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ABSTRACT

The widespread adoption of electric vehicles (EVSs) hinges critically on the availability of rapid,
reliable, and efficient charging infrastructure. DC fast charging (DCFC) has emerged as the most
promising solution to alleviate range anxiety and reduce charging time to levels comparable with
conventional refueling. This paper presents a comprehensive review of DCFC systems for EVSs,
focusing on power electronic architectures, charging standards, grid integration challenges,
thermal management, battery degradation effects, and emerging ultra-fast charging technologies.
Key topologies such as off-board isolated and non-isolated converters, Vienna rectifiers, and three-
level active neutral-point-clamped (ANPC) converters are analyzed. The paper also discusses the
impact of DCFC on lithium-ion battery health, the role of artificial intelligence in intelligent
charging scheduling, and future directions including megawatt-level charging for heavy-duty
vehicles. Finally, a comparative assessment of global standards (CHAdeMO, CCS, GB/T, NACS)

and their evolution is presented.
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I. INTRODUCTION

The transportation sector accounts for approximately 24% of global CO. emissions, prompting a
decisive shift toward electric mobility. As of 2025, EV sales exceed 20 million units annually, yet
public charging infrastructure—especially fast charging—remains a bottleneck. Level 1 and Level
2 AC chargers provide 1.4-19.2 kW, requiring 4-12 hours for a full charge. In contrast, DC fast
chargers bypass the vehicle’s onboard charger and deliver 50-350 kW directly to the battery,
enabling 80% state-of-charge (SoC) in 15-30 minutes.

This paper aims to synthesize state-of-the-art DCFC technologies, identify technical challenges,
and project future trends. The scope includes power converter topologies, standards and protocols,
grid impacts, battery compatibility, thermal issues, and safety mechanisms. Unlike previous
reviews, this paper integrates recent developments in 800 V battery systems, megawatt charging

for electric trucks, and Al-based load management.

The remainder of this paper is organized as follows: Section |1 describes DCFC system architecture
and classification. Section Il reviews power converter topologies. Section IV examines charging
standards and connectors. Section V analyzes grid integration and power quality. Section VI
discusses battery degradation and thermal effects. Section VII presents future technologies.
Section VIII concludes the paper.

Il. SYSTEM ARCHITECTURE OF DC FAST CHARGER

A DCFC station consists of:

Grid connection (3-phase AC, 480 V — 13.8 kV)

Isolation transformer (optional, for safety and voltage matching)
Active front-end rectifier (PFC + DC link)

DC-DC converter (galvanically isolated or non-isolated)
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Charging cable and connector (liquid-cooled for >200 A)
Control and communication unit (1ISO 15118, PLC, or CAN)

Thermal management system (air or liquid cooling)

DCFC systems are classified as:

Standalone unit (50-150 kW, one vehicle at a time)
Multi-port dispenser (shared power, dynamic allocation)
Containerized ultra-fast charger (350 kW — 1.2 MW)

Fig. 1 (conceptual in text) shows the block diagram: 3-phase AC — EMI filter - AC/DC (Vienna
or 2-level) — DC link (800 V, 1500 V) — Isolated DC/DC (DAB or LLC) — Battery.

Modern DCFCs support plug-and-charge (1SO 15118) and VV2G-ready architectures.
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Fig, 1. Typical architecture of a DC fast charging (DCFC) system.
The system consists of AC grid interface, EMI filter, active front-end rectifier (Vienna/ANPC), DC link, isolated DC/DC converter
(DAB/LLC), BV hattery pack, and liquid-cooled charging cable. Control & communication unit hased on 1SO 15118/PLC/CAN

manaces the oneration. Ontional integration with BESS and PV is also shown.
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I11. POWER ELECTRONIC CONVERTER TOPOLOGIES

A. AC-DC Rectifier Stage

The front-end rectifier must achieve high power factor (PF > 0.99) and low total harmonic

distortion (THD < 5%). Common topologies:
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Fig. 2. Efficiency comparison of major AC-DC converter topologies used in DCFC systems.

The 3-level ANPC ropology using SiC devices offers the highest efficiency (—=99%) across
the power range and is preferred for high-power (150-350 kW) applications.
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o Power Typical

Topology Efficiency _ Cost
Density Power
Vienna rectifier _ )
o 98% High Medium 10-100 kW
(unidirectional)
2-level active PWM rectifier ) )
97.5% Medium Medium 50-150 kw

(IGBT)
3-level NPC or ANPC (SiC) 99% Very high High 150-350 kW

Three-level ANPC using SiC MOSFETSs is preferred for 350-800 V DC link due to reduced
voltage stress, lower dv/dt, and higher switching frequency (50-100 kHz).
B. DC-DC Converter Stage

Isolation is mandatory for safety (galvanic isolation). Common isolated topologies:

Dual Active Bridge (DAB) : Bidirectional (V2G support), soft-switching, wide voltage range.
Efficiency 98.5% at 150 kW.

LLC resonant converter: High efficiency at fixed voltage ratio, limited output range.

Series Resonant Converter (SRC) with variable frequency control.

For ultra-fast charging (350 kW+), three-phase DAB or modular multilevel converter
(MMC) based DC-DC is emerging.

Non-isolated (rare in DCFC) is used only in off-board chargers with separate isolation transformer
ahead.

C. Modular Approach
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Most commercial DCFCs (e.g., ABB Terra 360, Delta Ultra) use modular converters: 15-30 kW

modules paralleled to achieve 150-350 kW. Advantages: redundancy, hot-swap, scalability.

D. Comparison of Semiconductor Devices

Device Voltage Switching Freq. Relative Cost Used in DCFC

Si IGBT 1200 V 2-10 kHz 1x Older 50 kW

SiC MOSFET 1200-1700 V 20-100 kHz 3-5x 150-350 kW

GaN HEMT 650 V 100 kHz-1 MHz 2-3X Low power (<50 kW)

SiC MOSFETs are now dominant in 350 kW DCFC due to lower losses and smaller passive

components.

IV. CHARGING STANDARDS AND CONNECTORS

Four major DCFC standards exist:
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Max Max Max o ]
Standard Communication Region
Voltage Current Power
CHAdeMO Japan, early
1000 V 500 A 500 kW CAN
3.0 usS
500 A
350-
(2000 A PLC (1SO Europe,
CCS1/CCS2 1000 V o 1000 _
liquid- 15118) N.America
kw
cooled)
GB/T 1200 )
1500 V 800 A CAN/PLC China
20234.3 kw
North
NACS (SAE 1000 )
1000 V 1000 A PLC America
J3400) kw
(Tesla)

CCS (Combined Charging System) has become the dominant global standard outside China,

with >60% of fast chargers. Tesla’s NACS is rapidly gaining adoption in North America (Ford,

GM, Rivian adopting in 2025).

Communication Protocols

ISO 15118: Plug & charge, V2G, secure authentication, automatic billing.

DIN 70121 (legacy for CCS).

CHAdeMO 3.0 supports 500 kW and V2X.

The trend is toward universal interoperability, though adapter wars persist.
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V. GRID INTEGRATION AND POWER QUALITY CHALLENGES

A. Impact on Distribution Grid

A single 350 kw DCFC draws 875 A at 400 V (three-phase) — equivalent to 350 homes. Clusters
of DCFCs cause:

Voltage sags and flicker

Transformer overloading

Harmonic distortion (especially with 6-pulse rectifiers)
Peak demand charges ($15-30/kW/month)

B. Mitigation Strategies

Battery Energy Storage System (BESS) — buffers peak power, reduces grid stress. Example: 500
kWh/1 MW BESS enables 4x 350 kW chargers with only 500 kVVA grid connection.

Local PV integration — reduces net demand.

. Active front-end with harmonic filtering — Vienna rectifier + LCL filter.

. Smart charging with load balancing — dynamic power allocation among dispensers.

C. Power Quality Standards

Compliance with IEEE 519-2022 (harmonic limits) and IEC 61000-3-12 is mandatory. For >50
kW chargers, THD < 5% at PCC.

D. V2G and Bi-directional Charging

Using DAB topology, DCFC can support V2G, providing grid frequency regulation and peak

shaving. However, battery cycle life impact and inverter cost remain barriers.
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VI. IMPACT ON LITHIUM-ION BATTERY AND THERMAL MANAGEMENT

A. Degradation Mechanisms

DCFC accelerates:

Lithium plating at high C-rates (>3C) and low temperatures (<15°C)
Solid-electrolyte interphase (SEI) growth — loss of cyclable lithium
Temperature rise — each 10°C above 35°C halves lifespan

Studies show: 350 kW charging (6C for a 60 kWh pack) can reduce cycle life by 30-40%
compared to 0.5C charging. However, newer 800 V batteries (e.g., Porsche Taycan, Lucid Air)
with 4C-6C ratings minimize degradation via adaptive charge curves.

B. Thermal Management

At 350 kW, losses in charger (=7 kW) and battery (=10-15 kW) require active liquid cooling.

Charger cooling: liquid-cooled cables (up to 500 A continuously), cold plates for SiC modules.
Battery pre-conditioning: heating/cooling to 25-35°C before DCFC.

Advanced strategies: model predictive thermal control reduces degradation by 15%.

C. Charging Algorithms

Multi-stage constant current (MCC) and pulse charging reduce plating compared to simple CC-

CV. Al-based adaptive charging uses battery health models.

VIl. EMERGING TECHNOLOGIES AND FUTURE TRENDS
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A. Megawatt Charging System (MCS)

For electric trucks (Tesla Semi, Volvo VNR Electric), MCS targets 3.75 MW at 1500 V / 3000 A.
Connector design released by CharIN (2024). Pilot stations operational in Europe (2025).

B. Solid-State Transformer (SST)

Replaces line-frequency transformer + rectifier + DC-DC with a high-frequency matrix converter.
Advantages: 30% volume reduction, built-in power quality control. Challenges: complexity, cost.
C. 1000-1500 V DC Architecture

Moving to higher voltage reduces cable current and losses. New SiC devices rated at 1700 V and
3300 V enable 1.5 kV DC link.

D. Al & Digital Twin for Predictive Maintenance

Machine learning models predict IGBT degradation, connector wear, and battery state using partial
discharge and thermal data.

E. Wireless Ultra-Fast Charging (Experimental)

300 kW inductive charging for buses (Oak Ridge National Lab, 2025). Efficiency 95% at 25 cm
gap.

F. Blockchain-based Energy Settlement

Peer-to-peer energy trading at charging hubs using smart contracts.

VIll. COMPARATIVE ANALYSIS AND OPEN CHALLENGES

10
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Parameter 2020 (Baseline) 2025 (Current) 2030 (Forecast)
Max power (cars) 150 kw 350 kW 500-600 kw
Max power (trucks) — 1.2 MW 3.75 MW (MCS)
Efficiency (full ]

93% 96% 98% (SiC+GaN)
system)
\/oltage platform 400 V 800 V 1200-1500 V
Charging time (10— ] ) )

30 min 15 min 8-10 min
80%)

Unified (likely NACS or

Connector standard CCS/CHAdeMO CCS+NACS+MCS

MCS)

Open challenges:

Standardization of communication and connectors globally.

Battery swap vs. ultra-fast charging — NIO battery swap (5 min) remains competitive.

Grid upgrade cost — one 350 kW DCFC requires transformer upgrade costing $50k—$200k.

Thermal runaway risk — high-power charging increases fire probability.

IX. CONCLUSION

DC fast charging is the key enabler for long-distance EV adoption and electric freight. This review

has systematically covered the converter topologies, standards, grid issues, battery impact, and

future megawatt-level systems. SiC-based three-level ANPC converters with bidirectional DAB

and liquid cooling represent the current state-of-the-art for 350 kW chargers. The shift to 800

1500 V platforms, MCS for trucks, and Al-based smart charging will define the next decade.

11
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However, grid infrastructure readiness, battery degradation at high C-rates, and connector
interoperability remain unresolved. Future research must focus on ultra-efficient wide-bandgap

converters, solid-state transformers, and wireless ultra-fast charging with minimal grid impact.
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