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Abstract

This paper presents the design of a hybrid fast-charging station for electric vehicles (EVs). It integrates a photovoltaic 
(PV) generation system, a battery energy storage (BESS) system, and a two-stage non-inverting AC–DC converter 
within a DC bus architecture that acts as a microgrid. The proposal aims to reduce reliance on the electrical grid while 
ensuring stable and highly efficient performance under varying operating conditions. The PV and BESS systems are 
interconnected via nested DC–DC converters to improve Efficiency and minimize current stress on power components. 
The front AC–DC converter utilizes an inverted Buck–Boost architecture to maintain a constant DC bus voltage and 
draw a high power factor sinusoidal current from the grid. A single active bridge converter is employed to synchronize 
the DC bus voltage with the EV battery requirements. The effectiveness of the proposed control strategies was validated 
using PSCAD/EMTDC simulations of multiple dynamic scenarios, including sudden changes in solar irradiance and 
multiple charging ports. In addition, the results of the miniature experimental model confirm the system's ability to 
start up smoothly, achieve a high power factor, and effectively regulate voltage and current, making it suitable for 
modern fast charging stations.
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I.	 Introduction

In recent years, the world has witnessed a 
significant increase in awareness of the dangers 
of environmental pollution, the repercussions 
of climate change, and global policies supporting 
clean energy. This has prompted many countries to 
gradually shift from fossil fuel-powered vehicles to 
electric vehicles (EVs). With governments adopting 
incentive programs to encourage individuals to 
purchase EVs, the number of EVs on the roads has 
increased rapidly, making it essential to develop a 
suitable charging infrastructure to keep pace with 
this accelerating demand for charging power[1].

The Society of Automotive Engineers (SAE) classifies 
EV charging systems into three levels [2]. Level 1 
relies on a single-phase household power supply and 
is the least powerful in terms of electrical capacity, 
characterized by a low charging rate that can take 

up to  11 hours to complete a full charge. Levell2,  
prevalent in workplaces and public charging 
stations, uses a three-phase power supply of up to 
approximately 19.2 kilowatts, reducing charging 
time to about 4 hours. In Levels 1 and 2, the power 
electronics converter used for charging is part of the 
vehicle’s drivetrain and is known as an on-board 
charger (OBC). Due to the need to minimize the 
weight and size of this component within the vehicle, 
its rated power is limited, which impacts charging 
time[3]. To overcome these limitations, the off-board 
charger concept emerged for Level 3 fast charging. In 
this level, the power converter is detached and placed 
outside the vehicle, while the battery is directly 
supplied with high-voltage DC power. This allows 
for charging power of up to 350 kW and operating 
voltages ranging from 400 V to 1000 V [4]. These 
high power levels enable fast charging, reaching up 
to 80%  of the battery’s capacity in 20 to 60 minutes. 
Due to the significantly shorter charging times 
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offered by fast charging technologies compared to 
other charging methods, these technologies have 
garnered increasing attention in recent years. Public 
fast charging stations are expected to play a pivotal 
role  in  promoting  the  widespread  adoption  of 
electric vehicles in the near future[5, 6].

In recent years, Level 3 fast charging stations have 
seen  a  steady   increase   in  nominal   capacity,  
coinciding  with the  significant rise  in electric 
vehicle battery capacities.  During fast charging, 
large and sudden amounts of power are drawn 
from the electrical  grid,  which,   in  the  absence 
of  coordinated  charging  strategies,  can  lead  to  
negative   impacts   on   the   distribution   network, 
including sharp  voltage  drops  during charging 
periods, strain on distribution  transformers  due  
to  increased  loads,  and  increased power losses,  
especially when multiple fast charging units are 
operating simultaneously [7-9]. To mitigate these 
impacts  and  promote the global shift towards 
green transportation, the concept of hybrid 
charging  stations  has  been proposed, relying on 
the integration of renewable energy sources (RES) as 
a supplementary source to meet the high-capacity 
charging needs of Level 3 stations [10, 11]. Solar 
photovoltaic (PV) power is the most widespread 
and  suitable  option  in  many countries, with 
projections indicating that between 20% and 25%  
of  global  generating capacity by 2050 will come 
from PV systems [12, 13].  However, integrating 
PV systems into  fast  charging  stations  faces 
significant challenges  due  to  the  fluctuating  
and  unstable nature of solar radiation [14, 15]. To 
overcome this problem, the use of battery energy 
storage systems (BESS) is essential for improving 
operational   Efficiency,   extending   component 
lifespan,  increasing reliability, and achieving greater 
economic viability for fast charging stations[16-18]. 

The development of renewable-energy-based 
infrastructure and smart energy management 
solutions is therefore considered an important 
pathway toward improving energy sustainability 
and supporting future electrified transportation 
systems [19-21]. A hybrid fast charging station 
can be considered a DC grid, where its various 
components can be connected via either an AC 
microgrid or a DC microgrid [11]. AC microgrid 
connection offers a higher level of maturity in 
terms of protection and power metering standards 
compared to a DC connection. However, this 
configuration requires an AC-DC conversion stage 
followed by a DC-DC conversion stage for each 
individual charging port, increasing the overall cost 

and size of the station, as well as reducing the overall 
system efficiency [22].  In contrast,  DC-micro  grid 
connection requires only one  AC-DC converter to 
connect to the electrical grid, which contributes to 
lower costs, reduced equipment size, and increased 
overall system efficiency. However, protection and 
metering standards for DC systems are still under 
development, presenting a challenge that must be 
considered when designing this type of charging 
station[23, 24]. 

An AC-DC converter is used to connect a fast-
charging station to the electrical grid. This 
Converter is required to supply the charging system 
with the necessary continuous power to charge 
the electric vehicle, drawing a sinusoidal current 
and a high power factor, while minimizing total 
harmonic distortion (THD) [25]. A two-level, three-
phase PWM-based rectifier is used as an AC-DC 
converter in electric vehicle charging applications, 
as mentioned in [26, 27]. However, with increasing 
nominal power and higher DC bus voltage, the 
Neutral-Point-Clamped (NPC) converter is a 
suitable option for fast-charging stations[28, 29], as 
it features lower harmonic distortion and reduced 
stress on switching elements compared to the 
two-stage rectifier [30]. The Vienna unidirectional 
converter has also been proposed for fast-charging 
applications for electric vehicles, as mentioned                   
in [31], due to its superior technical characteristics 
such as high power density, high Efficiency, and 
very low THD [32]. A bidirectional version of the 
Vienna rectifier was developed to support vehicle-
to-grid (V2G) operation, enabling power exchange 
between the vehicle and the grid [33]. Studies in [25] 
demonstrated the feasibility of using a conventional 
bridge rectifier followed by an Interleaved Boost 
Converter. This configuration offers the advantage 
of reducing current strain on power elements and 
increasing overall system efficiency. However, the 
main weaknesses of this Converter are its poor 
fault-blocking capabilities and the high impulse 
currents in the DC-side capacitors. These issues 
were addressed by the Interleaved Cascaded Non-
Inverting buck-boost AC-DC converter proposed 
in[34]. Furthermore, [35] demonstrated that using a 
Non-Inverting Buck-Boost converter in fast charging 
stations provides dynamically stable performance 
throughout the entire charging cycle and covers a 
wide range of operating voltages, making it a suitable 
option for fast charging applications with varying 
voltages [35].

This paper proposes the design of a hybrid fast 
charging station for electric vehicles, consisting 
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of four interconnected main units that together 
form a DC microgrid. The first component is a PV 
farm, which is connected to the DC bus via an 
interleaved boost  converter to reduce current strain 
on the power electronics and improve operational 
Efficiency. The second component is a BESS, which 
is connected to the DC bus via an interleaved 
non-isolated bidirectional DC-DC converter. This 
system stores excess  energy generated by the PV 
when production exceeds the required charging 
capacity and supplies power to the system when 
PV output falls below charging needs. The third 
component is an active front-end rectifier, which 
utilizes the interleaved non-isolated buck-boost 
Converter proposed in [35] due to its significant 
advantages, such as modular design, ease of 
expansion, and ability to shield DC-side faults. The 
primary function of this Converter is to maintain 
the stability of the DC bus voltage by regulating 
the power drawn from the electrical grid, ensuring 
a sinusoidal current draw and a power factor close 
to one. The fourth component is the electric vehicle 
charging ports, where a Single Active  Bridge  DC-
DC  converter  is  used  to  match the DC bus voltage 
with the battery pack voltage inside the electric 
vehicle, providing efficient charging that meets the 
battery’s requirements. The control strategies for 
each component of the proposed charging station 
are discussed, and the overall system performance 
is verified under various operating conditions 
using PSCAD/EMTDC software. Furthermore, 
experimental results from a scaled-down model 
are presented to verify the performance of the 
grid interface converter and the single active 
bridge converter in diverse operating scenarios. To 
clearly highlight the novelty of the proposed  work  
compared   to   existing   studies,  Table 1   presents  

a  comprehensive comparison of the suggested 
charging station and the electric vehicle chargers  
discussed in the literature survey.  Although                 
Table 1 indicates that the proposed system shares 
several  common  features  with  previously published 
studies, the technical contribution of the present 
work extends beyond the existing literature. While 
Ref. [5] presents a hybrid EV charging station with an 
energy management strategy, its main contribution 
focuses on system-level energy coordination using 
conventional converter implementations. The 
design methodology, operating-mode analysis, and 
experimental validation of the grid-interface AC–
DC converter are beyond the scope of that work. In 
addition, the EV charging demand is represented 
as a fixed electrical load without considering the 
practical battery charging dynamics. In contrast, 
the present work integrates both converter-level 
and system-level contributions. A complete design 
methodology, coordinated control strategy, and 
operating-mode analysis are developed for the grid-
interface AC–DC converter and experimentally 
validated. Furthermore, the EV is modeled as a 
battery load operating according to the practical 
CC/CV charging profile, enabling realistic charging 
behavior. Unlike our previous studies [33] and 
[35], which primarily focused on individual 
converter topology and control, the present work 
investigates the coordinated operation of multiple 
power converters  operating simultaneously under 
different control modes within a complete hybrid 
charging station.  Consequently, the proposed system 
provides an integrated framework that combines 
converter design, coordinated control, realistic EV 
battery charging, and hybrid energy management 
within a unified charging station.

Table 1: A comprehensive comparison of the suggested charging station and the electric vehicle chargers                                   
discussed in the literature survey.

Feature / Aspect [3] [5] [22]5 [34], [3] Proposed Work

Focus Level Converter System level Converter Converter System level + 
Converter

AC–DC Converter Design Yes Yes Yes Yes Yes

Renewable Energy Integration (PV) No Yes No No Yes

Battery Energy Storage (BESS) No Yes No No Yes

DC Microgrid Architecture No Yes No No Yes

Coordinated Multi-Source Control No Yes No No Yes

Multi-Port EV Charging Limited Yes No No Yes

Dynamic Scenario Analysis Limited to a 
single EV

Limited (without EV battery 
charging mode (CC/CV))

Limited to 
a single EV

Limited to 
a single EV

Extensive

Experimental Validation NO NO NO YES System-level
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II.	 The proposed hybrid                 
charging station

The proposed hybrid charging station is illustrated 
in Figure 1. It comprises four primary components, 
which are interconnected via a DC-bus to establish a 
micro-DC grid. The first component is the renewable 
energy sources; in this paper, PV technology is 
employed, and a two-phase interleaved converter 
is utilized to transfer the harvested PV energy to 
the micro-DC grid, thereby distributing the current 
load across the power electronic devices. The second 
component is the battery energy storage system 
(BESS), which is utilized to store excess PV energy 
when the available PV output exceeds the required 
power for EV charging. This stored energy will be 

utilized when the demand for EV charging power 
surpasses the available PV output. An interleaved 
bidirectional DC-DC converter is implemented to 
connect the BESS to the micro-DC grid busbar. The 
third component is a three-phase non-inverted 
AC-DC converter, which supplies DC power from 
the utility grid when necessary. For instance, if 
the combined output from the PV and BESS is 
inadequate for EV charging, the remaining power 
will be sourced from the utility grid. Additionally, 
this Converter can be used to charge EVs overnight 
or to recharge the BESS during off-peak hours at 
lower tariffs. The fourth component consists of EV 
fast charging sockets; for simplicity, a single active 
bridge (SAB) DC-DC converter is employed to align 
the DC-bus voltage with the EV battery bank.

Figure 1: proposed a hybrid charging station.
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Figure 1  clearly  illustrates that the proposed 
charging station is designed to be scalable and 
incorporates a modular design. Under optimal 
conditions involving renewable energy resources, 
BESS, and an AC-DC converter, this hybrid charging 
station has the potential to significantly lessen the 
strain on the utility grid.

III.	 Cascaded non-inverter                   
AC-DC converter

Figure 2 shows a single module of the proposed 
AC-DC converter,  which consists of two cascaded 
stages. The initial stage is a buck converter that 
is positioned after a bridge rectifier, while the 
subsequent stage is made up of a three-phase 
interleaved boost converter. The gating sequence 
for the cascaded non-inverting ac-dc Converter is 
illustrated in Figure 3. For instance, the interleaved 
boost converter switches (S1, S2, and S3) receive gate 
signals that are shifted by 120 degrees, and the buck 
switch (S

0
) is activated when any of the interleaved 

boost converter switches are turned on to allow 
current to flow from the supply to charge the 
interleaved converter switches. In case of the high 
voltage gain required, and if the duty cycle exceeds 
1/3, the buck switch will remain continuously 
on, causing the proposed Converter to function 
similarly to a conventional interleaved boost 
converter. The integration of these two stages offers 
numerous advantages, such as a single-stage buck-
boost capability with a seamless transition from 
buck mode to boost mode, a soft startup feature, and 
the capacity for the buck switch to limit or stop the 
fault current in the case of a load fault.

In the proposed cascaded non-inverting AC–DC 
converter, a phase-shifted interleaving technique 
is adopted to reduce the DC-link voltage ripple and 
capacitor current stress. Within each converter 
module, the three interleaved branches are operated 
with a phase shift of 120° between their switching 
signals. This phase displacement increases the 
effective ripple frequency observed at the DC side and 
provides partial cancellation of the high-frequency 
current components. Moreover, an additional phase 
shift is introduced between the three converter 
modules connected to the different phases, which 
further increases the equivalent ripple frequency of 
the DC-link capacitor charging current. As a result, 
the DC-link capacitor receives a higher-frequency 
and more continuous charging current, leading to 
a significant reduction in the output voltage ripple 
and the required DC-link filtering requirements.

Figure 2: Cascaded non-inverter AC-DC buck-boost module.

Figure 3: Cascaded non-inverting AC-DC converter              
gating sequence.

The operation of discontinuous current mode (DCM) 
is essential for maintaining sinusoidal waveforms of 
the supply current. To achieve DCM operation, the 
inductances of the interleaved ac-dc converter must 
be designed to values that are below the critical 
threshold Lc.

The peak current of any interleaved inductor is 
calculated from:

                                               (1)

where kac-dc is the duty ratio of the ac-dc interleaved 
converter, Vp is the peak ac voltage, ω is the angular 
frequency of the supply voltage, ts is the switching 
instant, Vdc is the dc bus voltage, f is the switching 
frequency, and L is the inductance of any interleaved 
coil. The fall time of the inductor current is expressed 
as  

                                                                    (2)
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Using (1) and (2), the average current fed to the DC 
bus is estimated as follows:

                   (3)

The output power from the interleaved AC-DC 
converter can be estimated from:

 

         (4)   

where g=Vdc/Vp. At ωts = π, the maximum fall time of 
the inductor can be estimated using (1) and (2) as

                                                                              (5)

The boundary condition between the discontinuous 
current mode and continuous current mode can be 
estimated from (5) as follows:

                                                                          (6)

To express the critical inductance, substitute (5) and 
(6) in (4) and rearrange it as follows:

  (7)

It is important to highlight that configuring the 
inductors of the interleaved AC-DC converter at Lc 
guarantees the operation at boundary conditions 
during peak supply voltage instances.

The current rating of the switches used for the 
interleaved DC-DC converters used for the battery 
pack and PV module can be calculated from:

                                                                             (8)

where kdc-dc is the duty ratio of the dc-dc interleaved 
converter, Vi is the input dc voltage,  fs is the 
switching frequency, and Ldc-dc is the inductance of 
each interleaved coil.

IV.	 Control scheme

The proposed control scheme has two primary 
requirements. The first requirement is to minimize 
reliance on the utility grid, ensuring that the 
majority of the charging power is sourced from 
renewable energy resources and the BESS. The 
second requirement is to guarantee that each power 
electronics converter operates smoothly under 
varying load dynamic conditions. The proposed 
hybrid  charging station consists of four main control 
loops: 1- AC-DC converter control loop, 2- converter 
control loop, 3- battery bank control loop, and 4- 
SAB control loop.

A.	 AC-DC converter control loop

The primary function of the AC-DC converter 
controller is to maintain a stable DC-Bus voltage 
while  producing   a  sinusoidal  current at nearly 
unity power  factor from the grid.  In  this  
manuscript, the DC-Bus is configured to 800V. If 
the DC-Bus voltage surpasses 800V, the AC-DC 
converter will promptly reduce   the  power  received  
from the grid.  Conversely, if the DC-Bus voltage 
decreases, the AC-DC converter will increase the 
power received from the grid. Figure 4 illustrates 
the proposed control scheme designed to meet this 
requirement. The control of the AC-DC converter 
comprises three main cascade control loops. The first 
loop is the DC-Bus voltage control loop, where the 
error between the reference voltage and the actual 
DC-Bus voltage is processed through a proportional 
integral (PI) controller to derive the converter 
DC-output reference current (Io_ref).   As depicted 
in Figure 4, a current limiter is implemented to 
restrict the Converter’s DC output current, thereby 
preventing overload  of the proposed Converter. 
In the event of a load failure, this current limiter 
will activate to limit the fault current. The second 
loop takes the reference DC output current and 
employs  another PI controller to determine the 
reference grid AC current. An additional current 
limiter is utilized to ensure that the Converter does 
not receive more than its rated input power. The 
reference grid AC current is then fed into three 
power factor correction loops, one for each phase,  
as  clarified in Figure 4.  The power factor correction 
control loops first synchronize the reference grid AC 
current by multiplying  it  with  the  corresponding 
absolute unity value of the  respective  phase  
voltage,  as  shown  in   Figure 4. The error between 
the synchronized absolute grid AC current and 
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the absolute value of the grid current is processed 
through a PI controller to obtain the modulation 
index for the corresponding cascaded non-inverter 
AC-DC converter module. This modulation index is 
then compared with three carriers shifted by 120 
degrees to generate the gate signal for the interleaved 
boost converter. For the buck switch gate signal, an 
OR logic gate is employed, as illustrated in Figure 4.

B.	 PV converter control scheme

Figure 5 illustrates the control loop of the PV 
converter, which receives the reference PV current 
(IPV_ref) derived from various maximum power point 
tracking techniques; in this paper, the perturb 
and observe method was employed for simplicity. 
Subsequently, a PI controller estimates the Vdc_ref 

based on the discrepancy between the reference 
PV current and the actual PV current. A voltage 
limiter is essential for the safety of the Converter 
and all other components connected in parallel, 
particularly in scenarios where the battery bank 
is fully charged, no electric vehicles (EVs) are 
connected, or the charging power is less than the 
available PV power. Without  this voltage limiter, 
the PV converter would continue to increase the 
DC-bus voltage, which could adversely affect the 
safety of other devices. In such cases, the voltage 
limit will cease tracking the maximum point and 
will only supply the necessary power for the current 
situation. The second  loop  consists  of  voltage 
control loops, where a PI controller is utilized to 
determine the modulation index for the interleaved 
boost converter.

Figure 4: proposed the AC-DC converter control loop.

Figure 5: PV converter control loop.

C.	 Battery bank control scheme 

The BESS is integrated into the system to reduce the 
operational costs of the entire charging station, as it 
charges when the available PV power exceeds the 
required EV charging power, or during periods of 
low-cost off-peak electricity tariffs.

The initial function of the BESS is to ascertain the 
reference battery current and to determine whether 

the battery bank is in a charging or discharging 
state. The reference battery bank current (IBB_ref) 
is computed by dividing the difference between 
the total EV charging power and the total PV 
power supplied to the DC-bus by the battery bank 
voltage, as clarified in Figure 6. If IBB_ref is positive, 
this indicates that the battery bank will function in 
discharging mode, with the corresponding active 
switches being S1BB and S2BB. Conversely, if the value 
is negative, it signifies that the battery bank will 
operate in charging mode, activating switches S3BB 
and S4BB, as shown in Figure 1.

A PI controller will be employed to estimate the 
modulation index of the BESS converter based on 
the error between IBB_ref and the actual battery bank 
current (IBB).
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Figure 6: Battery bank control loop.

D.	 SAB controller 

The SAB controller is required to match the DC 
bus voltage with the voltage of the EV battery 
bank, while also overseeing the charging process 
to ensure a smooth transition between voltage 
control mode (VCM) and current control mode 
(CCM). For the operation of the modular, each EV 
charging socket is equipped with its own control 
loop. Figure 7 illustrates the control scheme for a 
single EV charging socket, which comprises two 
primary loops: the outer controller and the inner 
controller. The outer controller is responsible for 
VCM; it receives the reference battery voltage from 
the EV battery management system and, based on 
the battery voltage error, estimates the reference 
battery charging current using a PI controller. In 
the inner control loop, the phase shift for the SAB 
is calculated from the error in the battery charging 
current, as depicted in Figure 8.

Figure 7: SAB control loop.

V.	 Simulation results

The effectiveness of the proposed charging station 
has been evaluated and confirmed with PSCAD/
EMTDC software. The specifications of the system 
are outlined in TABLE 2. To evaluate the dynamic 
performance and ensure that every component 
of the charging station adheres to the rule-based 
operation in coordination with the others, the 
operational scenario includes seven cases. The key 
waveforms that summarize the performance of the 
proposed charging station are shown in Figures 8 to 
16. It should be noted that the full rated power of the 
grid-interface converter represents its maximum 
available capability rather than its normal 
operating condition. Under the proposed energy 
management strategy, the photovoltaic array and 
the battery energy storage system supply most of 

the EV charging demand, while the grid-interface 
converter compensates only the required power 
deficit. Consequently, during normal operating 
conditions, each converter module typically 
operates at approximately 30% of its rated power. 
Therefore, the converter inductance was designed 
based on this practical operating region rather than 
the maximum converter rating. During high loading 
conditions, the Converter naturally transitions from 
DCM to CCM, while the proposed PFC control loop 
maintains sinusoidal grid current, low THD, and 
near-unity power factor over the entire operating 
range.

Table 2: Simulation setup parameters.

PV farm parameter at 25oat 1000W/m2

Rated power 60kW

Open circuit voltage 748V

Short circuit current 117.6A

Voltage at Maximum Power 622.5V

Current at Maximum power 97A

Interleaved converter switching frequency 50kHz

Interleaved converter inductance 500uH

AC-DC convert parameter

Rated power 180kW

Switching frequency 20kHz

Single-phase AC-side transformer rated 
power 

60kW

Single-phase AC-side transformer rated 
voltage ratio 

220/220

dc-side inductance 500uH

dc-side capacitance 2200uF

Battery energy storage system

Rated power 60kW

Battery bank voltage 600V

Switching frequency 50kHz

Converter inductance 500uH

Single active converter parameters

Switching frequency 25kHz

Transformer ration 800/550V

Maximum charging current 100A

Output L-C filter 100uH, 100uF

A.	 Case ‘1’

In case ‘1’ initiates, the AC-DC converter begins to 
build up the DC bus voltage as illustrated in Figurel8. 
And the solar irradiance was set to 1000W/m2. 
During this case, all the PV power is transferred to 
the BESS.
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B.	 Case ‘2’ 

Case ‘2’ starts once the DC voltage surpasses 750V, 
the PV MPPT converter becomes active, and 
simultaneously, the BESS commences operation 
in changing mode. During case ‘2,’ the DC bus is 
built and reaches its steady-state value of 800V as 
shown in Figure 8. The results depicted in Figure 
9 indicate that all PV power is being stored in the 
BESS. Furthermore, Figure 10 demonstrates that 
the PV converter successfully tracks the reference 
current with satisfactory performance. Figure 11 
illustrates the BESS current, clearly showing that 
the implemented controller effectively tracks the 
reference current. According to the rule-based 
operation, the current is negative, as all PV power is 
being transferred to the BESS.

Figure 8: DC Bus voltage.

Figure 9: PV power, battery bank power, AC-DC converter 
power, and total charging power.

Figure 10: MPPT reference PV current and PV current.

Figure 11: Battery bank current.

C.	 Case ‘3’

In case ‘3,’  the First EV charging socket is connected 
to a 400V EV battery bank,  and  the  charging 
process commences at CC (with a rated current of 
100A).  This  can  be seen in Figure112. Additionally, 
Figure112  illustrates  that  the  voltage  of  the  EV 
battery begins to rise as a result of the charging 
process. In case ‘3’, the power for EV charging is 
sourced from the PV farm. Figure 12 indicates that 
during case ‘3’,  the  PV  power remains constant  
due to the absence of changes in solar irradiance. 
However, the charging power for the BESS will 
experience a gradual reduction, as a portion of the 
available PV power is allocated to EV charging. 
The decline in the  reference  BESS  current  can  be  
observed  in Figure 11 during case ‘3’ to offset the 
reduction in the available charging power for the 
BESS.

D.	 Case ‘4’

The second EV charging socket is activated in case 
‘4’, as depicted in Figure 13. At the onset of case ‘4’, 
the charging power of the BESS begins to decrease 
as the second charging socket’s power intake rises, 
leading to a situation where the total charging 
power demand surpasses the available PV power. 
In accordance with the rule-based operation, the 
BESS will operate in discharging compensate for the 
required necessary charging power, as outlined in 
Figure 9 and Figure 11 during  case ‘4’.

https://apc.aast.edu/ojs/index.php/RESD/article/view/12.2.1992
mailto:matheus.holzbach@unemat.br


http : / /dx .do i .o rg/ 10 .2 1622/RESD.2026 . 12 .2 . 1992

277

http://apc.aast.edu

Journal of Renewable Energy and Sustainable Development (RESD)                     Volume 12, Issue 2, December 2026, e-ISSN 2356-8569

Figure 12: EV charging socket 1 results (a) EV battery,           
and (b) Charging current.

E.	 Case ‘5’

In   case ‘5’,   the   solar   irradiance   decreased   to  
500W/m2, resulting in a reduction of the total 
available PV power from 60kW to 30kW. The 
BESS will discharge at its rated power of 60kW 
to compensate for the decrease in available PV 
power. The results illustrated in Figures 9 through 
11 demonstrate the rapid response of the BESS to 
sudden changes within the system, highlighting 
the overall effective dynamic performance of the 
proposed charging station.

Figure 13: Charging socket 2 results. (a) EV battery reference 
voltage and voltage, (b) EV reference charging current and 

EV charging current.

F.	 Case ‘6’

The third charging socket is activated as illustrated 
in Figure 14. During case ‘6’, as the total EV charging 
power increases, it will surpass the available PV 
power pulse along with the BESS rating discharging 
power, which tends to cause a drop in the DC bus 

voltage.  As  depicted  in  Figure  8, during case ‘6’, 
the  DC  bus  voltage  experiences  a  slight decrease  
from  its reference value. At this point, the AC-DC 
converter  will   initiate  actions  to  maintain  the 
DC bus at its rated value by compensating  for  the  
shortfall  in  the power necessary for EV charging.   
The  results  presented  in Figure 9 indicate  that 
the  AC-DC  converter  began  to  supply  power  
during  case ‘6’.   Furthermore,  the  results  in  
Figure  15  illustrate  the  three-phase  supply 
current  and phase ' a ' voltage on the AC input side 
of the AC-DC converter. It can be observed that the 
proposed cascaded non-inverted AC-DC converter 
demonstrates a smooth startup with a sinusoidal 
supply current at nearly unity power factor.

Figure 14: Charging socket 3 results. (a) EV battery reference 
voltage and voltage, (b) EV reference charging current and 

EV charging current.

G.	 Case ‘7’

In case ‘7’, the voltage of the first charging socket 
connected to the EV reached its reference value, 
prompting the charger controller to switch from 
CC mode to CV mode, as depicted in Figure 12‘a’ 
and ‘b’. As shown in Figure 12, the charging current 
is falling, which tends to decrease the overall 
required charging power. According to the rule-
based operation, the power delivered by the AC-
DC converter will decrease to lessen the reliance 
on the AC grid power. The results presented in 
Figure 9 indicate a reduction in the total required 
EV charging power and a decrease in the charging 
power of the AC-DC converter, while the PV power 
and BESS remain constant throughout case ‘7’. 
Figure 16 illustrates that the grid-derived current 
experiences a reduction due to the decrease in the 
required power delivered by the AC-DC converter.
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Figure 15: three-phase supply current and phase ‘ a ‘ voltage 
at the beginning of case ‘6’.

Figure 16: three-phase supply current and phase ‘ a ‘ voltage 
during case ‘7’.

The   Efficiency  of   the   proposed   system   was  
evaluated using the steady-state power values 
extracted  from   Figure 9   for  each  operating  
condition and summarized in Table 3. It should 

be noted that the power curves in Figure 9  were  
obtained  through  dynamic  simulation  using 
PSCAD/EMTDC software, where the system 
undergoes several different operating conditions. 
To ensure the accuracy of the efficiency calculation, 
power values were taken at the end of each 
operating condition after the system reached 
steady-state mode, ensuring that all transients had 
dissipated and the control system operated in a 
stable state. Therefore,  each  condition represents an 
independent operating point, and the power values 
are updated and recalculated for each condition 
separately. The effective  output power was defined 
as  the  sum  of  the  electric  vehicle  charging  
power and the battery energy storage system (BESS) 
charging power in the battery charging conditions. 
The  results  show that the proposed system 
maintains high Efficiency across various operating 
conditions, ranging from 94.1% to 97.8%, depending 
on the number of active conversion stages and the 
power flow paths within the system. It was also 
noted that the highest Efficiency is achieved when 
power is transferred directly from the solar energy 
system to the load or to the storage system, while 
Efficiency decreases slightly when the number 
of conversion stages increases, such as in cases of 
battery discharge or grid support.

Table 3: System Efficiency Based on Figure. 9 operating Cases.

Case Power Source Total Input Power 
(kW)

EV Charging Power 
(kW)

BESS Charging Power 
(kW)

Estimated Efficiency 
(%)

Case 1 PV 60 0 58.68 97.8

Case 2 PV 60 0 58.68 97.8

Case 3 PV 60 39.2 18.6 96.3

Case 4 PV+BESS 84.4 80 0 94.8

Case 5 PV+BESS 85 80 0 94.1

Case 6 Grid+ PV+BESS 131 125 0 95.44

Case 7 Grid+ PV+BESS 121 118 0 97.5

VI.	 Experimental results

A simplified, miniaturized prototype was built to 
verify the performance of the proposed AC–DC 
converter integrated with an SAB under various 
operating conditions, such as voltage and current 
control modes, as well as to evaluate the AC–DC 
controller’s ability to regulate the DC-bus voltage. 
Figure 17 illustrates the experimental setup of 
the prototype, while the system parameters are 
shown in Table 4. In these experiments, the DC-bus 

reference voltage was set at 200 V, the SAB output 
voltage at 95 V, and the maximum output current 
was set at 7.5 A.

The results shown in Figures 18 and 19 highlight 
the performance of the complete system during 
the startup phase. Figure 18 demonstrates the 
synchronization mechanism between the AC–DC 
converter and the SAB. Upon receiving the startup 
signal, the AC-DC converter begins to ramp up its 
output voltage. When the voltage reaches 95% of 
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its rated value, the SAB automatically activates 
and begins to ramp up the voltage to the reference 
value. CH3 represents the DC-bus voltage, while 
CH4 indicates the charging port voltage. Figure 19 
shows the Phase ‘ a ‘ voltage and the three-phase 
supply current drawn from the grid during the 
startup phase and up to steady state, demonstrating 
the proposed Converter’s success in drawing a 
high power factor sine wave current throughout 
operation. The results in Figures 18 and 19 show that 
the proposed charging station possesses stable and 
smooth soft-start capability, maintaining a high-
quality sine wave current with a power factor close 
to one.

Figure 17: Experimental prototype.

Table 4: Experimental setup parameters.

AC-DC converter parameters 

Grid voltage 120V phase voltage

Rated power 1kW

Switching frequency 20kHz

Ac-side transformer 1-phase 110/66V 0.35kW

Ac-side C filters 1uf

dc-side indicates 500uH

dc-side C filter 2200uF

SAB parameter

Rated power 600W

Switching frequency 20kHz

High-frequency transformer 
turns ratio 

2:1 

Output capacitor 1000uf 

Figure 18: Performance during starting up CH1 phase ‘a’ 
Supply current, CH2 phase ‘a’ Supply voltage, CH3 DC-bus 

voltage, CH4 charging socket output voltage.

Figure 19: Phase ‘a ‘ supply voltage, and three-phase supply 
current during startup.

Figure 20: Phase ‘a ‘ supply voltage, and three-phase supply 
current during the steady state.
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Figure 21: MATLAB Fast Fourier Transform (FFT) of              
phase ‘ a ‘ supply current, at steady state.  

Figure 22 shows the system performance at steady 
state and after a sudden load change. CH1 displays 
the DC-bus voltage, demonstrating that the AC-DC 
converter successfully maintained the reference 
voltage even under increased load. CH2 and CH3 
show the load current and voltage, respectively, and 
it is observed that when the resistance was reduced, 
the current control mode was immediately activated 
to maintain the current at its set value.

To illustrate the DCM operation of the proposed 
AC–DC converter and to validate the inductance 
design, the currents of a single-module interleaved 
inductor are presented in Figures 23 and 24. Based 
on Eq. (7) and considering a rated power of 1 kW 
for a single-phase module, the critical inductance 
is calculated to be approximately 540 μH. The 
inductance used in the experimental prototype is 
500 μH. It should be noted that, due to laboratory 
limitations related to the available three-phase 
transformer rating, the maximum loading of a 
single module during experimental testing was 
limited to approximately 350 W. The results in 
Figure 23  show the  interleaved inductor currents 
along with the DC-link capacitor charging current. 
It is evident that the inductor currents exhibit 
discontinuous behavior, confirming DCM operation. 
Additionally, it can be observed that although the 
inductor currents  are discontinuous, the net DC-
link capacitor current remains continuous. This  
characteristic  contributes  to reducing the stress 
on the DC-side capacitor and minimizing the output 
voltage ripple. Figure 24 presents the inductor 
currents of a single converter module operating at 
a 1 kW load with a DC output voltage of 200 V. The 
results indicate that the Converter operates near the 
boundary between continuous conduction mode 
(CCM) and discontinuous conduction mode (DCM), 
depending on the operating conditions. 

These results collectively confirm that the proposed 
fast-charging architecture possesses high dynamic 

stability, effective voltage and current regulation 
capabilities, and operational Efficiency, making it 
suitable for practical applications in electric vehicle 
fast-charging stations.

 

Figure 22: Proposed charger performance CH1 DC-bus 
voltage, CH2 and CH3 show the load current and voltage.

Figure 23: CH1: DC-link capacitor current; CH2, CH3, and 
CH4: single-module interleaved inductor currents.

Figure 25 shows the experimental DC-link capacitor 
charging current together with the output currents 
of the three-phase converter modules. The captured 
waveform corresponds to the operating instant 
around the zero-crossing region of phase-A voltage. 
At this instant, the voltage of phase A is almost 
zero; therefore, the charging current contribution 
from the phase-A converter module becomes 
approximately zero. However, due to the phase-
shifted operation between the different converter 
modules, the remaining phases continue to supply 
charging current to the DC-link capacitor. It can be 
observed that although the output current of each 
individual converter module is discontinuous, the 
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phase displacement between the modules results 
in a nearly continuous DC-link capacitor charging 
current. This confirms the effectiveness of the 
proposed interleaved phase-shifted operation in 
increasing the equivalent ripple frequency, reducing 
the capacitor current ripple components, and 
consequently minimizing the DC-link voltage ripple.

Figure 24: Single-module interleaved inductor 
currents when the single module operates alone                                            

at 1kW output power.

Figure 25: Shows  the DC-link capacitor charging current and 
the three-phase module output currents around the phase-A 
voltage zero-crossing region (CH1-CH3: phase-module output 

currents; CH4: DC-link capacitor charging current).

The experimental efficiency analysis of the 
proposed cascaded conversion system is presented 
in Table 5. Figure 26 illustrates the experimental 

measurements used for the efficiency calculation 
at 372 W output power. The AC–DC converter 
output power, which represents the input power of 
the DC–DC stage, is calculated from the measured 
DC-link voltage and the average DC-link current 
delivered to the DC–DC converter. Since the DC-link 
voltage is regulated at 200 V, the mean value of the 
DC-link current is extracted from the oscilloscope 
measurement and multiplied by the DC-link voltage 
to determine the DC-DC converter output power. 
The DC-DC converter output power is calculated 
from the charging socket voltage and current 
measurements. The experimental results show that 
the AC–DC converter achieves an efficiency higher 
than 94.5% over the tested operating range, while 
the DC–DC converter efficiency varies between 
95.1% and 97.5%. The slight efficiency reduction 
compared with the simulation results is mainly 
attributed to practical non-ideal effects that are 
not fully considered in the simulation model, 
including the winding resistance of the magnetic 
components, semiconductor parasitic  losses,  and 
transformer core losses. Moreover, the implemented 
DC–DC converter uses a conventional single-phase-
shift (SPS) control technique; therefore, additional 
circulating current losses may occur at certain 
loading conditions. Further efficiency improvement 
can be achieved by adopting advanced modulation 
techniques, such as dual-phase-shift (DPS) or triple-
phase-shift (TPS) control strategies, which can 
reduce circulating current and optimize converter 
operation over a wider load range.

Table 5: Experimental setup efficiency calculation.  

AC-DC 
converter 
input 
power 

AC-DC 
converter 
output 
power 

DC-DC 
converter 
output 
power 

AC-DC 
converter 
efficiency  

DC-DC 
converter 
efficiency  

Full 
system  
efficiency  

291W 278W 271W 95.5% 97.5% 93.1%

407W 388W 372W 95.3% 95.9% 91.4%

511W 486W 465W 95.2% 95.7% 91.1%

633W 601W 573W 94.9% 95.5% 90.6%

864W 818W 779W 94.7% 95.2% 90.2%

944W 893W 849W 94.6% 95.1% 89.9%
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Figure 26: Performance at 372W output power CH1 phase ‘a’ 
Supply current, CH2 DC-side capacitor delivery current to 
the dc-dc converter, CH3 DC-DC converter output current, 

CH4 phase ‘a’ supply voltage.

VII.	 Conclusion

This paper presented a hybrid fast-charging station 
for electric vehicles based on a DC microgrid 
architecture integrating PV generation, BESS, and 
a cascaded interleaved AC–DC converter. The 
proposed system aims to reduce dependency on 
the utility grid while maintaining high Efficiency 
and stable operation under different operating 
conditions. The system performance was evaluated 
under seven dynamic operating cases using PSCAD/
EMTDC simulations. The results demonstrated 

that the proposed coordinated control strategy 
effectively  manages  the  power  flow  between the PV 
system, BESS,  grid interface, and EV charger while 
maintaining a stable DC-bus voltage and reliable 
charging operation. The estimated system efficiency 
under different steady-state operating conditions 
ranges between 94.1% and 97.8%, depending on 
the number of active conversion stages and power 
flow paths. Furthermore, experimental validation 
using a scaled-down prototype confirmed the 
effectiveness of the proposed converter design and 
control strategy. The measured results show that the 
AC–DC converter achieves a maximum efficiency of 
95.5%, while the DC–DC converter reaches 97.5%. 
The experimental results also verify smooth startup 
operation, stable voltage  regulation,  and high-quality 
input current. In addition, the adopted interleaved 
phase-shifted operation improves the DC-link 
voltage quality by increasing the equivalent ripple 
frequency of the capacitor charging current and  
reducing the DC-side ripple components. Overall, 
the simulation and experimental results confirm the 
feasibility of the proposed hybrid charging station 
and its capability to provide efficient and reliable 
operation under different charging and energy 
management scenarios.
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