
1236 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 32, NO. 3, JUNE 2017

Prioritizing the Restoration of Network Transformers
Using Distribution System Loading and Reliability

Indices
Roupchan Hardowar, Member, IEEE, Sergio Rodriguez, Member, IEEE, Resk Ebrahem Uosef, Member, IEEE,

Francisco de León, Senior Member, IEEE, and Dariusz Czarkowski, Member, IEEE

Abstract—A method is proposed to prioritize the repair or
replacement of out-of-service transformers that feed a heavily
meshed secondary grid. Priority assigned to the restoration of a
specific transformer is based on the risk reduction that results
from this replacement. Risk is defined as the reduction in the
probable number of customers out of service should the trans-
former return to service. This measure of risk addresses the
possibility of network collapse following feeder failures (occa-
sioned by load-induced failure of transformers or feeders) and
local customer impact on the secondary network. The prediction
of risk makes extensive use of load predictions for feeder sections,
network transformers, and secondary mains. A software tool
has been developed to implement the equations proposed in this
paper. This software gives system planners and operators the
ability to quickly and economically select the next transformer to
be repaired or replaced.
Index Terms—Distribution system contingency analysis, line out

distribution factor, network reliability, risk assessment.

I. NOMENCLATURE

Sum of impacted customers created by having
a transformer remaining out of service.

Transformer index; represents the difference
between transformers taken out of service and
when they are back in service.

Equipment loading divided by equipment
rating.

Probable number of customers interrupted as
a result of transformer overloads.

Probable number of customers interrupted as
a result of primary feeder overloads.

Probable number of customers interrupted as
a result of secondary mains overloads.
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Number of customers served.

Number of transformers that pick up new
additional load when a transformer is out of
service.

Numbers of feeders that pick up a new load
when a transformer is out of service.

Number of secondary mains that are
overloaded as a result of a transformer being
out.

II. INTRODUCTION

C ONSOLIDATED Edison Company of New York, Inc.
operates the world's largest underground electric system

[1]. In New York City alone, Con Edison supplies electric ser-
vice to 7 700 000 people through a complex electric distribution
system comprised of 64-s contingency networks, nearly 29 000
network transformers, and more than 85 000 mi of underground
cables, including primary feeders, secondary mains, and cus-
tomer service cables. Individual customers are served by a
low-voltage (LV) secondary grid which, in turn, is supplied
by feeders through network transformers; see Fig. 1. In such a
large and complex system, some 300 to 600 transformers are
typically out of service at any given time awaiting upgrade,
maintenance, or repair. Although this is less than 2% of the
network transformer population, significant financial, planning,
and operational resources are required to restore a transformer.
In order to manage the economical restoration of network
transformers effectively, an optimization algorithm is required
to standardize transformer impact and execute a “system need”
restoration philosophy. This paper presents such a method.
Distribution system planning relies on contingency analysis

to identify weak links. First and second contingency ( and
) design criteria are intended to ensure that the electric

distribution system can sustain the loss of one or two feeders at
peak system load without affecting electric service and keeping
the equipment operating within design limits.
Emergency-management systems (EMS) make use of real-

time analysis of data obtained from the network to assist distri-
bution system operators inmaking better decisions. The applica-
tion of power flow [2], line-outage distribution factors [3], and
the bounding method [4] provides the necessary tools to effi-
ciently identify where equipment overloads may occur because

0885-8977 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



HARDOWAR et al.: PRIORITIZING THE RESTORATION OF NETWORK TRANSFORMERS 1237

Fig. 1. Overview of the network distribution system.

Fig. 2. Line flow as a result of injected current at bus .

of out-of-service feeders and transformers. Network reliability
software is used to predict the vulnerability of networks from
cascading failures of primary feeders and widespread damage
to the secondary grid.
The most important computation tools used by the EMS uti-

lize contingency analysis and security risk analysis algorithms
[5]. While numerous power-flowmethods for contingency anal-
ysis have been proposed for system planning [6], [7], it was
found that for a large heavily meshed underground network,
the Z-bus matrix method is preferred [2]. In response to feeder
failures, EMS evaluates current and anticipated conditions to
identify situations that might result in violations of equipment
loading criteria. With this capability, system operators are able
to develop plans and operating strategies to mitigate such a po-
tential emergency. In particular, constructing the system Z-bus
matrix [2], [8] and running the power flow identifies loading on
nearby network transformers.

A. Related Work

The line-outage distribution factor (LODF) method is used
primarily in power systems to approximate the change in the
flow on one line caused by the outage of another line [3], [9],
[10].While this method is employed mostly in transmission sys-
tems [11], [12], nothing precludes its use to model distribution
systems. In this method, a change in flow in a branch con-
nected between nodes and is caused by a change in flow of
injected current at bus (see Fig. 2) and then the mod-
ified branch flows or LODF are calculated, accounting for the
known contingencies as

(1)

The calculated line-outage distribution factors and the
bounding method allow for the identification of transformers

TABLE I
SAMPLE RMS DATA COLLECTED FROM NETWORK TRANSFORMERS

subjected to significant load stress as a result of nearby
out-of-service network transformers. The bounding method
states that neighboring components pick up load in amounts
that diminish with distance [12]–[14]. This approach has
been employed for evaluating branch outages, generating unit
outages, and load outages [13] on the power transmission
and distribution system, but to our knowledge, has not been
employed to rank distribution system restoration efforts. It
does evaluate transformers loading, but ignores the impact of
secondary mains and primary feeders.
Network transformers are monitored in real time using the re-

mote monitoring system (RMS) that employs power-line carrier
(PLC) technology to collect the following real-time data: status
of the transformers and associated network protectors, the load
they carry, as well as voltages and temperatures. A sample is
shown in Table I. Network transformers can be out of service
for a number of reasons: tank leaks, damaged network protector
fuse, blocked open, upgrades, maintenance, and testing.
During a heat wave, when the temperature is up and equip-

ment loading goes up, it is desirable that all transformers be in
service to prevent overloads and maximize voltage quality. The
current ad-hocmethod employed for transformer restoration can
be improved and streamlined to optimize cost and reduce depen-
dence on the legacy resource-intensive manual approach. The
approach also requires running numerous power-flow studies
to help identify heavily loaded areas. A forecasted increase in
loading and temperature moves network transformer ranking up
or down in areas where demand changes significantly.
Although contingency analysis tools and real-time system

conditions have provided ample data on transformer loading,
no rigorous tool is available yet to prioritize the return of trans-
formers to service.

B. Contributions of the Paper

The contributions of this paper are to: 1) propose a rigorous
and robust algorithm to rank the replacement of network trans-
formers and 2) validate and use the proposed algorithm to rank
300–600 network transformers replacement on a large meshed
distribution network.
The developed computer program runs an iterative process of

power-flow and network reliability evaluation, replacing one of
the out-of-service network transformers at a time, which com-
putes loading and reliability indices, then computes the load
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contribution while keeping individual transformers out of ser-
vice. This computed load contributions is normalized by the
number of customers per network to prioritize the return to ser-
vice of network transformers. The algorithms analyze and quan-
tify the contribution to risk of each out-of-service network trans-
former and rank the benefit that will ensue should a transformer
be restored.

III. FORMULATION OF RISK INDEX USING THREE TYPES OF
DISTRIBUTION SYSTEM EQUIPMENT

The proposed approach to prioritizing the restoration of out-
of-service transformers relies on experience, data, and tools de-
veloped in recent years to predict loads in networks and network
reliability performance.
The contribution to risk associated with an out-of-service

transformer is defined in terms of the reduction in the antic-
ipated number of network customers who will lose service
in a specified time period (e.g., the duration of a heat wave)
should the transformer not be returned to service; all other
out-of-service transformers remain out of service. Risk, of
course, can also be expressed in terms of a contribution to the
likelihood where customers would be exposed to low voltage;
voltage reduction is a measure that is used to lower the risk
of collapse on a highly stressed network. Risk might also be
expressed in terms of the financial risk to customers and the
utility that results from the loss of power or voltage reduction.
An attractive feature of the proposed measures of risk is that it
can be applied system wide rather than be limited to providing
guidance for transformer restoration within a single network.
By examining all out-of-service transformers, the transformer

that contributes most to risk is identified and its return to service
is given priority. This process is then repeated to prioritize the
subsequent return to service of other transformers.
Both planning and emergency response functions within the

utility benefit from this approach. Prioritizing the restoration of
out-of-service transformers helps to prevent operational prob-
lems during the high-load summer months. This is particularly
important to prevent failures caused by overloading during
system peak time when resources are in higher demand. This
method avoids the costly and ineffective dispatch of field crews
to return low-priority transformers to service. The risk index
proposal allows resources to be reallocated to where they are
needed the most.

A. Goal
The goal is to identify the out-of-service transformers that

contribute the most to the risk of customer impact resulting from
a load shift on transformers, feeder sections, secondary mains,
and other out-of-service transformers and feeders.

B. Operations
Risk can be accessed in response to the evolving network

status in response to a multiple feeder and transformer feeder
during a heat wave. The restoration of a transformer to service
results in lower loads on other transformers and, therefore, de-
creases the likelihood of their failure. Fig. 3 illustrates how a
transformer out of service affects other transformers, feeders,
and secondary mains.

Fig. 3. Other sections pick up load with a transformer out.

The reduced risk of a transformer out of service and the ben-
efits obtained by returning it into service are characterized by
the following equation:

out of service in service
(2)

The risk index itself is expressed as a sum of the likely
number of customer impact that will result from the failure, out
of service, of overloaded transformers, feeders, and secondary
mains as

(3)

where is the probable number of customers interrupted as a
result of transformer overloads, is the probable number of
customers interrupted as a result of primary feeder overloads,
and is the probable number of customers interrupted as a
result of secondary mains overloads. A factor measures the
relative load of every equipment and is computed as

equipment rating
(4)

The number of customers impacted as a result of other trans-
formers that have increase loads is computed as

(5)

where

NC number of customers served by the network;

NT number of transformers that pick up additional
load when a transformer is out of service;

probability of a load-induced failure of an
in-service transformer participating in network
collapse.

Function is a monotonically increasing function of
transformer load developed from the analysis of historical trans-
former failure given by

(6)
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where

probability of transformer failure given its relative
load ;

conditional probability of network collapse after
the failure of transformer and the feeder that
serves it.

The probable number of customers interrupted as a result of
other feeders picking up the load for a given set of transformers
and feeders that are out of service is

(7)

where

NF number of feeders that are overloaded;

probability of a load-induced failure of feeders
participating in the network collapse. This term is
defined as

(8)

where

probability of feeder failing given its load ;

conditional probability of network collapse after
the failure of feeder .

Function is a monotonically increasing function of
feeder load developed from the analysis of historical feeder
failure data as a function of load, ambient temperature, and
feeder composition.
Finally, the predicted number of customer impacts that will

result from overloaded secondary mains is calculated as fol-
lows:

Increment in Load
Average Load per Customer

(9)

This calculation addresses the restoration of customers who
are already without power as a result of transformer restoration.
It does not, however, address the avoidance of load-induced
failure of secondary mains and additional customer impact that
might otherwise be avoided if the transformer was restored.
The equation of is determined from overloaded secondary

mains that are then assumed to be burned out. It is assumed that
the unrelieved overload of secondary mains will result in their
failure, thereby affecting customers. After their failure, loads are
dropped, and this is then converted to the number of customers
that are dropped as a result of the burned out secondary mains.

C. Planning

The application of the approach described before in planning
the nonemergency restoration of out-of-service transformers
can be made by either evaluating the risk associated with a
number of diverse heat-wave scenarios or by simulating the
reliability performance of the network and secondary grid and

TABLE II
OVERLOADS WITH ALL BANKS OFF SIMULTANEOUSLY

then ascertaining the contribution to customer impact made by
each out-of-service transformer.

D. Network Reliability Functions and Conditional
Probabilities
When the software developed is executed, variables and
are calculated in real time, using a current network condition

with possible primary feeders out, using the network reliability
simulation module. The network reliability evaluator (NRE) is
an operating tool that predicts the likelihood of cascading net-
work failures and possible network collapse in a heat wave,
given existing feeder contingencies, predicted network loads,
and ambient temperatures. In this tool, a what-if scenario com-
putes the conditional probability of cascading failures should
another feeder fail. For feeder , the network collapse after its
failure is . Similarly, for the transformer fed by feeder , the
conditional probability of network collapse after the failure of
the transformer is .

E. Implementation
Once the reductions in risk have been calculated for the

restoration of out-of-service transformers, one at a time, trans-
formers are assigned a rank. The control center can use the
resulting list to restore transformers in order of priority.
If there are nine transformers on the banks-off list, all are

taken out of the network model and power flow is run. All
overloads (transformer, primary feeder sections, and secondary
mains) are identified. With one of the banks replaced in the
model and all other eight banks out, this process is repeated for
each out-of-service bank and results in a total of ten power-flow
simulations.

IV. FAILURE RATES OF EQUIPMENT

The failure rates used for feeder sections, joints, transformers,
and other equipment are those used in network reliability
models. They reflect temperature, load, the age, and type of
equipment presence of multiple feeders within a manhole, and
other factors found to impact reliability.
As illustrated in Table II, eight transformers are out of ser-

vice simultaneously and cause eight other transformers to pick
up the load. These are the loading conditions that are used in
(5). The overloads refer to the transformer operating above its
normal ratings. When all are out of service, in this case, we
have eight transformers, all of them are taken out simultane-
ously from the power-flow model, and they cause an additional
eight transformers to be overloaded.
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Fig. 4. Typical residential load cycle with a double peak.

Fig. 5. Failure rate as a function of the prevailing load [16].

V. IMPACT OF TEMPERATURE AND LOAD

A. Temperature Impact on Transformer Reliability
Transformer ratings reflect a number of factors: tank design,

mass of oil andmetal, design criteria such as top-oil and hot-spot
temperature, vault conditions, daily load factors, and operating
ambient temperature. Fig. 4 depicts the loading of a typical dis-
tribution network where the network peak load is at 7 P.M.,
which is typical of a residential neighborhood. This loading in-
dicates that the network transformers are heavily loaded two
times per day: 11 A.M. and 7 P.M.
The maximum-allowable load on a transformer is defined as

the maximum peak load that can be safely applied to a given
transformer such that neither the calculated hot spot nor the
top-oil temperatures exceed their respective maximum-allow-
able temperatures limits. In the IEEE algorithm [15], equations
consider these factors which are implemented in a computer
program, thereby giving each transformer on the network a cal-
culated rating based on its individual characteristics.
Should transformers be allowed to operate at loads in excess

of this rating, their failure rates will increased rapidly; see Fig. 5.
As the percent loading goes up on the transformer, its failure rate
goes up. This was computed using historical data of loading and
temperatures collected from transformers over the past 10 years.

B. Temperature and Load Impact on Primary and Secondary
Cables
The continued exposure of secondary cable to loads in excess

of their normal ratings will result in cable failure. A secondary

Fig. 6. Secondary mains where overloads occur.

Fig. 7. Feeder failure rate as a function of load at 85 F [16].

network served by network transformers is depicted in Fig. 6.
Transformer V1234 is one of the transformers out of service, its
loading at bus compartment BC1234 will have no interruption
since there is a street tie to manhole M55555. However, the
secondary mains from M55555 to SB999 will carry the new
load and, therefore, become overloaded. We also see that there
are three primary cables RM01, RM02, and RM03 that feed this
network area.
The effect of temperature on primary underground cable has

been well characterized. As the loading shifts to other cable sec-
tions on the secondary grid, the temperatures in the ducts also
rise. Joints and cable sections of specific types and age exhibit
widely different failure rates; see Fig. 7. These variations can be
distinguished from the effect of loads.

VI. RISK INDEX ALGORITHM

The customers' impact calculation is performed as shown in
Fig. 8. The equations proposed in this paper were implemented
in a computer program: PlanRealStat. The program is executed
each day with the known banks-off and the resulting ranking
data are published to the local intranet. System planners use the
recommendations to implement improvements to the grid for
the next summer peak.
The program is also used under real-time system conditions.

System known conditions with all banks-off (transformers that
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TABLE III
TRANSFORMER(S) OVERLOADS IMPACT AS A RESULT OF TRANSFORMER V7769 BEING REPLACED

Fig. 8. Implementation of the proposed method.

are out of service), feeder(s) out, and open-mains (secondary ca-
bles that are burned out) data are input into the program. Oper-
ations use the program to make last minute decisions on system
hardening before the next-day heat wave. The following opera-
tions are performed:
1) power flow: compute of the feeder, transformers, and

secondary mains before and after the restoration of an out-
of-service transformer;

2) identify failure rates of individual components;
3) network reliability: compute the probability of contingen-

cies needed for individual transformers and feeder calcu-
lation

where is the equipment loading divided by equipment rating,
and is the conditional probability of equipment failure.

VII. NUMERICAL EXAMPLE

A numerical example is presented in this section to illus-
trate the process of using the proposed risk index equations. All
calculations are performed for a network with 16 primary net-
work feeders and 347 network transformers serving 38 275 cus-
tomers. Network performance during a heat wave is considered

with two primary feeders, 15 transformers, and 121 secondary
mains out of service.
A transformer that is taken out of service poses a risk to other

transformers by having them pick up its load and, therefore, be-
come overloaded. As a result of the overload, the secondary
mains and primary feeders in the vicinity of the overloaded
transformer become overloaded in turn. These changes in feeder
load also result in an increased probability of failure. These ef-
fects are described in (3) with an example given in Table III. The
customers' impact is calculated where there are five out-of-ser-
vice transformers and they are replaced one at a time. We can
see that by replacing V7769, 126 customers are relived from po-
tential low voltage, or being dropped from the grid. Calculating
the risk index shows the impact on the likelihood of network
collapse of having a transformer out of service (5). A ratio is
calculated using the transformer loading and transformer rating.
A transformer that is taken out of service results in the redis-

tribution of load and, thus, possibly load-induced feeder failures
and a greater likelihood of network collapse. A relative load is
calculated using feeder loading and feeder rating. This ratio is
then summed as shown in Table IV and is computed in (7). As
a result of replacing V7769, we can see that there are 16 cus-
tomers relieved from potential network problems.
Finally, secondary network mains are also impacted by

having a transformer taken out of service and, therefore, sec-
ondary mains sections overload contributes to the risk index. If
there are 35 secondary mains that get overloaded, we assume
that they get burned out and, therefore, remove all 35 from
the model and then identify the total load that gets dropped.
Table V shows that when transformer VS7769 is out of service,
1.33 potential customers get dropped.
The reduction in risk resulting from the restoration of a

single transformer to service is calculated for each out-of-ser-
vice transformer. Table VI presents the results from ranking
one distribution network with five transformers out of service.
There are five network transformers that are out of service in
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TABLE IV
PRIMARY FEEDER OVERLOADS IMPACT AS A RESULT OF TRANSFORMER V7769 BEING REPLACED

TABLE V
SECONDARY FEEDER SECTIONS OVERLOADS

TABLE VI
RISK RANKING OF HAVING TRANSFORMERS OUT OF SERVICE

the example. The wide variation in risk reduction makes priori-
tization easy in this case. If one would replace one transformer
on this network, it should be transformer VS7769. A second
transformer to be replaced is V508. The two transformers that
have zero impact will be considered the next day when the
software analyzes the new system conditions. The network
condition changes daily as a result of work being done, failure
of equipment, or newly added customers.
Table VII shows a subset with the rank for large meshed dis-

tribution networks where some transformers from a particular
network will have less of an impact compared to others from
other networks. From this table, system operators can quickly
identify networks where crews must immediately be dispatched
for transformer replacement. From an economic perspective,
funding can be sent to regions that have networks with the
highest impact. The network numbering is not in numerical

TABLE VII
RISK RANKING FOR ALL NETWORKS IN A LARGE DISTRIBUTION AREA

order since a transformer on one network may have a higher
impact than a transformer from a different network.
It was determined that 44% of network transformers that were

out of service have no system impact on network loading under
contingency . These transformers will be reconsidered on
a daily bases when the software is run. With a change in cus-
tomer demand and new customers added to the neighborhood,
these transformers may be deemed needed again or else they can
become candidates for relocation.

VIII. CONCLUSION
A method to prioritize the repair or replacement of network

transformers has been proposed. The method has been imple-
mented in software that is used to rank all existing networks
on a large distribution system with 300–600 transformers
out of service at a given time. Because of the large number
of transformers to be replaced, manual efforts needed to run
numerous power-flow studies and visual identification of maps
have proven to be costly and error prone.
The method proposed in this paper intends to target spending

and concurrently maximize system reliability. Transformers
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with a high impact on the networks will have high prioritization
for replacement and are replaced immediately. Transformers
with no impact at all will be left unchanged for the next year
and then be considered again (because of load growth in the
area).
The method developed in this paper is of general applica-

bility. It has been used for the prioritization of transformer re-
placement. However, it can also be applied for the prioritization
of secondary mains replacement.
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