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ABSTRACT

Simultaneously increasing cost pressure and the need for
grid expansion demands savings in the field of
distribution grid operation. The implementation of a risk
based maintenance strategy promises low costs while
maintaining high reliability, because equipment is
maintained according to its technical condition and
importance. Based on a simulative analysis of the
influences of MV grid characteristics on the loss of
energy due to failures of the ring main unit, the
individual importance of key indicators is determined by
the analysis of variance and conjoint analysis.
Furthermore, a simulative comparison of condition and
risk based maintenance strategies are performed using a
condition based asset simulation. The results show the
impact of the weighting of condition and importance for
determining a risk index on the loss of energy and costs
for maintenance and fault clearance.

INTRODUCTION

The need for savings in the field of grid operation leads
to an ongoing implementation of risk based maintenance
schemes to ensure the reliable and safe operation of
MV/LV substations. A risk based maintenance scheme is
often used to plan maintenance measures, which bases on
the graphically risk assessment shown in figure 1. The
condition and importance of MV/LV substations are
evaluated separately by assessment procedures and
plotted on a two dimensional coordinate system. The risk
is determined by calculating the length of a connecting
line between the substation’s dot and a diagonal
intersection of the axis [1].

condition

-

N

o

importance

Figure 1: Graphically risk assessment methodology

The weighting of importance and condition can be
adapted by varying the angle between the diagonal and
the axis. Usually, the angle « is set to 45° to get equal
weights. The actual influence of this angle has not been
investigated.

Because different condition assessment procedures as
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well as parameterisations lead to diverse evaluation
results, it is necessary to develop methods for the
benchmark of assessment procedures for the equipment’s
condition as well as the importance and resulting risk.

CONDITION ASSESSMENT PROCEDURES

Common condition assessment procedures for MV/LV
substations are based on inspection protocols as input.
The protocols used comprise of 70 items that evaluate the
equipment’s condition by ratings between 1 and 4 [2].
The rating’s interpretation is given in table 1.

Table 1: Rating of inspection protocol items [2]
Rating | Interpretation
1 no visual failure
long-term maintenance required / no action

2 required until next inspection
3 short-term maintenance required
4 immediate maintenance required

A common assessment procedure is the weighted
summation, which evaluates indicators separately and
aggregates them to a condition value (see figure 2).

condition condition condition
component 1 (Z;) | component 2 (Z,) | componentn (Z,)

L»

overall condition of the equipment

Figure 2: Overview of the weighted summation [3]

For parameterization of the weighted summation, the
analytic hierarchy process (AHP) is used to determine
objective weights. The AHP is a mathematical method
for decision making that allows accounting for more than
one criterion to evaluate different decisions like the
importance of indicators. As relevant criteria, the minor
and major failure frequency and functional disturbance in
case of malfunction are chosen, because of their influence
on the supply reliability. Additionally, the repair
endurance in case of malfunction is considered to account
for the influence of resupply, after an outage occurred.
Furthermore, particular urgency for maintenance and the
number of affected customers in case of an outage is
taken into account. To ensure objectiveness, the medium
rates of minor failures calculated from historic events and
the repair endurance is estimated by a distribution system
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operator. Particularly critical failures can be considered
by knock-out-rules that lead to the worst possible
condition value if any critical failures are ascertained [3].

RISK ASSESSMENT

If a failure on the MV side of a MV/LV substation
occurs, the corresponding medium voltage grid will be
disconnected from the feeder by a circuit breaker. The
disconnection results in a loss of energy at all MV/LV
substations of the radial operated grid. To determine the
total loss of energy, the grid’s topology, rating of
transformers and the availability of remote controlled
short circuit indicators (RCI) have to be considered. The
total loss of energy due to substation failures can be used
as a measure to determine the individual importance of
MV/LV substations.

Simulation of Energy Losses

MV grids are simulated as radial operated ring grids. A
typical MV grid is shown in figure 3. Starting at the
busbar of the MV substation, every MV/LV substation is
looped into the MV grid by a ring main unit with three
load disconnectors. If a failure occurs at a ring main unit,
the circuit breaker at the corresponding feeder will break
the short circuit current and disconnect the stations, as
shown in figure 3.

MV

Figure 3: Typical ring MV grid in radial operation

The total duration from the failure occurrence until all
affected MV/LV substations are re-energised must be
determined to evaluate the energy loss. Therefore, the
failure clearance is simulated, considering the switching
of circuit breakers, the analysis of RCls, the manual
search for failures by reading of RCIs inside substations,
the re-energisation by switching operations in
neighbouring MV/LV substations as well as the provision
of generators if no switching operation is possible.

At first, typical MV grids are generated by varying the
number of substations, number of branch lines, number of
stations at branch lines, the transformer ratings at the
MV/LV substations and the availability of RClIs. To vary
the number of RCls, a factor is used that accounts for the
relative number of stations in the MV grid with remote
controlled indicators. RCIs are always installed at stations
were single feeder start, if available. The value margin of
the characteristic numbers is given in table 2. All possible
combinations are simulated, except for the transformer
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rating, which is chosen randomly.

Table 2: Margin of characteristic values for the
generation of MV grids (radial feeder)

Characteristic Value Margin
Number of stations 4-10

Number of branch lines 0-2

Station’s at branch lines 0-2
Transformer’s rating 50 — 630 KVA
Availability factor of RCls 0-1

Secondly, a failure at every MV/LV station’s ring main
unit is simulated, leading the circuit breaker to switch off
the radial operated feeder. Then, possible failure
locations are curtailed by analysis of RCIs, if available.

The manual reading of short circuit indicators starts at the
first substation behind the MV substation which is not
excluded from possible failure locations. If the failed
station is arrived, the re-energisation starts by
displacement of the open connection point. If substations
at branch lines or the failed station cannot be re-energised
by switching operations, it is necessary to provide a
generator to every station.

It is assumed that it takes roughly 20 min to arrive and
enter a substation and take a reading or to switch a load
disconnector [4]. The time to provide and install a
generator is assumed to be 90 min [4]. Furthermore, it is
assumed that every transformer is operated at its nominal
rating to calculate the loss of energy.

Importance and Risk Assessment

The importance of characteristics is measured by their
impact on the loss of energy. Two different methods, the
analysis of variance (ANOVA) and conjoint analysis, are
used to determine the importance of each characteristic
given in table 2. Both methods are shortly described for
an example of two characteristics A and B, while detailed
information can be found in the literature [5].

All characteristic values are normalised on a scale
between 0 and 1 from best to worst expected impact on
the loss of energy to eliminate the influence of absolute
values. A high availability of RCI for example is
expected to have the best influence because the failure
location is identified quicker, while a high transformer
rating leads to a higher loss of energy during an outage.

The ANOVA determines the effect of characteristics on a
target value, in this case the loss of energy. The target
value must be of metrical, the characteristics of nominal
scale. First the ANOVA divides the total sum of squares
of observations of the target value SS, into sum of
squares related to every characteristic SS,., the interaction
of A and B SS,; and to unknown errors SS,,,.

SS, = SS, + SSg + SS,5 + SS.,
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Every observation y,,, can therefore be determined by
the expected value of all observations, the influence of
the factors A (a,) and B (B,), the interaction of A and B
(aB) and an unknown error at the specific occurrences g
of A and h of B. The influence is a function of the
characteristic’s value.

Yok = U+ ag+ B+ (aB)gn + Egni

Where the characteristic’s effect a, is the medium
difference between the total medium value u and the
mean value of observations7y,, where the characteristic A
takes the value h.

ap=Yn — K
The characteristic’s sum of squares SS, are divided by
the degrees of freedom df, to determine the variance
MS,. Following a f-test is used to analyse the influence of
the individual characteristic on the loss of energy. The f-

value F, is calculated as followed and compared to a
theoretical value given by the f-distribution:

MS,

F, =
47 MS,

To measure the effect size of each characteristic, the n?-
value is determined by:

2 = Fyx dfy
4T Fyx dfy + dfy,

The conjoint analysis is used as a second method to
determine the importance of the characteristics. It is
usually used to evaluate the influence of different criteria
in decision making of a person based on an ordinal scale.
For the application in importance evaluation of MV/LV
stations, the subjective choices can be substituted by
calculations of the energy loss.

In correspondence to the ANOVA it is assumed that
every possible combination k of the J characteristics and
their M possible values has an additive influence on the
observation:

]
Yk = Z
j=1

The influences g;,, are determined that the result fits the
observed value best. A metrical ANOVA without
interaction is used to determine the p;, for every

characteristic’s value because all characteristics are
metrical scaled.

& B wx {ijk =1; j,muvalid for k
jm jmk

Ximi = 0; else
m=1

ﬁjm=37]_m —H

To determine the relative importance of characteristics,
the range of the influence of a characteristic is divided by
the sum of all characteristic’s ranges:
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max(Bjm) — min(Bjm)
W' =
g 25 =1(mn?x(ﬂjm) - n},in(ﬁjm))

The weighted summation is used to calculate the
importance of MV/LV substations. While the conjoint
analysis determines the relative importance of
characteristics directly, the ANOVA measures the
individual importance by 53 . Therefore, the n3% of all
characteristics are normalised that their sum equals one.

To assess the risk of MV/LV substations, the condition
and importance values are plotted on a two dimensional
coordinate system, corresponding to figure 1. The risk is
evaluated in dependence on the angle « of the diagonal
intersection of the axis. An individual weighting of
condition and importance can be achieved by variation of
a from 0° (importance) to 90° (condition).

CONDITION AND RISK BASED ASSET
SIMULATION

To analyse the impact of assessment procedures, their
parameterization and the influence of a on the risk
assessment, an asset simulation is developed that
simulates the development of minor to major faults. As
evaluation parameters, the loss of energy and costs of
maintenance are determined. It is assumed that
substations are inspected in a four years period. Minor
faults will develop within two inspections. The
simulation uses a discrete grade based system for
degradation, in accordance to the inspection protocols.
An overview of the simulation steps is shown in figure 4.

’ initialise asset population ‘
%

’ failure development

Y
’ risk assessment ‘
|

\Z
maintenance planning ‘

evaluation ‘

Figure 4: Overview of the asset simulation [3]

At first, the population of MV/LV stations is initialised
by setting master data parameters. A dataset of stations
with different types, e.g. compact stations and
prefabricated station’s is generated in accordance to the
population of a German distribution system operator [3].
The station’s type affects relevant failures. To allow an
importance assessment of the stations, the characteristic
values are chosen by random, based on a dataset that
contains all generated MV grids according to table 2. The
same selection is used for every simulation in this paper.
Every station is modelled considering every item checked
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by the inspection protocol, besides type specific
irrelevant failures. The population consists of 1000 new
stations at the simulation’s beginning which are assumed
to have their last inspection at an age of 44 years [3].

Ageing Model for MV/LV Stations

The asset simulation simulates the ageing of a collective
of MV/LV stations. Every item of the protocol degrades
consecutively in discrete states from 1 to 4, while the
degradation from state 4 to 5 is a major failure. For the
simulation of discrete states, a Markov chain is used. The
transition between two states i and j is represented by a
transition probability p(i,j). In this specific case, failures
develop within four years (see figure 5).

p(1,1) p(2,2) p(3,3)a p(4,4)a
p(1,2) p(2,3) p(3,4) p(4,5)

Figure 5: Markov chain for failure development

Transition rates are calculated using a database of more
than 1000 inspection protocols. Possible transitions
between the minor failure states are to the following or to
remain in the current state [3]. The transition probability
from state 4 to 5 is chosen to lead to the statistical hazard
rate of the individual equipment [6].

Simulation of Maintenance

After simulation of degradation, the station’s risk values
are assessed. Two strategies are considered for
maintenance planning. A threshold based approach plans
to maintain every station whose risk exceeds a given
threshold. Additionally, a budget based approach is
available where stations are maintained in order of their
risk as long as the budget is sufficient.

Evaluation of Simulation Results

To evaluate maintenance strategies, several performance
indicators can be considered. The maintenance costs are
calculated by summation of material costs, man-hours
and the time to arrive to the MV/LV substations. For the
calculation of maintenance costs, an appraisal of the
failure specific repair time is provided by a distribution
system operator and a service provider for maintenance
of electrical equipment. The man-hour costs are assumed
to be 60 €/h [3]. In addition, the mean time to arrive to
the station is assumed to be 20 min [3]. The component
specific costs of major failures are estimated according to
[6]. An example of assumed repair times for some
medium voltage equipment is provided by table 3.

Table 3: Exemplarily repair times of MV components [3]

Repair Time [min]
Component Rating 2 | Rating 3 | Rating 4
SFe-pressure 15 90 300
MYV housing 30 60 90
MYV earthing 90 90 90
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Furthermore, the technical consequences that result from
delayed maintenance are evaluated. Therefore, the results
of the simulation of energy losses are used to assess the
technical effect of faults at the ring main unit. For
transformer failures, it is assumed that a power equal to
the transformer’s rating is not provided for 90 min until a
generator is provided and connected, respectively.

Because of the stochastic deviation of simulation results
due to the probabilistic nature of Markov chains, the
simulation is repeated until the mean value of all
performance indicators changes less than one percent
according to the last five iterations.

SIMULATION RESULTS

Table 4 shows the weights of characteristics used to
evaluate the importance of MV/LV substations. The table
shows the results of the ANOVA and the conjoint
analysis. Most important are the number of stations, the
transformer rating and the availability of RCls.

Table 4: Weights of importance indicators

Characteristic Value ANOVA | Conjoint

Analysis
Number of stations 0.75 0.40
Number of branch lines 0.03 0.00
Station’s at branch lines 0.02 0.03
Transformer’s rating 0.13 0.15
Availability of RClIs 0.07 0.42

The number of branch lines and number of substations
connected by branch lines is assessed to have a weight of
0.03 or less. While the transformer’s rating is similarly
evaluated by both methods, the evaluation of the
availability of short circuit indicators and number of
stations at the MV grid differs.

A simulation of a risk based maintenance planning
strategy shows the impact of different assessment
procedures on the total costs (see figure 6) and the yearly
loss of energy (see figure 7). A budget based maintenance
planning approach has been simulated with varying
budget for maintenance activities from 0 to 220000 €.
The importance evaluation is parameterised based on the
ANOVA and conjoint analysis as well as the
transformer’s rating only, which is a common procedure
in current maintenance practises. « is set to 45°.

‘ transformer rating —®- conjoint analysis -5-ANOVA ‘

Lo
e o o
e s e S I

80

total costs [1000 €/a]

0 50 100 150 200
maintenance budget [1000 €/4a]
Figure 6: Influence of different weightings on total costs
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‘ transformer rating —®- conjoint analysis -B5-ANOVA

0 50 100 150 200
maintenance budget [1000 €/4a]
Figure 7: Influence of weightings on the loss of energy

loss of energy [MWh/a]

It is shown that the use of an assessment procedure that
considers the topology of the MV grid and properties of
the substation leads to lesser costs and loss of energy at
maintenance budgets between 50000 and 150000 €. The
results also show that if a high or low maintenance
budget is provided which leads to numerous or rarely
maintained substations, the results of different assessment
procedures are similar. This agrees with benchmarks of
different  condition  assessment  procedures  for
maintenance planning [3].

Results of an investigation on the effect of the angle for
risk assessment on the loss of energy are given in
figure 8. The ANOVA is used to determine weights for
the importance assessment. A threshold (TH) based
approach is used for maintenance planning where
maintenance activities are planned if the risk value
exceeds the threshold. Four different TH are simulated
with a varying from 0° to 90°.

-G TH=0
TH =0.05

— TH =0.1

-5TH=0.15

-
)]
o

e ®

o
® 0000000000

a
o

HCICICICICICIC,CLCICICICICICICICICLO)

o

loss of energy [MWh/a]
o
o

0 20 40 60 80
angle [°]
Figure 8: Influence of a on the loss of energy

The results show that the loss of energy can be reduced
by consideration of the station’s individual importance. A
condition based strategy is used at angles of 90°. The
optimal angle is threshold dependent between 30° and
40°. For a threshold of O which means that every
substation is maintained, the angle of the assessment
procedure has no influence on the loss of energy.

CONCLUSION

Risk based maintenance schemes promise low
maintenance costs while maintaining a high reliability of
the grid, because maintenance measures are planned
according to the equipment’s technical condition and the
consequences in case of failures only. An investigation of
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the individual loss of energy due to failures at the ring
main unit of MV/LV substations is undertaken to
evaluate the importance of the grid’s and station’s
characteristics. The results are used to parameterize an
importance assessment procedure for MV/LV substations
based on the individual influence of these characteristics
on the loss of energy as a technical consequence.
Therefore, the analysis of variance and conjoint analysis
are used to determine the individual impact.

Furthermore, the importance assessment procedure is
integrated into a risk based asset simulation that simulates
the effect of different maintenance strategies on the costs
and loss of energy. The results show that the developed
assessment procedures lead to lesser costs and loss of
energy than common assessment procedures based only
on the transformer’s rating. In addition, the influence of
the angle for risk assessment of MV/LV substations has
been investigated. The optimal angle for different risk
assessment procedures is determined.
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