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MarSum Solutions: Ultra-Fast EV Charging Infrastructure: Power Electronics 
Challenges and Solutions (150 kW, 350 kW, and Beyond) 

 

 
Ultra-fast EV charging sites are no longer just “chargers.” At 150 kW to 350 kW per vehicle (and higher for fleets and 
heavy-duty use cases), a charging location becomes a grid-connected power conversion system where architecture 
choices directly determine efficiency, thermal margin, site scalability, and the ability to meet regional deployment 
requirements. This paper describes the power electronics behind high-power DC charging, with a focus on modular 
rectifier and DC/DC design patterns, grid integration constraints (harmonics, power factor, and load management), cooling 
challenges at high current, and emerging medium-voltage approaches including solid-state transformers. Real-world site 
archetypes, from highway corridors to fleet depots, illustrate why successful deployments treat power electronics, 
controls, and infrastructure constraints as an integrated system. 
 

Why ultra-fast charging is fundamentally a power electronics problem 

As charging power rises, current becomes the dominant stressor. Higher current increases current-related conduction 
losses, drives connector and cable heating, increases heat generation and thermal gradients within converters, and 
amplifies the impact of stray inductance and fast switching edges on EMI. At the same time, station operators and utilities 
care less about peak nameplate ratings than repeatable delivered energy, uptime, and predictable grid behavior. These 
competing demands push modern charging sites toward architectures that can scale power in modular increments, share 
power dynamically across dispensers, and maintain compliance with utility and regulatory expectations. 
 
A useful mental model is to treat a charging station as a controlled energy pipeline: the grid provides AC power with 
constraints, the station converts it into a regulated DC bus, and that bus is distributed to one or more charging outputs 
based on demand, thermal limits, and site constraints. 
 

What is inside a high-power DC fast charger 
Most ultra-fast DC charging systems can be described as a small set of tightly coupled power stages. 
 

Grid interface and switchgear 
The site connects to a utility service, with protection and 
metering equipment that must satisfy local interconnection 
rules, available capacity, and measurement accuracy 
requirements. 
 

AC/DC front end 
This stage converts three-phase AC to a DC link. 
Depending on power level, it may be implemented as a 
diode rectifier, a multi-pulse rectifier arrangement, or an 
active front end (AFE) that shapes input current for power 
factor correction and harmonic reduction. 
 

DC link and buffering 
A DC link provides energy storage and decouples fast load 
dynamics from the grid. At high power, capacitor selection, 
ripple current handling, and physical placement become 
key determinants of performance and reliability. 

 
DC/DC output regulation 
Many systems use one or more DC/DC stages to regulate 
output voltage and current to the vehicle, and to enable 
power sharing or isolation strategies depending on the 
design goals. 
 

Dispenser, cable, and connector interface 
At the highest currents, the interface hardware becomes a 
limiting component. Liquid-cooled high-power charging 
cables, for example, are designed to sustain high 
continuous current with temperature sensing and cooling 
integration; commercial hardware commonly supports 
around 500 A continuous, with boost modes above that, 
and some newer systems support more than 600 A 
continuous. 
 

 
A key design takeaway is that charger performance is rarely limited by only one stage. Front-end harmonic constraints, 
DC link thermals, DC/DC switching behavior, and cable temperature rise all interact, especially when multiple vehicles 
charge concurrently. 
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Modular architectures: scaling from 150 kW cabinets to multi-megawatt sites 

Modern sites frequently scale by assembling a larger system from repeating power blocks. This is not just a packaging 
preference. It is an engineering response to maintainability, thermal zoning, and redundancy. 
 
In a modular system, the station power cabinet contains multiple converter modules that feed a shared DC bus or a 
structured internal distribution network. That hardware structure allows the site controller to route available converter 
capacity to one or many dispensers as vehicle demand changes. This enables several practical advantages: 
 

• Serviceability: Modules can be swapped in the field, reducing downtime and eliminating the need for deep 
component-level repair on-site. 

• Scalability: A site can be deployed at a lower initial power and expanded by adding modules or cabinets as 
demand increases. 

• Redundancy: N+1 strategies become possible, where one extra module beyond the minimum required capacity 
allows a site to continue operating, possibly derated, even if a module fails. 
 

A real-world illustration of cabinet-level scaling is Tesla’s V3 Supercharging architecture, which describes a 1 MW power 
cabinet supporting up to 250 kW per car under suitable conditions. While implementations differ across manufacturers, 
the underlying pattern is consistent: modular conversion enables high total site power without making any single converter 
block too large to service, cool, or derate gracefully. 
 

Grid integration: harmonics, power factor, and load management  

Once charger power approaches the scale of commercial loads, grid behavior becomes central. Utilities and site hosts 
care about harmonic distortion, power factor, peak demand, and how quickly loads step up or down. These are not 
secondary considerations. They shape which front-end topology makes sense and whether a site can interconnect without 
costly infrastructure upgrades. 
 

Harmonics and Power Factor 
Traditional diode rectifiers are simple and robust but can 
introduce significant harmonic content. Multi-pulse 
approaches reduce harmonics but add complexity and 
bulk. Active front ends can provide near-unity power factor 
operation and lower harmonic distortion, but they impose 
additional control and switching design requirements and 
can raise cost and qualification burden. The practical 
engineering decision is usually driven by a combination of 
utility requirements, site power level, and the degree of 
controllability needed for load management. 
 

Load Management 
Ultra-fast charging sites rarely have the luxury of infinite 
grid capacity. Load management is therefore a system 
requirement, not a feature. It typically includes dynamic 
charge-port power sharing, site-level limits, and scheduling 
behavior in fleets. The more controllable the front end and 
internal DC bus are, the easier it is to maintain predictable 
load profiles, reduce peak-demand charges, and improve 
site stability. 
 
 
 

 
Regional deployment constraints also push these choices. In the United States, NEVI requirements include a minimum of 
150 kW per DC fast charge port and an average annual uptime greater than 97% for each charging port, which elevates 
the value of architectures that can remain functional under partial failures and service events. In Europe, Regulation (EU) 
2023/1804 (AFIR) sets binding targets for publicly accessible charging pools on core TEN-T routes, including minimum 
pool power and the inclusion of high-power points along defined corridors, increasing the need for scalable, compliant site 
designs. 
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Thermal management at hundreds of kilowatts  

At high power, thermal design often becomes the limiting factor for sustained performance. A charger may reach peak 
output briefly, but maintaining high output repeatedly without accelerating component wear is the harder engineering 
problem. Although heat is generated across semiconductors, magnetics, buswork, connectors, and cables, a few thermal 
constraints usually dominate charger design. 
Semiconductor switching and conduction losses do not scale linearly with current in all regions of operation, especially 
when fast-switching devices are used to improve efficiency or power density. 
Magnetics can become a bottleneck when switching frequency is pushed high to shrink component size. This is a trade 
space, not a free optimization. 
Connector and cable temperature rise can drive system-level derating long before cabinet hardware is at its thermal limit. 
Commercial liquid-cooled DC charging cables exist specifically to extend continuous current capability while maintaining 
safe touch temperatures and connector reliability. 
 
Because thermal margin is so program-critical, many high-power systems adopt a layered approach: cabinet-level cooling 
for power conversion stages, targeted cooling paths for hot spots, and temperature monitoring at interfaces that have 
failure consequences (for example, connector pins and cable assemblies). This is also where modular architecture 
supports thermal management by spreading heat across smaller converter blocks instead of concentrating losses in one 
oversized power stage. 
 

Communications and interoperability: standards that shape hardware decisions  

Charging power electronics do not exist in isolation. They are bound to connector ecosystems, communication standards, 
and market expectations that differ by region. 
 

North America 
The North American connector landscape has been shifting 
toward SAE J3400 (commonly associated with NACS form 
factor). SAE published J3400 as a current standard in late 
September 2024, which has accelerated multi-vendor 
support and affects dispenser design, cable options, and 
adapter strategy. 
 

Europe 
Europe remains anchored on CCS2 for light-duty public 
charging, and AFIR also emphasizes user accessibility 
requirements and interoperable payment experiences for 
public infrastructure. 

 
 

Japan 
Japan’s fast-charging ecosystem has a strong CHAdeMO 
footprint, and the region has been advancing higher-
voltage charging capability. The CHAdeMO Association 
has cited examples of 400 kW chargers with maximum 
voltage of 1,000 V, indicating continued movement toward 
higher-voltage, high-power public infrastructure. 
 
 
 

 
At the protocol layer, ISO 15118-20 (published as ISO 15118-20:2022) defines vehicle-to-grid communication interfaces 
that support advanced charging functions. These include bidirectional power transfer, where energy flow may be 
negotiated in both directions, and Plug and Charge, where authentication and payment-related communication can be 
automated. Even when a site does not enable bidirectional energy flow, the protocol and cybersecurity trajectory influence 
charger controller architecture and validation strategy. 
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Emerging architectures: medium-voltage conversion and solid-state transformers  

As charging sites move toward megawatt-class totals, conventional low-voltage architectures can face practical limits in 
footprint, copper mass, transformer sizing, and site build complexity. This is why interest is growing in medium-voltage 
distribution within the site, with power conversion performed closer to the dispensers or integrated more directly into the 
charging equipment. 
 
Solid-state transformer approaches are part of this trend. In simplified terms, SST-based systems use high-frequency 
power conversion to perform voltage transformation that would traditionally rely on bulky line-frequency transformers and 
separate downstream conversion stages. For ultra-fast charging sites, the potential advantage is not just smaller 
equipment. The larger opportunity is an architecture that can reduce the number of conversion steps between medium-
voltage AC service and regulated high-voltage DC charging output, which may improve efficiency, reduce copper and 
equipment footprint, simplify certain layouts, and improve controllability. At the same time, SST systems introduce their 
own challenges: control complexity, protection coordination, qualification requirements, serviceability, and cost. 
 
Evidence of growing activity is visible across research and demonstration efforts, including public discussions of 
transformer innovation demonstrations for EV charging and recent literature reviews focused on SST-based ultra-fast 
charging. Industry news also shows SST-related medium-voltage power conversion systems being positioned specifically 
to accelerate megawatt charging deployments. 
 
In practice, the near-term question is not whether SSTs replace everything, but where medium-voltage conversion and 
SST-like architectures deliver the most value first. Fleet hubs and heavy-duty depots, where power is concentrated and 
the electrical infrastructure can be designed as a system, are common early candidates. 
 

Real-world deployment patterns: highway corridors vs. fleet depots  

Ultra-fast charging designs are shaped by their operating environment. 
Highway corridor sites prioritize throughput and availability under unpredictable demand. Power sharing across charging 
ports, fast transient response, and efficient thermal derating behavior are key to avoiding bottlenecks during peak travel 
periods. Cabinet-level architectures designed around high total power with flexible allocation have proven effective in this 
context. 
 
Fleet depots and bus charging sites often prioritize predictability, scheduling, and total energy delivered overnight or 
between routes. They may use a mix of lower-power overnight charging and high-power opportunity charging. 
Commercial solutions and planning references commonly cite bus charging ranges from roughly 50 to 150 kW per vehicle 
for overnight charging, with higher-power opportunity charging extending into the several-hundred-kilowatt range. The 
power electronics implications are straightforward: depot systems benefit from site-level load management, careful 
thermal design under long duty cycles, and modularity that supports maintenance without disrupting an entire fleet 
schedule. 
 

How MarSum supports ultra-fast charging infrastructure teams 

MarSum Solutions supports ultra-fast EV charging and fleet electrification programs with an engineering-first approach 

focused on performance, robustness, and manufacturability. We engage where high-power systems most often encounter 

hidden risk: architecture decisions that constrain scalability, converter switching behavior that erodes EMI margin, thermal 

design limits that force derating, and validation gaps that delay deployment. 

Typical engagement areas include high-level architecture definition and tradeoff studies, high-power conversion-stage 
support, and grid integration readiness aligned to site constraints and utility expectations. We also support EMI/EMC 
mitigation planning and test readiness, and we help teams build validation plans that reflect real duty cycles, maintenance 
realities, and regional deployment requirements. 

Selected sources: 23 CFR Part 680 / FHWA NEVI standards; Regulation (EU) 2023/1804 / European Commission AFIR materials; 
CHAdeMO Association high-voltage charging in Japan; Tesla Supercharger V3 public materials. 

Contact us today to scope your ultra-fast EV charging or fleet 

depot power electronics project! 


