137 1.50
23 0.80 46 0.80 69 0.20 92 2.20 115 0.80 138 0.80
TaBLE 9: Cable length (L) in (km).
Cable Length Cable Length Cable Length Cable Length Cable Length
1 0.19 32 0.25 63 0.07 94 0.40 125 0.09
2 0.22 33 0.24 64 0.25 95 0.25 126 0.14
3 0.30 34 0.10 65 0.33 96 0.07 127 0.15
4 0.18 35 0.07 66 0.90 97 0.38 128 0.37
5 0.26 36 0.30 67 0.17 98 0.06 129 0.26
6 0.22 37 0.20 68 0.32 99 0.08 130 0.20
7 1.32 38 0.72 69 0.95 100 0.10 131 0.22
8 1.32 39 0.22 70 0.22 101 0.40 132 0.02
9 0.13 40 0.12 71 0.18 102 1.30 133 0.45
10 0.38 41 0.12 72 1.30 103 0.90 134 0.10
11 0.51 42 0.08 73 0.45 104 0.15 135 0.09
12 0.08 43 0.35 74 1.10 105 0.15 136 0.33
13 0.20 44 0.25 75 0.25 106 0.94 137 0.78
14 0.41 45 0.22 76 0.50 107 0.93 138 0.45
15 0.12 46 0.08 77 0.33 108 0.23 139 1.80
16 0.18 47 0.13 78 0.35 109 0.04 140 0.91
17 0.09 48 0.21 79 0.33 110 0.10 141 0.27
18 0.07 49 0.10 80 0.08 111 0.41 142 0.57
19 0.06 50 0.50 81 1.50 112 1.99 143 0.56
20 0.22 51 0.10 82 0.21 113 1.95 144 0.45
21 0.10 52 0.76 83 0.38 114 0.48 145 0.23
22 0.14 53 0.50 84 0.15 115 0.08 146 0.08
23 0.33 54 0.20 85 0.13 116 0.38 147 0.63
24 0.15 55 0.20 86 0.13 117 0.27 148 0.18
25 0.29 56 0.30 87 0.15 118 0.35 149 0.33
26 0.22 57 0.50 88 0.57 119 0.22 150 0.21
27 0.25 58 0.10 89 0.43 120 0.83 151 0.47
28 0.11 59 0.24 90 0.06 121 0.29 152 0.55
29 0.34 60 0.28 91 0.30 122 0.12 153 0.95
30 0.10 61 0.22 92 2.05 123 0.70 154 1.30
31 0.29 62 0.33 93 0.33 124 0.87 155 0.12
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from integration fees as per the Egyptian regulations, it is
expected that higher spread of PV plants will be witnessed
soon. Therefore, six PV plants with 1 MW capacity are added
(shown in red in Figure 8) to analyze their effect in deter-
mining the locations of the SRMUs.

Total cable length =59.75km
Total power =77340 kW
RMUs number = 158

Table 4 provides the cable failure historical data
(2015-2021) for a specific district in the South Cairo dis-
tribution network. From the historical data, the interrup-
tions due to road civil works are more than 50%. The lowest
failure rate was in 2019, as there were not much infra-
structure developments. For 2020 and 2021, there were many
infrastructure developments. That means there is a relation
between infrastructure development, road works, and failure
rate as shown in Figure 9. The planning engineer could
analyze the historical data of failure rates and may use the
minimum failure rate, average failure rate, or maximum
failure rate according to the probable infrastructure
development.

5.2.1. Step-1: Number of SRMUs Is Determined as a Function
of Failure Rate. Using the average failure rate of 0.12 and
interest rate of 12.75% as per the Central Bank of Egypt [44],
the optimal number of SRMUs is 56 (35.44%). Table 5
provides a comparison between the results of the follow-
ing four options:

(1) No SRMUs (all RMUs are manual)

(2) Pilot project (20% SRMUs)

(3) Optimal number of SRMUs (proposed in this study)
(4) All RMUs are upgraded to SRMUs (100% SRMUs)

SAIDI is calculated over one year. All costs are cal-
culated for 20 years (SRMU lifetime) considering in-
creasing of kWh price, maintenance cost, and labour and
vehicle cost. Option 3 (using the proposed methodology
presented in this study) results in minimum total cost with
improved SAIDI compared to options 1 and 2. Significant
improvement in SAIDI can be achieved by upgrading all
MRMUs to SRMUs, option 4, but with the highest total cost
compared to other options.

According to the SAIDI and the total cost given in
Table 5, it is recommended to increase the ratio of the
SRMUs for the specific district in South Cairo distribution
network to be 35.44%. If the budget for the SRMUs is less
than the cost of calculated SRMUs’ number, DISCO’s plan
could start with the available number and use them in the
most important locations. When additional budget is
available, the number of SRMUs should be increased to
reach the calculated optimal SRMUSs’ number to achieve the
best cost/benefit analysis and better SAIDL

International Transactions on Electrical Energy Systems

5.2.2. Step-2: SRMUS’ Locations Are Determined by the Node
Number. According to step-2 of the proposed methodology,
the locations of the 56 SRMUs are at the nodes (1, 2, 3, 5, 6, 7,
9,10,11, 17,18, 20, 21, 23, 26, 27, 28, 30, 33, 34, 37, 42, 43, 44,
46, 47, 51, 62, 65, 68, 70, 73, 79, 81, 87, 92, 93, 96, 98, 99, 103,
106, 108, 109, 114, 116,117,118, 119, 123, 125, 129, 131, 136,
137, and 138).

6. Conclusions

The study has suggested a methodology to determine the
optimal number and locations of the SRMUss in distribution
networks with increasing penetration of PV solar plants. The
methodology considered both failure rate and interest rate.
The effect of the interest rate decreases the SRMUs due to its
high capital cost, which is shown in the result section. The
first step of the methodology was based on NLP optimization
technique for determining the optimum number of SRMUs
as the design variables (number of SRMUs and MRMUs)
should be integer. The NLP optimization technique con-
sidered the cost/benefit analysis. For the second step of the
methodology, MILP optimization technique was used for
determining the optimum locations of the SRMUs con-
sidering the cost of losses, ENS, and PV disconnection. The
capacity and location of PV significantly affect the SRMUS’
location due to its disconnection cost. In addition, the study
introduced the Egyptian electrical distribution network and
a pilot project for control centre development using SRMUs.
The methodology has been applied to a modified IEEE 37-
node test feeder and a part of a specific district in South
Cairo distribution network consisting of 158 nodes and
seven PV plants with 1 MW each. For the average failure
rate, the optimum number of SRMUs is more than the
percentage in the pilot project.

It is recommended to increase the SRMUs to 35.44% in
this specific district network in the South Cairo region to
achieve the best cost/benefit analysis. A detailed comparison
between the results of four options (No SRMUs, (all RMUs
are manual), the Egyptian pilot project (20% SRMUs),
optimal number of SRMUs (proposed in the study), and all
RMUs are upgraded to SRMUs (100% SRMUs)) were pre-
sented. Finally, the optimal locations of SRMUs were
identified by node numbers.

Appendix
A. Generalized Reduced Gradient (GRG)

The main idea of GRG method is to solve the nonlinear
problem dealing with active inequalities. The variables are
separated into a set of basic (Z3) variables, nonbasic (Zy)
variables, and superbasic (Z) variables. Then, the reduced
gradient is computed in order to find the minimum in the
search direction. This process is repeated until the con-
vergence is obtained. Steps for GRG algorithm are as
follows:
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(1) Initialize problem and obtain a feasible point at Z;

(2) At feasible point Z¥, partition variables Z into Zj,
Zy, and Zg. Z); variables are temporarily fixed.

(3) Calculate reduced gradient ((df/dZy))

(4) Evaluate gradient projection search direction for Zj,
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(ii) Solve for ¢ (Zg (a), Zg)=0
(ii) If f(Zg(a), Zp) < f(ZX, Zp), set Zk" = Z¢ (a)

(6) If || (df/dZ)]|| < e =stop. Else go to 2.

. ) . d -
with quasi-Newton extension d?f = Vsf (2) - VSC[VBC] 1va(Z)' (A1)
(5) Perform a line search S
(i) Find a € (0, 1) with Zg («) Let Zg = Ngpyuy = X1 and Zg = Nypyy = X,
PxC A
f(x)= % X{[tout—s X xﬂ + [tout_M X x%]} +[x; x (SRMU's capital cost + maintenance cost)]
s
(A.2)

A x
+ [xz x (MRMUFs capital cost + maintenance cost)] + [(

S. T.C =x; +x, = Ngmu-

B. Data of the Modified IEEE 37-Node
Test Feeder

The loads and cable lengths are given in Tables 6 and 7

C. Data of the 158-Node System

The loads and cable lengths are given in Tables 8 and 9.

Data Availability

The data used to support the findings of this study are in-
cluded within the article.
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