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Abstract

This paper presents a distributed V2G-enabled multiport DC charging system with a
hierarchical charging management strategy. Unlike conventional architectures based on
centralized power converter cabinets, the proposed system distributes bidirectional power
converters within individual multiport dispensers, each equipped with a local charging
power management device. This architecture improves system scalability, fault tolerance,
and operational flexibility while enabling vehicle-level charging and V2G services. A
hierarchical control framework is introduced, consisting of high-level optimal charging
scheduling, mid-level power coordination among distributed dispensers, and low-level
converter control. Key elements include modular power units that can be dynamically
configured and expanded, providing a cost-effective and adaptable solution for growing
EV markets. Experimental results obtained from a 45 kW modular DC charging prototype
demonstrate an efficiency improvement of up to 2% at rated power compared to a non-
modular charger. In contrast, the optimized charging strategy achieves an overall charging
cost reduction of approximately 11% and a peak load demand reduction of up to 31%.
Furthermore, stable bidirectional power flow, effective power sharing, and total harmonic
distortion within regulatory limits are experimentally validated during both charging and
V2G operation. The prototype is implemented to validate the proposed charging system in
the laboratory environment.

Keywords: electric vehicles; DC charging technology; charging management; Vehicle-to-
Grid (V2G)

1. Introduction

The rapid advancement of EV technology has paved the way for a new era of trans-
portation characterized by sustainability and innovation. As the demand for EVs continues
to rise globally, the development of robust charging infrastructure with V2G systems is
paramount to support the widespread adoption and maximize the benefits of electrified
mobility. According to [1], 6.8 million public and 29.4 million private charging points
are planned to be installed by 2030 in the EU region for both urban and rural areas. It
is key to ensure equitable access to e-Mobility, and its benefits, for all: Today, 75% of the
European population lives in cities and urban areas [2], and more than 40% of car owners
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have no access to off-street/private parking [3], so they cannot install home EV chargers. If
these people cannot access on-street charging infrastructure for daily charging, then the
EU will not achieve the targets for EV uptake and electrification of transport settled by the
Sustainable and Smart Mobility Strategy, FitFor55 and AFIR. In addition, today, households
without off-street parking have more limited options for accessing smart charging, for
example, those living in flats or rental properties [4]. Thus, there is an urgent need for
innovative and diverse charging solutions for large-scale deployment in urban areas.

The hybrid charging ecosystem combining traditional AC charging and low-power
DC charging systems is emerging as a practical and cost-effective solution in dense urban
areas, where space constraints, grid limitations, and high vehicle concentration coexist [5-8].
Conventional AC charging infrastructure (typically 3.3-22 kW) remains widely adopted
due to its lower installation cost and compatibility with existing grid infrastructure [9-11].
However, AC charging is often limited by onboard charger ratings, resulting in longer
charging times and reduced flexibility for fleet operations and high-utilization scenarios.
On the other hand, the DC fast charger (typically > 150 kW) installed in commercial or
industrial parking lots includes a large power converter cabinet, as shown in Figure 1, but
is not easily accessible for the people of residential areas.
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Figure 1. Typical multiport charging hub with centralized power converter unit for different applica-
tions and services [5].

The fast charging system is also not suitable for the large-scale deployment in resi-
dential areas due to higher cost, space, and grid limitation issues [12-14]. Thus, there is
a need for an innovative DC charging system, which is not only suitable for large-scale
deployment in residential areas but also reduces the charging cost by using bidirectionality
and smart charging features. To complement commercial fast charging facilities, low-power
DC charging systems (typically 20-100 kW) are gaining increasing attention for urban and
semi-public applications. Unlike high-power fast chargers, low-power DC systems provide
a balanced trade-off between infrastructure cost, charging speed, and grid impact. The
charging infrastructure experts have already developed low-power DC charger solutions
for urban area installations.

Recent studies on EV charging infrastructure have explored diverse architectures and
control strategies to improve scalability and grid integration. A modular multiport DC
fast charger supported by a reconfigurable battery system, enhancing grid flexibility, has
been proposed in [15], but focusing on fast charging rather than low-power distributed
deployment. Reference [16] introduced a multiport DC-DC converter with differential
power processing, improving efficiency at the converter level, yet lacking system-level scal-
ability and coordinated energy management. Similarly, ref. [17] developed a bidirectional
DC-DC converter for EV charging in DC grids, but the work remains converter-centric
without extending to multiport charging infrastructure. From a control perspective, ref. [18]
addressed centralized charging optimization for EV fleets, demonstrating effective schedul-
ing but lacking modular hardware design and distributed architectures. Additionally, the
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optimized charging process is validated using 50 kW single-power-module-based EVSE
hardware. In addition, ref. [19] investigated modular charging concepts for ultra-fast
stations; however, their work is simulation-based and not tailored to low-power urban
deployment. Low-power PV-based charging solutions have been demonstrated in [20] with
bidirectional capability but remain limited to small-scale prototypes. The summary of the
literature related to DC charging systems is listed in Table 1 below and compared with the
proposed DC charging system.

Table 1. The state of the art for recent DC charging system research.

. Dispenser Power g . 1 PE Converter—
Ref. Architecture Control Level Bidirectionality Validation Disp. Integration
BESS-based dedicated Current mode "
[15] DC/DC per port low level N/A Yes Lab Prototype No
[16] Dedicated DC/DC Phase-shift N/A Yes Lab Prototype No
per port low level
[17] Dedicated ML DC/DC CC-CV based N/A Yes Lab Prototype No
per port low level
CC-CV with
[18] Single AC/DC per port Optimized 45-50 kW No Lab Prototype Yes
Current Control
. CC-CV with
[19] Dedicated DC/DC module logic 50 kW No Simulation No
per port
control
. Converter centric
[20] Single AC/DC per port mode specific 2kW Yes Lab Prototype No
Modular AC/DC Hierarchical
Proposed per port multilevel control 45 kW Yes Lab prototype Yes

*N/A: Not Available.

To address the challenges regarding large-scale deployment, space availability in
urban residential areas, and higher installation cost for fast DC charging station, this paper
proposes a distributed modular multiport DC charging system (2 CCS ports per dispenser)
integrated with PE converters tailored for EV fleet charging hubs, as shown in Figure 2.
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Figure 2. Multiport charging hub with a distributed power converter unit for different applications
and services.

The primary novelty lies in the integration of a distributed bidirectional PE converter-
based multiport DC dispenser topology with an embedded hierarchical charging manage-
ment system. The proposed system operation is validated through laboratory experiments
and real urban charging site operation. The proposed architecture supports bidirectional
power flow, distributed scalable hardware modules, and intelligent scheduling algorithms
that dynamically allocate power based on vehicle priority, SoC, and departure time. The
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interoperability is ensured through compliance with established communication standards
and adaptive control protocols. Experimental validation on a 45 kW prototype demon-
strates high system efficiency (>95%), controlled THD, and effective power distribution
across ports. The proposed solution addresses key technical and operational challenges in
EV fleet electrification and offers a path toward reliable, grid-supportive, and cost-effective
fleet charging infrastructures.

2. Proposed Multiport Charging Station Using Module Integrated Dispenser

The proposed low-power modular charging system is shown in Figure 3. The detailed
system description is discussed below. The proposed modular charging solution comprises
two containers, each of which supplies two charging ports. Each charger container contains
a 3 x 15 kW AC/DC converter. The charging station consists of two groups of power
converters. The AC/DC converter group has a 3 x 15 kW modular structure to serve the
charging power to the L3e (passenger cars/vans) and emulate a scaled charging system.
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Figure 3. Proposed modular multiport charging station layout including interoperable communica-
tion protocols.

The charging system comprises two containers, each equipped with two ports. This
configuration allows up to four electric vehicles to charge concurrently at a baseline rate of
22.5 kW per port. The station features dynamic power scaling based on port availability,
facilitated by the parallel connection of power electronic converters via a DC relay. Through
this power-sharing architecture, the system can dynamically allocate output, such as
delivering 45 kW to two vehicles simultaneously or routing the maximum 90 kW capacity
to a single vehicle if all other ports are unoccupied. To execute this high-power charging, a
dedicated power-sharing strategy governs the activation of the AC/DC module contactors
(Rx, where x represents the number of required active modules).

The mid-level module power-sharing controller allocates the reference power (Pief)
signal, which comes from the high-level optimum charging scheduler. The core function
of the charging scheduler is to generate the required power reference to optimize the
charging cost. To perform this optimization, the high-level charging scheduler required the
external signal such as forecasted electricity price (€/kWh), EV user information (arrival
time, departure time, initial SoC, Slow /Fast Charging), EV battery information (battery
capacity, SoC status), total charging load demand, etc. The required charging power profile
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is generated via a convex optimization algorithm, which is transmitted to the mid-level
power-sharing algorithm to allocate the power among the modules.

3. Hierarchical Charging Power Management and Control Strategy

The multilevel charging station management and control strategy is shown in Figure 4,
which is considered for the proposed hybrid charging station. The levels are high-level, mid-
level, and low-level. The high-level aim is to introduce intelligence in the whole microgrid,
as discussed in the above sections, so that an optimal operation for the charging station can
be achieved. The high-level management strategy employs a convex optimization-based
charging scheduler to minimize charging cost while satisfying EV and grid constraints.
At this level, forecasted electricity price, EV user requirements, battery state, and site
load information are processed to generate the charging power references for the lower
control layers.
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Figure 4. Block diagram of hierarchical charging management and power flow control strategy,
including communication and control signals for the charging container.

This hierarchical structure is delineated by distinct response times and operational
objectives. Firstly, the high-level management layer exhibits the slowest regulation dy-
namics, which operates across time intervals ranging from seconds to hours. The primary
function is to optimize user charging costs by generating the required current references for
individual load requests. Secondly, mid-level control operates above the local controllers to
govern the power flow and power quality. This layer features a moderate response time
of 100 ms-1 s and is responsible for adjusting voltage, current, or frequency deviations
introduced by the lower tiers within the master station’s power electronic converters. Lastly,
the low-level control layer manages the local power, voltage, and current loops, ensuring
the stable operation of each power converter. This layer possesses the most rapid response
dynamics, functioning within 1-10 ms, which allows it supply.

3.1. High-Level Charging Management Strategy (HL-CMS)

In contrast to heuristic approaches such as genetic algorithms reported in the prior liter-
ature, the high-level CMS adopted in this work is implemented using convex optimization.
This choice ensures computational tractability, repeatability, and efficient real-time schedul-
ing under linear constraints. The convex optimization strategy is utilized to generate the
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charging current profile from a high-level charging management block by optimizing the
charging cost. The optimization algorithm aims to minimize the charging cost for the EV
operator, while satisfying the requirements and constraints of the EV and grid operators.
The HL-CMS is adopted using convex optimization in this research work, which applies
to charging stations. The strategy initiates upon the arrival of the EV at the charging
station. When an EV arrives at a charging station, the driver informs the EVSE of their
needs. The charge request is received by the HL-CMS, which then performs the real-time
scheduling and optimization algorithm [16]. The scheduling of the EV charging process
is deemed difficult due to the wide range of limitations imposed by many parties. This
makes it challenging to develop charging schedules that are viable, efficient, and acceptable
to all stakeholders, especially when numerous EVs must be charged at the same time.
The detailed explanation of the mathematical formulation for the optimization problem is
out of scope for this paper. Mathematically, the optimization problem is formulated from
Equation (1) to Equation (5) as follows:

Minimize < Y (ﬁoyi + ﬁ;y%)) - (,BoPib + % (pl,b)z) (1)

ieEN
Subject to
yi = Pib + Y PmiSmis Vie N 2)
meM
0 < SoCii 4+ Y ip,;Smi < SoCm*,Vie N, VYm € M (3)
ieN
S0 + Y, iPyiSmi > amSoC™, Vi€ N, Ym € M @
ieN

0< pi < P Vie N, Vme M (5)

The parameters By and $; denote non-negative coefficients representing the intercept
(€/kWh) and slope (€/kWh/kW) within the adopted pricing formulation. Since all con-
straint expressions are linear, the resulting formulation constitutes a convex optimization
problem, which can be efficiently solved using interior-point algorithms [17]. The variable
N indicates the total number of time intervals considered, typically spanning 24 h with
each interval having a duration of i = 1 h. The set M corresponds to the total number of
electric vehicles (EVs) participating in the system, specifically those scheduled for charging.
During the computation process, each EV is sequentially indexed using m. The aggregate
site power demand which denoted by y;, incorporates both the base load P,; and the
EV charging demand. The charging schedule matrix S, is derived from user-provided
charging requirements and is used to represent the expected charging periods for each EV.
The battery energy constraints are defined by the minimum and maximum state of charge
limits, SoC™i" and SoC™MaX, respectively, expressed in kWh. Furthermore, the charging
power assigned to each EV is represented by p,,;, which is bounded above by the maximum
allowable charging rate pmax during the optimization process.

3.2. Mid-Level Power Management Strategy

The mid-level control layer is responsible for power coordination and module-level
management within the charging station.

The implementation strategy is adapted from [21] include module activation/deactivation,
current reference allocation, and power flow regulation between the AC/DC conversion stage
and the EV charging ports as shown in Figure 5. This layer operates on a slower timescale
compared to the converter control loops, ensuring proper hierarchical separation. The total

reference charging current, I;Ef

1ot Produced by the supervisory control layer is used as the
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primary input to the system. Based on this required current and the rated current capacity
of each module, the controller determines the number of modules that must be activated,
denoted as Njctve, as expressed in Equation (6). Subsequently, considering the physical
arrangement and availability of modules, the system selects the appropriate modules
for operation. When the system operates in steady-state conditions, the reference d-axis
current for each active module is computed by equally distributing the total reference
current among the active modules, as defined in Equation (7).

' f
N o = d_tot (6)
active Jrated
d
e f
d_tot
e = )
dl... .
" Nactive
[ High Level Charge Management Strategy ]
Voltage Current Optimized Ac/pc
Measurement Measurement Power Profile Converter
for each Charger Info
Current Reference o 00 Relay Signal Control for
Generat.m.g D — Converter Parallel
(Power Splitting) o l? Operation

lidreu --------- llmem llm --------- lﬂﬁ

Mid-Level Power Sharing Controller

Figure 5. Mid-level charging management and control interlinked with HL-CMS.

To prevent frequent switching and ensure system stability, a hysteresis-based activation
mechanism is implemented. Specifically, module activation and deactivation thresholds
are defined as Equations (8) and (9):

Activation thershold, I;gftot > Noctive ¥ I + ALy (8)

Deactivation thershold, I;gftot < Nuctive X Ifted 4 Apdown )

where AI;p and Algow” represent hysteresis margins. The mid-level controller is imple-
mented on a RaspberryPi device with a certain control update rate (1-10 Hz), which is
sufficiently slower than the converter switching dynamics but fast enough to respond
to load variations. Additionally, relay switching delays and interlocking constraints are
incorporated to avoid simultaneous switching events and ensure safe operation.

3.3. Low-Level Control Strategy

This control layer governs the local operation of each power converter module, ensur-
ing accurate current tracking, voltage regulation, and stable bidirectional power flow. This
layer operates at the fastest timescale in the system, typically in the sample time range of
[50-100 ps]. The low-level converter employs a dual-loop control structure, consisting of
inner current control loop and outer DC-link voltage control loop.

The current reference (Igglf ) for the inner current control loop is primarily generated by
the mid-level charging management layer. The outer DC-link voltage controller provides a
secondary limiting reference (I ddfe f) to ensure DC-link stability. The final current reference

(I;ef ) is selected through a supervisory constraint to guarantee both charging performance
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and system stability. The PI can compensate for the current error (difference between
setpoint and measurement) and generate the control signals, as shown in Figure 6. The PI

controller gain selection strategy for AC/DC converters is described in [22]. Then, this con-

c
abc

for the PE converter. The phase-locked loop (PLL) is used to determine the phase angle, 6,

trol signal (v¢, ) is compared with the carrier signal to produce suitable switching patterns
for the inverse park transformation. To improve current tracking performance and decouple
the d—q axis dynamics, feedforward decoupling terms —wLi; and +wLiy are included in
the current control loop. This allows independent regulation of active and reactive current
components and enhances dynamic response under varying operating conditions.
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Figure 6. Dual-loop control strategy to generate PWM signal to drive the power converter unit.

4. Results and Discussions

This section presents the performance evaluation of the proposed modular low-power
DC charging system through both simulation and experimental investigations. The sim-
ulation results are structured according to the hierarchical control architecture to clearly
demonstrate the effectiveness of each layer. The performance of each layer is validated
using MATLAB/Simulink 2019b software version for before real-time implementation.
Firstly, the high-level Charging Management System (CMS) is assessed platform in terms
of optimal scheduling and cost minimization. Secondly, the mid-level control algorithm
is also evaluated based on its ability to manage module activation and ensure balanced
power sharing. Subsequently, the low-level control performance is analyzed with respect
to DC-link voltage regulation and current tracking accuracy. Finally, the overall system is
validated experimentally using a 45 kW prototype, highlighting the practical feasibility,
scalability, and operational benefits of the proposed DC charging dispenser for large-scale
urban deployment alongside conventional AC charging infrastructure.

4.1. High-Level Optimized and Scheduling Assesment

This subsection evaluates the performance of the proposed HL-CMS, which deter-
mines optimal charging schedules based on electricity pricing, EV demand, and system
constraints. The objective is to minimize operational cost while ensuring that all EV charg-
ing requirements are satisfied within their respective deadlines. To validate the strategy,
the timing of EV charging and discharging during a day (24 h) starting from 12:00 AM
to midnight is considered the use case. The day is evenly divided into 24 intervals. Each
interval has a length of 1 h and time step of 15 min. The optimized charging profile is

https://doi.org/10.3390 /wevj17040199
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the output of the high-level charging management block. The EV user inputs (such as
arrival time, departure time, initial SoC, battery voltage, battery nominal capacity) are the
significant inputs, as shown in Table 2.

Table 2. Required EV user input to utilize the optimized charging or V2G profile.

Arrival  Departure Initial Nominal Nomir}al V2G
Time Time Energy Voltage Capacity Service
(kWh) V) (kWh)
EV1 2 am 2 pm 10.36 400 37 No
EV2 2 pm 2 am 4.67 400 37 No
EV3 11 am 11 pm 8.94 400 37 Yes
EV4 1pm 12 am 8.10 400 37 No
EV5 6 pm 12 am 12.34 400 37 No
EVe6 12 pm 12 am 2.57 400 37 No
EV7 8 am 8 pm 7.65 400 37 Yes
EV8 1pm 12 am 1.07 400 37 Yes

The HL-CMS block generates an optimized power profile based on EV user input. In
this section, one charging container is considered to analyze the results. There are 8 EVs
booked to charge with container 1. The EV user input for EV charger 1 is listed in Table 1
below. The total load consists of the base load, which represents the load of all electricity
consumption in the interval except EV charging, and the charging load, which represents
the load of EV charging.

The optimizations of EV charging are based on only temporal variation, but not spatial
variation in the price. The electricity price is modeled as a linear function of the instant
load [8], which is shown in Figure 7, where 0.0106 €/kWh and 0.008 €/kWh/kW are
considered the intercept constant (Bp) and slope (B1) values. The charging station load
profile with optimization and without optimization is shown in Figure 8.

0.7 Electricity Price Profile

e
=
T

e
2]
T

0.4

Electricity Tariff [E/kWh]

0 5 10 15 20 25
Time (Hrs)

Figure 7. The electricity price profile whose variation followed the load profile pattern.
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Figure 8. The impact of optimized CMS on the overall station load profile.

The “base station load without EV charging” refers to the power consumption or
electrical load of a charging station when no electric vehicles (EVs) are being charged.
The graph compares station load under three scenarios over 24 h: base load (blue), opti-
mal EV charging (red), and naive EV charging (yellow). The sharp increments indicate
simultaneous charging, which could not be beneficial for the infrastructure. While both
EV charging methods raise the total load compared to the base case, optimal scheduling
better distributes the load across the day by minimizing peaks. This makes it more efficient
and grid-friendly than naive charging, which introduces volatile demand patterns. The
top graph in Figure 9 shows the electricity tariff over 24 h reaching a peak around 19 h at
€0.60/kWh and dropping to a low near 3 h at €0.07/kWh.
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Figure 9. The scheduled optimized and non-optimized charging load profile for the overall charging
station with the electricity price.

The bottom graph in Figure 9 compares the optimized charging profile with an equally
distributed charging profile, which maintains a consistent load (~30-45 kW) throughout
the day. In contrast, the optimized profile aligns charging with lower tariffs, concentrating
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loads during off-peak hours (e.g., 1-3 h and 23-24 h) and minimizing use during expensive
periods (e.g., 18-21 h). Notably, the optimal strategy even features negative loads during
high-tariff hours, suggesting discharging or load shifting. This approach significantly
reduces electricity costs by exploiting tariff variations. Figure 10 illustrates a comparison
between optimized and unoptimized energy consumption profiles relative to fluctuating
electricity tariffs over 24 h. The electricity tariff, orange, reaches a peak of €0.65/kWh
at approximately 19:00, while decreasing to a minimum of €0.20/kWh during the early
morning and late-night hours. The optimal energy profile, solid blue, strategically shifts
power demand toward periods with lower tariffs, specifically before 07:00 and after 21:00.
This is notably evident between 17:00 and 21:00, where usage peaks at nearly 75 kWh.
Consequently, these two plots at Figure 10 are complementary, as they provide both
instantaneous and cumulative perspectives of the scheduling performance.
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Figure 10. Energy consumption profile with optimal and non-optimal scheduling compared with the
electricity price.

4.2. Mid-Level Modular Power-Sharing Assessment

This subsection presents the performance of the mid-level control layer, responsible
for the hysteresis-based activation mechanism ensuring that modules are activated or
deactivated only when the total current demand crosses predefined thresholds. This
prevents frequent switching and improves system reliability. To assess the performance
assessment of the mid-level power-sharing strategy, the following parameters, as shown in
Table 3, are considered during algorithm implementation.

Table 3. Required parameters for the performance assessment of mid-level power-sharing strategy.

Parameters Values Parameters Values
Rated module power P, 15 kW Activation hysteresis Al +5 A
Battery nominal voltage V. 400V Deactivation hysteresis Al —-5A
Rated module current I, ,4 375 A Current-sharing tolerance +5%
Number of modules 3/unit Mid-level Control update rate 100 ms
Total system power 45 kW /unit

Figure 11 presents the optimal charging management performance specifically for
EV7. As observed in Figure 11a, the optimal scheduling strategy elevates the state of charge
(SoC) of EV7 from 0% to 100% between 08:00 and 17:00. In contrast, an equally distributed
strategy yields a gradual SoC increase from 20% to roughly 90% over the same timeframe,
utilizing a constant charging rate of approximately 5 kW.
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Figure 11. (a) Charging rate and SoC variation for optimized and non-optimized charging schedules.
(b) Modular power-sharing performance during charging and V2G service with optimal scheduling.

25

The optimized schedule demonstrates a highly dynamic and efficient utilization of
available power. By actively adjusting both charging and discharging rates in response
to temporal parameters and grid conditions, it achieves a complete charge more rapidly.
The corresponding modular power distribution, detailed in Figure 11b, indicates that
Mod1 provides the largest contribution at 15 kW, followed by Mod2 at 10 kW and Mod3
at 3 kW. This coordinated modular allocation effectively sustains the optimal profile by
dynamically distributing the charging and discharging loads across the three modules over
the operational period.

4.3. Low-Level Voltage and Current Control Assesment

The low-level voltage and current control is implemented based on the converter
designed parameters and validated the performance in MATLAB/Simulink. The selected
converter specification including LCL filter is listed in Table 4 below.

Table 4. Required parameters for the performance assessment of low-level power-sharing strategy.

Parameters Values Parameters Values

Rated power Py, 4 15 kW IS:elected Switching 20 kHz
requency

Battery nominal voltage Vi, 400V Grid Side Inductance 17 uH

Rated module current I, ,4 375 A Converter Side Inductance 3600 uH

Rated AC Voltage, Vgyig 380 Vrms Filter Capacitance 33 uF

Rated AC Supply Current, I,y 23 Arms Damping Resistance 0.25 Q)

Voltage Control Gain, kp 0.0134 Current Control Gain, kp 159.93

Voltage Control Gain, ki 6 Current Control Gain, ki 3.5690 x 10°

The controller gain is selected through analyzing the frequency response for the
switching frequency range 5 kHz to 30 kHz. The dynamic response of the current and
voltage controller is demonstrated under step changes in charging demand.

Figure 12 demonstrates stable control performance under dynamic conditions. The
d-axis current exhibits a transient peak of approximately 200 A, settling to around 30-35 A
within 0.3-0.5 s. The DC-link voltage tracks the reference from 650 V to 750 V, with
overshoot below 10% and settling time of approximately 0.4 s. Therefore, it is clear that the
controller shows an acceptable transient response with minimal overshoot and steady-state
error. Additionally, the DC-link voltage remains stable within acceptable limits during
load variations.
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Figure 12. (a) DC-link voltage control performance assessment; (b) d-axis current control performance
assessment during charging session.

4.4. Experimental Validation of Proposed Charging System

In this section, the experimental validation of the 45 kW modular and scalable DC
charging station is discussed. The aim of this section is the performance assessment of the
modular DC charging station hardware setup, including charging current sharing, power
quality, bidirectional power flow, etc.

4.4.1. Modular Charging Container Prototype

In this experimental validation, the 45 kW rated DC charging station’s internal block
diagram, shown in Figure 13, is implemented with three 15 kW bidirectional isolated EV
charger modules. The detailed design of the 15 kW bidirectional EV charger module is not
the focus of this paper. The main contribution is a 45 kW (3 x 15 kW) EVSE integrated
with modular PE converter. The EVSE container has three main sections. The first section
consists of 3 x 15 kW bidirectional AC/DC converter connected in parallel, as shown
in Figure 14. Each of the converters has its own low-level controller, forced air-cooling
fan, CAN communication port, and necessary voltage—current protection devices. The
maximum charging current will be around 65 A. Thus, an MCCB with 80 A rupturing
capacity is installed by considering more than 25% safety margin. The RCD with 30 mA is
also installed according to the IEC 60364-7-722:2015 safety standard [23]. This RCD device
will protect the user from electric shock. The maximum DC output of the AC/DC converter
is 500 V; thus, a DC PRE-charge and discharge relay with 1000 V maximum switching
voltage and 400 A rated current is inserted in series.
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Figure 13. Internal block diagram of the 45 kW modular and scalable charger container.
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Figure 14. Hardware prototype of 45 kW rated modular DC charging container.

4.4.2. Experimental Setup and Proposed EVSE Performance Validation

The block diagram of the overall experimental setup is shown in Figure 15a. The
45 kW rated EVSE is implemented with a 3 x 15 kW EV charger module, which has internal
galvanic isolation. EVSE takes 3-ph AC power from the grid and provides the DC output
to charge the EV battery.
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Figure 15. (a) Block diagram of experimental setup for modular and scalable DC charging station
performance testing. (b) Laboratory setup for the performance test of a 45 kW modular and scalable
charger container with VW ID Buzz.

The EV model is a used Volkswagen ID Buzz, which is a fully electric van. The full
specifications of the EV under test are detailed in the following section. The EVSE consists
of a WiFi communication module to communicate with the CPO via OCPP 1.6j protocol
to start/stop the charging or V2G session based on the RFID authorization. The EVCA
is installed between the DC output of the EVSE and EV battery terminals, as shown in
Figure 15b. Thus, the charging power flows from EVSE to EV battery through the charging
analyzer, which can control, store, analyze, and visualize the data.

The VECTOR-CANoe (release 4) software tool is used to operate the EVCA during the
test. The ISO 15118.2 communication protocol is used to monitor and control the interaction
between EVSE and EV through the control pilot pin [24]. The battery voltage and current
performance are shown in the following. Figure 16a The operator specifies the charge and
discharge current setpoints on EVCA. Initially, the charging current is set to —45 A, and
then it is increased to 109 A. The battery voltage starts from around 360 V and increases
during charging. The charging test is performed by varying the charging rate from 5 kW
to 45 kW. At a 5 kW charging rate, the battery absorbs around 15.7 A at 360 V. Similarly;,
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the battery takes around 73 A and 101 A during 25 kW and 45 kW charging rates. The
charging current ripple is 12 A, which is around 9.6% of the charging station’s rated current.
Conversely, the discharging setpoints increased from 45 A to 109 A.
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Figure 16. DC voltage and current profile during charging and V2G test. (a) Total DC voltage and
current. (b) Individual module current compared to total DC current during charging and V2G.

The battery voltage decreased to 340 V during discharge. The EV battery discharging
was also tested with a variable rate from 5 kW to 45 kW. The discharging current is around
45 A and 102 A at 15 kW and 35 kW discharge rates. The discharge current ripple is almost
the same as the charging current ripple. The modular EVSE system allows the sharing
of the charging and discharging current among 3 charging modules. The measured total
and individual DC currents are depicted in Figure 16b. The AC side performance is also
investigated during charging and V2G. The EVSE container demands around 37 Arms at
233 Vac (Ph) current from the during charging the battery at 25 kW, as shown in Figure 17a.
Each charging module delivered 12.5 Arms at 233 Vac (Ph), as shown in Figure 17b The
THD of the charging current is 4.3%, estimated via FFT analysis using MATLAB/Simulink.
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(a) (b)

Figure 17. AC voltage and current performance during 25 kW charging test. (a) Total voltage and
current waveforms. (b) Individual module AC voltage and current waveforms.

Similarly, the charger delivers 24 Arms back to the grid during 16.5 kW V2G operation,
as shown in Figure 18a The individual module delivered 8 Arms during 15 kW power
transfer from the battery to the grid, as shown in Figure 18b The THD during V2G is
estimated 5.7%, which is higher than the charging operation.
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Figure 18. AC voltage and current performance during 15 kW V2G test. (a) Total voltage and current
waveforms. (b) Individual module AC voltage and current waveforms.

Figure 19a presents the efficiency map of the 45 kW modular EVSE as a function
of charging and discharging power. The efficiency exceeds 95.5% at high power levels
(= 40-45 kW) and decreases to approximately 92-93% near low-power operation (around
5 kW), with the minimum efficiency observed close to zero power transfer. Figure 19b
compares the efficiency of a modular charger and a dedicated charger over increasing load.
At rated power, the modular charger achieves approximately 96.2% efficiency, compared to
94.2% for the dedicated charger, corresponding to an improvement of about 2%, while also
showing superior part-load performance.
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Figure 19. The measured efficiency map of modular 45 kW charger. (a) The efficiency map of 45 kW
during charging and V2G. (b) The charging efficiency of modular 45 kW is compared with the
measured efficiency of single 50 kW DC charger module.
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The modular DC charging system provides several benefits compared to dedicated
charger modules. The modular and scalable DC charging station demonstrates significant
advancements in three key performance metrics. Firstly, charger efficiency for a 45 kW
charging scenario improved by 2%, increasing from approximately 94% with a dedicated
charger to 96% using the modular charger, as shown in Figure 20a. Secondly, in terms of
charging cost, which is depicted in Figure 20b, the adoption of optimal charging reduced the
overall cost by 11%, decreasing from approximately €360 with equal distribution to around
€320 under the optimized strategy. Additionally, the station’s peak demand experienced
a substantial reduction due to the optimal charging strategy. The peak load demand
decreased by 31%, as shown in Figure 20c, from nearly 110 kW to 75 kW. These results
highlight the effectiveness of the modular charging architecture in enhancing operational
efficiency, reducing energy expenditure, and alleviating grid stress through peak demand
management. Lastly, the impact of the number of charger modules on the charging duration
is illustrated in Figure 20d. The modular DC charging station reduced total charging
duration from 3.8 h (1 module) to 2.4 h (10 modules), which demonstrates enhanced
scalability and efficiency for simultaneous multi-vehicle charging. The average battery
rated capacity is 77 kWh is considered for this assessment. Therefore, these achievements
underscore the modular DC charger’s potential for scalable and energy-efficient electric
vehicle infrastructure.
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Figure 20. The operational benefits of a modular DC charging station, including optimal charging
strategy (a) efficiency improvement compared to existing dedicated charger module [19], (b) overall
charging cost benefit, (c) station peak demand comparison of modular charging station with optimal
charging strategy, and (d) impact of the number of power modules on the charging duration.

5. Conclusions

This paper presented the implementation and validation of a distributed V2G-enabled
multiport DC charging system integrated with a hierarchical charging management strategy,
specifically developed for EV fleet charging hubs. The proposed architecture overcomes
key limitations of centralized power converter cabinets, including single-point failure
risks, high-current DC distribution losses, and limited flexibility in vehicle-level energy
management by distributing bidirectional power converters within individual multiport
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dispensers. The hierarchical control framework effectively coordinated charging and
V2G operations across multiple time scales, ensuring stable converter operation, efficient
power sharing, and grid-friendly behavior. Experimental results from a 45 kW prototype
demonstrated effective power sharing among charging modules, with system efficiencies
exceeding 95% during high-power operations. The modular architecture achieved an
efficiency improvement of up to 2% at rated power compared to a dedicated charger,
while maintaining efficiencies above 95% during high-power operation. Furthermore,
the optimization-based charging management strategy resulted in an overall charging
cost reduction of approximately 11% and a peak load demand reduction of up to 31%,
thereby mitigating grid stress and enhancing system reliability. Bidirectional power flow,
effective modular current sharing, and total harmonic distortion within regulatory limits
were experimentally verified for both charging and V2G modes. Overall, the proposed
distributed multiport charging system provides a scalable, resilient, and grid-supportive
solution for next-generation EV fleet charging hubs and represents a viable pathway toward
efficient integration of V2G services in future smart energy systems.
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Abbreviations

The following abbreviations are used in this manuscript:

EV Electric Vehicle

EVSE Electric Vehicle Supply Equipment
V2G Vehicle-to-Grid

V2L Vehicle-to-Load

EMS Energy Management System
CMS Charging Management Strategy
HL-CMS High-level CMS

MCS Megawatt Charging System
MCCB Molded Case Circuit Breaker
RCD Residual Current Device

RFID Radio Frequency Identification
AC Alternating Current

BESS Battery Energy Storage System
SoC State-of-Charge

THD Total Harmonic Distortion
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PLL Phase Locked Loop
GA Genetic Algorithm
OCPP Open Charge Point Protocol
ISO International Standard Organization
CAN Controller Area Network
EVCA Electric Vehicle Charging Analyzer
CPO Charging Point Operator
TOU Time of Use
DC Direct Current
CCS Combined Charging System
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