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Abstract—With the number of electric vehicles (EVs) on the
rise, there is a need for an adequate charging infrastructure to
serve these vehicles. The emerging extreme fast charging (XFC)
technology has the potential to provide a refueling experience
similar to that of gasoline vehicles. In this paper, we review
the state-of-the-art EV charging infrastructure, and focus on the
XFC technology which will be necessary to support current and
future EV refueling needs. We present the design considerations
of the XFC stations, and review the typical power electronics
converter topologies suitable to deliver XFC. We consider the
benefits of using the solid-state transformers (SSTs) in XFC
stations to replace the conventional line-frequency transformers
and further provide a comprehensive review of medium voltage
SST designs for the XFC application.

Index Terms—Charging stations, dc fast charger, electric
vehicles, extreme fast charging, solid-state transformer

I. INTRODUCTION

MID growing concerns about climate change, key gov-

ernment and private stakeholders have pushed for moving
away from petroleum as the main energy source for powering
our transportation system. Transportation systems powered by
electricity can help to reduce the consumption of petroleum:
battery electric vehicles (EVs) would be plugged into the grid,
and their on-board battery systems can be recharged using
clean, renewable electricity.

Moving to an electric transportation model requires battery
storage capable of supplying the energy and power demands
of the vehicle. Li-ion battery technology has advanced signif-
icantly over the last couple of years, making EVs more cost
effective and practical. The cost of the batteries has fallen to
less than $120/kWh [1]-[3]. Despite huge improvements in
energy density of the Li-ion batteries (200-300 Wh/kg) and
the significantly higher efficiency of the electric propulsion
drivetrain, the driving range of EVs on one charge is still
shorter than the range of the conventional gasoline vehicles
due to the orders of magnitude larger (12,000 Wh/kg [2], [4])
energy density of petroleum. In summary, despite the failing
cost and major improvement in performance, Li-ion battery
degradation at rest and during cycling, charging rate limita-
tions due to the electrochemical processes and limited energy
density (compared to petroleum) still pose major challenges
to more widespread EV adoption [5], [6].

Beyond Li-ion battery technology limitations, a key remain-
ing challenge for the wide adoption of EVs is the lack of
the refueling infrastructure that can quickly and seamlessly
recharge EV batteries to extend the driving range during
longer trips. Therefore, there is an urgent need for an EV
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charging infrastructure that will parallel the existing gasoline
stations, particularly in regions where long-distance trips are
common. However, designing and deploying such an EV
charging infrastructure is complex, and must consider com-
peting industry standards, available technologies, grid impacts,
and other technical and policy issues.

In this paper, we first review the state-of-the-art dc fast
chargers and present the motivation for and the advantages of
grouping dc fast chargers into extreme fast charging (XFC)
stations. We review power electronics converter topologies
suitable for XFC stations, specifically focusing on AC/DC
front-end stage design and isolated and non-isolated DC/DC
converter topologies and their applications that satisfy the
isolation requirements for automotive traction batteries. Fur-
ther, we assess the benefits of replacing the conventional line-
frequency transformer with the solid-state transformer (SST)
in the XFC stations to convert the medium voltage (MV) to
low voltage (LV) and provide galvanic isolation. We review
the SST topologies for the XFC application proposed in the
literature.

II. STATUS OF THE EV CHARGING INFRASTRUCTURE

The Society of Automotive Engineers (SAE) defines con-
ductive charging methods of EVs in North America in SAE
J1772 Standard [7]. The ac level 1 and ac level 2 on-board
chargers take 120 V and 240 V ac input, respectively, deliver-
ing a peak power of 1.9 kW and 19.2 kW, respectively. Due
to their relatively low power rating, these on-board chargers
are suitable for overnight charging. The limited power ratings
of on-board chargers has led to the development of dc fast
chargers, typically rated at 50 kW and, more recently, at power
levels up to 350 kW. These chargers deliver dc power to the
vehicle battery via an isolated power converter located outside
the vehicle, and they have the potential to provide EV users
with satisfactory charging speed.

Table I summarizes the state-of-the-art dc fast chargers
on the market. The state-of-the-art dc fast chargers convert
the three-phase ac voltage up to 480 V to the desired dc
voltage by two power electronics conversion stages: an AC/DC
rectification stage with power factor correction (PFC), which
converts three-phase input ac voltage to an intermediate dc
voltage; and a DC/DC stage, which converts the intermediate
dc voltage into regulated dc voltage required to charge the
electric vehicle. The galvanic isolation between the grid and
the EV battery can be provided in one of the two following
methods. The first option is to use a line-frequency transformer
before the AC/DC stage to provide isolation from the grid
(See Fig. 1a). The following DC/DC stage is a non-isolated



TABLE I: Technical specifications of state-of-the-art dc fast chargers

Manufacturer ABB Tritium PHIHONG Tesla EVTEC ABB
Model Terra 53 Veefil-RT Integrated Type Supercharger espresso&charge Terra HP
Power 50 kW 50 kW 120 kW 135 kW 150 kW 350 kW

Supported CCS Type 1 CCS Type 1 & 2 SAE Combo-1 SAE Combo-1
protocols CHAdeMO 1.0 CHAdeMO 1.0 GBIT Supercharger oA deMO 1.0 CHAeMO 1.2
380-480 Vac 380 Vact 15%
Input voltage 480 Vac 600-900 Vde 480 Vacl 15% 380-480 Vac 400 Vac + 10% 400 Vac + 10%
200-500 V 200-500 V
Output voltage 50-500 V 50-500 V 200-750 V 50-410 V 170-500 V 150-920 V
Output current 120 A 125 A 240 A 330 A 300 A 375 A
Peak efficiency 94% >92% 93.5% 91% 93% 95%
Volume 758 L 495 L 591 L 1047 L 1581 L 1894 L
Weight 400 kg 165 kg 240 kg 600 kg 400 kg 1340 kg
Time to add 72 min 72 min 30 min 27 min 24 min 10 min
200 miles

converter. The second option is to exploit a high-frequency
transformer inside an isolated DC/DC converter to provide
isolation (See Fig. 1b). If a single-module charger does not
meet the power requirement of the dc fast charger system,
multiple identical modules are connected in parallel to increase
the output power as shown in Fig. 1c and Fig. 1d. An example
is the Tesla Supercharger, which is made of 12 paralleled
modules [8]. Similar approach is used by most manufacturers
listed in Table 1.

To ensure compatibility, a number of governing bodies have
developed standardized protocols and couplers for dc fast
charger system. The five standard dc fast charging systems
in use are listed in Table II. The IEC 62196-3 Standard [9]
defines four different vehicle coupler configurations for dc fast
charging: Configuration AA (proposed and implemented by
CHAdeMO Association), Configuration BB (Also known as
GB/T and available only in China), Configuration EE (Type 1
Combined Charging System (CCS), adopted in North Amer-
ica) and Configuration FF (Type 2 CCS, adopted in Europe
and Australia). There is also a proprietary system developed
by Tesla Inc. and used exclusively for Tesla vehicles.

The power delivered to the EV is limited not only by
the charge acceptance of the batteries and the ratings of the
charger, but also by the connector and cable between the
vehicle and the charger. The connector ratings are defined by
the standard, and currently the CHAdeMO standard supports
the highest power capacity. High charging current requires
cables with larger diameters to avoid overheating. The cable
weight for 50 kW state-of-the-art fast chargers is about 9 kg
[10]. If the battery voltage stays at 400 V level, the cable
weight for 200 kW charging can exceed the safety lifting
limit for a single person (22.7 kg according to OSHA). One
way to reduce the cable weight and deliver more power to
the vehicle is to transfer power at higher voltage levels. For
800 V voltage level, the cable weight limits the charging power
to be lower than 350 kW [11]. Cable liquid cooling is one
potential solution that can effectively reduce the thermal stress
on the cable, making smaller and lighter cable feasible for
XFC. An alternative might be deploying wireless charging in
XFC stations, which eliminates the cable completely. Other
advantages of wireless charging include inherent galvanic
isolation and convenience. However, wireless charging sys-

tems commonly have a lower efficiency and power density
compared to conductive charging systems [12]-[14]. Wireless
charging technology review and discussion is beyond the scope
of this paper.

III. XFC STATIONS: MOTIVATION, TRENDS AND
CHALLENGES

With the market demand for EVs that can cover most travel
scenarios on a single charge, most EVs today are able to
provide more than 200 miles driving range. Table III shows
the battery capacity and driving range for some of the top
selling EVs on the market. Given that the vehicle range is
acceptable for many driving scenarios, there is a need for
a charging infrastructure that can replenish these batteries
in a time commensurate with that of the gasoline refueling
experience. Assuming energy consumption of 30 kWh per 100
miles, on-board chargers rated at 7.2 kW would require more
than 8 hours to add 200 miles range to the EV (assuming
the vehicle is charged at constant power). A 50 kW fast
chargers still needs more than 1 hour to add 200 miles, while
the 135 kW Tesla Supercharger only needs 27 minutes. The
recently proposed 350 kW DC ultra-fast chargers can shorten
the time of adding 200 miles range to 10 minutes, which is
comparable to the refueling experience of gasoline vehicles.

With the EV charging power increasing, designing and
building a system that can deliver such high power becomes
increasingly challenging and costly. The installation costs of
XFC stations can be very high when considering all the neces-
sary electrical service upgrades such as transformer and feeder,
condition of the ground surface, conduits from the power
source to the service transformer and from the transformer
to the fast charger, material costs, permits, and administration.
While the installation costs of the dc fast chargers vary from
site to site, a significant portion comes from the electrical
service upgrades [15]. Consequently, building XFC charging
stations with multiple chargers makes more economic sense
than building single-port chargers, since some of the site
construction overhead is spread over multiple charging ports.
With multiple chargers sharing the same upstream equipment,
XFC stations’ footprint per port can be significantly reduced,
allowing for installations in densely populated areas.

With the increasing EV adoption, and ever-increasing charg-
ing rates, EVs are likely to become a significant new load



ABC
| Isolated DC/DC stage
Rectifier PFC _Battery J_ i PFC
‘ TEE s e [ =+ wess | | g || [Joencl R Jocoal| =
LF HF
Transformer Transformer
(a) Single-module charger with a non-isolated DC/DC converter (b) Single-module charger with an isolated DC/DC converter
ABC aB —W Isolated DC/DC w
_ solate stage
| —) \ } W ‘ Isolated DC/DC stage j
- H by T o K el TH— T
| 1] ¢ ||| ing anlll (} Lo Isolated DC/DC stage
LF | (D —1
—Tronsformer cctifier G J LEiEy ~ cctifier LG — I
Seney || g || ] e =i TN . (DC/AC)E g@T
‘.. % °d R [lfF
(c) Multiple paralleled modules shown in Fig.1a (d) Multiple paralleled modules shown in Fig.1b
Fig. 1: Simplified block diagram of conventional dc fast charger power conversion systems.
TABLE II: Different standards for DC fast charging systems
Standard CHAdeMo GB/T CCS Type 1 CCS Type 2 Tesla
IEEE 2030.1.1 GB/T 20234.3 SAE J1772 IEC 62196-3
IEC 62196-3 IEC 62196-3 IEC 62196-3 (Configuration FF)
(Configuration AA) (Configuration BB) (Configuration EE)
) 600 000
Coupler Inlet a@b 0°0 OO 50
oQo
©0) &
Maximum Voltage 1000 V 1000 V 600 V 1000 V 410 V
Maximum Current 400 A 250 A 200 A 200 A 330 A
Available Power 400 kW 120 kW 150 kW 175 kW 135 kW
TABLE III: EVs on the market and their driving range MVGid Distribution Panelboard
Model Battery Capacity  Driving Range | 1
(kWh) (Mile) } ) 400@
Nissan Leaf 62 KWH 62 226 \ Breaker
Chevy Bolt EV 60 238 Y200 )200A J)200A ) 200A} 400 A
Hyundai Kona Electric 64 258 \ Switch
Tesla Model 3 Long Range 75 310 s 5 5 3 }
Tesla Model S 100D 100 370 L B
IMVA == r——"r
Main Breaker

on the power distribution system and present challenges to
the utility. If the EV charging is left uncontrolled, a daily
peak load increase and a daily peak load shift due to EV
charging may occur, causing transformer and feeder overload,
accelerating transformer aging, and increasing power losses
[16]-[18]. Further, the chargers’ power electronics interface
drawing a constant power may have a negative influence
on the distribution system stability, cause voltage unbalance
and decrease the power quality [19]. One possible method
to mitigate the power demand and reduce the impact of
EV charging on the grid is to integrate multiple renewable
resources and battery energy storage systems into XFC stations
[20], [21]. An example is the Tesla supercharger station in
Mountain View, California, with 200 kW (400 kWh) of battery
energy storage as shown in Fig 2. Smart charging management
coordinating multiple EVs in a single XFC charging station
or multiple XFC stations can help reduce the peak demand of
the XFC installation.

Grouping multiple chargers (thus multiple charging EVs)
into an XFC charging station make it possible to schedule
vehicle charging and de-rate the station upstream equipment.
As the charging power for an EV is a function of the battery
size and its state of charge (SOC), the power demand of the
charging station can vary significantly when multiple EVs are

and Metering S Super- Super- Super-

Super- Super-
charger 1| |charger 2, charger 3| |charger 4 [charger 5| chargcr 100 kW || 100 kW
[Jj Inverter || Inverter
** 24| 2B (34| 3B](4A [ 4B J{5A | 5B J(6A [ 6B } (400 kwh Battery

Fig. 2: One line diagram of Tesla supercharger station in Mountain View.

charging at the same time. By scheduling the charging of
multiple vehicles and exploiting the load diversification result-
ing from different EV battery capacities and accommodating
charge acceptance of the battery as a function of the SOC, the
actual system power demand from the grid can be substantially
lower than the rated value. If an energy storage system is
available at the station, the peak power demand can be further
reduced. For example, in [22] the authors show that the power
rating of an XFC station with 10 charging slots, each rated
at 240 kW, can be set at less than 50% of the rated power,
when considering realistic EV arrival times at the station and
a realistic distribution of initial EV battery state-of-charge. If
a relatively small storage system is connected to the station,
more than 98% of the power demand can be satisfied with an
average charging delay time of less than 10 s.

In addition to de-rating the upstream grid tie equipment and
decreasing the installation cost, significant research focuses
on exploiting the diversification effect of the vehicle power
requirements of multiple EVs charging simultaneously to
achieve different objectives such as demand charge reduction,



charging cost minimization, charging availability improve-
ment, profit maximization, etc. [23], [24]. In [25], a two-
stage coordinated charging strategy for EV charging stations is
proposed. While the first stage tries to maximize the station’s
profit and provide as much charging availability as possible,
the second stage minimizes the peak demand of the station
based on the constraints from the first stage. In [26] an online
optimization algorithm is proposed for an EV charging station
to minimize the charging cost while constraining the power
exchange between the grid and the station. The proposed
algorithm allows the EV drivers to opt between a fast charging
option to shorten the charging time and a charging option
to minimize the cost. Authors in [27] propose an approach
to sizing the storage unit for a fast charging station. The
approach can reduce the energy cost and storage cost while
considering the different driving and charging patterns of EVs.
An algorithm proposed in [28] aims at charging multiple
EVs to the desired SOC in a given amount of time with the
help of vehicle-to-vehicle (V2V) energy transfer. Transferring
energy among charging vehicles provides more flexibility
in peak demand reduction and cost minimization. However,
this requires the chargers in the station to be equipped with
bidirectional power flow capability.

In addition to V2V, bidirectional power flow capability en-
ables vehicle-to-grid (V2G) technology implemented in EVs to
feed power from the vehicles’ batteries to the grid. If properly
controlled, the on-board batteries of the EVs can be aggregated
into an effective energy storage for the XFC station. Further,
the XFC station can also be a coupling point for renewable
energy sources (RES) such as solar and wind [29]. Integrating
RES and exploiting V2G technology not only adds generation
to the station and mitigates demand charges, but also enables
profiling the power exchange between the charging station and
the grid and therefore provides ancillary services to the grid
including load shifting and frequency regulation [30]-[32],
reactive power support for voltage regulation [33], [34] and
renewable generation firming [35], [36].

Beyond a single station, researchers have looked at utilizing
vehicle to infrastructure (V2I) communication, to route EVs
to stations that have available capacity, or where their load
would present the least stress on the power grid. For example,
[37] proposes a publish/subscribe communication framework
for EVs, roadside units, and charging stations. The roadside
units pass messages between EVs and stations and assist the
EVs in locating and reserving the least congested stations.
In [38], instead of roadside units, public transportation buses
are used as brokers between the message publisher (charging
station) and subscriber (EVs) to assist EVs in finding the
fastest route to destination. In [39] a power allocation scheme
for EV charging stations is proposed. By allocating power
to different charging stations and routing EVs, the stations’
profitability is increased while providing better quality of
service to EV drivers. Another important aspect is the optimal
placement of EV charging stations. For example, in [40]
the optimal locations and capacities of EV charging stations
are determined through a spatial-temporal model of the EV
mobility, reducing the planning cost and improving the charger
availability.
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Fig. 3: Configurations for XFC stations.

TABLE IV: Comparison of AC-connected and DC-connected systems

Ac-connected Dc-connected

Conversion stages More Less
Efficiency Lower Higher
front-end de-rating No Yes
Control Complex Simple
Protection Straightforward Complex
Metering Standardized Non-standardized

IV. XFC STATION CONCEPTS AND CONVERTER
TOPOLOGIES

The local distribution network among multiple chargers,
local RES and energy storage can be ac or a dc, as shown in
Fig. 3a and Fig. 3b, respectively. Each approach has a number
of advantages and challenges as summarized in Table IV. The
sections below outline these challenges and opportunities, and
review the implementation approaches for both types of charg-
ing stations. Different power electronics converters for XFC
application are identified and compared. Their advantages and
disadvantages are discussed. Topology variations and control
improvements proposed in literature to better suit XFC are
also discussed. Note that this paper focuses on the converter
topologies suitable for XFC application and does not cover
the topologies for on-board chargers. Reviews of on-board
chargers, integrated chargers, and off-board chargers can be
found in [41] and [42].

A. XFC Stations with ac and dc power distribution

For ac-connected systems, a step down-transformer inter-
faces between the distribution network and a three-phase ac
bus operating at 250 V - 480 V line-to-line voltage. The ac bus



supplies each charger at the station, and each charger features
a separate AC/DC stage. This approach significantly increases
the number of conversion stages between the distribution net-
work and the dc port of the EV or the RES (eg. PV or battery).
Having more conversion stages in the ac-connected system
increases the system complexity and cost while decreasing the
system efficiency. The advantages of using the ac bus include
the availability and maturity of the rectifier and inverter tech-
nology, availability of ac switchgear and protective devices,
and well-established standards and practices for the ac power
distribution systems. Further, there are developed standards for
EV charging stations such as [43]-[45]. Most state-of-the-art
XFC stations are ac-connected systems, for example the Tesla
supercharger station in Mountain View, California shown in
Fig. 2 and the ABB dc fast charging station in Euroa, Victoria,
Australia [46].

For dc-connected systems, one central front-end AC/DC
converter is used to create a dc bus, providing a more energy
efficient way of interfacing dc energy storage and renewable
energy sources. The central front-end features a low-frequency
transformer followed by a LV (250 V - 480 V) rectifier stage,
or an SST that provides the rectification, voltage step-down
and isolation function in a single unit. To accommodate the
state-of-the-art battery voltage range (approximately 400 V),
the dc bus voltage is normally less than 1000 V. At this
voltage level, the design of the XFC stations with a dc bus
should comply with the same standards as XFC stations
with an ac bus [43]-[45]. Each charger is interfaced to the
dc bus with a DC/DC converter, removing the individual
AC/DC converters. With a reduced number of conversion
stages, the system efficiency is improved compared to that of
the ac-connected systems. One potential advantage of the "dc
distribution" approach is that there is a single interconnection
to the utility though the central front-end. This provides an
opportunity to exploit the load diversification resulting from
varying EV battery capacities and changing charge acceptance
of the battery as a function of the SOC to significantly de-rate
the AC/DC converter and the nameplate of the grid connection,
thus reducing system installation cost. Other advantages of DC
systems include the absence of reactive power in dc systems,
which simplifies control [47]. The single inverter interconnec-
tion with the grid also simplifies islanding from and connection
to the main grid. Another potential advantage of dc distribution
systems is the opportunity to use partial power converters to
interface between the DC bus and the vehicle [48]-[51]. These
partial power converters only process a portion of the power
delivered to the vehicle, reducing the converter ratings and
thus cost, and improving conversion efficiency. For example,
in [50] and [51], different partial power DC/DC converters
are proposed to interface to a common dc bus of an XFC
station. Since a portion of the power in these converters passes
directly from the DC bus to the vehicle, these converters
cannot provide galvanic isolation between vehicles. Thus this
approach has significant technical hurdles to overcome to
meet the relevant charging standards in existence today, which
requires that "each output circuit shall be isolated from each
other" for an EV charging station [44].

Despite its advantages, a dc-connected system presents

unique challenges such as dc protection and dc metering.
While there are available protective devices for LV dc systems
including fuses, circuit breakers, solid-state circuit breakers,
and protective relays [52], there are no established standards
for protection coordination in dc-connected EV charging sta-
tions. The protection coordination for dc-connected systems is
a complex function of the grounding configuration, fault type,
system topology, component specification, size, etc., [53]. This
issue becomes even more complicated if the chargers are
bidirectional. Because a dc-connected system have limited
inertia, it is sensitive to disturbance and might become unstable
without fast fault clearance. As a result, the speed of fault
detection and isolation is critical to system restoration. Studies
on existing dc power distribution systems, such as LV dc
microgrids, provide guidelines for protection coordination of
dc-connected charging stations. In [54] a protection strategy is
presented for a LV dc microgrid considering the coordination
between different protective devices. In [55] a protection
scheme is proposed for dc systems with a loop-type bus. The
proposed scheme is able to detect and isolate the fault and
provide power uninterruptedly.

In the dc-connected system, dc meters need to be installed
to measure the energy generation and consumption of the RES,
battery energy storage and EV chargers. This information is
critical for accurate billing of the EV station users and may
be used for future station planning [56]. While dc meters
are commercially available, there is no established accuracy,
calibration, and testing procedures that would allow these units
to be used for metering. Developing such a standard and
certified dc meters are necessary for the dc-connected systems.

B. Grid-facing AC/DC converters

Grid-facing AC/DC converters provide an interface be-
tween the grid and a regulated dc bus. A key performance
requirement for these converters is high power quality on
the ac and dc sides, achieved by input current shaping and
output voltage regulation [57], [58]. In this paper, the AC/DC
converters suitable for XFC are identified and shown in Fig. 4.
Their features are summarized in Table V. They are further
categorized as bidirectional and unidirectional converters.

1) Bidirectional AC/DC converters: The most widely used
grid-facing AC/DC converter is the three-phase active pulse-
width-modulated (PWM) converter with an LCL filter shown
in Fig.4a. This boost-type converter has an output voltage
higher than the input line-to-line peak voltage. The six-
switch PWM converter generates low harmonic input currents,
provides bidirectional power flow, and enables arbitrary power
factor (PF) regulation. Due to the simple structure, well-
established control schemes, and the availability of low-cost
IGBT devices with sufficient current and voltage ratings, this
topology is widely adopted in the state-of-the-art dc fast
chargers [59].

Another boost-type converter implementation is the neutral-
point-clamped (NPC) converter shown in Fig. 4b. This three-
level converter enables the utilization of devices with lower
voltage rating that can provide lower switching losses at an
acceptable cost. Moreover, the resulting three-level voltage
waveform reduces the input current harmonics and dv/dt. In



Fig. 4: AC-DC front-end topologies for dc fast chargers.
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TABLE V: Comparison of different AC/DC converter topologies for dc fast chargers

Converter Switches/Diodes  Bidirectional THD PF Range  Control Complexity
PWM Converter (Fig. 4a) 6/0 Yes Low Wide Low
NPC Converter (Fig. 4b) 12/6 Yes Very Low Wide Moderate
Vienna Converter (Fig. 4c) 6/6 No Very Low Limited Moderate
Buck-type Converter (Fig. 4d) 6/6 No Low Limited Low

[60], a 30 kW EV charger prototype with an NPC front-end
achieves low total harmonic distortion (THD) input current
with the leakage inductance of input transformer serving as the
ac side filter. Another advantage of using NPC converter as the
AC/DC front-end is that it explicitly creates a bipolar dc bus
[61]. This property is explored in [62] and [63] to implement
an EV charging station with a bipolar dc bus, allowing the
DC/DC converters to connect to half of the dc bus voltage. The
availability of a bipolar dc bus also provides opportunities for
partial-power converter implementation for the DC/DC stage;
this approach is reviewed in detail in Subsection IV-A.

2) Unidirectional AC/DC converters: If only unidirectional
power flow is required, the T-type Vienna rectifier, shown
in Fig. 4c, is a three-level solution with reduced number
of active switches. While it preserves all the advantages of
three-level converters, it also shares the common issues of
three-level converters including the need for dc-link capacitor
voltage balancing. One major limitation for Vienna rectifier
is the unidirectional power flow, and limited reactive power
control. Due to the restricted modulation vector, the range of
achievable reactive power is narrow and depends on the output
voltage (the range is —30° < ¢ < 30° when the output voltage
is higher than twice the peak input ac line-to-line voltage, and
it is reduced to ¢ = 0 if the output voltage is equal to the
peak input ac line-to-line voltage). Reference [64] presents

a 25 kW EV charger prototype with a single-switch Vienna
rectifier and four parallel three-level DC/DC. In [65], a 20
kW SiC-based Vienna rectifier switching at 140 kHz is 98.6%
efficient and features compact passive components. In [66],
an EV charger is proposed that uses a Vienna rectifier and
two isolated DC/DC converters with each DC/DC converter
interfaced to half of the dc bus voltage. By using the DC/DC
converters to inject the sixth order harmonic in the dc bus
voltage, only one phase of the Vienna rectifier is pulse-width
modulated at a time, improving the system efficiency.

If the output voltage is lower than the input line-to-line
voltage, a buck-type unidirectional AC/DC converter shown
in Fig. 4d can be used. This converter has some advantages
over the boost-type topologies, such as inherent short-circuit
protection, simple inrush current control, and lower output
voltage. An additional advantage is that the input current can
be controlled in open-loop. The power flow can be reversed
only if the output voltage is reversed. Thus, the converter
is only unidirectional with fixed output voltage polarity. The
achievable phase difference between the input voltage and
the input current fundamental depends on the required output
voltage. In order to achieve a higher phase difference, the
converter needs to operate with a reduced output voltage range
(i.e. if the wide output voltage range is required, the phase
shift between the input voltage and input current fundamental



needs to be kept small). The conduction losses are generally
higher than for the boost-type converter because more devices
are connected in series [67], but the switching losses can
be lower. The buck-type converter can still operate at very
high efficiency, as reported in [68] where 98.8% efficiency
was achieved. In [69], the buck-type rectifier is modified to
allow two input phases connecting to each phase leg. With
two phase legs conducting the current (in contrast to one phase
leg for the buck-type rectifier shown in Fig. 4d ), the device
conduction loss is reduced while maintaining low THD of the
input current. Adding a fourth diode bridge leg connected to
the midpoint of the diode bridge and the star-point of the input
capacitors leads to reduced voltage stress on the switches [70].
This allows the use of switches with lower voltage rating
and better performance, potentially achieving higher system
efficiency.

C. Isolated DC/DC converters

A DC/DC converter after the AC/DC front-end provides an
interface to the RES, battery energy storage, or the EV battery.
Since the electric vehicle’s battery must not be grounded (i.e.
it must be floating with respect to the ground) at all times,
galvanic isolation is required to maintain the isolation between
the grid and the battery so that the battery protection remains
unaffected by the charging system. This can be achieved by
using an isolated DC/DC converter. Isolated DC/DC converter
topologies suitable for EV chargers are presented in Fig. 5;
their features are summarized in Table VI. A more compre-
hensive review of isolated DC/DC converters is provided in
[71] and [72].

1) Unidirectional isolated DC/DC converters: If only uni-
directional power flow is required, a possible implementation
is the phase-shift full-bridge (PSFB) converter, shown in Fig.
S5a. When the converter operates in phase-shift PWM control
its active switches operate at zero-voltage switching turn-on
(ZVS) [73]. The main disadvantages of this topology are the
turn-off losses in the active switches, high losses in the output
diodes, and the large ringing across the output diodes due
to the LCL resonance of the transformer leakage inductance,
parasitic capacitance of the reverse biased diodes and the out-
put inductor. To reduce the voltage overshoot and the ringing,
active [73] or passive [74] snubber circuits can be applied
at the cost of reduced system efficiency. In [75] and [76], a
current-fed PSFB converter is proposed by moving the output
inductor to the primary side of the transformer and connecting
the diode bridge to an output capacitor directly. This approach
minimizes the voltage overshoot and the ringing but the ZVS
range becomes highly load-dependent. To maintain ZVS over
a wide operating range for EV battery charging, trailing edge
PWM is used in [75] while auxiliary circuits are proposed in
[76]. Similar auxiliary circuits are used in [77] to achieve ZVS
for PSFB converter from no-load to full-load condition of an
EV charger.

Another unidirectional isolated DC/DC converter for XFC is
the LLC resonant converter, shown in Fig. 5b. Converter output
voltage is regulated by changing the switching frequency to
adjust the impedance ratio of resonant tank to equivalent load.
The LLC converter utilizes the magnetizing current to achieve

ZVS, resulting in low turn-off losses and low transformer
losses [78]. The LLC converter can achieve very high ef-
ficiency if the input-to-output voltage ratio is narrow [79].
However, it suffers from limited light-load power regulation
capability and the ZVS condition may not hold for a wide
operating range, thus negatively impacting efficiency.

Multiple approaches are proposed to improve performance
for a wide output voltage range and at light load conditions.
Various control methods are proposed including PWM, phase-
shift, and other hybrid modulation schemes to narrow the range
of operating frequency while broadening the output range [80],
[81]. In [82], a variable dc voltage is regulated by the AC/DC
converter to match the EV battery voltage, allowing the LLC
converter to always operate around the resonant frequency
with maximum efficiency. Although this method is simple and
effective with no extra hardware, wide output voltage range is
not guaranteed since the dc voltage variation is limited by the
grid voltage and switch voltage rating. Hardware modifications
include employing multiple transformers [83] and multiple
rectifiers on transformer secondary side [84]. In [85], an extra
capacitor paralleled with a four-quadrant switch is inserted
in the LLC resonant tank. By modulating the four-quadrant
switch, the inserted capacitance and therefore the resonant
frequency adapts to the load, improving the efficiency at
light-load condition. Despite their effectiveness, these methods
require additional hardware and result in higher system cost
and larger system volume. Also, a smooth transition between
multiple configurations during operation is difficult to achieve.

Another issue for the LLC converter is that the reso-
nant capacitor has to withstand high voltage stress at high
power, which complicates component selection. To enhance
the power rating and alleviate the stress on switching devices
and resonant components, a multilevel LLC converter [86], a
three-phase LLC converter [87], and an LLC converter with
paralleled modules [88] can be used.

2) Bidirectional isolated DC/DC converters: 1If bidirec-
tional power flow is required, a dual active bridge (DAB)
converter (shown in Fig. 5c) can be used for EV charging
applications due to its high power density, high efficiency,
buck and boost capability, low device stress, small filter
components, and low sensitivity to component variation [89]-
[96]. When introduced in 1991 [96], the DAB converter
was not widely adopted due to the high power losses and
relatively low switching frequency of the power semiconductor
devices at that time. More recently, the DAB converter started
gaining attention, due to the capabilities of the new SiC- and
GaN-based power semiconductor devices and the advances
in nanocrystalline and amorphous soft magnetic materials,
which enabled the converter efficiency and power density
improvements [97]. In the DAB converter, the power flow
is controlled by adjusting the phase shift between primary
and secondary voltage, with transformer leakage inductance
serving as the power transfer element. Owing to its simple
structure and ZVS operation, the DAB converter has been
extensively used in isolated bidirectional DC/DC conversion
applications [98], [99].

For EV battery charging, the converter is required to operate
with a wide range of voltage gain and power due to the
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TABLE VI: Comparison of different isolated DC/DC converter topologies for dc fast chargers

Converter Switches/Diodes  Bidirectional Major Advantages and Disadvantages
Simple Control; wide output range.
PSF(%;OISI\Sner 4/4 No High switching losses in primary switches and output diodes;
’ duty-cycle loss; hard to realize ZVS under light-load.
Low reactive current; ZVS on primary side and ZCS on secondary
LLC converter 474 No side.
(Fig. 5b) Limited controllability; hard to maintain high efficiency and ZVS
under wide operating range
Wide achievable output range.
DA(];icg(')r;vce)rter 8/0 Yes Inherent reactive current; trade-off betwee reactive power and ZVS
condition
CLLC converter Low reactive current; wide ZVS range.
8/0 Yes

(Fig. 5d)

Limited controllability under wide output range

EV charging profile, under which reactive power can increase
dramatically and ZVS condition no longer holds [100]. This
causes a dilemma in the design of leakage inductance, in
which high leakage benefits a wide ZVS range but worsens the
reactive power and results in lower efficiency, and vice versa
[101]. To improve the performance under a wide operating
range, various modulation schemes have been proposed. In
[102], authors propose dual-phase-shift (DPS) modulation
to minimize the current-stress of switching devices, where
primary and secondary duty cycle are introduced as an ad-
ditional degrees of freedom. In [103], the DPS is adopted
to achieve ZVS under full load range. In [104] and [105],
the concept of DPS is further extended to triple-phase-shift
(TPS) to enable more degrees of freedom and achieve multiple
design objectives such as broader ZVS range, lower current
stress, and improved efficiency. In addition, hybrid modula-
tion incorporates operating frequency and pulse density to
regulate the transferred power without sacrificing ZVS while
controlling the reactive power flow [106], [107]. Recent work
in [108] applies TPS to enhance light-load efficiency while
switching to DPS to reduce the circulating current under
medium- and heavy-load conditions. However, all proposed
control strategies have inherent performance trade-offs, and

require complex modulation schemes that may be difficult to
implement and may not be as robust to parameter variation.
Another concern is the high frequency charging ripple result-
ing from the reactive power that is inherent to DAB converter
operation [94].

Another variant of the bidirectional DC/DC converter is the
CLLC converter shown in Fig 5d [109], [110]. Due to its
symmetrical circuit, the CLLC converter provides the same
voltage gain characteristic in both power flow directions,
which reduces the control complexity and facilitates power
regulation. Moreover, the CLLC converter distributes two
resonant capacitors on both sides of the transformer, which
helps reduce the resonant capacitor voltage stress compared to
the LLC converter [111]. Compared with the DAB converter,
the leakage inductance required for the CLLC resonant tank
is much smaller. As a result, the reactive power circulating in
the converter is also smaller. Further, the sinusoidal resonant
current of the CLLC converter exerts smaller stress on the
high-frequency transformer than the DAB converter [112].
However, due to its similarities to the LLC converter, the
CLLC converter exhibits similar design trade-offs as the LLC
converter such as the ZVS condition and efficiency degradation
for a wide voltage and power operating range. The controlla-



bility of CLLC converter is another challenge, as the voltage
gain curve against frequency tends to be steady in specific
frequency ranges [109]. To solve above issues, authors in [113]
add an auxiliary transformer to help realize full load range
ZVS while improving power regulation. A detailed parameter
design methodology is provided in [114] to realize robust
power regulation with a wide operating range. In [115], authors
present a design procedure that handles wide voltage gain
requirements and integrated magnetic components are used to
improve the power density.

In many cases, there is a desire to minimize the number
of active devices in a topology. One way to achieve this is to
utilize half-bridge equivalents of the converters shown in Fig. 5
including the widely used half-bridge LLC converter [116],
[117] and dual half-bridge (DHB) converter [118]-[120]. The
half-bridge converters use only four active switches which
reduces the cost. Comparing with the full-bridge version, the
voltage applied is half of the dc link voltage. This feature
is beneficial for the high-frequency transformer design when
used in MV applications. However, the current stress on the
active devices is doubled, and the degrees of freedom available
for converter control are reduced.

D. Non-isolated DC/DC converters

If the charging system is designed to exploit the isolation
provided by a different power conversion stage of the XFC
system (for example the line-frequency transformer before the
AC/DC front-end), a non-isolated DC/DC converter can be
used instead of an isolated one, while still providing a floating
power supply to the vehicle battery. In this discussion, we con-
sider bidirectional non-isolated DC/DC converters for two rea-
sons. First, the achievable efficiency of bidirectional converters
is higher than the unidirectional ones due to synchronous
rectification. Second, unlike isolated DC/DC converters, the
bidirectional operation does not add more complexity to the
control of non-isolated DC/DC converters. Although focusing
on the bidirectional converters, the discussions also apply to
corresponding unidirectional versions.

Considering the battery voltage is lower than the output volt-
age of the AC/DC front-end in most cases, a boost converter
(from the battery point of view) in Fig. 6a is the simplest
non-isolated topology to interface with the battery. The power
rating of this converter is limited since the current is carried by
a single switch. Also, the inductor size is large if the current
ripple needs to be small.

To increase the current carrying capability and reduce the
current ripple seen by the battery, two or more phase legs can
be interleaved to form a multi-phase interleaved boost con-
verter. Fig. 6b shows an interleaved boost converter with three
phase legs. Due to its simple structure, good performance,
and scalability to high power, this topology has been widely
explored in literature for EV charging application [59], [60],
[121]-[123]. In [60], an EV charger prototype is reported to
have six phase legs connected in parallel and interleaved to
reach 30 kW. In [122], a 100 kW three-phase interleaved boost
converter is designed to work in discontinuous conduction
mode (DCM). The inductors are small enough to allow both
positive and negative current in one switching period, achiev-
ing ZVS for all switches. With an optimized inductor design,

the system size can be reduced and efficiency improved. In
[123], an interleaved boost converter implementation operating
in DCM utilizes the partial power concept by separating
the bus voltage into two parts in series. With the converter
connecting to part of the bus voltage, switches with lower
voltage ratings can be used, potentially reducing losses. The
drawback of this method is the extra hardware and control
effort to balance the two DC bus voltages.

Another topology that offers better harmonic performance
than the boost converter is the three-level boost converter [124]
and its bidirectional version [125] as shown in Fig. 6¢c and
Fig. 6d, respectively. The current ripple in the three-level boost
converter is only one fourth of that in the boost converter if
the same inductor is used, which implies a smaller inductor
can be used to meet the current ripple specifications. In [126],
the performance of a boost converter, a two-phase interleaved
boost converter and a three-level boost converter are com-
pared. The work shows that the three-level boost converter
can increase efficiency and reduce the size of the magnetic
components. However, the three-level boost converter has high
electromagnetic interference (EMI) in terms of common mode
noise, which could have a negative impact on the battery
system. Further, the three-level boost converters cannot be
paralleled easily. If there is a phase shift between paralleled
three-level boost phase legs, large circulating currents will
result unless interphase inductors are used between phase legs.
For high power applications when multiple parallel phase legs
are necessary, circulating currents can be suppressed by either
either switching the phase legs synchronously [127], which
eliminates the inductor size reduction due to interleaving, or
by using an integrated inductors that suppresses the circulating
currents [128]. Due to its three-level nature, the three-level
boost converter is suitable for interfacing the EV battery with
a bipolar bus such as the EV charging station topologies
proposed in [22], [129] and [130].

Another potential three-level topology for fast chargers is a
flying capacitor converter shown in Fig. 6e. This three-level
topology allows for the use of a smaller inductor compared to
a boost converter. Also, the power rating of the converter can
be easily increased by paralleling and interleaving multiple
phase legs. However, the short circuit protection design is
challenging due to the presence of the flying capacitor. In
addition, the switching commutation loop of the flying capac-
itor converter involving the uppermost and lowermost devices
is larger than that of boost converter and three-level boost
converter [131], which may cause undesired voltage overshoot
during switching. In [132], a 55 kW flying capacitor converter
prototype boosts the battery voltage three times to the traction
inverter bus voltage. The efficiency is above 96.5% over the
entire power range. However, to the authors’ best knowledge,
currently no proposed or implemented dc fast charger uses the
flying capacitor converter.

V. SST-BASED MEDIUM VOLTAGE EXTREME FAST
CHARGERS

The state-of-the-art fast charging stations are supplied form
three-phase low-voltage distribution grid, using up to 480 V
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TABLE VII: Comparison of different non-isolated DC/DC converter topologies for dc fast chargers

Converter Switches/Diodes Major Advantages and Disadvantages
Boost converter 270 Simple control.

(Fig. 6a) Limited current and voltage capability.
Interleaved boost converter Increa.sgd current capability; low current ripple; simple control; good

(Fig. 6b) 6/0 scalability.

’ Limited voltage capability.

Three-level boost converter 470 Increased voltage capability; reduced current ripple.

(Fig. 6d) Not for interleaving due to circulating current.
Flying capacitor converter 470 Increased voltage capability; good scalability.

(Fig. 6e) Difficult short-circuit protection.
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Fig. 7: Comparison of the state-of-the-art dc fast charger station to the SST-based solution. Both stations are rated at 675kW.

line-to-line (depending on the region) as an input. This voltage
is typically generated by a dedicated MV-to-LV service trans-
former. The bulky service transformer increases the size and
cost of the system while adding complexity to the installation.
To eliminate the need of the MV-to-LV transformer, a power
electronics based solid-state transformer (SST) can be used to
interface the MV grid directly. The term solid-state transformer
(SST) has been loosely used to refer to the concept of replacing
line-frequency transformers with power electronics converters
that provide voltage conversion and galvanic isolation using
high-frequency transformers. Compared to the traditional line-
frequency transformer, the SST has a number of unique fea-
tures such as better controllability, current limiting capabilities,
and higher efficiency at light load [133]. Many SSTs proposed

in literature convert the MV ac input to an LV ac output by
three conversion stages. The first stage is an active front-end
that rectifies the line-frequency MV ac input into dc voltage.
Then, an isolated DC/DC stage converts the dc voltage to
create a dc bus at a desired voltage level while providing
galvanic isolation. The final stage inverts the dc voltage into
line-frequency LV ac output. Although other designs such as
the single-stage SST proposed in [134] is possible, the three-
stage design explicitly creates a dc bus that can interface PVs,
battery energy storage systems, EVs and other dc sources and
loads [135], [136]. SST topologies and implementations are
summarized and compared in [137] and [138].

In the context of XFC, the SST converts the MV ac
voltage to LV dc voltage while providing galvanic isolation



by using a high-frequency transformer inside the SST. As the
operating frequency of the high-frequency transformer is much
higher than the service transformer (tens of kHz versus line
frequency), the size of the high-frequency transformer is much
smaller than that of the service transformer. Replacing the
traditional low frequency transformer and rectifier with an SST
provides higher conversion efficiency and significant space
savings compared to the state-of-the-art approach. The higher
efficiency leads to power savings for the infrastructure owner
that can be passed on to the EV owner. The reduced system
footprint provides better utilization of the charging station
site. This becomes increasingly important as the charging
capabilities of the EV batteries improve, and the penetration
of EVs increases. A comparison of the state-of-the-art dc fast
charger station (based on a Tesla Supercharger station design)
to the SST-based solution in Fig. 7 shows the SST-based
station has a much smaller footprint for the same power rating.

A. SST Designs for EV charging applications

Although many SST implementations have been proposed
in the literature, this paper focuses on systems that are specifi-
cally designed for the XFC application, in which they provide
rectification, voltage step-down, and isolation function. Most
SST-based MV dc fast chargers proposed in literature are
implemented as single-phase single-port units that connect
directly to EVs. However, they can also serve as the central
AC/DC front-end in a de-connected XFC station with adequate
modifications. Further, three-phase implementations can be
realized by connecting three identical single-phase converters
in delta or wye form.

SSTs commonly use identical modules as building blocks
to reach the desired voltage and power levels. To interface to
the MV grid directly, the modules are connected in series at
the input to increase the voltage blocking capability while the
outputs of the modules are connected in parallel to provide
large output current at the desired low dc voltage. Fig. 8a
shows the MV fast charger topology developed by Electric
Power Research Institute (EPRI) and Virginia Tech [139],
[140]. Three modules are connected in series at the MV
ac side (2.4 kV) and in parallel at the battery side. Each
module has an unidirectional NPC AC/DC front-end to realize
AC/DC conversion and power factor correction. The internal
bus of each module operates at 1250 V allowing off-the-shelf
silicon IGBTs or SiC MOSFETs to be used. Following the
unidirectional NPC AC/DC front-end, two input-series-output-
parallel phase shift full-bridges convert the internal dc bus
voltage to the desired output voltage. One demerit of this
topology is that it uses a large number of active switches which
increases the system cost and limits the achievable efficiency
and compactness. Further, the output of the phase shift full-
bridges is fixed at 450 V. If the converter is connected to an EV,
an additional DC/DC stage is necessary to follow the battery
charging profile. In the design, a six-phase interleaved boost
converter (from the battery point of view) is used to integrate
the EV battery. The system efficiency is close to 96% at 38 kW.

Fig. 8b shows the topology proposed in [141]. Eight mod-
ules are connected in series at the MV side to share 8 kV ac
voltage. The AC/DC front-end of each module has an uncon-

trolled diode bridge rectifier followed by two unidirectional
three-level boost converter phase legs in parallel. The internal
bus is 1.4 kV. The DC/DC stage is two input-series-output-
parallel half-bridge LLC converters capable of soft-switching.
To achieve high efficiency, the LLC converters operate in
open loop with 100% duty cycle while the output voltage is
regulated by the AC/DC front-end adjusting the bus voltage.
This control strategy leads to a narrow output voltage range
that may not be able to meet the EV charging profile. If
connected directly to an EV, a subsequent DC/DC converter
is necessary to accommodate the battery voltage. The system
efficiency is about 97.5% at rated load of 25 kW.

At North Carolina State University a 50 kW MV fast charger
is developed based on the topology shown in Fig. 8c [142],
[145]—-[147]. Three modules are connected in series at the
MYV side to share 2.4 kV ac voltage. Instead of having a
diode bridge for each module as in the design in Fig. 8b,
a single diode bridge is used to rectify the MV ac input. This
reduces the forward voltage drop on diodes and improves the
efficiency. Each module has three-level boost converter for
power factor correction. The following DC/DC stage consists
of a half-bridge NPC converter, a high-frequency transformer
and a diode bridge rectifier. The use of the half-bridge NPC
converter in the DC/DC stage further reduces the size of the
high-frequency transformer. The system efficiency is higher
than 97.5% at 50 kW.

Another SST implementation [143], shown in Fig. 8d, uses
a full-bridge AC/DC front-end and a dual half-bridge converter
in the DC/DC stage. To integrate energy storage into the
charging station, a non-isolated boost converter is added be-
tween the AC/DC front-end and the DC/DC stage. Compared
with the previous converters, this converter is capable of
bidirectional power flow but uses more active switches, which
results in poor switch utilization and low efficiency. Also,
the control is more complex than that of the unidirectional
converters. The proposed design is only verified on a down-
scaled prototype with 140 V ac input voltage. Similar design
using full-bridge converter as the active front-end and current-
fed DAB converter as the isolated DC/DC stage can be found
in [148]. However, the design from [148] is also verified only
at reduced input voltage. In [149], an SST with full-bridge
converter as active front-end and DAB converter as the isolated
DC/DC stage is constructed with silicon IGBTs. The converter
is verified with 3.6 kV input and the reported efficiency is less
than 92%.

Another SST implementation led by Delta Electronics aims
at building a three-phase SST-Based 400 kW XFC connected
to 4.8 kV or 13.2 kV MV grid [144]. The proposed topology
is shown in Fig. 8e. Each module is rated at 15 kW with
1 kV ac input voltage. Considering line-to-neutral voltage,
three modules are connected in series for 4.8 kV and nine
modules for 13.2 kV grid. The AC/DC front-end uses a full-
bridge NPC converter while the isolated DC/DC stage is an
LLC converter. The primary side of the LLC converter is a
three-level converter which reduces the stress on the resonant
components. The secondary side is an active full-bridge that
can operate in synchronous rectification to reduce the losses.
The dc output of the LLC converter is constant 1 kV and a
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Fig. 8: MV dc fast chargers based on modular SSTs.

subsequent non-isolated DC/DC converter is used to interface
the EV battery. All the switches are SiC MOSFETs, which
increases the system efficiency but results in higher cost.
Bidirectional operation is possible but requires sophisticated
control due to the use of the LLC converter. The efficiency of
a single module is 97.3% measured at 15 kW and 1 kV ac
input.

The modular design with input-series-output-parallel config-
uration makes the XFC MV-ready by using only low voltage
MOSFETs or IGBTs. Redundancy can be achieved by adding
more modules. In addition, the multilevel waveform generated
by the modular AC/DC front-end presents the potential to
reduce the size of the passive filters. However, with modular
design, the large number of components can increase the size
of the system, offsetting the advantage brought by smaller
passives. The input series connection implies that balanced

voltage sharing between modules needs to be maintained.
The increase in the control complexity and the number of
components may lead to lower system reliability.

B. Single-Module Design

The recent advances in high-voltage SiC MOSFETs with
blocking voltages of 10-15 kV enable interfacing MV grid
directly by using a single-module converter. This significantly
reduces the complexity of the system and has the potential of
achieving higher system reliability and efficiency.

In [150], a single-module 10 kW SST is designed and
implemented to interface 3.6 kV MV ac input based on 13
kV SiC MOSFETs and junction barrier schottky (JBS) diodes
as shown in Fig. 9a. The internal dc bus voltage is 6 kV. To
reduce switching losses of the AC/DC front-end, a unipolar
modulation with one leg operating as unfolding bridge with
line-frequency is used. In addition, the switching frequency of



TABLE VIII: Comparison of different MV dc fast chargers

Switches/Diodes/Transformers

Topol Major A Dis s
opology in One Module ajor Advantages and Disadvantages

[139] 12/1672 Modular design.
(Fig. 8a) Poor switch utilization; unidirectional. fixed output.

[141] 8/12/2 Modular design; good switch utilization; high efficiency.
(Fig. 8b) Narrow output range; unidirectional operation; fixed output.

[142] 6/8+4 /1 Best switch utilization; compact design; high efficiency; wide output range
(Fig. 8c) 3 Not modular design; unidirectional operation.

[143] 10/0/1 Modular design; bidirectional operation.
(Fig. 8d) Very poor switch utilization; low efficiency; complex control.

[144] 167471 Modular design; (potential) bidirectional operation.
(Fig. 8e) Poor switch utilization; complex control; high cost; fixed output.
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Fig. 9: MV dc fast chargers based on single-module SST technology.

the PWM leg is limited to 6 kHz to further reduce the losses.
The isolated DC/DC stage is a DHB converter with 13 kV SiC
MOSFETsS on the primary side. Phase shift control is used to
regulate the output voltage and zero voltage turn-on is achieved
for all MOSFETs. The high-frequency transformer with turns
ratio of N = 15 converts the MV to LV at the secondary side.
The measured efficiency at 10 kW was 94%.

In [151] and [152], another single-module SST with larger
power rating is designed and implemented to interface 3.8 kV
MYV ac input to 400 V dc bus based on 10 kV SiC MOSFETSs
as shown in Fig. 9b. The AC/DC front-end is an full-bridge
rectifier with 7 kV internal bus. Similar to [150], a unipolar
modulation is adopted for the AC/DC front-end to reduce
switching losses. The switching frequency of the PWM leg
varies from 35 to 75 kHz. To enable such a high switching
frequency at MV, soft-switching over the whole line period
is achieved by inserting an LC-branch between the terminals
of the two phase legs. The isolated DC/DC stage is an LLC
resonant converter with 13 kV SiC MOSFETs half-bridge on
the primary side of the high-frequency transformer. The LLC
stage operates at a fixed frequency, and the output voltage
is regulated by adjusting the internal bus voltage through the
AC/DC front-end; ZVS is achieved for all MOSFETSs. The
system efficiency was measured to be 98% at 25 kW.

It is important to point out that power electronics converters
interfaced directly with the MV grid as in the case of the SST,

standards for MV equipment [153]-[156] in addition to the
current standards for EV chargers such those developed by
CHAdeMo, IEC, SAE [7], [9], [43]-[45]. Connecting power
electronics to the medium voltage line introduces a number
of issues in terms of safety and protection that need careful
mitigation for the successful adoption of this technology.

VI. CONCLUSION

Despite the increasing number of EVs on the road, the
lack of charging infrastructure and long charging times re-
strict the use of these vehicles to daily commutes and short-
distance trips. To address this problem, there is a need for a
cost-effective and ubiquitous charging infrastructure that can
compete with the existing gasoline-powered vehicle refueling
infrastructure.

This paper reviews the state-of-the-art XFC converter tech-
nology for EVs that can address the challenges and utilize the
opportunities brought by the increasing penetration of EVs.
An emerging trend is to co-locate multiple XFCs to form
XFC charging stations and thus reduce the installation cost per
charging stall. By exploiting the load diversification resulting
from different EV battery capacities and different charge
acceptance a function of the battery SOC, the installation and
operation cost can be reduced, bringing benefits to the station
owner and EV users. Energy storage and RES are integrated
as part of the charging stations as a common method to reduce
high-demand charges that are incurred during peak power
hours. It further enables profiling the power exchange between
the charging station and the grid and therefore provides
ancillary services to support grid operation.

Two different distribution methods for XFC stations are
presented. While the ac distribution method is a mature solu-
tion with available components and well-established standards,
the dc distribution method presents the potential of achieving
lower cost and higher efficiency. The suitable power electron-
ics converters for both methods are reviewed and compared.
The major challenge for power electronics converters lies in
accommodating the wide output voltage and power range of
EV charging profile while maintaining high efficiency and high
power density.

While the state-of-the-art dc fast chargers requires MV-to-
LV line-frequency transformers, another solution is the SST-
based dc fast charger that provides rectification, voltage step-



down, and isolation function in a single unit. The SST-based
XFCs provide size reduction and efficiency improvement over
the state-of-the-art implementations, which can in turn reduce
the installation costs by allowing more power delivery on
the same station footprint and maximize operating profit by
minimizing the power lost in the conversion process.
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