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Abstract - Cascaded tripping of power lines due to
mal-operation of zone-3 distance relays has been
one of the main causes of many previous blackouts
worldwide. Encroachment of load into zone-3
characteristics during stressed system operation
conditions is a basic factor for such mal-operation of
the relays. By improving the operation of zone-3, it is
possible to prevent mal-operations so that cascaded
line tripping can be avoided.For proper study of the
behavior of distance relay during faults and load
encroachment phenomenon, we must build a model
of distance relay, soin this paper a modeling study of
distance relay is implemented using
MATLAB/Simulink program.However, this model is
distinguished from previous modelsthat, examines in
detail the third zone of distance relay. Many cases
are simulated with changing line loading and fault
location to ensure the capability of the relay to detect
the fault and thus the maximum loadability limit of
distance relay is obtained.In order to prevent
cascading events caused by hidden failures in zone-3
relays, agent based relay architectures have been
suggested in the recent past. In such architectures
each zone-3 relay contains agents that require
communication with other agents at various relevant
relays in order to distinguish a real zone-3 event from
a temporary overload. In this paper, a local master
agent is consulted by all zone-3 agents before a
tripping decision is made. The master agent
maintains a rule base which is updated based on the
local topology of the network and real time monitoring
of the status of other relays and circuit breakers.
Cisco Packet Tracer program is used for running
communication network simulations. The result of the
simulation indicate that the time estimated to send
and receive a packet data unit (PDU) message
between one relay to anther can satisfy the
communication requirement for the proposed scheme
with fiber media.

Keywords - Distance Relay, Load Encroachment,
Hidden Failure, Cascading Blackouts, Agents,
Communication, TCP/IP.

I. INTRODUCTION

Transmission lines are usually protected by distance
relays. The main objective of the distance relaying
protection scheme is to isolate a faulted line out of
service as soon as possible to minimize the negative
effect of the fault on the power grid. The secondary
objective of the fault isolation is to minimize the
amount of load shedding as a result of the
disconnection of lines by distance relay. Distance
relays are classified as local primary (zone-1) relays,
secondary (zone-2) relays and remote back up (zone-
3) relays [1]. By comparing primary relays with remote
backup relays, remote backup relays require longer
fault clearing time and also its operation to remove a
fault may lead to larger area of load shedding.
Therefore the distance relaying protection schemes
are designed in such a way that the remote back up
relays do not operate unless it is certainly necessary
i.e. when both the zone-1 and zone-2 relays fail to
clear the fault. Worldwide analysis of recent wide area
cascading failures has shown that very often these
failures were mainly caused by the mis-operation of
the third zone of a distance protection relay [2]. The
hidden failure, load encroachment and power swing
phenomena are the most common problems to solve
when dealing with the third zone of distance
protection [2]. It is well reported that the majority of
blackouts along with their consequences could have
been eliminated if the mal operation of distance relays
could have been avoided. Zone-3 is especially
exposed to load encroachment and power swing,
where all these situations can lead to the measured
impedance encroachment into the zone-3 area. This
results in relay mal-operation and can be a leading
factor to a large scale blackout occurrence. Despite

1
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the fact of zone-3 setting encroachment, the system
operational conditions may not be dangerous and in
case of load encroachment the load may be
permissible due to the transmission lines temporary
load ability. In case of stable power swing, after some
time the system recovers to its normal operation
conditions. The important issue is to distinguish
whether the third zone area encroachment is a result
of fault and the relay should operate, or it is one from
abovementioned situations and the relay decision
about tripping should be restrained [3].

Modern study discussed and modeled the
characteristics of the Mho relay. In this paper we
established a model of distance relaying protection
using MATLAB program. In [4] PSCAD/EMTDC
Software is used to study the performance of the
relay characteristics with different type of faults (L-G,
L-L, L-L-G etc.) at different locations. That work
presented only the simulation of distance relay during
faults. But in our model, we take into account the
problems that faced the distance relays during faults
and normal operations like the effect of ground
resistance during ground faults and the problem of
load encroachment respectively. We study the effect
of ground resistance by changing the value of ground
resistance and studying the effect of it on the
impedance of distance relay. Also, we study the
problem of load encroachment in our model by
increasing the value of load gradually till reach to the
maximum loadability limit of distance relay.

A hidden failure is a defect (incorrect relay setting or
software or hardware error) in a relay which may go
unidentified for a long time and gets excited by
another event leading to erroneous removal of circuit
elements [5]. Because of hidden failures, zone-3
relays may be extra sensitive to temporary line
overloading due to transients, results in unreal fault
as a fault in a line and mis-trip even though it is not
recognized as a faulty condition by zone-1 or zone-2
relay. At this instance, if power system is operating
under stressed conditions, the hidden failure induced
zone-3 relay mis-trip may initiate other line trips
leading to catastrophic failures like blackouts.

According to the analysis of historical blackouts such
as the 1965 Great North-east blackout, the 1977 New
York blackout and the 1996 western blackout, North
American  Electric  Reliability Council (NERC)
concluded that the mis-operation of zone-3 relays is
one of the major causes of cascading outages leading

to blackout events [2], [10]. Therefore, Horowitz and
Phadke[6] reviewed the distance relaying protection
scheme to judge the necessity of the remote back up
relays but concluded that the zone-3 relays cannot be
omitted as its elimination will put the power system at
risk . Also, according to a report from the latest 2003
blackout in the US [7], many of zone-3 distance relays
operated under the overload situation, which further
stressed the system thereby causing the cascading
blackout in the end. This kind of relay mal-operation
may further weaken the system. Zone-3 relays can
incorrectly trip a line due to hidden failures [8], [9].

One of the main objectives of smart grid is to prevent
these types of mis-operations of power system
protection components, by establishing
communication between its components. This paper
concerns on zone-3 relay mis-operation. In [11] a
distributed agent based supervisory scheme is
proposed to make zone-3 relays able to withstand
hidden failure induced tripping, facilitated by
communication network. In their approach the entire
power grid is populated with software components
called agents at every relay. Communication
architecture is established between hierarchically
distinguished master and slave relay agents to help
making critical decisions. In order to aid the zone-3
relays to distinguish between a real fault and an
unreal fault (due to unexpected loading conditions), in

this paper we establish a simple model of
communications between relays using TCP/IP
protocol to help the distance relaying scheme

reducing the zone-3 mis-operation further reducing
the cascading outages.

The rest of this paper is organized as follows: section
Il presents the implementation of distance relays
model using MATLAB software. The load
encroachment phenomena and loadabilitly limits of
distance relays are explained briefly in section Ill.
Section IV describes the agents rules of zone-3 to
avoid mis-operation of distance relay, also presents
the established model in Cisco Packet Tracer
program. Section V concludes the paper.

[I. MODELING AND SIMULATION OF
DISTANCE RELAY

Fig. 1 shows the basic distance protection scheme of
a transmission line. The impedance measurement
inputs are the values of three phase current and
voltage signals taken from the current transformer

RESD © 2017
http://apc.aast.edu



Renewable Energy and Sustainable Development (RESD)

Volume 3 Issue 1, Special Issue, March 2017 - ISSN 2356-8569

http://dx.doi.org/10.21622/RESD.2017.03.1.001

(CT) and potential transformer (PT) respectively.
Three phase current and voltage waveforms must be
filtered first to eliminate the harmonic contents which
may present due to arcing of the fault. The filtered
waveforms are then sampled at a selected sampling
frequency before being used digitally inside distance
relay. The relays compare the setting impedance with
the measured impedance to determine if the fault is
inside or outside the protected zone.

Ac source Bus-A Bus-B
C SONTCE 7 l.Ilﬁ- cT us

L
N
|
LA

Distance| Z | ~- P
Relay

iSubsystem

I— load

Fig .1. One-line diagram of simulation system

Distance relays are also named impedance relays
[12]. They are used to calculate line impedance by
measurement of voltages and currents at one single
end. For example, as shown in Fig. 2 Mho type
distance relays, by comparing the setting value and
the measured value the relay can determine if there
is a fault or not .Distance relays immediately release
a trip signal when the impedance value is inside the
zone-1 impedance circle of distance relay. For
security protection consideration, the confirmation of
a fault occurrence will not be made until successive
trip signals are released in one season (faulted
section).

React’ane(X)

Zone-3

_ Resistance(R)

Fig .2. Distance relay of mho characteristic type

Different formulas should be adopted when
calculating the fault impedance due to different fault
types. Table 1 indicates calculation formula for all of
the fault types. [13].

 Vabe

Vabc
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‘F@JMLB |“—' B a1 s e
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L "
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C

Three-Phase
- |
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0

Three-Phase Fault

Fig .3. Snapshot of the transmission line and load model

Table 1. Fault impedance formula for different faults

Fault Type Formula
Phase Ato G Val( 1a+ 3 Kolo)
PhaseBto G Va/( g+ 3 Kolo)
Phase Cto G Vel/( et 3 Kolo)

Phase Ato Phase B Vag/( 1a- I8)
Phase B to Phase C Vec/( lg-Ic)
Phase C to Phase A Veal(lc- 1a)

where,

A, B and C indicate faulty phases, G indicates ground
line, VA, VB and VC indicate voltage phasors, IA, IB
and IC indicate current phasors, 10 is zero-sequence
current, KO= residual compensation factor where KO
= (Z0-Z21)/3Z, where Z0 = line zero-sequence
impedance, Z1 = line positive-sequence impedance.

In this paper in order to get exact simulation results,
we must establish accurate network model.
Simulink/PSB (power system blockset) is used to
create power system model for simulation. Fig. 3
shows the developed model of transmission line and
load in MATLAB/Simulink. From this figure, it can be
seen that the transmission line is separated into two
equal lines. The reason is to simulate a fault at a
point along the transmission line where the first line
simulates the fault distance from the substation
terminal until fault point while the second line
simulates the remaining distance from fault point until
the end of the transmission line.

When power systems faults occur, the signals may
contain high frequency components. As shown in
Fig.4, these higher frequency components must be
eliminated, so we adopt analogue low pass filters in
the simulated systems. After filtration, the only
remained fundamental voltage and current
waveforms will be passed to FFT blockset. The
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function of FFT blockset is to extract the magnitudes
and phase angles of fundamental three phase current
and voltage phasors. The FFT blockset performs a
Fourier analysis of the input signal over a running
window of one cycle of the fundamental frequency of
the signal. These magnitudes and phase angles are
then used by the fault calculation algorithmblockset to
calculate the impedance of the faulted phase.

mag IR

P IR
angle IR
mag IS

IR s
angle IS

In1 IS

3-phase current i mag IT
I angle IT
VR mag VR

L} VR
In2 Vs angle VR
3-phase voltage mag VS

VT Vs
angle VS

Analog Low Pass Filter

mag VT

(VT
angle VT

Fourier Analysis

Fig .4. Snapshot of the analysis of 3 phase faulted current and
voltage

The parameters of the simulated transmission system
are [13]:

Voltage Rating: 132 kV at 50 Hz
Length of Transmission Line: 50km
Line Impedance:

Z1ine = 6.84320Q

Z1=0.01239+ j0.13630113 Q/km
Z0=0.1239+j0.4089 Q/km

Fig. 5 shows R-X diagram for the simulation of LG
fault at 30 km from the relay location at fault
resistance (0.1 Q) and maximum torque angle (MTA)
of 60 °. From the figure the fault location is found to
be at zone-1, where zone-1 setting = 90% of Ziine.

E
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Fig .5. L-G Fault at 30 km from Bus-A, Zone-1

Fig. 6 shows R-X diagram for the simulation of LG
fault at 125 km from the relay location. From the
figure the fault is found to be at zone-3, where zone-3
= 100 % of protected line + 150 % of the next
protected line. This figure also shows that there is a
variation in the relay impedance locus, where this
variation existed only in the beginning of simulation
until the relay impedance locus reaches the final
locus

=
us)
T

Reactance (Ohm)

Resistance (Ohm)

Fig .6. L-G Fault at 125km from Bus-A, Zone-3

The reach of the Mho relay is affected the presence
of fault resistance as shown in the Fig. 7. AB is the
line to be protected, due to fault resistance BC. The
impedance seen by the relay getting out of the
zone.Therefore Mho relay under reaches because of
fault resistance [14].
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Restrain

Fig .7. Effect of fault resistance on reach of the relay

Fig. 8 shows R-X diagram for the simulation of LG
fault at 30 km from the relay location. By comparing
fig. 5 and fig. 8 it can be noted that the fault
resistance has deviated the final point of fault
impedance locus far away from zone-1 reach.
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Fig .8. L-G Fault at 30km from Bus-A with Rf =10 Q

lll.  LOAD ENCROACHMENT AND
LOADABILITY LIMITS OF DISTANCE
RELAYS

The relay impedances zones of protection must be
selected carefully in order to avoid load
encroachment problems. The zone of protection with
greater risk is zone-3, since it is the Mho circle with
the greatest area and closest proximity to the load
impedance. Zone-3 settings are certainly vulnerable
to load encroachment conditions during high load and
power swings conditions, which can cause the load
impedance to travel towards the boundaries of the

zone-3 mho circle and cause an undesired trip. Fig. 9
shows the apparent impedance of the load with
respect to a distance relay with a forward reaching
mho characteristic.

Line of characteristic
rimp-edanca angle
X

Ir

one-3
low load

Zat3g? Lled

30° line

Fig .9. The apparent load impedance w.r.t mho relay

For Mho relay impedance settings, minimum trip MVA
is often calculated in accordance with the following
formula [15]:

(0.85xVyp, )?

MVAr = Zyxcos(MTA—¢)

(1)
where,

MVAT = minimum MVA required to trip

Ve = nominal line voltage in kV depressed to 85% of
normal

MTA = maximum torgue angle of relay (characteristic
impedance angle)

Zr = relay reach in primary Ohms at MTA

¢ = maximum anticipated phase angle of load.

When using the above calculated loadability limits for
planning or operating purposes, it is important that the
user be advised whether the limits include any
margins [16]. By MVA_TEqu. (1), the minimum MVA
required to trip in the proposed model is 618 MVA.
Fig. 10 shows the R-X diagram where the load
impedance increased to 618 MVA under the normal
operating condition. It may be noted that the relay
impedance located in the circle of zone-3 so, the relay
will see the increasing of load as a fault and the relay
will trip the circuit breaker. By comparing with the
value of the calculated minimum MVA required to trip,
we will conclude that 618 MVA is approximately the
minimum value for the occurrence of the load
encroachment phenomenon for this relay.
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Fig .10. Normal operation at 618 MVA

For distance elements, such as "Mho" characteristic,
the susceptibility of the zone to pickup on load
generally increases as the reach (impedance setting)
is increased. The mho characteristic is most likely to
respond to system transient load changes, but may
also detect steady-state load - especially when it is
heavy and inductive in nature. Alterations in zone
characteristics can be made which will reduce the
susceptibility of distance zone responding undesirably
to a load condition; some of them are outlined as
following [16]:

Increase of the torque angle.

Adoption of a lens characteristic.

Use of blinders.

Use of load encroachment characteristic.

PO

Options 1, 2, and 3 above, reduce the susceptibility of
the relay response to heavy load conditions but
reduce the coverage of resistive faults. Option 4
presents the most effective and reliable method of
discriminating system faults from heavy load
conditions. The load encroachment is a protection
feature available in modern line relay packages (for
example: [17], [18]) that enables the protection
engineer to define custom load regions in forward and
reverse direction. Modern study like [19] improves the
operation of the distance protection relay by
introducing a new blocking algorithm using Dynamic
Thermal Line Rating (DTLR) to restrain relay from
tripping when conditions in electrical power system
allow for it. This reference focused on the possibility of
Dynamic Thermal Line Rating usage to prevent
distance protection relay from tripping in situations of

6

extreme load conditions and power swing by
introducing an additional blocking signal into the
distance relay. The blocking signal is based on the
DTLR techniqgue monitoring weather conditions and
calculating the overhead conductor temperature and
actual for ambient weather conditions conductor
current limit and the author [19] analyzed this
technique by using MATAB/Simulink.

In the implemented model, different values of
maximum torque angle for example (60°, 75°, and
90°) are applied. As shown in Fig. 11, the simulation
results show that,to increase line loading (greater than
minimum MVA required to trip), the MTA angle can be
adjusted on some relays up to 90 degrees. As
indicated, such adjustments can increase line
loadability as measured along the load apparent
impedance line. If the applied relay has the capability
of increasing MTA, this method maintains trip
dependability while increasing loadability security with
minimum cost implications.

Reactance (Chm)

Resistance (Ohm)

Fig .11. Mho circle torque angle adjustment

IV. AGENT RULES OF ZONE 3 DISTANCE
RELAYS TO PREVENT HIDDEN
FAILURES AND BLACKOUTS

A. Model

Further studies suggested that incorrect operation
performed by zone-3 back up protection relays is due
to the presence of hidden failures that may trip a
healthy line instead of a faulty line. Such false trips
may lead to a sequence of trips resulting in a
catastrophic failure like blackout [8].
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In this paper, a distributed agent based supervisory
model is suggested to make zone-3 relays able to
distinguish between real faults and false faults
specially hidden failures induced tripping, facilitated by
the communication network to become an integral
parts of the smart grid. Zone-3 relays are often overly
sensitive to remote line overloading, and are known to
cause mis-trips during cascading failure scenarios.
Therefore, providing robustness to zone-3 relays to
minimize the risk of erroneous trips, especially when
hidden failuresare existed [8], is an important problem.
In the proposed schemes, a grid is populated with
agents at each relay, and an agent hierarchy is
maintained in master/slave relationship. The
communication established between relay agents
decreases the probability of erroneous zone-3 trips
thereby preventing them from annoying cascading
failure scenarios, and reducing the probability of
cascading blackouts. Many studies [20], [21]
discussed this issue and presented different
approaches and schemes for communications
between agents.

It is possible that a fault in a single transmission line
can be sensed at least by six relays i.e. zone-1, zone-
2 and zone-3 from both ends of the transmission line.
Therefore in order to classify a sensed fault as a real
fault or an unreal fault, agent of the faulted zone (relay
that sense fault) has to communicate with at least five
other agents. This can result in huge communication
overhead and longer response times. If the total
response time is greater than the relay fault clearing
times, agent based relay supervision scheme does
not serve the intended purpose. Therefore, in order to
reduce the response times, agents are hierarchically
distinguished as slave agents and master agents. A
slave agent associated with a relay is called as "slave
agent" and a master agent associated with a relay is
called as "master agent".

A slave agent relay records the fault status of its
associated relay and reports it to the master agent.
Master agent is endowed with high privileges and
responsibilities. At any given time, a master agent has
the fault status information of all the slave agents
reporting to it. Therefore whenever a relay senses a
fault, its associated slave relay agent records it and
queries the master agent, master agent compares the
queried slave relay agent’s fault status with the fault
statuses of other slave agent relays protecting the
same transmission line to classify the fault as a real
fault or an unreal fault and respectively acknowledges

the queried slave relay agent to trip or not to trip the
line out of service [21].

In proposed scheme as shown in Fig. 12, each relay
is associated with an agent that has the ability to
communicate with other agents in the network.
Whenever a relay senses a fault in the transmission
line protected by it, its associated agent records it and
communicates with other agents protecting the same
transmission line in the network to find out if the
perceived fault is real fault or unreal fault. If the
majority of other relays protecting the same
transmission line also sense a fault, classifying it as a
faulty condition, master agent can advise its
associated relay to trip. On the other hand if the
majority of the other relays protecting the same
transmission line do not sense a fault, categorizing it
as a fault-free condition,master agent advises the
relay not to trip. This is because the relay might have
sensed a fault due to temporary loading conditions
and it is not required for the relay to trip.

In this paper we focus only on the communication
between relay agents and estimate the sending and
receiving time, and we do not take into account the
setting of agents. In this work, to gain better
evaluation of communication for the zone-3
supervision scheme we use Cisco Packet Tracer
program as a communication tools.

agent sense a
fault

v
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Master agent
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' All slave

b d i
T /' agents data

_—TReal fault }

NO
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Fig .12. Flow chart of the proposed scheme of agent rules

The master agent has the topology of transmission
system within its domain, including the relays and

7
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breakers. All other agents in the domain are
considered as slave agents. In the proposed scheme,
as shown in Fig. 13, whenever a zone-3 relay senses
a fault in its zone as a reduction in impedance, it
gueries the domain master agent if any other slave
agents associated with the associated set of zone-1
and zone-2 relays reported any abnormality. The
master agent then requests the status of the
remaining slave relay agents. Based on the response
of the other relays, the master agent can decide if
zone-1 or 2 could not clear a fault that zone-3 must
act upon. If not, the zone-3 will periodically query
master agent until the faulty condition is either cleared
or the master agent instructs the zone-3 relay to
continue with its trip timer. This will reduce the
probability of false trips by zone-3 relays. The request,
response delays of communication must be within the
time allowed for zone-3 relays to wait before tripping.
The choice of the networking topology, the
communication protocol, and the physical media of
the network will affect these delays. Also, whether to
use the Internet or any other type of networks will also
have to be decided.

{ Zonel slave) [ Zone2 salve) [ Zone3 slave)

| agent / \ agent agent /
\ V. / \ 8 /
Zone-1 2
S > ~ Zone3 respond ot
> respclmd f to MA ~«
to MA Zone2
respond|
to MA MA
request to
zone2
MA request MA request
to zonel to zone 3
Y N
" Mater

Agent

Fig .13. Communications in the proposed scheme

As an illustration, consider a part of the IEEE 14 bus
system, as shown in Fig. 14. Consider a fault on the
transmission line between buses 10 and 11 in the
vicinity of bus 11, the relays that will sense this fault
are, zone-3 of relays R(9,15), R(12,12) and R(13,20)
sense this fault. Ideally the zone-1 of relays R(10,17)
and R(11,17), zone-2 of relay R(6,11) and zone-3 of
relays R(9,15), R(12,12), R(13,20) should see the
fault. Based on the response of the relays, the master
agent would locate the fault and would allow the zone-
3 timers of relays R(9,15), R(12,12), R(13,20) to
continue, whereas it would block the zone 3 timer of
all other relays ((14,16) in this case). If there is any
zone-1 or zone-2 relay operation and subsequent
circuit breaker operation, resulting in a successful
clearing of the fault, the master agent would silence all

8

the zone-3 timers. Thus the operation of zone-3 is
under the supervision of the master agent. One other
expected benefit of this scheme is the identification of
hidden failures in these relays. For example, in the
above scenario if any of the listed relay pick-ups is not
observed or other relays (like (14,16)) respond, it is an
indication of a hidden failure in the relay that has not
responded or responded wrongly, in sensing the fault.

i Bus12 Busld Busl4 Busd

RE/I12 4 | :
Linel2 RIZ12RIINE,. o0 Rli.’]& R]IS"]!JUMHJ R14/19 WMLi.ne]E RY/16
|
R6/20 Lige20 R]SJ RY/15

Busll Busl0 -

R6/11 Linell RIVIL Fuﬂ; Ll RW]IF' 01

Fig .14. Part of IEEE-14 bus system

Many studies [11], [20] presented different types of
communications and response time. In [11] the study
was experimented with various communication
topologies, protocols, and media to figure out which
topology, media, and protocol would make the
presented scheme feasible. It is clear that with fiber
media, all possible protocols, and topologies will allow
enough slack in latency for the studied scheme to
work. In [20]three different network topologies and
physical media of communication were evaluated to
find out the most suitable network topology and
physical media that meets the time constraints of
zone-3 relay supervision scheme. The networking and
optimization simulation results indicate that the
proposed scheme can reduce the undesirable zone-3
tripping and thus reduce the probability of occurrence
of blackouts. In this paper a model is implemented as
follows in the next section to study the time of
response between mater agent and slave agents. The
results of this model give better response, where the
time of response is less that the time gained before in
the previous studies.

B. Simulated example:

We assume each protection relay to be an agent
which can communicate with master agent directly. In
this way, relays near a bus/substation compose a
local area network (LAN) which uses Ethernet as link
layer protocol. Then relays can send message from
this LAN to other LANs or master agent through
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routers. The links between LANs are fibers media.
This simulation actually simulates various TCP/IP
based protocols for communication.

We use Cisco Packet Tracer program tool for running
communication network simulations. We apply our
simulation on 7 buses of IEEE-14 bus system. In this
simulation we put a router at each bus and we
connect between buses by fiber cables and each
router has IP address as shown in Fig. 15. Table 2
shows IP addresses of any cable at the start bus or
router to end bus or router.
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 —

rwr Routerl0
Routerll

Fig .15. 7 Buses of 14 IEEE bus system in Cisco Packet Tracer
program

Table 2. IP addresses for fiber cables

Start Bus End Bus
Bus to bus (router to

router) (Router) (Router)

IP Address IP Address
Router 6-To-Router 11 16.0.0.1 16.0.0.2
Router 6-To-Router 12 10.0.0.1 10.0.0.2
Router 6-To-Router 13 17.0.0.1 17.0.0.2
Router 12-To-Router 13 11.0.0.1 10.0.0.2
Router 13-To-Router 14 12.0.0.1 12.0.0.2
Router 14-To-Router 9 13.0.0.1 13.0.0.2
Router 11-To-Router 10 15.0.0.2 15.0.0.1
Router 10-To-Router 9 14.0.0.2 14.0.0.1

A master agent at any given instance has the
complete knowledge of all relays and breaker status in
its region. A slave agent, whenever it senses a fault,
sends the fault status of its relay to the master agent.
Thus master agent has up-to-date information of all
relays/breaker status. At any given time, slave agent
has the ability to contact master agent for any
required information like fault status of other relays. A
zone-3 slave relay agent queries the master agent for
the fault status of all relevant relays as soon as it
senses a fault due to a drop in impedance of the

transmission line it is protecting. Master agent
acknowledges by providing the fault status of the
respective set of relays. In order to achieve this,
master agent needs to have a set of rules of which
relays fault status along with its zones of protection, it
has to provide for a particular zone-3 slave agent
request.

C. Results:

Table 3 shows the time required to send a packet data
unit (PDU) message between one relay to anther after
running the model built in Cisco Packet Tracer
program.

Table 3. Time estimated to send a PDU between relays

i Time
Time
Bus to Bus (msec) Bus to Bus (msec)
Bus 12 to Bus 6 2
Bus 6 to Bus 12 1
Bus 13to Bus 6 2
Bus 6 to Bus 13 1
Bus 6 to Bus 11 1 Bus 11 to Bus 6 2
Bus 12 to Bus 13 1 Bus 13to Bus 12 2
Bus 13 to Bus 14 1 Bus 14 to Bus 13 2
Bus 9to Bus 14 1 Bus 14 to Bus 9 2
Bus 9to Bus 10 1 Bus 10to Bus 9 2
Bus 10 to Bus 11 1 Bus 11 to Bus 10 2

These results indicate that the delays can satisfy the
communication requirement for our scheme with Fiber
media.

V. CONCLUSION

This paper presents undesired operation of distance
relay third zone due to load encroachment and hidden
failures in power system networks. In this paper a
model of distance relay is built using
MATLAB/Simulink package, inside the modeling
single line to ground fault is chosen to be the fault
type and Mho characteristics is chosen to be as the
protection scheme. A graphical user interface (GUI) is
created using GUI package inside MATLAB for the
developed model. The phenomenon of load
encroachment is simulated in the established model
by changing the value of load until reach the value of
zone-3 setting. Also the value of maximum load ability
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limit of distance relay is calculated and simulated
using the established model in MATLAB. The problem
of cascading events caused by hidden failures in
zone-3 is also presented in this paper.We proposed a
hierarchically distributed agent based distance
relaying protection scheme and use communications
between each relay by using IP protocols for
communication to reduce the cascading outages like
blackouts due to zone-3 relay undesirable trips. This
technique is very helpful to distinguish between real
faults and unreal faults.
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Abstract - The new measurement devices such as
phasor measurement units (PMUSs), is considered to
be an essential component in implementing future
power network systems. The problem of optimal
placement of PMUs (OPP) requires finding a
minimum numbers of PMUs that must be installed to
provide full system observability. Due to the large
number of the PMUs required and their relatively high
cost, it is important to partition the installation of
PMUs placement into several stages to overcome this
problem. A new proposal depends on limiting the
number of installed PMUs at each stage and
maximizing system observability will be illustrated in
this paper. The proposed method will be implemented
on IEEE-14 bus system and IEEE-30 bus system.

I. INTRODUCTION

Operation of the power system is becoming very
complicated and facing many challenges every time
due to the expanding of the power generation and
transmission utilities. The power systems have also
become so interdependent that the events in one
area can cascade and have significant impact on
other remote areas. This change in the industry is
putting pressure for the development of new tools to
monitor system stability and reliability.

Until recently, available measurement sets did not
contain phase angle measurements due to the

technical difficulties associated with the
synchronization of measurements at remote
locations. Global positioning satellite (GPS)

technology alleviated these difficulties and lead to the
development of phasor measurement units (PMUS).

Synchronized Phase Measurement Unit (PMU) is a
monitoring device, which was first introduced in mid-
1980s. Phasor measurement units (PMU) are
devices, which use synchronization signals from the
global positioning system (GPS) satellites and
provide the phasors of voltage and currents
measured at a given substation. As the PMUs
12

become more and more affordable, their utilization
will increase not only for substation applications but
also at the control centers for the EMS applications

1.

All Synchrophasor measurements are time tagged
with the Coordinated Universal Time, via GPS. All
GPS receivers generate a very accurate pulse, which
is used by PMUs to generate very precise sampling
pulses. PMUs provide a more exact view of the
system because samples are taken and time
stamped in a microsecond sampling window and
although data from multiple units can only be
available and time aligned in the order of milliseconds
the time stamp included with the measurements
eliminates the errors introduced in the state estimator
by the size of the scanning window.

Different methods which are used to compute the
minimum required numbers of PMUs for full system
observability will be described in part II.

Importance of PMU in wide area monitoring system,
and PMUs placement based on system
decomposition will be illustrated in part IIl.

Different methods which are used for multi-stage of
PMUs placement in power system will be described
in part IV. Implementation of optimal multi-stage
PMUs placement will be carried out on IEEE-14 bus
and IEEE-30 bus systems, part V.

II. OPTIMAL PMUS PLACEMENT FOR FULL
POWER SYSTEM OBSERVABILITY

The main objective from this section is to explain
different methods which are used for optimal PMUs
placement to make the system fully observable. An
integer linear programming (ILP) approach is used to
determine the optimal number and locations of
PMUs. PMUs placement guarantees the system
observability during normal operating conditions as
well as single branch outages or single PMU outages.
The proposed scheme is applied to the IEEE-14 bus
and IEEE-30 bus systems.
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A. OBSERVABILITY RULES FOR PMUS
PLACEMENT

A PMU is able to measure the voltage phasor of the
installed bus and the current phasors of some or all
the lines connected to that bus. The following rules
can be used for PMUs placement:

Rule 1; assign one voltage measurement to a bus
where a PMU is placed, including one current
measurement to each branch connected to the bus
itself.

Rule 2; assign one voltage pseudo-measurement to
each node Reached by another equipped with a
PMU.

Rule 3; assign one current pseudo-measurement to
each branch connecting two buses where voltages
are known. This allows interconnecting observed
zones.

Rule 4; assign one current pseudo-measurement to
each Branch where current can be indirectly
calculated by the Kirchhoff current law (KCL). This
rule applies when the current balance at a node is
known [2].

B. INTEGER LINEAR PROGRAMMING(ILP) FOR
PMUS

A PMU placed at bus i will measure the voltage
phasor of bus i and a predetermined number of
phasor currents of outgoing branches of that bus.
The number of the measured current phasors
depends on the number of PMU channels made
available.

It is assumed that a PMU placed at bus i will
measure all current phasors of the branches
connected to that bus, in addition to the voltage
phasor of bus i. Therefore, with the absence of any
conventional measurements in the system, bus i will
be observable if at least one PMU is placed within
the set formed by bus i and all buses incident to it.
The zero injection bus, single PMU outage and
transmission line failure will be considered.
Therefore, the objective of optimal PMU placement
problem is to determine the minimum number of
PMUs so as to preserve the system Observability
[3]. This objective can be formulated as:

min E XL

iel (1)
fi=) ayxi Vi€l
ier (2)
fiz1 Viel
(3)
1 ifi=j
aij — {1 ifbusesiandjarcconnected
0 otherwise
Where:
Xi is a binary decision variable associated with
bus i
I is the set of buses;
fi is the observability function related to bus i;
aij is a binary decision variable associated with
bus
iand j
Table 1. Results of OPP for IEEE-14 bus system
) Min No of . )
Scenario Optimal locations
PMUs
Normal topology 4 2,6,7,9
Modeling of ZI 3 2,6, 9
Single PMU outage
] . 7 2,6,9 4,5,10, 13
with modeling of ZI

. PMUS PLACEMENT BASED ON SYSTEM
DECOMPOSITION [4]

Due to the large required number from PMUs to fulfill
power system observability it is considered
economically infeasible to install all these PMUs in
one shot. The optimal PMUs placement (OPP) is
divided into muti-stage installation. This means
solving the OPP in incremental placement strategy.
Area system decomposition by using the spanning
tree method will be illustrated. The optimal number of
PMUs for each area will be determined taking into
consideration the effect of the internal and boundary
buses, using these properties to minimize the total
number of PMUs for full power system observability.

In this section an approach used for finding the initial
partitioning between the buses of the power system
will be overviewed. This approach was firstly
proposed by Branes [5]. The approach partition the
network into many blocks (m) or sub-networks then, it
creates a formulation for that partitioning by using
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ILP. The main principle for this approach is to find the
minimum spanning tree for the network after that, the
system is partitioned using equi-partitioning, multi-
partitioning algorithm [6] and Kruskal algorithm [7].
Consider a power system with n buses and partitions.
Partitions are separated by tie-lines whose terminal
buses are assigned to both the connecting blocks.
Thus, after decomposition, each bus will belong to
anyone of these two categories:

e Internal bus (XI), if its neighbors belong to block-i.
(The bus inside area and is not connected to
buses of any other areas.)

e Boundary bus (Xb), if its neighbors are internal
buses of block-i and at least one boundary bus
from another block. (The bus inside area but
connected to buses of external area)

Based on these two categories, six bus vectors are
defined as follow:

e Xil - set of internal buses of block-i.

e Xib - set of boundary buses of block-i.

e XiTb - set of total boundary buses (including buses
of blocks adjacent to block-i ) associated with
block-i.

o  X={Xil; Xib} - set of total buses in block-i.

o XT= {Xil; XiTh} - set of buses of block-i including
neighboring boundary buses also.

e XB - set of boundary buses to be excluded from
block-i its constraint function.

The optimal PMU placement has been formulated as
an Integer Linear Programming problem in order to
minimize the total cost of PMU installation and the
constraints are formulated using phasor
measurements from PMUs along with the pseudo-
measurements. Pseudo-measurements are obtained
using Ohm’s and Kirchhoff’s laws. [8].

The following steps have been used to optimally
place the PMUs in the sub-networks.

1. Sort the blocks in descending order of their size

2. Start block counter, i = 1.

3. ldentify all set of buses for the block-i i.e. Xil, Xib,
XiTh, X={Xil; Xib}, XT= {Xil; XiTb}.

4. Formulate ILP problem for block-i as,

Min Z G Xjex

14

e Cjis the cost of PMU installation at

Subject to
fi (xpxgexg) =1

% = (0 or 1) bir
where

bus. Assume
that, cost of installation of each PMU has assumed
to be equal and considered as 1 p.u. Thus, in (1)
Cj=1.

e f is constraint set; constraint at any bus-j is

formulated in such a way that it becomes
observable either through direct phasor
measurement or phasor pseudo-measurement.
This is achieved either by directly placing the PMU
at the bus-j or at any one of the buses directly
connected to the bus-j.

e XB is the set of boundary buses to be excluded

while formulating constraint set of block. This is an
essential step; otherwise, each boundary bus
would be considered twice for the constraint
formulation and would lead to increased optimal
PMU solution. Thus, when a boundary bus is once
considered for the constraint formulation, it should
be added in the XB set so that it cannot be
considered again. Clearly, for i = 1 the first block,
XB would be a null vector and after each iteration it
has to be updated.

5. Update XB = {XB; Xib}.
6. If i = k, then Stop, else i = i+1 and go to step 3.

The results of the portioning of IEEE-14 bus system
are shown in figure (1)

Fig .1. OPP result for IEEE14 bus system after system
decomposition [4]
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Table 2. optimal PMU placement results for IEEE-14 bus system

Number Number of .
Number Optimal
System of zero
" of buses L PMUs
partitions injection
IEEE 14 3 55,4 0 4
IV. PROPOSED METHOD FOR OPTIMAL

MULTI-STAGE OF PMUS PLACEMENT
FOR FULL SYSTEM OBSERVABILITY

In this section the main principle of the proposed
algorithm will be explained. The simulation results will
be illustrated. The proposed utilizing model depends
on maximizing the system observability taking into
consideration installing limited number of PMUs at

each stage as constraints. The model will be
implemented on IEEE-14 bus and IEEE-30 bus
systems.

The main principle of the present algorithm is

maximizing the observability of the power system
subject to a limited number of PMUs at each stage.
By this way a direct relationship between the PMUs
placement at each stage and the cost or the available
budget during that stage will be considered. The main
objective function is to maximize the observability.

Max O (4)
Subject to
No PMU =M (5)

Where M is the number of PMUs at each stage
determined based on allocated budget for the
particular stage.

The steps of the proposed algorithm are illustrated as
follows:

1. Determine the minimum number of PMUs
required for full system observability N, taking into
consideration the zero injection buses and the
probability of PMU loss or transmission line
failure.

2. Determine the number of combinations of
choosing M PMUs in our system out of N.

4. Select the particular combination of M, which will
achieve maximum system observability, and
install the M PMUs at those buses at first stage.

5. At the second stage selected M buses at the
previous stage will be eliminated.

6. Calculate the number of combinations of choosing
M buses from the remaining possibilities or
combinations out of (N-M).

7. Determine the observability index for each
combination, choose the combination which will
achieve maximum Observability for the system
and install PMUs at those buses at second stage.

8. If there are many combinations achieve the same
observability for the system, the one which
achieves maximum number of new observable
buses which are not observable at the previous
stages will be considered where the remaining
buses are neglected.

9. At the next stages the three above steps (5-6-7)

will be repeated.
10. If all N buses have been taken at previous stages,
then all PMUs have been installed at the system.

T

l Read System

[

f Determine OPP for Primary & Backup (N)

I

Determine the number of combinations of choosing M :
PMUs outof N

|

! Detemine the complete system observability for each J

f———,——

combination

U

Choose the combination which will achieve
Maximum system observability and install M PMUs

Determine the
number of combinations
of choosing M PMUs out
| of (N-M)
Eliminate buses which
have beeninstalled at
previous stages

at those buses

Have all N buses
been taken at
previous stages?

No
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C No_ L Yes
A ML= (6) End
3. Determine observability index for each Fig .2. Flowchart of proposed algorithm for carrying out
combination included in M. multistage of PMUs placement
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V. CASE STUDY

In this study the above steps will be implemented. For
simplifying it can be assumed that the number of
PMUs which will be installed at each stage M = 2. The
implementation will be carried out for the IEEE-14 bus
system and IEEE-30 bus system.

A. IEEE-14 bus system

From section Il, the minimum number of PMUs
placement for full power system observability (OPP) of
IEEE-14 bus system is seven PMUs as follow:
TheOPP=[2 6 9 4 5 10 13]

By implementing the above steps in section IV on
IEEE-14 bus system, the results are shown in table
(3). The combination numbers of choosing 2 PMUs
from 7 are 21 as shown in the below equation.

cZ7= 72! _>1
2 2151 (7)

From the simulation results, it is found that, there are
three combinations that will achieve same system
observability, ten buses will be observable at each
one. These combinations are (6, 9), (6, 4), (4, 13). To
define which one must be installed at the first stage
from the above three Combinations, the maximum
number of new observable buses at the second stage
which are not observable at first stage for each
combination must be defined. After that start with the
combination number which achieve maximum number
of new observable buses at second stage. from the
simulation results it can be concluded that, all three
combinations will achieve three new observable
buses at second stage. the combination of (6,9) will
achieve these three buses four times while the other
two combinations will achieve these three buses two
times only.

So at first stage it is recommended to install two
PMUs at buses (6, 9). After the first stage the
following buses are observable[4 5 11 12 13
7 10 14 6 9]. After completing that stage the
system observability will be 0.7143, as shown in table

3).
At second stage, to define the location of the PMUs

which will be installed at the second stage, we should
carry out the followings:

16

Table 3. OMPP for IEEE-14 bus system results

Stages 1 2 3 4
Location of PMUs 6,9 2,13 4,5 10
Number of
observable buses 10 13 13 13
at system
New observable Non 123 Non Non
buses
4 5
11 1 231 23 ; j
12 4 5 4 5 5 11
Observable buses 13 7 11 12 11 12 12 13
status 10 13 7 13 7 7 10
14 6 10 14 10 14 14 6
9 6 9 6 9
9
Observability 07143 | 09285 | 0.9285 | 0.9285
Function
Observability
1 /_
0.5
== Qbservability
O T T T 1

Stage stage stage stage
1 2 3 4

Fig .3. Observability function toward multi-stages of PMUs.
B. IEEE-30 bus system

The minimum numbers of PMUs placement for full
power system observability are 16 PMUs. The optimal
PMUs placement is (OPP)

OPP=[1 3 5 7 9 10 12 13 15 17
19 20 22 24 27 29].

The combinations or possibilities of choosing 2 buses
from 16 are 120 as follow:

6. 16!

c¥=—=—=2___  -120
21141 (8)
From the results found that, there are one

combination (10, 12), will achieve maximum system
observability, ten buses buses. So at the first stage
two PMUs will be installed at buses (10,12). After that
stage the observable busesare[4 6 9 17 20
21 22 13 14 15 16 10 12].

To define the location of the PMUs which will be
installed at the second stage, the following steps must
be carried out:
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1. Eliminate any combination which contains bus 10
or bus 12.

2. Determine the remaining possibiliies or
combinations of choosing 2 from 14 as follow:

14!
=91

Cy'z —

21121 (9)
For each combination, we should determine the new
observable buses which are not observable in the first
stage. From the results it can be concluded that, there
are two combinations will achieve the maximum
number of new observable buses (8 buses), which are
not observable at first stage these combination are (1,
27) & (5, 27). To define which one must be installed at
the second stage, the number of buses which are not
observable at the second stage for each one must be
calculated. The combination which will achieve the
maximum number of new observable buses will be
taken. From the results it can be concluded that, it is
no difference between the two combination (1, 27) &
(5, 27), as if two PMUs are installed at buses (1,27) or
at (5,27), four new buses will be observable at the
third stage which are not observable at the second
stage. So at the second stage two PMUs can be
installed at buses (1, 27) or (5, 27). It can be assumed
that, at the second stage two PMUs will be installed at
buses (1, 27).

At the next stages same concept will be implemented.
The final results are shown in table (4).

Table 4. Conclusion results of proposed method for OMPP for IEEE-30
bus system

Staze BT Nember of | Swstem

sumber | lecancn

Osservasle
buses fuacton

7]
)
4

From the above simulation results on the two systems
it can be concluded that, the complete system
observability is achieved much before the last stage of
installation of PMUs. Also all the tie lines become
observed well before the last stage of PMUs
placement. Since the PMUs placement is robust
against a PMU failure or single line outage.

Observability

/ ——— Ohsarvability

Folkow ko Wo@ N owm ook

stage 1 stage 2 stage 3 stage 4 Stage 5 Stage 6 Stage 7 Stage 8

Fig .4. Observability function belongs to number of stages for
IEEE-30 bus system.

VI. CONCLUSION

Improvements in power system control and protection
is achieved by utilizing real time synchronized phasor
measurements PMUs. The trend in recent years is the
steady increase of Phasor Measurement Units
(PMUs) installations  worldwide  for  various
applications. Placement of phasor measurement units
(PMUs) in power systems has often been formulated
for achieving total network observability. In practice,
however, the installation process is not implemented
at once, but at several stages, because the number of
available PMUs at each time period is restricted due
to financial problems.

Full system observability will be achieved by installing
PMU at each bus, but the PMUs are expensive
devices. So it very important to minimize the numbers
of PMUs in power system. So different methods are
used to compute the minimum required numbers from
PMUs in order to fulfill the system observability even
PMUs failure or transmission line loss.

An Integer linear programming method had been
implemented. The optimal PMUs placement (OPP)
will be extended to multi-stages installation. This
means that instead of solving OPP in one shot, it will
be divided into many stages. New method will be
overviewed. That method depends on the
decomposition of the power system into sub-networks
and computes the optimal PMUs placement (OPP) for
each sub-network.
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Because of the power system with considerable size
will require a huge numbers of phasor measurement
units (PMUSs) for full system observability and also due
to high cost of PMUs it is very important to find
methods for multi-stages of PMUs placement
installation.

A new proposed method had been explained. This
method is depending on installing a definite number of
PMU at each stage. The study case and simulation
had been implemented on the IEEE-14 bus system
and IEEE-30 bus system.
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Abstract - Reliability indices (RIs) are the elemental
benchmark used by Egyptian Electricity Holding
Company (EEHC), and the Electric Utility and
Consumer Protection Regulatory Agency (Egypt ERA)
to evaluate the continuity and compliance of supply,
which surpasses the customer's requirements and
satisfaction.

The power system is very complex, mixing huge
different types of generating resources and clusters to
supply electric power through transmission and
distribution system to a number of customers with
varying requirements.

The main function of electric system is to supply
customers with electric energy that has an acceptable
degree of reliability and quality. The power system
continuity of supply level is controlled through system
indices. The most widely used reliability indices are
SAIFI, SAIDI and CAIDI (IEEE std. 1366-2000).

Historical electrical indices, reliability indices threshold
and satisfaction index are used as guide for electric
network performance, which measure the adequate
and secure power supply.

The paper presents the reliability indices, relation
between indices and satisfaction area to highlight the
appropriate guideline values for electric systems, also
presents the development of indices since 2011 to
now for distribution network in Egypt.

Keywords - Reliability; Power System; Benchmark;
Continuity; Indicators.

I. INTRODUCTION

The Egyptian Electricity Holding Company (EEHC)
mission towards the society is to supply electricity to
all types of consumers according to international
performance standards taking into consideration all
environmental, social and economic determinates

and also the terms and conditions set by The
Egyptian Electric Utility and Consumer Protection
Regulatory Agency (EGYPTERA).

EEHC has sixteen affiliated companies as shown in
“Fig. 1” (six generations (EPC), nine distributions and
the Egyptian Electricity Transmission Company
(ETC)).

EEHC

& EPCs <
o
brer
[= 3

v =

[=T1]

One ETC < w
o

®

¥ )

9EDCs s

¥
Customer

Fig. 1. the relation between EEHC and Egypt ERA

The main
Company
(EDC) are:

objectives of electricity Distribution

e Distributing and selling to consumers on medium
and low voltages.

e Managing, operating and maintaining medium
and low voltages grids in the company.

e Ensuring high level of quality, availability and
continuity of supply to distribution customers.
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e The following procedures have been taken to
improve

e Continuity of supply indices:

e Analysis of the causes in case of increased
unplanned interruptions and relate it to network
renovation and Rehabilitation plans.

o Follow up the implementation of maintenance
programs to insure optimizations of interruption
of supply time and at the same time
implementation of the maintenance procedures
with high quality.

o Intensive field inspections and data collection for
interruptions.

Each EDC consists of number of geographical
sectors, Have number of districts. The district network
consists of MV distributors, distribution transformers
(MV/LV), and MV, LV lines, as shown in “Fig.2".

EEHC and EGYPTERA use RIs to trace the
Performance of EDCs. EGYPTERA most commonly
uses KPlIs: SAIFI, SAIDI, CAIDI, ENS and CENS.

Il. PERFORMANCE INDICES (PIS)

Recommended interruption indices or  key
performance indices (PIs) are those defined in both
IEEE 1366[1] and the CIGRE study committee C2 [2]:

. SAIFI (System Average Interruption Frequency
Index): the average number of sustained
interruptions per customer during the year.

o SAIDI (System Average Interruption Duration
Index): the average time for which customers
power supply is interrupted in a year.

o CAIDI (Customer Average Interruption Duration
Index): the average time required to restore
service to the average customer per sustained
interruption.

o ENS (Energy Not Supplied): the summation of
energy not supplied due to supply interruptions
over a year Period. Its cost is CENS (cost of
energy not supplied).

20
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Fig. 2. Part of geographical area of an EDC
lll. SYSTEM RELIABILITY INDICES (RIS)

A. System Average Interruption Frequency Index
(SAIFI)

It measures the average number of interruptions
experienced by each customer. All planned and
unplanned interruptions are used in calculating the
index. SAIFI can be calculated as follows:

SAIFI = (No. of interruptions during one year)/ (No. of
customers).

B. System Average Interruption Duration Index
(SAIDI)

It measures the yearly average interruptions duration
per customer. It can be calculated as follows:

SAIDI = (XZduration of interruption in min)/ (No. of
customers).

C. Customer Average Interruption Duration Index
(CAIDI)

It measures the average time required to restore
service to the average customer per interruption. The
following formula is employed for calculating CAIDI:
CAIDI = (SAIDI)/ (SAIFI). [4], [5]

IV.CONTINUITY OF POWER SUPPLY

The main aspects of quality for electric network
operation are continuity of supply, safety, technical
quality of the commodity, end user service and
environmental impact. Continuity of supply measures
the electric networks ability to supply the end users
with electricity. It is generally characterized as the
frequency and duration of interruptions in supply.
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. Continuity of power supply or sustained outage —
an outage that lasts longer than a specified
amount of time .SAIDI, SAIFI and CAIDI are all
based on sustained outage .The duration of a
sustained outage varies from state to state.
IEEE -1366 defines the duration of sustained
outage to be 5 minutes.

. Power quality — measure of the purity of the
electric waveform on power lines. A power
quality event, which is not the same as an
outage, occurs when one of the waveforms
differs from a pure sinusoidal waveform or one
or two phases of power are lost. [10]

Measurements that can quantify power quality are
harmonic distortion and peak to peak voltage. Power
quality events can last from few cycles to a few
seconds and can be caused by lightning strikes,
falling trees, utility operations and operations from
other customers such as disturbances from starting a
large motor.

A. International example

A review of some countries revealed the SAIDI and
SAIFI performance shown in “Table I". These
countries also put greater emphasis on power quality
(3], [11]

B. Variables affecting reliability indices

1. Longer circuits lead to more interruptions. It is
easier to provide higher reliability in urban areas;
line lengths are shorter.

2. The distribution supply configuration greatly
impacts reliability. Long radial lines provide the
poorest service; grid networks are exceptionally
reliable.

3. Higher primary voltages tend to be more
unreliable, mainly because of longer lines.

Table 1. EUROPEAN RELIABILITY PERFORMANCE, WITH MAJOR EVENTS

Country SAIDI SAIFI
Austria 72 0.9
Denmark 24 0.5
France 62 1.0
Germany 23 0.5
Italy 58 2.2
Nerthlands 33 0.3
Spain 104 2.2
UK 20 0.8

*Source: council of European energy regulator ASBL (2008) 4th
benchmarking report on the quality of electricity supply .Brussel
CEER.

Faults and interruptions have significant year-to-year
variation  because  weather conditions vary
significantly, age of electrical equipment, or
performance of protective systems. These factor
variations are translated into variations in the number
of faults and in reliability indices.

C. Relation between SAIFI & CAIDI

The envelope of “acceptable supply” for relation
between frequency of interruptions and longest
duration per interruption is shown in “Fig.3”.

e Find optimum and customer satisfied: “A” area,
represents the area of biggest reliability, move
towards the origin, the performance will be better.

e Customer dissatisfied: Balanced area represents
the lower reliability, divided to:

¢ Region “B” indicates for the excess number of
interruptions but for short time durations.

e Region “C” indicates for litle number of
interruptions but for long time durations.

e Vertical axis “X” and horizontal axis “Y” give the
reliability indices threshold.

D. Performance indicators for EDC

“Table 2” and “Table 3” represent the development of
SAIFlI and CAIDI during 2011:2014 for EDCs. If
indicators through the three years are abnormal, (as
CAIDI for EDC3 & EDCS5), the stray number must be
dropped out.

Lower
Feliabaliy

Migher
Helialrilits

B

Fig.3. Relation between SAIFI and CAIDI
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Table 2. DEVELOPMENT OF CAIDI FOR EDCS

CAIDI

Company 2011 2012 2013 2014 average
EDC1 102.4 117.761 107.852 97.062 106.269
EDC2 31.768 27.12 24.118 21.758 26.191
EDC3 54.851 18.483 18.906 9.509 25.437
EDC4 143.577 2.094 7.576 67.048 55.074
EDC5 40.071 40.416 41.76 36.177 39.606
EDC6 67.841 48.567 27.377 28.104 42.972
EDC7 23.879 24.474 88.877 106.13 60.84
EDC8 152.413 106.931 103.703 108.7 117.937
EDC9 77.801 83.167 130.727 171.301 115.749

Table 3. DEVELOPMENT OF SAIFI FOR EDCS
SAIFI

Company 2011 2012 2013 2014 average
EDC1 0.435 0.495 0.423 0.341 0.4235
EDC2 0.192 0.169 0.134 0.131 0.1565
EDC3 0.149 0.934 0.958 0.764 0.70125
EDC4 0.452 0.405 0.442 0.445 0.436
EDC5 0.66 0.533 1.01 1.009 0.803
EDC6 3.01 2.145 0.095 0.081 1.3328
EDC7 0.121 0.117 1.388 0.559 0.5463
EDC8 0.289 0.169 0.464 0.225 0.287
EDC9 1.59 2.237 0.221 0.179 1.0568

The relation between SAIFI

and

CAIDI for 9 EDCs
during 2011:2014 is presented in “fig. 4”.

150 *

>

| * 2011
L]
100 = s " =012
2013
*
L) ®2014
s0 * ™
. e &
d [ 2
L]
o L .
o 0.2 04 06 0.8 1 1.2 1.4 1.6 18 2 2.2

Fig.4. relation between SAIFI&CAIDI for EDCs (data 2011-2012-
2013-2014)
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Fig.5 Relation between SAIFI and CAIDI fir EDCs in 2014
“Fig.5” represents the envelope of “acceptable supply
“for relation between SAIFI and CAIDI for EDCs in
2014.

According to IEEE1366, 2001 the target of SAIFI and
CAIDI are 1.0 and 90 minute respectively, they are
close to the calculated threshold values

Notes:

1. SAIFI and CAIDI are improved in 2014 for most
EDCs.
2. EDC2 and EDC3 are in optimum area

V. CONCLUSION

There is increasing demand from consumers for more
reliable and economical electric power. Many factors
share to evaluate the reliability of a power network:
design, planning, operation and maintenance and
faults; which have their contributed input to all power
network reliability.

The main measures to improve reliability: adequate
maintenance, adoption of preventive maintenance
rather than break down maintenance, improving
power quality and ensuring coordination protection
settings.

The reliability indicators for electric network in Egypt
are used by EEHC and Egypt Era to benchmark
performance and scenariotize investments in
generation, transmission and distribution network, to
improve performance. Also, these indicators are used
by system planners and operators as a channel to
improve the level of customer service.

Reliability level for its delivery facilities and, where
appropriate to improve performance.

The results are the reliability performance objectives
for EDCs, ETC, and EPCs shall have threshold
objective designed to help maintain the acceptable
envelop.
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Abstract - Towards the complete vision of smarter
distribution grid, advanced distribution automation
system (ADAS) is one of the major players in this area.
In this scope, this paper introduces a generic strategy
for cost-effective implementation and evaluation of
ADAS. Along with the same line, fault location, isolation
and service restoration (FLISR) is one of the most
beneficial and desirable applications of ADAS for self-
healing and reliability improvement. Therefore, a local-
centralized-based FLISR (LC-FLISR) architecture is
implemented on a real, urban, underground medium
voltage distribution network. For the investigated
network, the complete procedure and structure of the
LC-FLISR are presented. Finally, the level of reliability
improvement and customers’ satisfaction
enhancement are evaluated. The results are presented
in the form of a comparative study between the
proposed automated and non-automated distribution
networks. The results show that the automated network
with proposed ADAS has a considerable benefit
through a significant reduction in reliability indices. In
addition, it has remarkable benefits observed from
increasing customers’ satisfaction and reducing
penalties from industry regulators.

Keywords - Advanced distribution automation system,
Fault location, isolation and service restoration, Self-
healing grid, Relaibilty assessment study.

I. INTRODUCTION

In the contemporary world, the electrical distribution
system is the backbone of the smart grid environment.
However, most of customer outages are a result of the
distribution networks, where 80% of customer
interruptions attribute to faults and component failure at
the feeder level [1]. Conventional distribution systems
do not involve much automation i.e. rely mainly on
manual operations, and do not have any
communication or information exchange i.e. blind
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system. During system events, the absence of
monitoring and lack of information with increasing
failure rate would dramatically increase the duration
and number of customers affected by specific outage.
The technical impact will appear in decreasing the
reliability level of the network and the quality of supply.
The significant economic impact of this would be
observed in increasing the outages cost of utility and
their customers. For these reasons, improving system
reliability and power quality becomes an important
issue.

Keeping the above problems in mind, distribution
automation (DA) is the key answer to many challenges
facing electrical distribution networks. Referring to
electrical power research institute (EPRI), advanced
distribution automation system (ADAS) has been
defined as “a fully controllable and flexible distribution
system that will facilities the exchange of electrical
energy and information between participants and
system components” [2], [3]. The expected results of
applying DA on medium voltage (MV) distribution
networks include, for example, reliable, resilience, self-
healing, fully controllable and efficient distribution
system for energy delivery to end users in customers’
domain. Much of efforts that depend upon modernizing
the distribution network are accomplished and many
utilities around the world started distribution automation
projects [4]-[9]. ADAS combines different applications
that have been discussed in [10] and summarized as
follows:

e Fault location, isolation, and service restoration

e Volt/Var control and optimization

e Distributed generation resources management

o Adaptive distribution feeder protection
coordination

e Optimal feeder reconfiguration

e Automatic meter reading

e Demand side management
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Fault location, isolation and service restoration
(FLISR) is defined as the most beneficial, attractive
application among all applications of ADAS in order to
getting self-healing grid, enhancing the reliability level
of distribution networks, reducing operation and
maintenance cost and increasing customers
satisfaction. This is achieved by means of reducing the
outage time from several hours to few minutes [11].
There are different architectures for FLISR
implementation based on where the decision is made:
fully-centralized (FC-FLISR) [6],[7], fully-decentralized
(FD-FLISR) [8],[9] and local-centralized (LC-FLISR)
architectures. In fully centralized architecture, the
FLISR algorithms are implemented in DMS/SCADA
system located at the control centre (CC) in so far
area. In the decentralized architecture, the FLISR uses
an intelligent local controller, integrated with the
multiple switches distributed along feeder nodes.

The scope of this paper is to evaluate the effective
utilization of ADAS within power distribution systems.
In the context of ADAS implementation, to avoid the
huge investment and maximize the benefits towards a
complete vision for the smart distribution grid, a
generic strategy for ADAS is developed in this paper.
Also, a local-centralized architecture is presented as
the most appropriate architecture for FLISR
implementation within the investigated distribution
network. The reasons and encouragements for this
choice are discussed in the next sections. In addition,
the structure and procedure of FLISR system are
presented. Finally. The reliability assessment study is
performed using analytical technique. The results are
presented in the form of a comparative study between
the proposed automated and non-automated
distribution networks. The results show that the
automated network with proposed ADAS is able to
achieve a significant and considerable improvement in
reliability level of the distribution network.

[I. DESCRIPTION AND OPERATION OF THE
DISTRIBUTION NETWORK UNDER STUDY

A. Description of the investigated distribution
network

To prove the validity of the proposed study, it will be
performed on a real distribution network as a case
study. This distribution network is an actual, urban,
underground, 11 kV rated distribution network with
open-ring configuration. As demonstrated in Fig. 1, the
investigated network consists of an 11 kV distribution
substation fed from a 22 kV distribution system, which

has a 750 MVA short circuit capacity. This distribution
substation supplies four outgoing feeders. Each is
protected by and intelligent electronic devices (IED) at
the beginning of the feeder. The lengths of these
feeders are 5.485 km, 1.750 km, 3.725 km, and 6.725
km, respectively. The distribution network contains
thirty-five 11 kV compact secondary substations
(CSSs), which are installed over the four feeders. Each
CSS is a fully equipped package substation divided
into three main compartments: incoming MV
compartment, transformer (XFMR) compartment and
low voltage feeder panel (LVFP) compartment as
illustrated in

Fig. 2.
Grid Supply
System
22 kV 750 MVA SC
5 MVA
XFMR
11 kV
CB3 CB4
S/S 4-3
--------- 4
1 S/S 6-2 SiS7
S/S7-3eeemnccanan 3
S/S WithNC SW
S/S with NO SW @

S/S11-4

—_—_—— e —_—

|'11 KV RMU
Incoming
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|
: TXFMR 1| 04kv I
| 1oaky | LVFP I
| S | | — |
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Fig .2. Compact secondary substation compartments
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B. Operation mode of the investigated distribution
network

The existing MV distribution network is a conventional
network and have not involved much automation i.e.
rely mainly on manual operations. Traditional FLISR
still exhibits long time and stressful efforts as follows:

e The fault is detected via the outage reports
received from the outage customers.

e Afterwards, investigation process for fault
localization to determine the faulty section is
started. This process necessitates the patrolling of
the entire network.

e For successful isolation of the faulty section,
manual-switching  actions are  completely
accomplished by human intervention.

e Finally, other manual switching actions are
executed to restore the service to healthy
customers.

Briefly, FLISR is performed manually via human

intervention and hence, the network operator is facing
some of technical and financial issues that are defined
and represented by increasing the outages time and
outages costs, especially with the presence of the
underground cables spread over long distances.
Consequently, it is suffered from low level of service
reliability and low customers’ satisfaction.

[ll. THE PROPSED ADVANCED DISTRIBUTION
AUTOMATION SYSTEM

Motivated by the earlier mentioned issues in the
previous section, ADAS is an imperative solution in
order to strengthen the operation of MV distribution
networks. This following section attempt to discuss
some issues related to ADAS implementation from
different points of view, e.g. ADAS strategy of
implementation, selection of the most appropriate
architecture. Finally, the structure and requirements of
the proposed automation system is introduced.

A. Implemented strategy of ADAS

Although it may be not possible to describe a
successful ADAS strategy, rapid deployments
worldwide have thought some lessons [11], [12] that
help to construct the proposed implemented strategy
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for the existing distribution network, as illustrated in
Fig. 3. The target of the proposed ADAS strategy is to
determine the main requirements of ADAS including
selection of the most appropriate architecture or
approach for ADAS, defining of automation degree
and complete structure of ADAS. The detailed
explanation of the proposed ADAS strategy will be
presented as follows:

Define the most
appropriate ADAS

scheme

A

automation requirements of ADAS
degree

Specify the Determine the structure and

Monitoring Control

automation level $

Determine the optimal ’

Operation

L Technical and
Db Financials issues

Fig .3. General Strategy for distribution automation
implementation

Partially ADAS Fully ADAS

The proposed strategy starts with selection of the most
significant and beneficial application that is currently
needed for the system. This application will be the first
phase of the smart distribution network and will be
defined according to the existing technical and
financial issues facing the distribution network e.g. for
the existing distribution network, which is presented as
a case study, FLISR is defined. The second step is to
define the most appropriate architecture for ADAS.
The ADAS scheme is refer to where the decision is
made. Three different scheme are introduced in
section |. The selection criteria are based on the
requirements of the defined application, the nature of
the existing control strategy of the network, network
size and configuration, as well as economic resources.

The next step is the specification of the automation
degree. The automation degree is categorized into
three categories; monitoring, control, and operation or
any combination of them. This is based on the network
operator target and requirements. After that, utility
have to determine the copmlete structure and
requirements of the ADAS. In general, the main
structure and requirements of ADAS include: flexible
electrical hardware facilities, modern communication
technologies and intelligent software applications [11].
Finally, for for reasonable degree of improvement in
system performance and economic justification and
profitability, cost/benefit analysis is performed to
determine the optimal automation level of the
distribution network. The automation level of MV
distribution network is considered to be percentage of
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automated points in the network. For underground
networks, the automated points are the number of
secondary substations (S/Ss) retrofitted with smart
devices such as feeder remote terminal units and fault
indicators.

B. Proposed Local-centralized FLISR

Nowadays, the great evolution of smart sensors,
advanced communication technologies and utilization
growing of SCADA/DMS, accelerates the
transformation of the traditional distribution networks
into automated systems. Following the proposed
strategy for ADAS, FLISR application is defined as the
most appropriate solution among all applications of
ADAS to achieve self-healing grid and to improve the
reliability level of distribution network. FLISR is
implemented on the existing MV distribution network
based on local-centralized architecture, called (LC-
FLISR). The information is acquired and analysed in
primary substation. Then, the control decision is
executed automatically on real network or after
confirmed by the operator using the SCADA interface.
The idea behind FLISR is to achieve the self-healing
grid, where the service for all customers is restored
automatically after few minutes (< 5 minutes) from fault
from fault occurrence [11]. The main objectives of the
LC-FLISR are illustrated in Fig. 4. So, As shown in Fig.
5, the proposed structure of ADAS consists of:

Therefore, this paper aims to present a simple and
more efficient CBPWM technique to control three to
five-phase matrix converters, which can be used to
supply a five-phase induction motor drive system that
delivers some advantageous features for industrial
applications. The basic concept of the proposed
technique is already published in [27]. Thanks to its
simplicity, the proposed technique will be based on the
indirect modulation of the 3x5 MC which control the
converter as a double stage converter. Therefore, the
carrier based PWM methods are applied for each
stage independently. The proposed modulation will
maximize the converter VTR by operating the
converter in the overmodulation mode as well as in the
linear modulation mode. It also controls the input
power factor by controlling the input current
displacement angle. The proposed modulation
technique is verified wusing simulation and
experimental results based on a laboratory prototype
and the dSPACE-DS1104 controller platform and the
results are compared by the existing SVM technique.

e Master unit controller (called MU) as the “decision
support system” of the ADAS. The information is
acquired and analysed by MU. Then, the control

decision is executed automatically on real network

or after confirmed by the operator using the
SCADA interface

e Intelligent  software applications (FLISR

algorithms);

algorithms.

as this paper focus on FLISR
application. Thereby, there are two main intelligent
algorithms are needed to be integrated with
ADAS: “fault location” and “service restoration”

¢ Modern communication technologies as the heart
of ADAS. The core mission of the network
communications

exchange

facilities

to
between

provide

information
field devices

dispersed geographically along the distribution
grid and master unit located at primary substation.

e Flexible electrical hardware facilities (field
devices).
Detect the Locate the Isolate only Restore the
fault fault the faulty service
quickly accurately section within <5 min
Fig .4. FLISR Objectives
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Fig .5. Over view of local-centralized ADAS structure
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Regardin to field devices, the secondary substations
play a vital role in the evolution toward the self-healing
grid. Therefore, the retrofitting of the existing
traditional S/Ss with smart equipment suitable for
ADAS. A typical configuratuon of smart S/S is
presented in Fig. 6, where the figure is taken from [13].
However, the smart devices that are suitable for the
propsed ADAS are only highlighed. So, the smart S/S
is consists of: smart RMU equipped with motorized
LBSs, motorized CB, fault indicators (FIs), voltage
indicators (VIs), and uninterruptible power supply
(UPS). Also, the smart S/S is supported with feeder
remote terminal unit (FRTU) acts as a local controller
for field devices. In addition, FRTU acts as a gateway
between field devices and MU. From the literature [14],
the communication between MU and FRTUSs in this
paper will take place through public GPRS
communication based on IEC 60870-5-101 protocols
as a cost-effective solution [5]. On the other hand,
connection with field devices will be wired (serial RS-
232/RS-458) using conventional IEC 60870-1-104 or
Modbus RTU protocols supported by field devices. On
the way to realise a high level of reliability, reducing
outage time and outage cost, increasing customer
satisfaction, a fully automated system is implemented.
So, all S/Ss would be retrofitted with smart equipment
that are suitable for DAS.

11 KV smart

GPRS
IEC 60870-5-101
“

=

11/0.4 KV

—

FRTU

MCCB
XFMR Kiosk

Loads

0.4 kv

LVFP

RS 232/458
IEC 60870-5-104

Fig.6. Typical configuration of smart S/S with ADAS equipment

C. Proposed ADAS architecture:

In this paper LC-FLISR architecture is selected as the
most appropriate solution due to the following
reasons:

The choice of a LC-FLISR architecture to be

implemented in this paper is judged by the following
reasons:
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e Compared to fully centralized architecture, there is
no need for huge investment that is required for FC-
FLISR scheme including SCADA/DMS hardware
and software. The decision is taken from MU
located at the primary substation within the same
graphical area of the entire network. The results, the
communication is over relatively short distances.
Hence, high-speed data transfer is achieved and the
service restoration time is lower. The significant
economic impact of would be observed in
decreasing the customer outages cost of utility and
their customers.

e Compared to distributed architecture that has
limited functionality, in LC-FLISR, the structure of
constructed algorithm located in primary substation
is easy to be modified and expanded to
accommodate the upcoming extensions in the
network. Also, because of the communication
network between MU and RFTUs are already used
in the system e.g. GPRS network, a few costs are
required with adding more ADAS application such
as volt/var control and Distributed generation
resources management

D. LC-FLISR procedur

In this subsection, the steps of LC-FLISR procedure
are discussed as follows:

e Firstly, with permanent fault occurrence the IEDs
at the beginning of each feeder will detect and
initiate the corrective action as quickly as possible
for the corresponding feeder CB.

e With the help of the FPIs installed in each smart
S/Ss, the faulty section well-known between the
last flashed FI and first unflashed FI.

e The next is to isolate only the faulty section. So, a
control commands are automatically issued by MU
in order to open the proper LBSs surrounding the
fault.

o After the faulty section is isolated successfully, the
LC- FLISR algorithms are triggered swiftly through
SCADA inputs such as LBSs and FPIs statuses.
With fault location capability integrated with the
proposed ADAS system. The probable location of
the faulty point will be estimated, [15] rather than
determining the faulty section. Consequently, the
fault damage inspection and repairing time and
money can be saved.
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e Finally, the service can be restored again for the
customers of remaining healthy sections by the
help of the service restoration algorithm
implemented in MU. the service restoration
algorithm is responsible for generating a suitable
restoration-switching plane to the proper LBSs in
the system to achieve the goal [16]. As a result, it
will improve the service reliability and increases the
operational efficiency of the network.

IV.RELIABILITY ASSESSMENT STUDY

A. Reliability indices and technique

In order to quantify and evaluate the benefit of ADAS
implementation, reliability assessment study is
performed. System reliability refers to the capability
of the system to perform its specified task correctly
for certain duration of time. The system reliability is
represented using two terms “system adequacy” and
system security”. There are two categories of indices
that used to define the reliability level of the
distribution system; load point reliability indices and
system reliability indices. The load point indices
include; average failure rate, Ai (f/yr), expected
outage duration, ri (hr), and unavailability, Ui (hr/yr)
for load point “i” [17]. Also, the expected energy not
supplied index at each load point, EENSi (MWhr/yr)
can be used to assess the performance of the system.
From theses load point indices, the system reliability
indices such as SAIDI, SAIFI, CAIDI and EENS can be
then calculated for the whole system [17]. Theses
indices can be calculated according to references,

[18], [19] as follows:

Nt N
SAIDI=2=L2 hr/yr) 3)
T
T A.N:
SAIFI ::zﬁ—f”v’ (int/yr) ®)
T
SAIDI .
CAIDI =32 (hr/int) (7)
EENS =3"",PU;  (MWhr/yr) (8)

where: \; is failure rate of component j (f/yr), M is the
number of components that affect the load point “”, rj
"is" the restoration time of load point “i” after failure of
component “x” (hr), P; is the total demand at load
point “i” and Nt is the total number of customers

served (MW).

The reliability level of the distribution system depends
mainly on the overall time of the FLISR procedure after
fault event. This time is estimated according to the
operating strategy non-automated and automated
distribution network. In this paper, the reliability study
is performed using analytical technique based on
failure mode effect analysis (FMEA) [20]. The basic
procedure used in the analytical technique is shown in

Fig. 7.

[Obtain network and customer data]

[ Consider the failure for component x ]

!

[ Identify the affected area and load points ]

!

[Calculate Aix , rix and Uix for an affected load point i]

X = Xx+1

A= L4+ A+ y= (hr 1 NO Is all
1 1t A2+ M (/y) ( ) components are
onsidered
Ui= Agry+ Aorz+ o Ayry = 2 Yes
M Accumulate load point indices to calculate
ZX:Z /IXI‘X (111‘/_}11') [ the total load point indices A, ri and Ui ]
L A ( : )
U ZIW:]AXI'X Calculate system indices SAIDI, SAIFI, ...
=5 =55 (hr) 3)
1 x=1"%
EENS; = P, U; (MWhr/yr) 4)
Fig. 7. Procedure of the analytical technique for reliability
assessment
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B. Simulation results

The structure and configuration of the investigated 11
kV distribution network is presented in section II-A.
The reliability indices of the distribution network are
evaluated with two operating philosophy: non-
automated distribution network strategy e and
automated distribution network. Then, the results are
compared in order to ensure the achievement of
improving the reliability indices using ADAS. The
network reliability data are taken from IEEE Standard
493-2007 (Golden book) [19], and given in Table. 1.

shown in Fig. 8. This is observed through the reduction
in reliability indices. So, this will directly lead to the
improvement of the reliability level of the investigated
distribution network, increase customer satisfaction,
reducing system interruption cost for various load
categories (residential, commercial, industrial and so
on) by quick restoration of service and reducing
penalties and achieve incentives offered by regulators.

Table 2. Results summary of load point indices for non-automated and
automated distribution network

Non-automated Automated
LP | Feeder v ] EENSI r ] EENSI
Table 1. NETWORK RELIABILITY DATA (hr) (hriyr) (Mwhriyr) (hr) (hriyr) | (MwWhriyr)
1 #1 4744 1.108 0.148 3.029 | 0.707 0.094
Equipment | Failure rate | Repair time | Unavailability c 2 #1 4.916 1.157 0.284 3.214 | 0.757 0.186
. N omments
category | (failurelyear) | (h/failure) (h/year) 3 #1 4.826 1.131 0.303 3117 | 0.731 0.196
LV CB 0.0027 4 0.0108 4 #1 5.023 1.188 0.172 3.330 | 0.788 0.114
MV CB 0.0036 21 0.0076 5 #1 4.934 1.162 0.081 3.234 | 0.762 0.053
— 6 #1 6.035 1.500 0.045 4.424 | 1.100 0.033
LV Cable 0.00141 10.5 0.0148 1000 circuit ft. 7 #1 2726 1131 0.056 3009 | 0702 0.035
MV Cable 0.00613 26.5 0.1642 1000 circuit ft. 8| # 4.826 1.188 0.101 3117 | 0731 0.065
Disc. Switch 0.0061 26 0.022 9 #1 5.023 1.167 0.083 3.330 | 0.788 0.055
i i i i P —— 0 # 4735 1.105 0.077 3019 | 0.705 0.049
MV Transf. 0.003 130 1.026 egpﬁz 4 1) # 5.049 1.196 0.153 3.359 | 0.796 0.102
LV SWGR 0.0024 24 0.0576 12 # 5.995 1.487 0.156 4381 | 1.087 0.114
3] # 4.853 1.139 0.186 3.146 | 0.738 0.121
MV SWGR 0.0102 26.8 0.2733 14| #2 7.934 0.860 0.292 6.491 | 0.704 0.239
15| #2 8.213 0.904 0.360 6.792 | 0.748 0.298
The reliability study is performed under the following 16| #2 8196 | 0.902 0.252 6.775 | 0.745 0.208
assumption: normally, the distribution network 7] #2 | 8309 | 0920 | 0047 | 689% | 0.763 | 0039
. . . . 18| #2
operates in open-ring configuration, but some of the 8530 | 09%6 | 0227 | 713 | 0890 | 01%
19 # 8.180 0.899 0.355 6.757 | 0.743 0.293
network feeders can be connected to each other [ 72 | sooe | ossl 0095 | 6622 | 0724 | o073
through the normally open tie switch and the average BN 8196 | 0.902 0230 | 6775 | 0.745 | 0190
restoration time for the healthy customers defined to 22| %8 | 5875 | 0961 | 0211 | 4257 | 06% | 0.53
- . 23| #3 .998 0.98 0.073 389 | 0.722 0.053
be under 5 minutes with automated network and two > ! LT L >
. 24| #3 6.309 1.054 0.135 4.725 | 0.790 0.101
hours with non-automated one. Also all the CBs and | #3 6438 | 1083 008 | 2802 | osis | o038
LBSs are assumed to be 100% reliable and all failures 26| #3 7013 | 1.215 0.389 5486 | 0.951 0.304
are statistically independent. 27| #3 7.013 1.215 0.112 5.486 | 0.951 0.087
28| #3 6.610 1.122 0.103 5.051 | 0.857 0.079
. o 29| 3 5924 | 0971 0.618 4.310 | 0.706 0.449
The load point reliability indices such as A, r, U and 30| 6747 | 1153 0.101 5198 | 0888 0.078
EENSI are calculated using FMEA method with the 311 # | 6022 | 0992 0045 | 4415 | 0727 | 0033
help ETAP®12.60 software package and the results 32| # | 8204 | 1517 | 0404 | 6773 | 1252 | 0160
are presented in Table 2 for comparative stud il 103 | 2277 027 299 | 19%9 024
p p y 34 #4 5.403 1.444 0.252 2.914 | 0.779 0.136
purpose between non-automated and automated 3B | 5160 | 1366 0.190 5652 | 0701 0.008
network. In addition, the system reliability indices such 36| #4 | 5326 | 1418 0238 | 2828 | 0753 | 0127
37 #4
as SAIDI, SAIFI, and EENS are also calculated for 5224 | 1.384 0.145 | 2714 | 0719 | 0075
h of f feed d whol t d qi . 38| #4 5.232 1.387 0.371 2.723 | 0.722 0.193
each ofr Tour tee ers_ ah wnole sysiem an glven_ln 39 W 5.380 1436 0.460 2888 | 0771 0247
Table 3. The results indicate clearly that the load point w0 # 5224 | 1384 0.160 2714 | 0719 0.088
indices are improved significantly for all load points in ) # | 5411 | 1447 0296 | 2923 | 0.782 | 0160
- - - - . . - 42 #4
the investigated distribution network by implementing 5240 | 1390 | 0193 | 2782 | 0724 | 0101
h d dditi h | 43| #4 4.405 1.165 0.149 2,661 | 0.704 0.090
the prppolse ADAS_' l_n a .|t|on, there are a clear 44 | #4 5.326 1.418 0.149 2.828 | 0.753 0.079
reduction in system indices, i.e. SAIDI and EENS, for 5| #a 5341 | 1423 0.198 2845 | 0758 0.106
all system feeders and whole system. For the whole 46| # | 5318 | 1416 0085 | 2819 | 0750 | 0045
. . . 47 #4
system, there is a reduction in both SAIDI and EENS 5310 | 1413 | 0091 | 2810 | 0748 | 0048
. i 48 #4 5.310 1.413 0.197 2.810 | 0.748 0.104
by 34 % and 32 % respectively by using ADAS as
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Table 3. Comparison between system reliability indices for non-
automated and automated distribution network

Operating Feeder SAIDI SAIFI CAIDI (EI\EV’\\l/ﬁ
philosophy (hriyr) (int/yr) (hr/int) tyr)
Feeder 1 1.20 0.24 5.08 1.85
Feeder 2 0.91 0.11 8.23 1.86
Non-
automated Feeder 3 1.22 0.17 7.04 231
Feeder 4 1.40 0.26 5.37 3.18
System 1.20 0.21 5.86 9.19
Feeder 1 0.80 0.24 3.37 1.22
Feeder 2 0.75 0.11 6.81 1.53
Automated Feeder 3 0.96 0.17 5.52 1.78
Feeder 4 0.75 0.26 2.86 1.7
System 0.79 0.21 3.87 6.23
05 o
0.4
0.3
5 0.2
o 01
0
Feeder
1 Feezder Feeder pooger
3 4 System
(a) Effect of distribution automation on SAIDI
0.5 —————
0.4
0.3
0.2 =g
>
o 0.1
0 -

Feeder
Feeder
1 Feeder  cooder

4 System

(b) Effect of distribution automation on EENS
Fig. 8. Reduction in SAIDI and EENS with ADAS

V. CONCLUSIONS

The growing importance of ADAS and its expected
benefits on the operation of distribution systems
encourage the investigation of this subject. The results
show that the determination of the generic strategy for
ADAS will avoid the huge investment toward a
complete vision of smarter distribution systems.
Following the proposed implemented ADAS strategy,
FLISR application has been implemented on real,
urban, underground 11 kV distribution network based
on local-centralized architecture. From the
investigation, the presented architecture is defined as
a cost-effective solution with the existing network. The

results of reliability analysis for both automated and
non-automated distribution network are evaluated and
compared. It is concluded that the automated network
with the proposed ADAS has a tangible benefit through
considerable reduction in load point indices. Along with
the same line, the system indices such as SAIDI and
EENS exhibit a significant reduction by 34 % and 32
%, respectively. In addition, the proposed ADAS
provides an intangible benefits observed by grater
customer satisfaction and reduced penalties by
industry regulators through the reduction of the outage
time and outage cost.
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Abstract - Expert System (ES) as a branch of
Artificial Intelligence (Al) methodology can potentially
help in solving complicated power system problems.
This may be more appropriate methodology than
conventional optimization techniques when
contradiction between objectives appears in reaching
the optimum solution. When this contradiction is the
hindrance in reaching the required system operation
through the application of traditional methods ES can
give a hand in such case.

In this paper, the knowledge- based ES technique is
proposed to reach near-optimum solution which is
further directed to the optimum solution through
particle swarm optimization (PSO) technique. This
idea is known as Hybrid-Expert-System (HES). The
proposed idea is used in getting the optimum
allocation of a number of distributed generation (DG)
units on Distribution System (DS) busbars taking into
consideration three issues; reliability, voltage sag, and
line losses. Optimality is assessed on the economic
basis by calculating money benefits (or losses)
resulting from DG addition considering the three
aforementioned issues. The effectiveness of the
proposed technique is ascertained through example.

Keywords - Expert system; Artificial Intelligence;
particle swarm optimizatiom; Hybrid Expert System;
Disteributed generation; reliability; voltage sag.

I. INTRODUCTION

The problem of optimum allocation of DG units is one
of the most challenging problems emerged since the
advent of DG technology in DS. This is due to the
inherent characteristics of the electric power systems
with their contradicting behavior. As an example,
raising the generating capacity of the grid may lead to
improving voltage sag phenomenon at some busbars
and -at the same time- impairing this phenomenon at
other busbars. Another example is the case when

seeking at getting the optimum placing of a number of
DG units which minimizes the overall transmission
losses. This placing may not achieve the required
reliability level, or, at least does not verify the best
possible reliability indices. Many other contradictions
are found among grid operation, control, and
protection. Although most of literature about the
problem of DG allocation deal with radial systems
which are relatively simple [1-5]. The problem is still
complex and needs some assumptions to simplify the
solution. In many cases these assumptions limit the
usability of the suggested methods and the benefit
gained from them. On the other hand few authors
consider ring and interconnected systems which add
more complexity to the problem [6].

It becomes an agreement among all authors that the
Artificial Intelligence (Al) techniques are the only
suitable methods for solving the problem of optimum
DG allocation. Conventional optimization techniques
cannot be applied because of the non-convexity of
the objective function and the different nature of the
problem variables which contain electrical, statistical,
and economical variables. However the common
drawback in most of the Al optimization methods is
that these methods do not have a robust algorithm
which assures that the solution is the absolute
minimum (the least value) in case of minimization
problem. This is similar to the case of nonconvex
objective function in conventional optimization.

This paper suggests utilizing Hybrid Expert System
(HES) for improving and accelerating the solution of
optimum DG allocation either by conventional
optimization methods or by Al techniques. ES is not
an optimization technique rather than it helps in
getting adequate and quick pragmatic answers for
problems that defy effective solution. In the present
work a rule chain containing heuristic rules is adopted
to help in getting a “near optimum” DG allocation.
33
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This solution can be used as a starting population in
the PSO methods which helps in reducing number of
iterations and gives better results.

II. NOMENCLATURE

NS: Total number of busbars in the grid.

ND: Number of DG units.

TLL: Total power losses in grid lines, in p.u. KW.

CK: Cost of p.u. kWh loss in grid lines.

8760: Average number of hours per year.

CL: Total annual line loss cost of the grid, $.

CVS(j-k): Voltage of busbar # when S.C. occurs on busbar #k.
NV(k): Estimated number of S.C. on bus #k, per year.

F(j): Loss cost from load isolation resulting from voltage sag or
from forced outage at bus #j in p.u. KW.

R(Kk): Availability of busbar k.

VC(j): Critical trip voltage at busbar #j due to voltage sag.

VS(j): Voltage at busbar #j during S.C..

CS: Total annual loss cost due to voltage sags, $.

CT: Total annual cost in the grid due to line losses and voltage
sags, $.

Vi, V;: Voltages of busbars #i, j resulting from load flow solution.
Vi*, Vj* Conjugates of , respectively.

yi: Series admittance of line between busbars i and j.

yij: Shunt admittance of line between busbars i and j.

R, X: Series resistance and reactance of line respectively, in p.u..
P, Q: Active and reactive net injected power at busbar #i, in p.u.
P;: Real power transmitted by line i-j.

Ill. PROBLEM FORMULATION

The problem can be stated as follows: “It is required
to get the best possible allocation of a number of DG
units at busbars of a DS taking into consideration
three factors; line power losses, voltage sag and
reliability”.

As a common practice, the objective function of the
problem is derived on the form of cost function of loss
costs of the followings:

1. Loss cost due to transmission power loss (CL).
This cost reduces by reducing transmission line
power loss.

2. Loss cost due to load isolation by undervoltage
protection resulting from S.C. occurring
somewhere at any busbar in the DS (CV). This
cost may be reduced by minimizing the effect of
S.C. occurring at one busbar on the transient
voltage drops at other DS busbars.

3. Loss cost due to load interruption (CR). This can

be minimized by maximizing the reliability indices
at the grid loads.

34

Mathematically, the problem can be written as:

Mmimize CT =CL+C5 +CR

(1)
Subject to
Vimin Vi <V, Where; iVNS (2)
P, < P Where; i, VNS (3)

Conceptually, the calculation of CT is based on the
following functions:

4. Load flow: this function uses any traditional method
such as Newton-Raphson and Gauss-Seidel
methods from which TLL is calculated. DG are
modelled as PQ busses. Hence, the first part of
equation (1) is calculated as follows;

CL=(TLL)*(Ck)*8760 ”

5. Voltage sag: this function determines the grid
buses which will be tripped by undervoltage relays
when a three-phase S.C. occurs on one bus in the
grid. This is calculated for S.C. on all buses, one at
a time. Expected loss cost due to voltage sags is
calculated as:

NS NS
CS=> > CVS(j—k) (5)
k=1 j=1
CVS(j—k)=NS(k)e A(})) (6)
Where;
A(j)=F(j)ePL(]) ifVS(j)<VC(])) (7)
A(j) =0 if VS(J)>VC(j)

6. Reliability; Reliability assessment in radial DS is
relavively simple as load connected to any bus
requires that all components from the supply point
be avaliable. However, this concept cannot be
applied to the case when both main substation and
DG feed the grid at the same time as the grid
becomes no longer radial. For this reason, most of
researchers assume one DG only for reliability
assement and allows the DG operate
independently (island) where the main power is not
present [7,8].
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However, two issues have to be considered in order to
simulate practical requirements. These are:

1. Some distribution grids are fed from more than one
point. This makes the grid as ring or even
interconnected configuration.

2. It is essential to evaluate the reliability indices at
load points considering both DG units and main
supply feeding the grid at the same time. This
represents most of practical applications.

The two aforementioned issues violate the condition
of series reliability and draw attention to the
importance of reliability evaluation of ring and
interconnected systems. In the present work, reliability
of ring and interconnected network is calculated
following the method suggested in [9]. Cost of load
interruptions resulting from forced outage of any
component in the DS is calculated as

(8)

IV.HYBRID EXPERT SYSTEM

Rule-Based Expert System is a branch of Artificial
Intelligent system created to solve problems in a
particular domain. It has been developed to assist in
finding pragmatic answers for problems that defy
effective solution [10]. All knowledge in an ES is
provided by people who are experts in that domain.
ES may contain heuristic rules which differ from other
rules in that, they are not formulated as a result of
ordinary accepted knowledge but are rules that only
an expert would know. In general, to create an ES a
team consisting of expert and knowledge engineer
gathers the facts, rules and heuristic rules for a
domain and organizes them into an Al program. The
same problem may find different solutions
according to the ES used in this program [11].

As a matter of fact, not all problems can be or should
be solved by mean of an ES. Further, even among
those solution by ES is appropriate, the results found
may be marginally accepted. In this paper we suggest
HES to improve results and reduce the calculation
effort. The proposed methodology utilizes ES first to
get- near optimum- solution to the problem under
study, then this solution is considered as the initial
population for the PSO method. In this work, a rule

chain containing three heuristic rules is adopted to
help in getting near-optimum solution for the DG units
allocation which can be taken as starting populations
in the PSO technique. These are:

Rule #1
I Node has high load and it is connected with
high resistance lines.
THEN B(.ag.ln.wnh this node for DG installation for loss
minimization.
Rule #2
I The cost of load tripping at the node is high
and the load is critical.
THEN Installation of DG at this node has the second
preference.
Rule #3
IF The grid is highly interconnected.
The issue of reliability has less importance in
THEN :
DG allocation.

V. PARTICLE SWARM OPTIMIZATION

PSO is a branch of Al systems emerged in the last
three decades as an efficient method of optimization
[12]. It is characterized as a population of random
space. A particle’s location in the multidimensional
problem space represents one solution for the
problem. When a particle moves to a new location, a
different problem solution is generated. This solution
is evaluated by fitness function that provides a
quantitative value for the solution’s utility.

The velocity and direction of each particle moving
along each dimension of the problem space will be
altered with each generation of movement. In
combination, the particle’s personal experience and its
neighbors’ experience influence the movement of
each particle through a problem [13].

VI.CASE STUDY
The proposed problem structure was tested on the

IEEE 14-bus system given in [14]. Table | contains the
system lines and loads raw data
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