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Breaking The Capacitor Thermal Bottleneck In SiC-Based Inverters
by Diego de Azcuénaga and Mason Wolak, Peak Nano, Valley View, Ohio

The global transition to 800-V automotive architectures has cemented silicon carbide (SiC) technology as the
foundation of next-generation e-mobility. By offering breakdown voltages, superior thermal conductivity, and
switching speeds that vastly outperform legacy silicon IGBTs, SiC wide-bandgap (WBG) devices have drastically
reduced semiconductor conduction and switching losses. Yet, as power electronics designers strive for
unprecedented power densities, they are confronting a harsh reality: the efficiency gains unlocked by the
semiconductor are being constrained by the passive components surrounding it.

In high-power traction inverters, the dc-link capacitor is critical for smoothing voltage ripple and decoupling the
dc voltage source from the high-frequency switching network. However, when paired with SiC devices operating
at elevated switching frequencies and fast dv/dt transients, standard metallized polypropylene film capacitors
become a major thermal and inductive liability.

Standard films hit a hard thermal ceiling at 105°C, beyond which their dielectric strength degrades rapidly. To
prevent catastrophic dielectric breakdown, engineers have historically been forced to over-engineer liquid
cooling loops or artificially derate the entire power stage—negating the very size and weight advantages that
justified the migration to SiC in the first place.

To bridge this gap, the power electronics industry must move beyond treating passives as commodity
components. True optimization of the 800-V power loop requires a dual-axis approach that integrates advanced
materials science with revolutionary structural design.

This article analyzes how next-generation high-temperature dielectric films such as NanoPlex LDF, capable of
stable operation at 125°C and beyond, combine with sub-5-nH low-inductance packaging architectures like
Power Ring to shatter the traditional passive thermal limit, allowing SiC inverters to finally realize their full
power density potential.

The Polypropylene Thermal Ceiling

For decades, metallized polypropylene (PP) film (see Fig. 1) has been the industry standard for dc-link
capacitors in automotive traction inverters. This preference is well-founded under traditional operating
conditions: PP films offer excellent self-healing properties, exceptionally low dissipation factors, and a stable
dielectric constant across standard temperature ranges.

These properties allow for exceptional and stable long-term performance as long as environmental and internal
device temperatures are kept within traditional limits. However, as EV drivetrains migrate toward high-density
800-V configurations powered by SiC semiconductors, legacy PP film hits a definitive thermal and physical
barrier.

The ultra-thin vacuum-deposited metal electrodes and polymer dielectric substrate shown in the microscopic
winding detail dictate the device's critical self-healing capabilities. When a localized dielectric breakdown occurs,
the extreme current density causes the thin metallization layer immediately surrounding the fault to vaporize,
isolating the short-circuit area and restoring normal operation.

The critical limitation of standard PP is its hard thermal ceiling at 105°C. In a modern SiC-based inverter, the
combination of high ambient temperatures inside the compact housing, localized self-heating from high-
frequency ripple currents, and the extreme thermal dissipation from the SiC dies pushes the internal
environment well beyond this threshold. When PP film operates near or above 105°C, its crystalline structure
begins to soften, triggering an exponential drop in dielectric strength and an increase in dissipation factor,
resulting in a positive feedback loop that continually increases hotspot temperature, which can lead to thermal
runaway.
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Fig. 1. Internal architecture of a standard metallized polypropylene (PP) film capacitor.

To prevent catastrophic dielectric breakdown and thermal runaway, engineers must implement massive de-
rating curves. At 105°C, a standard PP capacitor typically requires its operating voltage or ripple current
capacity to be cut by up to 50%.

To compensate for this severe performance degradation, EV designers are forced into two highly inefficient
design paths:

e System overengineering: Adding dedicated, bulky cooling plates or expanding the vehicle's liquid
cooling loop specifically to keep the dc-link capacitor below its thermal limit.

e Volumetric inflation: Oversizing the capacitor bank by stacking multiple parallel units to distribute the
thermal load, which directly penalizes the inverter's power density.

This thermal mismatch creates a severe ripple effect in EV design. While the SiC semiconductor allows for a
smaller, lighter inverter footprint, the legacy PP dc-link capacitor forces the overall system volume and weight
to swell. Shifting the thermal ceiling beyond 125°C is no longer just a component-level upgrade; it is a system-
level necessity to eliminate these packaging and weight penalties.

Overcoming Parasitic Inductance And ESR

While upgrading dielectric materials addresses the thermal barrier, high-density SiC switching loops introduce
an equally severe electrical challenge: parasitic inductance. Silicon carbide semiconductors operate at
significantly higher switching frequencies (typically 20 kHz to well over 100 kHz) and rapid turn-on/turn-off
times (dv/dt transients exceeding 50 V/ns). Under these conditions, the loop inductance between the SiC power
modules and the dc-link capacitor becomes a primary driver of system instability.

The fundamental physics governing this behavior is defined by the equation:
Vspike = Lparasitic . (dl/ dt)

Every nanohenry (nH) of parasitic inductance (Lparasitic) within the capacitor and its busbar interconnects reacts
with the rapid change in current (di/dt). This triggers severe high-frequency voltage overshoots during
switching transients.

These spikes threaten to exceed the breakdown voltage of the SiC MOSFETSs, requiring designers to leave a
costly safety margin or slow down the switching speeds via larger gate resistors—effectively nullifying the
efficiency benefits of SiC. Furthermore, high equivalent series resistance (ESR) combined with high ripple
currents increases internal I°R power dissipation, exacerbating the thermal load on the dielectric.

To break this electrical bottleneck, legacy coaxial or parallel-wound cylindrical capacitor topologies must be

replaced with an integrated architecture. Advanced Conversion’sl!! architecture is its "Power Ring". This
packaging strategy radically optimizes the internal component geometry:
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e Concentric ribbon metallization: Instead of long, inductive internal lead wires, the Power Ring utilizes
wide, concentric copper busbars integrated directly into the capacitor element. This maximizes surface
area and leverages the skin effect to minimize ESR at high frequencies.

e Opposing current loops: The internal structural layout routes the incoming and outgoing currents in
extremely close physical proximity but in opposite directions. The magnetic fields generated by these
opposing currents cancel each other out, driving the total parasitic inductance down to sub-5 nH.

e Direct SiC module integration: The low-profile, ring-shaped geometry allows the capacitor terminals to
mount directly to the SiC power module substrates. Eliminating external heavy-gauge copper busbars
further reduces the total power loop area.

By minimizing both internal ESR and structural inductance, the Power Ring architecture dampens voltage
ringing and electromagnetic interference (EMI). This allows power electronics engineers to safely operate SiC
semiconductors at their maximum theoretical switching speeds, minimizing filtration requirements and
unlocking higher inverter power density.

This geometric and structural overhaul is visually mapped out in Fig. 2, which details the path from raw material
to inverter integration. The process begins with specialized nanolayered film bobbins (step A), which feed into a
unique winding station (step B). Rather than creating a traditional elongated cylinder, two metallized films are
wound spirally into a dense, flat ring.

Finally, during system deployment (step C), the low-profile capacitor sits directly flush against the laminated dc
bus and the SiC power module. This physical optimization minimizes the commutation loop's geometric volume,
forcing the parasitic loop inductance below 5 nH and safeguarding the system against devastating voltage
overshoots.
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Fig. 2. Manufacturing process and structural integration of the Power Ring capacitor.

Achieving Dielectric Stability At 125°C+

Resolving the structural inductance with advanced packaging solves only half of the high-density inverter
equation; the core dielectric material must still withstand the harsh thermal realities of the 800-V boundary. To
eliminate bulky liquid cooling blocks and extensive component derating, advanced materials science has
introduced specialized high-temperature dielectrics, such as Peak Nano’s NanoPlex LDF (low dissipation factor)
film.[2]

Unlike standard metallized polypropylene, which suffers from crystalline relaxation and a precipitous drop in
permittivity and increase in dissipation factor at elevated temperatures, NanoPlex LDF is engineered to maintain
absolute dielectric stability at continuous operating temperatures of 125°C and beyond. The physics enabling
this thermal resilience relies on a highly controlled molecular structure.
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In NanoPlex LDF’s nanolayered film structure, the base polymer film is coextruded with alternating layers of
polypropylene and very thin layers of a high glass transition temperature (Tg) polymer. After initial coextrusion,
the film is biaxially oriented to produce a rigid layered matrix that prevents the material from softening under
heavy thermal loads, ensuring the film retains its dielectric, mechanical, and structural integrity.

The molecular structure also suppresses conduction losses. At high temperatures, standard films experience a
surge in leakage current due to thermally activated electron hopping. NanoPlex LDF incorporates a nanolayered
architecture where layer interfaces act as deep-trap acceptors within its structure. These traps capture free
electrons, suppressing leakage currents and preventing the self-accelerating thermal runaway common in
legacy capacitors.

The material also exhibits a flat breakdown voltage profile. The dielectric strength—measured in volts per
micrometer (V/um)—of standard PP degrades by more than 40% when moving from 85°C to 115°C. NanoPlex
LDF exhibits a nearly flat breakdown voltage curve up to 135°C, requiring zero voltage derating across the
entire automotive traction operating envelope.

Comparison Of Standard Polypropylene And LDF Film

By ensuring that the dissipation factor (tan §) remains flat and exceptionally low at high frequencies and high
temperatures, NanoPlex LDF minimizes internal I2R thermal dissipation (see the table). When combined with
the high thermal conductivity of the Power Ring architecture, this material innovation allows the dc-link
capacitor to be placed in direct proximity to the SiC power modules. The need for overengineered, dedicated
cooling subsystems is entirely eliminated, removing a massive weight and volume penalty from the final EV
powertrain design.

Table. Comparing standard polypropylene vs. NanoPlex LDF film.

Dielectric property Standard polypropylene (PP) | NanoPlex LDF film

Max operating temperature 105°C (requires derating) 125°C to 135°C (full performance)
Dissipation factor (tan §8) Rises exponentially >85°C Stable (<0.02%) up to 125°C
Voltage derating at max temperature Up to 50% 0%

Conclusion

The optimization of 800-V SiC inverters no longer depends solely on semiconductor innovation. The true
disruptive leap requires the parallel evolution of the passive components surrounding them. By addressing
traditional limitations through two simultaneous axes—materials science and structural geometry—the weakest
link in the power loop is definitively eliminated.

The integration of NanoPlex LDF dielectric film and the Power Ring packaging architecture delivers critical
advantages for power system design. These include elimination of the thermal ceiling, providing absolute
stability between 125°C and 135°C and zero derating, enabling full performance without voltage penalties at
elevated operating temperatures. Other benefits are reduced conduction losses due to suppression of leakage
currents via nanoscale deep trap acceptors and maximized volumetric density through elimination of heavy,
bulky dedicated liquid-cooling subsystems.

By mitigating both high-frequency voltage spikes and internal overheating, this technological synergy allows SiC
MOSFETSs to operate at their maximum theoretical limits. The transition toward high-performance passive
integration is not a simple component swap. It is the definitive engineering strategy to unlock lighter, more
efficient, and hyper-compact e-mobility platforms.
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