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Abstract - Based on the regulation of grid fees and the
regulatory requirements on the quality of supply, grid oper-
ators attempt to find an optimal balance between costs and
quality of supply. One main aspect of the quality of supply
is the non-availability of supply, which strongly depends on
the duration of the re-supply process and therefore on the
availability of resources. Consequently, grid operators need
to analyze the relation between a certain configuration of
resources and the corresponding costs and quality of sup-
ply. Focusing on the re-supply process in medium- and low-
voltage grids, this paper presents a detailed grid operation
model which allows to quantify this relation. Depending on
legal, regulatory or strategic requirements, this model al-
lows to evaluate and compare different configurations of re-
sources and the resulting quality of supply.

Keywords - grid operation model, resource manage-
ment, restoration, quality of supply

1 INTRODUCTION

Today’s regulation schemes for grid fees in liberal-
ized electricity markets give strong incentives for cost re-
duction. As a consequence, grid operators try to reduce
their operating costs. This may lead to negative effects on
the quality of supply, e.g., as empirically shown in [1] for
the U.S. energy supply market. To prevent a decrease in
the quality of supply, regulators impose quality standards,
which are usually linked to financial incentives. Accord-
ingly, grid operators attempt to find an optimal balance
between costs and quality of supply.

One main aspect of the quality of supply concerns the
availability of electricity to customers, which is usually
measured by the non-availability of supply, i.e., by dura-
tion, extent and frequency of supply interruptions. Most
incidents in the medium-voltage (MV) and low-voltage
(LV) power grid result in an interruption of supply and
need a supply restoration on site. A temporary non-
availability of resources leads to a delay in the restora-
tion and thus directly influences the quality of supply.
Resource management is therefore a major challenge for
grid operators, in particular to find an organization (spa-
tial and temporal availability) of resources which not only
guarantees the required quality of supply, but also mini-
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mizes costs.

In order to analyze the relation between the organiza-
tion and employment of resources and the corresponding
costs and quality of supply, a comprehensive model for
the operation of the grid is needed [2]. In the past, various
models for the calculation of the grid itself (short circuit-,
load flow-, reliability-calculation, etc.) have been de-
veloped. Nevertheless, an adequate model for the op-
eration of the grid is still missing. Existing models for
the re-supply process are not sufficient, since the effects
of limited resources and their organization have not been
considered. The duration of supply interruptions is typ-
ically sampled from corresponding distributions which
are, however, independent of the number of available re-
sources [3, 4, 5]. Other work [6] analytically calculates
the distribution of the duration of supply interruptions,
but again without incorporating effects of a limited num-
ber of resources.

This paper presents the first part of a complete grid
operation model, which focuses on the re-supply process
in medium- and low-voltage grids after incidents with an
interruption of supply. The model not only allows to eval-
uate a given configuration of resources with respect to
costs and quality of supply but also enables a detailed
analysis of travel and delay times. The new approach is
based on the modeling of the operation of the grid rather
than the physical and technical processes on the grid it-
self. In the first part of the paper the new model approach
is presented while in the second part it is applied to a
large, existing MV/LV grid. Conclusions from this case
study are drawn for the organization of a grid operating
company.

2 GRID OPERATION MODEL

The idea of the model is to simulate the operational
processes for the restoration of supply after interruptions.
A schematic view of the modeling approach is given in
Figure 1. The model is mainly driven by the demand
for resources for the re-supply on the one hand and the
available resources on the other hand. The demand for re-
sources is determined by a set of supply interruptions, and
the availability of resources is given by a specific number
of employees and equipment and the way they are orga-



nized. After the assignment of the resources to the inter-
ruptions, the total cost and the indices for the quality of
supply are calculated. In the following, the components
of the model will be described in more detail.
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Figure 1: Schematic view of the grid operation model.
2.1 Power grid and geographical model

The power grid is modeled by a sufficiently large
number of nodes, each aggregating all the electrical
equipment of its corresponding (geographical) area. Al-
though spatially simplified, each desired component of
the grid can be included in the model. An incident of
a component is hence associated with an incident in the
corresponding node. The nodes are connected by a set of
edges (“roads”), which represent the spatial structure of
the supply area. Each edge is assigned an estimated travel
time. Figure 2 depicts the graph (nodes and edges) of an
exemplary supply area.
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Figure 2: Graph of an exemplary supply area.
2.2 Interruptions of supply and restoration process

Previous work [3, 4, 7] often focused on optimal
scheduling of the restoration steps, which gave rise to
very detailed models for the re-supply processes and the
associated tasks. By contrast, the approach in this work
assumes a rather aggregated model for the re-supply pro-
cesses. It describes an interruption of supply by a generic
profile (shown in Figure 3) that is characterized by the
place and time of occurrence, the affected power and
the duration of the restoration process. By simplifying
the proceedings once the necessary resources are on site,
more emphasis can be placed on the actual assignment
and spatiotemporal availability of the resources within
the supply area itself.
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Figure 3: Profile of an interruption of supply.

In the interruption profile, the time of occurrence is
denoted by ¢y and the initially interrupted power by P;.
As soon as possible, a resource is activated and sent to
the site of the interruption. Let ¢4 denote the initial
delay (if no resource is available) plus the travel time
of the activated resource to the site of the interruption.
During 6, the interruption has to be analyzed and no
power can be restored. Due to the meshed construction
of medium-voltage power grids, customers can usually be
re-supplied by switching. Consequently, the failed power
follows a decreasing step function. To simplify the com-
putations, this step function is approximated by a linear
function. Hence, during d2, the failed power is assumed
to follow a linearly decreasing function. In some cases,
additional component repair is required to re-supply the
last customers. The repair often needs support of special-
ized resources. It is characterized by the (remaining) in-
terrupted power P, the (possible) delay plus travel time
d/, of the auxiliary resources and the repair time d5. As
switching is generally not possible in LV grids, it holds
that o = 0 and P, = P, for interruptions in LV. Fo-
cusing on the operational processes (e.g., employment of
resources), this characterization of an interruption of sup-
ply is sufficient, and the physical processes on the grid
itself (e.g., power flow calculations) can be neglected.

The restoration times d;,7 = 1, 2, 3, denote the work-
ing times for a field service employee which is on site
and available. It is assumed that the restoration times do
not depend on the number of employees and their orga-
nization, i.e., §;,7 = 1,2, 3, are input data to the model.
The values for the interrupted power P; and P, are also
input data to the model. On the other hand, the delay and
travel times 6,4 and ¢/, strongly depend on the availability
of employees and are the main quantities to be calculated
within the model.

By analyzing historical data, the failure rates of dif-
ferent types of interruptions and the probability distribu-
tions of the input parameters P, P, and ¢;,7 = 1,2, 3,
have been estimated. The types of interruptions are dif-
ferentiated by voltage level, type of component (e.g.,
cable, overhead line, substation), and grid design and
state. The estimated interruption frequencies and distri-
butions are used to generate interruption scenarios, i.e.,
sequences of interruptions. By varying the interruption
frequencies and distributions, more extreme scenarios
(e.g., due to exceptionally adverse weather) can be gen-
erated.



2.3 Resources and organization

Whereas a single field service employee — called re-
source in the following — can usually carry out the first
restoration phase of an interruption of supply with stan-
dard equipment, the repair phase often requires additional
specialized resources. The model therefore involves two
different types of resources, each responsible for one
phase of the interruptions of supply. It is assumed that
each phase can be handled by a single resource (of the
correct type). For the repair phase, a single resource is
interpreted as a team of (specialized) resources.

A limited number of resources is allowed to travel
on the edges which link the nodes of the power grid.
The resources are organized in possibly overlapping ar-
eas of responsibility, in which they are allowed to work.
The areas of responsibility and the availability of the re-
sources are time-dependent, allowing to distinguish be-
tween periods of normal work (“day”) and stand-by ser-
vice (“night/weekend”). Whereas all resources are avail-
able during normal work, only a subset of (randomly cho-
sen) resources is available during stand-by service.

At the beginning of each period of normal work, the
resources are uniformly distributed to the nodes of their
corresponding areas of responsibility. This is to model
that the resources are not waiting for the next interrup-
tion to occur but in reality are occupied with mainte-
nance work. At the beginning of each period of stand-by
service, the selected resources are set to the node corre-
sponding to their place of residence where they remain
on call in case of an interruption of supply.

2.4 Assignment of resources to interruptions

At a given point in time ¢, the currently available re-
sources are assigned to the currently active interruptions
of supply. An interruption is active, if it has already oc-
curred (i.e., tp > t) and if it has not been repaired yet.
It is assumed that the characteristic data of the interrup-
tion (P, P, and §;,7 = 1,2,3) is revealed as soon as
the interruption becomes active. Let R(¢) denote the set
of available resources and I(¢) the set of active interrup-
tions at time ¢. For i € R(t) and j € I(¢), define

O 1 if resource i is assigned to interruption j )
t 0 else.

The efficiency w;; of assigning resource i € R(t) to
interruption j € I(t) is defined as
__B@®
YT S0 + diy @
where P;(t) denotes the (remaining) interrupted power
of interruption j at time ¢, J,(¢) the remaining restora-
tion duration of the current phase, and d;; the travel time
of resource ¢ to interruption j. The value w;; can be in-
terpreted as marginal restoration efficiency as it indicates
the amount of power which can be restored per time unit.
The efficiencies w;; are used to decide the priorities of the
interruptions to be re-supplied in case of a shortage of re-
sources as well as to select the nearest resources in case of

a surplus of resources. The assignment of resources to in-
terruptions is calculated by maximizing the total marginal
restoration efficiency, i.e.,

maximize Z WijZij (3)
iER(L), JEI(2)

subject to the constraints that each resource can be as-
signed to at most one interruption, i.e.,

> z; <1 Vi€ R(t), (4)

JEI(t)

and each interruption must not be worked on by more
than one resource, i.e.,

> oz <1 Viel(). (5)

iER(t)

Consequently, interruptions with higher interrupted
power are generally prioritized, e.g., interruptions in
medium-voltage are preferred to interruptions in low-
voltage. Also, given a single resource and two interrup-
tions with an equal interrupted power and equal restora-
tion durations, the resource is assigned to the closer of the
two. In case of a shortage of resources, the interruptions
with the least efficiencies will not be assigned and will be
delayed.

According to the assignment, the resources travel to
their assigned interruptions and repair the failed equip-
ment. The assignment at ¢ remains valid until either an
active interruption is repaired, the next interruption be-
comes active or the availability of resources changes. In
any of the three cases, a new assignment is calculated for
the new point in time ¢/ (> ¢).

2.5 Evaluation

After the restoration of all considered interruptions,
the desired indices of the quality of supply and the total
cost are calculated. The individual modeling of each in-
terruption of supply allows an explicit analysis of travel
and delay times. The calculated key indices comprise

e interruption duration (customer average interrup-
tion duration index, CAIDI, according to [8]),

e non-availability of supply (system average inter-
ruption duration index, SAIDI, and average sys-
tem interruption duration index, ASIDI, according
to [8]),

e minimum and maximum durations of all interrup-
tions,

e duration until arrival on site and delay times of all
interruptions,

e energy not delivered in time, and

e total cost.

The total cost is calculated as the sum of labor costs,
costs for restoration and compensation payments. The la-
bor costs consist of labor costs for staff during normal
work and stand-by service. The costs for restoration in-
clude costs for material, driving costs, and payments for



restoration work during stand-by service. The compen-
sation payments are payments to customers who suffered
from supply interruptions longer than a given maximal
standard.

According to the regulatory or internal requirements,
(a subset of) these key figures can be used to evaluate a
given organization of resources. Moreover, by compar-
ing the calculated key figures of a (parameterized) set of
different organizations of resources, the most adequate
organization with respect to the given requirements can
be determined.

3 CASE STUDY

This section presents exemplary evaluations of the
model applied to an existing supply area. The aim is to
illustrate how the relation between a configuration of re-
sources and the desired key indices can be analyzed qual-
itatively and quantitatively.

The considered area has an approximate size of
2500 km? and includes both rural and urban zones. The
corresponding grid consists of approximately 13500 km
of cable lines (MV+LV), 6100 km of overhead lines
(MV+LV), and 6000 substations MV/LV. In the model,
this area is represented by 55 nodes, each covering a zone
with a diameter of approximately 8 km. The nodes are
connected by 179 edges with an average travel time of 21
minutes.

In this case study, two scenarios of interruptions are
used. Table 1 shows the key data of the scenarios. Sce-
nario “normal” corresponds to a typical set of interrup-
tions during one year and has a rate of 1 interruption per
8.4 hours. Scenario “extreme” models a short period (48
hours) with a large number of interruptions, e.g., due to a
storm, and has a rate of 1 interruption per 13.2 minutes.

number of interruptions
scenario MV | LV period
“normal” 203 839 1 year
“extreme” 99 119 48 hours

Table 1: Scenarios of interruptions.

In this case study, an organization of resources is
characterized by four parameters, which are defined as
n, the number of areas of responsibility,
pn  the number of resources during periods
of normal work given as ratio to the cur-
rent number (=: n%;),
ng  the number of resources during periods
of stand-by service, and
14 € {yes, no}, indicating whether (“yes”)
or not (“no”) the resources are allowed
to work outside their area of responsi-
bility.
The areas of responsibility are the same for periods of
normal work and stand-by service.
Six different organizations of resources are consid-
ered, each with a varying number of resources during
periods of normal work. The parameters of the organi-

zations are given in Table 2. Whereas all organizations
Oy, k # 4 have a fixed number of resources for stand-by
service for all values of py, the corresponding value ng
for organization O, is equal to p - n%;, the number of re-
sources during normal work. Hence, in organization Oy,
all resources are permanently available.

| organiz. | na | PN | ns [ 1a]
O, |11 ]{01,02....1}| 15 | no
O, |11 ]{01,02...,1}| 11 | no
O3 11 | {0.1,02,...,1} 11 yes
O, 11 | {0.1,0.2,...,1} | py -nQ | yes
Os 8 | {0.1,02,...,1} 8 | yes
Os 4 1{01,02,...,1} 4 | yes

Table 2: Parameterized organizations of resources.

Exemplary evaluations for the following key figures
are presented:

e non-availability of supply,

e duration until arrival on site, and

e maximum duration of an interruption.

In order to average the effects of the random start-
ing points of the resources and the random selection of
resources for stand-by service, each variant was calcu-
lated 20 times and the subsequent results are averages
over these 20 runs.

3.1 Non-availability of supply

In the following, the non-availability of supply is
measured by the SAIDI and the ASIDI for low- and
medium-voltage, respectively.

Figure 4 shows the total SAIDI/ASIDI (MV+LV) for
the “normal” scenario of interruptions and organizations
01,05, O3 in relation to the different numbers of avail-
able resources during normal work.

140

120
100

80
60

40
20 05 M
0

SAIDI/ASIDI [in % of current level]

0 10 20 30 40 50 60 70 80 90 100
number of resources [in % of current level]

Figure 4: Total SAIDI/ASIDI (MV+LV) for organizations O, O2, O3
and scenario “normal”.

For all three organizations, a number of resources of
more than 40% during normal work has almost no influ-
ence on the total non-availability of supply. First, it is to
remark that the current number of resources (py = 1)
is not laid out for the restoration of interruptions only,
but also for maintenance work, which amounts for about
95% of the yearly volume of work. In addition, due
to the small number of simultaneous interruptions and
the prioritization of MV-interruptions in the assignment,
no MV-interruption has to be delayed, even in the case



of very few resources. As a consequence, only an in-
creasing number of LV-interruptions has to be delayed
for fewer resources. As the contribution of LV to the to-
tal non-availability of supply can be neglected, this key
figure is hardly influenced by the considered number of
resources. However, there are differences between the
non-availability of supply of the three organizations. Or-
ganization O, outperforms organization O, for all con-
sidered numbers of resources. It can be concluded that
the number of resources during stand-by service, which
is larger for organization O, leads to this effect. Addi-
tionally, organization Os outvalues organization O, for
all considered numbers of resources. This is due to the
fact that the resources of organization O3 are allowed to
work outside their area of responsibility. Although hav-
ing fewer resources during stand-by service, O3 results in
approximately the same non-availability of supply as O;.

In Figure 5, the total SAIDI/ASIDI (MV+LV) for the
“extreme” scenario of interruptions is depicted for orga-
nizations O, O3, O4, and Os. Contrary to the “normal”
scenario, the total non-availability of supply is signifi-
cantly influenced not only by the considered number of
resources during normal work but also by the number
of resources during stand-by service. This is due to the
large number of simultaneous interruptions in the “ex-
treme” scenario. Furthermore, the effect of allowing the
resources to work outside their area of responsibility is
considerably higher (compare O, and O3). Due to the
permanent availability of the resources, organization O,
clearly outvalues the other organizations. This hints at
the necessity of additional resources during periods with
a highly increased number of interruptions.
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Figure 5: Total SAIDI/ASIDI (MV+LV) for organizations Oz, O3,
Oy, Os5 and scenario “extreme”.

3.2 Duration until arrival on site

The duration until arrival on site is defined as the time
between the occurrence of the interruption and the first
time a resource arrives on site. The duration until arrival
on site is an important internal performance measure but
also a possible regulatory key figure.

Figure 6 shows a part of the empirical distribution
function of the duration until arrival on site for all in-

terruptions of the scenario “normal” for the organizations
O3 and Og, each with py = 0.2. Whereas with organi-
zation O3, 90% of all interruptions have a duration un-
til arrival on site of at most 30 minutes, organization Og
only results in a duration until arrival on site of slightly
less than 50 minutes with the same probability. Again,
the results indicate a strong influence of the number of
resources during stand-by service. As organization Og
has much less resources during stand-by service than Os,
more interruptions are delayed and the duration until ar-
rival on site is worse.
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Figure 6: Empirical distribution function of the duration until arrival
on site for organizations O3 and Og (with py = 0.2) and scenario
“normal”.

3.3 Maximum duration of an interruption

The maximum duration of an interruption is the time
between the occurrence of the interruption and the last
restoration by switching or repair. This key figure is of
interest if the regulator requires compensation payments
for interruptions with a maximum duration of more than
an accepted limit.

In Figure 7, the average of the maximum duration
of all LV-interruptions of the “extreme” scenario is de-
picted for organization Os. This key figure reacts even
more sensitively to the number of resources during nor-
mal work than the non-availability shown in Figure 5.
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Figure 7: Average of the maximum duration of all L\-interruptions of
the “extreme” scenario for organization Os.

Furthermore, Figure 7 shows that LV-interruptions
cannot be neglected in case of an extreme scenario, al-
though their contribution to the highly aggregated key



figure “non-availability” is marginal. Beside the compen-
sation payments, such long-lasting LV-interruptions lead
to a bad reputation of the grid operating company.

4 CONCLUSIONS

In order to satisfy regulatory requirements and in-
crease the competitiveness, grid operators need to ana-
lyze the relation between the organization and employ-
ment of resources and the corresponding costs and quality
of supply. Due to the detailed modeling of the availability
of resources and the interplay with the re-supply process
after interruptions of supply, the presented approach en-
ables grid operators to quantify this relation.

The case study confirms that the presented model al-
lows to quantify effects of different organizations of re-
sources on costs and quality of supply. It also illustrates
how the calculated key figures can be used to compare
different organizations of resources with respect to vari-
ous regulatory requirements.

The model provides a useful tool to support strategic
decisions concerning the organization of resources. Ac-
cording to legal, regulatory or internal requirements, the
best organization of resources among a parameterized set
of alternatives can be found.

In further work the existing grid operation model for
MV/LV-interruptions will be extended. Models for inter-
ruptions in high- and extra-high-voltage as well as main-
tenance and grid construction will be added. This will
result in a complete grid operation model to evaluate the
organization of grid service companies.
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