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Abstract. This paper presents the development and evaluation of a 1.2 kV SiC MOSFET-based
Positive Temperature Coefficient (PTC) controller designed for energy-efficient heating applications
in electric vehicles (XEVs). To address the increasing demand for higher-voltage battery systems in
modern xEVs, a PTC controller utilizing wide bandgap (WBG) semiconductor technology was
developed. The proposed system leverages a 1.2 kV SiC MOSFET to enable high-frequency
operation up to 20 kHz, thereby mitigating audible noise issues by operating beyond the human
hearing range. Unlike conventional IGBT-based controllers, which exhibit significant limitations at
high switching frequencies, the SiC MOSFET-based controller demonstrates reliable high-frequency
operation, reduced switching losses, and improved overall efficiency. Experimental validation
confirms that the proposed approach not only ensures low-noise heating operation but also enhances
energy efficiency, making it a promising solution for next-generation xEV thermal management
systems.

Introduction

As the adoption of electric vehicles (xXEVs) continues to expand, the demand for effective and
energy-efficient cabin heating systems is becoming increasingly critical. Modern xEVs rely on
Heating, Ventilation, and Air Conditioning (HVAC) systems not only to maintain passenger comfort
but also to ensure the safe operation of battery and electronic components through effective thermal
management. Within the HVAC system, Positive Temperature Coefficient (PTC) heaters are widely
used as an auxiliary heating source, especially under cold ambient conditions where heat pump
efficiency drops significantly. Unlike internal combustion engine vehicles, battery electric vehicles
(BEVs) do not benefit from waste heat generated by the engine and must generate heat electrically.

Conventional PTC systems employing silicon Insulated Gate Bipolar Transistors (Si-IGBTs)
exhibit significant energy inefficiencies. These devices experience high conduction losses due to their
inherent knee voltage characteristics and substantial switching losses resulting from long tail currents
during turn-off [1,2]. In practical usage, electric taxis can experience up to a 40% reduction in
available battery capacity for heating during winter, which reduces their effective driving range from
135 km to approximately 80 km per charge [3].

Such limitations highlight a fundamental barrier to the widespread adoption of XEVs in colder
regions, where customer acceptance and operational feasibility are strongly influenced by heating
efficiency. Moreover, as global automotive manufacturers transition toward higher-voltage battery
platforms (600—1000 V and beyond) to shorten charging times and extend driving ranges, heating
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controllers must be designed to operate reliably at elevated voltages while simultaneously achieving
higher efficiency and reduced acoustic noise.

In response to these challenges, this work presents the design, development, and experimental
evaluation of a next-generation PTC controller based on Silicon Carbide (SiC) MOSFET technology.
Unlike conventional IGBTs, SiC devices can sustain high-frequency operation, enabling switching
above 20 kHz to suppress audible noise and improve overall power conversion efficiency. SiC devices
offer superior performance characteristics, including significantly lower switching and conduction
losses, higher breakdown voltages, and excellent thermal robustness [4,5,6].

These advantages not only address the inherent drawbacks of IGBT-based PTC systems but
also open the pathway for compact, lightweight, and energy-efficient heating solutions. Such
improvements are especially critical in the context of electric mobility, where every increment in
energy savings directly translates into extended driving range and reduced total cost of ownership.
Preliminary acoustic tests indicated that when the switching frequency exceeded 20 kHz—
specifically at 100 kHz—the emitted sound resembled white noise, which is imperceptible within the
human audible range. This feature not only suggests the potential to resolve passenger discomfort
associated with noise but also contributes directly to enhanced service quality and customer
satisfaction in electric vehicle applications.

Engineering of 1200 V SiC MOSFET s for Stable Temperature Operation

Building on the need for high-efficiency and thermally robust PTC controllers, we developed
and evaluated SiC MOSFET devices designed for stable temperature operation. To enhance the
thermal stability of the PTC controller over operational temperatures, we employed SiC MOSFETs
engineered with different on-resistance (Rpson) and threshold voltage (Vrtu) specifications. By
investigating the trade-off between Vrn and Rpsen) across temperatures, we aimed to balance
conduction loss and switching performance under realistic PTC load conditions. We analyzed the
trade-off between conduction and switching losses in our 1200 V SiC MOSFETs, with a particular
focus on the temperature dependencies of Vru and Rpson, as shown in Figs 1 and 2. As temperature
increases, Vru exhibits a negative temperature coefficient (NTC) behavior because elevated lattice
temperature reduce carrier mobility in the MOS channel and enhance carrier scattering, thereby
requiring a lower gate voltage to form the conducting channel. This shift can increase the risk of false
turn-on or higher leakage currents. Conversely, Rpson shows a positive temperature coefficient (PTC)
behavior due to mobility degradation in the drift region and increased resistivity from enhanced
phonon scattering, leading to higher conduction losses at elevated temperatures. Our devices
maintained consistent and predictable trends in both parameters up to 175°C, enabling an optimized
balance between switching speed and conduction efficiency. This favorable thermal behavior
minimizes total power loss under realistic PTC load conditions and improves the controller's
robustness against high ambient temperatures and transient heating environments. These results
demonstrate that, with appropriate device selection and thermally aware gate-driving strategies, SiC
MOSFETs can deliver stable, high-efficiency operation for next-generation XEV PTC controllers.
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SiC MOSFET-adopted PTC Controller Design

Leveraging the favourable device characteristics confirmed in the previous section, we
developed a 1.2 kV SiC MOSFET-based PTC controller optimized for high-voltage XEV heating
applications, aiming to ensure stable operation, minimize audible noise through high-frequency
switching, and enhance overall energy efficiency under realistic load conditions.

The overall system architecture of the proposed PTC controller, including the application of
the isolated gate driver and peripheral circuitry, is illustrated in Fig. 3. The controller was designed
based on a nominal xEV battery voltage of 523 V, ensuring compatibility with practical vehicle
platforms. To accommodate voltage fluctuations and transient conditions, the system was engineered
to operate reliably within a wide input range of 650 V + 150 V range. In compliance with automotive
design guidelines, power semiconductor devices rated for approximately twice the nominal operating
voltage were employed to guarantee safe and reliable operation.
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Fig. 3. Block diagram of the proposed PTC controller system architecture.

Furthermore, in order to meet the requirements of an 8 kW PTC rod, the controller was
designed in accordance with the RT-curve characteristics of the PTC ceramic, as illustrated in Fig. 4.
To enhance heating flexibility and user comfort, the system was implemented with a four-channel
architecture, enabling independent control of heating for both the driver and individual passengers.
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Fig. 4. RT-curve of the PTC ceramic used in the proposed 8 kW heater design.

In addition, as shown in Fig. 5, electromagnetic compatibility was evaluated through
SiWAVE simulations, while mechanical and thermal reliability was analyzed using Sherlock, thereby
ensuring that the proposed PTC controller was developed with both electromagnetic compliance and
long-term durability in mind.
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Fig. 5. PCB design validation using Siwave for EMC analysis and Sherlock for reliability
evaluation.

Fig. 6 presents both the 1.2 kV SiC MOSFET device and the fabricated PTC controller
prototype incorporating the device. The prototype was implemented by applying design
improvements derived from preliminary test analyses, which addressed issues such as low-voltage
supply, isolation distance, and gate driver performance. The controller architecture is divided into
four functional zones (Zone 1-Zone 4), each corresponding to specific circuit and control
functionalities.

(b) SiC MOSFET device (c) fabricated PCB prototype

Fig. 6. Overview of the proposed four-channel PTC controller showing the 3D PCB layout, SiC
MOSFET device, and the fabricated PCB prototype.

PTC Operation Circuit Analysis

A detailed circuit evaluation was conducted to investigate the interaction between resistive
PTC loads and the parasitic capacitance of the PTC controller board under high switching frequencies.
As shown in Fig. 7, thermal imaging revealed that the PCB temperature increased significantly faster
at 20 kHz than at 10 kHz operation, even under a lower duty cycle. This non-linear temperature rise
is attributed to elevated switching losses and cumulative heating effects caused by reduced cooling
intervals, emphasizing the importance of effective thermal management and optimized PCB layout
for ensuring long-term reliability. Measured switching waveforms in Fig. 8 further illustrate the
transient behaviour of the SiIC MOSFET under PTC load conditions. At turn-on, a pronounced current
overshoot was observed, followed by a gradual reduction in the current slope. During turn-off, the
drain—source voltage (Vps) exhibited a slow rise, while the current level remained higher than
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expected. This behaviour indicates possible energy recirculation through parasitic elements within
the PTC load. These findings suggest that reducing parasitic inductance and capacitance in the PCB
layout, together with careful gate-drive tuning, is critical to controlling switching transients,
minimizing power loss, and improving the system’s thermal stability.

Measured drain-source voltage and source current
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Fig. 7. PTC load operation with thermal Fig. 8. Measured switching waveforms at
imaging. the drain-source (Vps) terminal of the SiC
MOSFET.

PTC Load Modelling and Switching Analysis

Since the measured switching waveforms under PTC load conditions did not follow the typical
turn-on and turn-off behaviour observed with purely resistive or inductive loads, a detailed load
analysis was performed. As illustrated in Fig. 9, the PTC heating module consists of multiple ceramic
elements that inherently introduce parasitic resistance, capacitance, and inductance into the switching
loop. In each row of the PTC heat load module, six ceramic pieces act as distributed parasitic
capacitances and resistances, with each piece connected through parasitic inductances.
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Fig. 9. PTC load structure (left) and simplified RC modelling of the PTC load circuit (right).

To capture these characteristics, the complex PTC load structure was represented using a
simplified equivalent RC network model in Fig. 10. Through this modelling, load conditions were
simulated using a 150 nF capacitor in parallel with a 200 Q resistive element, representing the
aggregated parasitic characteristics of the module. This equivalent model enabled quantitative
analysis of transient overshoot currents, electromagnetic interference (EMI) behaviour, and energy
loss distributions. The stored energy in the capacitor at 525 V was calculated to be 21 mJ. Total
system losses were determined by subtracting the measured load dissipation from the total simulated
input energy, including contributions from the DC-link capacitor. This approach isolates the energy
dissipated within parasitic components and non-idealities in the circuit, which are not directly
converted into useful heat by the PTC elements.
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Fig. 10. Switching circuit with simplified PTC load model (left) and comparison of measured and
simulated switching waveforms (right).

The simplified RC modelling of the PTC load accurately reproduced the measured switching
waveforms, confirming that the parasitic resistance, capacitance, and inductance of the ceramic
elements significantly influence the switching transients. The analysis highlighted three key factors
for optimal system performance: (i) current overshoot during turn-on can be substantial and requires
careful evaluation under varying temperature conditions, (ii) the DC-link capacitor selection must
balance low ESR for efficiency with sufficient damping to suppress turn-off ringing, and (iii) accurate
load modelling is essential to predict transient behavior and minimize energy losses within parasitic
elements.

Acoustic Noise Testing and Evaluation

For the noise measurement, the experimental setup was established inside an acoustic chamber
1solated from external disturbances. A microphone was positioned at a distance of 50 cm from the
PTC heater, and the measurements were conducted under controlled conditions to ensure accurate
evaluation of the generated acoustic noise. The measurement environment is illustrated in Fig. 11.
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Fig. 11. Experimental setup for acoustic noise measurement.

The test results revealed that when the PTC controller was operated at switching frequencies
of 100 Hz, 1 kHz, 10 kHz, and 15 kHz, the corresponding audible noise could be clearly perceived
by the human ear. In contrast, when the switching frequency was increased to 100 kHz, the generated
noise was indistinguishable from the background level, and no audible difference could be detected
compared to the no-operation condition where the controller was not operating. This finding indicates
that operating the PTC controller in the ultrasonic range can effectively suppress audible noise.
Furthermore, the spectrogram shown in Fig. 12 confirms this observation: while distinct frequency
components are visible in the lower frequency cases, the 100 kHz operation exhibits only broadband
white noise similar to the no-operation condition, thereby validating the effectiveness of the proposed
high-frequency switching strategy in eliminating perceptible acoustic noise.
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Fig. 12. Spectrogram of noise signals at different switching frequencies.

Conclusion

The switching performance and thermal stability of PTC controllers are influenced not only
by the inherent advantages of SiC MOSFETs but also by the optimization of the entire system
environment. To achieve strong temperature stability, it is crucial to carefully balance MOSFET
conduction and switching losses with DC-link capacitor heating and electromagnetic interference
(EMI) suppression. A proper trade-off among these factors is essential to ensure both high efficiency
and long-term reliability. To prevent potential thermal runaway, the gate voltage and gate resistance
must be selected with consideration of the device’s gate—source capacitance and its impact on
switching transients. In particular, controlling the turn-on current overshoot and mitigating turn-off
ringing are key to reducing device stress and minimizing parasitic loss. In addition, the selection of
the DC-link capacitor has a significant impact on overall system performance. While low-ESR
capacitors can enhance efficiency, they may also increase the likelihood of oscillations during
switching. Therefore, capacitor design should balance efficiency and oscillation suppression, with the
potential inclusion of RC snubber circuits as an effective supplementary measure.

Finally, experimental results confirmed that when the switching frequency was raised to the
ultrasonic range (e.g., 100 kHz), the PTC controller produced only broadband white noise
indistinguishable from the no-operation condition, meaning that no audible sound could be perceived
by the human ear. This demonstrates that the proposed design not only ensures thermal and electrical
stability but also effectively eliminates acoustic noise, thereby enhancing passenger comfort in
practical XxEV applications.
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