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Abstract

Electrical vehicle (EV) technology has gained popularity due to its higher efficiency, less
maintenance, and lower dependence on fossil fuels. However, a longer charging time is a
significant barrier to its complete adaptation. Solid state transformer (SST) based extreme
fast charging schemes have emerged as an appealing idea with an ability to provide a refu-
elling capability analogous to that of gasoline vehicles. Therefore, this paper reviews the
EV charger requirements, specifications, and design criteria for high power applications.
At first, the key barriers of using a traditional low frequency transformer (LFT) are dis-
cussed, and potential solutions are suggested by replacing the conventional LFT with high
frequency SST at extreme fast-charging (XFC) stations. Then, various SST-based converter
topologies and their control for EV fast-charging stations are described. The reviewed con-
trol strategies are compared while considering several factors such as harmonics, voltage
drop under varying loading conditions, dc offset load unbalances, overloads, and protec-
tion against system disturbances. Furthermore, the realization of SST for EV charging is
comprehensively discussed, which facilitates understanding the current challenges, based
on which potential solutions are also suggested.

1 INTRODUCTION

The transportation sector and electricity generation explicate
for more than 60% of the primary world-wide energy demand
[1]. Since fossil fuels are the primary source of energy for
the transportation sector, their contribution to the immense
air pollution and greenhouse gas emissions has increased envi-
ronmental concerns. Transportation sector organizations aim
to adapt EVs into the up-to-date power grids to operate a
clean energy viewpoint [2]. With the large-scale development
of the EVs, a significant reduction in the use of petroleum,
greenhouse gas emissions, and fossil fuel dependence has been
observed [3]. Nonetheless, despite the growth of EVs, scarcity
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in charging infrastructures, extended charging times, range anx-
iety, and existing battery technologies may limit EVs applicabil-
ity to short length trips. Therefore, there is an essential require-
ment of a cost-effective, efficient, and reliable infrastructure for
EV charging stations that can compete with the present gaso-
line vehicle refuelling infrastructure. Figure 1 shows the driving
range for commercially available EVs in the industry [4–7]. It is
evident from the figure that advanced research work has been
done to deliver a driving range of more than 200 miles. How-
ever, EV chargers with a rating higher than 350 kW can refuel
EVs in less than 10 min [8].

EV chargers can be categorized into two types: 1) on-board,
and 2) off-board chargers. Conventional on-board charger
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FIGURE 1 Range of EVs in miles (charged at a constant rated power)
[4–7]

power ratings are restricted due to the cost, space, and weight
restraints [9–12]. The accessibility of charging infrastructure
diminishes on-board energy storage necessities and costs. An
off-board charger is, however, intended for high rates of charg-
ing and is less constrained by size or weight [12]. Most of the
primitive EV charger designs are unidirectional in nature that
can reduce hardware constraint and interconnection problems
[13, 14]. In the existing literature, EV charging strategies include
constant voltage (CV) and constant current (CC) charging. A
combination of CCCV mode combines the positive outcomes
of both methods and is the most optimal method in EV fast
charging. However, the projected rise in the number of EVs [8]
may result in an increase of a significant amount of load on the
utility grid due to the charging of batteries inside them. At the
same time, batteries may also support the utility grid by inject-
ing power back into the power grid during peak load demand
(Vehicle-2-Grid (V2G) Mode) [15, 16]. With the intended oper-
ation in V2G mode, benefits such as peak load shaving, eco-
nomic power flow, load flattening, and power system stability
enhancement may be achieved [17]. Moreover, some major fac-
tors of the grid side such as efficiency, reliability, losses, and
stability of the grid, are also improved by the V2G system, as
proved in [17].

For harnessing this power, bidirectional power flow is imple-
mented [18]. Bidirectional chargers must be developed to seam-
lessly manage power flow in both directions, with an insignifi-
cant difference in efficiency and performance [19–21]. The pros
and cons of high-power bidirectional converters for EV charg-
ing applications are compared in [19].

Apart from a large number of positive outcomes of dc fast
chargers, their adverse effects on the grid can be mitigated by
providing the control of the EV charging station’s peak demand
to the utility. The overloading and voltage variations of feeders
beyond the allowable limits are observed in recent literature due
to the single point excessive load [22]. To reduce the power qual-
ity issues, the charging station can provide ancillary services to
the grid by utilizing power factor control (PFC) and the V2G
bidirectional power flow. Further, the voltage control problem
[23] of utility can also be solved by the injection of reactive
power back to the grid with the help of a multi-MVA charging
station. The constraints are given in the modified IEEE 1547–
2018 standard [24].

State of the art extreme fast chargers (XFCs) require line fre-
quency transformers to convert medium voltage (MV) ac input
to low voltage (LV) ac output. The issues of large size, high
installation cost, and power losses due to the usage of conven-
tional low frequency transformer can be addressed by the state-
of-the-art SST-based XFCs system [25–28]. The SST-based fast
charging solution provides galvanic isolation, reactive power
control, voltage regulation, and easy integration of renewable
energy systems (RESs) with reduced overall cost and size con-
siderations. Moreover, for high power XFC applications, modu-
lar SST configuration with input series and output parallel com-
bination is adopted. However, the complete adoption of such
infrastructure requires advanced converter topologies, control
techniques, proper protection schemes, standards, and other
technical challenges [29]. Various XFC converter topologies
appropriate for SST applications are presented in the literature
[8, 19, 30, 31, 33].

This paper reviews the EV charging requirements, specifica-
tions, and design criteria for high power applications. The key
barriers of using traditional low frequency transformer are dis-
cussed, and the potential solutions are provided in replacing
the conventional (line frequency) transformer with high fre-
quency SST in XFC stations. Recent MV SST developments
and topologies are discussed with reference to EV extreme
fast charging stations. Moreover, the advantages and disadvan-
tages of the modular nature of SST-based XFC stations are also
included. Different SST converter topologies have been pre-
sented for fast charging applications proposed in the literature.
In comparison with [8, 30, 31, 33], apart from various SST-
based converter topologies for XFC applications, their control
for EV fast charging stations is described. The reviewed control
strategies are compared while considering several factors such
as harmonics, voltage drop under varying loading conditions,
dc offset load unbalances, overloads, and protection against sys-
tem disturbances. Furthermore, we outline the future challenges
and their proposed solutions in the complete adoption of SSTs
in XFCs.

The rest of the paper is organized as follows. The high-power
requirements for EV fast chargers are discussed in Section 2.
The high frequency SST as the potential solution for high power
EV fast-charging stations is identified in Section 3. Section 4
describes the recent topologies of the SST-based XFC system,
while in Section 5, MV SST-based XFC charging station’s con-
verter designs and their control is given. Then, the future chal-
lenges to the adoption of SST-based solutions are discussed, and
their potential solutions are presented in Section 6. Finally, Sec-
tion 7 provides the concluding remarks.

2 EV CHARGER SPECIFICATIONS FOR
HIGH POWER REQUIREMENT

Level 1 and level 2 ac on-board chargers are capable of supply-
ing power of 1.9 and 19.2 kW, respectively [32–34], as shown in
Table 1. These chargers are limited to night charging (domestic
charging) because of their comparatively low power ratings.
For adding 200 miles of driving range to the EV battery, an
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TABLE 1 Different charging power level [35]

Power levels Voltage level Rated power (kW) Charging time

Level 1On-board1-phase(Opportunity) 120 Vac230 Vac 1.4 (12 A)1.9 (20 A) 4–11 h11–36 h

Level 2On-board1 or 3-phase(Primary) 240 Vac400 Vac 4 (17 A)8 (32 A)19.2 (80 A) 1–4 h2–6 h2–3 h

Level 3Off-board3-phase(Fast) 208–600 Vac or Vdc 50100up to 350 0.4–1 h0.2–0.5 h <0.167 h

FIGURE 2 Block diagram of the electrical parts used in Level 1, 2 and 3 EV charging [33]

on-board 240 V plug takes more than 8 h. So, it is inappropriate
for longer journeys and causes range anxiety. This issue leads
to the evolution of dc fast chargers, rated at power levels up to
350 kW nowadays. Such off-board chargers deliver power to the
EV’s battery through an isolated power converter from outside
the vehicle in a relatively shorter charging time. The major
advantage of the off-board charger is that it is less constrained
by size and weight while providing the fastest charging time,
as is evident from the charging time data given in Table 1 [35].
There are currently several fast charging standards, such as
CHAdeMO 3.0, that enable dc charging with a power level
above 500 kW (with a maximum current of 600 A) [36].

Figure 2 shows the block diagram of the electrical parts used
in Level 1, 2, and 3 EV charging. All three charging systems
take ac power from the grid and convert it into the desired volt-
age level for charging purposes. In EV charging applications,
Level 1 and Level 2 chargers are entirely confined within the
vehicle (except for bicycles). However, in Level 3 charging, the
functions are divided between the charging station and the EV’s
on-board charger. The commonly used converter topologies
in these EV charging levels include unidirectional and bidirec-
tional isolated or non-isolated configurations. Level 1,2 charg-
ing works from a single-phase or three-phase ac power out-
let, while level 3 charging works on three-phase ac supply with

same functionality as level 1,2 charging but with high power
level. The power control unit in Figure 2 represents the control
algorithms adopted by these charging levels. They include PI
controller, PID controller, fuzzy logic, adaptive, sliding mode
and neural network controllers [33]. Furthermore, the protec-
tion measures in low power charging is relatively simple and
can easily controlled through a circuit breaker and a current-
interrupting device (CID). However, the safety measures in high
power charging are managed by the charger itself and the battery
management system (BMS).

In the process of EV charging, the information is first
exchanged between the charger and the vehicle, e.g. the desired
reference of current and voltage. The battery management
system modifies the charger’s current based on parameters
such as the state of charge (SOC) of the battery. By examining
the SOC, the EV is able to stop the charging by setting the
charging current to zero. EV battery then isolates itself from the
charger with the help of a dc contactor. Generally, EV charging
strategies include CV and CC charging methods. Moreover,
constant current, constant voltage (CCCV) charging profile is
more optimal in the charging method and is often followed by
EV batteries (Figure 2). Several strategies are proposed in the
literature concerning the fast charge problem to obtain CCCV
[37–39]. A model predictive controller is one of the most
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FIGURE 3 Extreme fast charging configurations using LV transformer. (a) Ac-coupled charging station, (b) dc-coupled charging station

popular frameworks to produce a well-known CCCV profile
when subjected to real-world constraints. The conventional
fast charge problem comprises of computing the input current
profile that can bring the initial SOC to final SOC in minimum
possible time as illustrated in Equations (1)–(3) [40, 41]:

minI

[
time to charge]

SOCo→SOC f
(1)

minI =

N∑
i=0

(
SOC (k + ik) − SOCre f

)2
(2)

(SOC (k + ik) ≤ SOCmax ) (3)

In the CC region, the battery voltage increases with the SOC
during the charging process, increasing the power acceptance by
the battery pack. As soon as the CV period initiates, the charge
current reduces to retain the CV, thereby reduces the delivered
power at the battery terminals. As a consequence, the rate of
charge of the battery also reduced during CV phase [8].

Typically, available dc fast chargers utilize two stages of power
electronics conversion: the first stage involves the conversion
of three-phase ac to medium volts dc termed as rectification,
along with PFC, and the second stage converts the medium dc
voltage into a regulated dc voltage, matching with EV battery
ratings. The galvanic isolation provides separation between the
vehicle and the grid, it further permits the parallel connection
of the output stages of the charger in order to meet the high-
power requirements. For example, Tesla Supercharger (135 kW)
was made by combining 12 paralleled modules/converters [42].

Since the EV fast chargers are defined to operate similarly
to the gas stations, designing multiple charging nodes is nec-

essary for a charging infrastructure supplying multiple vehi-
cles. Presently, an ac-coupled system illustrated in Figure 3(a)
can be seen in multiport charging stations. The ac-connected
approach’s benefits are rectifier/inverter technology, availability
of ac switchgear, protection devices, and standardized protocols
for EV fast-charging stations [43–45].

The major drawback in the ac-connected system is the higher
number of power electronic converters that increase the sys-
tem’s cost and complexity, thereby reducing efficiency. In the
case of a dc-connected system (Figure 3(b)), a three-phase trans-
former supplies power to a low voltage rectifier, which delivers
dc power supply to the standalone sub-stations. This approach
reduces the conversion stages and involves the incorporation
of RESs. However, dc protection schemes and standards are
required for the development of such a system. However, both
of the above-mentioned systems require a three-phase step-
down transformer that provides LV power supply as well as gal-
vanic isolation. Table 2 enlists the specifications of top-selling
EV fast chargers available in the market.

It is illustrated in Table 2 that a 50-kW fast charger requires
72 min to add 200 miles of range in comparison, the 135 kW
Tesla Supercharger only needs 27 min [30]. ABB Terra HP
(350 kW) dc super-fast charger takes only 10 min for the same
purpose, thus mimics the refuelling experience of gasoline vehi-
cles. As the rated power of the EV charger goes on increasing,
the weight and volume also increase. Therefore, for high power
applications, there is a need to reduce the size of the charger.
Furthermore, the public and workplace charging infrastructure
hardware costs comprise of the charger and its pedestal. Based
on the average hardware costs from various studies for the dc
fast chargers, the range of cost for 50 kW dc fast charger is
given as $20,000 to $35,800, for 150 kW fast charger, the cost is
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$75,600 to $100,000 while for 350 kW dc fast charger, the range
of cost is $128,000 to $150,000.

Advanced dc fast chargers for electric vehicles are properly
configured to directly connect with a three-phase power sup-
ply, having 480V line-to-line voltage, since it is generally inac-
cessible in public installations. Therefore, a dedicated low fre-
quency MV to LV transformer is used to supply three-phase
power to EV fast-charging stations, minimize the distribution
network, and provide galvanic isolation. This bulky transformer
increases the size and cost and adds complexity to the instal-
lation [44]. Additionally, the applications of low frequency,
high power transformers require huge conductors and bulky
switchgear/protection instruments. Furthermore, a confined
concrete foundation is required for the transformer; thereby,
installation costs are also increased. This results in a high-priced
charging system that requires evidential infrastructure [8]. The
current advanced grid control requires a fast response from all
entities connected to it, which may not be possible with tradi-
tional line frequency transformers. Moreover, other issues relat-
ing to LFT include RES integration, grid current harmonics,
voltage regulation problems, additional heating losses, and reac-
tive power control problems.

3 SOLID-STATE TRANSFORMER—A
SOLUTION FOR HIGH POWER EV
EXTREME FAST-CHARGING

The state-of-art concept to overcome the aforementioned
issues is the utilization of SST [53] technology to XFC archi-
tectures, which is already being used in distribution systems
[29] and railway traction systems [7]. This approach eliminates
the need for grid-frequency MV to LV transformer that can
interface with the medium voltage grid directly. In addition to
the step-down function, it provides galvanic isolation, reactive
power control, better power quality performance, voltage regu-
lation, and easy integration of RES [54]. Furthermore, the over-
all cost and size of SST are comparatively less than LFT [25].
An SST-based solution can be designed to provide either uni-
directional or bidirectional power flow that better regulates the
active and reactive power, in addition to offering V2G function.
Moreover, it performs PFC function along with protection fea-
tures such as fault current limitation and isolation. The SST-
based EV charging station includes a common dc bus to intro-
duce an interface among RESs, battery energy storage systems
(BESSs), and EVs through dc/dc converters, thereby ensures
fewer conversion stages and higher efficiency [53].

In the context of XFC in SST, galvanic isolation is achieved
by using a high frequency transformer (HFT). The HFT oper-
ates at a much higher frequency than the LV line frequency
transformer. Owing to high frequency operation in SST, the size
of the transformer reduces significantly, resulting in evidential
space savings. The reduced size leads to lower system installa-
tion costs by at least 40% compared to the traditional solution
[19]. The installation cost of the charging station is compre-
hensively reduced by using SST based solution; however, it has
been shown in the literature that the material cost of MV SST
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TABLE 3 Comparison of LFT and SST-based XFC stations [7, 31]

Parameters LFT-based XFC SST-based XFC

Reliability More Less

Cost High Low

Flexibility Less More

Technical maturity High Low

Control Simple Control

Protection Straightforward Complex

is five times higher than LFT [54, 55]. A comprehensive com-
parison between LFT and SST-based XFC stations is shown in
Table 3. The power losses of MV SST are half due to a rela-
tively smaller transformer size, whereas the weight and volume
are reduced to almost one third, as compared to the LFT system
[54]. For example, a comprehensive comparison between LFT
and an increase of 7% (from 91.5% to 98.5%) in the system effi-
ciency at 1 MW power would reduce the power losses from 85
to 15 kW. The direct connection with the MV line also causes
the reduction of electricity costs.

In densely populated areas, installed EV fast charger with
reduced system size can provide more power, i.e. better site uti-
lization. On the same footprint, a higher number of charging
points can be achieved with SST. This results in higher avail-
ability of charging points that reduce waiting time and lead to
faster and economical charging experiences [60]. A comparison
of Tesla’s supercharger station is made with the SST-based solu-
tion for the same power ratings in [8, 30], which shows a much
smaller footprint for the SST-based solution. The potentially
lower losses of the SST-based system that lead to power sav-
ings for the charging station owners originate mainly from the
rectification at a higher voltage, and hence lower currents, espe-
cially in the case of multi-level topologies, which allow reducing
the device switching frequencies. Due to the elimination of har-
monic current by pulse width modulated (PWM) rectifier on the
input side of SST, power losses are reduced. The minimum value
of the input side filter can be found by using the Equation (4)
[61]:

L f =
TswVdc

Δi f ,max

(
1 − Msin

(
𝜔gt

))
Msin

(
𝜔gt

)
(4)

where M is modulation amplitude, Tsw is switching period, and
𝜔gis the grid side frequency. However, this feature is not avail-
able in LFT.

Furthermore, to interface with the MV grid directly, multi-
module-based SSTs are commonly used to attain the desired
power and voltage levels. Due to SST’s nature, additional SST
modules can be added to the existing structure for higher power
requirements. But, in traditional LFT based charging stations,
any extension of charging capabilities requires transformers
replacement. Despite the many benefits of the high voltage and
high-power SST approach, its design and implementation are
challenging. Therefore, considerable effort is required for the
rapid growth of the SST in XFC stations. Hence, many devel-

opments in this area can be found in past decades. A technical
comparison of several XFC methodologies presently existing in
the different parts of the world is given in Table 4. A compari-
son of SST designs and topologies is presented in [26, 27].

4 MV SST-BASED XFC STATIONS
RECENT DEVELOPMENTS AND
TOPOLOGIES

Several isolated power converter topologies suitable for SST
applications are presented in the literature [62, 63]. There are
four possible topological configurations with a primary focus
on the conversion stages, as shown in Figure 4 [26]. Numerous
SST-based EV charging stations include power converter stages
that ensure higher efficiency with more reliability. A single-stage
SST topology [64, 65], as illustrated in Figure 4(a) involves ac/ac
conversion with an isolated HFT link. A dc/dc converter is used
at the load end to obtain a desired dc voltage level for the partic-
ular EV. The use of HFT provides galvanic isolation and reduces
the system’s size and cost, as discussed in sections II and III.
Due to the unavailability of a dedicated dc-link on the input
side, it may not offer PFC, reactive power compensation, and
bidirectional power flow for an EV charging application. Fur-
thermore, the voltage conversion ratio and switching frequency
of this topology are low due to the available technology in the
1970s [53]. An ac/ac converter for SST is proposed in [66] that
allows bidirectional power flow. The control of single-stage SST
topology is simple, but due to the absence of dc link, it limits
the functionality of SST.

In contrast to type I SST, type II SST uses a two-stage topol-
ogy that includes an isolated ac/dc conversion stage and pro-
vides an LVDC link [67–69]. Due to this DC link (Figure 4(b)),
the two-stage SST can perform reactive power compensation
by selecting proper topologies. Furthermore, the LVDC link’s
availability also makes the feasibility of renewable energy inte-
gration possible at the LV side [70]. However, type I and II
topologies are inappropriate for high voltage applications. This
is due to the reason that complex and multi-level configura-
tions cannot be applied at the high voltage side easily. Moreover,
in such a wide input power range, the zero-voltage switching
(ZVS) is difficult to be assured. Further, high switching losses
that may lead to lower efficiency are the major challenges of
the above-mentioned topologies. Another way to attain a two-
stage conversion is to replace the LVDC link with the HVDC
link (illustrated in Figure 4(c)) [71, 62]. In this type, due to the
availability of a dedicated ac/dc converter and an HVDC link
(PWM rectifier), PFC can be realized. Several studies on ac/dc
converter configurations result in improved power quality in the
context of PFC, reduced THD, and voltage regulation with uni-
directional and bidirectional power flow [13]. Additionally, it is
possible to achieve soft switching (zero voltage switching) by
using a resonant converter [53]. Nevertheless, renewable energy
integration is not possible at the LV side due to the unavailability
of the LVDC link. Since a high voltage and high-power source
is required for XFC chargers, type I, II, and III topologies are
not suitable for this application. This unsuitability is due to high
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switching losses (when operating at high switching frequency),
resulting in low efficiency. To overcome these problems, type IV
topology (Figure 4(d)) consists of three-stage conversion with
HFT dc/dc isolation, includes both HVDC and LVDC links at
the primary and secondary side, respectively [61, 72]. Table 5
shows a comparison of SST topologies in the context of cost,
size, and modularity implementation.

The first stage consists of an ac/dc rectifier with an HVDC
link. It shapes the input current, provides bidirectional power
flow along with reactive power compensation [73–76] and har-
monic elimination [77–79]. The second stage consists of HFT
to provide galvanic isolation, and the DAB converter is used to
regulate the active power flow. In the final stage, the stepped-
down voltage is transferred to the LVDC bus, and the voltage
is shaped to 50/60 Hz waveform at the load side where EV is
charged, and the desired voltage level is achieved using dc/dc
converter. Most SSTs adopt the type IV topology to provide an
optimized performance in the context of size, weight, volume,
and efficiency.

The most prominent reason for the popularity of type IV
topology is its modular nature [80]. In such a modular config-
uration, the input stages are connected in series to enhance the
voltage blocking capability, whereas, in order to provide a large
output current at a desired dc voltage level, the module outputs
are connected in parallel, as shown in Figure 5. This design can
be used for high voltage and high -power applications. More-
over, if the power and voltage requirement rise in the future, the
complete replacement of the whole system can be avoided by
adding the required stages/modules but keeping a check on the
balanced voltage sharing at the input side. Moreover, a suitable
voltage and/or current control is required for the regulation of
voltage and current [77, 82]. This topology utilizes low volt-
age switches (MOSFETs or IGBTs) for the XFC operation and
has the potential to reduce the size of the passive filter. How-
ever, this configuration uses a large number of components that
increase the system size, which further leads to lower reliability
[30, 81, 83–85].

5 MV SST-BASED XFC STATIONS
CONVERTER DESIGNS AND THEIR
CONTROL

The idea of SST was initiated in 1968 [87]. However, it took
more than 50 years to develop the desired semiconductor
devices for MV SST’s proper functionality. The accessibility of
contemporary power electronics devices (such as IGBTs and
SiCs), is a key enabler for MV SST applications. Due to the rapid
advancement of high voltage SiC MOSFETs, the direct integra-
tion of SST with the MV grid is performed using a single module
converter (SMC). The SMC has higher system efficiency, relia-
bility and it remarkably reduces the complexity of the system.
Table 6 gives a comparison of MV interfaced SST-based XFC
prototypes. A few of them are explained below.

A SiC MOSFETs and JBS (junction barrier Schottky) diodes
based 13 kV single module SST design is proposed and imple-
mented in [61, 88] for direct interfacing with 3.6 kV MV grid
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FIGURE 4 SST-based topologies for EV fast charging stations, (a) single-stage topology with HFT, (b) two-stages with LVDC link, (c) two-stages with HVDC
link, (d) three-stages with LVDC and HVDC links

FIGURE 5 Modular design of type IV SST-based XFC with four modules for high voltage and high power EV charging

as shown in Figure 6(a). In this module, the ac/dc front end
comprises a single H-bridge with an LCL filter for the regu-
lation of grid-side current. However, the reduction in switch-
ing losses of ac/dc rectifier is achieved by employing a unipo-
lar PWM modulation strategy with its one leg operating as
an unfolding bridge, while the switching frequency is limited
to 6 kHz. A similar design with an LCL filter was used by
ABB’s fast charging for EVs [89]. The isolated dc/dc stage
includes the dual half-bridge (DHB) converter to achieve ZVS
for the high-power conversion. The HFT of the DHB dc/dc
stage is designed to achieve maximum soft-switching range and
high voltage insulation. For SiC SST, the conversion of MV to
LV at the secondary side is achieved with an HFT turn ratio
of 15.

Phase shift controller design, as mentioned in Figure 6(b), is
used to regulate the output voltage and achieve ZVS for all the
MOSFETs. The per-unit expression for the power delivered at
a specific phase angle ¢ and the output current, from MV to LV
side for the DHB, is given by Equations (5) and (6), respectively
[88].

Pp.u = Ih,p.u =
d𝜑 (𝜋 − |𝜑|)

𝜋
(5)

Il ,p.u =
n𝜑 (𝜋 − |𝜑|)

𝜋
(6)

Equation (5) shows that the steady-state output current is
basically controlled by the phase shift angle ¢. Therefore, the
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FIGURE 6 (a) 3.6 kV 10 kW EV fast charger [61], (b) control diagram [88]

FIGURE 7 3.8 kV 25 kW EV fast charger [93, 96]

closed loop control of DHB involves two control items, an inner
current loop and an outer voltage control loop [90], as illus-
trated in Figure 6(b). As both the controlled parameters are dc,
therefore, the PI controller is used to mitigate the steady state
offsets. This control strategy is responsible for voltage harmon-
ics compensation, but higher order current harmonics are not
included as they lie beyond the cut-off frequency of the LC filter.
Moreover, the protection against system disturbances is accom-
plished through the conversion of sensor output into pulses, as
mentioned in [88]. The results show that the controller is capa-
ble of performing grid side voltage restoration with a 10% volt-
age drop.

In [91, 92], another SiC MOSFETs based 10 kV single-
module SST design is implemented for direct interfacing with
the 3.8 kV MV grid (Figure 7). Similar to [88], an integrated tri-
angular current mode (iTCM) converter topology is used that
comprises of an ac/dc full bridge rectifier with a unipolar mod-
ulation control technique to reduce the switching losses. How-
ever, in this case, the range of switching frequency of the PWM
leg lies between 35 to 75 kHz. Apart from the front-end recti-
fier, iTCM consists of an isolated dc/dc stage, which includes an
LLC series resonant converter (SRC) based on 10 kV SiC MOS-
FETs on the MV side of HFT. The primary task of the dc/dc
converter is to provide the galvanic isolation and the constant
dc-link voltage level (7 kV/400 V). The voltage at the dc-link is
regulated at a constant value by the front-end ac/dc rectifier of
the SST, and thereby ZVS is achieved for all the MOSFETs. The
variable switching frequency fsw to attain a fixed value of ZVS
current [93] can be found from the following function [91]:

fsw =
A (t ) u2

g

4P
|||sin

(
𝜔gt

)||| + u2
g IZVS

(
1

Lg
+

1
Lb

)
(7)

where

A (t ) = |||sin
(
𝜔gt

)||| .
[

1 −
ug

UDC
.
|||sin

(
𝜔gt

)|||
]

(8)

Furthermore, an LC branch is inserted between the two-
phase legs of PWM, which allows high switching frequency
operation at MV and also limits the current harmonics accord-
ing to the IEEE 519 standard. The efficiency of 25 kW, MV
interfaced SST topology was measured to be 99.1%.

Another modular SST implementation [94] is given in Fig-
ure 8. This configuration uses an ac/dc front end three-level
boost (TLB) circuit and half-bridge LLC converter in dc/dc
stage with 1.2 kV SiC devices. At the MV side, four modules
are serially connected for sharing 3.6 kV ac voltage. The voltage
balancing in the system can be achieved by using LLC trans-
formers. At 16 kW, the efficiency of the system is >98%. A

FIGURE 8 3.8 kV 16 kW EV fast charger [94]
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FIGURE 9 (a) 8 kV, 25 kW modular SST [83], (b) control of 8 kV, 25 kW modular SST [83]

digital control system is designed and proposed in [94] for this
TLB-SST design. The control system’s entire structure com-
prises four parts that include a phase-locked loop (PLL), PWM
generators, feedback control, and ideal duty-ratio feed-forward
loop. The ideal feed-forward loop is responsible for improving
the input current THD at the zero-crossing.

An MV interfaced 8 kV, 25 kW modular SST was proposed
in Figure 9(a) [83]. At the MV side, for sharing 8 kV ac volt-
age, ten modules are serially connected. The front end of each
module has an uncontrolled diode rectifier bridge that is accom-
panied by the two parallel combinations of unidirectional active
front-end (AFE) 3-level boost converter. The isolated dc/dc
stage comprises two half-bridge LLC converters that are used
for soft-switching. For higher efficiency, LLC converters have
100% duty cycle operation in the open-loop, while their volt-
age at output level is controlled by using ac/dc front end, which
regulates the bus voltage. Due to the mismatching of two LLC,
transformers voltage imbalance can be observed under lightly
loaded conditions.

The basic closed loop control for the topology of [83] is
shown in Figure 9(b). A DSP controller is used to regulate the
AFE ac/dc converter that is responsible for PFC, harmonic
mitigation, and voltage regulation. PFC function is applied with
multiple control to ensure low THD. The general expression of
a DSP feedback controller is given in Equation (9) [100, 101]:

G
(
z
)
= 𝜔c Gb

Ts

(
z + 1

)
2
(
z − 1

) (
𝜔cTs

(
z + 1

)
+ 2K

(
z − 1

)
K𝜔cTs

(
z + 1

)
+ 2

(
z − 1

))
(9)

where 𝜔c and K are represented as,

𝜔c =
2
Ts

tan
(

fcTs𝜋
)

and K =

√√√√√√
(

1 + sin
((

PM − (90◦ − ∅b

)
)
𝜋

180

))
(

1 + sin
((

PM − (90◦ − ∅b

)
)
𝜋

180

))

where fc is the controller’s crossover frequency and PM is the
required phase margin at fc. The loop gain of the digital current
control loop is then derived in [b] as follows:

Tz =
0.4035

(
z + 1

) (
z − 0.9915

)
z
(
z + 0.8418

) (
z − 1

)2
(10)

A traditional PI controller is adopted by the dc bus for
voltage regulation [83]. However, the dc bus reference varies
by varying loading conditions and is scaled by the magnitude
of input current. Moreover, protection against unbalancing,
overloading, and short circuit is an important feature of this
configuration.

Based on the topology depicted in Figure 10(a) [84, 95–97],
another fast charger of 50 kW is made at North Carolina State
University. At the MV side, three modules are connected in
series for sharing 2.4 kV ac voltages. This design minimizes the
forward voltage drop on each diode and increases its efficiency.
Each module has 3-level boost converter, which is used for PFC.
The successive dc/dc stage consists of a half-bridge NPC con-
verter that further reduces the size of HFT. The control config-
uration for this design is given in Figure 10(b). Three loops with
PI controllers are used, namely, dc bus main loop that regulates
the dc bus voltage, the voltage balancing loop that regulates the
capacitor voltage, and the NPC loop that controls the output
voltage. This control technique is responsible for current har-
monic mitigation by limiting current THD below 2% and high-
power density with an overall system efficiency of 97.5%. In
2019, a similar converter configuration was adopted with a rela-
tively higher voltage level (12.47 kV) and high power (350 kW)
modular structure [98]. Per phase control scheme consisting of
three loops similar to [95] is used for testing purposes. More-
over, a high-power density (1.6 kW/L) converter is designed
with the system efficiency exceeds 98%.

Another SST-based 400 kW XFC implementation is given in
[99]. Two different voltage levels are available, 4.8 kV with three
modules and 13.2 kV with nine modules. 15 kV SiC MOSFETs
are used, which gives improved system efficiency but results in
a higher cost.
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FIGURE 10 (a) For 2.4 kV, 50 kW modular SST [95], (b) basic control diagram [96]

Table 7 demonstrates a comparison of several MV interfaced
SST-based dc fast chargers control techniques. Different param-
eters, such as voltage and current harmonics, voltage drop under
varying loading conditions, dc offset load unbalances, overloads,
and protection against system disturbances, are considered. It
can be seen that most researches focus on the mitigation of
input current THD, whereas voltage drops under varying load-
ing conditions are the least focused parameter.

6 FUTURE CHALLENGES AND
SOLUTIONS IN ADOPTING SST-BASED
XFC INFRASTRUCTURE

This section describes the current challenges and potential solu-
tions associated with SST based XFC EV charging stations
implementation.

6.1 Future challenges

Despite various promising features of the SST-based EV XFC,
such as higher efficiency, fast charging, lower installation cost,
and better site utilization etc., there are some barriers to its com-
plete adoption. The major concerns involving the integration
of SST technology can be categorized into five major fields, as
shown in Figure 11.

The major challenge exists in the field of power electronics,
where high voltage, high power semiconductor devices must be
adopted and commercialized to develop high power SSTs for
EV charging. One hardware hindrance would be an improve-
ment in the transformer core’s design and implementation using
superior magnetic materials. There is a limitation on the maxi-
mum power transfer possible with the existing magnetic mate-
rials with a single core (in each mode of SST). Further, one
more challenge is the increased reliability and cybersecurity
requirements of SST based EV implementations. It is well—
known that SSTs have lower reliability compared to LFT (due

FIGURE 11 Challenges and potential solution for wide acceptance of
SST

to a higher number of components). This concern must be
addressed for higher power deployments. Moreover, with the
digitalization of dynamic grid structure, cyber threats of grid
operation must be addressed for online control performance.

In addition, the adoption of SST-based EV XFC requires
fast-acting protection schemes. The key technical difficulties
include the lack of a suitable protection scheme and circuit
breakers against short circuits, over-voltages, and overloading
conditions in SST [102]. Another requirement would be the
development of fast-acting communication links (for sensing,
diagnosis, and protection). This also requires the implementa-
tion of faster programming devices for controlling the system.
Moreover, as a modern grid is highly dynamic, grid stability
and optimum control are becoming highly challenging. In this
aspect, SST can contribute to improved grid performance by
controlling its active-reactive power flow in accordance with the
load curve. LFT with an ac/dc converter can also achieve the
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same; however, the SST concept needs faster, predictive, and
stable control, which must solve complex, contradictory opti-
mization problems. For achieving this control, techniques must
be based on advanced methods that are superior to the tradi-
tional PI based controllers. An area of challenge in this regard
would be the integration of renewable energy with the existing
SST/grid structure.

Furthermore, one limitation is the need for proper standards
and certifications. The direct interface of power electronics con-
verters with the MV grid does not incorporate the present EV
charger standards such as CHAdeMO, GB/T, CSS Type 1, and
2. Therefore, in addition to the available standards, other power
quality certifications and standards are required for MV instru-
mentation [103, 104]. Another concern would be the life safety
issues of EV owners and other related personnel handling the
EV infrastructure.

6.2 Solutions/opportunities

Experience of SST implementation from other fields (traction-
based implementations) can be used to improve the confidence
level and maturity of the technology. The commercialization
and development of high-power semiconductor devices are in
progress. SiC and GaN based devices having 6.5 kV ratings are
also introduced in the market. However, commercial-scale prod-
ucts with robust self-healing gate driver circuits must be devel-
oped to enhance the performance, protection, and isolation of
fast-acting SSTs. Improved transformer core power handling
capability is also in progress. It mainly involves the realization
of HFT with superior magnetic materials. However, the real-
ization of the cores in SST by stacking multiple individual core
segments has been done regularly [105]. Also, the parasitics or
non-linearities of the transformer must be minimized to avoid
any EMI/over-voltage issues occurring due to high switching
frequency operation.

SSTs can provide compatibility with the power systems hav-
ing high penetration of RESs and distributed energy storage
(DERs) by utilizing the approach of DC microgrids (MGs). The
use of SST in control of these MGs with various DC loads, such
as EVs, helps in increasing the overall efficiency of power sys-
tems by reducing the conversion stages [106, 107]. An example
of such an architecture is proposed in [108], using SST, known
as a zonal microgrid. It maintains the stability and power quality
of the MG by utilizing maximum power from RESs and PVs.

For improving the reliability aspect of SST based systems,
robust communication and data protection protocols must
be developed. The development of highly encrypted commu-
nication channels with high-level security is in the develop-
ment stages for microgrid operations. SSTs can be added as
an additional component in the development stage for wider
acceptance in the future. Protection schemes for MV power
electronics-based SSTs are proposed and reported by FRREDM
lab [109]. Moreover, the SST-based solution is utilizing its capa-
bility of reactive power compensation in the power system for
the elimination of transient fault [110]. Furthermore, whenever
a fault occurs at the distribution line, an uninterrupted power
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supply is provided by the RESs connected with the SST, thereby
ensures continuous power supply to the connected load [26].

The operation of SST at higher frequencies requires faster
communication and control platforms. With the existing tech-
nology, control platforms having 10 ns step size (100 MHz) are
available using high-end FPGAs. However, synchronization of
different FPGA boards (required for control of complex sys-
tems) may limit the application of the minimum step size. With
the improvement in the control platforms in the last decade, the
development of faster devices looks inevitable, thereby help-
ing the SST implementations. However, issues such as EMI
noise due to high frequency power signals must be accordingly
addressed.

Despite the promising benefits and several substantial poten-
tial solutions of the SST-based EV fast charging, a considerable
pushback from the industry and society is seen to fully adopt
this new concept with converters directly connected to the MV
line. However, there is a need to deploy more pilot XFC stations
to emphasize the utility and industrial benefits, which is a rea-
sonable first step toward the complete adoption of SST-based
solutions.

7 CONCLUSION

In this paper, a comprehensive comparison of using traditional
LFT and HFT is presented. The overall cost and size of SST
are comparatively less than LFT. The state-of-art SST topolo-
gies for dc fast chargers provide higher efficiency, size and cost
reduction, galvanic isolation, and better site utilization over the
existing EV fast charger topologies. In addition to the step-
down function, the SST-based solution provides reactive power
control, better power quality performance and voltage regula-
tion, and easy integration of RESs. With the adoption of SST,
XFC can mimic the refuelling experience of gasoline vehicles.
Four different emerging topologies of the SST-based solution
are presented, out of which the most SSTs adopt the type IV
topology to provide an optimized performance in the context
of size, weight, volume, and efficiency. A comprehensive com-
parison among various control techniques is made, showing the
control type, considered mitigation factors, and their benefits.
An overview of the current challenges, including protection,
metering, standardization, and certification, and their potential
solutions in the complete adoption of SST based charging solu-
tions are also discussed.
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