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EXECUTIVE SUMMARY

Deliverable D2.2 Innovative Grid Services for EVs establishes a comprehensive roadmap to transform
the current charging infrastructure into a supporting asset for the electricity grid. The technical
limitations of existing distribution grids are analyzed and translated into a systematic approach for

designing next generation grid services tailored to electric vehicle (EV) charging.

The report begins with a two-level assessment of the power system constraints that influence the grid
integration of EV charging infrastructure, at the distribution level, it quantifies distribution overload risks,
voltage constraints. Moreover, at the transmission level, it assesses voltage stability margins, N-1
contingency criteria, and frequency constraints. Together, these findings establish the boundary
conditions that any next-generation grid service must satisfy to preserve power quality and system
reliability while enabling widespread and flexible EV charging. Building on this foundation, the report
introduces several innovative grid services enabled by bidirectional V2X chargers highlighted as key
enablers of flexibility, offering congestion management, capacity support, voltage stabilization,
frequency regulation across distribution, transmission, and behind-the-meter contexts. Service
concepts proposed within the AHEAD project demonstrators further illustrate how these solutions can

be adapted to regional needs.

In parallel, the study reviews advance in converter topologies and semiconductor technologies that
enhance the capability of EVs, HDEVs, and electrified vessels to interact dynamically with the grid. The
role of standardized communication protocols is also examined, ensuring secure and interoperable
integration, alongside the emerging concept of digital battery passports, which promote transparency,

lifecycle traceability, and sustainability.

Overall, the findings underline that addressing technical constraints, deploying innovative grid services,
and leveraging advanced technologies are all essential to enable electric mobility as a reliable

contributor to future power system resilience.
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1 INTRODUCTION

The accelerating electrification of road transport is reshaping the power system planning
horizons, since global electric vehicles (EVs) sales neared 17 million in 2024, or almost one
in every five cars sol is an EVs, and the International Energy Agency (IEA) projects that public
Electric Vehicles Supply Equipment (EVSE) will rise four-fold from 2020 to over 15 million by
2030 [1]. While aggregate energy demand remains modest, ENTSO-E estimates that even
the full roll-out of Heavy-Duty Electric Vehicles (HDEVs) would account for approximately 3 %
of Europe’s electricity consumption in 2030, the power drawn by fast and depot EVSEs is
highly concentrated in space and time, creating new operational bottlenecks [2]. At the
distribution level, simultaneous high-power charging can push feeders beyond their thermal
ratings, induce voltage excursions, aggravate phase imbalance and overload legacy
protection schemes; recent studies show that these impacts are often an order of magnitude
larger than the underlying energy increment, making smart-charging orchestration a

prerequisite for cost-effective integration [3].

To mitigate these constraints, vehicle-to-everything (V2X)-enabled charging infrastructure is
emerging as a cornerstone of grid flexibility, offering services such as capacity support,
congestion management, and voltage stabilization [4]. These capabilities are enhanced by
advanced power electronics in EVs, HDEVs, and maritime vessels, allowing more dynamic
interaction with the grid [4]. In the maritime sector, the development of electric propulsion,
especially in short-route ferries, has accelerated this trend. Recent deployments of fully
electric ferries with high-capacity batteries and fast-charging systems demonstrate how
maritime vessels can support low-emission operation and enable efficient shore-to-ship power
exchange [5]. Standardized communication protocols ensure secure, interoperable control [5],
while digital battery passports promote traceability and sustainable integration [6]. These
innovations are shaping the future of research at the nexus of transport electrification and

power grid resilience.

The objective of this work is to provide a structured assessment of both the technical
constraints and the enabling solutions for large-scale integration of charging infrastructure.
Section 2 analyses distribution and transmission system limitations, including overload,
voltage, and frequency challenges. Section 0 explores innovative grid services enabled by
V2X chargers, addressing constraints across distribution, transmission, and behind-the-meter
contexts, while also presenting service concepts designed for the regional demonstrators of
the AHEAD project. Section 0 reviews advanced converter topologies and semiconductor
technologies that strengthen the ability of EVs, HDEVs, and electrified vessels to support the

grid. Section 5 discusses communication protocols and the emerging role of battery passports
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for interoperability and sustainable integration. Finally, Section 6 concludes with overarching

findings and recommendations.

2 TECHNICAL CONSTRAINTS FOR GRID
INTEGRATION OF CHARGING INFRASTRUCTURE

The integration of EV charging infrastructure into existing power grids presents several
technical constraints that must be carefully addressed to ensure reliable, efficient, and safe
operation. As EV adoption continues to increase, electricity grids, typically designed for more
predictable and less dynamic loads, are being challenged by rapidly changing load profiles
associated with EV charging [7]. These load variations are often concentrated in relatively
short periods of time, for example during peak commuting hours and the volatile generation
like solar and wind in the distribution grid, increasing the risk of localized grid congestion and
voltage instability. A considerable issue in this context is related with the transformer and
feeders’ capacity, since some of them were probably not dimensioned to accommodate the

high demand for electricity usage in general, heat pumps and, of electric mobility.

2.1 Distribution system power constraints
2.1.1 Distribution overload

Distribution overloads take place when the electrical current in a component, like a power line
or transformer, exceeds its thermal rating, or when power demand surpasses the operational
limits of the grid, this condition can be either temporary or sustained [8]. From a network
access perspective, an overload means the system lacks the capacity for new connections,
thereby constraining expansion [8]. The definition of overload is evolving from a static concept
based on fixed limits to a dynamic, probabilistic one. The integration of variable renewables

and fluctuating loads such as EVs drives this shift.

The prospect of millions of EVs plugging into low-voltage grids turns distribution overload from
a sporadic reliability concern into a systematic planning and operational problem. Large-scale
empirical work using feeder-level metering in California shows that uncoordinated charging
can double peak demand and push more than 20% of service transformers beyond their

nameplate ratings during evening hours [9].

From the e-mobility charging infrastructure point of view, several concerns are detailed below:
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e Thermal overloading of distribution transformers and low-voltage (LV) feeder
cables: Uncoordinated charging, particularly the simultaneous connection of multiple
high-power fast EVSEs, can lead to current flows that exceed the rated capacity of
these components. Studies based on real-life driving patterns and electricity network
data indicate that a significant number of LV transformers and a substantial portion of
LV feeder cables could become overloaded if no charge control measures are
implemented. An additional challenge is the real-time operation, it is necessary to
observe, have the correct grid model, compare measurements with physical limits and
thereafter know which assets are available to contribute to correct the observed
overload.

¢ Increased system losses: EVs are highly dependent on factors such as the existing
grid topology (radial vs. meshed, conductor sizes, transformer capacities), the
geographical concentration of EVs, the power levels of EVSEs (Level 2 vs. DC fast
charging), and the temporal patterns of charging behaviour (e.g., simultaneity of
charging during evening peaks) [13]. This inherent variability means that certain parts
of a distribution network, often referred to as "weak links", will experience adverse
effects much sooner and more severely than others. For example, studies like the one
on the SCE Mallet feeder demonstrated that specific secondary transformers were
prone to overloading based on the circuit's characteristics and projected EV adoption

patterns [14].

2.1.2 Voltage Constraints

The fundamental need to regulate voltage within specified limits arises from considerations of
safety, power quality, and the efficient operation of both utility equipment and consumer
appliances. Deviations from prescribed voltage levels can lead to a cascade of undesirable
consequences, including equipment malfunction or premature failure, increased energy
losses within the power system, and, in severe cases, broader system instability. The major
blackout across the Iberian Peninsula on 28 April 2025 [13], triggered by a sudden voltage
surge and cascading grid failures in Spain, exemplifies how even transient voltage deviations
can precipitate large-scale outages. Voltage constraints, therefore, represent the permissible
operational boundaries for voltage magnitudes at various nodes or buses throughout the

distribution system.

A significant transformation is underway as traditional, passive distribution networks, designed
for one-way power flow, are increasingly evolving into active networks. This shift is largely
driven by the integration of Distributed Energy Resources (DERs), such as solar photovoltaic

(PV) systems and wind turbines, at the distribution level [16]. These resources introduce
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bidirectional power flows, as power can now be injected into the grid at various points along
the feeders [17]. Consequently, the challenge of managing voltage constraints is no longer
solely focused on mitigating voltage drop along feeders but also, and increasingly, on

preventing overvoltage conditions, especially in areas with high DER penetration.

Compounding this complexity is the trend towards the "electrification of everything," which
encompasses the growing adoption of EVs and other significant electrical loads. This trend
places a dual pressure on distribution networks [18]. On one hand, networks must
accommodate increased overall loading, which can be highly variable, as exemplified by the
concentrated demand from EVSEs [19]. On the other hand, they must simultaneously
integrate intermittent and often non-dispatchable generation from DERs. The confluence of
these factors, higher, more volatile demand and variable, localized generation, creates an

exceptionally dynamic voltage profile.

As noted, EVs represent an extra and increasing load for the power system. This additional
load, especially if it is uncoordinated and coincides with existing residential or commercial
peak demand periods, can significantly exacerbate these peaks [20]. This may lead to
substantial voltage fluctuations across low-voltage feeders, particularly at the end of
distribution lines where voltage drops are more pronounced. Such effects can cause voltage
deviations beyond regulatory limits. One of the most immediate and widely reported
consequences of increased EV charging load is the distortion of the network voltage profile,

detailed as follows:

e Voltage Drop: The increased current drawn by EVSEs flowing through the impedance
of distribution lines and transformers inevitably leads to voltage drops. This effect is
typically more pronounced at nodes electrically distant from the substation or on
feeders that are already heavily loaded. Research indicates that "voltage issues in
overloaded grids are possible, particularly when peak demands coincide with EV
charging times". Numerous studies have confirmed that EV integration can lead to
voltage levels falling below the lower permissible limits, constituting voltage violations.
The authors in [19], [20], [21] collectively show that uncoordinated EV charging causes
voltage drops and transformer stress, making voltage violations a key limitation for EV
hosting capacity and highlighting the need for coordinated charging and voltage-
control measures.

o Voltage Fluctuations: The charging process for EVs is not always constant or
predictable. Variables such as the initial State of Charge (SoC) of the battery, the
charging rate selected (which can sometimes vary during a session), the battery

capacity, and the often-random arrival and departure times of EVs at EVSEs contribute
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to a dynamic and fluctuating load profile. These load variations can, in turn, lead to
increased voltage fluctuations on the network, potentially degrading power quality and
affecting sensitive equipment [21]. While bidirectional charging (V2G) is proposed as
a solution to mitigate such fluctuations, uncontrolled charging remains a concern.

e Voltage Unbalance: A significant portion of EV charging, particularly residential Level
1 and Level 2 charging, occurs using single-phase connections. If a disproportionate
number of EVs are connected to and charging from the same phase in a three-phase
distribution system, it can lead to an uneven distribution of load across the phases.
This results in voltage unbalance, where the voltage magnitudes of the three phases
differ significantly. It has been highlighted that "If the uncoordinated charging of EVs
occurs, then voltage unbalance will cross the allowable limit" [22]. Severe voltage
unbalance can cause negative sequence currents, leading to overheating in three-
phase motors, increased losses in transformers and lines, and potentially excessive
currents in the neutral conductor, which can also lead to overheating and safety
hazards.

¢ Nodal voltage violations: High power demand from EVSEs can cause voltage levels
at various nodes along a feeder, especially those electrically distant from the
substation, to drop below statutorily permissible limits (e.g., below 0.95 per unit). Such
under-voltages can impair the performance of other connected consumer appliances

and industrial equipment.

The influence of EV penetration levels also can impact the voltage levels in the power system.
There is a direct correlation between the level of EV penetration and the severity of grid
impacts [19]. Multiple studies suggest that many existing distribution grids can accommodate
EV penetration levels of around 20-30% without encountering widespread, severe issues,
although this threshold is highly dependent on the specific characteristics and existing loading
of the grid in question. Weaker grids or those already heavily loaded may experience problems
at lower penetration levels [18]. On the other hand, uncoordinated ("Dumb") Charging, in
which EVs begin charging immediately upon being plugged in, typically at maximum power,
without regard for grid conditions or electricity prices. If many EV owners plug in their vehicles
upon returning home in the evening, this uncoordinated charging often coincides with existing
residential peak demand, creating the most significant stress on the grid in terms of voltage
drops and equipment loading [23]. It has been observed that uncontrolled EV charging can
exacerbate voltage variations, whereas controlled or "smart" charging can mitigate these

issues.
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Table 1 — Distribution system power constraints and E-Mobility impacts.

Distribution constraints Key issues E-mobility impact
Distribution overload e Current exceeds thermal rating of | ¢ Thermal overloading of LV
lines/transformers transformers and feeder cables
e Limited hosting capacity for new due to uncoordinated charging
connections ¢ Nodal voltage violations
e Shift from static to probabilistic e Phase unbalance from single-
overload definition phase EVSEs

e Increase losses in weak lines

Voltage constraints ¢ Need to maintain voltage within e Voltage drops at distant nodes
statutory limits (=0.95-1.05pu) |, Voltage fluctuations due to
e Traditionally focused on stochastic charging behaviour
undervoltage; now also (SoC, arrival/departure,
overvoltage due to DERs charging rates)
¢ Dynamic voltage profiles from ¢ Voltage unbalance from single-
load growth + DER variability phase connections

2.2 Transmission system power constraints
2.2.1 Voltage instability

Voltage stability is formally defined as the ability of a power system to maintain steady,
acceptable voltages at all buses in the system under normal operating conditions and after
being subjected to a disturbance. It is fundamentally a problem of load stability, concerned
with the ability of the generation and transmission system to serve the load. A system is
considered voltage stable if voltages approach a steady-state value following a disturbance
[28]. Conversely, voltage instability occurs when a disturbance—such as a sudden increase
in load demand, changes in system conditions (e.g., a transmission line outage), or voltage
oscillations arising from poor interoperability between power electronic converters, leads to a
progressive and uncontrollable decline in voltage. The ultimate and most severe outcome of
this instability is voltage collapse; this is the process by which the sequence of events
accompanying voltage instability leads to a blackout or abnormally low voltages in a significant
part of the power system [28]. To quantify the system's proximity to this critical state, system

planners and operators rely on several key metrics:

o Voltage Stability Margin (VSM): This is the difference, typically measured in volts or
per-unit (p.u.), between the current operating voltage at a bus and the voltage at the
critical point of collapse. It serves as a direct measure of how close or far the system

is from voltage failure under the prevalent operating conditions [28].
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e Loadability Margin: This metric quantifies the amount of additional load, expressed
in megawatts (MW) or megavolt-amperes reactive (MVAr), that the system can sustain
at a specific bus or within a region before reaching the point of voltage instability. It is
often visualized as the distance from the current operating point to the "nose" or

maximum power transfer point of a Power-Voltage (P-V) curve [28].

Voltage instability occurs across different timescales, each driven by the response speeds of
specific system components, requiring tailored analysis and mitigation approaches. long-term
voltage instability develops over several seconds to minutes. Short-term voltage instability
arises within seconds after major disturbances. Very short-term/converter-driven instability
occurs within sub-seconds to a few seconds. These fast control-related instabilities stem from
power electronic converters, leading to voltage oscillations that challenge control system
stability rather than power delivery. The addition of a large EV charging fleet directly impacts
the core metrics of voltage stability by increasing the system's reactive power demand and

altering its response to disturbances.

2.2.2 N-1 Contingency Constraints

For decades, the reliable operation of transmission systems has been anchored by a
foundational principle: the N—1 security criterion, that mandates that the power grid must be
planned and operated to withstand the sudden, unexpected loss of any single major
component, such as a transmission line, generator, or transformer, without violating system
operating limits, destabilizing the system, or causing a cascading failure that leads to
widespread outages [29]. The N—1 criterion is the bedrock of grid resilience, a defensive pre-
configuration designed to ensure continuity of service in a system where the speed of a fault
often precludes real-time human intervention. It is a core tenet of grid codes and reliability
standards enforced by organizations like the North American Electric Reliability Corporation
(NERC) and is a central function of the Energy Management Systems (EMS) used by grid

operators for both long-term planning and real-time operational security [30].

The integration of EVs brings not just higher electricity demand but a new type of load with
distinct characteristics that create significant stresses across all grid levels. EV proliferation
reshapes load profiles, challenges equipment limits, affects power quality, and transforms grid
operation and planning [31]. The integration of millions of EVs creates a new operational reality
for power systems, one where the foundational N-1 security criterion is tested in novel and
complex ways. The core of the challenge lies at the intersection of the new, demanding EV
load profiles and the established principles of contingency analysis. High EV penetration does
not merely add load; it actively reduces operational margins, alters the nature and severity of

contingencies [29]. Moreover, common protection settings for many similar devices may also
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be a concern, reference to Spanish blackout where overvoltage protection setting for solar

generation added to the challenge [13].

The most direct impact of EV charging on N-1 security is the reduction of operational
headroom. In a pre-EV world, transmission lines and transformers are typically operated well
below their maximum thermal ratings to provide a buffer. This spare capacity is essential to
accommodate the rerouted power flows that occur following a contingency. When a large EV
charging load is added to the system, particularly during peak hours, it consumes a significant
portion of this buffer. The baseline, pre-contingency loading on all system components
increases [32]. Consequently, when an N-1 event occurs, for instance, the loss of a major
transmission line, the remaining parallel paths in the network are forced to carry a much larger
share of the rerouted power. Because these lines are already operating closer to their limits,
they are far more likely to become thermally overloaded, triggering further protective actions
and potentially initiating a cascading failure. The system's resilience is compromised because
its capacity to absorb the shock of a contingency has been pre-emptively consumed by the
EV load.

2.2.3 Frequency Constraints

Frequency serves as a real-time indicator of the equilibrium between electricity generation
and demand across the entire interconnected system. Deviations from the nominal frequency
signify an imbalance that, if not corrected promptly, can lead to widespread disruptions [33].
Grid frequency stability is essential for the reliable operation of power systems, reflecting the
real-time balance between electricity generation and demand. Typically maintained around 50
or 60 Hz, frequency serves as a key indicator of system equilibrium. Any divergence between
active power generation and consumption results in a frequency deviation. If generation
exceeds demand, the surplus energy accelerates the rotating masses of synchronous
generators, causing the frequency to rise. Conversely, if demand surpasses generation, the

deficit in energy causes generators to decelerate, leading to a frequency drop.

The widespread, uncoordinated charging of EVs can have a range of detrimental impacts on
the power system, such as, Frequency Fluctuations: The sudden, large increase in aggregate
load caused by simultaneous, uncoordinated charging directly leads to a drop in the system
frequency. The inherent volatility of this demand can induce rapid frequency fluctuations that
tax the grid's regulation capacity and can weaken the system's overall ability to withstand other

contingencies.
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Table 2 — Transmission system power constraints and E-Mobility impacts.

Transmission constraints

Key issues

E-mobility impact

Voltage stability

Defined as inability to maintain
acceptable bus voltages after a
disturbance

Progressive decline may lead to
voltage collapse and blackouts
Occurs over multiple timescales:
long-term (seconds—minutes), short-
term (seconds), and very short-term
(converter-driven, sub-seconds)

EV charging fleets increase
reactive power demand

Alter system response to
disturbances

High penetration exacerbates
converter-driven fast

instabilities

Contingency constraints

Grid must withstand loss of any
single major component (line,
generator, transformer) without
cascading failures

Principle codified in grid codes and
EMS operations (e.g., NERC
standards)

Ensures reliability by maintaining

operational “headroom”

High EV load reduces
operational margins and
headroom

Increases baseline loading of
lines/transformers

Following a contingency,
parallel paths more likely to
overload, higher cascading

failure risk

Frequency constraints

Frequency reflects instantaneous
balance of generation vs. demand
(Hz)

Deviations arise when demand #
generation

Conventional stability relies on

synchronous generator inertia

Uncoordinated EV charging
causes sudden large load
increments

Leads to rapid frequency drops
and fluctuations

Increased volatility challenges
regulation reserves and
weakens ability to handle

contingencies
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3 INNOVATIVE GRID SERVICES FOR V2X CHARGER

V2X charging and smart charging are two ways that EVs can provide valuable services to the
grid. V2X charging, which allows for bidirectional power flow, enables EVs to act as flexible
energy resources at the residential, community, and grid levels [34], [35]. This can help reduce
energy costs, provide backup power during outages, and support grid stability by helping with

peak shaving, load shifting, and frequency regulation.

Smart charging, which is a controlled unidirectional charging strategy, also provides benefits
even without bidirectional power flow. Combining both approaches expands the potential
services available to end-users and grid operators, which can help avoid expensive

infrastructure upgrades and integrate renewable energy sources more effectively.

This section describes a series of innovative grid services that use these capabilities to
address challenges in the electrical system. These services are categorized into three groups:
solutions for distribution systems, solutions for transmission systems, and services for behind-
the-meter needs. Each service is detailed by its name, description, contract type, activation
actor, e.g., Distribution System Operator (DSO), Transmission System Operator (TSO), or an
aggregator, and setpoint definition (e.g., power limit, price signal), activation mechanism, and
whether it uses V2X, smart charging, or both, including the technical characteristics of the
EVSE to allow the service implementation. Moreover, the innovative grid services are grouped
into the mode, i.e., it is based on price signals, direct control, regulatory aspects, and ancillary

services.

3.1 Innovative grid services for Distribution System challenges

3.1.1 Grid services based on price signals

e Congestion Management: This grid service mitigates distribution-level overloads by
coordinating EV charging and, where available, discharging. The service is
implemented triggering events when real-time or forecasted loading indicates
congestion. Delivery is constrained by EVSE and installation technical capabilities, via
an energy management system that issue power setpoints that the EVSE enforces
locally using smart-charging profiles supported by OCPP 1.6/2.0.1, respecting
connector nameplate limits, minimum controllable power, and phase
availability/switching. Setpoints are transmitted automatically via a secure Application
Programming Interface (API) and translated to EVSE/vehicle commands; if
communications drop, the EVSE falls back to a safe local profile while preserving user

SoC and departure constraints. Control modes include V1G, throttling, pausing, or
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3.1.2

shifting unidirectional charging to fit network capacity, and V2G, when supported by
the EV/EVSE (e.g., ISO 15118 features, bidirectional power limits, grid-code
protections), enabling controlled export during peaks with guaranteed make-up
charging afterward. End-user preferences (minimum SoC, latest departure, price caps,

battery health) and instant override are honoured.

Voltage Control in LV Grid: This service maintains voltage limits in LV distribution
networks by modulating EV power at the EVSE, either reducing import (V1G) or
exporting power (V2X) when technically available. It can run under a bilateral DSO and
service provider contract with price-based indexed to local voltage margins: near the
lower limit, high prices discourage charging and incentivize discharging; near the upper
limit, low prices encourage charging and discourage discharging. The service is thus
implemented through dynamic price signals that already internalize voltage-support
needs. Users simply follow these price variations, and their collective charging or
discharging behaviour naturally delivers the intended voltage regulation effect.
Delivery explicitly respects EVSE and site capabilities: EVSE must support control
(e.g., OCPP 1.6/2.0.1 smart charging profiles), enforce nameplate and site limit,
minimum controllable power, ramp-rates, and per-phase constraints; V2X requires
compatible EV/EVSE (e.g., ISO 15118-2/-20) and certified bidirectional limits. User
constraints (minimum SoC, latest departure, battery health) and instant override are

thrilled, with make-up charging scheduled to restore the target SoC after an event.

Grid services based on direct control

Phase Balancing: This grid service targets phase balancing in low-voltage networks
where single-phase electrical systems are unevenly distributed across the three
phases of a three-phase supply. It is implemented under a bilateral agreement
between the distribution system operator (DSO) and the service provider, potentially
complemented by market-based incentives. The service is activated by a signal from
the DSO or an aggregator that determines control actions based on real-time per-
phase voltage measurements. Via direct control, the phase tending toward imbalance
is discouraged from further charging, while lighter phases are managed to attract
additional load within admissible power limits. Although EVSEs provide per-phase
telemetry (voltage, current, and status), the actual control is applied at the connector
level, meaning identical current is typically set across all phases. Smart-charging
protocols such as OCPP 1.6 and 2.0.1 enable these coordinated adjustments,
ensuring compliance with connector ratings, minimum controllable current, and site-

level load-balancing constraints.
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Peak Shaving: This service manages EV charging at the EVSE to shave demand
peaks and optimize local load profiles. It operates under a bilateral contract between
the DSO and an aggregator and can be activated proactively based on forecasts or
real-time load conditions indicating approaching peak periods. Operationally, it falls
under direct control: once an activation signal is received (maximum power limit in the
installation), the commanded setpoint is enforced at the EVSE, immediately reducing,
or, if necessary, cutting, charging power. Control is expressed as per-EVSE (or per-
feeder) power setpoints, absolute W, that the EVSE must enforce locally. Delivery
explicitly respects charger/site characteristics: EVSE supporting smart charging (e.g.,
OCPP 1.6/2.0.1) apply limits within connector nameplate ratings and minimum
controllable power, site constraints and main-breaker limits are observed via load
balancing across connectors. Setpoints are dispatched either through the site energy
management system or directly from the DSO/aggregator via a secure API
(WebSocket/MQTT) for faster, coordinated actions; revenue-grade metering and live

telemetry (P, V, E, status) back settlement and compliance.

Direct Load Management with DSO inputs: This service adjusts EV charging in real
time according to the loading of distribution assets, operating under a bilateral DSO
and a service provider contract. The DSO, working with the Charging Point Operator
(CPO) and the Charging Point Management System (CPMS), acts as the activation
actor and issues dynamic power setpoints that track feeder and transformer conditions;
these are enforced at the EVSE to immediately throttle or, if needed, pause charging.
Delivery explicitly respects EVSE and site capabilities: EVSE that support smart
charging via OCPP 1.6 apply absolute or relative limits within connector nameplate
ratings, minimum controllable current as per IEC 61851, and site limits through local
load balancing. Setpoints are carried over secure APIs such as WebSocket or MQTT
and translated into EVSE commands; revenue-grade metering and live telemetry of
power, voltage, energy, and status enable verification and settlement. If
communications fail, a fail-safe local profile is applied, and user constraints are
preserved. User preferences such as minimum SoC, latest departure time, battery
health bounds, and instant override are always guaranteed, with make-up charging
scheduled as required. Operation is V1G, using unidirectional smart charging to align

demand with available grid capacity while meeting driver requirements.
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3.1.3 Grid services based on Regulatory Framework

Conditional Connection Agreement: This service dynamically adjusts EV charging
rates in real time according to the loading conditions of distribution assets, operating
under regulatory supervision and in compliance with DSO-defined technical
requirements. The DSO, working with the CPO or charging point management system,
acts as the activation actor and issues dynamic power setpoints that track feeder or
transformer conditions; these are enforced at the EVSE to immediately throttle, or, if
necessary, pause charging. Delivery explicitly respects charger and site capabilities:
EVSE supporting smart charging (e.g., OCPP 1.6/2.0.1) apply absolute or relative
limits within connector nameplate ratings, minimum controllable power, ramp-rate
constraints, per-phase availability, and main-breaker limits via local load balancing.
Setpoints are conveyed over secure APIs (WebSocket/MQTT) and translated into
EVSE commands; revenue-grade metering and live telemetry (P, V, E, status) enable
verification and settlement. Fail-safe local profiles apply on communications loss, and
user constraints (minimum SoC, latest departure, battery-health bounds, instant
override) are privileged with make-up charging scheduled as needed. Operation is
V1G (unidirectional), aligning demand with available grid capacity while preserving

driver requirements.

Voltage Control: This grid service operates within the regulatory framework governing
voltage quality in LV networks, aiming to prevent voltage sags by modulating EVSE
power in response to real-time voltage measurements. It functions under a defined
DSO, aggregator arrangement that specifies operational roles, performance criteria,
and compliance verification. The activating entity, either the DSO or the aggregator,
derives dynamic setpoints based on regulated voltage bands and instantaneous phase
measurements, then applies per-EVSE control signals enforced locally. Service
delivery adheres to charger and site capabilities: EVSEs supporting smart charging via
OCPP 1.6 or 2.0.1 implement absolute or relative power limits consistent with
connector nameplate ratings, minimum controllable current per IEC 61851 for AC
interfaces, ramp-rate limits, phase availability, and site load-balancing constraints.
When voltage approaches the lower permissible band, charging is throttled or
suspended; as voltage recovers, power is gradually restored while make-up charging
is scheduled to ensure the driver's target SoC is achieved before departure.
Continuous telemetry, voltage, current, power, energy, and status, together with
revenue-grade metering ensures traceability and regulatory compliance. Setpoints and

measurements are exchanged via secure APIs (e.g., WebSocket or MQTT) with the
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site EMS or CPMS, while fail-safe local profiles maintain protection during
communication loss, always safeguarding user conditions such as minimum SoC,

latest departure time, battery health, and immediate override capability.

3.2 Innovative grid services for Transmission System
challenges

e Frequency Droop Control: This service delivers fast frequency support by
modulating EV power at the EVSE in real time. Implementation is constrained by EVSE
and vehicle capabilities: V1G EVSE adjust import within connector nameplate ratings
and minimum controllable current, while V2G pairs require certified bidirectional power
limits, DC link, thermal protections, and battery SoC. The control law is a frequency
droop with a small deadband around nominal, defined setpoints for maximum up and
down regulation, and a verified response time. Setpoints may be issued under a
bilateral contract with the TSO via an aggregator and are enforced by the EVSE using
smart charging profiles or converter P and Q references. The EVSE or site controller
measures frequency with adequate resolution and filtering, applies priority rules and
SoC safeguards, and automatically reduces charging or initiates discharging when
thresholds are crossed, then restores power and schedules make-up charging to meet

the driver target SoC by departure.

e Black Start Support for Power System: This service enables EVs to assist in
restoring power to the system following a blackout by providing controlled energy
injection. It operates under a bilateral contract between the aggregator and the system
operator, defining technical requirements and operational procedures. The activation
actor is the local TSO, who triggers the service when a black start is required. The
setpoint definition specifies a power limit per vehicle, ensuring coordinated
contributions that match the system’s restoration capacity. The activation mechanism
is managed through the local EMS, when a black start is required, the TSO operator
arms the sequence via the local EMS. Hence, throughout, the EMS enforces SoC
reserves, droop setpoints, and ramp constraints to keep voltage/frequency within
bounds, while telemetry from each charger (P/Q, SoC, temperatures, breaker status)
closes the control loop. In practice, participating EVSE must be V2G capable with fast
active power control, while requiring SoC operating windows and communication
protocols such as OCPP 1.6/2.0.1.

+ Inertia Emulation: this service can enhance system stability in power system by
replicating the inertial response of synchronous generators through power electronics

and control algorithms. It is implemented as a regulatory obligation, ensuring
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compliance with stability requirements. The activation actor is the TSO, which monitors
system conditions and compares them against a setpoint definition based on local
inertia thresholds. When these thresholds are approached, the system reacts by
injecting or absorbing power to counteract frequency variations. The activation
mechanism uses data from local inverter sensors to trigger rapid adjustments. The
EVSE must be V2G capable with sufficient power rating and short response times. A
hierarchical control scheme is used in which the EVSE’s inner loops execute setpoint
changes from local frequency measurements, while a supervisory controller compares
operating conditions to predefined “virtual inertia” thresholds that account for SoC
limits and EVSE compliance (OCPP 1.6/2.0.1).

¢ Renewables Curtailment Mitigation: This service, with EV charging service, can
reduce renewable energy curtailment by directing surplus generation to EV charging.
It is established under a flexibility contract with the TSO or an aggregator, ensuring
that renewable integration is prioritised within market or operational frameworks. The
activation actor is the TSO, who identifies renewable energy surpluses and triggers
additional charging demand to absorb excess generation. The setpoint definition
corresponds to the level of RES surplus (W), with charging adjusted dynamically to
maximise renewable utilisation. The activation mechanism is automated, based on
signals from the TSO, allowing rapid alignment of EV charging demand with renewable
generation availability. EVSE must support dynamic per connector power control and
scheduling (OCPP 1.6J/2.0.1 or ISO 15118-20), respect AC IEC 61851 and DC CCS
limits

o EV charging curtailment: this service is proposed to reduce charging demand to
support system stability when unexpected grid events occur, such as N—1 contingency.
It is defined as a grid code requirement, ensuring that EV charging infrastructure
contributes to maintaining security of supply under stressed conditions. The activation
actor can be TSO, who triggers the service when contingency events, such as
generation outages or network failures, are detected. The setpoint definition is based
on a power limit, restricting charging load to a specified threshold to relieve stress on
the system. The activation mechanism is managed through the TSO’s contingency
dispatch platform, which issues signals directly to charging infrastructure forimmediate
and coordinated response. EVSE must support communications protocols that must

be secure and low latency, such as OCPP 1.6J/2.0.1.

e Reactive Power Support: To solve N-1 contingency constraints, this service is

proposed to provide voltage regulation capabilities by using EV fleets to supply or
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absorb reactive power. This service can be implemented under either a market-based
contract or a regulatory obligation, depending on the system operator’'s framework.
The activation actor is the TSO, who defines the operational requirements and triggers
the service. The setpoint definition is based on voltage thresholds, ensuring that
reactive power is dispatched when the grid voltage deviates from acceptable limits.
The activation mechanism is enabled via an API connection from the TSO to the
aggregator or directly to the inverter, allowing fast and reliable adjustments. Moreover,
It is necessary to coordinate the response with the local DSO to avoid any regulation
that may be harmful in the DSO grid. This service relies on V2G functionality, enabling
bidirectional power flows that strengthen grid stability and enhance overall system
reliability. EVSE must secure control and telemetry (OCPP 2.0.1), and compliance with
ride through and power quality standards (EN 50160/IEEE 519). DC off-board V2G
should provide Q at P=0 (AC on-board depends on vehicle and ISO 15118/IEC 61851),
and a local Volt—VAR fallback must sustain autonomous support if communications

fail.

¢ Frequency Adaptation: this service is planned to enable EVs to contribute to system
stability by adjusting their charging behaviour in response to frequency deviations. It is
implemented under a contractual agreement or markets, which defines the operational
conditions for participation. The activation actor is the TSO, who oversees service
activation based on system needs. The setpoint definition is linked to predefined
frequency thresholds, which trigger automatic adjustments to charging power levels.
The activation mechanism can rely on digital communication channels such as
WebSocket or MQTT broker, ensuring real-time responsiveness. This service can be
delivered through V1G operation, applying unidirectional smart charging control to
support frequency stability without requiring bidirectional energy flows. EVSE must
support communications protocols that must be secure and low latency, such as OCPP
1.6J/2.0.1.

o Fast Frequency Response: Proposed for EV Fleets, this service can provide rapid
stabilisation of grid frequency by utilising the aggregated flexibility of EV fleets. It
operates under market-based ancillary service contracts, which define the commercial
terms for participation. The activation actor can be either the TSO or an aggregator,
depending on the market structure and operational framework. The setpoint definition
is based on predefined frequency thresholds, which trigger immediate adjustments in
charging or discharging power. The activation mechanism relies on real-time

frequency measurements combined with API-based communication, ensuring fast and
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coordinated response across multiple EVs. EVSE must support secure, low-latency
communication protocols such as OCPP 1.6J/2.0.1. For instance, in the Nordic FFR
market, activation is triggered directly by local frequency measurement, as the
response requirements of 0.7—1.3 s leave insufficient time for remote communication.
Asset arming for threshold frequencies between 49.7-49.5 Hz may occur via TSO

communication or according to a predefined control plan.

e Frequency Regulation Services: This service can allow EVs to participate in
frequency control either through V2G discharging or V1G load reduction, as already
implemented in markets such as DK2 (Denmark). It is delivered under a market-based
contract, enabling competitive participation of EV fleets in ancillary service markets.
The activation actors include the TSO, balancing service providers, or balance
responsible parties, who dispatch the service when grid frequency deviates from the
nominal value. The setpoint definition is a frequency command, with charging or
discharging automatically adjusted to counteract imbalances. The activation
mechanism is fully automatic, ensuring rapid response to frequency events and
contributing to overall system stability. EVSE must support communications protocols

that must be secure and low latency, such as OCPP 1.6J/2.0.1.

3.3 Innovative grid services for Behind the Meter challenges

While distribution and transmission level grid services primarily address system wide stability,
congestion management, and reliability, Behind-The-Meter (BTM) services operate at the
consumer or building level, offering local flexibility that can complement broader system
needs. By leveraging controllable loads, smart charging, V2X EVSEs, and home or building
energy management systems, BTM services enable end-users to actively contribute to grid
stability while optimising their own energy use and costs [36]. These services provide a
bottom-up approach to flexibility, supporting distribution and transmission operators indirectly,

while being directly implemented through local contracts and energy management strategies.

3.3.1 Local Load Management

The Local Load Management for EVSE service is proposed to allow building-level energy
management systems to automatically adjust charging rates based on local grid capacity and
total site demand. This service is implemented under a contractual agreement, typically
between the building owner or facility operator and the service provider or aggregator. The
activation actor can be the building manager, who oversees the operation and ensures that
flexibility commitments are respected. The setpoint definition is based on a power limit (kW),

ensuring that the aggregated demand of EVSEs and other flexible loads does not exceed
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predefined thresholds (contracted power of the installation). The activation mechanism relies
on local measurements, typically obtained from smart meters, which provide real-time
consumption data to the energy management system that affectively control the EVSE via
communication protocols. This enables dynamic adjustment of charging rates and other
controllable loads, ensuring compliance with limits while maintaining end-user comfort and

optimising energy costs.

3.3.2 Demand Response

The Demand Response Participation service can enable BTM assets, such as EVs or other
flexible loads, to respond to market signals and contribute to system balancing. It is
implemented through a market-based mechanism, where participants are incentivised to
adjust their consumption in response to electricity price variations or flexibility requests. The
activation actor can be the aggregator, who coordinates multiple consumers and
communicates control instructions. The setpoint definition is based on a price signal, which
determines when and how demand should be shifted or reduced. The activation mechanism
operates via an APl connection from the aggregator, allowing real-time participation in

demand response programs while ensuring consumer benefits and system-level support.

3.3.3 Fair and Smart EVSE scheduling

With fewer EVSEs than households, an EMS allocates charging slots by need and availability
to ensure fairness and avoid peaks. This BTM services is proposed to coordinate access and
power sharing when EVSEs are scarce, scheduling time slots and per vehicle setpoints so
total site demand remains within limits. The service is implemented under a contractual
agreement between the building owner/house owner and a service provider or aggregator,
defining booking windows and priority rules (e.g., accessibility or emergency users). The
activation actor is the building manager (or designated EMS operator), who oversees
operation and ensures that fairness policies and flexibility commitments are respected. The
setpoint definition is in W with user energy derived from declared departure times and target
SoC; fairness can follow earliest departure first with SoC tie breaks, rotating priority tiers, or
pro rata sharing. The activation mechanism relies on local measurements (smart meter and
EVSE telemetry) and the mobile app: users declare arrival/departure and energy needs; the
EMS computes a schedule that limits simultaneous sessions, balances phases, adapts to ToU
tariffs, and updates in real time as EVs plug/unplug; commands are sent to EVSE via standard
protocols (e.g., OCPP 1.6/2.0.1, smart charging). This enables dynamic adjustment of slot
assignments and charging rates, preserves contractual demand limits, minimizes scheduling
times and peaks, and maintains user comfort with clear notifications and graceful fallbacks

during communications loss
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3.3.4 Dynamic Tariff and Flex Management

The BTM responsive BESS and EV dispatch service is proposed to coordinate stationary
Battery Energy Storage System (BESS) and EV charging/discharging in response to tariff
signals, minimizing bills and reducing dependence on the main grid. The service is
implemented under a contractual agreement between the building owner and a service
provider, aggregator, or retailer, defining data access, settlement, and user consent. The
activation actor is the building manager (or EMS operator), who oversees operation and
ensures that flexibility commitments are respected. The setpoint definition combines a power
signal in W aligned with price signals, PV forecasts, and contracted capacity. The activation
mechanism relies on local measurements from smart meters, BESS, and EVSE telemetry; the
EMS computes and updates charge/discharge schedules in real time and issues commands
via standard protocols (e.g., Modbus/IEC 61850 for BESS; OCPP 1.6/2.0.1 or ISO 15118 for
EVSE). This enables peak shaving, load shifting, and PV self-consumption without breaching
limits, while respecting user departure times and restoring normal schedules when price

events end.

3.3.5 Self-consumption in house or building

This BTM service is proposed to use locally produced PV energy, optionally buffered in a
BESS or an EV (V2H/V2B), to supply the building’s own loads and reduce grid imports. The
service is implemented under a contractual agreement between the building owner and a
service provider or aggregator, defining data access, settlement, and user consent. The
activation actor is the building manager (or EMS operator), who oversees operation and
ensures that self-consumption and flexibility commitments are respected. The setpoint
definition combines a site import/export power in W with energy, SoC budgets (kWh, minimum
reserves) and a self-consumption target, so surplus PV triggers BESS/EV charging while
deficits or peak periods trigger controlled discharging, all within contracted capacity and device
constraints. The activation mechanism relies on local measurements from the smart meter,
PV inverter, BESS, and EVSE telemetry; the EMS computes and updates charge/discharge
schedules in real time and issues commands via standard protocols (e.g., Modbus/IEC 61850
for BESS/PV; OCPP 1.6/2.0.1 or ISO 15118 for EVSE). This enables dynamic adjustment of
charging rates and other controllable loads to maximize PV use, shave peaks, and minimize
bills, while respecting user departure times, maintaining comfort, and providing graceful

fallbacks (e.g., PV-surplus tracking with SoC floors) if communications are lost.
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3.4 Innovative grid services suggested in the AHEAD project
context

3.4.1 Western Europe Demo

Within the Western Europe Demonstrator (WED), which explores large-scale EVSE
deployment across public, semi-public, and private infrastructures, as well as the electrification
of maritime-tourism activities, the implementation of advanced flexibility services is essential
to ensure both operational reliability and sustainable energy integration. Three services are
particularly well aligned with the demonstrator’s objectives: Local Load management, Demand

Response Participation, and Renewables Curtailment Mitigation.

Local Load Management and Demand Response Participation are especially suited to the
private infrastructures to be tested and validated, such as workplace and residential charging
facilities. Local Load Management enables building-level energy management systems to
dynamically adjust charging demand according to contracted capacity and site-level
constraints, ensuring operational efficiency while avoiding local overloads. Similarly, Demand
Response Participation based on price signals allows behind-the-meter assets, including EVs
by offering cost optimisation for consumers and supporting grid balancing. These services are
directly aligned with the WED’s aim of assessing Al-driven coordination strategies in realistic
private charging environments, where user behaviour, load diversity, and contractual limits

strongly influence system performance.

Renewables Curtailment Mitigation supports European decarbonisation by using EV charging
to absorb surplus renewable generation. In Madeira, where grid flexibility is limited, this service
helps prevent renewable curtailment and stabilizes the island’s power system. By aligning
charging schedules with renewable availability through TSO signals, it increases the use of
clean energy and reduces reliance on fossil-based generation, demonstrating the innovative

scope of the Western Europe Demonstrator.

3.4.2 Nordic Europe Demo

Within the Nordic Europe Demonstrator (NED), which focuses on slow and fast chargers for
light-duty electric vehicles across residential, workplace, and public settings, deploying
targeted flexibility services is essential to ensure operational reliability and efficient grid
integration. Three services are particularly well aligned with the demonstrator’s objectives:

Frequency Regulation Services, Direct Load Management, and Peak Shaving.

Frequency Regulation Services are especially suited to the Nordic Europe Demonstrator,

which targets slow and fast charging for light-duty EVs across residential, workplace, and
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public sites. In this context, EVSE fleets modulate charging (V1G) and, where available,
bidirectional power (V2G) in response to frequency deviations and operator setpoints,
providing fast up/down regulation without breaching user mobility needs through SoC and
departure time constraints. The service will validate Al-driven coordination to forecast
availability, aggregate heterogeneous EVSE, and schedule sub minute setpoint changes
under real driving patterns, cold-climate battery behaviour, and local tariff structures. By
demonstrating reliable, standards-based response from both AC and DC infrastructure, the
NED assesses how EV flexibility can contribute to system frequency stabilization while

maintaining user comfort and operational practicality in Nordic conditions.

Direct Load Management with DSO inputs is especially suited to the Nordic demonstrator’s
residential, workplace, and public charging sites. It enables site level EMS and CPO platforms
to adjust per connector setpoints in real time according to technical limits such as local
transform capacity, voltage margins, and contracted capacity, ensuring operational efficiency

while avoiding local overloads.

Peak Shaving is especially suited to the Nordic demonstrator’s residential, workplace, and
public charging sites. It enables site EMS and CPO platforms to limit coincident demand and
contracted power by smoothing EV charging and co-dispatching on-site BESS, thereby
reducing demand charges and avoiding local overloads. This service is directly aligned with
the NED’s aim of evaluating Al-driven coordination under centralized vs. distributed control in
realistic Nordic conditions, demonstrating how predictive scheduling and real-time control

keep demand within limits without compromising user experience.

3.4.3 Southern Europe Demo

Within the Southern Europe Demonstrator (SED), which assesses the feasibility of charging
for private EVs and public-transport fleets (HDVs) and the amount of flexibility they can provide
to the grid across multi-vendor deploying targeted flexibility services is essential to ensure
reliable operation and scalable integration. Two services are particularly well aligned with the
demonstrator’s objectives: Congestion Management with DSO inputs, to respect local network
constraints and contracted capacity while coordinating AC/DC sites and depot hubs; and
Demand Response Participation, enabling BTM assets (EVSE, BESS, and V2X-capable
fleets) to respond to market and operator signals, reducing costs for operators while

supporting grid balancing.

In the Milan demonstration site, an EVSE will be installed and used as a testbed for flexibility
functionalities with the distribution grid. The innovation lies in the dynamic interaction between

the charging infrastructure and the DSO, enabling real-time responsiveness to grid needs.
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The Congestion Management service is activated when DSO measurements or forecasts
indicate local network loading approaching contractual or technical limits, prompting
coordinated control of AC/DC chargers and depot hubs to redistribute or limit power flows.
The Demand Response Participation service is triggered by market or operator signals
requesting flexibility, allowing BTM assets such as EVSEs, battery energy storage systems,
and V2X-capable fleets to modulate their power profiles and deliver upward or downward

flexibility according to market or grid conditions.

During the demo, the DSO will be able to send real-time flexibility requests to the charging
station. These requests may include commands to reduce energy consumption during periods
of grid stress or inject energy back into the grid when there is surplus capacity available in the

connected battery system.

This setup will allow the EVSE to act not only as a consumer but also as a prosumer in the
form of a distributed energy resource (DER), contributing to grid stability. The Milan demo will
thus showcase how smart charging and bidirectional energy flows can be used to support the

energy transition and enable more intelligent, responsive distribution networks.
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4 ADVANCED CONVERTER TOPOLOGIES AND
TECHNOLOGIES FOR EVS, HDVS, VESSELS

The rapid growth of electric mobility is not only reshaping energy demand patterns but also
accelerating innovation in power electronics, which forms the backbone of charging
infrastructure and vehicle-grid interactions. Converter technologies are central to this
evolution, as they determine how efficiently and flexibly EVs, HDEVs, and electrified vessels
interface with the grid. Advances in semiconductor devices and high-frequency components,
improved efficiency, reduced size and cost, and enhanced grid support functionalities. These
developments are particularly relevant as the diversity of applications expands, ranging from

residential EV charging to megawatt-scale systems for trucks, buses, and maritime transport.

This section examines advanced converter topologies and technologies that underpin the
integration of electric mobility into power systems. It begins with an overview of charging
system architectures, before distinguishing between on-board and off-board EVSEs designs
and their respective implications for grid interaction. The analysis then extends to high-power
converter solutions tailored for HDEVs, addressing their unique charging requirements, and
finally considers converter topologies for electrified vessels and maritime applications, where

operational scales and technical conditions differ significantly from road transport.

4.1 Advanced converter topologies for grid support

To support the rapid passes of electric mobility, advanced charging systems are required,
especially those capable of bidirectional power flow, allowing not only battery charging but
also energy feedback to the grid. These smart and bidirectional charging architectures are

essential to optimize energy use, support grid stability, and enable V2G services.

Central to these architectures are power electronic converters, which manage the flow of
electricity between the grid and vehicle batteries. To be suitable for these purposes,
converters must meet several important requirements. They must provide bidirectional
capability to enable both grid-to-vehicle (G2V) and V2G power flow. High efficiency, typically
above 95%, is necessary to reduce energy losses and improve overall system performance.
Converters also need to comply with grid standards and support both AC and DC interfaces
to ensure seamless integration. Furthermore, modularity and scalability are key to adapt
converter designs from small EV chargers to large vessels. Electrical isolation is mandatory
in many applications for safety and noise reduction. Finally, modern converters must be ready
for smart control and communication, enabling advanced energy management and seamless

interaction with smart grids, and they should include local measurement of voltage and
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frequency to ensure proper and timely response to grid events. This section provides a
comprehensive review of the most relevant converter topologies for smart and bidirectional
charging systems. The focus is on converter designs suitable for simulation, highlighting their
operating principles, advantages, limitations, and applications in EVs, HDVs, and marine

vessels.

4.2 Charging System Overview

Battery charging systems for EVs can generally be classified into on-board and off-board
architectures. Figure 1 illustrates a general EV charging system architecture, showing the
interaction between on-board and off-board components, and highlighting key elements

relevant to smart and bidirectional energy management.
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Figure 1 — Charging system schematic including both on-board and off-board chargers [37].

4.2.1 On-board chargers

On-board chargers (OBCs) are compact power electronic units integrated into EVs that enable
direct connection to the AC power grid. Their primary function is to convert alternating current
(AC) into regulated Direct Current (DC) for battery charging, while meeting grid requirements
such as high-power factor, Low Total Harmonic Distortion (THD), and electrical isolation for
safety. OBCs are constrained by limited installation space, weight, thermal management, and
electromagnetic emission control, which shape their design and performance. Typical power
ratings range from 3.3 kW to 43 kW, covering single-phase AC charging (mode 1: 0-3.7 kW,
mode 2: 3.7—7 kW, and mode 3: 7-22 kW) as well as three-phase AC charging up to 43 kW,
offering slower to medium charging speeds suitable for residential and commercial use [37].
While most OBCs traditionally support unidirectional power flow, from the grid to the EV, recent
developments have introduced bidirectional solutions, enabling advanced services such as
V2G, vehicle-to-home (V2H), and vehicle-to-load (V2L). Depending on their configuration,
OBCs based on the configurations of stages can be classified mainly as: Two stage, Single
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stage as shown in Figure 2. However, the integrated and multifunctional chargers are also

included in this category [38].

Bidirectional OBC

N

Single-stage OBC Two-stage OBC

| >

Single phase OBC Three phase OBC
(0-7kW) (0 - 22kW)

Figure 2 — Classification of OBC systems [38].

The most advanced category of on-board chargers is the multifunctional OBC, which
integrates multiple functionalities by sharing components across different systems. This
approach leads to more compact and lightweight designs, while also enhancing overall
efficiency. For example, a recent design [39] (shown in Figure 3) employs a dual-function
strategy with comparable capabilities, effectively combining diverse charging and power

management tasks within a single unit.
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Figure 3 — Charging system schematic employing a dual-function strategy.

For smart and bidirectional charging architectures serving high-power applications like HDVs
and vessels, off-board chargers are essential due to critical limitations of OBCs. OBCs impose
strict weight, volume, and cost constraints on EVs, making them impractical for megawatt-
scale charging demands. Off-board solutions decouple power electronics from the EV,
enabling scalability to extreme power levels (100 kW-3 MWH+), advanced grid integration

(active power regulation, black-start capability), and centralized optimization of bidirectional
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energy flows (V2G, V2B). This architecture reduces EV complexity, eliminates redundant
power conversion stages, and allows utilities to deploy unified control systems for fleet
charging, grid balancing, and renewable energy buffering. For maritime and heavy transport,
where space efficiency and rapid charging are paramount, off-board chargers represent the

only viable path toward electrification.

Consequently, this report primarily concentrates on off-board charging systems to address the
high-power, bidirectional, and smart-grid requirements of modern EV/HDV/vessel charging

infrastructure.

4.2.2 Off-board chargers

Level 3 chargers or mode 4 chargers, due to their high-power ratings, are typically designed
as off-board systems (installed externally to the EV). A wide variety of off-board charger
configurations have been explored in the literature [40]. In compliance with the IEC EN 61851-
23 standard, galvanic isolation between the AC input and DC output circuits is mandatory.

Therefore, this section focuses exclusively on isolated off-board charger topologies.

A standard off-board charging system consists of two primary stages: i) a grid-side AC/DC
converter for both unidirectional and bidirectional capabilities and ii) a DC/DC converter that
interfaces with the EV battery, as well as for both unidirectional and bidirectional capabilities.
Depending on the converter topology, both stages can support either unidirectional or
bidirectional power flow. However, the main purpose of this task is research about smart and
bidirectional charging architectures and only these categories are discussed. Meanwhile,
these can be isolated (with galvanic isolation) or non-isolated, depending on safety
requirements. But due to the EMI and safety requirements for smart charging, isolated
topologies are the main scope of this task. The topologies are further differentiated by their

modulation techniques, control schemes, and power densities.

4.3 Bidirectional AC/DC Converter Topologies for EV Charging

AC/DC converters interface the charger with the utility grid and play a critical role in power
quality, grid compliance, and overall charging system efficiency. In a bidirectional
configuration, these converters not only ensure seamless energy transfer from the grid to the

EV battery but also support reverse power flow back to the grid during V2G operations.

Key design goals include high efficiency, power factor correction (PFC), low total harmonic
distortion (THD), and compliance with grid codes (such as IEEE 1547 and EN 50549). The

topologies can be classified also based on three-phase or single-phase point of view. Below
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are the most common AC/DC bidirectional converter topologies used in smart EV charging

systems, especially for medium- and high-power applications:

4.3.1 2-Level Full Bridge with PFC

The two-level full-bridge converter is the most basic and widely used topology for bidirectional
EV charging [41], [42]. It consists of four switches in a full-bridge configuration and typically
includes a boost or buck-boost PFC stage. During charging, it rectifies the AC grid voltage
and regulates the DC output voltage; during discharging (V2G), it inverts the DC battery
voltage back to AC, injecting current into the grid with high power factor. While it offers
simplicity and cost-effectiveness, it suffers from high switching losses and electromagnetic

interference (EMI) at higher power levels due to its two-level operation.

4.3.2 T-Type Three-Level converter

The T-type inverter is a three-level converter that offers reduced voltage stress on the switches
and lower switching losses compared to the traditional two-level topology. It introduces an
additional bidirectional switch per phase, enabling three voltage levels at the output (+Vdc/2,
0, -Vdc/2). This improves efficiency and reduces THD in the current output. The T-type
structure is particularly attractive for medium-voltage EVSEs due to its better efficiency and
power quality performance, though it is more complex to control and requires precise
balancing of the DC-link capacitors [43], [44].

4.3.3 Neutral-Point Clamped (NPC) Converter

The Neutral-Point Clamped (NPC) converter, also known as a diode-clamped three-level
converter [45], [46], divides the DC bus into three voltage levels using clamping diodes and
capacitors. It provides better waveform quality and lower voltage stress on the switches,
making it suitable for high-power EVSEs. Its main drawback is the uneven voltage stress
across the clamping diodes and challenges in neutral-point voltage balancing. However, with
proper modulation and control, NPC converters can achieve high efficiency and low harmonic

distortion in grid-connected operations.

4.3.4 Vienna Redctifier

The Vienna rectifier is a unidirectional three-phase three-level converter with inherently low
THD and high efficiency. It uses three bidirectional switches and diode paths to realize three-
level operation on the DC side, with power factor correction on the AC side. While traditionally
designed for unidirectional operation (i.e., only grid-to-vehicle), modified versions with

bidirectional capability are being explored for smart charging applications [47], [48]. The
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Vienna rectifier is compact and efficient but lacks native support for V2G unless extended with

additional inverter stages.

4.3.5 Active NPC (ANPC)

The Active NPC (ANPC) converter improves upon the classical NPC by replacing passive
clamping diodes with active switches, enabling better control over voltage sharing and thermal
stress among devices. This enhances reliability and efficiency, especially at higher power
ratings. The ANPC can be used in both charging and discharging modes, offering excellent
performance in terms of output waveform quality, switching loss reduction, and fault tolerance.
It is particularly suited for fast-charging stations requiring high power density and robustness
under grid disturbances [49], [50].

Table 3 — Comparison table of bidirectional converter topologies for AC/DC stage.
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4.4 Bidirectional DC/DC Converter Topologies for EV Charging

Bidirectional DC/DC converters play a crucial role in smart EV charging systems by interfacing
the battery with the DC-link (in off-board chargers) or directly with the DC fast-charging
infrastructure. These converters are essential in enabling V2X functionalities, allowing energy
to flow both from the grid to the vehicle and vice versa. The key design objectives are high
efficiency, high power density, galvanic isolation (where needed), and precise bidirectional
current control. Below are the most prominent bidirectional DC/DC topologies used in modern

EV charging systems:

o Bidirectional Non-Isolated Boost/Buck-Boost Converter: This is the simplest
bidirectional DC/DC topology, where a single inductor and two active switches allow
step-up and step-down conversion. In boost mode, it charges the battery from the DC-
link, and in buck mode, it discharges energy back to the grid or other loads. It is suitable
for low to medium power onboard applications due to its compact design and relatively
high efficiency. However, it lacks galvanic isolation, which limits its use in safety-critical
off-board systems [51], [52].

e Dual Active Bridge (DAB) Converter: this converter is one of the most popular
isolated bidirectional DC/DC topologies. It uses two full-bridge inverters connected via
a high-frequency transformer. Power flow is controlled by adjusting the phase shift
between the bridges. It supports both soft-switching and high-power density, making it
ideal for medium-to-high power off-board fast chargers and V2G systems. Different
types of DAB converters are discussed in [53], [54].

e Capacitor Resonant Converter (CLLC) (Bidirectional): The CLLC resonant
converter is an isolated topology based on resonant tank networks. It provides zero-
voltage switching (ZVS) and zero-current switching (ZCS) in both directions,

significantly reducing switching losses. The bidirectional version uses two active
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bridges and a symmetrical control strategy. It is increasingly used in high-frequency

isolated chargers due to its efficiency and EMI performance [55], [56].

o Triple Active Bridge (TAB) Converter: The Triple Active Bridge extends the DAB
concept by connecting three active bridges via a multi-winding transformer. This
topology enables multi-port energy management, for example, simultaneously
connecting a PV panel, battery, and grid. It is ideal for energy hubs where power flow
between multiple sources and sinks must be dynamically balanced [57], [58].

e LCL Resonant Converter: LCL Resonant Converter is indeed a viable and increasingly
researched topology for the DC/DC stage in smart EV charging systems, especially in
wireless power transfer (WPT) or high-efficiency isolated charging scenarios. They
offer soft switching (ZVS or ZCS) for reduced switching losses. They are Suitable for

high-frequency operation, often used in inductive wireless charging [59], [60].

e Bidirectional flyback converter: The flyback converter offers isolation through a

transformer but is typically used in low-power applications due to its higher voltage
stress and limited efficiency. It can be designed in a bidirectional configuration for

onboard auxiliary converters or very compact chargers [61].

Table 4 — Comparison table of bidirectional converter topologies for DC/DC stage.

Control Power
Converter Topology Efficiency Use Case

Complexity REN [

Low Medium Low— Onboard chargers | [51,
Medium 52]
Boast Mode
Buck/Boost (Non-Isolated)
Medium High Medium-— | Off-board [53,
High chargers, V2G 54]
High Very High | Medium- | Wireless charging, | [55,
High off-board fast 56]
charging
CLLC Resonant Converter
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4.5 Converter Topologies for Heavy-Duty EV Charging

Heavy-duty EV charging infrastructure demands robust, high-power converter solutions

capable of handling hundreds of kilowatts to multiple megawatts. The converter topologies

used in these applications must support bidirectional power flow, ensure high efficiency, and

often provide galvanic isolation for safety and compliance with grid codes. The AC/DC stage

typically includes NPC, multi-level, or Active Frontend (AFE) converters, optimized for power

factor correction and reduced harmonics at high power levels. On the DC/DC stage, isolated

topologies such as the DAB, LLC resonant converters, and phase-shifted full-bridge (PSFB)

converters dominate due to their ability to efficiently transfer large power while maintaining

soft switching and bidirectional operation. These converters are integral in fast-charging

stations and heavy-duty fleet applications, enabling efficient energy transfer between the grid

and vehicle batteries [62], [63].
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Figure 4 — Configuration of multi-level converter suitable for HDEVs. a) MMC
converter for AC/DC stage [26] b) Cascade DAB converter for DC/DC stage [63].
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4.6 Converter Topologies for Electrified Vessels and Maritime
Applications

Electrification of vessels and maritime applications introduces unique challenges, including
harsh environmental conditions, strict safety standards, and the need for highly reliable and
efficient power conversion systems. Converter topologies for these applications typically
operate at power levels ranging from hundreds of kilowatts to several megawatts and prioritize
galvanic isolation to protect sensitive onboard equipment. The AC/DC conversion stage
commonly employs ANPC and MMC for their scalability, fault tolerance, and high efficiency in
managing shore-to-ship or onboard power flow. On the DC/DC side, DAB and LLC resonant
converters are preferred due to their soft switching capabilities, high efficiency, and suitability
for bidirectional power transfer in battery management systems. These advanced converters
enable seamless integration of energy storage, renewable energy sources, and grid
connections within the maritime environment, supporting the transition towards greener and

more sustainable shipping [64].

D2.2 Innovative Grid Services for EVs Page 41 of 64



2
Project: 101160665 — AHEAD — HORIZON-CL5-2023-D3-03 ’ ‘[.\HEI.\O

(I |
o L, R | “T
ower G 3
|——51 a M“ i L | Ll: |
I v ( T T
| : il : |— erw\ 1 Il :
| v Iy |
! S \ |J|_1 e :‘HE]} u)
Lt L ot |G E55E |
[y L| |
‘ I L]
Lo
I
I

/

Figure 5 — Configuration of multi-level converter suitable for Maritime [64].

The table provides a comprehensive overview of recommended converter topologies
segmented by application type, ranging from passenger EVs, HDVs such as trucks and buses,
to maritime vessels and ports. For passenger EVs, wired solutions commonly use ANPC 3-
Level converters at the AC/DC stage paired with DAB converters at the DC/DC stage, offering
bidirectional power flow, moderate scalability, and high efficiency suitable for home and public
chargers. Wireless charging introduces more complexity, often requiring resonant converters
like CLLC, which add magnetic isolation and dynamic tuning for effective power transfer.
Heavy-duty vehicles prioritize robust and scalable topologies such as interleaved DAB and
ANPC or T-Type 3-Level converters, balancing high power capacity with efficiency and
thermal management. In maritime applications, converters such as MMC and high-power
CLLC/DAB hybrids are favoured due to their ultra-high scalability, fault tolerance, and
suitability for large-scale charging infrastructure. Notably, many of these topologies integrate
smart control features supporting V2G functionality, enabling bidirectional energy flow and
advanced grid services. This diversity of topologies highlights the need to tailor converter
design to specific application requirements, balancing efficiency, isolation, scalability, and

control complexity to meet the evolving demands of smart EV charging ecosystems.
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Table 5 — Suggested classified table of bidirectional converter topologies for all segments.

Charging Recommended Smart
Stage Bidirectional Isolation Scalability Efficiency
Type Topology Control
. . Ideal for home/public chargers; good
Wired AC/DC ANPC 3-Level v - Moderate High (~97%) v
THD and reactive power control
. Dual Active High (~95- - .
EVs Wired DC/DC ) v v Moderate v Compact, efficient, soft switching
Bridge (DAB) 97%)
Wireless AC/DC ANPC 3-Level v - Moderate High v Shared with wired systems
v v High (~94— (more Compact coils; supports dynamic
Wireless DC/DC CLLC Resonant Moderate . .
(with control) (magnetic) 96%) complex) wireless; requires tuned control
MMC (Modular .
Ideal for MW-scale, flexible cells,
Wired AC/DC Multilevel v - Ultra-High Medium-High v .
superior fault tolerance
Converter)
Modular
Used in port electrification, scalable,
Wired DC/DC Multilevel v v Ultra-High Medium-High v _
modular, expensive
Vessels/Port DC/DC (M2DC)
MMC or
_ . ) Ports may adopt contactless
Wireless AC/DC Cascaded v - Ultra-High Medium v o
charging in future
ANPC
) High-Power ) ) — High-power IPT still in pilot phase,
Wireless DC/DC v v Ultra-High Medium . . .
CLLC / DAB (experimental) | suitable for stationary dock systems
ANPC or T- Handles higher voltages and
Wired AC/DC v - High High v
Type 3-Level currents
) Interleaved ) ) Parallel units improve scalability and
HDVs Wired DC/DC N N High High N
DAB thermal performance
(trucks,
. ANPC or T- . . L .
buses) Wireless AC/DC v — High High v Same grid-side architecture
Type 3-Level
Interleaved v More complex control for wide
Wireless DC/DC v High Medium-High —
CLLC (magnetic) power range
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4.7 Assessment of semiconductor technologies and high-
frequency components

The performance and scalability of advanced power converters in electric mobility are directly
linked to progress in semiconductor technologies and medium/high-frequency passive
components. These determine conversion efficiency, volumetric power density, reliability, and
overall cost. In this section, we evaluate modern and prominent semiconductor devices and
medium/high-frequency component technologies with application-specific emphasis for EVs,

HDVs and electrified vessels.

4.7.1 Modern and prominent semiconductor technologies for grid connected
and mobility applications

Power semiconductors act primarily as high-frequency switches, and their performance is

strongly determined by material properties such as bandgap, critical electrical field, and

thermal conductivity. Silicon (Si) devices remain cost-effective and dominant in low- and

medium-power applications while modern wide-bandgap (WBG) devices, in particular Silicon

Carbide (SiC) and Gallium Nitride (GaN), are enabling significant improvements in overall

system performance [62].

For the challenges of EV fast-charging systems SiC Metal-Oxide-Semiconductor Field-Effect
Transistors (MOSFETs) are increasingly replacing Si Insulated-Gate Bipolar Transistor
(IGBTs) [63]. For the same operating voltages SiC MOSFETs enable higher switching
frequencies reducing passive filters and isolation transformer volume, a critical factor for
compact EV powertrains, OBC, and high efficiency EVSEs. Demonstrations have already
shown >98% converter efficiency in 800 V charging systems, translating to faster charging

with reduced thermal management overhead [64].

HDEVs charging as well as high-power traction in buses or trucks demand devices capable
of handling several hundred kilowatts. SiC devices with blocking voltages up to 10-15 kV [65]
are being tested in modular multilevel converter (MMC) stages for megawatt-scale charging

hubs [65]. Their higher thermal conductivity simplifies cooling in confined depots.

In vessels and aircraft, power density is of even greater importance. GaN high-electron-
mobility transistors (HEMTs), although currently limited to 650 V ratings, enable high-

frequency operation in the MHz range, enabling ultra-compact converters [66].

Other semiconductor technologies have yet to achieve technological maturity for industrial

use, ultra-wide bandgap semiconductors such as Ga,O; and diamond offer promising
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pathways for extremely high-voltage and high-temperature devices, though they remain

limited to research applications [67].

4.7.2 High-Frequency Passive Components for Compact and Efficient
Design

Raising converter switching frequency is a direct pathway to reducing the size of transformers

and filter inductors and capacitors Medium-frequency transformers (10-50 kHz) are already

being integrated into isolated DC/DC converters for EVs and HDVs, reducing footprint while

still handling several hundred kilowatts [G8].

In terms of materials, ferrites have been extensively used in medium frequency applications
up to a few dozen kW. More recently amorphous and nanocrystalline materials have been

considered due to their inherent magnetic properties [69].

For EVSEs: medium and high-frequency transformers reduce isolation stage volume, enabling
modular and scalable charging units and among different constructive methods planar
transformers are being utilized due to a fine control of the leakage inductance that is crucial

for some power converters operation (e.g. Dual Active Bridge) [51].

Electrolytic capacitors are one of the limiting factors in terms of converter lifetime and
operation temperature limits and a common trend is to actively monitor these assets [50]. The
use of higher operating frequencies as well converter topologies that actively switch these
devices enable the use of different capacitors technologies namely solid dielectric capacitors

such as plastic film or ceramic capacitors.

4.7.3 Implications for Grid Services

The choice of semiconductor and HF component technologies has direct consequences on

the type and quality of grid services that EVs, HDEVs, and vessels can provide:

¢ SiC/GaN devices with lower switching losses enable converters to switch at higher
frequencies increasing control bandwidth and enable participation in fast frequency
and voltage support services, critical in weak grids and microgrids.

o Efficiency gains from reduced losses in semiconductors and passive components
translate into reduced thermal footprint, without oversizing cooling systems and
smaller thermal cycling. Both aspects are critical for economic viability of these

solutions by increasing reliability and reducing the investment costs.
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5 COMMUNICATION PROTOCOLS AND BATTERY
PASSPORTS FOR GRID INTEGRATION

The effective integration of electric mobility into power systems depends not only on advanced
charging technologies but also on secure and interoperable communication frameworks.
Standardised communication protocols between EVSEs and central management systems
are essential for enabling coordinated control, flexibility services, and reliable interaction with
grid operators. In parallel, the emerging concept of the battery passport provides a digital
record of battery characteristics and lifecycle data, supporting traceability, sustainability, and

grid-aware operation.

This subsection reviews the communication protocols that enable the integration of EVs into
the power system, as well as the provision of grid services, alongside battery passport
initiatives, with the aim of identifying advanced strategies to enhance grid support and scale

e-mobility adoption.

5.1 Communication protocols for grid support

EV grid integration relies on communication protocols to enable efficient charging, energy
management, and grid stability. These protocols provide a set of rules and guidelines to
ensure compatibility and facilitate communication and data exchange between EVs, EVSEs,
central point management system (CPMS), grid operators, and other stakeholders [65].
Additionally, EV charging protocols enforce safety standards, addressing physical and cyber

security concerns to protect vehicles, passengers, and data from potential hazards.

Communication protocols can be divided into front-end and back-end protocols [65]. Front-
end protocols focus on the interaction between the EV and the EVSE. Back-end protocols,
emphasises communication between the EVSE and the Charging Management System
(CMS) services, including user authentication, billing, and remote monitoring [5]. Protocols for

grid support can be split into different sections depending on the communicating components.
Protocols for EV grid integration and their application are detailed below:

o Open Charge Point Protocol (OCPP): Charging station — Backend communication

¢ Open InterCharge Protocol (OICP), Open Clearing House Protocol (OCHP), Open
Charge Point Interface (OCPI), eMobility Interoperation Protocol (eMIP): Roaming
platform operator — Backend

o Open Automated Demand Response (Open ADR): Flexibility aggregator — Assets

e 1SO 15118: Vehicle — Charging station
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e |EC 61851-1: Vehicle — Charging station

e CHAdeMO: Vehicle — Charging station

e Open Smart Charging Protocol (OSCP), IEC 61850, IEC 60870-5-104, IEC 104:
DSO or others - Backend

e Proprietary communication protocols

These different protocols and standards are important to facilitate:

e Interoperability

e Scalability

o Security

e Efficiency and Smart Charging
e User Experience

e Regulatory Compliance

Together, these factors ensure that EV charging systems are streamlined, reliable, accessible,
and secure, and that they are ready to meet future demands by enabling an infrastructure of
compatible entities, seamless data exchange, freedom of choice, cost savings, better
services, increased competition, ongoing innovation, and scalability [65]. Figure 6 shown a

description of the protocols and standards found most relevant.

IEC 61850

OpenADR IEC 61851-1
IEC 60870-5-104 f l OCPP1.6/2.X 1SO 15118
oscP O CHAdeMO
IEC 104 TQ
Grid CPO EVSE EV
" OCHP | —
| oICP . Acronym Description
" eMIP I CHAdeMO CHArge de MOve
I ocp . CPO Charge Point Operator
" I CPMS Charge Point Management System
1 . eMIP eMobility Inter-operation Protocol
i 1 EV Electric Vehicle
. EVSE Electric Vehicle Supply Equipment
I | OCHP Open Clearing House Protocol
—_. (lCI':’P_LG./Z._X . OcCPI Open Charge Point Interface
T o OCPP Open Charge Point Protocol
[} oICP Open Inter Charge Protocol
OpenADR Open Automated Demand Response
CPMS OsCP Open Smart Charging Protocol

Figure 6 — Main standards overview.

OCPP: Charging station — Backend: OCPP is a widely used EV charging communication
protocol between an EVSE and the CMPS, available from and maintained by the Open Charge
Alliance (OCA). Three versions are currently available: OCPP 1.6 (2015) introduced basic
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smart charging features for load balancing and simple device management; OCPP 2.0.1
(2020) added advanced smart charging and full device management, strengthened security,
and support for ISO 15118; and OCPP 2.1 (2025), the newest version of the Open Charge
Point Protocol, expands support to bidirectional charging (V2G), improves integration with
renewable energy sources, offers flexible payment and transaction options (energy-, time-,
and cost-based), adds support for battery swapping stations and local cost calculation at

chargers, and maintains backward compatibility with OCPP 2.0.1

e OCHP, OICP, eMIP, and OCPI: These are all protocols developed by different entities,
e.g., OICP developed by Hubject in 2012, that serve almost identical purposes and
allow communication between or CPMS and a clearinghouse, to enable roaming,
which allows drivers to charge on EVSE’s outside those provided by their e-mobility

service provider [66].

e Open ADR: Flexibility aggregator — Assets: Open ADR is maintained by The Open
ADR Alliance and facilitates automated and secure two-way communication between
electricity providers, system operators, and end-users. It enables demand response
service providers to communicate signals directly to customers using a common
language and existing communications, such as the Internet. Further, it allows

manufacturer-independent and secure communication [65].

e IS0 15118: Vehicle — Charging station: This front-end protocol, published in 2013
by the International Organization for Standardization (ISO) and the International
Electrotechnical Commission (IEC), is an international standard that defines the
communication between EV and EVSE. The protocol enables plug & charge, smart
charging, bidirectional charging (V2G), security and authentication. It enhances the
charging process by facilitating seamless communication between EVs and charging

stations.

o |EC 61851-1: Vehicle — Charging station: IEC-61851-1 is a front-end standard for
the definition of EV charging modes: Mode 1 with EV connected directly to AC grid (not
allowed in EU), Mode 2 EV connected to AC grid through cable with control pilot and
protection against electric shock, Mode 3 EVSE connected to AC grid with tethered
cable, Mode 4 EVSE rectifies AC grid and supplies DC power to EV with tethered cable
[67].

e CHAdeMO, Vehicle — Charging station: CHAdeMO is a front-end communication

protocol maintained and developed by the CHAdeMO organisation. The protocol is
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used for DC charging and the v2.0 specification includes the possibility for bidirectional
power transfer and the exchange of battery’s state of charge (CHAdeMO 2019a). The
CHAdeMO protocol adheres to IEC 61851.

e OSCP - DSO or others — Backend: The OSCP is a protocol used to exchange
predictions of available power between a CPO and a DSO or similar party. OSCP is
supported by the OCA [68].

e« Proprietary communication protocols: Proprietary communication protocols are
also often used, and the reasons may differ: They include customization for specific
functionalities, control over technology and intellectual property, performance
optimization, and enhanced security features. However, the use of proprietary
protocols can create interoperability challenges, making it difficult for different systems

and devices to communicate effectively.

5.2 Battery passport: definition and role

The EU's digital battery passport is a new initiative under EU regulations for ecodesign and
batteries as part of the ‘European Green Deal'. It helps companies track and share important
data about batteries, such as their environmental impact, material sources, lifespan,
repairability, and recyclability. The system will be mandatory from February 1, 2027, for all
EVs and industrial batteries over 2 kWh sold in the EU, and the responsibility lies with
economic operator who puts the battery on the market [69]. Each battery will have a QR code
that provides access to this data. Specifications on what this data should include is also
provided to ensure that batteries are operational and efficient to comply with minimum
requirements. In short, this includes unique identification, type and model of battery, updates
on performance and durability during repair and repurposing of the battery, and carbon
footprint of manufacturing [70]. As proof of concept a prototype of the passport has been
developed by GBA which shall act as a framework for companies [71]. One such example can
be found from LG Energy Solutions (LGES), as illustrated by Figure 7 [72], which illustrates

how the information and labelling can be accessed once the QR code has been scanned [73].
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ttery Passport Pilot / Pilot 1

Tesla
BATTERY PASSPORT [ BATTERY SERIAL NUMBER
RSTEE201345831 T14D0037652

BATTERY RECIAL

NMC-MS0 G T

BATTERY | MATERIALS ESG ] . DATA

BATTERY STATUS MANUPACTURING DATE BATTERY CELL TYPE CHEMISTRY

Original 8/30/2022 cylindrical NCM-M50

EV MANUPACTURER COUNTRY OF BU ASSEMBLY NUMBER OF CELLS PER BATTERY WEIGHT

® Tesla @ China 4,416 481 kg

BATTERY PRODUCER COUNTRY OF BATTERY PRODUCTION TOTAL ENERGY ENERGY DENSITY

® LG Energy Lution 8 China 78.05 kWh 0.1622 kWh/kg
BATTERY CELL PRODUCER COUNTRY OF CELL PRODUCTION RATED CAPACITY (N-MAX) TEMPERATURE RANGE (MMMAX)
@ LG Energy @ China 219 Ah -30°C to +60°C

Figure 7 — Example of a Battery Passport from LG Energy Solutions (LGES).

To follow up with the EU battery legislation, the Chinese government launched the
development of a Chinese digital battery passport, where similar information regarding the

batteries is required [74].

5.2.1 Benefits and Criticism of Battery Passport

The battery passport improves transparency by tracking raw materials, their origins, and how
batteries move through the supply chain. It helps with better recycling, supports the circular
economy, and makes it easier to monitor sustainability efforts. It also creates fair competition
for all businesses in the industry [75]. Nevertheless, there are concerns about data privacy
and who controls the information. Some fear that managing and securing battery data could
be costly and complex, especially for small and medium-sized businesses (SMEs) [81]. The
lack of clear data-sharing standards could also make it difficult to connect different systems.
In addition, manufacturers worry that the passport could create extra administrative work and
increase production costs [80]. Further, there is recognized a diversity in this type of regulation
which can impose challenges in terms of not having harmonization of the standards on an

international level [82].

D2.2 Innovative Grid Services for EVs Page 50 of 64



N
Project: 101160665 — AHEAD — HORIZON-CL5-2023-D3-03 ? ‘[.\HEI.\Q

5.2.2 Planned and Implemented Standards

The EU Battery Regulation (Regulation (EU) 2023/1542) replaces the Battery Directive

(2006/66/EC) and sets comprehensive rules for the sustainability, safety, and labelling of

batteries placed on the market in the European Union. The main objective of the regulation is

the introduction of the Battery Passport, ensuring transparency and traceability throughout the

battery's lifecycle [83]. Additionally, the regulation mandates that all batteries must undergo a

CE conformity assessment and eventually be CE marked, which is a responsibility that lies

with the battery manufacturer [84]. To support the implementation of the Battery Passport,

several relevant standards are applied and are described in the following:

DIN DKE SPEC 99100: The mandatory data attributes for the Battery passport are
defined by the DIN DKE SPEC 99100 Standard, which was launched in January 2025.
These attributes include both general information on the battery, the material
composition, carbon footprint data, performance of the battery, production process and

disposal methods, as well as working conditions throughout the entire value chain [85].

ISO 14083: Carbon footprint tracking is defined by ISO 14083, specifically for transport
services. This standard specifies methodologies for calculating GHG emissions during
battery production, usage, and disposal. It includes specific formulas, data inputs, and
reporting requirements for organizations and transport services. Additionally, 1SO
14083 includes a verification process to ensure accurate implementation of carbon

footprint tracking, although the certification scheme is still under development [86].

IEC 62933: To ensure safe and efficient operations of batteries, technical requirements
for energy storage systems are defined by the IEC 62933 series of standards. This
series includes definitions of terms applicable to EES systems, as well as specific
standards for measuring the performance and safety of batteries. Furthermore, it sets
safety standards to prevent electrical shocks, fires, explosions, etc., for grid-integrated
batteries. IEC 62933 also provides guidelines for planning and installing energy
storage systems and assesses their environmental impact, including how to minimize

environmental harm [86].
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6 CONCLUSIONS

This Deliverable set out to define innovative grid services for charging infrastructure by

following a systematic path: first analysing grid specifications to identify technical constraints;

then proposing a portfolio of services, including enhancements to bidirectional electric vehicle

supply equipment (EVSEs) suited to those constraints; reviewing converter topologies to

ensure credible grid support; and assessing advances in semiconductor technologies and

high-frequency components to inform technology strategy. In parallel, the work evaluated

communication protocols between charging stations and central management systems, as

well as the emerging battery-passport framework, to secure interoperability, data integrity, and

sustainable lifecycle management.

Upon a more detailed examination of the key findings, it becomes clear that:

At the grid-operation level, the first analysis underscored that electric vehicle (EV)
penetration directly stresses distribution feeders, transformers, and voltage margins,
while also testing frequency stability and N—1 security at the transmission level.
Uncoordinated charging amplifies these vulnerabilities, leading to overloads, voltage
deviations, and reduced operational headroom. Addressing these constraints requires

moving beyond traditional reinforcement planning towards flexibility-based strategies.

Coordination through smart charging and vehicle-to-everything (V2X) can evolve EVs
from passive loads into active grid resources. A taxonomy of innovative grid services,
ranging from congestion management, voltage support, and phase balancing in
distribution networks, to frequency regulation, contingency support, and renewable
curtailment mitigation at transmission level, as well as behind-the-meter services for
demand optimization and fairness, illustrates how charging infrastructures can be
systematically mobilized to strengthen system operation. The validation within
European demonstrators further shows that these services are not theoretical, but

practically deployable under real technical and contractual settings.

The provision of innovative grid services is inseparable from the capabilities of power
electronic converters, which form the backbone of modern EVSE and vehicle-grid
interactions. Advances in semiconductor devices, high-frequency magnetics, and
modular topologies (such as Active Neutral-Point Clamped (ANPC), T-type three-level
(T-type), Neutral-Point Clamped (NPC), Dual Active Bridge (DAB), Capacitor—
Inductor—Inductor—Capacitor (CLLC)) enable bidirectional, efficient, and scalable

power conversion across contexts, from residential On-Board Chargers (OBCs) to
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megawatt-scale off-board chargers for heavy-duty vehicles and maritime applications.
By tailoring converter designs to application constraints, EVSE can provide not only

reliable charging but also fast, accurate, and grid-compliant flexibility services.

e The communication protocols that standardize interactions across system layers are
crucial. Protocols such as ISO 15118 (Road vehicles — Vehicle to grid communication
interface), IEC 61851 (Electric vehicle conductive charging system), CHAdeMO
(Charge de Move), and OCPP (Open Charge Point Protocol) define EV-EVSE
interoperability and secure bidirectional control, while OpenADR (Open Automated
Demand Response), OSCP (Open Smart Charging Protocol), and roaming interfaces
(OCPI (Open Charge Point Interface), OICP (Open InterCharge Protocol), OCHP
(Open Clearing House Protocol)) facilitate market participation, aggregation, and
DSO/TSO coordination (Distribution System Operator / Transmission System
Operator). These frameworks ensure that flexibility signals can be dispatched,
enforced, and verified across heterogeneous infrastructures, providing the
interoperability and cyber-security foundations on which innovative grid services

depend.

e The battery passport introduces a data-centric innovation that extends grid services
into the lifecycle dimension. By mandating transparency on battery composition,
health, performance, and carbon footprint, the passport not only strengthens
sustainability and circular-economy objectives but also enhances grid-aware
operation. Verified state-of-health, safe operational windows, and traceable
performance data allow system operators and aggregators to enrol assets more
confidently in flexibility programs, align discharging cycles with warranty constraints,
and improve settlement accuracy. While concerns on data privacy, standard
harmonization, and (Small and Medium-sized Enterprises) costs remain, the passport

represents a critical enabler of sustainable and scalable EV integration.

Taken together, these four dimensions, grid constraints, innovative services, enabling
converters, and communication/data infrastructures, form a coherent framework for the next
phase of e-mobility deployment. By combining advanced hardware intelligence with
interoperable protocols, verifiable data governance, and market or/and regulatory adaptation,
EV fleets can transition from sources of uncertainty to pillars of system resilience. The
conclusion is clear: addressing the challenges of electrification requires not isolated solutions,

but the orchestration of technologies, standards, and policies into a unified ecosystem where
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EVs act as flexible, secure, and sustainable grid resources, thereby accelerating the clean

energy transition.
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