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COMPLEX METHODOLOGY OF MANAGING THE DEVELOPMENT
OF THE CHARGING STATION NETWORK

The paper examines the problem of managing the operation and development of the electric vehicle charging
infrastructure. Enterprises providing electric vehicle charging services together with their operating environment form a
complex hierarchical system. The multi-criteria task of adaptive control of such a system must be considered in different
aspects depending on the goals of control at different levels of the system hierarchy. The formation of scientifically
based typical and promising charging infrastructure solutions requires the complex application of optimization models
and algorithms, taking into account the coverage of the territory by the system of charging stations, the scale of the
enterprise that provides services to the customers of the system, as well as the interests and needs of all target groups
affected by the system. Therefore, the purpose of this study is to form a comprehensive method of system management of
the development of charging infrastructure for electric vehicles, which includes the specified models and algorithms. To
solve the set goal, a set of target indicators was formed for various variants of the hierarchical structure of the system.
The target indicators are based on models of energy efficiency of electric vehicles, models of the theory of mass service
systems and models of car service efficiency. A morphological model of the system containing four functional elements
was built: enterprise, electric vehicle, transport flow and environment. An algorithm has been developed that implements
the method of system management of the charging infrastructure and takes into account the interests of three target
groups: customers, entrepreneurs and the social environment. The proposed methodology can be used in the algorithms
of smart management systems of the network of charging stations and modules of intelligent transport systems to evaluate
the impact of the charging infrastructure on the performance indicators of road transport.
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P.TPAIIT

JOKTOpP TEXHIYHUX Hayk, mpodecop,

npogecop kadeapyu TEXHIYHOI JIOTICTHKA
ViBepcutet npukiagHux Hayk KaiizepcraytepHa
ORCID: 0009-0001-9911-6657

I. B. MATEMYUK

acmipaHT Kadeapu exoorii

Ta TEXHOJIOTIH 3aXUCTy HABKOJIMIIHLOIO CEPEOBUILA
HarionansHUIT TPaHCTIOPTHUI YHIBEPCHTET

ORCID: 0009-0001-5384-7964

KOMILIEKCHA METOJMKA KEPYBAHHSI PO3BUTKOM MEPEXKI 3APSIJTHUX CTAHIIA

B pobomi docnidocyemuvca npobaema kepysanisi pob60moro ma po3eumkom 3apsoHoi inppacmpyKkmypu en1ekmpomooinie.
Iionpuememeaa, wo Hadaroms nociyau 3apsaoKu er1eKmpomMoOinie, pazom iz cepedoguiem ix QPyHKYIOHY8AHHI YMBOPIOIOMb
CKAaoHy iepapxiuny cucmemy. bazamokpumepianony 3a0awy adanmueHo2o KepyeauHs MAKol CUCHEMOI0 HeoOXiOHO
po3ensioamu 8 PiHUX ACNEKMAX 3anedNCHO 6i0 yinell Kepy8anHs HA pPi3HUX pieHAX cucmemHoi icpapxii. PopmysanHs
HAYK080 OOIPYHMOBAHUX MUNOBUX MA NEPCNEeKMUBHUX PilleHb 3apsAoHOT THpacmpykmypu eumazae KOMHAEKCHO20
3acmocysanta ONMUMI3AYItIHUX MOOerell ma areopummis i3 8paxyeanHaM NOKPUMMA mepumopii cucmemoio 3apsaonux
cmanyii, macwumady niONPUEMCmed, ke Haode NOCay2u KIEHMam cucmemu, a maxodic inmepecie ma nomped 6cix

324



BICHHUK XHTY M 3, 2024 p. YHIPABJITHHA TA A/IMIHICTPYBAHHA

Yinbosux epyn, Ha AKi enaugac cucmema. Tomy memor 0aHo20 OOCHIONCEHH € POPMYBAHHA KOMNIEKCHOI MemoOuKu
CUCTHEMHO20 YNPABNIHHA DPO3BUMKOM 3APAOHOI0 THpACMPYKMYPO0 O eleKmpomodinie, AKA OXONMOE 3a3HAYeHi
Moldeni ma aneopummu. [ eupiuients nocmagieHoi memu copMOBaHO KOMNIEKC YilbOGUX NOKASHUKIE OISl PI3HUX
sapianmie iepapxiunoi cmpykmypu cucmemu. L{inb06i nokazHuku 6a3yiomocs HA MOOEAX eHepeemuyHOl eqyeKmusHOCmi
eNeKmpoMo0inie, MOOENsIX Meopii cucmem MACO8020 O00OCTY208Y8AHHA MA MOOENAX epeKmuUsHOCMI agmocepsicy.
Ilobyoosano mopghonociuny modensv cucmemu, wo Micums HOMUpU QYHKYIOHANbHI eleMeHmu. NniOnpueMcmeo,
e1eKmpomodie, Mpancnopmuuti nomix ma cepedosuuje. Pospobneno anecopumm, axuii peanizye MemoouKy cucmemHo20
KepyB8aHus 3apsaoHoI0 IHGPACmpyKmypoio ma 6paxosye iHmepecu mpvbox Yilbosux cpyn: KIiCHmis, nionpuemyie ma
coyianbHo2o cepedosuua. 3anponoHosany MemoOouKy MOXMCHA 3ACMOCO8Y8AMU 6 ANOPUMMAX PO3YMHUX CUCHEM
KepYBamHsi Mepedicero 3apsioHux Cmanyitl ma MoOyIie IHMEIeKmyanrbHux MpaHCROPMHUX cUCmeM OJisl OYIHIOBAHHS GNIUGY
3apaonol iIHppacmpyKkmypu Ha NOKAZHUKU eeKMUBHOCII A8MOMOOIIbHO20 MPAHCHOPMY.

Knrouoei cnosa: enexkmpomobiny, 3apaoua iHgpacmpykmypa, 6azamokpumepiaibHa 3a0ayd, KOMALEKC YITbOBUX
NOKA3HUKIG, MOpono2iuHa Mampuys.

Statement of the problem

Currently, there is a growing popularity of electric vehicles (EVs) as a sustainable and efficient alternative to tradi-
tional vehicles with internal combustion engines. The positive attitude of consumers of transport services towards electric
vehicles is due to the government's policy on public awareness of global energy and environmental problems. Electric
vehicles are generally more energy efficient than gasoline and diesel vehicles, converting a higher percentage of electric-
ity from the grid into power at the wheels. Electric vehicles produce zero emissions, which helps reduce air pollution,
however, the overall environmental impact depends on the source of electricity used for charging. With rising fuel prices,
owners are also attracted by the economic efficiency of electric cars. Compared to traditional vehicles, they have lower
operating costs and maintenance requirements due to fewer moving parts, no need for oil changes, and less brake wear
due to regenerative braking. In addition, the instantaneous torque provides quick acceleration and controllability of the
electric vehicle. Many electric vehicle models are equipped with advanced technological features, including regenerative
braking systems, intelligent energy management systems and driver assistance systems.

Despite the mentioned advantages of using electric vehicles, there are problems related to the limited infrastructure
of charging stations in certain regions, which can prevent their rapid implementation. In order to create typical charging
infrastructure solutions for electric vehicles at the level of the charging station and network of charging stations, it is nec-
essary to solve the system problems of determining their rational structure and parameters.

Enterprises providing electric vehicle charging services together with their operating environment form a complex
hierarchical system. The multi-criteria task of adaptive control of such a system must be considered in different aspects
depending on the control objectives. It is advisable to organize the hierarchy of subsystems and elements of the studied
system according to the territorial distribution or scale of the enterprise. In addition, the choice of criteria for the effective-
ness of its operation depends on the needs of customers of charging stations and other target groups seeking to realize their
economic and social goals. Only the complex application of models and algorithms taking into account the above-men-
tioned factors will ensure the formation of scientifically based typical and promising charging infrastructure solutions for
the development of electric mobility of the population and obtaining the corresponding positive effects.

Analysis of recent research and publications

To satisfy customers and owners of charging infrastructure facilities, as well as to reduce its impact on the environ-
ment, it is necessary to rationally organize the work of these facilities with the possibility of their further development.
The process of managing the charging infrastructure includes monitoring the operation of charging stations with the ver-
ification of defined activity indicators: for different target groups [1-3], at different levels of business decomposition [4],
at different levels of management [5]. But these groups of indicators are not related to each other and are not integrated
into the general methodology. In work [4], a charging station is considered as a special case of a car service enterprise, the
evaluation method proposed in [4] does not take into account the specifics of charging stations as infrastructure objects.
The structure of models for evaluating the efficiency of an enterprise in work [5] is considered only from the point of
view of business success and has only an economic context. Some scientists have attempted to determine the system's
efficiency criteria, taking into account the needs of both business and system customers [1, 4, 6], adding to the system
indicators the customer loyalty coefficient within the customer radius. However, there is no formalization of the calcu-
lation of the client radius in the cited works. Scientists offer only subjective constant estimates of this parameter (5 km)
[6-7], which are difficult to adapt to other studies. And the customer loyalty ratio is used as a basic partial parameter to
determine the main indicator of system efficiency. The social impact of the charging infrastructure is determined in work
[8] by the prospective environmental effect and the shortage of electrical energy in the power system at the location at the
predicted values of the demand for charging. Optimization of the network of charging stations by territorial distribution
is devoted to articles [9-17].

The analysis of recent studies showed that, despite the urgency of the problem of optimizing the charging infrastruc-
ture, there are currently no system solutions for it.
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Formulation of the purpose of research

The purpose of this study is to develop a comprehensive method of system management of the charging infrastructure
for electric vehicles. To achieve this purpose, the following tasks must be solved:

— determination of the structure of the system of charging stations;

— determination of a set of target indicators for the task of optimization of the charging station system;

— development of a comprehensive methodology for managing the development of the charging station system.

Presentation of the main research material

The hierarchical structure of the system of charging stations can be determined depending on the selected type of
decomposition. The regional system consists of urban and non-urban subsystems, which in turn are formed from local
subsystems of a lower level. Based on the results of [4], it is possible to set the depth of system decomposition from the
network of charging stations to the level of one charging station or a separate charging/discharging process.

Taking into account the designations that were introduced in work [1], a set of target performance indicators is pro-
posed in the task of rational management of the system of charging stations, taking into account various representations
of the system structure (fig. 1). To simplify the perception of the specified complex in fig. 1 shows only urban subsystems
of the average level of territorial distribution.

Each target indicator is a point in the three-dimensional space "Territorial allocation — Enterprise scale — Target
groups" and represents a target function in the task of optimizing the operation of the charging station system.
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Fig. 1. The set of target indicators of the operation and development of the charging station system

The indicators of the upper levels of the territorial distribution of the system will be determined by convolution of
the indicators of the lower level. The target efficiency indicators for different decompositions of the network of charging
stations can be approximated by the convolution of the target indicators of the corresponding subsystems. However, at
each level of decomposition, it is possible to set additional properties of the system. The performance indicator for the
Z-th target group (client, entrepreneur (business), society) is generally determined as follows:

N M
FX’Y/Z = ZI:ZI:FXHYHZ ’ (1)

ne where F, , is the target indicator at the i-th territorial level and the j-th level of system scaling; N is the number
of subsystems at the (i-1)-th territorial level; M is the number of subsystems for the (j-1) scale of the enterprise providing
charging infrastructure services.

Models and algorithms of target indicators that take into account customer and business requirements are based on car
service efficiency models, models of the theory of mass service systems and are described by the authors in works [1, 3].
The target indicator, which takes into account the requirements of the social environment, is proposed to be determined
by the following expression:
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where F, , is the target function of social efficiency at the i-th territorial level and the j-th level of system scaling;
L., L., I, is indicators of energy efficiency, environmental impact and safety of the charging infrastructure, respectively;
a, f and y are the weighting coefficients of the corresponding partial indicators of social efficiency.

In work [1], only a consolidated algorithm for optimizing the system of charging stations based on social efficiency
indicators is given.

In order to assess the impact of the essential properties of the charging station system on its social efficiency indicators
and determine the weighting factors of these indicators, it is necessary to build appropriate regression models. The basis
for such models are the results of morphological analysis of the system. The system of charging stations consists of four
functional elements: "Enterprise" that provides charging infrastructure services; "Electric vehicle (EV)"; "Transport flow"
around the charging infrastructure; "Environment". Morphological characteristics of the functional elements "Transport
flow" and "Environment", as well as their implementation options are presented in the paper [18]. The morphological
structure of the functional elements "Car service enterprise" and "Vehicle", proposed in works [4, 18], does not take into
account the specifics of the functioning of the charging infrastructure. The functional elements "Enterprise" and "EV"
defined on their basis were introduced into the morphological model of the charging station system. The corresponding
fragment of the developed morphological matrix of the system is shown in fig. 2.
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Fig. 2. Attributes and options for implementation of functional elements "Enterprise' and "Electric vehicle"

The digitization level of the charging station depends on the availability of various payment methods (credit/debit
cards, mobile applications) and subscription services, user interface; possibilities of real-time monitoring, conducting
remote diagnostics; the presence of intelligent functions (planning, load management and integration with home energy
systems). The technology level is determined by technological functions: connectivity options, driver-assistance systems,
smart energy management systems, and others.

The morphological model and experimental values of the target indicator of social efficiency are the basis for deter-
mining its model values for the purpose of evaluation or forecasting. Experimental values of the partial energy efficiency
indicator 7, can be obtained by "white box" models based on the models used in [8, 19]. The environmental impact indi-
cator /,; takes into account the presence of renewable energy sources (such as solar panels) to power the charging process,
which contributes to the sustainable development of the region. It is advisable to determine the social security indicator
based on the principles stated in [20]. In addition, charging stations must provide safety features such as overcurrent pro-
tection, ground fault protection, and emergency shutdown mechanisms.

Performance indicators for the three target groups are not independent and require consistency in the system manage-
ment process. The described results made it possible to form a complex methodology for managing the development of
the charging station system, the algorithm of which is presented in fig. 3.
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1. Frv =0 (initialization of the complex indicator) ‘
v
2. 1<isN
(for each city in the region)

3. Call “Determination of the optimal location of stations in the
network by the method [14]”
(only when designing a new network structure)

4. 1 <j<M
(for every charging station network in the city)

5. 1 <k<Q
(for each local station in the city network)

6. Call “Determination of the intensity of the input flow A of the
local charging station” (as a share of EVs in the hourly traffic flow
around the local station)

v
7. Determination of the optimal parameters of a local charging
station P* from the problem:
F(P)=(F1+ F3)/F2—>max
under the constraints determined by the method [8],
where F'1 is determined by the algorithm [3, fig. 1];
F2 is determined according to the model [1, (3)] using the
algorithm [3, fig. 2];
F3 is determined by the algorithm [1, fig. 4]
v

8. Frv =Fry +F(P*) (determination of the complex indicator) ‘
I

End
Fig. 3. System management algorithm for charging infrastructure development

Conclusions

Based on the analysis of the latest research on the management of the charging infrastructure, a set of target perfor-
mance indicators of the charging station system and its morphological model, consisting of four functional elements:
enterprise, electric vehicle, transport flow and environment, have been developed. The specified morphological model and
set of indicators are scientifically based, as they are based on adequate models of the energy efficiency of electric vehicles,
models of the theory of mass service systems, and models of the efficiency of a car service. The proposed comprehensive
methodology for managing the development of the charging infrastructure combines three different options for presenting
the system, which makes it possible to take into account the maximum number of factors that affect its efficiency. The pro-
posed methodology can be used in the algorithms of smart management systems of the network of charging stations and
modules of intelligent transport systems to assess the impact of the charging infrastructure on the operational efficiency
of electric transport.
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