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INNOVATIONS AND STANDARDIZATION OF ELECTRICAL
EQUIPMENT OF ELECTRIC VEHICLES FOR TECHNICAL
UNIFICATION AND ENERGY EFFICIENCY

H. Opexoscvka, FO. [lluxipesa. InHOBanii Ta cTAaHIAPTH3ALlIA €J1eKTPO0O/IAHAHHS €J1eKTPOMOOiIiB 11l TeXHiYHOI yHidikauii Ta
eHeproedexTuBHocTi. CTaTTs HpHCBSYEHA aHANI3y NPOOJIEM i MEPCHEKTHB CTaHAAPTU3ALii eIeKTPOOOTaJHAHHSA ENeKTPOMOOLIB, IO
3a0e3reuye TeXHIYHY CyMICHICTb, CHEProeeKTUBHICTb i 3HIKEHHs COOIBapTOCTI BUpOOHUUTBA. J{OCTiIKeHO MiXKHAPOAHI CTaHIAPTH, SIKi
PEryJIIOIOTh CHCTEMH JKMBIICHHS, 3apsiiHy IH(PAacTPyKTypy, HPOTOKOJM 3B’A3Ky Ta 3aXHCT Bin Kibeparak. OCHOBHHMHM BHKINKAMU €
perioHanbHI BIIMIHHOCTI B CTaHJapTaX, Pi3HOMAaHITHICTh MPOTOKOJIB 3B 53Ky, BPA3JIMBOCTI 0 KiOep3arpo3 i (parMeHrauis TEXHOJIOTii
6e31poToBOi 3apsakH. Y KOHTEKCTI YKpaiHH OoOMexeHa iH(QPacTpyKTypa 3apsIHUX CTaHL[il, BOEHHI PU3MKU Ta MUIBIM HA IMIIOPT
KOMIIOHEHTIB CTBOPIOIOTH YHIKaJbHI MOMIMBOCTI Ul PO3BHUTKY JIOKQJIBHOIO BHPOOHHMIITBA. 3alpONOHOBAHO MiAXOIH O TIapMOHi3amil
CTaH/AapTIiB, 30KpeMa BIPOBA/DKEHHS €IMHMX TEXHIYHMX BUMOT i TEXHOJIOTii B3a€MOJii TPaHCIOPTHHUX 3acCO0IB i3 ENEKTPOMEPERKEI0, 1110
CIIPUSAIOTH IHTETPAlil ITYYHOro iHTENEKTy Ul onTHMizalii 3apsjkn. YHidikaris craHIapTiB MOXe 3HH3UTH COOIBapTICTh BUPOOHHIITBA
enekTpoobnanHanHs Ha 15-20%, migBHIIMTH eHeproeeKTUBHICTh 1 PO3IIMPUTH JOCTYIHICTH 3apsiaHOl iHppacTpykTypu. B VkpaiHi
TapMOHI3allisl CTAHAAPTIB CHPUATUME 3aJy4YEHHIO IHBECTHUIIIM, PO3BUTKY CTaJOr0 PHUHKY EIEKTPOMOOUIIB 1 MOKPALICHHIO CIIOKHBYOTO
CrpuifHATTS. [lepCreKTHBM BKIIOYAIOTh CTBOPCHHS €IMHOI MEpeXi 3apsIHHMX CTaHLil, CyMICHOI 3 MDKHApOJHHMH CTaHAAPTaMH, IO
CTHMYJIFOBAaTHME 3POCTAHHS €JIEKTPOMOOUTBHOT Tally3i Ta iHTErpamiro 3 €BponeHchkuMM puHKaMH. CTaTTA MiJKPECIIOE HEOOXiTHICTh
criBmpani MiXk BUPOOHHKAMH, YPSIOM 1 MDKHAPOJIHUMHU OpPTaHI3alissMH Ul TOAOJaHHsS TEXHIYHUX 1 PUHKOBHUX Oap’epiB, IO € KIIOYOBUM
JULSL MacIITaOyBaHHS €JIeKTPOMOOIIBHOCTI B YKpaiHi Ta CBITi.

Knmiouosi  cnosa:  eneKTpOMOOUTBHICTh, — CTaHAApTH3aWis, YHiQiKalis, eNeKTpooOianHaHHs, 3apsgHa  iH(pPacTPyKTypa,
eHeproeeKTUBHICTb, KibepOe3mneka, JoKalbHe BAPOOHHUIITBO, PUHOK €JIeKTPOMOOLIIB, FapMOHI3allis CTaHIapTiB

N. Orekhovska, Y. Shikhireva. Innovations and standardization of electrical equipment of electric vehicles for technical
unification and energy efficiency. The article is devoted to the analysis of the problems and prospects of standardization of electrical
equipment of electric vehicles, which ensures technical compatibility, energy efficiency and reduction of production costs. International
standards regulating power systems, charging infrastructure, communication protocols and protection against cyberattacks are studied. The
main challenges are regional differences in standards, diversity of communication protocols, vulnerabilities to cyber threats and
fragmentation of wireless charging technologies. In the context of Ukraine, the limited infrastructure of charging stations, military risks and
privileges for the import of components create unique opportunities for the development of local production. Approaches to harmonization of
standards are proposed, in particular, the introduction of unified technical requirements and technologies for interaction of vehicles with the
power grid, which contribute to the integration of artificial intelligence for charging optimization. Unification of standards can reduce the
cost of production of electrical equipment by 15-20%, increase energy efficiency and expand the availability of charging infrastructure. In
Ukraine, harmonization of standards will help attract investment, develop a sustainable electric vehicle market, and improve consumer
acceptance. Prospects include the creation of a single network of charging stations compatible with international standards, which will
stimulate the growth of the electric vehicle industry and integration with European markets. The article emphasizes the need for cooperation
between manufacturers, the government, and international organizations to overcome technical and market barriers, which is key to scaling
up electric mobility in Ukraine and the world.

Keywords: electric mobility, standardization, unification, electrical equipment, charging infrastructure, energy -efficiency,
cybersecurity, local production, electric vehicle market, harmonization of standards

Introduction

In the current conditions of rapid development of the electric vehicle industry, where sales of
electric vehicles are growing by 40% annually [1], the issue of unification of electrical equipment is
becoming particularly relevant. The reliability and safety of vehicles, as well as the pace of their mass
introduction into global practice, depend on the unity of technical solutions, standards, and approaches
to electric motors, inverters, batteries, and charging infrastructure. Unification is a key factor deter-
mining the efficiency of production, service, and integration of the latest technologies, such as intelli-
gent control systems. At the same time, the existence of various standards (SAE, IEC, GB/T) among
leading automotive companies creates significant barriers. Differences in the design of electronic
units, power supply systems, communication protocols, and diagnostic methods complicate the ex-
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change of technologies, increase costs, and hinder the formation of a single global market. This diver-
sity of standards is one of the main challenges facing the modern electric vehicle industry.

Analysis of literature data and problem statement

The main idea of the article is that the standardization of electric vehicle equipment, including
batteries, electric motors, inverters, control systems, and charging infrastructure, is a critical factor in
ensuring energy efficiency, reducing production costs by 15-20%, [1], and accelerating the global
adoption of electric vehicles.

The unification of standards such as SAE J3400 (NACS), IEC 62196, and ISO 15118 allows re-
gional barriers to be overcome, ensures the compatibility of electromechanical components, and opti-
mizes the integration of innovative technologies such as V2G (Vehicle-to-Grid — two-way energy ex-
change between an electric vehicle and the power grid) and Al-based diagnostic systems (Artificial
Intelligence) [2, 3].

At the same time, the Ukrainian context, in particular the limited charging infrastructure and local
production, emphasizes the need to adapt international standards to support the development of the
electric vehicle industry in Ukraine [4]. The article emphasizes that overcoming technical, economic,
and market barriers through unification will contribute to the creation of a sustainable and competitive
global electric vehicle market.

The issues of standardization and development of charging infrastructure for electric vehicles are
key in contemporary research in the fields of electric power engineering, electrical engineering, and
marketing, as they affect the energy efficiency, cost, and market attractiveness of electric vehicles.

In recent years, scientific publications, technical reports, and government documents have active-
ly highlighted the issues of standardization, integration of charging stations with power grids, and
marketing strategies for promoting electric mobility, particularly in the Ukrainian context.

Wajdi W. and Chakir A. [2] analyze charging standards (IEC 61851, IEC 62196) and their impact
on integration with power grids, emphasizing that the unification of connectors and communication
protocols (OCPP, ISO 15118) reduces infrastructure costs by 10—15% and increases its accessibility.

Kakkar R. et al. [5] propose a detailed taxonomy of charging standards (SAE J1772, CHAdeMO,
CCS) and technologies (wired and wireless charging), emphasizing the need for standardization to re-
duce infrastructure deployment costs and ensure compatibility for different types of vehicles (2W, 3W,
4W). They also propose an architecture for public charging stations that can be adapted to Ukrainian
realities to increase market appeal.

Funke, S.A. et al. [6] emphasize that the incompatibility between CCS and CHAdeMO compli-
cates the marketing of electric vehicles due to infrastructure fragmentation, increasing costs by 10—
20% and causing confusion among consumers.

International sources, such as the US Department of Transportation report [7] and the ICC
roadmap [8], emphasize SAE J3400 (NACS) and ISO 15118 standards for V2G technologies, which
promote energy efficiency and reduce logistics costs by 20% in rural areas.

Lieven T. [9] notes that unified standards contribute to a 15-20% reduction in costs, while import
incentives and subsidies increase the market appeal of electric vehicles by reducing barriers for con-
sumers.

Ukrainian scientists Davydov V.O. and Stafidov E.B. [3] propose integrating V2G through uni-
fied protocols for balancing energy systems, which reduces peak loads by 10-15% and maintains en-
ergy stability in conditions of military risk.

0O.V. Stetsyuk et al. [10] emphasize that preferential taxation and standardization of charging sys-
tems contribute to the growth of the electric vehicle market in Ukraine, but military risks complicate
infrastructure development, which affects consumer perception.

Zakharchenko Yu.V. et al. [4] propose marketing strategies based on standardization and integra-
tion with power systems to increase the competitiveness of local companies and attract consumers by
simplifying access to charging.
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Rick Lezman [11] emphasizes the importance of standardizing charging infrastructure for electric
vehicles, highlighting the progress of the SAE J3400 (NACS) standard. The adoption of J3400 as a
recommended practice in 2024 promotes the compatibility of charging systems, reducing market bar-
riers and increasing convenience for consumers. The transition of leading automakers (Ford, GM,
Volvo) to NACS, which prevails over CCS, expands access to charging stations, which is key to the
growth of the electric vehicle market.

This echoes the work of Stetsyuk O.V. et al. and Zakharchenko Y.V. et al., who note that such
unification could eliminate confusion for consumers, increase market appeal, and support infrastruc-
ture development despite the challenges of war.

National standards and requirements for electric vehicle infrastructure, in particular the final rule
[12], establish mandatory standards for charging infrastructure in the US, promoting unification and
increasing the availability of charging stations. These standards can be adapted in Ukraine to attract
investment and expand the charging network.

Thus, the literature confirms that standardization of charging infrastructure and electrical equip-
ment is key to reducing costs and improving energy efficiency. The unification of standards (IEC
62196 [13], ISO 15118 [14], SAE J3400 [15]) reduces technical, economic, and market barriers, pro-
moting the sustainable development of electromobility. In Ukraine, the adaptation of these standards is
critical to overcoming infrastructure constraints and promoting electric vehicles through consumer-
oriented marketing initiatives.

Purpose and objectives of the study

The purpose of this study is to analyze the problems and prospects of unifying electric vehicle
electrical equipment in the context of global and Ukrainian trends in the automotive industry, as well
as to develop recommendations for harmonizing standards to support local production and integration
with power systems. The objective of the study is to analyze existing approaches to standardization,
identify factors that hinder unification, and formulate ways to overcome them.

Research materials and methods

A comprehensive approach was used to study the standardization of electric vehicle electrical
equipment. An analysis of scientific literature, technical documentation, international standards, and
government reports was conducted to identify trends and challenges in unification. A comparative
analysis of standards assessed the barriers to compatibility between charging infrastructure and power
systems. A critical analysis of local studies identified problems with integration with power systems.
Data synthesis contributed to the formation of proposals for harmonizing standards and introducing
innovations. Quantitative analysis of technical characteristics assessed the impact of unification on
energy efficiency and cost.

Scientific novelty

The scientific novelty of the article lies in the development of specific approaches to harmonizing
standards for electric vehicle electrical equipment, adapted to the conditions of Ukraine, in particular
through the integration of the CCS2 standard with local privileges for the import of components,
which can reduce production costs by 15-20%. The proposal for modular charging systems compati-
ble with CCS, CHAdeMO, and GB/T, using IEC 61851-21-2 to ensure electromagnetic compatibility,
is an original contribution to overcoming regional fragmentation. A quantitative assessment of the ef-
fect of implementing ISO 15118 for V2G technologies, which can reduce peak loads on Ukraine's
power systems by 10...15%, adds practical value. In addition, the integration of Al for adaptive bat-
tery temperature control with unified protocols, in particular ISO 19363 for wireless charging, repre-
sents an innovative approach that takes into account military risks and limited infrastructure, creating a
basis for the further development of local electric vehicle production.

Research results

Standardization in the automotive industry is the process of establishing uniform technical re-
quirements, rules, and standards for components, systems, and processes to ensure compatibility, safe-
ty, and production efficiency. Unification, as a component of standardization, involves the creation of
universal solutions for electrical equipment (e.g., batteries, electric motors, inverters, and charging
infrastructure), which reduces the variety of options and facilitates the integration of components from
different manufacturers. In the context of electric vehicles, standardization and unification are aimed at
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overcoming regional barriers, improving energy efficiency, and reducing costs, thereby contributing to
the global development of the industry [2; §].

International standards play a key role in ensuring the compatibility of electric vehicle equip-
ment, including charging systems, electric motors, batteries, and communication protocols [2; 6]. The
main regulators in the industry are ISO (International Organization for Standardization), IEC (Interna-
tional Electrotechnical Commission), and SAE International, which define technical requirements for
power systems, charging infrastructure, batteries, electric drives, and electronic control units. In par-
ticular:

—ISO 6469 [16] regulates the safety requirements for high-voltage electric vehicle systems,
providing protection against electric shock and thermal risks.

—IEC 61851 [17] and IEC 62196 [13] standardize protocols and connectors for charging stations,
promoting global compatibility and energy efficiency.

— SAE J1772 [18] is the basic standard for the North American market, defining the design of
charging connectors and power parameters.

—ISO 15118 [14] supports V2G technologies, allowing V2X-enabled electric vehicles (Vehicle-
to-Everything — communication between an electric vehicle and the grid, other vehicles, or infrastruc-
ture) to integrate with power grids for load balancing.

— ISO/SAE 21434 [19] establishes cybersecurity requirements for V2X-enabled electric vehicles,
protecting communication systems, electronic units, and charging infrastructure from cyberattacks.

—IEC 61980-1:2020 [20] defines general requirements for wireless power transfer systems for
electric vehicles, regulates the safety, electromagnetic compatibility, and efficiency of wireless charg-
ing (SWPT/DWPT), promoting the unification of charging station infrastructure and compatibility
with other standards.

— NACS (SAE J3400) [15], promoted by Tesla, is becoming the new standard for charging con-
nectors in the US and is being adopted by other brands.

— GB/T [21], updated in 2023, is key to unification in the Chinese market and has potential for
other regions.

—IEC TS 62196 [22] establishes unified safety rules for different types of chargers.

Standards act as a universal “language” of interaction between manufacturers, developers, and
users, reducing the risk of technical fragmentation of the market and contributing to the scaling of the
electric vehicle industry [8].

The study identified a number of problems with the unification of electrical equipment that com-
plicate the creation of a single global market for electric vehicles.

1. Different supply voltages complicate the unification of batteries and charging systems, as
power systems vary from 400 V (Tesla, European models) to 800 V (Porsche, Hyundai) [1].

2. A variety of data exchange protocols hinder interoperability; for example, ISO 15118 [14] and
OCPP are used in Europe, while Chinese GB/T [21] standards have their own protocols [2].

3. Incompatibility of charging systems, which increases infrastructure costs, especially in rural areas.
CCS, CHAdeMO, and GB/T standards [21] have different connectors and power requirements [6; 7].

4. Differences in electronic unit interfaces complicate diagnostics and repairs, as control systems
from different manufacturers (Bosch, Continental) have unique interfaces [9].

5. Regional differences in standards complicate the global use of unified charging systems, for
example, the differences between CCS (Europe/USA) and CHAdeMO (Japan) [6].

6. Rapid technological development creates challenges for the harmonization of hardware and
software aspects, as fast charging systems (350-500 kW) and intelligent control systems (smart charg-
ing, V2G, adaptive battery temperature control) require rapid updating of standards [6].

7. Cybersecurity, because the variety of communication protocols (ISO 15118 [14], OCPP) and
the connection of V2X-enabled electric vehicles to networks create vulnerabilities to cyberattacks,
such as unauthorized access to ECUs or manipulation of charging systems. For example, weaknesses
in OCPP require strengthening TLS and authentication, and UN regulations R155 [23]/R156 [24] re-
quire security standards [9].

8. Wireless charging complicates the integration of standards, as communication standards for
static (SWPT) and dynamic (DWPT) wireless charging remain fragmented [6].
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In Ukraine, limited charging infrastructure and military risks exacerbate these problems, complicating
integration with international standards and reducing the market appeal of electric vehicles [4; 10].

The identified problems are evident in real attempts at unification, which illustrate both successes
and failures in harmonizing standards.

Successful examples include the NACS (SAE J3400) standard [15] promoted by Tesla, which has
reduced infrastructure costs in North America by 15% and simplified access to charging stations [11].
In Europe, CCS2 [13] has become the basis for most new electric vehicles, ensuring compatibility and
supporting fast charging up to 350 kW [2]. In Ukraine, import subsidies for components support local
standardization, promoting the development of production [4].

On the other hand, unsuccessful attempts demonstrate the barriers of regional fragmen-
tation. Funke, S.A. et al. [6] note that the CHAdeMO standard is losing ground in Europe and
the US due to limited support, forcing Japanese manufacturers (e.g., Nissan) to adapt models
such as the Leaf to CCS, which increases the cost by 10-20%. The Chinese GB/T standard
[21], which is effective locally but incompatible with CCS or CHAdeMO, limits the export of
Chinese electric vehicles [6]. In Ukraine, these problems complicate the development of
charging networks due to military risks and limited infrastructure, reducing consumer percep-
tion and market appeal [10; 4]. At the same time, the progress of NACS in the US does not
solve global fragmentation [7].

To overcome the identified problems, the following is proposed:

1. Universal charging modules, such as the development of modular charging systems compatible
with CCS, CHAdeMO, and GB/T [21], will reduce infrastructure costs and increase accessibility in
rural areas [7]. The implementation of IEC 61851-21-2 [25] will ensure the electromagnetic compati-
bility of charging systems, reducing interference with power electronics.

2. Uniform communication protocols, such as the promotion of ISO 15118 [14] as a global stand-
ard for V2G and diagnostics for V2X-enabled electric vehicles, will improve energy efficiency and
compatibility [3].

3. Modular electrical equipment architectures with the introduction of modular batteries and elec-
tric motors adapted to different electric vehicle models [10]. ISO 6469-1 [26] regulates the protection
of batteries from mechanical damage, ensuring safety in accidents and vibrations.

4.Local initiatives in Ukraine to adapt standards such as CCS2 [13] to Ukrainian infrastructure,
taking into account the balancing of energy systems and import privileges for components [4; 7].

5. Integration of cybersecurity standards with the implementation of ISO/SAE 21434 [19] and
UN regulations R155 [23]/R156 [24] to protect V2X-enabled electric vehicles from cyberattacks, es-
pecially for V2G [9].

6. Development of intelligent systems with the integration of smart charging, adaptive battery
temperature control, and wireless charging via unified protocols [1]. ISO 19363 [27] standardizes
wireless charging, promoting its compatibility and safety.

Unification of electrical equipment, including cybersecurity, can reduce the cost of electric vehi-
cle production by 15...20% through component standardization. For consumers, this means more af-
fordable prices and easier access to charging infrastructure, especially in Ukraine. For manufacturers,
standardization simplifies supply chains, reduces service costs, and increases competitiveness. The
implementation of cybersecurity standards (ISO/SAE 21434 [19], R155 [23]/R156 [24]) will protect
electric vehicles from cyber threats, which is important for V2G. In Ukraine, unification will promote
local production and support energy systems through V2G.

Conclusions and recommendations

Standardization and unification of electric vehicle electrical equipment are key factors in ensur-
ing their energy efficiency, reducing production costs, and accelerating mass adoption. The study
showed that international standards play a crucial role in harmonizing power systems, charging infra-
structure, communication protocols, and cybersecurity. However, regional differences in standards,
diversity of communication protocols, vulnerability to cyberattacks, and fragmentation of wireless
charging create significant barriers to global integration. In Ukraine, these problems are exacerbated
by limited charging infrastructure and the need to adapt standards to local conditions.

The practical significance of unification lies in reducing the cost of electric vehicle production by
15...20% through the standardization of components such as batteries, electric motors, and inverters,
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as well as simplifying maintenance and increasing energy efficiency through the optimization of V2G
technologies and smart charging. For Ukraine, unification will promote the development of local elec-
tric vehicle production, integration with power systems, and economic growth through import privi-
leges for components.

For further research, it is recommended to focus on developing hybrid standards for wireless
charging (SWPT/DWPT) and improving cybersecurity for electric vehicles with V2X through the im-
plementation of ISO/SAE 21434 standards and UN R155/R156 regulations.

To harmonize international standards, it is proposed to create universal charging modules com-
patible with CCS, CHAdeMO, and GB/T, and to promote ISO 15118 as a global protocol. In Ukraine,
it is recommended to adapt the CCS2 standard to the local infrastructure, using import privileges for
components to stimulate production.

Prospects for the implementation of unified systems in the coming decade include the transition
to modular electrical equipment architectures, which will allow the integration of artificial intelligence
for adaptive control and V2G for balancing power grids. This could reduce the energy consumption of
electric vehicles by 20-30%, contributing to the creation of a sustainable global electric vehicle mar-
ket. In Ukraine, unification will support the development of the local electric vehicle industry with a
focus on energy efficiency, cybersecurity, and integration with power systems.
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