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coupled with strict regulations on the quality and 
reliability of supply mounts increasing pressure 
on the distribution network operators to keep the 
network at the best possible state. While huge 
investments are already being made on replacing 
the aging infrastructure to prevent equipment 
failure, the chance of failure however, cannot be 
completely eliminated. For the faults that cannot 
be prevented, it is therefore necessary to 
minimize the impact of outage time to the 
affected customers as few as possible. 
Complexity of networks are omnipresent and 
critical to economic and social well-being  
(Amin , 2001); Ouyang, (2014) and (Horan & 
Reany, 2002).

Reliability is the characteristics of an item 
expressed as the probability that it will perform a 
required function under stated conditions for a 
stated period of time. It is an extension of quality 
into a time domain and is paraphrased as the 
probability of non-failure in a given period.  

Self-healing is a mechanism through which a 
system, component or equipment communicate 
within the system themselves in terms of their 
functions. Many network services are already 
self-configuring today, but this capability is not 
yet universally available for the broad spectrum 
of network services or networked environments 
(Melcher and Mitchell, 2004)

Figure 1 shows a functional block diagram of the 
self-healing power distribution configuration 
system (Butler-Purry,2005) and Cavdaroglu et 
al, (2013). 
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ABSTRACT
Self-healing scheme fundamentally concerns with the 
implementation of a fast fault detection algorithm 
teamed with fast restoration plan within the context of 
the modern distribution system to guarantee 
continuous delivery of electricity to a maximum 
number of consumers at minimum operational costs. 
This conceptual operation of self-healing system is 
being adopted by distribution system operators in 
varying degree of complexity. The development of a 
self-healing architecture for Abuja distribution 
network as a case study is driven by the foregoing 
conceptual framework in order to secure continuous 
delivery of electrical energy to consumers at all times 
in the foreseeable future. There are four zones for the 
proposed work, each zone fed by 132/33kV 
substation, comprise of Katampe (Zone 1), Kubwa 
(Zone 2), Central (Zone 3) and Apo (Zone 4) 
including their respective dedicated 33kV feeder 
networks and interconnections amongst them. The 
fairly developed part of AEDC feeder network 
supplying the central business district of the Abuja 
FCT is adopted to illustrate the integration of FDS-
PN with self-healing scheme. The aim is driver 
towards evaluating the reliability indices (SAIDI, 
SAIFI, CAIDI, ASAI etc) of the network. The finding 
of network performances proves adequate results as 
this approach adopted improved the reliability 
indices of the network.

Keywords: Distribution Automation,(DA), Self-
Healing, Fault isolation, FDS-PN, Distribution 
network structure.

1. INTRODUCTION
Economic growth and an increasing population 
translate to more energy demand. This situation, 
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Figure 1 Shows a Functional Block Diagram of the Self-healing Power Distribution 
Configuration System (Butler-Purry, 2005) and Cavdaroglu et al, (2013). 
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In a self-healing power system shown in figure 1, 
the reconfiguration system consists of the 
Geographical Information System (GIS), 
historical database and operation limit database, 
which feeds into an on-line assessment of threat 
and event selection of the mode of operation. The 
threat and event selection of the mode of 
operation is linked to the predictive, preventive 
and restorative reconfigurations.  More 
specifically, an on-line system assessment 
technique continuously monitors and acquires 
the power system data and based on the detection 

of a threat or abnormal condition, selects one of 
the self-healing modes of operation. When a 
threat  of  fault  is  detected,  preventive 
reconfiguration is launched before an incoming 
fault. After the fault, restorative reconfiguration 
is launched as to return the power system to an 
optimal state. When an abnormal condition 
occurs, the protective devices respond to isolate 
the event; restorative reconfiguration comes into 
operation to restore/ returns the system into 
optimal condition thereby maintaining the 
reliability of the entire power system. Modern 
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Figure 2: Abuja Distribution Network Topology (Okorie, 2017)
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society depends on the operations of civil 
infrastructure systems, such as transportation, 
energy, telecommunications, and water. These 
systems have become so interconnected, that 
disruption of one may lead to disruptions in all 
(Lee II et al, 2007) and Cavdaroglu et al, (2013). 
Recent and modern technologies allow different 
services to share a single communications 
infrastructure while guaranteeing the required 
levels of security, reliability, and efficiency 
(Ruiz-Romero et al, 2014) and (Calvillo et al, 
2016). This paper to provide a Smart City (SC) 
project, implemented in the city of Malaga, 
Spain, where the integration of the applications 
of Smart Grid (SG) and the Use Cases (UCs) for 
the different functionalities of SG has been 
developed. 

1.1� Description of Abuja Single Line
 Network Topology Based PN Model
The schematic single line representation of 
Abuja Network topology is shown in Figure 2. It 
typically comprises of 26Nos of 33kV feeders 
and over 70 load points captured by recent data 
upon which the Petri-nets modeling is sought. 

With respect to the information, the places that 
model the system topology of the format 
“V*W*X*Y*A*Z”: represents the upstream 
substation of the equipment, the voltage level, 
the equipment code, information whether there is 
equipment along side of the circuit conductor, the 
number of parallel circuits and the downstream 
substation of the equipment. Then the equipment 
in each substation has the information about the 
upstream and downstream equipment buses. 
Figure 2 further illustrates specific equipment 
details of the feeder from Katampe (KTP) bus to 
Gwarimpa (GWA) injection substation. Thus the 
token related to the circuit breaker CB1 is given 
as 1' (“KTP”, “33”, “CBI”, “Y”,“1”, “GWA”) 
where KTP and GWA are respectively the codes 
of the upstream and downstream substations to 
the circuit breaker CB1, 33 refers to the voltage 
level, 1 is the number of distribution lines 
between the sub-station buses KTP and GWA 
whilst Y indicates the existence of a protective 
equipment at the end terminal of the feeder.  The 
complete schematic single line diagram of the 
33kV network for Abuja distribution system is 
shown in Figure 3.

Journal of Occupational Safety and Environmental Health Volume 4 Numbers 2: 1-12 



Figure 3: Single Line Diagram of Abuja FCT 33kV Distribution Network (Okorie,2017)
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The relays and circuit breakers located within 
and electrically nearest to a given substation are 
identified by a similar code. They differ from 
each other by their code function. For example, 
consider a token with the code (''GWA'', ''33'', 
''C2'', ''50A''). It means that the equipment is 
installed in the substation Gwarimpa (''GWA''), it 
corresponds to the protection relay ''33C2'', and 

the device function code is the instantaneous 
overcurrent function corresponding to phase A 
(''50A''). This shows that the token indicates a 
relay tripping due to the associated function code 
''50A''. The corresponding token for circuit 
breaker would have the code (“GWA”, “33”, 
“C2”, “52”), where it can be seen that the code 
“52” identifies a circuit breaker.

2. DEVELOPMENT AND
 INTEGRATION OF SELF-HEALING
 IN ABUJA DISCO
Self-healing scheme fundamentally concerns 
with the implementation of fast fault detection 
algorithm teamed with fast restoration plan 
within the context of the modern distribution 
system to guarantee continuous delivery of 
electricity to a maximum number of consumers 
at minimum operational costs.  In order to sustain 
this paradigm of the modern distribution system, 
will call for continual improvements in critical 
supply reliability indices, quality requirements 
and maximization of operational efficiency. The 
overriding philosophical approach of self-
healing scheme remains the curtailment of 
impacts of all network disturbances to as small 
consumers as practicable. This, incontestably, 
has to be firmly anchored on DA involving full 
deployment of modern communication 
infrastructures and optimally installed intelligent 

electronic devices, switches, auto-reclosers/ 
sectionalizers, fault locators, RTUs, and 
Distribution SCADA (D-SCADA).  The various 
agents that participate in fast restoration plan 
must communicate amongst themselves and 
send independent actions taken to the central 
control center and be equally available for 
interrogations via two-way communication 
channels. This conceptual operation of self-
healing system is being adopted by distribution 
system operators in varying degree of 
complexity. Functionally, a smart grid should be 
able to provide new abilities such as self-healing, 
high reliability, energy management, and real-
time pricing (Brown, 2008). Both the sensing and 
healing mechanisms are reliant on microvascular 
channels incorporated within a laminated 
composite material (Norris, et al, 2012).

The development of a self-healing architecture 
for Abuja distribution network as a case study is 
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Figure 4: Abuja Distribution System used as Test System in the FDS-PN application program.
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driven by the foregoing conceptual framework 
in order to secure continuous delivery of 
electrical energy to consumers at all times in the 
foreseeable future. Towards achieving this goal, 
Figure 4 illustrates the envisioned communi-
cation infrastructural outlay comprising fiber 
optic  networks,  wireless and satel l i te 
communications covering the entire Abuja FCT 
to support full implementation of self-healing 
scheme. At each feeder level, data are streamed 
by IEDS and other devices on disturbances to 
control centers equipped with computer 
hardware and software as well as man-machine 
interfaces (MMIs) for efficient processing and 
fast display of information to operators. The 
chain processes of data transfer require 
distributed RTUs to stream data acquired via 
fiber optic cable to D-SCADA, serving as a data 
concentrator, for each control center. Other 
communication channels such as wireless, 
satellite and intranet facilities can also be 
configured for the same task of fast data transfer.  
It is stressed that very reliable communication 
facility is sin quo non to zoning philosophy 
widely applied to segregate distribution network 
into zones sequel to the application of 

decentralized self-healing schemes.

Pursuant to the implementation of self-healing 
scheme with respect to AEDC, the zoning of the 
distribution network has been accomplished as 
shown in Figure 5 as derived from Figure 2.  The 
four zones- each zone fed by 132/33kV 
substation, comprise Katampe (Zone 1), Kubwa 
(Zone 2), Central (Zone 3) and Apo (Zone 4) 
including their respective dedicated 33kV feeder 
networks and interconnections amongst them as 
shown in Figure 4. Each zone has a control 
center located in its bulk substation where 
computing facilities are interfaced with D-
SCADA and communication facilities for 
information transfer to other control centers. In 
addition, FDS-PN Petri-net Power flow, 
reconfiguration schemes and protection 
coordination constitute software engines 
resident in dedicated computers within each 
control center. The fairly developed part of 
AEDC feeder network supplying the central 
business district of the Abuja FCT is adopted to 
illustrate the integration of FDS-PN with self-
healing scheme.
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Figure 5:  Four Zones of Network Proposed Communication Infrastructure (Okorie, 2017)
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3. IMPLEMENTATION OF FDS-PN 
AND SELF-HEALING SCHEME 
FOR AEDC 33KV NETWORK

The AEDC 33kV Network shown in Figure 4 
was utilized to test the proposed FDS-PN as an 
algorithmic tool for fast identification of 
permanent fault locations.  The fault data 
gathered by SCADA enabled the FDS-PN 
simulation engine to isolate permanent fault 
location which the maintenance crew relied 
upon to rectify the fault and manually restore 
supply to affected consumers. The automation of 
fault identification and fast restoration of supply 
to consumers constitutes the kernel of self-
healing scheme. Figure 4 has been equipped 
with appropriate fiber optic linked communi-
cation facili t ies,  RTUs and automated 
reconfiguration tools (i.e. intelligent tie 
switches, reclosers, etc.) as now depicted in 
Figure 6. Note that the conceptual implemen-
tation framework of the self-healing scheme of 
Figure 6 is chiefly premised on FDS-PN 
approach to facilitate automated network 
reconfiguration from the local control center via 
efficient communication infrastructure.  

Referring to Figure 6 with case studies of Figure 
4 would require acquisitions of pertinent feeder 
data (such as protection/ CB status, feeder 
voltages and power flows) using distributed 
RTUs linked by fiber optic network to the local 
control center to:
1. Fire FDS-PN simulation engine for the 
 purpose of identifying the fault location
 after preprocessing the data for signatures
 of abnormal operating conditions; and 
2. Display the fault location and cause
 generation of fast restoration plan followed
 by remote implementation of network 

reconfiguration to restore electricity supply 
to consumers.

It is intuitively evident that automated 
implementation of the restoration of electricity 
supply to consumers, which constitutes 
essentially a self-healing scheme, can profound-
ly improve the reliability indices of a distribution 
system. This was vividly demonstrated in the 
preceding subsections on the platform of ABS of 
the entire AEDC distribution system that 
included network feeding the central business 
district of Abuja FCT.
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Figure 6: Conceptual Implementation of Self-Healing Framework for ADC Network
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4.  INTEGRATION OF FDS-PN INTO 
 SELF-HEALING SCHEME

It is reiterated that the proposed FDS-PN has 
been specifically applied to identify permanent 
fault location based on the data furnished by 
SCADA on the various protection coordinated 
actions. As an illustration, revisiting a permanent 
fault on substation MAI 1 bus that affected all 
consumers fed therefrom, then self-healing 
algorithmic framework shown in Figure 1 will 
generate alternate supply route to affected 
consumers without violating critical system 
constraints. Consequently, the customers that are 
fed from the short-circuited bus at MAI 1 
substation equipped with double bus architecture 
will have an alternative route of supply remotely 
secured by the self-healing scheme. In executing 
this scheme, the faulty bus is remotely identified 
and automatically transferred to the healthy bus 
which in turn gives supply to the affected 
customers/areas. Likewise, if there is permanent 
fault in any of the distribution feeder and upon 
identification by FDS-PN algorithm, the self-
healing mechanism will then remotely transfer 
the affected areas to the healthy feeder; having 
ascertained through power flow analysis that no 

system constraints are violated. Where critical 
system constraints violations are imminent 
through such action, the maintenance crew are 
called upon to clear the permanent fault as 
quickly as possible and restore supply to affected 
consumers.  Alternatively, for islanded areas 
with embedded DG, it can be remotely started 
and connected on-line to supply, at least, the 
critical load.

 As a matter of operational necessity, the system 
must keep monitoring itself so as to sustain the 
paradigm of self-healing philosophy. Strictly 
speaking, the aforementioned alternative routes 
which act as standby redundancies are normally 
open.  They are however always ready to be 
remotely energized by self-healing scheme upon 
identification of operational abnormality. As can 
be seen in Figures 5 and 6, the communication 
structures for the self-healing implementations 
are accomplished by a consortium of fiber optic 
network, satellite and wireless communication 
systems.   

5. RESULTS AND DISCUSSIONS
With the adoption and integration of self-healing 
scheme into the AEDC distribution system, it is 
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expected that the reliability matrices will 
significantly improve towards benchmark 
values. Table 1 presents the summary of 
reliability metrics calculated for the AEDC 
distribution of Figure 6 without and with self-
healing schemes. Note that the results were 
calculated again using the agent-based 
simulation platform that took into consideration 
annual failure rates, consumer population and a 
number of 33kV feeders. Figure 7 depicts 
comparative evaluation of key reliability 
matrices for AEDC network considering the 
base case and Self-healing scheme (SHS) 
implementation with the standard values 
frequently quoted in the literature.It is 
immediately seen that self-healing scheme 
integration into the selected AEDC distribution 
network significantly improved the key 
reliability indices compared with its base case 
values. Of noteworthy are the huge reductions in 
the energy not served (ENS) and its cost 
(ECOST). The impact of self-healing scheme on 
AEDC reliability indices is quite evident if and 
when practically implemented in accordance 
with a sustainable roadmap of distribution 
automation infrastructural development.

The reliability metrics widely utilized for the 
purpose of assessing distribution reliability 
performance have been adopted in this research.  
They include the following (Okorie, 2017):
i. Customer Average Interruption Duration 

Index (CAIDI) 
ii.    Cus tomer  Average  In t e r rup t ion 

Frequency Index (CAIFI);
iii. Customer Interrupted per Interruption 

Index (CIII);
vi. System Average Interruption Frequency 

Index (SAIFI);
vii. System Average Interruption Duration 

Index (SAIDI); 
viii. Average Service Availability Index 

(ASAI); and 
  ix. Energy-not-served (ENS).
The computations of these reliability metrics are 
vitally essential to establishing whether 
distribution system operational performances 
meet set benchmarks and to justify consideration 
for the emerging modern technologies to secure 
desired quality and continuity of supply to 
consumers. The generalized computational 
procedure of each reliability indicator are 
presented (Okorie, 2017).
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SAIFI
 

Int/yr
 

73.623
 

4.374
 

94.1
 

Reduction
 

SAIDI Hr/yr 272.099 5.258 98.1  Reduction  

CAIDI Hr/int 3.696 1.202 64.5  Reduction  

ASIFI Int/kVA 73.588 4.373 94  Reduction  

ASIDI Hr/kVA Int’ed 272.099 5.258 98.1  Reduction  

CTAIDI
 

Hr/cus. Int’ed
 

273.972
 

5.934
 

97.8
 

Reduction
 

CAIFI
 

Int./cus. Int’ed
 

74.129
 

4.937
 

93.3
 

Reduction
 

ASAI
 

-
 

0.969
 

0.999
 

3.1
 

Increment
 

MAIFI

 
Mom.Event/cus

 
16.73

 
2.94

 
82.4

 
Reduction

 
AENS

 

kWh/yr

 

354.588

 

14.194

 

96

 

Reduction

 
ACCI

 

kVA int/cus

 

357.028

 

16.02

 

95.5

 

Reduction

 
IEAR

 

Naira/kWh

 

518.009

 

104.438

 

80

 

Reduction

 CEM100

 

-

 

71609

 

0

 

100

 

Reduction

 ENS

 

kWh/yr

 

2.539E7

 

1.016E6

 

95.6

 

Reduction

 ECOST

 

Naira/yr

 

1.315E10

 

1.064E8

 

99.1

 

Reduction

 

E/Supplied

 

kWh/yr

 

9.092E8

 

1.532E9

 

68.5

 

Increment

 

 

Table 1:  Comparative Evaluation of Reliability Metrics with and without Self-Healing   
Schemes Integrated into AEDC Feeder 
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Figure 7:  Graphical Comparisons of Key Reliability Indices for AEDC with and without Self-
Healing Scheme (SHS) and their Benchmark Values

The cumulative impacts of Self-Healing and 
FDS-PN have been s imulated in  ABS 
environment at each 33kV feeder level deemed 
vulnerable to temporary/transient faults.  The 

Figure 8:  3-D Plots of Monthly Fault Durations and Interruptions for Seventeen Most 
Vulnerable AEDC 33kV Feeders with FDS-PN and FRAs
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results obtained are shown as 3-D plots of Figure 
8 and key reliability metrics summarized in 
Table 2
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Table 2: Computed Benchmark Reliability Metrics for AEDC 33kV Feeders with Full 
Implementation of FDS-PN and FRAs Integrated within Healing Scheme in ABS Environment

 

Business Unit 
Served

 

Name of 
Feeder

 

Reliability Indices

 

CAIDI

 

(hr/int)

 

SAIFI

 

(Int/yr)

 

SAIDI

 

(h/yr)

 

ASAI

 

(%)

 

ENS

 

(MWh/yr)

 

APO/KARU

 

H1

 

1.102

 

1.679

 

1.85

 

99.72

 

43.114

 

APO

 

H2

 

0.379

 

1.99

 

0.754

 

99.92

 

6.45

 

GARKI 1

 

H3

 

3.322

 

2.124

 

7.051

 

99.83

 

18.832

 

GARKI 2

 

H5

 

1.968

 

1.402

 

2.757

 

99.87

 

23.59

 

GARKI 3

 

H7

 

0.334

 

0.299

 

0.099

 

99.92

 

0.84

 

GARKI 4

 

H11

 

0.266

 

0.381

 

0.101

 

99.93

 

1.76

 

APO/GARKI

 

H13

 

1.405

 

2.155

 

3.025

 

99.89

 

18.26

 

GARKI 5

 

H15

 

0.906

 

1.255

 

1.136

 

99.9

 

14.47

 

APO/GWAGWA
LADA

 

H21

 

1.572

 

1.553

 

2.44

 

99.88

 

15.66

 

APO

 

H23

 

0.208

 

0.251

 

0.052

 

99.93

 

0.54

 

GWARIMPA 1

 

GWARIN
PA

 

1.392

 

2.368

 

3.293

 

99.89

 

42.96

 

GWARIMPA/W
USE

 

JABI

 

1.072

 

2.596

 

2.78

 

99.83

 

46.048

 

GWARINPA 2

 

LIFE 
CAMP

 

1.597

 

1.298

 

2.157

 

99.89

 

5.53

 

APO/GWAGWA
LADA

 

LUGBE

 

1.1234

 

0.7788

 

4.3702

 

99.75

 

40.416

 

WUSE 1

 

MAITAM
A

 

0.623

 

1.025

 

0.638

 

99.91

 

16.39

 

WUSE 2

 

WUSE II

 

0.727

 

0.974

 

0.707

 

99.91

 

11.52

 

WUSE 3

 

FEEDER 
1

 

0.385

 

0.545

 

0.209

 

99.92

 

3.45

 

WUSE 4

 

FEEDER 
2

 

0.086

 

0.074

 

0.006

 

99.93

 

0.13

 

WUSE 5

 

FEEDER  
4

 

0.17

 

0.19

 

0.032

 

99.93

 

0.15

 

WUSE 6

 

FEEDER  
5

 

0.373

 

0.329

 

0.122

 

99.92

 

0.17

 

WUSE  7

 
FEEDER  
6

 
0.066

 
0.03

 
0.002

 
99.93

 
0.03

 

KUBWA 1
 

KUBWA
 

0.751
 

1.45
 

1.088
 

99.91
 

9.01
 

KUBWA  2
 

DAWAKI
 
0.55

 
1.584

 
0.871

 
99.92

 
0.86

 

KUBWA  3
 

BWARI
 

0.752
 

1.363
 

1.024
 

99.91
 

8.9
 

KUBWA  4
 

DAM
 

0.492
 

0.394
 

0.194
 

99.92
 

0.56
 

GWARIMPA 3
 

DEI-DEI
 

0.595
 

1.687
 

1.003
 

99.92
 

3.47
 

KARU 1
 

FEEDER 
1  0.04  0.069  0.003  99.93  0.02  

KARU 3  FEEDER 
3  0.24  0.294  0.07  99.93  0.81  

KARU 5  FEEDR   5  0.218  0.372  0.081  99.93  1.07  
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6. CONCLUSION
This research has investigated reliability 
improvement strategies for Abuja Electricity 
Distribution Company (AEDC) that relied on 
application of Petri-nets to diagnose permanent 
fault locations, deployment of auto reclosers to 
c l e a r  t e m p o r a r y  f a u l t s  a n d  n e t w o r k 
reconfiguration as an integral part of the self-
healing process to facilitate fast restoration plan. 
All these actions were directed at driving AEDC 
reliability metrics toward their benchmark 
values and validated using agent-based 
simulation.  The PN method has been 
successfully applied for failure analysis of Abuja 
distribution network subjected to bolted fault 
both on distribution line and bus respectively.

Considering several numbers of likely 
topologies  and  ar rangements  of  ADC 
distribution networks, the use of Petri Nets has 
been found an adequate tool for the development 
of fast fault diagnosis. Consequently, this 
research has presented a decentralized fault 
diagnosis system, located at each bulk substation 
control center (Katampe, Apo, Kubwa and 
Central), which can diagnose faults in their 
respective zoned distribution networks; and 
generate diagnosis reports on fault location, 
relay function and the faulted phase(s). The fault 
diagnostic tool based PN, code named FDS-PN, 
is expected to guide system operator implement 
fast restoration plan in order to achieve between 
10% and 40% reduction in fault duration 
experienced by consumers. The actual reduction 
in fault duration will depend on the nature of the 
permanent fault and maintenance crew 
management philosophy. 
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