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Abstract— This paper examines the design considerations 
for high fundamental frequency (HFF) inverter used in high-
speed (HS) drive applications, specifically focusing on a 30 kW, 
2 kHz silicon carbide (SiC) based inverter. It features a 2-level, 
3-phase voltage source inverter with a forced air-cooling system 
for effective thermal management. The DC bus voltage is set at 
700 V. Unlike traditional inverters that typically operate at 
frequencies of 50-60 Hz for high-power applications, this 
inverter is designed to operate at a fundamental frequency (fo) 
of 2000 Hz, enabling it to drive high-speed motors exceeding   
100 krpm. It evaluates SiC MOSFETs and IGBTs, highlighting 
SiC MOSFET better efficiency and thermal performance. The 
study details the inverter design, including thermal simulations, 
cooling system optimization, and experimental validation, 
demonstrating the feasibility of achieving high efficiency 
(>99%) and stable operation at HFF frequencies. The 
performance of the inverter was verified with measurements 
carried out on a 30 kW prototype. 

Keywords— Design, High-speed, Inverter, Drive, Silicon 
Carbide, High fundamental frequency, High Power  

I. INTRODUCTION  

In recent years, there has been a significant push toward 
developing high-speed electrical drives across diverse 
industrial applications, including electric transportation, 
aerospace propulsion systems, renewable energy systems, 
and advanced industrial machinery. The growing demand for 
high-power-density, lightweight, and efficient systems has 
driven advancements in both HS machines and the power 
electronic converters that control them [1]. HS machines 
offer distinct advantages in terms of size and weight 
reduction for a given power output, which directly benefits 
applications where weight savings are critical, such as 
electric aircraft propulsion, micro gas turbines (MGT) [2]-
[3], and HS compressors. In these applications, reducing 
weight contributes not only to improved energy efficiency but 
also to enhanced system performance, longer operational 
ranges, and lower greenhouse gas emissions [4]. Enabling the 
operation of HS machines requires power electronic inverters 
capable of operating at HFF, often exceeding 1 kHz while 
maintaining high efficiency and power density. HFF allow 
machines to operate at higher rotational speeds, thereby 
reducing the need for bulky mechanical components such as 
gearboxes [5]. However, HFF operation introduces several 
design challenges for the power electronics, including 
increased current ripple, higher electromagnetic interference 

(EMI), and more stringent filtering requirements. Achieving 
acceptable performance at these frequencies requires the use 
of high switching frequency (HSF) converters, where 
switching frequencies often exceed 100 kHz. The choice of 
semiconductor devices plays an important role in enabling 
these high-frequency, high-power-density inverters. SiC 
power devices have emerged as the leading candidates for HS 
drive applications due to their better switching 
characteristics, lower conduction losses, and ability to 
operate at elevated junction temperatures compared to 
traditional silicon (Si) devices [6]-[7]. SiC MOSFETs are 
particularly well-suited for HSF operation, where their low 
switching losses enable efficient operation even at switching 
frequencies above 100 kHz. This high-frequency capability 
reduces the size of passive components [8], such as filters and 
capacitors, which further enhances power density, an 
essential requirement in weight-sensitive applications like 
aerospace and mobile platforms. In addition to improving 
efficiency and power density, HSF operation also offers 
important benefits in terms of output waveform quality [9]. 
Higher switching frequencies enable finer resolution in pulse-
width modulation (PWM) schemes, which helps to reduce 
low-frequency harmonic distortion in the output current. This 
improves the overall performance of the drive system by 
enabling smoother torque production, reducing acoustic 
noise, and enhancing the dynamic response of the motor [10]. 
However, HSF also introduce challenges such as increased 
dv/dt stress on the motor windings, higher EMI emissions, 
and increased thermal dissipation, all of which must be 
carefully managed through appropriate component selection, 
thermal design, and electromagnetic compatibility (EMC) 
strategies. These considerations are especially critical in 
Micro Gas Turbine (MGT) based auxiliary power units and 
other embedded HS systems, where efficiency requirements 
can exceed 99% and where system size and weight must be 
minimized without compromising performance or reliability 
[11]. To meet these demands, the design of the power inverter 
must balance several competing factors, including switching 
losses, conduction losses, thermal management, and EMI 
suppression. The selection of the optimal switching devices, 
whether 7th generation Insulated Gate Bipolar Transistors 
(IGBTs) or state-of-the-art SiC MOSFET requires a 
comprehensive evaluation across a range of operating points 
to ensure that the chosen devices can deliver the required 
performance while maintaining high efficiency and reliability 
under HFF operation. This paper focuses on the hardware 

979-8-3503-7659-3/25/$31.00 ©2025 IEEE 1268

20
25

 IE
EE

 In
te

rn
at

io
na

l E
le

ct
ric

 M
ac

hi
ne

s &
 D

riv
es

 C
on

fe
re

nc
e 

(I
EM

D
C

) |
 9

79
-8

-3
50

3-
76

59
-3

/2
5/

$3
1.

00
 ©

20
25

 IE
EE

 | 
D

O
I: 

10
.1

10
9/

IE
M

D
C

60
49

2.
20

25
.1

10
60

98
6

Authorized licensed use limited to: Lappeenranta-Lahti University of Technology LUT. Downloaded on August 13,2025 at 12:46:55 UTC from IEEE Xplore.  Restrictions apply. 



design considerations for a 30 kW inverter designed for HS 
motor drives operating at  fo=2 kHz and  switching frequency 
(fsw) up to 100 kHz. The inverter uses SiC MOSFET 
technology to achieve high efficiency, compact size, and 
excellent thermal performance. A comparative evaluation of 
7th generation IGBTs and several commercially available 
SiC MOSFETs is presented, focusing on their suitability for 
high-frequency, high-efficiency inverters. Finally, the paper 
presents   experimental results from the assembled inverter 
prototype, thermal performance data, and output voltage and 
current waveforms under varying load conditions. These 
results validate the proposed design approach and 
demonstrate the feasibility of achieving high efficiency 
(>99%) and stable operation at HFF for HS drive 
applications.  

II. DESIGN SPECIFICATION AND TESTING 
The design specifications for the inverter were established 

based on the requirements of a high-speed, 27 kW Axially 
Laminated Synchronous Reluctance Motor (ALASynRM) 
[12], intended for micro-gas turbine Auxiliary Power Unit 
(APU) applications. This 2-pole motor operates at 100 krpm, 
corresponding to  fout of 1667 Hz. The motor requires a phase 
voltage of 234 V, a power factor of 0.7, and a phase current of 
60 Arms. To meet the target efficiency of over 99%, a thorough 
evaluation of suitable HSF devices was conducted. The high 
rotational speed and corresponding HFF to minimize torque 
ripple and harmonic distortion. Consequently, the inverter is 
designed with the following key specifications: a two-level, 
three-phase topology, an 700V DC bus, a maximum phase 
current capacity of 100 Arms, a target fo = 2000 Hz, and a 
variable  fsw  range of 10-100 kHz. 

The design validation process includes thermal and 
electrical simulations using MATLAB and PLECS, 
supplemented by experimental testing incorporating an output 
LC filter. Voltage regulation is initially handled through 
sensor less vector control, with initial operation utilizing open-
loop scalar control (Volts-Hertz method). This allows fine-
tuning of the fundamental frequency, switching frequency, 
and modulation index. For enhanced dynamic performance, 
Field-Oriented Control (FOC) will be implemented, enabling 
precise closed-loop control of motor torque and flux using 
current sensors and feedback controllers. The complete 
inverter control and testing system, shown in Fig. 1, integrates 
high-precision floating-point controller (Texas 
TMS320F280049C) with high sampling rates, which are 
essential for achieving the desired fundamental frequency. 
The system also includes integrated current sensors, 
communication interfaces, power supplies, and the main 
controller, forming a comprehensive motor-drive platform. 

A. Optimal Selection of Switches 
Conventional silicon insulated gate bipolar transistors 
(IGBTs) are an effective and well-accepted industrial 
solution for high-power inverters. However, SiC is not used 
very widely in industry yet. The  fsw  of Si IGBTs is normally 
restricted below 20 kHz and the maximum junction 
temperature of Si-based power device is normally below 150 
°C, which limits their application [13].  To fully utilize the 
high-performance attributes of SiC devices, selecting suitable 
SiC MOSFETs is essential. In this inverter, a high 1200 V, 
HSF transistors are used, with DC voltage requirement of 700 
V and a rated current of 40 A. 

Different MOSFETs and modern 7th generation IGBTs 
have been evaluated, and the five components were selected 
based on the design specifications for detailed analysis. After 
considering factors such as cost, availability, voltage ratings, 
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Fig. 1. Prototype inverter system and control. 
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current ratings, and compatibility with future tests involving 
HS motors, two switches in parallel have been chosen. The list 
of the five switches (three SiC MOSFETs and two Si IGBTs) 
along with their rated specifications is shown in   Table 1. It 
can be observed in the table that the total switching time of 
modern IGBTs is relatively high, indicating increased 
switching losses. Additionally, the on-state VCE drop of these 
IGBTs is higher compared to that of SiC MOSFETs.  

B. Thermal simulation and modelling 
A two-level, three-phase inverter topology was simulated 
using PLECS software, which employs manufacturer-
provided models to analyze the thermal behavior of power 
switches across various operating conditions. The study 
focused on assessing the impact of varying the fout while 
keeping a fixed  fsw  of 40 kHz, a rated current of 100 Arms, a 

power factor of 0.7, and a line-to-line voltage of 400 V.           
Fig 2(a) presents a comparison of inverter efficiency using 
different SiC MOSFETs (M1, M2, M3) and IGBTs (I1, I2) 
across a range of fundamental frequencies. The findings 
indicate that total losses remain relatively stable as fout varies 
for each switch type. However, the efficiency of the IGBT-
based inverter remains below 96.5%, whereas SiC MOSFET-
based inverters consistently achieve efficiencies above 98.5% 
with minimal sensitivity to increases in fout. This highlights 
the better performance of SiC MOSFETs across different   fout. 
In contrast, IGBT efficiency shows a more significant decline 
as the frequency increases, underscoring the greater impact of 
switching losses in these devices at higher frequencies. 
Similarly, Fig. 2(b) compares inverter efficiency employing 
SiC MOSFETs (M1, M2, M3) and IGBTs (I1, I2) at varying  

TABLE 1: SIC MOSFET AND 7TH GENERATION IGBTS FOR COMPARISION 
 

Manufacturer Model 
Rating[V,A 

@100°C] 
Switching 
time [ns] 

On- 
state 

Rds/RCE [Ω] 

On-state 
VCE 
[V] 

Max. 
Junction 

Temp[°C] 

Infineon 
MOSFET 

IMZA120R014M1H[M1] 1200 ,89 147 14  175 

Wolfspeed 
MOSFET 

C3M0016120K1[M2] 1200, 90 11.03 16  175 

Wolfspeed 
MOSFET 

C3M0021120K1[M3] 1200,70 140.11 21  175 

Infineon IGBT IKZA75N120CH7[I1] 1200,94 615 20 1.7 175 
Infineon IGBT IKZA50N120CH7[I1] 1200,82 668 25 2.5 175 
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Fig. 2. Comparison of efficiencies with different fundamental and switching frequencies for different switching devices. 
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fsw. SiC MOSFETs demonstrate consistently high efficiency, 
with only a gradual decline as  fsw increases. In contrast, 
IGBTs exhibit lower initial efficiency, with a sharper decline 
as the fsw rises, further illustrating the effects of increased 
switching losses. This comparison emphasizes the clear 
advantage of SiC MOSFETs in applications requiring high 
efficiency and HSF. Fig. 3(a) compares efficiency at a 
constant modulation index across varying load currents, 
showcasing the optimal performance of the Infineon 
IMZA120R014M1H SiC MOSFET compared to other 
switches. This graph illustrates how inverter efficiency 
evolves for SiC MOSFETs (M1, M2, M3) and IGBTs (I1, I2) 
as load currents increase. SiC MOSFETs consistently deliver 
high efficiency, which gradually improves with rising load 
current. Although IGBTs start with lower efficiency, they 
show more significant gains with increasing load current, 
indicating a relatively higher contribution of conduction losses 
at low loads. Overall, the analysis points out the consistently 
better efficiency of SiC MOSFETs across varying load 
conditions, while also highlighting the greater sensitivity of 
IGBT efficiency to changes in load current. Fig. 3(b) presents 
the distribution of conduction and switching losses for both 
MOSFETs and IGBTs at a switching frequency of 40 kHz and 
a load current of 40 Arms. The results clearly indicate that SiC 
MOSFETs (M1, M2, M3) experience significantly lower total 

losses compared to IGBTs (I1, I2). Both conduction and 
switching losses are substantially lower for SiC devices. 
Notably, switching losses dominate the total losses for IGBTs, 
further emphasizing the advantages of SiC MOSFETs in high-
efficiency, high-frequency applications. The effect of 
increasing the fundamental frequency on MOSFET thermal 
behavior and total losses is shown in Fig. 4. This presents a 
comparative analysis of MOSFET performance at two distinct 
fundamental frequencies: 50 Hz and 2000 Hz. It demonstrates 
that at 2000 Hz, the MOSFET junction temperature exhibits 
less variation, and a steeper rise compared to 50 Hz. In          
Fig. 4(b), the average junction temperature is displayed. It can 
be observed that as the fundamental frequency increases from 
50 Hz to 2000 Hz, the steady-state difference in MOSFET 
junction temperature is approximately 2 °C, with an average 
loss difference of 1 W per MOSFET. Thus, it is noted that the 
fundamental output frequency influences the duration during 
which high currents flow through the devices, however, there 
is very little difference in steady-state temperature and losses. 

C. Design considerations for cooling system. 
Thermal management systems are critical in defining the 
overall volume and weight of inverter. Therefore, designing 
cost-effective and reliable cooling solutions is essential. To 
determine the optimal thermal resistance (Rth), various Rth 
values were tested, and their effects on the junction 
temperature of the IMZA120R014M1H MOSFET and the 
heat sink were analysed. To further assess the impact of  on 
the MOSFET's thermal behaviour and optimize heat sink 
selection, the MOSFET's temperature response to varying fsw 
was examined, as illustrated in Fig.5(a). Fig.5(b) provides a 
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comparative analysis of MOSFET and heat sink temperatures, 
demonstrating how variations in Rth impact thermal 
performance. The results indicate that reducing Rth 
significantly lowers the steady-state temperatures of both the 
MOSFET and the heat sink. This enhancement results from 
improved heat dissipation, as a lower Rth enables more 
efficient heat transfer from the MOSFET to the heat sink and 
then to the surrounding environment. This analysis played 
important role in selecting appropriate heat sink and thermal 
interface to minimize operating temperatures and improve 
device reliability. The final selected Rth value was  0.18 °K/W, 
resulting in a junction temperature of 85 °C. The chosen 
operating conditions for this analysis were fo= 2 kHz, fsw = 40 
kHz, and Io = 40 Arms. Notably fo had no impact on the 
steady-state temperatures of either the MOSFET junction or 
the heat sink.  

III. EXPERIMENTAL  RESULTS 
An experimental prototype and test setup for the high fo  

inverter is illustrated in Fig. 6. This prototype was developed 
to validate the design considerations and ensure reliable 
operation of the high fo ALASynRM. The system features a 
two-level, three-phase SiC-based VSI designed for                               
fo =2000Hz. A 30 kW programmable DC power supply 
(Sorensen SGA600-50) was used to power the inverter DC 
bus during testing. Fig. 7 presents the experimental prototype 
of the inverter. The temperatures of the heat sink and 
MOSFETs were monitored using a thermal camera (Fluke TiS 
75+). Heat sink selection was based on thermal simulations 
conducted in PLECS, evaluating power losses at the highest 

operating point: fo =2000 Hz, a fsw of 40 kHz, a load current 
of 40 A, and a DC voltage of 700 V. To ensure that the 
MOSFET junction temperature remained below 100 °C at an 
ambient temperature of 21.5 °C, the required Rth was 
determined to be 0.18 °C/W. Considering PCB constraints and 
MOSFET specifications, the Fischer Electronics LAM 5 K 
150 5 heat sink was selected. This heat sink has a base Rth of 
0.15 °C/W, which, when combined with two 24 V cooling 
fans, maintained the total Rth below 0.18 °C/W. A thermal 
interface material (Keratherm U86/82 thin film sheet) with a 
Rth of 0.09 °C/W was used between the MOSFETs and the 
heat sink to further enhance thermal performance. The final 
steady-state temperatures of the heat sink and MOSFETs were 
recorded after running the inverter for 30 minutes at 40 A and 
2000 Hz, as shown in Fig. 7.Efficiency was estimated using 
PLECS simulations, reaching 99.3% at nominal power. 
Experimental waveforms for load voltage and current were 
captured for fo = 2 kHz at both 20 Arms and 40 Arms, with a 
switching frequency of 40 kHz, as illustrated in Fig. 8(a) and 
(b). The three-phase currents and line-line voltage VUV of 
275.6 V are depicted in Fig. 8(b), demonstrating stable 
operation under varying load conditions and modulation 
indices. These results confirm the successful hardware 
implementation, maintaining both fo of 2 kHz and  fsw of 40 
kHz. 

 

CONCLUSION 
This work presented the design and experimental validation 
of a 30 kW SiC-based two-level three-phase inverter 
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operating at a 2000 Hz fundamental frequency for a HS drive 
application. This study explored design considerations and 
limits for switch selection and operating limits in HS drive 
applications, focusing on achieving high efficiency. Various 
SiC MOSFETs and modern IGBTs were analyzed across 
different fundamental and switching frequencies, as well as 
under varied load conditions. SiC MOSFETs consistently 
demonstrated better efficiency compared to modern IGBTs 
across all operating conditions. Forced air-cooling was 
assumed when evaluating the thermal performance. The 
design achieved a calculated efficiency of over 99%. Finally, 
a prototype of the inverter was built and tested, and the 
measurement results were used to validate the simulation 
results and verify the performance of the designed inverter.  
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