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ABSTRACT The emphasis on clean and green technologies to curtail greenhouse gas emissions due to
fossil fuel-based economies has originated the shift towards electric mobility. As on-road electric vehicles
(EVs) have shown exponential growth over the last decade, so have the charging demands. The provision of
charging facilities from the low-voltage network will not only increase the distribution system’s complexity
and dynamics but will also challenge its operational capabilities, and large-scale upgrades will be required to
meet the inevitably increasing charging demands. An ultra-fast (UF) charging infrastructure that replicates
the gasoline refueling network is urgently needed to facilitate a seamless transition to EVs and ensure smooth
operation. This paper presents a review of state-of-the-art DC fast chargers, the charging infrastructure’s
current status, motivation, and challenges for medium-voltage (MV) UF charging stations (UFCS). Further-
more, we consider the possible UFCS architectures and suitable power electronics topologies for UF charging
applications. To address the peak formation issues in the daily load profile and high operational expenses of
UFCSs, integration of renewable energy sources and energy storage systems due to their technological and
economic benefits is being considered. The benefits of line frequency transformer (LFT) replacement with a
solid-state transformer (SST), SST models, SST-based UF chargers, and MV SST-based UFCS architectures,
as well as related MV active front-end and back-end power electronics topologies, are presented. Finally,
the application of microgrids’ hierarchical control architecture is considered for chargers and system-level
control and management of UFCSs.

INDEX TERMS Electric vehicles (EVs), DC fast chargers, ultra-fast charging stations (UFCS), renewable
energy sources (RESs), energy storage systems (ESSs), line frequency transformer (LFT), solid state trans-
former (SST).

I. INTRODUCTION
Reliance on fossil fuels has significantly increased the
concentration of greenhouse gases (GHG) in the atmosphere,
resulting in global warming and ecological disorders. With
increased awareness, carbon dioxide (CO2) emissions and the
continuous rise in the global mean temperature have become
central points of growing concern in the international commu-
nity [1]. In this regard, the adaptation of the Paris agreement
by 196 countries in December 2015 is an example of the
collaborative efforts to combat climate change [2]. Under the
umbrella of this agreement, various organizations have been

working on multiple fronts, ranging from reforestation to the
induction of renewable and sustainable technologies having
minimal GHG emissions. Furthermore, the transportation
sector has been identified as one of the most promising
areas that can contribute significantly to achieving the net
zero-emission (NZE) goal [3], [4]. Even though commercial
production of electric vehicles (EVs) began in 1996 and
the EV initiative (EVI), a multi-governmental policy forum,
was founded in 2010. However, the adoption of the Paris
agreement accelerated the transition towards electric mobility
(e-mobility), and campaigns such as EV30@30 [5], with the

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

420 VOLUME 3, 2022

https://orcid.org/0000-0002-3787-8867
https://orcid.org/0000-0002-7408-7706
https://orcid.org/0000-0002-5900-7739


inspirational aim of achieving a 30% sales share of EVs by
2030, and the global commercial vehicle drive to zero [6], to
make zero-emission technologies commercially competitive
by 2025, were launched in 2017 and 2020, respectively.
In addition, to support low and middle-income countries’
shift towards e-mobility, the global environment facility
program for global e-mobility is set to be launched before
2022 [7].

Historically, the three major challenges to EV adoption
were high purchase prices, range anxiety, and a lack of charg-
ing infrastructure [8]. However, the advancements in battery
technology, power electronics, and magnetics and the various
subsidies and incentives have substantially normalized these
challenges. The exponentially increasing number of on-road
EVs is primarily aided by numerous government initiatives
to make EVs more accessible and affordable to customers.
Section II presents the details of some of these economic perks
offered by different countries.

In terms of range anxiety, progressions in battery and elec-
tric propulsion drive-train technologies have remedied the
problem. For instance, the average specific energy of a battery
was 110 W-hour per kilogram (Wh/kg) in 2010 [9]. Presently,
the specific energy of various lithium-ion (Li-ion) batteries
lies between 200 and 250 Wh/kg, and projected to reach
450 Wh/kg till 2030 [10]. Similarly, battery energy density
has improved from 310 W-hour per liter (Wh/L) to 580 Wh/L
in the recent decade, with the next goal of 1100 Wh/L by by
2030 [11], [12]. Aside from batteries, traction inverters’ power
density also improved from 10 kilowatts per liter (kW/L)
to 30 kW/L and expected to reach 65 kW/L by 2030 [13].
Similarly, inverters’ peak efficiency increased from 92% to
96%; wide band-gap technologies such as silicon carbide
(SiC) and gallium nitride (GaN) have shown efficiencies up
to 99% [14], [15]. Moreover, it is projected that the appli-
cations of SiC and GaN in traction inverters will achieve a
power density of 65 kW/L [16], and 800 V internal DC-link
will achieve up to 40% reduction in volume [17]. Although,
the range anxiety and battery cost issues have been signif-
icantly resolved with the earlier mentioned developments.
However, EVs’ range per charge is still limited as com-
pared to gasoline vehicles have an average energy density of
12000 Wh/kg [18], [19].

Even exclusive of battery limitations, the absence of a re-
fueling infrastructure capable of rapidly replenishing an EV’s
battery, especially during longer trips, still remains a decisive
barrier. In countries with emerging numbers of on-road EVs,
the drivers demand more flexible and efficient charging in-
frastructure. For over 10 million EVs, the reported number of
installed EV supply equipment (EVSE) was 1.3 million glob-
ally till 2020, with only 30% of which were fast chargers. The
statistics of public charging infrastructure in EV-concentrated
regions are presented in Section II.

Presently, low-voltage (LV) distribution networks power
the slow and fast charging facilities. Coupled with the charg-
ing rates, another point of concern is the exponential growth
in EVs. For the projected number of 40 million on-road

EVs by 2050 [20], the provision of charging facilities from
the LV network will not only increase the distribution sys-
tem’s complexity and dynamics. However, it will also chal-
lenge its operational capabilities, and large-scale upgrades
will be required to meet the inevitably increasing charging
demands. For this reason, an ultra-fast (UF) charging infras-
tructure with a dedicated medium-voltage (MV) grid con-
nection is urgently required to replicate the existing gasoline
infrastructure.

This article reviews EVs and corresponding EVSEs’
current trends, presents the anticipated number of on-road
EVs and indicates the exponential increase in the past
decade. To facilitate a seamless transition towards EVs,
state-of-the-art DC fast chargers have been evaluated and
emphasized in grouping several fast chargers to form a UF
charging station (UFCS). State-of-the-art DC fast chargers
have been evaluated, and the grouping of several fast chargers
to form a UFCS has been emphasized. A 350 kW can recharge
a 60 kWh battery to more than 90% state of charge (SOC)
in 10 minutes. However, such an impulsive charging demand
requires the grid to maintain high spinning reserves; therefore,
this issue has been addressed with the energy storage systems
in UFCSs. A solid-state transformer (SST) poses numerous
advantages over conventional line frequency transformers
(LFT), especially in AC/DC applications, SST models,
SST-based UF chargers, and MV SST-based UFCS archi-
tectures have been presented. Section IV elaborates on the
motivation, requirements and challenges for MV connected
UFCSs.

The rest of the paper is organized as follows: Section II
provides an overview of EV trends, initiatives aimed at facil-
itating a seamless transition towards e-mobility, the evolution
of battery technologies, and EVSE global statistics. The work-
ing principles of alternating current (AC) and direct current
(DC) chargers and most relevant international standards are
presented in Section III. The motivation and challenges for
UFCSs are addressed in Section IV, and Section V look at
the AC and DC common bus architectures of UFCSs, respec-
tively. Moreover, the benefits of replacing a line-frequency
transformer (LFT) with a solid-state transformer (SST) and
SST-based possible configurations have also been explained
in Section V. In Section VI, the significance of renewable
energy sources (RESs) and energy storage systems (ESSs)
integration, as well as their impacts on peak demand and oper-
ational expenses of UFCSs, have been discussed. Section VII
discusses the future trends and suggestions proposed in the
literature regarding EVs and EVSEs, SST, and SST-based
integration of UFCSs with MV-grid. Section VIII presents
a review of the AC/DC and DC/DC power electronics con-
verters that have been extensively studied for EV charging
applications. Moreover, the potential MV AC/DC and DC/DC
that can be used for UFCS MV-grid integration have been
presented in Section VIII. Section IX accesses hierarchical
control structures for dynamic response and ancillary grid
services such as power system frequency and voltage reg-
ulation, chargers, UFCS-level control, energy management
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FIGURE 1. An overview of on-road EVs in the past decade [21].

system (EMS), and large scale load scheduling and optimiza-
tion. Finally, Section X concludes the paper.

II. CURRENT TRENDS, ECONOMIC INCENTIVES,
BATTERIES TECHNOLOGY AND CHARGING
INFRASTRUCTURE
The modern era of EVs started with the mass-level produc-
tion by General Motors in 1996, and the launch of the Tesla
Inc. Model III has opened new horizons for EVs. Some of
the recent trends, initiatives, and technological evolutions are
presented below:

A. CURRENT TRENDS
After a decade of rapid growth, EVs have surpassed their
conventional counterparts in terms of the total cost of owner-
ship. The number of on-road EVs crossed the 10 million mark
in 2020. As illustrated in Fig. 1, China led the market with
5.4 million EVs, followed by the European Union (EU) and
the United States (US), respectively [21]. Consumers spent
approximately $120 billion on EVs in 2020, and governments
worldwide have pledged $14 billion in subsidies. Although,
incentives for EVs have been reduced from 22% of total ex-
penditures in 2015 to 10% in 2020, as per the statistics shown
in Fig. 2 [22]. Almost 3 million new EVs were registered for
the first time in a single calendar year, in 2020. Despite the
economic downturn during the pandemic, the EU emerged as
a global leader with 1.4 million new registrations due to two
policy initiatives: 1) 2020 was the target year for the EU’s CO2

emissions rules, which regulated the average CO2 emissions
per kilometer (km) driven by new vehicles. 2) In response to
the pandemic’s impact, several EU governments increased EV
subsidies as a part of their stimulus packages.

B. ECONOMIC INCENTIVES
The economic compensation packages offered by various
countries on the purchase of an EV vary from tax incentives
to rebates and significantly contribute towards making EVs
more accessible and affordable to users. Some of these perks
are: 1) In the US, a consumer can get a $7, 500 tax credit

FIGURE 2. Governments and customers spending on EVs [22].

to purchase one of the first 200 k EVs produced by any EV
manufacturer. 2) China has boosted its high EV purchase
figures with several significant incentives. Such as, a subsidy
of ¥25,000 per EV is provided for EVs having a driving range
of 400 km or above. Besides that, Chinese EV drivers are
exempted from the registration restrictions and driving bans
imposed on gasoline vehicles in large cities. 3) In the EU, Nor-
way is one of the frontrunner countries regarding incentives
and the total number of on-road EVs. EVs are exempted from
the local import tax and the 25% value-added tax. EV drivers
can use local bus lanes in congested city areas with reduced
ferry crossings and parking charges. Other countries in the
EU also offer numerous incentives, such as Germany and Italy
providing incentives of € 4,000 per EV. In France, an EV user
can receive a purchasing incentive of up to € 8,500. Similarly,
EV drivers in the United Kingdom (U.K.) are eligible for a
£3,500 rebate on an EV purchase. 4) New Zealand (NZ) is the
latest country to offer incentives to EV drivers in the form of
cash rebates up to NZ$8,625 [23].

C. BATTERIES TECHNOLOGY
The journey towards e-mobility started with lead-acid batter-
ies; presently, Li-ion batteries dominate the market. Among
them, lithium cobalt oxide (LCO) is one of the most mature
technologies with the highest volumetric energy density [24].
However, it becomes an expensive choice due to its lower
power density, service life, and reliance on precious cobalt
elements. On the other hand, lithium iron phosphate (LFP)
batteries offer a very long life span and a high power den-
sity. However, this technology is less suitable for high-energy
applications such as EVs due to its inherent low potential
and specific capacitance [25]. The lithium nickel cobalt alu-
minum oxide (NCA) and lithium nickel manganese cobalt
oxide (NMC) variants of Li-ion batteries provide high en-
ergy densities and remain the most common option for EV
manufacturers. The current trend in NCA and NMC technolo-
gies is to reduce the amount of cobalt in favor of nickel in
cathodes without affecting the energy density [26]. According
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FIGURE 3. An illustration of specific energies and energy densities of
various batteries.

to the components’ stoichiometric ratio, commercially avail-
able NMC battery models include NMC-333, which has all
elements in the same proportion; NMC-532; NMC-622; and
NMC-712. The relationship between the specific energy and
energy density of various battery technologies is illustrated in
Fig. 3.

The afore-stated variants of Li-ion technology are based
on cathode materials. For anode materials, the options are
minimal, and due to the low potential and suitable specific
capacitance as compared with Li+, carbon-based anodes such
as amorphous carbon and graphite are dominating the mar-
ket [27]. Presently, the share of graphite anodes is 91%,
amorphous carbon is 7%, and lithium titanate oxide (LTO)
occupies only 2%. Although LTO supports UF charging and
has a longer lifespan, the raw material is costly and also poses
a lower energy density [28]. On the other hand, Si is emerging
as a potential option for anode material because it is cheaper
and has a theoretical capacity tenfold greater than graphite.
Although pure Si has a relatively shorter lifespan, research is
going on to develop Si-based alloys with an extended lifespan
and higher energy densities [29].

With technological advancements, the next generation of
Li-ion batteries will have a cell-level energy density of up
to 325 Wh/kg, and pack-level energy density may reach
275 Wh/kg [30]. In this regard, solid electrolytes have
been extensively studied because their non-toxic and non-
flammable characteristics will also lead to substantial im-
provements in safety. Solid electrolytes minimize voltage
losses due to concentration polarization. They have excellent
dendritic resistance, which results in higher energy densi-
ties [31]. Solid electrolytes for EVs must have rapid charging
characteristics. The critical current density is one of the fac-
tors that determines the battery’s ability to be charged quickly.
The desired critical current density of 5 mA per centimeter
square (mA/cm2) is still far away, as state-of-the-art solid
electrolytes have a critical current density of 0.1 mA/cm2 [32].

FIGURE 4. Slow EVSEs installed in EV-concentrated regions [33].

FIGURE 5. Fast EVSE installed in EV-concentrated regions [34].

D. CHARGING INFRASTRUCTURE
Although most of the charging takes place at home or the
workplace, the availability of public charging facilities will be
critical for countries leading in EV adoption since consumers
will demand a more convenient and efficient charging infras-
tructure. Presently, China is the global leader in slow and fast
chargers deployments.

By December 2020, the number of slow chargers installed
in China was about 0.5 million. Similarly, in the EU and
US, slow chargers installation was raised to 0.25 million and
82,000, respectively. Fig. 4 shows the recent statistics of slow
EVSEs deployed globally [33].

The rate of fast chargers deployment in China increased
by 44% in 2020. The total number of installed chargers
was raised to 0.31 million. Similarly, fast chargers are in-
stalled more rapidly throughout Europe, and total deployment
reached 38,000. The US had 17,000 fast chargers, roughly
60% of which are Tesla superchargers till December, 2020.
Fig. 5 illustrates the recent statistics of fast EVSEs deployed
globally [34].
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FIGURE 6. Block diagrams of LFT and SST-based DC fast chargers. (a) A single-module charger based on LFT. (b) A single-module charger based on SST.
(c) A charger based on LFT with multiple modules connected in parallel. (d) A charger based on SST with multiple modules connected in parallel [39].

However, the majority of EU nations were unable to meet
the targets established by the alternative fuel infrastructure
directive (AFID) for charging infrastructure [35]. As per the
directive, it was recommended that each member country
should ensure the availability of at least 1 public charger per
10 EVs by December 2020. Although the average ratio of
public EVSE-to-EVs in the EU is 0.09, only the Netherlands
and Italy are leading with ratios of 0.22 and 0.13, respectively.

III. EV CHARGERS AND STANDARDS
An EV’s charger normally controls and processes electric
current to assist energy flow into an EV’s battery, and its
requirement originated as a result of the AC power availabil-
ity from the electric grid, whereas EVs require DC power.
It mainly consists of an AC/DC converter that converts AC
power into the required DC power. A DC/DC converter is also
incorporated to optimize energy conversion for fast charging.
The EV chargers are categorized into AC (on-board) and DC
(off-board) chargers. The AC chargers are also known as slow
chargers, while the DC chargers normally have a higher power
rating than their AC counterparts and are further divided into
fast and UF chargers. Botsford and Szczepanek [36] defined
“fast charging” as anything that is not slow charging, but
such a definition leaves confusion about what exactly is slow
charging. The California air resources board (CARB) defines
it as “a charger that enables the vehicle to travel for 100 miles
in 10 minutes” [37].

State-of-the-art DC fast chargers convert the three-phase
(3-φ) AC supply into the required DC supply via two con-
version stages: 1) an AC/DC conversion stage with PFC; 2) a
DC/DC conversion stage to regulate the intermediate output
DC voltage to the required level for EV charging. As per
IEEE standard, 1547 [38], the galvanic isolation between the
grid and the EV battery can be provided either by an LFT,
as shown in Fig. 6(a), or via an high-frequency transformer
(HFT) inside an isolated DC/DC converter, as illustrated in
Fig. 6(b). To raise the power rating, multiple identical modules
may be connected in parallel to reach the desired power rating,
as shown in Fig. 6(c) and (d) [39]. For instance, the Tesla
supercharger, which consists of 12 paralleled modules to reach

the desired 135 kW power rating [40]. Some state-of-the-art
DC fast chargers are summarized in Table 1.

To ensure compatibility among different EVSEs and EVs,
several organizations, such as the society of automotive
engineers (SAE) [41], the international electrotechnical com-
mission (IEC) [42], charge de move (CHAdeMO) [43], and
Tesla Inc., etc., are working to standardize the EV chargers
and connectors. Some of the commonly adopted standards are
presented in Table 2.

Moreover, the establishment of international standards and
universal connectors, as well as suitable charging infrastruc-
ture, is strongly tied to the widespread adoption, growth, and
seamless operation of EVs [44]. Protection, safety, batteries,
connectors, grid interconnection, and isolation are among the
several aspects of and related to EVs that have been addressed
by different standards, as presented in Table 3.

IV. UFCS MOTIVATION AND CHALLENGES
Demand for close driving range to gasoline vehicles has
evolved EVs, and the majority of EVs nowadays have a
driving range of more than 200 miles. Some of the best-selling
EVs regarding battery capacity and range per charge has been
summarised in the Table 4. The driving range of the EVs
available on the market is sufficient in most driving scenarios.
However, a UFCS infrastructure capable of replenishing an
EV’s battery at a rate comparable to gasoline refilling is
urgently needed for the widespread adoption of EVs and for
meeting the NZE goal. A 7.2 kW level 2 onboard charger takes
more than 500 minutes to extend an EV’s range by 200 miles,
with an estimated consumption of 0.3 kWh/mile. Similarly, a
50 kW DC fast charger and a 135 kW Tesla supercharger can
accomplish the same task in 75 and 27 minutes, respectively.
Moreover, the recently proposed 350 kW UF charger reduces
the refilling time to less than 10 minutes and makes it much
more comparable with the refueling time of fossil fuel
vehicles, Fig. 7 shows the charging times of AC and DC
chargers to refill a 60 kWh battery. From the safety point of
view, the cable weight of a 50 kW fast charger is almost 9 kg,
and the cable weight of a 350 kW UF charger exceeds the
safe weight lifting limits defined by the occupational health
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TABLE 1 Specifications of State-of-the-Art DC Fast Chargers [39]

TABLE 2 Charging Types and Levels

FIGURE 7. Time required by AC and DC chargers to recharge a 60 kWh battery [91].

and safety administration (OSHA) at the voltage level of 400
VDC [45]. Hence, power transfer at higher voltage levels is
one of the promising approaches to minimize cable weight
and maximize power delivery [46].

On the other hand, designing and deploying a UF charger
with such high power and voltage ratings is expensive and
complicated, particularly in the case of an MV connection.
It must consider the competing industry standards, available
technologies, grid impacts, and other technical and policy
issues. Installing a single UF charger in a residential area is

almost impossible due to the associated high power, high volt-
age, safety concerns, and required capital investment. As the
cost of installing a UF charger is determined by the location,
the condition and upgrade of the electrical service equipment,
the foundation, and the conduits from the source to the service
transformer and then to the UF charger [47], in this context,
the installation of a single UF charger with a 350 kW power
rating becomes prohibitively expensive. Generally, it is more
realistic to build a UFCS with multiple UF charging slots
beside highways, as there is high demand for UF charging,
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TABLE 3 International Standards That Address the Charging Methods,
Connectors, Safety, and Isolation of EVs

and it also makes more economic sense due to reduced capital
investment per charging slot.

Aside from the lower capital investment per slot due to
multiple charging slots on the same grid-tie equipment, sig-
nificant research is being conducted to exploit the diversity
factor that results from the simultaneous charging of multiple
EVs with varying battery capacities and SOCs. For instance,
a two-fold optimization algorithm has been proposed in [48].
In the first step, the algorithm aims at profit maximization by
providing as many charging facilities as possible. While in
the second step focuses on peak power demand reduction by
taking the step one objective as a constraint in step two. An on-
line optimization algorithm to reduce the station’s peak power
demand has been presented in [49]. The proposed techniques
allow the EV driver to opt between a slow charger with a low
charging cost and a fast-charging slot with a high charging
cost associated with the charger’s power rating.

UFCSs are likely to become major load centers and present
challenges to the distribution network. As a function of the
batteries capacities and SOCs, charging multiple EVs may
cause significant variations in the UFCS instantaneous power
demand, and uncoordinated charging scenarios may create
peaks in the daily load profile, resulting in detrimental impacts
on the distribution system’s stability, voltage imbalances, and
compromised power quality. Smart charging techniques are
presented in [50]–[54] for greater control over EV charging
while improving grid stability. However, these techniques are
appropriate only for overnight Level 1 and Level 2 home
charging scenarios because there are enough time slots to
schedule the EVs. In contrast, drivers opting for UF charging
need an immediate high-power charge upon plugging their
EVs in. Therefore, integration of RESs and ESSs into UFCSs
is one of the possible mechanisms to mitigate the high power
demand [55]–[57]. Because of the integrated RES and ESS,
UFCSs can not only have on-site generation but also pro-
vide ancillary grid services like load shifting, voltage and
frequency regulation [58]–[60], reactive power compensa-
tion [61], [62], and grid firming [63], [64]. Examples include
a Tesla supercharger in Mountain View, California, with
400 kWh of battery storage capacity. In [65], authors demon-
strate that it is possible to meet over 98% of power demand
with an average delay of less than 10 seconds by integrating
an ESS and taking the real arrival times and distribution of EV
batteries’ SOC as well as capacities into account. Section VI
discusses the advantages of incorporating RESs and ESSs into
the UFCS.

Another approach that has been proposed in the literature
is the coordinated charging method. The actual power de-
mand from the grid may be significantly reduced by using
the proper coordinated charging strategy to schedule multiple
EVs in a single or multiple UFCS. In this regard, state-of-the-
art Internet of Things (IoT) based intelligent transportation
system (ITS) techniques, such as vehicle-to-vehicle (V2V)
and vehicle-to-infrastructure (V2I) communication, can play
a vital role in communicating data between EVs and road
infrastructure via machine-to-machine (M2M) and message
queuing telemetry transport (MQTT) protocols. By equipping
EVs and UFCSs with IoT technology capable of sending,
receiving, and processing data, it is possible to route EVs
towards UFCSs with available capacity or those with the most
negligible impact on the power grid manage EVs charging
conveniently.

In [66], the authors examine the publish/subscribe (P/S)
communication architecture for EVs, roadside units (RSUs),
and UFCSs. The RSUs work as communication gateways
between the EVs and the UFCSs, assisting the EVs to find
and reserve a slot in the least crowded stations. It is more
expensive to install and maintain RSUs, and it is impractical
to place RSUs at every junction in-vehicle ad-hoc networks.
Additionally, the optimum RSUs deployment is very stiff
and inflexible. Instead of RSUs, public transportation buses
(PTBs) may act as brokers between the message publisher
(i.e., UFCS) and the subscriber (i.e., EV), assisting EVs in
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TABLE 4 Technical Specifications of Some of the Best-Selling EVs.

determining the shortest path to their destination [67]. The
P/S-based communication architecture comprises three net-
work entities: 1) The UFCS is a stationary charging station
that charges EVs in parallel by utilizing multiple charging
slots. 2) PTBs are mobile entities that act as intermediaries,
transmitting UFCS data to and from EVs. 3) EVs act as
subscribers, receiving published information or demanding its
release. All legitimate PTBs engaged in information dissem-
ination receive frequent broadcasts from each UFCS about
its current status. All UFCS released information will be
gathered by each PTB and cached for later use. If the PTB re-
ceives new information, it will overwrite the old cached data.
Distributed charging management is well-suited to the P/S
communication architecture because EVs may use the con-
dition information from opportunistically encountered EVs
to make charge management choices for their own UFCSs.
Depending on the charging needs in certain locations, the PTB
cloud may be dynamically created. From a practical stand-
point, the European telecommunications standards institute
(ETSI) TS 101 556-1 [68] and the ETSI TS 101 556-3 [69]
assist implementation from a practical standpoint.

V. UFCS ARCHITECTURES
A state-of-the-art UFCS requires a 3 − φ MV grid connection,
and the incoming voltage is step-down either by an MV/LV
LFT or an SST to the operating voltage of a UF charger. The
bus bar of a UFCS to accommodate multiple UF chargers,
local RESs, and ESSs may be designed either as a standard
AC or DC bus. Each approach has several advantages and
challenges, as discussed below.

A. AC BUS DESIGN
In AC bus design, a step-down-transformer connects the MV
grid to the standard AC bus of a UFCS. Each UF charger is

connected to the AC bus via separate AC/DC and DC/DC
converters to ensure a regulated DC voltage for an EV’s
battery charger. Furthermore, the on-site RES and ESS are
interconnected to the AC bus through DC/DC and DC/AC
converters, as illustrated in Fig. 8(a) [70]. However, the use
of dedicated AC/DC and DC/DC converters for each load
(i.e., UF charger and ESS) and source (i.e., RES and ESS)
substantially increased the conversion stages, resulting in in-
creased cost, complexity, and reduced efficiency. The AC bus
design provides several benefits, such as mature AC/DC and
DC/AC conversion technology, well-established standards
and procedures for AC distribution systems, standardized AC
switchgear, and protective relays [71]–[73]. Furthermore, sep-
arate standards for common AC bus charging stations have
already been developed and implemented in state-of-the-art
UFCSs such as the Tesla supercharger station in Mountain
View, California, and the ABB DC fast-charging station in
Europa, Victoria, Australia [74].

B. DC BUS DESIGN
A common DC bus design, as illustrated in Fig. 8(b), con-
sists of a central DC/DC converter after LFT and provides
a more efficient approach for interconnecting multiple UF
chargers, RES, and ESS to a common DC bus via DC/DC
converters [75]. In contrast to AC bus design, this approach
eliminates the individual AC/DC converters required for each
load and source, with improved system efficiency and reduced
cost. The DC bus should be designed at a voltage level of less
than 1 kV to reasonably insulator cost safety concerns and
to support the state-of-the-art batteries voltage ranges. At this
voltage level, a DC bus UFCS should comply with the same
standards as a UFCS on an AC bus [71]–[73]. A key benefit
of DC bus design is a single point of coupling with the MV
grid that simplifies the grid-connected and islanded operation
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FIGURE 8. An UFCS’s LFT-based architectures. (a) A typical AC bus design. (b) A typical DC bus design.

modes. Other advantages include the lack of reactive power,
being easy to control [76], and the use of partial power con-
verters [77]–[80]. The fact that the partial power converters
process just a portion of the power required for an EV reduces
the size and cost of the converters while increasing conversion
efficiency [81].

1) MEDIUM/HFT BASED DC BUS DESIGN
Due to the lack of a DC transformer, the presence of a bulky
MV/LV LFT is required, as illustrated in Fig. 8, resulting in
increased capital investments, size, and complicated design
to interface the incoming power and provide the required
isolation between the AC and DC sections. A Medium/HFT
(M/HFT) inside an isolated DC/DC after the front-end AC/DC
converter can replace the bulky LFT to interface with the
MV grid while providing the required isolation as per IEEE
1547. Numerous M/HFT-based configurations of the DC bus
are presented in Fig. 9. A unidirectional architecture is illus-
trated in Fig. 9(a), where the input AC voltage is rectified
by a front-end, followed by a non-isolated DC/DC converter
with power factor correction (PFC) features, and finally, an
isolated DC/DC stage. Fig. 9(b) shows an alternate architec-
ture that reduces not only the number of conversion stages
but also improves the overall conversion efficiency with com-
bined isolation and PFC stages. A bidirectional architecture,
as shown in Fig. 9(c), consists of an active front-end (AFE)
to provide PFC with AC/DC conversion by controlling the
active switches with pulse width modulation (PWM) and a
DC/DC isolated converter. Besides bidirectional features, its
key benefit over the prior architectures is that the second
stage requires a small-sized isolated DC/DC converter with
improved efficiency and reduced cost [82], [83].

Regardless of its benefits, a DC bus design introduces new
challenges like DC protection and metering. Although DC

fault detection and isolation devices such as fuses, circuit
breakers, solid-state (SS) circuit breakers [84], and relays [85]
are available, no well-established standards for coordination
protection have been developed yet. Due to the low inertia
of DC systems, they are vulnerable to disturbance and may
become unstable in the absence of rapid fault clearing mecha-
nisms. Consequently, the speed with which faults are detected
and isolated is crucial for system recovery. Studies of the DC
distribution systems, such as LVDC microgrids, guide the co-
ordinated protection of DC UFCSs. [86] presents a protection
approach for an LVDC microgrid that takes into account the
synchronization of several protective devices. Reference [87]
proposes a protection strategy for DC systems using a loop-
type bus. The proposed techniques can detect and isolate faults
while maintaining a continuous power supply.

VI. INTEGRATION OF ESS AND RES
It is not always feasible to have a strong grid connection
alongside the highways and rural areas. According to re-
search by the California public utilities commission [88],
as the UFCSs network expands, the distribution network
will require much more upgrades than the generation and
transmission sectors. For example, a typical highway UFCS
with two 350 kW and four 150 kW chargers will introduce
additional power demand 1.3 megawatts (MW). They will
need an upgraded distribution transformer and associated in-
frastructure. In Norway, grid upgrading is projected to cost
$1.6 billion to manage the irregular charging behaviors of
the massive number of EVs anticipated to be on Norwegian
roads by 2040 [89]. However, by sharing upstream equipment
across several EVSEs, the site’s construction and network
up-gradation cost can be distributed over the charging slots.
The capital investment per slot may be substantially mini-
mized.
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FIGURE 9. An UFCS’s M/HFT-based common DC bus architecture. (a) Unidirectional design with separate PFC and isolation stages. (b) Unidirectional
design with combined PFC and isolation stages. (c) Bidirectional design with AFE and isolation stages.

Apart from the substantial capital investment, the high
power demand of UFCSs results in high operational costs,
as utility companies charge non-residential customers based
on peak demand measured in kW, along with fixed monthly
connection charges and actual energy consumption charges
measured in kWh, making them unattractive to investors [90].
The peak demand charge is defined in [91] as “a demand
charge is a fee based on the highest rate, measured in kW,
at which electricity is drawn during any 15-to-30 minute in-
terval in the monthly billing period.” It is considered a kind
of compensation for the deterioration of power plants, trans-
mission and distribution lines, transformers, and other utility
equipment located between a consumer’s premises and the
service provider. In the US, peak demand charges vary from
$2 per kW to $90 per kW [92]. For instance, a UFCS with
three 150 kW charging slots, a consumption price of $0.1/kW,
a fixed monthly connection fee of $140, and a peak demand
charge of $45 per kW. Besides, the fixed monthly charges of
$140 and actual energy consumption charges of $150, $300,
and $450 in the case of no, two, and three simultaneous
charges. The corresponding monthly demand charges for the
three possible scenarios will be $6,750, $13,500, and $20,250,
respectively. A breakdown of the operational expenses is de-
picted in Fig. 10.

To keep the monthly peak demand fees as low as pos-
sible while retaining the ability to provide three concurrent
charges. An ESS with a high power density and efficiency and
corresponding power electronics converters will be required.
Based on a 90% roundup efficiency and only 10% charg-
ing, self-discharge, and discharging losses, the minimum ESS
capacity to perform three simultaneous charges at 150 kW
for 20 minutes is approximately 170 kWh. The utility may
recharge the ESS using a 17 kW level 2 AC charger, but it
will take 10 hours to recharge the ESS fully. A more realistic
approach would be to use a 50 kW DC fast charger to obtain
100% SOC in 3.4 hours. The corresponding power demands
of a UFCS in the presence and absence of an integrated ESS
are shown in Fig. 11. In the presence of an ESS, the UFCS
peak demand charges will be $765 and $2250, with a 17 kW
and a 50 kW charger, respectively, in addition to the fixed
monthly connection fee of $140 and consumption fee of $510,
as illustrated in Fig. 12.

The integration of an ESS and the associated power
electronics interfacing will require an additional capital in-
vestment. According to the cost estimation of $390/kWh
as presented in [93], the required 170 kWh ESS will cost
$66, 300. Directly related to the EV charging scenarios
and power rating of the ESS charger, savings in monthly
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FIGURE 10. A breakdown of an UFCS’s monthly operational costs in the absence of an ESS.

FIGURE 11. Power requirements of an UFCS with three 150 kW DC fast
chargers, with and without an integrated ESS.

FIGURE 12. A breakdown of an UFCS’s monthly operational costs in the
presence of an integrated ESS.

operational expenses of the UFCS vary from $1435 to $2900
with a corresponding payback period of 3.4 to 16 months. The
reductions in operational expenditures in the cases of a 17 kW
AC level 2 charger and a 50 kW DC fast charger with no, two,

FIGURE 13. Total savings in monthly operational costs and payback period
of an integrated ESS.

or three coincident charges, as well as the associated payback
periods, are shown in Fig. 13.

Undoubtedly, e-mobility is a promising technology that can
significantly improve the sustainability of the transportation
sector while reducing GHG emissions. This objective is only
possible if the required electricity comes from RESs. How-
ever, it becomes more challenging as RESs are subjected
to intermittent nature, and the unpredictable arrival of EVs
makes it more complicated. The integrated ESS with RESs
can serve as an energy buffer to store the generated energy
by RESs for later use. The reference [94] investigates how an
ESS is critical in a power system that heavily relies on RESs.
By using an ESS [95]–[97], a large-scale photovoltaic (PV)
plant’s stored energy may be used to improve voltage and
frequency stability, as well as provide peak shaving. Some of
the ongoing projects are summarized as below:

In Hokkaido, Japan, one of the world’s largest battery stor-
age systems, totaling 60 MWh, has been built to integrate solar
energy into the grid [98]. Similar initiatives are also being
pursued in other countries to increase the efficiency of wind
energy integration. For example, in west Texas, a 24 MWh
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battery ESS was incorporated into a 156.6 MW wind farm to
store energy during off-peak hours [99]. Another comparable
but larger (i.e., 32 MWh) Li-ion battery ESS was built in
southern California to offer voltage support and frequency
control near a 450 MW wind farm [100]. Numerous Power to
Gas (P2G) initiatives has been launched to generate hydrogen
from surplus renewable energy. For example, E.ON, a German
utility, has built a 2 MW P2G plant in Falkenhagen, Germany,
in collaboration with Swissgas and Hydrogenics [101]. Refer-
ence [102] presented a detailed list of other P2G initiatives in
Australia, Canada, China, Germany, Japan, the Netherlands,
and the US.

As previously stated, an integrated ESS not only reduces the
operational costs of a UFCS but also eliminates the need for
distribution network upgrades, allowing UFCSs to be installed
in rural areas and alongside highways. Even without consid-
ering its application in a UFCS, the real-world examples of
ESS presented above are beneficial for providing grid support
services. The introduction of an ESS into a UFCS, on the
other hand, makes UFCSs appealing to investors by reduc-
ing operational costs and providing ancillary grid services.
An ESS functions as a virtual power plant and will become
an integral part of UFCSs. For example, EVgo, the largest
UFCSs network in the US, has integrated ESSs into its 11
UFCSs [103]; Volkswagen uses Tesla ESS in its UFCSs; and
Tesla has also introduced the supercharger V3 stations with
integrated ESS and on-site PV generation [104].

VII. FUTURE TRENDS, SST AND SST-BASED UFCS
The charging process of an EV with DC fast chargers is much
faster than with AC chargers, but it is still slower than a gaso-
line vehicle’s refilling process. As discussed in Section IV,
delivering power at high voltage rates, such as 800 VDC, can
further reduce the charging time without violating the OSHA,
SAE, IEEE, and IEC standards that define the cable weight
and current limits for different charging levels and connec-
tors, as illustrated in Table. 2. Besides UFCSs, switching to
high voltage will result in reduced volume and weight of an
EV’s power-train, as explained in Section I. In this regard,
manufacturers like Aston Martin and Porsche have announced
the production of EVs with an 800 V batteries and associated
power-trains [105], [106].

As the number of EVs increases exponentially, so do the
corresponding charging requirements and deployments of
EVSEs, as shown in Figs. 4 and 5. However, the provision
of charging facilities from the LV network will adversely
impact the distribution network. To accommodate state-of-
the-art EVs, extensive research is required to design UFCSs
with dedicated MV connections and an internal DC bus of
800 VDC. A common DC bus architecture for MV-connected
UFCSs is presented in Fig. 8(b). However, studies [107]–
[110] have proposed the use of SST for UFCS applications
to reduce the footprint and improve controllability as well
as efficiency in the case of light load. Besides that, SST
poses numerous advantages over conventional LFT, some of
the SST functionalities include: 1) Protects load from Power

System disturbance, 2) Protects Power System from load
disturbance, 3) DC port for ESS & RES integration, 4) Redun-
dant & fault-tolerant structure, 6) Definable output frequency,
6) M/HFT isolation, and 7) Supervisory control/status mon-
itoring interface. Moreover, an illustration of SST and LFT
for AC/AC and AC/DC applications has been presented in
Fig. 16. In this context, Fig. 9 depicts unidirectional and
bidirectional M/HFT-based architectures for MV-connected
UFCSs. Moreover, the use of ESS as presented in Section VI
will be valuable to reduce a UFCS power demand and demand
charges and provide ancillary grid services and ensure UFCS’s
smooth operation in grid-connected and islanded modes. M.
Vasiladiotis et al. [111] examines modular ESS solutions for
SST-based architectures, and [112] summarizes various power
converters for grid integration of battery ESS.

A. SST
A SST performs the MV/LV transformation like an LFT
through AC/DC, DC/DC, and DC/AC conversion stages while
providing the required isolation but with improved convert-
ibility and controllability. SSTs are classified as single-stage,
two-stage, or three-stage topologies based on the number
of conversion stages, as shown in Fig. 14. In contrast to
single-stage and double-stage SSTs, the three-stage topology
explicitly creates a DC bus to interconnect EVs, ESSs, and
RESs. It is one of the most suitable topologies for UFCS
applications. It is designed with two DC links, enabling it
to provide various functionalities other than single-stage and
double-stage topologies. Table 5 contains a functional com-
parison of all three topologies. In three-stage SST, an AFE
interfaces the MV-grid and converts the incoming MVAC into
MVDC, followed by an isolated DC/DC stage that transforms
the MVDC into the desired LVDC and provides galvanic
isolation via an HFT with a much-reduced footprint than an
LFT. If auxiliary services are required at the UFCS from
SST, an LVDC to LVAC converter can be used at the third
stage. Besides numerous indigenous benefits, modularity and
the distributed control requirements, on the other hand, in-
crease the control complexity and necessitate whole system
synchronization. In this case, hierarchical control with distinct
objectives for each stage is the suitable control structure for
SSTs, as illustrated in Fig. 15 [113].

Some of the notable publications that addressed different
aspects of SST include: [114] provided insights on the de-
sign, optimization, applications, and implications for a 15 kV
SiC IGBTs-based SST. Liserre, et al. [115], the authors dis-
cuss the structural modularity, control strategies, possible
functionalities, and challenges to SST. Similarly, Huang, et
al. [116] focused on the MV-SST applications and function-
alities. In [117], F. Briz, et al. presented a modular multilevel
converter (MMC) and cascaded HB (CHB) based MV-SST
as one of the possible options for modularity of a three-stage
SST. R. Zhu and M. Lissere [118], provided insights on
concepts, motivation, as well as functionalities in RESs and
EVs penetrated power systems. While focusing on three-stage
topology, the SST safety requirements, overload protection,
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FIGURE 14. SST topologies. (a) Single-stage topology. b) Two-stages topology with LVDC DC-link. (c) Two-stages topology with MVDC DC-link. (d)
Three-stages topology with LVDC and MVDC DC-links.

TABLE 5 Functionalities Comparison of SST Topologies.

connection rules, voltage, and frequency requirements have
also been discussed. Similarly, a frequency-based overload
control scheme is presented in [119]. A universal power flow
control methodology to ensure stable and reliable operation of
SST in both radial and meshed configurations without switch-
ing the control schemes in the event of faults is presented
in [120]. The proposed scheme is validated on the Cigré LVAC
benchmark design in Matlab. To avoid the de-rating of SST
in overload conditions, a coordinated frequency and voltage
control scheme is presented in [121], and the proposed scheme
is executed by interacting with local generation sources and
loads to provide the necessary support services. Due to the
penetration of non-dispatchable generation, an SST-based ac-
tive power control/support scheme is presented in [122]. The
proposed scheme aims to inject reactive power into the grid,
reduce the active power demand of voltage-dependent loads
in an SST-fed network, and control the SST output voltage
to stabilize the voltage before the operation of MV grid tap
chargers.

B. SST-BASED UFCS
As an emerging technology, SST can influence various ar-
eas, such as the smart grid, UFCSs, RES-penetrated power

systems, etc. SST poses some of the common benefits
over LFT that include voltage and frequency support ser-
vices quickly and efficiently as compared to tap-changing
of LFT, power quality improvement, fault current limitation
and fault isolation, power flow control, and better THD per-
formance [123]. One of the most prominent features that
make SST lucrative for portable applications is its reduced
weight and size. According to [124], [125], a 3-φ SST
occupies 80% less space than a conventional LFT. A com-
parison of SST and LFT for AC/AC and AC/DC applications
with respect to Volume, weight, cost and associated losses
is illustrated in Fig. 16 [126]. State-of-the-art SST-based
UF DC chargers proposed in the literature are summarized
below.

A. Maitra et al. [127] proposed an MV UF charger topology
with symmetrical submodules (SMs) connected in series on
the AC side and parallel on the DC side. At the AC/DC
conversion and PFC stages, the NPC converter has been used
with the internal voltage of each SM set at 1.25 kV, followed
by a DC/DC regulation stage, in which PSFB converters
with input series and output parallel connections have been
utilized. However, a vast number of off-the-shelf Si IGBTs
have been used, which results in increased cost and reduced
efficiency.
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FIGURE 15. The hierarchical control structure of an SST [113].

FIGURE 16. A comparison of SST and LFT for AC/AC and AC/DC applications with a power rating of 1 MVA, 10 kV AC input and 400 VDC output [126].

A 6-φ interleaved boost converter-based UF charger is pre-
sented in [128]. The proposed charger was connected to an
8 kV MV line, and eight identical SMs were serially con-
nected to share the input voltage equally. The rectification
stage of each SM has an uncontrolled diode rectifier followed
by two paralleled unidirectional 3 L boost converters as a PFC
stage. The DC/DC regulation stage consists of two HB LLC
converters with series and parallel connections at the input and
output sides, respectively. The LLC converters are operated in

an open-loop with a duty cycle of 100% to achieve the highest
possible efficiency. However, this control strategy resulted in
a narrow output voltage range, which may not be enough
to meet the EV charging requirements. In the case of direct
connection with an EV, an intermediate DC/DC converter is
mandatory to accommodate the battery voltage range. Further-
more, at a rated load of 25 kW, 97.5% efficiency is achieved.

S. Srdic et al. [129] shows a 50 kW UF charger operating
at MV. To evenly share the high voltage at the input side,
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three identical SMs are connected in series. Despite using
a dedicated diode bridge for each SM, a common bridge
rectifier is used at the rectification stage. This arrangement
reduced the forward voltage drop in the diodes and improved
the efficiency. However, it significantly increased the dv

dt ratio
at the front end. After rectification, the PFC is performed by a
3 L boost converter. At the DC/DC regulation stage, HB NPC
topology with an HFT is used. As stated in [129], one of the
main advantages of using NPC is that it further reduces the
HFT size. The proposed topology achieved an efficiency of
97.5% at the rated load of 50 kW.

An SST-based implementation is presented in [130]. The
proposed topology consists of a FB AC/DC front-end and a
DHB DC/DC at the regulation stage. An ESS has been inte-
grated into the UFCS via a non-isolated boost type converter
between the rectification and regulation stages. As compared
with the topologies mentioned earlier, bidirectional power
flow has been achieved in this strategy. However, the use of
more active switches results in the under-utilization of the
switches and lower efficiency. In contrast to unidirectional
power flow, the bidirectional capability makes the control cir-
cuitry more complex. A down-scale prototype of the topology
with a 140 V AC input has been built and verified in the lab.
D. Sha et al. [131] proposes a similar design with a FB as
AFE and a DAB at the DC/DC conversion stage. Similar to
the design in [130], this topology has also been verified at a
down-scale level in the lab.

A 400 kW UF charger design project funded by Delta
Electronics is presented in [132]. The project aims to design a
UF charger using SST and integrate it with a 4.8 or 13.2 kV
line. Considering the line-to-neutral voltage, each SM is cre-
ated at a 15 kW rating with an input voltage of 1 kV. For
interconnection with a 4.8 kV grid, three identical SMs are
connected in series, and for 13.2 kV, the number of cascaded
SMs is raised to 9. Moreover, the AC/DC conversion and PFC
are provided by an NPC as an AFE, and an LLC converter
performs the DC/DC regulation. A distinguishing feature of
the LLC converter used is that it consists of a 3 L converter
on the primary side and an active FB on the secondary side.
The primary side arrangements reduced the stress on the res-
onant tank, and the secondary side decreased losses due to
synchronous rectification. Higher efficiency is achieved by
using SiC MOSFET, but it also significantly raises the cost.
A unidirectional model has been developed in the lab to avoid
complexity in control. The reported efficiency of an individual
15 kW SM with 1 kV AC input is 97.3%.

VIII. POWER ELECTRONICS CONVERTERS
Power electronics converters are essential components of an
EVSE to transform the input AC voltage into an appropriate
output DC voltage. There are a variety of AC/DC and DC/DC
converters. The power converter topologies that have been
extensively researched for EV charging applications, as well
as the most suitable topologies for MV-connected UFCSs, are
presented below:

A. FRONT-END AC/DC CONVERTERS
Grid-facing AC/DC converters are used to connect an electri-
cal grid to a UFCS’s regulated DC bus. A critical performance
criterion for front-end AC/DC converters is to guarantee high
power quality on both AC and DC sides, which can be
achieved with input-current shaping and output-voltage reg-
ulation [133]-[134].

To provide charging facilities with a unidirectional G2V
power flow feature, the Vienna type-T three-level (3 L) front-
end rectifier, as illustrated in Fig. 17(a), is a predominant
unidirectional AC/DC converter and has been commercially
adopted by many manufacturers due to the reduced number of
active switches. It consists of a 3-φ diode rectifier to interface
with the incoming AC supply and a specific arrangement of
active switches that connect each phase to a common mid-
point of the DC-link. Its merits include the 3 L characteristics
due to the split DC bus and reduced voltage stress on active
devices as each switch has to block only one-half of the main
line-to-line voltage. On the other hand, it poses the common
demerits of 3 L converters, requiring a DC-link capacitor for
voltage balancing and having a limited range of attainable
reactive power due to a constrained modulation vector and
output voltage. The reactive power control range lies between
−30 < φ < 30, when the output voltage is greater than twice
of the incoming line-to-line peak voltage, whereas the range
of attainable reactive power is reduced to φ=0, when the
output and input line-to-line peak voltages are the same. A
25 kW EV charger consisting of a Vienna rectifier at the
front-end and four 3 L DC/DC converters at the back-end
has been proposed in [135]. Similarly, a 20 kW SiC-based
Vienna rectifier with an operating frequency of 140 kHz
and 98.6% efficiency due to reduced passive components is
presented in [136]. Anderson et al. [137], propose an EV
charger consisting of a Vienna rectifier at the front-end and
incorporating two isolated DC/DC converters at the back-end
to equally share the DC bus voltage. By injecting the 6th

harmonic into the DC bus via a DC/DC converter and op-
erating only one phase of the Vienna at a time, efficiency is
increased.

A buck AC/DC topology, as illustrated in Fig. 17(b), can be
utilized if a lower output voltage is required than the incom-
ing line-to-line voltage. This topology poses some prominent
features, in contrast, to boost converters, such as in-built
short-circuit protection, inrush current limitation, and open-
loop control of input current. Although it is a unidirectional
topology with a fixed polarity, reverse power flow is possible
by changing the polarity. Moreover, the phase shift (PS) of
incoming current and voltage directly relates to the output
voltage. To maintain a significant PS between the input volt-
age and current, the converters must be operated in a narrow
output voltage range and vice versa. As compared to the boost
topology, buck converters have significant conduction losses
due to series connections [138]. However, switching losses
may be minimized with a design presented in [139], with a
reported efficiency of 98.8%.
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FIGURE 17. Grid-facing AC/DC converters. (a) Vienna Type-T converter. (b) A Buck-type converter. (c) A 3-φ PWM converter. (d) An interleaved 3-φ PWM
converter. (e) A NPC converter.

In the case of bidirectional power flow requirements with
G2V and V2G features, the widely used grid-facing AC/DC
boost-type converter is the 3-φ active PWM converter, as
illustrated in Fig. 17(c). It has an output voltage higher than
the input line-to-line peak voltage. The six-switch PWM con-
verter generates low-harmonic input currents that provide
bidirectional power flow and PFC. Due to the simple struc-
ture, well-established control schemes, and the availability of
low-cost insulated gate bipolar transistor (IGBT) devices with
sufficient current and voltage ratings, it is widely adopted in
the state-of-the-art DC fast chargers [140]. An interleaved
version, as shown in Fig. 17(d), can be used to increase
the current and voltage rating while decreasing the voltage
stresses on each switch.

Another boost-type implementation is the neutral point
clamp (NPC) converter, as shown in Fig. 17(e). It is one of
the most prominent 3 L topologies that has been extensively
implemented for numerous industrial applications other than
EV chargers. In addition to having a lower dv

dt than traditional
two-level (2 L) converters, the harmonic performance is sig-
nificantly improved. It enables low power rating devices to
cascade to achieve the appropriate voltage and power rating.
The use of SiC semiconductors eliminates the need for a
cascaded structure. It makes MV application possible with
improved power density, efficiency, fewer active devices, and
simple control. In addition to low total harmonic distortion
(THD), partial power converters can process only the nec-
essary power at the DC/DC stage. Furthermore, its inherent
bipolar DC property is investigated in [141]–[143] for bipolar
DC charging stations.

1) MV FRONT-END AC/DC CONVERTERS
For MV applications, the three most popular front-end topolo-
gies are NPC, cascaded HB (CHB), and modular multilevel
converter (MMC). Table 6 summarizes their merits, demerits,

applications, active and passive component requirements, and
possible structural scalability.

As mentioned earlier, the 3 L NPC converter is one of the
most commonly used AC/DC topologies for active power fil-
ters, Static Synchronous Compensator (STATCOM), and SST
applications. Before the introduction of SiC semiconductors,
a considerable number of SMs had to be cascaded to reach the
desired MV, resulting in low power density, low efficiency,
and high control complexity. SiC and GaN switches, on the
other hand, overcame these difficulties and enabled MV ap-
plications without cascading identical SMs. Numerous MV
applications of NPC converters are available in the litera-
ture [144]–[146].

The CHB and MMC topologies provide modularity and
scalability and are suitable for MV and high-power appli-
cations. The CHB configuration emerged due to its simple
control and modulation requirements [147], [148], and min-
imized THD at the cost of a large coupling inductor [149],
[150]. Modularity in MMC and CHB is obtained by con-
necting identical SMs in series. Both CHB and MMC have
common features like fault-tolerant and multilevel operation
capabilities with reduced filter size [151]. However, CHB
requires an isolated DC supply or a specialized transformer
with multiple secondary windings, one per SM, making it less
suitable for AC/DC applications or direct interconnection as
a rectifier with the grid. Implementing large coupling induc-
tance at a high power level is challenging.

On the other hand, MMC does not require isolated AC
or DC supplies and can be directly interconnected with the
grid either as a rectifier or inverter. Each SM has an HB
structure in MMC consisting of one capacitor and two active
switches. The capacitor acts as the DC-link capacitor just like
the 2 L converter but is evenly distributed throughout the
MMC structure. FB and other specialized SM structures for
specific applications can be found in [152], [153]. However,
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TABLE 6 A Comparison of MV Front-End Converters for SST.

FIGURE 18. MV front-end converters. (a) Delta-connected MMC topology. (b) Star-connected MMC topology.

MMC has a complex control structure and requires a large ca-
pacitor on the MVDC side, increasing the total cost of MMC
considerably [154]. Delta and star configurations of MMC as
front-end are illustrated in Fig. 18(a) and (b), respectively.

Moreover, Fig. 18(a) shows a modular approach of the
DC/DC isolation stage as well in which a DC/DC converter
follows each MMC SM. On the other hand, Fig. 18(b) de-
picts the standard approach of isolated DC/DC converters.
In addition, to handle high input voltage and provide high
output current at the LVDC level, Section VIII-B presents
the possible topologies and approaches of back-end DC/DC
converters.

B. BACK-END DC/DC CONVERTERS
After an AC/DC conversion stage, a DC/DC converter is re-
quired to regulate the instantaneous DC voltage to the desired

DC bus voltage and interconnect the RESs, ESSs, and EVs
to the common DC bus. Since an EV’s battery must not be
grounded all the time, as per IEEE Standards 1547, galvanic
isolation is required to ensure that battery protection remains
unaffected during the charging process. In the UFCS archi-
tectures, as shown in Fig. 9, an isolated DC/DC converter is
required to provide isolation via an M/HFT located inside the
DC/DC converter. In the literature, numerous isolated DC/DC
converters with and without PFC capabilities have been exten-
sively researched, and some of the most suitable topologies for
UFCS applications are:

One of the viable solutions for unidirectional DC/DC con-
version is the PS full-bridge (PSFB) converter, as shown in
Fig. 19(a). ZVS is the turn-on condition for this converter that
can be achieved with PS PWM. However, this topology suf-
fers from turn-off losses in primary-side active switches, high
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FIGURE 19. Isolated DC/DC converters. (a) PSFB topology. (b) LLC topology. (c) DAB topology. (d) CLLC topology. (e) T 2-LLC topology [173]. (f) 3-φ BAD
topology.

losses in secondary-side diodes, significant ringing induced
by M/HFT leakage inductance, the parasitic capacitance of
reverse biased diodes and the output inductor. It has trade-
offs between conversion efficiency and voltage overshoot and
ringing, as the use of active [155] or passive [156] snubber
circuits mitigates the overshoot and ringing issues at the cost
of compromised efficiency.

LLC resonant topology, as shown in Fig. 19(b), is another
possibility in unidirectional isolated DC/DC converters. In
this topology, the output voltage is regulated by varying the
switching frequency to match the resonant tank impendence
ratio to an equivalent load regulating. The LLC converter
achieves ZVS by using magnetizing current, resulting in a
minimal turn-off and transformer losses [157], and has high
conversion efficiency for a narrow input-to-output voltage ra-
tio [158]. However, it has poor power regulation capabilities in
the presence of light load and is unable to sustain ZVS state,
and high conversion efficiency over a wide operating range
[159]. Furthermore, the component selection is quite difficult
due to the high voltage and power stresses on the resonant
capacitor. Multilevel LLC [160], parallel modules LLC [161],
and 3-φ LLC [162] have been proposed in the literature to
reduce voltage and power stresses and improve power rating.

A dual active bridge (DAB) converter, as shown in
Fig. 19(c), has received much attention for EV charging

applications. It is a good choice for DC/DC conversion
because of its inherent galvanic isolation, high power den-
sity, bidirectional capability with good efficiency, low device
stress, and minimal filter components; it is a good choice for
DC/DC conversion. Recently, wide bandgap semiconductor
devices such as SiC and GaN, as well as advanced magnetic
materials, have contributed significantly to increased interest
in the DAB converter [163]. In a DAB, the power flow be-
tween the two bridges is similar to the power flow between
two voltage buses in a power system. The leakage inductance
acts as a power transfer element and regulates the DAB power
flow. Due to its simple design and ZVS operation, the DAB
converter has been extensively used in isolated bidirectional
DC/DC conversion applications [164]. However, the charging
profile of EVs requires the converter to operate within a broad
range of voltage and power gains, which results in increased
reactive power requirements and impaired ZVS operation
as well as efficiency [165]. Reactive power and efficiency
trade-offs challenge leakage inductance design since a greater
inductance permits a broader range of ZVS operation at the
expense of reactive power, and vice versa [166]. To tackle
this issue, various modulation strategies have been proposed,
ranging from a single PS to a dual PS [167] or even a triple
PS [168], to increase performance across a broad operating
range.
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FIGURE 20. Input-series and output-parallel connections of multiple identical modules for MV applications. (a) DAB topology. (b) CLLC topology. (c) 3-φ
DAB topology.

FIGURE 21. A block diagram of the hierarchical control structure.

As shown in Fig. 19(d), CLLC [169] is another important
candidate in bidirectional isolated DC/DC converters. The
symmetrical structure on both sides enables the converter to
provide the same voltage gain with simplified control and
better regulation in both directions. In contrast to the LLC
topology, the inclusion of capacitors on both sides of M/HFT

minimizes the voltage stress on resonant capacitors [170]. The
required leakage inductance for the CLLC resonant tank is
substantially smaller than the DAB topology, and so is the
amount of reactive power that circulates in the converter, as
the sinusoidal resonant current puts less stress on the M/HFT
than the DAB converter’s [171]. Like DAB, CLLC has also
shown certain design trade-offs, such as compromised ZVS
and efficiency over a wide voltage and power range. Addition-
ally, due to the steady voltage gain versus frequency curve for
a certain range of frequencies, the controllability of the CLLC
topology becomes challenging [172].

Three-phase triple-voltage LLC (T 2-LLC) is a new bidirec-
tional resonant converter as shown in Fig. 19(e), is presented
in [173]. The proposed converter employs a novel series con-
nection at the input to handle MV and a parallel arrangement
at the LVDC side to provide a high current. It can be used as an
SM at the DC/DC stage in the SST and has three times more
voltage handling capabilities than a traditional resonant con-
verter. However, the efficiency and voltage conversion ratio
are sensitive to resonant parameter selection, and the con-
sistency of three-phase resonant parameters must be ensured
to achieve a three-phase symmetrical operation. The pro-
posed T 2-LLC converter’s primary goals are high efficiency
and a fixed voltage conversion ratio. Moreover, an open-loop
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FIGURE 22. An overview of the hierarchical control implementation for UFCSs [189].

control strategy has been used to reduce control complexity
and improve the converter design and operation.

Apart from the above topologies, an alternate option is a
3-φ BAD, as shown in Fig. 19(f). The operating principles of
the 3-φ and 1-φ BADs are similar. However, unlike the 1-φ
DAB, the load current is divided into three identical phases
connected to three independent M/HFTs. Each M/HFT is de-
signed for only one-third of the converter power rating.

Additionally, the half-bridge (HB) LLC and dual HB
(DHB) topologies may be utilized to minimize the number
of active switches since the HB topology only has two active
switches on each side, which can reduce the converter’s cost
and losses [174], [175]. Unlike the full-bridge (FB) design, the
applied voltage is half of the DC-link voltage, advantageous
for M/HFT design. However, the current stress in the HB
topologies becomes double and complicates the converter’s
control.

1) MV BACK-END DC/DC CONVERTERS
The suitable isolated back-end DC/DC converters are cov-
ered above and presented in Fig. 19. However, the presence
of MV at the input and the high current requirement at the
output necessitates the series connection at the MVDC side
and the parallel connection at the LVDC side to achieve the re-
quired voltage and current ratings. Fig. 20 depicts the modular

versions of Fig. 19(c), (d), and (e) required for MV applica-
tions, which not only ensure modularity at the DC/DC stage
but also improve a UFCS’s fault-tolerant operation. Besides
that, the specialized DC/DC topology, i.e., T 2-LLC as shown
in Fig. 19(e), can also be used directly for MVDC/LVDC
applications.

C. M/HFTS BASED MV/LV ISOLATION
Traditionally, the MV/LV isolation is handled by LFT solu-
tions; however, the demand for high power density and to
reduce the use of highly volatile materials such as copper
and iron forces to look for M/HFT based SST solutions.
Due to the insulation and thermal requirements and other as-
pects, the higher operating frequency is not always better and
applicable. With the high operating frequency, the conduction
loss increases due to skin effects, and the thermal limit for
the transformer restricts the minimum achievable volume. In
terms of the efficiency and power density of the transformer,
a smaller number of transformers in the system leads to better
performance. In contrast, the optimized frequency limit for
the transformer could be set based on the material choice
and cooling techniques as per [185]. In modular concepts
with several MV isolations, the insulation occupies a signif-
icant amount of space; as a result, a centralized transformer
has better power density and efficiency. However, mega-watt
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TABLE 7 Technical Specifications of Previously Reported M/HFT Prototypes.

level M/HFT is seldom used due to practical limitations and
associated costs of core materials. Table 7 shows the main
specifications of previously reported M/HFT prototypes.

IX. UFCS CONTROL
Obviously, a UFCS network that replicates the existing fossil
fuel refilling network is required to facilitate a smooth transi-
tion towards e-mobility. However, the natures of ICE vehicles’
and EVs’ refilling networks are diametrically opposite; the
former is based on on-site storage and a distribution network
to manage supply and demand, whereas the latter requires
real-time interconnection with the electricity network and can
cause catastrophic failures of the power system in the absence
of proper control and management strategies.

A UFCS with integrated RESs and ESS can play a criti-
cal role as a point of coupling between the utility grid and
distributed resources. Robust control and management strate-
gies are required for realistic models of UFCSs to ensure
stable operation in both islanded and grid-connected modes
and improve power system stability and reliability. In this
regard, the hierarchical control structure of microgrids has
been examined for UFCS applications. The control diagram,
as illustrated in Fig. 21, consists of three control steps with
specified objectives: 1) Voltage and current regulation. 2) An
EMS to balance supply and demand. 3) load scheduling to
optimize the overall operation of the power system. The im-
plementation of the hierarchical control structure for UFCSs
is illustrated in Fig. 22.

A. PRIMARY CONTROL SYSTEM
A primary control system is the basic and silent sentinel re-
quired for the stable operation of any dynamic system. In the
context of a UFCS, it has to regulate the input and output of
each power electronics converter. It is governed by the EMS of
the level two-layer via reference signals. It is executed either
by current and voltage droop controllers, proportional-integral
(PI) controllers, model predictive controllers (MPC), or other
nonlinear controllers.

Furthermore, it can be implemented either in a centralized
or decentralized fashion. A centralized approach is imple-
mented in [186], where a central controller regulates the
front-end AC/DC converter output to guarantee a stable DC
bus voltage, and each connected source and load operate in

constant power mode. The grid-connected converter requires
a dual-loop control structure with inner and outer loops for
current and voltage regulation. A PI controller-based dual-
loop control system is presented in [187]. Similarly, [188]
presents an MPC-based dual-loop control structure to have a
stable operation in both grid-connected and islanded modes.
The load current is measured and transmitted to a central
controller in the proposed approach. Based on the available
energy from the grid, RESs and ESSs switching vectors are
generated and sent to the converters. At the same time, the
voltage loop simultaneously controls the DC bus voltage.
Decentralized controllers are getting more attention due to
their easy implementation, better controllability, and reliabil-
ity; they are normally implemented via droop controllers due
to their satisfactory performance.

B. SECONDARY CONTROL SYSTEM
Secondary level control, also known as EMS, has the main
function of generating reference signals for the primary
controllers according to the data received from the tertiary
controller. It usually consists of optimization algorithms for
profit maximization while satisfying both grid and UFCS con-
straints. EVs, ESSs, RESs generation, and real-time electricity
prices are the main elements involved and related to secondary
level control in optimizing a UFCS’s operational expenses.

Heuristic methods were traditionally used to predefine the
bidirectional power flow between the grid and a UFCS, con-
sidering forecasted load demand, RES generation, and the
hourly electricity tariff. However, the dynamic tariff, the in-
termittent nature of RESs, and the unpredictable arrival times
of EVs exacerbate optimization challenges. The use of simple
heuristic algorithms may result in sub-optimal solutions. [190]
proposes a Lagrangian relaxation approach with the optimiza-
tion goal of increasing the utilization of RESs for ESSs and
EV charging. [191] investigated linear programming-based
optimization strategies for multiple EV charging in a UFCS.
PV generation forecasts are used to maximize RES generation
and minimize operational charges. Moreover, a mixed-integer
LP is used to study the coordinated charging of EVs with V2G
ancillary services for peak shaving, valley filling [192] and
frequency regulation.

Recent trends indicate that the primary goals in UFCS
research are operational expense minimization as well as
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RES and ESS utilization maximization. On the other hand,
a coordinated control technique is required to account for
the fluctuating nature of RES, the arrival of EVs, weather
information, forecasted demand and supply, and other non-
linearities to develop a more beneficial EMS for utility and
UFCS operators.

C. TERTIARY CONTROL SYSTEM
Tertiary control is the topmost layer of the control and man-
agement structure related to the utility grid. Its main function
is to manage the optimal operation of the power system by
collecting and sharing real-time supply and demand as well
as frequency and voltage conditions with UFCSs. It generates
reference signals for the secondary control layer, aiming at the
stable and reliable operation of the power system with optimal
power flow. Although EVs act both as loads and as sources
during charging and discharging processes, they can signifi-
cantly provide supporting services to power systems. On the
other hand, the scheduling of EVs is a complex process. It
depends on an EV’s power demand, driving patterns, battery
characteristics, the number of EVs and UFCSs, and control
mechanisms. The control strategy can be implemented either
as a centralized or decentralized control structure [193]–[195].

A centralized approach consists of a main aggregator (MA)
at the utility level, a local aggregator (LA) at the UFCS level,
and a database. Each EV shares its SOC, battery capacity, and
required charging power upon arrival; after collecting infor-
mation, the LA processes and transmits the required power
demand to the MA. Based on supply and demand conditions
and system parameters and constraints, the MA decides the
power allocation for each UFCS. Once the demand is ap-
proved, the LA generates the charging points (CPs) command
to initiate the charging process. However, after the arrival of
EVs, the sharing and processing of information can cause a
significant delay. Since the arrival of EVs is unexpected, a
database is maintained to request and schedule the daily load
in advance by using historical data [196].

On the other hand, the decentralized approach eliminates
the need for a LA. EVs are equipped with state-of-the-art
ITS devices to communicate with the MA directly. The MA
directs an EV towards a UFCS with a free charging slot
and stable grid operation after receiving and analyzing the
shared information (i.e., SOC, battery capacity, and required
charging power). The main benefits of the decentralized ap-
proach are adaptability and minimum time delay in guiding
EVs towards an optimal UFCS. The parameters, constraints,
and objective functions are spread over a broad spectrum.
They can cause various optimization problems, there is no
single mathematical formulation, and each problem should be
tackled according to the real-time information [197].

X. CONCLUSION
Regardless of the exponential increase in the number of
on-road EVs and their environmental benefits, the absence
of an adequate charging infrastructure to provide rapid and

reliable charging facilities during long trips poses challenges
to the smooth operation of EVs. To address this issue without
compromising the power system’s stability and reliability due
to the unexpected arrival and impulsive charging demands of
EVs, UFCSs with integrated RESs and ESSs having flat load
curves and minimal operational expenses are the need of the
hour.

The standard AC bus design is adopted by state-of-the-art
UFCSs due to mature AC/DC rectifier technology, well-
established standards for AC distribution systems, separately
developed standards for AC bus UFCSs, and standardized
protection methods. In addition to EVs’ DC power require-
ments, the inherent DC nature of RESs and ESSs increases the
number of conversion stages in the AC bus architecture and
reduces efficiency. On the other hand, standard DC bus design
minimizes the conversion stages due to one central AC/DC
at the front-end with simple control improved efficiency. It
enables the use of partial power converters. Although no
standards for DC systems’ coordinated control have been de-
veloped yet, at a voltage level below 1 kV, DC bus architecture
can comply with the AC standards. Suitable power electronics
converters for AC and DC bus designs are presented and
compared. The charging profile of EVs requires a converter
to operate within a broad range of voltage and power gains
while providing high efficiency and high power density.

A 350 kW DC UF charger shortens the recharging duration
to 10 minutes, which is comparable to the refueling experi-
ence of gasoline vehicles. However, because of the associated
high power demands, increased capital investment, and MV-
grid connection, installing a single UF charger is prohibitively
expensive. In contrast, a UFCS with multiple chargers makes
more economic sense than a single-port charger. The high
power demand for UF charging means the UFCS acts as a
massive load center for the power system, and integrated RESs
and ESSs not only normalized the power demand and reduced
the operational expenses of the UFCSs significantly but also
enabled UFCSs to provide ancillary grid services such as
voltage and frequency support services.

The replacement of the LFT with the SST provides the volt-
age step-down, conversion, and isolation with several unique
features, such as fault current limitations, fault isolation, im-
proved convertibility, better controllability, reduced footprint,
higher efficiency at light load, modularity, fault-tolerant struc-
ture, and bidirectional power flow.

However, SST technology is still at the research and devel-
opment phase and has not matured yet. Some of the common
concerns and deficiencies that must be addressed are as fol-
lows:
� The use of SS devices significantly reduces the weight

and size of SST, but it also increases the price of SST
many times more than LFT. As a result, the use of LV SS
devices with low losses and HF operation characteristics
can help to reduce the required heat sinks and passive
components, contributing to the overall cost reduction
of SST. Similarly, the use of wide-bandgap devices such
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as SiC and GaN can help to reduce the number of SS
devices and their corresponding heat sinks.

� Although SST offers high power density, it suffers from
efficiency and reliability issues. Most of the MV and
HV applications are currently realized by modular SSTs,
which results in high cost and power quality concerns.
The single-cell SST is a promising approach, but it
experiences reliability concerns due to its non-modular
structure.

� A robust control and protection mechanism is the key
performance indicator of SST. Due to the limited in-built
overvoltage and overcurrent protection schemes, SST’s
protection reliability is lower than LFT. To compensate
for this drawback, external protection devices compro-
mised the weight and size of the SST. The use of SS
protection devices, on the other hand, requires a less
robust control structure, but it is still far away from
practical implementation at the MV level.

� Real-time data exchange between the SST and the grid
station is required for advanced protection schemes. As
a result, communication systems that satisfy the latency,
security, and reliability requirements need to be selected
appropriately.
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