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Abstract : The rapid proliferation of electric vehicles (EVs) has created unprecedented demand for high-efficiency, high-power-
density isolated DC-DC converters for both on-board and off-board charging applications. This comprehensive review examines
the current state-of-the-art in isolated DC-DC converter topologies for EV charging, including Dual Active Bridge (DAB), LLC
resonant, CLLC bidirectional resonant, and Phase-Shifted Full-Bridge (PSFB) converters. The paper presents a systematic
comparison of these topologies based on efficiency, power density, control complexity, and suitability for Vehicle-to-Grid (V2G)
applications. Additionally, the impact of Wide Bandgap (WBG) semiconductors, specifically Silicon Carbide (SiC) and Gallium
Nitride (GaN), on converter performance is analyzed. Through examination of 30 peer-reviewed publications from 2020-2023, this
review identifies optimal topology-application pairings, highlights emerging trends including modular architectures for ultra-fast
charging (350 kW+), and discusses research gaps requiring further investigation. The findings indicate that SiC-based DAB and
CLLC converters achieve efficiencies exceeding 98% with power densities above 2 kW/L, making them particularly suitable for
next-generation EV charging infrastructure.

IndexTerms - DC-DC converters, electric vehicles, dual active bridge, LLC resonant, CLLC, phase-shifted full-bridge, SiC
MOSFET, GaN HEMT, V2G, fast charging

I. INTRODUCTION

The global transition toward sustainable transportation has positioned electric vehicles as a cornerstone of decarbonization efforts,
with the International Energy Agency projecting over 300 million EVs on roads by 2030 [1]. This exponential growth has intensified
the demand for efficient, reliable, and high-power charging infrastructure. At the heart of every EV charging system lies the DC-DC
converter, which plays a critical role in managing power flow between the grid, charging station, and vehicle battery [2]. Isolated
DC-DC converters are preferred for EV applications due to their inherent safety benefits, providing galvanic isolation between the
high-voltage battery pack (typically 300-800V) and external systems [3]. The isolation requirement is particularly important for on-
board chargers (OBCs) that connect directly to the AC grid and for DC fast charging stations where multiple vehicles may charge
simultaneously [4]. Furthermore, the emergence of Vehicle-to-Grid (V2G) technology, enabling bidirectional power flow between
EVs and the electrical grid, has added new requirements for converter design, necessitating efficient operation in both charging and
discharging modes [5]. The evolution of power semiconductor technology has fundamentally transformed converter design
possibilities. Wide Bandgap (WBG) semiconductors, particularly Silicon Carbide (SiC) MOSFETs and Gallium Nitride (GaN) High
Electron Mobility Transistors (HEMTS), offer superior switching characteristics compared to traditional Silicon (Si) devices [6]. SiC
devices enable efficient operation at switching frequencies exceeding 100 kHz with voltage ratings up to 1700V, making them ideal
for high-power EV charging applications [7]. GaN HEMTSs, with their exceptional switching speeds and low gate charge, are
increasingly adopted in lower-power OBCs where switching frequencies in the megahertz range can significantly reduce passive
component sizes [8].

This paper provides a comprehensive review of isolated DC-DC converter topologies for EV applications, addressing five key
objectives. First, it presents a systematic classification of isolated DC-DC converter topologies based on power flow capability and
switching characteristics. Second, it provides detailed analysis of dominant topologies including DAB, LLC, CLLC, and PSFB
converters with their operating principles and design considerations. Third, it offers a quantitative comparison of efficiency and power
density achievements reported in recent literature, synthesizing data from 30 peer-reviewed publications. Fourth, it assesses the
impact of WBG semiconductor technology on converter performance, comparing SiC and GaN devices with traditional silicon
solutions. Finally, it identifies research gaps and proposes future research directions to guide ongoing development efforts.

The remainder of this paper is organized as follows. Section Il presents the classification of isolated DC-DC topologies based on
power flow direction, switching mechanism, and resonant characteristics. Section 11l provides detailed analysis of each major
topology, including operating principles, modulation strategies, and recent research advances. Section IV discusses semiconductor
technology considerations, comparing Silicon, SiC, and GaN devices for EV charging applications. Section V presents comparative
analysis and discussion of efficiency and power density achievements. Section VI covers emerging trends and applications including
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ultra-fast charging, 800V systems, wireless power transfer, and VV2G infrastructure. Section VII identifies research gaps, and Section
VIl concludes with a summary of key findings and recommendations.

Il. CLASSIFICATION OF ISOLATED DC-DC CONVERTER TOPOLOGIES

Isolated DC-DC converters for EV applications can be classified based on multiple criteria including power flow direction,
switching mechanism, and resonant characteristics. Figure 1 presents a comprehensive taxonomy of the converter topologies
discussed in this review.

Isolated DC-DC Converters
for EV Applications
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Figure 1: Hierarchical classification of isolated DC-DC converter topologies for electric vehicle applications, categorized by power
flow direction (unidirectional vs. bidirectional) and switching characteristics.

2.1 Classification by Power Flow Direction

2.1.1 Unidirectional converters

These converters transfer power in a single direction, typically from the grid or charging station to the EV battery. These
topologies are simpler in design and control, making them suitable for applications where V2G functionality is not required [9].
Common unidirectional topologies include LLC resonant converters, Phase-Shifted Full-Bridge (PSFB) converters, and flyback
converters for auxiliary power applications [10].

2.1.2 Bidirectional converters

These converters enable power flow in both directions, supporting Grid-to-Vehicle (G2V) charging and Vehicle-to-Grid (V2G)
discharging. The bidirectional capability is increasingly important as V2G technology matures, enabling EVsto provide grid services
such as frequency regulation, peak shaving, and backup power [11]. The Dual Active Bridge (DAB) and CLLC resonant converters
are the dominant bidirectional topologies in current research and commercial development [12].

2.2 Classification by Switching Mechanism

2.2.1 Hard-switching converters

Hard-switching converters operate with significant overlap between switch current and voltage during transitions, resulting in
switching losses that increase with frequency. While simpler to design, hard-switching converters are generally limited to lower
switching frequencies (typically below 50 kHz) to maintain acceptable efficiency [13].

2.2.2 Soft-switching converters

Soft-switching converters achieve Zero Voltage Switching (ZVS) and/or Zero Current Switching (ZCS), minimizing switching
losses and enabling higher operating frequencies [14]. The Phase-Shifted Full-Bridge converter achieves ZVS through phase-shift
control, while resonant topologies (LLC, CLLC) inherently provide soft-switching through their resonant tank characteristics [15].
Soft-switching is essential for high-efficiency operation, particularly when utilizing WBG semiconductors at frequencies above 100
kHz [16].

2.3 Classification by Resonant Characteristics

2.3.1 Non-resonant converters

Non-resonant converters such as the basic DAB and PSFB rely on inductive energy storage and PWM or phase-shift modulation
for voltage regulation. These topologies offer straightforward control but may suffer from circulating currents under light load
conditions [17].
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2.3.2 Resonant converters

Resonant converters incorporate LC tank circuits that enable soft-switching operation and sinusoidal current waveforms. The
LLC converter uses a series-parallel resonant tank, while the CLLC topology extends this concept with symmetric resonant tanks on
both primary and secondary sides for bidirectional operation [18]. Resonant converters typically achieve the highest efficiencies but
require careful design of the resonant tank parameters to maintain soft-switching across the operating range [19].

The key characteristics of major isolated DC-DC converter topologies for EV applications are summarized in the table below.

Table I: Summary of Isolated DC-DC Converter Topologies for EV Applications

Topology Power Flow Soft-Switching Typical Efficiency Power Range Primary
Application
DAB Bidirectional ZVS 94-98% 1-100 kW On-Board Charger,
Vehicle-to-Grid
LLC Unidirectional ZVS 95-98% 1-22 kKW On-Board Charger
CLLC Bidirectional ZVS 97-98.5% 3-11 kW On-Board Charger,
Vehicle-to-Grid
PSFB Unidirectional ZVS 93-96% 1-10 kW On-Board Charger,
Auxiliary Power
Module
Flyback Unidirectional Hard/Soft 85-92% 10-200 W Auxiliary Power
Module
Forward Unidirectional Hard 88-93% 100-1000 W Auxiliary Power
Module

I1l. DETAILED ANALYSIS OF MAJOR TOPOLOGIES

This section provides in-depth analysis of the dominant isolated DC-DC converter topologies for EV charging applications,
including operating principles, modulation strategies, design considerations, and recent research advances.

3.1 Dual Active Bridge (DAB) Converter

The Dual Active Bridge converter, first introduced by De Doncker et al. in 1991 [33], has become one of the most extensively
studied topologies for bidirectional EV charging due to its symmetrical structure, inherent soft-switching capability, and excellent
power density [12]. Figure 3 shows the circuit schematic of a typical DAB converter.

3.1.1 Operating Principle
A dual active bridge (DAB) converter consists of two full-bridge converters connected through a high-frequency transformer. Power
transfer is controlled by adjusting the phase shift (¢) between the primary and secondary bridge switching signals [34]. For Single
Phase Shift (SPS) modulation, the power transfer relationship is:

P=(nx Vin x Vout/ (2 x pi x fs x L)) x ¢ x (1 — |p|/pi),

where n is the transformer turns ratio, Vin and Vout are the input and output voltages, fs is the switching frequency, L is the
equivalent series inductance, and ¢ is the phase shift angle [35].

Dual Active Bridge (DAB) DC-DC Converter Schematic

Figure 3: Circuit schematic of the Dual Active Bridge (DAB) isolated DC-DC converter showing primary-side full-bridge (S1-S4),
high-frequency transformer with leakage inductance LIk, and secondary-side full-bridge (S5-S8).
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3.1.2 Modulation Strategies

SPS modulation is the simplest approach, but it can produce high circulating currents and lose zero-voltage switching (ZVS)
under light load or when the voltage conversion ratio deviates significantly from unity [36]. Dual Phase Shift (DPS) introduces a
secondary phase shift within one bridge; Zhao et al. [37] showed it can reduce RMS current stress by up to 30% while maintaining
ZV/S across a wider operating range. Triple Phase Shift (TPS) uses three independent phase shifts to optimize multiple objectives;
Tang et al. [38] proposed an Al-based Hybrid Extended Phase Shift (HEPS) method that achieved 97.1% peak efficiency with full-
range ZVS on a 1 kW prototype. Extended Phase Shift (EPS) refinements also address practical timing effects; Jin et al. [39]
developed improved triple-phase-shift control that considers dead time, achieving all-switch ZVS while minimizing current stress.

3.1.3 Design Considerations

Krismer and Kolar [40] provided foundational analytical solutions for DAB optimization, including closed-form expressions for
minimum-conduction-loss modulation, and later extended this work to efficient ZVS modulation that incorporates nonlinear parasitic
output capacitance effects [41]. The series inductance, often combining transformer leakage inductance with an external inductor,
sets the power transfer capability and must be chosen to balance operating range against circulating current magnitude [42]. The
transformer turns ratio should be selected around the nominal conversion ratio to reduce RMS currents at the most frequent operating
point. Dead time selection is critical for ZVS: insufficient dead time prevents full capacitor commutation, while excessive dead time
increases body-diode conduction losses; the best value depends on device output capacitances and operating current.

3.1.4 Recent Research Advances

Recent DAB research for EV applications focuses on wide voltage range operation, higher power prototypes, modular scaling,
and digital control. Mirtchev and Tatakis [43] developed a dual-control approach combining frequency modulation and phase-shift
control to maintain efficient soft switching across a wide EV battery range of about 250 V to 450 V. High-power demonstrations
report 10-40 kW DAB converters using SiC MOSFETs with efficiencies of 97-98% [44]. Modular architectures such as Input-Series
Output-Parallel (ISOP) support scaling to 350 kW and beyond for ultra-fast charging [45]. Advanced control methods, including
model predictive control (MPC) and sliding mode control, have been implemented on DSP/FPGA platforms to improve dynamics
and enable real-time modulation optimization [46].

3.2 LLC Resonant Converter

The LLC resonant converter is widely used for unidirectional on-board chargers because it can achieve zero-voltage switching
(2VS) for the primary switches and zero-current switching (ZCS) for the secondary diodes over a wide load range [18]. The name
comes from its resonant tank, which includes a series resonant inductor Lr, a magnetizing inductance Lm, and a series resonant
capacitor Cr.

3.2.1 Operating Principle

LLC operation is commonly described in frequency regions defined by the switching frequency (fs) relative to two resonant
frequencies: the series resonant frequency fr and the parallel resonant frequency fp. These are given by fr = 1/ (2 x pi x sgrt(Lr x
Cr)) and fp=1/(2 x pi x sqrt((Lr + Lm) x Cr)). Operating above fr helps ensure ZVS for the primary switches, while operating near
fr tends to maximize efficiency by reducing circulating current [47]. The voltage gain shape depends strongly on the inductance ratio
Ln=Lm/ Lrand the quality factor Q = sqrt(Lr / Cr) / Req, where Req is the equivalent load resistance reflected to the resonant tank
[48].

Figure 4: LLC resonant converter showing half-bridge primary with resonant tank (Lr, Lm, Cr) and center-tapped secondary
rectifier.

3.2.2 Design Optimization for EV Charging

Design work for EV charging often targets constant-power and wide-operating-range requirements. Wu et al. [22] proposed a
capacitor-clamped LLC approach that enables constant power charging at a fixed operating frequency, avoiding variable-frequency
operation that can complicate EMI filter design, which is particularly helpful during the constant-current (CC) charging phase. Wei
et al. [49] presented an automated RMS-current-based optimal design tool that co-optimizes resonant tank values, switching
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frequency range, and transformer design, reducing design time and matching experimental prototypes. More broadly, multi-
objective optimization typically aims to narrow the required switching-frequency span (to simplify EMI filtering), reduce resonant
inductor RMS current (to lower conduction losses), maximize efficiency across the full CC-CV charging profile rather than at a
single point, and preserve soft-switching under light load and voltage extremes [50].

3.2.3 Time-Weighted Average Efficiency

A key methodological shift is Time-Weighted Average Efficiency (TWAE), which optimizes efficiency over the entire charging
cycle instead of maximizing peak efficiency at one operating point [51]. Because EV charging spends substantial time in both the
CC phase (high current, rising voltage) and the CV phase (falling current as the battery fills), TWAE weights efficiency by time
spent in each phase and has been shown to yield about 2—3% higher practical efficiency than peak-optimized designs, supported by
extensive experimental validation [51].

3.2.4 High Power Density Designs

High power density LLC designs frequently use planar transformers. Reported work shows optimized planar structures can reduce
transformer height by more than 50% versus conventional wound transformers while maintaining comparable power capability
[52]. Techniques such as pattern arrangement and conductor-width optimization are used to reduce DC resistance and AC proximity
losses, and thermal validation across —40°C to +85°C has supported suitability for automotive environments [52]. Jagadan et al.
[53] also provided broader LLC design guidelines that incorporate advances in magnetic materials and semiconductors to sustain
high efficiency across the full EV charging cycle.

3.3 CLLC Bidirectional Resonant Converter

The CLLC converter adapts the LLC concept to bidirectional operation by using symmetric resonant tanks on both the primary
and secondary sides, enabling efficient power transfer in both directions and making it well suited to V2G-capable on-board chargers
[24].

3.3.1 Topology and Operation

Atypical CLLC consists of two full bridges connected through a high-frequency transformer, with resonant tanks placed on both
sides. Each tank includes a series inductor (Lr1 or Lr2), the transformer magnetizing inductance, and a series capacitor (Crl or Cr2)
[54]. The symmetry helps preserve soft-switching behavior in both grid-to-vehicle (G2V) and vehicle-to-grid (V2G) modes [25],
while power flow direction is controlled through frequency modulation and the phase relationship between the two bridges.
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Figure 5: CLLC bidirectional resonant converter with symmetric resonant tanks on primary and secondary sides enabling
bidirectional power flow for V2G applications

3.3.2 Design Methodologies

Xuan et al. [24] proposed a three-level CLLC for bidirectional EV charging in DC microgrids; by halving switch voltage stress
relative to two-level designs, it can enable lower-voltage, lower-cost devices while retaining bidirectional soft switching. Zhao et
al. [55] developed a design methodology for wide battery voltage operation using parameter-equivalent and time-domain models,
targeting 100 V to 440 V battery variation and reporting efficiency above 96% across the range with experimental validation. Min
and Ordonez [26] examined asymmetric resonant tank designs, showing that relaxing strict symmetry can improve efficiency in
certain regions and potentially simplify control compared with fully symmetric CLLC designs.

3.3.3 Performance Achievements

Recent prototypes report strong results across power levels and switching frequencies. A 300 kHz, 6.6 kW SiC-based CLLC
demonstrated 97.56% efficiency in forward mode and 97.75% in reverse at full load [56]. A 3.3 kW design using synchronous
rectification with an integrated transformer reached 97.5% peak efficiency while reducing component count [57]. Another
bidirectional resonant converter enhanced with an auxiliary LC circuit to maintain full-range soft switching achieved 98.13%
efficiency in charge mode and 98.0% in discharge mode, representing high-end performance for V2G-capable converters [58].
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3.3.4 Wide Voltage Range Operation

Maintaining high efficiency over a wide battery voltage span is a central challenge for CLLC converters in EV applications.
One solution is hybrid modulation, where Bay et al. [59] proposed reconfigurable CLLC converters that combine pulse width
modulation (PWM) and pulse frequency modulation (PFM) to extend voltage gain while keeping the switching frequency range
narrow. Another approach uses reconfigurable topologies, in which half-bridge and full-bridge modes are selectively employed to
handle extreme voltage ratios without requiring excessive frequency variation, thereby improving efficiency across the full battery
range [59].

3.4 Phase-Shifted Full-Bridge (PSFB) Converter

The Phase-Shifted Full-Bridge (PSFB) converter is widely used in EV charging because it can achieve zero-voltage switching
(2VS) for the primary switches without additional auxiliary circuits [27]. Despite this advantage, the topology suffers from drawbacks
such as duty cycle loss and a limited ZVS range under light-load conditions, which can restrict efficiency at high power.

3.4.1 Operating Principle

Ina PSFB converter, power transfer is controlled using phase-shift modulation between the leading and lagging legs of a primary
full bridge operating at a nominal 50% duty cycle [60]. ZVS is achieved using the energy stored in the switch output capacitances
and the transformer leakage inductance. Figure 6 illustrates the PSFB topology, consisting of a full-bridge primary, a transformer
with leakage inductance, and a full-bridge rectifier on the secondary side. A key limitation is duty cycle loss, which arises from the
time required for current commutation between the primary and secondary; this effect grows with load current and can significantly
reduce efficiency at higher power levels [61].

3.4.2 Improved PSFB Topologies

Several enhancements have been proposed to mitigate PSFB limitations. Lim et al. [27] introduced a center-tapped clamp circuit
that suppresses secondary voltage oscillations, removing the need for dissipative snubber circuits. This approach also reduces
conduction losses by eliminating circulating current during freewheeling intervals. Their 3.3 kW prototype maintained high
efficiency over a wide output voltage range of 270 V to 420 V, matching the requirements of EV battery charging across the full
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Figure 6: Phase-Shifted Full-Bridge converter with full-bridge primary, transformer with leakage inductance, and full-bridge
rectifier secondary.

state-of-charge range. Telrandhe et al. [62] further provided detailed design guidelines for extending ZVS operation in PSFB-based
on-board chargers, addressing component selection, dead-time optimization, and efficiency—complexity trade-offs.

3.4.3 Extended ZVS Techniques

To widen the ZVS operating region beyond that of the basic PSFB, several techniques have been reported. The coupled-inductor
current-doubler method extends ZVS from light load to full load while also reducing circulating current and voltage stress on the
output capacitor [63]. Auxiliary circuits, either active or passive, can supply additional commutation energy under light-load
conditions where transformer current alone is insufficient for full ZVS [64]. Reconfigurable secondary architectures using series
and parallel connections allow a single PSFB design to efficiently support both 400 V and emerging 800 V EV platforms, addressing
the industry shift toward higher voltage systems [65].

3.4.4 Performance with Wide-Bandgap Semiconductors

Wide-bandgap devices have further improved PSFB performance. SiC-based PSFB converters have achieved peak efficiencies
of about 96.5% at 200 kHz switching frequency, enabling notable reductions in size compared to lower-frequency silicon
implementations [66]. Such designs are especially attractive for 12 V auxiliary battery chargers where power density is critical.
GaN-based solutions have also shown strong results; for example, a 3.8 kW GaN HEMT auxiliary power module reached 96.7%
peak efficiency with a power density of 3 kW/L, highlighting the suitability of GaN devices for compact auxiliary power
applications [67].
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IV. SEMICONDUCTOR TECHNOLOGY CONSIDERATIONS

4.1 Silicon Carbide (SiC) MOSFETs

SiC MOSFETSs have revolutionized high-power EV charging applications, enabling significant improvements in efficiency and
power density compared to Si-based solutions [6]. SiC offers a bandgap of 3.3 eV compared to 1.1 eV for Si, resulting in several
superior material properties [68]. The higher bandgap enables a breakdown electric field approximately ten times greater than silicon,
allowing thinner drift regions for equivalent voltage ratings. This translates to substantially lower on-resistance for devices rated at
the same blocking voltage. SiC also exhibits thermal conductivity approximately three times higher than silicon, enabling more
efficient heat extraction from the device and higher current densities. These properties allow SiC devices to operate at junction
temperatures up to 175°C or higher, compared to typical 125-150°C limits for silicon devices [68].

Loncarski et al. [69] conducted a comprehensive comparison of SiC-MOSFET and Si-IGBT based interleaved DC-DC converters
for EV charging, demonstrating that SiC achieves efficiencies up to 98.53% compared to approximately 95-96% for Si-IGBT at
equivalent operating conditions. Ditze et al. [70] developed an 11 kW portable SiC-based charger that achieved exceptional
performance metrics. The charger demonstrated a peak efficiency of 96% with sustained efficiency of 95.8% across the full battery
voltage range. A power density of 2.3 KW/L was achieved, making the unit suitable for emergency and mobile charging applications
where portability is essential [70].

For high-power applications, research has demonstrated the substantial benefits of SiC technology. A 20 kW SiC-based isolated DC-
DC converter achieved record efficiency of 98.9%, representing the highest reported efficiency for this power class [71]. Furthermore,
power densities up to 20 KW/L have been demonstrated with advanced liquid cooling thermal management systems, indicating the
potential for extremely compact high-power designs [72].

4.2 Gallium Nitride (GaN) HEMTs

GaN devices offer exceptional switching speed and are particularly suited for lower-power, high-frequency applications where
minimizing passive component size is critical [8]. GaN HEMTSs provide several advantages derived from the material properties of
gallium nitride [73]. These devices achieve extremely fast switching transitions, typically less than 10 nanoseconds, enabling
operation at frequencies impractical for silicon devices. They exhibit very low gate charge and output capacitance, minimizing both
gate drive losses and energy lost during switching transitions. The high electron mobility characteristic of GaN enables low on-
resistance in compact die sizes. Current commercial GaN devices typically offer voltage ratings up to 650V, making them well-suited
for 400V battery systems, though higher voltage devices are under development [73].

Keshmiri et al. [6] reviewed GaN HEMT applications in electrified transportation, identifying several key trends in the field.
Operating frequencies exceeding 1 MHz have been demonstrated in practical converters, enabling dramatic reduction in passive
component sizes. Efficiencies above 97% have been achieved even at these high frequencies, and power density improvements of 2-
5 times compared to silicon-based designs have been documented. Specific GaN-based OBC implementations have demonstrated
impressive performance. A 7.2 kW Level 2 on-board charger achieved a power density of 2.5 KW/L with efficiency exceeding 96%
[74]. A 6.6 kW bidirectional on-board charger demonstrated 2.2 kW/L power density with efficiency above 97% while providing full
V2G capability [75]. For light EV applications, Tandon et al. [76] demonstrated compact 3.3 kW LLC designs for 72V systems.
Ammar et al. [77] presented a GaN-based CLLC converter for plug-in EV on-board chargers, demonstrating the feasibility of
combining GaN semiconductor technology with bidirectional resonant topologies.

4.3 Selection Guidelines
Guidance for semiconductor technology selection based on application requirements is provided below.

Table I1: Semiconductor Technology Selection for EV Charging Applications

Parameter Silicon (Si) SiC MOSFET GaN HEMT
Voltage Rating Up to 1200V Up to 1700V Up to 650V
Optimal Frequency <50 kHz 50-300 kHz 100 kHz - 2 MHz
Efficiency Potential 92-95% 96-99% 95-98%
Power Range Any 1 kW - 500 kW 1 kW - 22 kw
Thermal Conductivity Low High Medium
Cost (relative) 1x 2-3% 3-5%
Suitable Applications High-power, low-freq High-power OBC, Fast Compact OBC, Aux power
charging
Maturity Mature Production Emerging
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4.4 Hybrid Approaches

Some applications benefit from combining SiC and GaN devices within a single converter system, leveraging the strengths of
each technology [78]. In such hybrid architectures, SiC devices are typically employed for primary-side high-voltage switching where
their high voltage capability and excellent thermal conductivity provide advantages. GaN devices are used for secondary-side
synchronous rectification where their fast switching speeds minimize reverse recovery losses and enable highly efficient rectification.
This approach optimizes each device for its respective strengths, potentially achieving higher overall performance than either
technology alone.

V. COMPARATIVE ANALYSIS

5.1 Efficiency Comparison

A comparative analysis of efficiency achievements across different converter topologies based on data reported in recent literature is
given in the below figure. The comparison reveals several key observations. First, WBG semiconductors enable significant efficiency
gains, with SiC-based DAB converters achieving 4-5% higher efficiency compared to Si-based implementations at equivalent power
levels [69]. Second, resonant topologies dominate high-efficiency applications, as LLC and CLLC converters achieve 97-98.5%
efficiency through inherent soft-switching across the operating range [24], [58]. Third, PSFB efficiency is notably load-dependent,
with these converters achieving excellent efficiency at medium-to-high loads but suffering efficiency degradation under light load
due to ZVS range limitations [27]. Fourth, flyback converters suit only low-power applications, with efficiencies typically below
90% making them appropriate only for auxiliary power supplies [30].

Comparison of Peak Efficiency for Isolated DC-DC

Converter Topologies in EV Applications.
100%
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Figure 7: Bar chart comparison of peak efficiencies achieved by different isolated DC-DC converter topologies for EV applications.
SiC-based implementations of DAB and CLLC converters demonstrate the highest efficiencies (>98%).

5.2 Power Density Comparison

The power density achievements for different topologies and semiconductor technologies are summarized in Table Ill. This
comparison reveals three key observations: GaN technology enables the highest power density in the sub-10 kW range, as switching
frequencies above 500 kHz significantly reduce passive component sizes, enabling power densities up to 3 kW/L [8]. SiC
technology achieves an optimal balance for high-power applications, with power densities of 2-3 kW/L achievable at 10-20 kW
power levels while maintaining efficiencies above 96% [70]. Advanced thermal management is essential for extreme power density,
as achieving power densities above 10 kW/L requires sophisticated liquid cooling systems with carefully designed cold plates and
thermal interface materials [72].

Table I11: Power density comparison across six topologies.

Reference Topology Semiconductor Power (kW) Efficiency (%)
Ditze et al. [70] LLC SiC 11 96.0
Williamson et al. [72] DAB SiC High-power >97
Tandon et al. [76] LLC GaN 3.3 >05
Bay et al. [59] CLLC GaN 6.6 >97
J. Luetal. [67] PSFB GaN 3.8 96.7
Commercial OBC LLC Si 6.6 94
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5.3 Topology Selection Criteria

Based on the comprehensive analysis, the following guidelines for topology selection are proposed for various EV charging
applications. For bidirectional V2G applications, the CLLC topology is recommended for 3-11 kW on-board chargers due to its
symmetric efficiency in both charging and discharging directions, which is essential for maintaining overall system efficiency when
providing grid services [24]. For applications requiring higher power levels, the DAB topology is preferred due to its simpler control
scaling characteristics and well-established modulation strategies [20].

For unidirectional on-board chargers where V2G functionality is not required, the LLC topology provides optimal efficiency
combined with control simplicity, making it the dominant choice in commercial implementations [18]. The PSFB topology offers
comparable performance with reduced component count, which may be advantageous in cost-sensitive applications [27]. For high-
power DC fast charging stations operating at 150-350 kW, modular DAB architectures with Input-Series Output-Parallel (ISOP)
configuration provide the best combination of scalability, efficiency, and redundancy [45]. SiC devices are essential for achieving
efficiency above 97% at these power levels, as silicon-based solutions cannot match the switching performance required [69].

For auxiliary power applications providing 12V or 24V outputs for vehicle systems, the flyback topology is appropriate for low
power levels below 100W due to its simplicity and low component count [30]. For higher power auxiliary systems, the PSFB
topology provides better efficiency while maintaining reasonable complexity [67].

V1. EMERGING TRENDS AND APPLICATIONS

6.1 Ultra-Fast and Megawatt Charging

The demand for ultra-fast charging (150-350 kW) and emerging megawatt charging (>350 kW) for heavy-duty vehicles presents
new challenges for converter design [79]. Liu et al. [79] reviewed power electronic converters for 350 kW and above infrastructure,
identifying several key requirements for these high-power installations. Modular architectures are essential for providing scalability
to different power levels and redundancy for improved system availability. SiC-based power stages are necessary for managing
thermal challenges at high power densities while maintaining acceptable efficiency. Grid interface considerations become critical
at these power levels, as installations may require dedicated medium-voltage connections and power factor correction. Furthermore,
standardization efforts through organizations such as CharIN and CHAdeMO are essential for ensuring interoperability across
different manufacturer equipment.

Li et al. [80] analyzed next-generation DC fast charging challenges, addressing several critical issues. These include compatibility
with emerging 800V EV architectures that require wider voltage range operation, strategies for mitigating the impact of high-power
charging on electrical distribution grids, and thermal management solutions for maintaining compact installation footprints despite
higher power dissipation.
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Figure 8: Progression of EV charging power levels from Level 1 (1-2 kW) to Megawatt Charging (350 kW+), showing
corresponding converter topologies, typical charge times, and architectural approaches.

6.2 800V Battery System Compatibility
The transition from 400V to 800V EV battery architectures, as exemplified by vehicles such as the Porsche Taycan and Hyundai

lonig 5, presents both opportunities and challenges for converter design [81]. The higher voltage architecture offers several
significant opportunities. Lower currents for equivalent power levels reduce conductor and connector losses, enabling more efficient
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power delivery. The charging system can achieve higher overall efficiency due to reduced I2R losses throughout the power path.
Additionally, faster charging at high power levels becomes practical since thermal limits are encountered at higher power due to
the reduced current.

However, this transition also presents substantial challenges. Converters must accommodate wide voltage range operation spanning
from 250V to 920V to support both depleted and fully charged battery states at both 400V and 800V nominal levels. Higher voltage
semiconductor devices with ratings above 1200V are required, limiting options to SiC devices for optimal performance. Backward
compatibility with 400V infrastructure remains important during the transition period, requiring either dual-voltage charging
capability or on-vehicle voltage conversion.Reconfigurable converter topologies have been proposed to address voltage range
requirements, with series/parallel secondary reconfiguration enabling single designs to serve both 400V and 800V platforms [65].

6.3 Wireless Power Transfer Integration

Wireless Power Transfer (WPT) for EVs represents an emerging area requiring specialized isolated DC-DC converters. Mahesh et
al. [82] provided a comprehensive review of inductive WPT technology, examining several key aspects. Various coil topologies have
been investigated, including Circular, Double-D (DD), and Double-D Quadrature (DDQ) configurations, each offering different
trade-offs between coupling coefficient and misalignment tolerance. Compensation networks ranging from simple series-series
configurations to more complex LCC and higher-order topologies have been developed to optimize power transfer efficiency and
provide load-independent operation. System efficiencies of 87-93% have been demonstrated with proper design of both coil and
compensation network parameters.

The DC-DC converter in WPT systems must accommodate several unique requirements. High-frequency operation at 85 kHz, as
specified by the SAE J2954 standard, requires careful attention to switching losses and electromagnetic interference. Variable
coupling coefficients due to vehicle positioning variation necessitate robust control strategies that maintain efficiency across a range
of coupling conditions. For future VV2G-enabled wireless systems, bidirectional power flow capability will be required, adding
complexity to both the converter topology and control system [83].

6.4 Vehicle-to-Grid (V2G) Infrastructure

V2G technology enables EVs to function as distributed energy resources, providing grid services such as frequency regulation, peak
shaving, and backup power while the vehicle is parked [5]. Bidirectional converters for V2G applications must meet several
demanding technical requirements. Seamless mode transitions between charging and discharging are essential to avoid disruption to
either the vehicle charging process or grid services. Grid synchronization must be maintained with low harmonic distortion to meet
utility interconnection standards. Additionally, reactive power compensation capability enables the converter to provide voltage
support services to the local grid [84].

Researchers have developed various advanced control strategies specifically for V2G bidirectional converters. These include Integral
Fast Terminal Synergetic Control for accurate current and voltage tracking with fast dynamic response [85], ANFIS-based controllers
that employ artificial neural networks and fuzzy inference systems for intelligent power flow regulation under varying conditions
[86], and modified single phase shift modulation techniques optimized for DAB-based V2G systems to maximize efficiency across
the operating range [87]. Both on-board and off-board V2G integration architectures have been investigated in the literature [88].
On-board solutions integrate the bidirectional capability within the vehicle's existing charging system, enabling V2G functionality
wherever the vehicle is parked without requiring specialized infrastructure. Off-board solutions locate the bidirectional converter at
the charging station, allowing aggregation of multiple vehicles for larger grid services and potentially reducing vehicle cost and
weight at the expense of requiring specialized V2G-capable charging infrastructure.

VII. CONCLUSION

This paper synthesized recent advances in isolated DC-DC converters for electric vehicle charging by analyzing 30 peer-reviewed
studies published between 2020 and 2023. Dual Active Bridge and CLLC converters clearly dominate bidirectional V2G applications,
while LLC resonant topologies remain preferred for unidirectional on-board chargers due to their robust soft-switching performance.
The adoption of wide bandgap semiconductors has been transformative, enabling efficiencies above 98% and power densities of 2—
3 KWL in practical 10-20 kW systems, with even higher densities achievable under advanced thermal management. For ultra-fast
charging at 150-350 kW, modular architectures based on ISOP or parallel building blocks have emerged as the most scalable and
maintainable solution, supporting redundancy and flexible system expansion.
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