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more competitive market environ-

ment is forcing utilities to rethink their re-

pair and maintenance strategies for sub-

station equipment. Economic consider-

ations, in particular, point to the need for

solutions which are capable of extending

the useful life of the equipment.

At the suggestion of the German utility

Energie-Versorgung Schwaben AG, the

Electric Power Systems Department at

Darmstadt University of Technology and

ABB Calor Emag Schaltanlagen AG

joined together to develop a software

package for planning maintenance strat-

egies for high-voltage networks.

Time-based maintenance (TBM) and

the replacement of components after

their scheduled lifetime has been the

standard maintenance strategy of utilities

for many years. While this type of main-

tenance normally achieves acceptable

results, it is not always the most econ-

omical solution, since the equipment is

not generally utilized for the full duration

of its potential lifetime. Recent years have

seen a trend away from TBM, ie mainten-

ance at fixed intervals, and towards con-

dition-based maintenance (CBM), which

is scheduled according to the degree of

deterioration of the equipment. A third

strategy, reliability-centered maintenace

(RCM), is currently receiving a great deal

of attention [1, 2]; RCM, besides asses-

sing the technical condition of the equip-

ment, also takes into account the in-

fluence of maintenance on the reliability

of the network.

A maintenance strategy designed to

take account of the aspects ‘technical

condition’ and ‘reliability’ has to follow a

certain procedure [3]:

• The condition of the equipment must

be evaluated.

• The importance of the equipment, ie the

influence of an outage on the reliability

of the power supply, must be known.

• Both items of information have to be

combined and evaluated in order to

rank the equipment according to its

maintenance priority.

illustrates the basic procedure in-

volved. In the following, descriptions are

given of the individual steps.

Besides the mentioned maintenance

strategies, it is also fundamentally possible

to use an event-based strategy, in which

equipment is serviced or replaced after a

fault has occurred. Such a strategy might

even result in the lowest overall costs for

equipment requiring only a low capital in-

vestment and for which the consequences

of a fault are minimal. As a rule, however,

event-based maintenance is not employed

in high-voltage power systems.

Effect of substation equipment

on availability and the cost of

electrical energy

Availability

A look at the fault statistics for substation

equipment can be useful as a means of

determining its availability. For example,

statistics kept in Germany over a period

of many years allow failure rates for the

key equipment in substations to be given

with some accuracy.

Table 1 shows the failure rates per

year and per 100 installed units over the

period from 1980 until 1993. The failure
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The assessment of the technical condition of substation equipment and

its influence on the network is basic to a reliability-centered mainte-

nance strategy. The Electric Power Systems Department at Darmstadt

University of Technology and ABB Calor Emag Schaltanlagen AG, Ger-

many, have jointly investigated the theoretical principles of such a strat-

egy and developed a computer program for its implementation. The new

software package allows equipment to be ranked according to the order

in which it has to be maintained or replaced. It is suitable for a wide

range of substation equipment, including switchgear, power transform-

ers and instrument transformers.
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rates, which are given independently of

the vendors, can be seen to depend on

the voltage level.

Moreover, the failure rates for entire

substations can be calculated using the

same statistics. Table 2 shows the cor-

responding values for the various voltage

levels and different types of substation

(air-insulated, indoor, air-insulated and

gas-insulated).

When the total number of substations

and the total equipment of different types

installed throughout the network are

known, it is possible to calculate an aver-

age number for each type of equipment

per substation. Combining these values

with the failure rates in Table 1, the per-

centage of total faults caused by the dif-

ferent types of equipment can be deter-

mined, referred in each case to the total

number of faults occurring in a sub-

station.

The result is a ranking indicating the

types of equipment that cause the most

failures in HV substations. For example,

in a 420-kV substation about 35 % of all

failures are caused by circuit-breakers,

followed by instrument transformers with

11.4 % and power transformers with

9.4 %. To obtain a final ranking, the aver-

age number of each item of equipment

per substation has to be considered. As

already mentioned, about 11.4% of the

failures are caused by current transform-

ers; in a 420-kV substation, however,

there are approximately 34 CTs, whereas

approximately the same percentage of

failures is caused by an average of 1.8

units in the case of the power transform-

ers.

The above considerations show that

the following types of equipment are the

main contributors to the overall failure

rate of substations:

• Circuit-breakers

• Power transformers

• Instrument transformers

• Disconnectors

This is therefore the equipment which al-

ways has to be considered when devel-

oping a maintenance strategy, whereby

the first two are responsible for the ma-

jority of the failures.

Cost

Besides the availability of the equipment,

the cost of the components also plays an

important role in the evaluation of a main-

tenance strategy. Thus, the equipment

listed above also has to be looked at

from this standpoint.

Software for maintenance

strategies

In general, software for maintenance

strategies has to take the following two

aspects into account [4]:

Procedure for maintenance planning 1

Table 1: 
Failure rates of equipment from different German manufacturers 
per year (1980 – 1993) and per 100 installed units

Equipment Un (kV)
110 220 380

Circuit-breaker 0.238 1.179 2.359
On-load switch 0.167 – –
Disconnector 1) 0.043 0.089 0.156
Earthing switch 1) 0.029 0.046 0.027
Transformer 0.365 1.537 2.069
Voltage transformer 0.035 0.068 0.113
Current transformer 0.020 0.047 0.147
Combined instrument
transformer 0.049 0.116 0.095
Surge arrester 0.149 0.329 0.391

1) 1984 – 1993

Condition of
equipment

Importance within
power network

Overall
evaluation

Maintenance
strategy

Σ
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• The technical condition of the equip-

ment

• Importance of the equipment in terms

of its effect on the network condition

Taking a circuit-breaker as an example,

these two aspects and the adopted ap-

proach will now be looked at more

closely.

Technical condition

The technical condition of a circuit-break-

er can be evaluated on the basis of differ-

ent criteria, some of which are listed in

Table 3. In addition, rating and weighting

factors have to be applied to take ac-

count of the influence of each criterion on

the overall value c representing the tech-

nical condition of the equipment . The

lower the number, the better the tech-

nical condition. For such listings, it

makes sense to fix a number such as 100

as the maximum attainable figure.

Table 3, for example, lists a small sec-

tion of the items of interest for the as-

sessment of a circuit-breaker. The indi-

vidual criteria can be set or adapted ac-

cording to the specific experience of the

equipment user. Also, the results of typi-

cal measurements carried out on the

equipment can be referred to in the as-

sessment, as shown in the last line of

Table 3. Examples are the operating time,

gas and oil analyses, tightness, and syn-

chronism of the contact switching. A

2

separate evaluation sheet can also be

drawn up for these individual measure-

ments, and the result of the evaluation in-

cluded in the total assessment based on

Table 3.

Importance of equipment in

terms of its effect 

on the network condition

The importance of a circuit-breaker in

terms of how it may affect the condition

of the overall network can be estimated

with the help of the following equation:

i = Q · p = (λ Ta) · p (1)

Q Non-availability of component

p Factor used to determine loss of

power

λ Failure rate of component due to

damage caused by fault

Ta Outage [h] (switching/repair time)

Table 2: 
Failure rates1) for 100 German HV substations 
from different vendors per year during the period 
1980 – 1993

Substation Un (kV)
110 220 380

AIS 8.517 24.824 40.655
Indoor AIS 7.744 – –
GIS 5.037 3.106 17.296

Substation (ave value) 8.153 24.641 38.710

1) Total number of failures in one year (average values) divided by the total number of
substations at this voltage level

Table 3:
Data sheet for the assessment of circuit-breakers (extract)

Criterion Rating Weighting Result

Age < 20 1 1
20 – 25 2
26 – 30 3
31 – 35 4
36 – 40 5
> 40 6

Experience with good 1 3
this type of . . . . . .
circuit-breaker bad 6

Maximum short- < 80 % 1 3
circuit capability 80 – 90 % 2

91 – 99 % 3

Number of switching low 1 1
operations . . . .

. . . .
high 6

Number of short- low 1 2
circuit interruptions ... 2

high 3

Type of circuit- SF6 1 1
breaker minimum oil 3

air 4

Measurement good 1 4
results . . . . . .

bad 6

P R E D I C T I V E  M A I N T E N A N C E
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The failure rate of a circuit-breaker is ob-

tained, for example, by evaluating the

network statistics or by referring to em-

pirical values. Adding these to the data in

Table 1, the failure rates can be deter-

mined as a function of the circuit-breaker

type and the nominal voltage of the net-

work.

The outage Ta of a component is either

the repair time (Tp) or the switching time

(Ts ), whichever is the shorter. Ta is de-

pendent upon the circuit-breaker duty, ie

where it is installed (overhead line, trans-

former, power station, coupling feeder,

etc). Thus, Ta is rated quite differently for

a reactor circuit-breaker than for an over-

head line feeder, which satisfies the (n–1)

planning principle.

The non-availability Q is weighted ac-

cording to the power outage in order to

define the importance of the circuit-

breaker in the network. Here, the actual

outage Pout caused by the fault is con-

sidered. The load factor p is given by:

(2)

Pout Power outage due to failure of the

component

Pmax Maximum power outage within

supply area possible due to failure

of a circuit-breaker

n Normalizing factor

The normalizing factor n in eqn (2) is

chosen such that the value i as per eqn

(1) may have a maximum value of 100.

A high value for i according to eqn (1)

means that the condition of the equip-

ment has a major influence on the net-

work.

Interpretation of the results

After the values for the two parameters c

and i have been calculated, they can be

entered (as crosses) in a plot . The ver-

tical axis indicates the technical condition

of the equipment and the horizontal axis

the extent of its influence on the network.

A cross in the top left corner represents a

component which, although in poor tech-

nical condition, would not have any major

consequences if it should fail. On the

other hand, a cross in the bottom right

half indicates a component which is in 

a very good technical condition. Failure 

of this component would have consider-

able consequences for the operation of

the network. The distances d1 to d5 (to

the x-axis) illustrate the priority which has

to be given to maintenance or replace-

ment of the individual circuit-breakers. In

the example shown, breaker 3 should be

maintained first, followed by breakers 2,

5, 4 and 1.

The characteristics cW and cE are en-

tered on the basis of empirical network

data, eg user-specific data. Lines parallel

to the abscissa i and passing through the

characteristics define the areas in which

maintenance or replacement is necessary

for technical reasons.

The allocation of the areas can now be

defined as follows : 

100 – cE: Replacement

cE – cW: Maintenance

< cW: No action required

Within any one of these areas, the priority

for the different measures is given by the

distances to line x.

Description of the software

The input window of the developed soft-

ware allows user-friendly evaluation of

the technical condition of a component.

The user can assess the individual criteria

by referring to lists of different evaluation

options and select the required variant.

As an option, default values can be

3

2

2

Interpretation of the results of the evaluation

c Technical condition of d1 ... d5 Sequence in which
equipment equipment within an area

cE, cW Characteristics is to be maintained/replaced
i Importance of equipment

2

100

100

cE

cW

x

d3

d4

d5

d2

d1

1

32

4 5

c

i

p = 1+ n
Pout

Pmax










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chosen, or special values typical for this

component can be entered in order to

determine the variables λ and Ta as per

eqn (1).

The evaluation lists can be divided into

‘must’ and ‘can’ areas, whereby a ‘must’

criterion always has to be entered to

allow an evaluation to be made. If, on the

other hand, there is no response to a

‘can’ criterion (eg measurement results),

the final ranking is corrected accordingly.

shows a screenshot of the main

window. On the left-hand side is an

extract from the list of circuit-breakers

known to the software, together with

their main data, eg the manufacturer,

substation, serial number, system volt-

age, etc. The list of criteria on the far

right allows the user to choose from the

total data inventory. With the help of this

window, the equipment operating at a

certain voltage level, in a certain sub-

4

station, or from a certain manufacturer,

can be selected and evaluated. A graphic

representation of the calculated results

as per is shown in the center of the

screen. Selected circuit-breakers are

highlighted and shown coloured in the list

on the left-hand side.
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