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Abstract The lack of the necessary investment in the electric grid complex over
the past 20 years has led to a significant physical and technological obsolescence
of electrical networks. In this regard, the task is automatic. The task of ensuring
the reliability of the provision of services by electric network companies with a
minimum level of costs largely depends on the reduction of the duration of the
power interruption of consumers, which can be achieved by improving the process of
managing on-duty personnel of operational andfield teams. The task of improving the
process of managing the field service teams of a power grid company in case of acci-
dents and technological failures is considered. A conceptual description of a system
dynamic model based on the Forrester flow diagram is given. A formal description
of the process of own and borrowed resources operation pricing is presented. An
applied basic system dynamics model for creating simulation models of electricity
distribution companies is developed and proposed.

Keywords Simulation modeling · System dynamics · Costs · Power grid
company · Field service teams · Accident

1 Introduction

Modern society increasingly depends on a reliable power supply to ensure a sufficient
level of functionality and degree of basic need satisfaction. As a consequence, an
uninterrupted electricity supply is critical to society, and power grid companies are
becoming one of society’s most important infrastructures [1] defined as the physical
and logical systems necessary for social welfare [2]. Achievement of this task is
assessed by the service reliability level [3]. This indicator is directly affected by the
average duration of consumer power supply interruption [4]. Therefore, finding ways
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to reduce the duration of power outages is required [5]. Particular attention should be
paid to the issue of the organization of the teammanagement process during accidents
and technological failures, the quality of which depends on the timing of accident and
technological failure corrective measures implementation, which ultimately affects
the overall customer satisfaction [6]. On the other hand, the rational use of resources
allows optimizing the costs associated with their use [7].

The process of managing field service teams during the occurrence of accidents
and technological failures in electricity distribution companies is complex, with a
large number of possible situations and states. The works of Russian and foreign
authors concerning the management and optimization of repair work processes
describe the application of artificial intelligence methods [8, 9], including neural
networks [10, 11], fuzzy set theory [12, 13], and simulation modeling [14–16]. At
the same time, the stochastic nature of emergencies, which is influenced by the
specific features of the work of field service teams, the distribution of material and
technical resources and the pricing implies the advisability of choosing the simula-
tion modeling method as a research tool [17]. Among the knownmethods of building
simulation models (discrete-event, agent-based, or system-dynamic) it is necessary
to choose an approach to modeling, the end result of which should not be the predic-
tion or anticipation of future economic situations, but understanding the essence of
the dynamics of the system under study [18, 19]. It is the simulationmodels of system
dynamics that will make it possible to bypass a number of limitations in the study of
the management process for field service teams caused by the practical impossibility
of obtaining information about this process in various situations during which the
system and environment parameters change over time and a number of management
processes can be described only approximately [20, 21].

The purpose of this work is to improve the efficiency of the pricing process in
the field service team (FST) management for electricity distribution companies by
creating and analyzing the behavior of the system dynamics model.

2 Materials and Methods for Solving The Problem
of Process Cost Management

In case of receiving an accident alert, the network control center (NCC) deter-
mines the category of accident complexity, then determines the adequacy of its own
resources (OR)—the number of on-duty personnel and equipment at the FST loca-
tions. To eliminate an accident, the NCC forms the FST and provides it with the
equipment, depending on the complexity category and the estimated time of elimi-
nation. In the event of the lack of own resources, the entire available FST reserve, as
well as involved resources (IR)—contractor personnel and equipment, are directed
to the accident location. In this case, the FST is formed from ORs and IRs. In the
case where all own resources are involved in the emergency and recovery work, the
minimum required contractor team is involved. In the simulated system, accidents
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occur according to the Poisson flow with a given intensity for m days of model time.
Suppose the field service teams composed of a total of A people are on duty 24 h
a day. The total number of equipment that can be involved is B units. The model
implements a mechanism for equipping the FST with personnel and rented equip-
ment in case of lack of own resources, while at the same time a pricing process is
implemented.

We begin the construction of the system dynamics model by creating a conceptual
description of the system in the form of a Forrester flow diagram [22]. The diagram
(Fig. 1) shows the two main cost flows generated by the operation of OR and IR.
These flows are similar to each other and are broken down into cost flows related
to labor compensation and equipment operation. According to the communicating
vessels principle, the costs accumulated at previous levels affect the cost value at
subsequent levels (in the diagram, the levels are represented as rectangular blocks
1–9). The cost value at the initial level of each flow depends on the rate of cost flow
(in the diagram, the rates are represented as valves I–V). The rate of cost flows is
directly affected by: the number of resources involved (personnel and equipment)
(A, ai, aj, bi, bj), tariff rates (S1, S2, S3, S4, S5). In this case, the variable A is presented
as a constant, because the constant part of the on-duty personnel labor compensation
is made regardless of whether the personnel was involved in the accident elimination.
This model reflects a simplified scheme for calculating the labor compensation costs
of own and involved personnel and costs associated with the operation and rental of
equipment.

The following equations determine the cost levels of resource operation.

Fig. 1 Diagram of the cost flows associated with the elimination of accidents
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The cost value of own personnel (constant part) Z(A) is calculated using the
following formula (Fig. 1, level 1):

Z(A) = A × S1 × m (1)

where S1 is the size of the constant part (tariff rate) of own personnel salary, Rub.
The amount of labor compensation costs for own personnel (variable part) Z(ai)

is calculated using the following formula (Fig. 1, level 2):

Z(ai ) =
k∑

i=1

Ti × ai × S2 (2)

where k is the number of accidents that occurred over m days of the model time
eliminated using own resources; S2 is the rate accrued by own personnel ai, involved

at the time Ti to eliminate the i accident, Rub., i = −
1, k.

The cost value of operating own equipment Z(bi) is calculated using the following
formula (Fig. 1, level 3):

Z(bi ) =
k∑

i=1

Ti × bi × S3 (3)

where S3 is the rate for 1 machine-hour (model time) of work of own equipment bi
involved at the time Ti to eliminate the i accident, Rub.

The labor compensation cost value for the contractor’s personnel Z(aj) is
calculated using the following formula (Fig. 1, level 4):

Z
(
a j

) =
l∑

j=1

Tj × a j × S4 (4)

where l is the number of accidents occurring over m days of the model time, for
the elimination of which the contractor is involved; S4 is the rate accrued by the
contractor’s personnel aj involved at the time Tj to eliminate the j accident, Rub.,

j = −
1, l.
The value of the cost of operating rented equipment Z(bj) is calculated using the

following formula (Fig. 1, level 5):

Z
(
b j

) =
l∑

j=1

Tj × b j × S5 (5)
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where S5 is the rate per 1 machine-hour (model time) of the rented equipment bj
involved at the time Tj to eliminate the j accident, Rub.

The cumulative labor compensation cost amount for own personnel Z(A,ai,) is
calculated using the following formula (Fig. 1, level 6):

Z(A, ai ) = Z(A)+ Z(ai ) (6)

The cumulative value of the labor costs of own personnel and operation of own
equipment Z(A,ai,bi) is calculated by the following formula (Fig. 1, level 7):

Z(A, ai , bi ) = Z(A, ai )+ Z(bi ) (7)

The cumulative labor compensation cost value of the contractor and the operation
of rented equipment Z(aj,bj) is calculated using the following formula (Fig. 1, level
8):

Z
(
a j , b j

) = Z
(
a j

) + Z
(
b j

)
(8)

The total cost value Z is calculated using the following formula (Fig. 1, level 9):

Z = Z(A, ai , bi )+ Z
(
a j , b j

)
(9)

The cost flow diagram (Fig. 1) is designed to structure the costs of own personnel
and contractor personnel, as well as the amount of costs associated with the operation
and rental of the equipment and is implemented in the AnyLogic simulation software
(Fig. 2).

Fig. 2 System dynamics model diagram in Anylogic
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Fig. 3 GIS map of the system dynamics model in Anylogic

The animation diagram of the model should display a GIS map, on which power
facilities are marked with green GIS points. Their color should change depending on
the difficulty category of the accident: red if there is a category 1 accident; orange
if there is a category 2 accident; yellow if there is a category 3 accident. During the
entire time of accident elimination, the text information near theGIS point containing
the number of involved own personnel and equipment and, separately, the number
of involved personnel and rented equipment should be displayed [23]. At the end
of the accident elimination time, the GIS point changes color to green, and the text
information disappears (Fig. 3).

Depending on what system information is needed and what task is required to
be solved using the simulation model, the planning of the experiment is performed
taking into account resource constraints. Machine experiment planning is essentially
a plan for obtaining the necessary amount of information, the cost of which can vary
depending on the method of data collection and processing. Computer simulation
experiments are expensive in termsof experimenter time and labor, aswell asmachine
time. The more effort an experimenter puts into one study, the less time they can
spend on another, so it is important that they plan the experimentation to get as much
information out of each experiment as possible. Thus, the main goal of planning
experiments is to determine the most important factors in order to conduct the least
number of runs in the model experimenting process.
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3 Experimental Results of the System Dynamics
Simulation Model

The decomposition of the experiment planning process with the simulation model
of cost analysis for the field service team management process of the power grid
company is presented in the EPC notation (Fig. 4).

It is assumed that the work with the simulation model will be performed by the
Analytical Competence Center (ACC) by a user group with the ACC Specialist role.

Fig. 4 Stages of the experiment with the model in EPC notation
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The simulation model allows an ACC Specialist user to change the default param-
eter values before running the model. It is assumed that AnyLogic Private Cloud
is installed inside the corporate network of a power grid company and PC users
connected to the corporate network (with no limit on the number of users) will be
able to view the model uploaded to AnyLogic Private Cloud by an ACC Specialist
user.

The costs associated with the use of resources to eliminate accidents are visually
accumulated in the running model window throughout the simple experiment. The
diagrams (Fig. 5) are designed to display the time trend of the cost values for own
personnel labor compensation Z(A,ai); operation of own equipment Z(bi); contractor
labor compensation Z(aj); operation of rented equipment Z(bj).

The Consumer power outage duration chart (Fig. 6a) is designed to display the

Fig. 5 Time trends of cost values (animation fragment)

Fig. 6 Time trends of power outage duration (animation fragment)
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Fig. 7 Experiments with the model

time trend of the average consumer power outage duration. The Duration of power
supply interruption histogram (Fig. 6b) is designed to display data on the duration
of consumer power supply interruption: the histogram divides the time scale into 10
intervals; the interval in which a greater number of durations occur becomes higher,
which means a greater density of entries in this interval.

In determining the optimal number of on-duty personnel and the optimal number
of equipment to minimize costs (optimization experiment 1), the best result Z =
224,609,199.40Rub.was found,which is achievedwhenA= 75 andB= 37 (Fig. 7a).
In determining the optimal number of on-duty personnel and the optimal number of
equipment to reduce the duration of power supply interruption (optimization exper-
iment 2), the best result (power outage duration equal to 2.238 h) was found, which
is achieved with A = 111 and B = 50 (Fig. 7b).

The system dynamics simulation model was developed for Lenenergo PJSC and
is a basic model for creating models of similar electricity distribution companies.
To adapt the system to the conditions of other power grid companies, it is possible
to add and/or change significant factors affecting the level of abstraction, customize
the algorithm of field service team formation, set the locations of power facilities on
the GIS map, etc.

4 Conclusion

In order to improve the efficiency of field service team management in case of
accidents and technological failures, a simulation model with elements of system
dynamics was developed to determine the optimal number of resources involved
in eliminating accidents and technological failures, in which the average duration
of consumer power supply interruption is minimal, as well as to optimize costs
associated with personnel compensation and the operation and rental of equipment
involved in the elimination of accidents and technological failures.
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