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Abstract—Power electronics converters operating at elevated
temperature usually have degraded performance, such as reduced
efficiency, lower noise immunity, and decreased system reliability,
compared to those operating at room temperature. Nevertheless,
harsh-environment applications, such as deep earth drilling, auto-
motive, avionics, and space exploration, have been utilizing con-
verters in high-temperature environments and are continuously
pushing the temperature limits higher and higher with the advances
in device technologies and converter design methodologies. This
article starts with a literature study to identify the temperature
dependence and the temperature limits of individual components.
Then, published works about high-temperature converters are ex-
amined. Their selection of components is compared. Experimental
results are analyzed to reflect on the efficacy of different compo-
nent selections. Finally, since the latest published high-temperature
converter was developed more than five years ago, a 1-kV input,
520-V output, 1-kW, 150 °C-ambient-temperature-rated dc–dc
converter is designed with state-of-the-art devices. Based on the
literature review, and the test of the 150 °C prototype, the main
challenges of designing high-temperature power electronics con-
verters are identified and concluded to be time-consuming, difficult,
and expensive characterization of components, lack of accurate
and computationally efficient models of converters, and optimizing
component selection within short development time.

Index Terms—Design automation, high-temperature power
electronics, temperature drift.

I. INTRODUCTION

POWER electronics converters have found their way into
many applications, e.g., switched-mode power supplies in

adapters and chargers, motor drives, and solid-state transformers
to interconnect electric grids. Some applications have been
calling for power electronics converters that can operate in
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high-temperature environment [1], [2]. For example, in oil and
gas applications, the downhole electronics usually operate at
150–175 °C ambient temperature. Due to the declining reserve
of easily accessible natural resources, the industry tends to
drill deeper. The operating temperature in these hostile wells
may exceed 200 °C. In automotive and avionics applications,
in order to reduce the cost, weight, and volume of wiring,
sensors and electric circuits are being moved closer and closer
to engines, brakes, etc., where temperature exceeds 125 °C [3].
The trend to replace purely mechanical and hydraulic systems
in vehicles and aircraft with electromechanical or mechatronic
systems demands high-temperature power electronics as well,
because these power electronics converters need to be close to
the actuators [4]. Space exploration is one of the most exciting
applications where high-temperature power electronics play crit-
ical roles [5]. The NASA Mars Curiosity Rover, as an example,
used motor drivers that were specified at up to 125 °C ambient
temperature [6].

Traditionally, there are two ways to ensure safe operation of
power electronics converters in a high-temperature environment.
One is using coolant to keep converters cool, and the other is
utilizing protective enclosures to prevent the environment from
heating up converters. The main drawback of these two solutions
is that the installation of cooling or enclosure system increases
the cost, volume, and weight of the converters. Moreover, it is not
practical to use either coolant or protective enclosures in deep-
earth applications [1]. Therefore, ideally, industries would prefer
reliable power electronics that can withstand high temperature
by itself. As concluded in [7], and further emphasized in [2],
operating electronics at high temperature is a system problem. A
power electronics converter is a system hosting power semicon-
ductor devices, inductors, transformers, capacitors, resistors,
gate drive circuits, measurement circuits, microcontrollers,
printed circuit board (PCB), and solders. Failure or function
degradation from any part of a power electronics converter may
cause the entire converter to malfunction. The uncertainty of
the performance and the lifetime of individual components at
high temperature make it challenging to design and operate
converters properly, in particular, in a wide temperature range.
Therefore, high-temperature converter design is indeed a critical
and emerging topic as it will fertilize our knowledge about
power electronics on both component level and system level,
especially when wide band-gap devices are deployed. However,
due to the limited market size of high-temperature converters
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and the preference of designers to keep their design confidential,
the number of related publications is relatively small. There is no
standard about the qualification of components and converters
operating at ambient temperature more than 150 °C. Moreover,
there is no publication dedicated on giving an overview of
high-temperature power electronics converters. Thus, this article
presents a review of high-temperature converters. This review
article starts with studying components’ high-temperature
performance, followed by a comparison of published designs
of converters for high-temperature applications, and finally
ends with a case study of designing a 150 °C rated converter
with state-of-the-art components. Lifetime of components and
converters stressed under high temperature is not discussed in
this article, because, as mentioned, there is not any international
standards regulating the procedure of qualification yet.

The rest of this article is organized as follows. Section II
presents the performance of electronic components stressed
under high temperature. The highest operating temperature of
state-of-the-art electronic components is identified. Considering
the temperature limits of components, the maximum ambient
temperature of the state-of-the-art power electronics converters
is estimated to be in the range of 210–240 °C. In Section III,
power electronics converters with maximum temperature rating
between 150 and 240 °C are reviewed. 150 °C is selected as the
low end of the temperature scale, because normally 150 °C is
the maximum temperature rating specified in the datasheets of
standard-temperature components. The converter review shows
that designing high-temperature converters would be very ex-
pensive if high-temperature components (rated > 200 °C) are
used. Actually, most of the published high-temperature con-
verters use standard-temperature components well above their
specifications to reduce cost. Therefore, characterizing standard-
temperature components over temperature is needed. In addition
to component characterization, component selection is another
challenging task, because a trade-off between the quality of
design output and development time has to be made properly.
In Section IV, in the light of that the latest published high-
temperature converter was developed and reported five years
ago, a 1-kV input, 520-V output, 1-kW dc–dc converter is de-
signed as a case study with state-of-the-art standard-temperature
components. The design flow is an automated procedure. The
prototype is tested in a 150 °C environment. Finally, Section V
concludes this article.

II. COMPONENTS OPERATING AT HIGH TEMPERATURE

A. Power Semiconductor Devices—Die Material

The physical effects that degrade the performance of semi-
conductor dies at high temperature have been well summarized
in [7]. The increasing intrinsic carrier density and junction
leakage current with temperature are the two primary physical
effects that limit the functionality of p–n junctions at high
temperature. The intrinsic carrier density ni of a semiconductor
can be expressed by [8]

ni = 2

(
2πkT

h2
)3/2(mdhmde

)3/4

e−Eg/2kT (1)

Fig. 1. ni versus T of Si, SiC, and GaN at bandgap energy 1.12, 3, and 3.39 eV,
respectively.

where k and h are Boltzmann’s and Planck’s constants. T is the
temperature. mdh and mde are the hole and electron effective
masses. Eg is the bandgap energy. As shown, ni depends on
temperature and the bandgap of a semiconductor. Small bandgap
and high temperature may increase intrinsic carrier density.
To prevent the semiconductor junction from being “washed
out,” the intrinsic carrier density needs to be smaller than the
dopant density nD, which is limited by the breakdown voltage
of p–n junctions [7]. Based on (1), the intrinsic carrier density
of silicon (Si), silicon carbide (SiC), and gallium nitride (GaN)
at different temperatures can be calculated, and is shown in
Fig. 1. As expected, SiC and GaN have much smaller ni than
Si due to their large bandgap energy. Fig. 1 also illustrates the
limitation ofni set by nD. To have a 1-kV ideal blocking voltage,
the dopant density of Si nD_Si needs to be smaller than 1014

cm−3 [9]. Therefore, ideally, to ensure the functionality of Si
with a capability of blocking 1 kV, the temperature of Si has to be
lower than250 °C. In contrast, with the same 1-kV ideal blocking
voltage, the intrinsic carrier density of SiC and GaN will not
exceed the dopant density even though the temperature is up to
1000 °C. The large bandgap energy of SiC and GaN also results
in low junction leakage current, which changes exponentially
with respect to kT

Eg
.

Moreover, many applications demand for power electronics
converters capable of operating not only at high temperature
but also over a wide temperature range. Therefore, we need to
consider device parameter variations, e.g., threshold voltage and
on resistance of MOSFETs, over temperature. On the die level, the
primary physical effects that decide these parameter variations
are the decreasing bandgap energy, carrier mobilityμe andμh (e,
electron; h, hole), saturation velocity vsat, thermal conductivity
K, and the changing breakdown electric field EBR of semicon-
ductors with temperature [11]. Since the dependency of some
of these physical properties on temperature varies with doping
level, it is hard to conclude which semiconductor material has the
least temperature dependency [12]. Table I gives the typical Eg ,
μe, μh, vsat, K, and EBR of Si, SiC, and GaN at 25 and 200 °C,
respectively. Both SiC and GaN show noticeable dependency
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TABLE I
ELECTRICAL PROPERTIES OF SI, SIC, AND GAN AT 25 AND 200 °C

Fig. 2. Conceptual drawing of a packaged power semiconductor device [25].

on temperature in terms of the listed physical properties. At
200 °C, GaN seems to still hold the highest carrier mobility
and saturation velocity, which make GaN the better choice for
high-current and high-frequency operations. The superiority of
SiC to GaN is due to SiC’s high thermal conductivity, which
makes SiC devices better toward high power density and high
reliability. The breakdown electric field of GaN is more than
twice that of SiC’s. However, due to the challenging GaN crystal
growth process, most of the commercial GaN power devices are
built on foreign substrates, among which Si is still the most com-
mon option due to its low cost [24]. The breakdown voltage of
these GaN-on-Si devices is limited by the Si substrate [24]. The
maximum breakdown voltage of commercial GaN transistors is
900 V.

B. Power Semiconductor Devices-Packaging

Semiconductor technologies rapidly advance forward, and
have promising properties at high temperature. For example,
Table I presents that SiC and GaN at 200 °C still outperform
Si at 25 °C. However, low-cost commercial power semicon-
ductor devices for > 175 °C operation are still difficult to find.
Given that, packaging is the major limiting factor. A packaged
power semiconductor device consists of power semiconduc-
tor die, bonding material for die and substrate attach, sub-
strate, base plate, bond wires, encapsulant, and case, as shown
in Fig. 2 [25].

In large high-power die attach for 200–300 °C operation, the
majority of binding materials are lead-based systems, such as
lead-tin (Pb-Sn), due to their high ductility, acceptable thermal
conductivity and cost, and well-established knowledge base of
physical properties and manufacturing process of leaded sol-
ders [26]. However, lead poses great threat to human health and
environment. The most popular lead-free die attach method for
up to 300 °C operation is low-temperature silver (Ag) sintering,
thanks to the high electrical and thermal conductivity of bluk
Ag, and the low-temperature and low(no)-pressure sintering
process [27]. Currently, there is few effective methods in large
high-power die attach for over 300 °C operations.

Direct-bonded copper (DBC), which has been widely used
as substrates in < 175 °C rated packages, can be used for
175–250 °C operations as well. The ceramic layer sandwiched
between the copper layers can withstand high temperature. The
primary challenge is to minimize the thermomechanical stress
due to the mismatch of coefficient of thermal expansion (CTE)
of die, bonding material, and substrate [28]. Additionally, the
substrate should have high thermal conductivity and high elec-
trical resistivity. Aluminium nitride (AlN) and aluminium oxide
(Al2O3) are the commonly used ceramic for substrates. Com-
pared to Al2O3, AlN has higher thermal conductivity, and closer
CTE to SiC and GaN, but higher cost. To have high reliability
at elevated temperature, AlN is usually preferred as the ceramic
material in substrate [29], [30]. Other than DBC, direct-bonded
aluminum (DBA) can also be used to make substrates [31]. Due
to surface roughening of aluminum in large-temperature cycling
(for example, −55 to 250 °C in [32]), DBA is rarely used in
high-temperature power semiconductor packages.

Bond wire break or lift is another failure mode of power
semiconductor packages [25]. To have reliable wire bonding at
high temperature or over a wide temperature range, the material
of bond wire and the metalization of bonding pad need to be
carefully selected [33]. Preferably, the same material should
be used for bond wire and metalization of bonding pad, since
interdiffusion and interface corrosion occur between dissimi-
lar metals at high temperatures, which degrade bond strength.
Commercial bare die SiC MOSFETs and diodes, such as those
from CREE, use Al as top-side pads metalization. Because
of that, laboratory power semiconductor/module packages for
175–250 °C operation have been using Al bond wires [34],
[35]. Since Al and Nickel (Ni) bond has been proved to be
reliable at up to 350 °C, the copper layers on substrate are
usually Ni-plated [36]. Other than Al and Ni bonds, gold (Au)
wire bonded to a gold pad is extremely reliable. However, the
high cost of gold makes it not favorable in large high-power
die packaging, which requires more raw material than small
low-power dies.

As a substrate holds dies, a base plate is needed to hold
the entire packaged device, and to dissipate heat to heat sinks.
Therefore, it is necessary for a base plate to have certain mechan-
ical strength, high thermal conductivity, and matched CTE with
substrate’s. A summary of commonly used materials for base
plates has been given in [34]. Base plates made of pure copper
(Cu) are usually not used in high temperature due to Cu’s CTE
mismatches with AlN’s. Metal matrix composites (MMC) are
often utilized since their CTE can be tailored to match with that
of the substrates.

The case protects a package from vibrations, mechanical
shocks, and environmental effects. Cases of < 175 °C rated
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Fig. 3. Summary of temperature limits from power semiconductor packaging.

packages are usually made of plastics such as thermoset allyls
(DAP) and thermoset epoxy [25]. The glass transition tem-
perature Tg of these plastics is around 160 °C. For > 175 °C
operation, ceramic or metal cases can be used [37]–[40].

The main function of encapsulant is to protect dies and bond-
ing wires from environmental effects, e.g., moisture diffusion,
chemical contamination [41]. Preferably, the encapsulant should
also increase dielectric strength and heat dissipation inside of the
package. Hence, the voltage rating and thermal conductance of
the package get increased [25]. Therefore, long-term stability
of encapsulant’s properties is a key factor to address, in order
to make a reliable package. Polymers have been widely used
as encapsulant in < 175 °C rated packages, and can be divided
into two categories: 1) soft encapsulants such as silicone gel,
whose Tg is lower than the lowest operating temperature, and
2) hard encapsulants such as silicone elastomer, whose Tg is
higher than the highest operating temperature. The operation
limits of silicone gels are 250 °C and 100 h or 220 °C and
400 h, above which the gels either crack or have complete
degradation [42]. Silicone elastomers are more reliable than
silicone gels. They do not show cracks at 250 °C and 500 h
thermal storage test [42]. However, the dielectric strength of sil-
icone elastomers drastically decreases with temperature. In [43],
the three silicone elastomer samples show 30%–40% decrease
of dielectric strength when temperature increases from 20 to
250 °C. Therefore, reliable > 175 °C rated packages call for
new encapsulation materials [44].

The above discussion about the temperature limits of differ-
ent parts of a power semiconductor package is summarized in
Fig. 3. As shown, currently, the maximum temperature rating of
packaged power semiconductor devices is likely to be around
220 °C, and is limited by the encapsulant material.

Apart from packaging material, packaging scheme is also
a prominent factor that affects a power semiconductor pack-
age’s electrical and thermal performance at high tempera-
ture. The drawing in Fig. 2 is an example of wire-bonding
packaging scheme, which is widely used in manufacturing
room-temperature power semiconductor devices. Manufacturers

Fig. 4. Conceptual drawing of the 220 °C-rated SiC DMOSFET flip-chip power
module (1200 V, 160 mΩ per chip) presented in [51] and [52]. TIM, thermal
interface material.

Fig. 5. Conceptual drawing of the 150 °C-rated 3.1-kV 600-A SiC diode
press-pack module presented in [53].

prefer sticking to wire-bonding packaging scheme for high-
temperature products. With this scheme, standard equipment and
procedures can be used, and hence, the cost of manufacturing
new products can be kept low. Table II gives a summary of
the published high-temperature power semiconductor modules
using wire-bonding. With proper selection of materials and
assembly methods, wire-bonding packages can operate at high
ambient temperature (200–250 °C). However, [45]–[48] do not
show any measurements on life time of wire-bonding packages
at high ambient temperature.

Although cost-effective, wire-bonding packaging scheme has
three major limitations. First, it only allows heat to dissipate
through the base plate. The packages’ thermal performance is
significantly restricted. Second, to form strong interconnections,
the bonding wires have to encircle a certain area, and thus have
inherently high inductance (may exceed 10 nH [50]), which
becomes problematic at high-frequency switching. Third, the
unbalanced mechanical structure, i.e., wire bonds on the top of
the die and substrate attachment on the bottom, may cause differ-
ential stress, and, hence, leads to failure at high temperature. To
overcome these limitations, different packaging schemes have
been investigated for high-temperature usage.

Aw et al. [51] and Woo et al. [52] present a high-temperature
SiC DMOSFET power module with flip-chip packaging. As shown
in Fig. 4, rather than using bond wires, the top connections
from dies are made by copper clips, which not only have lower
inductance than bonding wires, but also enable double-side cool-
ing. This flip-chip module is able to withstand a 220 °C 500-h
storage test. Sugawara et al. [53] present a 150 °C-rated 3.1-kV
600-A SiC diode module using press-pack packaging, whose
conceptual drawing is given in Fig. 5. As shown, the module has
symmetrical structure on top and bottom. It thereby has smaller
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TABLE II
SUMMARY OF PUBLISHED HIGH-TEMPERATURE POWER SEMICONDUCTOR MODULES USING WIRE-BONDING SCHEME

No, number; max., maximum; SBD, Schottky barrier diode; DBA, direct bond aluminum.

Fig. 6. Conceptual drawing of the 250 °C-rated planar module presented
in [54], [55] (rectifier with four 1200-V, 50-A SiC Schottky barrier diodes).

differential mechanical stress than wire bonding packages. Both
the top and bottom pads of dies are attached to electrodes with
only a thin layer of molybdenum in between. The module thus
has double-side cooling as well. In experiments, the forward
characteristics (up to 800 A) of the diode module is measured at
up to 150 °C ambient temperature. Valdez-Nava et al. [54] and
Koyanagi et al. [56] present a bridge-rectifier power module
with multilayer planar structure. As shown in Fig. 6, the module
does not require any soldering, sintering, or bonding process.
The pads of SiC diode dies are directly attached to copper
plates, which also served as leads. Only vertical mechanical
pressure is used to assure electrical connection. This rectifier
module is tested under 700-V (RMS) 2-mA (RMS) input, at
up to 250 °C ambient temperature. Yin et al. [56] introduce a
ceramic-embedded SiC diode module, whose forward (forward
current up to 3 A) and reverse characteristics (reverse voltage up
to 600 V) are tested up to 236 °C ambient temperature. As shown
in Fig. 7, the die pads are metalized to form a Cr layer, which is
then directly bonded to the external copper layer forming circuit
connection. According to the simulations presented in [56], the
proposed structure can reduce thermally induced stress on die
by 74.8% compared to wire bonding packages. The embedded
module also allows double-side cooling.

C. Magnetic Components

Magnetic components, i.e., inductors and transformers, can
commonly be found in power electronics converters. Inductors
either buffer large current in power circuits, or reject noises in

Fig. 7. Conceptual drawing of the236 °C-rated embedded chip module (ECM)
presented in [56] (the ECM has two SiC Schottky diodes, whose ratings are not
given).

small signal circuits. Transformers provide galvanic isolation
and impedance-matching in both power and signal circuits.
Regardless of their various functionalities, all magnetic com-
ponents are made of cores and windings, except those air-core
magnetic components, which only have windings.

Conventional windings are made of film-insulated round mag-
net (enameled) wires. The qualification of temperature rating
of such wires needs to comply with international standards
such as ASTM D2307, i.e., Standard Test Method for Thermal
Endurance of Film-Insulated Round Magnet Wire [57]. ASTM
D2307 classifies magnet wires into seven thermal classes ac-
cording to the maximum temperature that the magnet wire can
be exposed to. The highest thermal class in ASTM D2307 is
thermal class—240 °C, which states that the tested wire remains
functional at 320 °C for 1 day, or 260 °C for 56 days. Other than
magnet wires, PCB windings have also been widely used in
magnetic components. Their performance at high temperature
is included in the later section where high-temperature PCB is
reviewed.

Compared to windings, cores are more likely the obsta-
cle to operate magnetic components at high temperature. The
Curie temperature Tc sets the maximum temperature of a core.
High-frequency (>10 kHz) power electronics converters usually
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Fig. 8. Curie temperature and relative initial permeability of commercially
available powder and ferrite cores from Magnetics INC and Ferroxcube (data
gathered in August of 2021).

contain three kinds of cores, i.e., powder cores, ferrite cores,
and tape wound. Depending on the material of alloy particles,
powder cores have different Curie temperature with a range of
460–700 °C. Unlike powder cores, ferrite cores have relatively
low Curie temperature. For example, MnZn ferrite cores, which
are suitable for < 1 MHz switching, have Curie temperature
of 210–240 °C. NiZn ferrite cores, which are suitable for > 1
MHz, have Curie temperature around 280 °C. Tape wound
cores with cases are usually rated below 200 °C [58]. Fig. 8
gives the Curie temperature and relative initial permeability of
commercially available powder and ferrite cores from Magnetics
INC and Ferroxcube. As shown, there is a trade-off between
the maximum operating temperature and the permeability of
magnetic cores.

Besides the Curie temperature, the changing permeability
and core loss with temperature make the design of magnetic
components for wide temperature range difficult. The datasheet
of a core material gives some information about the temperature
drift of permeability and loss. For example, the datasheet of
ferrite material N97 provides initial permeability vs. temperature
(−40 °C ∼ Curie temperature), saturation flux density at 25 °C
and 100 °C, and core loss versus temperature (25–140 °C) under
100-kHz magnetization with different maximum flux density
(25, 50, 100, and 200 mT) [59]. To design magnetic components
for wide temperature range, designers would prefer to have
the B–H curves of cores measured at different temperatures
and magnetizing conditions. However, such measurements or
databases of magnetic cores are still hard to find.

Fig. 9. Rated capacitance, rated voltage, and dielectric material of commer-
cially available capacitors with maximum temperature rating ≥ 150 °C from
TDK, KEMET, and AVX (data gathered in June of 2021).

D. Capacitors

In a power electronics converter, capacitors differ a lot in
terms of capacitance (pF ∼ hundreds μ F) and voltage rating (a
few volts to a few kV). To reduce cost and design complexity,
designers prefer commercial products rather than customized
capacitors. Fig. 9 gives the rated capacitance, rated voltage, and
dielectric material of commercially available capacitors from
TDK, KEMET, and AVX, with maximum temperature rating
≥ 150 °C. As shown, capacitors with rated voltage > 100 V,
capacitance > 100 μF, and temperature rating > 150 °C are
hard to find. For > 150 °C operations, ceramic and tantalum
capacitors should be the primary options to look at. For 150–
200 °C operations, high-voltage (up to 10 kV), low-capacitance
(<1μF) ceramic radial capacitors are available. Capacitors rated
for > 200 °C operations all have rated voltage below 100 V.

Fig. 9 is made according to capacitors’ rated capacitance and
rated voltage, which are characterized at room temperature. De-
pending on capacitors’ dielectric materials, capacitance and the
maximum working voltage change differently with temperature.
Ceramic capacitors are divided into two classes, i.e., EIA Class
I and EIA Class II, according to the dielectric materials’ temper-
ature stability [60]. Class I ceramic dielectrics are temperature-
stable. The commonly used Class I dielectric material is C0G
(NP0). As an example, the maximum capacitance change of
C0G ceramic capacitors from KEMET is 0.5% at 200 °C with
reference to 25 °C. In comparison, KEMET X7R capacitors
(Class II) have the maximum capacitance change of 15% at
125 °C with reference to 25 °C. However, Class I capacitors have
lower volumetric efficiency than Class II capacitors. As shown
in Fig. 9, as temperature goes up, the capacitance of available
ceramic capacitors reduces. Tantalum capacitor is an option to
have high capacitance (> 1 μF) at high-temperature (> 150 °C)
and low-voltage (< 100 V) working conditions. The capacitance
of tantalum capacitors does not drop with temperature. However,
the maximum working voltage does. For example, the maximum
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TABLE III
COMMERCIALLY AVAILABLE RESISTORS FROM VISHAY FOR > 175 °C

OPERATIONS

Max., maximum, temp., temperature; SMD, surface-mounting sevice; TH, through hole;
chas, chassis mounting. Data gathered in June of 2021.

working voltage of KEMET T500 MnO2 tantalum capacitors
drops 40% at 200 °C with reference to 25 °C.

E. Resistors

Resistors are fundamental components of power electronics
converters. They are used in circuits that perform protection,
current and voltage sensing, termination, signal processing, etc.
For high-temperature operation, resistors’ temperature rating
is the basic requirement to fulfill. Additionally, the drift of
resistance should be kept small over the working temperature
range. Table III lists the maximum operating temperature, the
resistance tolerance, and the temperature coefficient of resistors
manufactured by Vishay. As shown, resistors’ temperature rat-
ing and temperature drift mainly depend on the composition.
Metal foil resistors offer the highest precision. However, their
temperature rating is the lowest (< 225 °C). Thin-film resistors
have moderate precision and higher maximum operating tem-
perature (250 °C) than metal foil resistors. The remaining types
of resistors have reduced precision, but increased temperature
rating, and hence, high reliability under overload conditions.

F. Gate Drivers

The majority of commercially available gate drivers are based
on Si CMOS process, whose junction leakage current increases
significantly once the junction temperature goes above 125 °C.
The recommended maximum junction temperature of these
Si-based gate drivers are 150 °C [62] [63]. Silicon-on-insulator
(SOI) process, which has an oxide layer to reduce junction leak-
age current, offers a way to fabricate gate drivers for 150–225 °C
operation [64]–[67]. CISSOID produces gate drivers that allow
the maximum junction temperature to be 225 °C [67]. Gate
drivers or gate-drive circuits for> 225 ◦C operations are mainly
laboratory researches. And the majority of them are based on SiC
process. Lamichhane et al. [69] present a gate driver IC based
on SiC NMOS process. In the experiment, the gate driver dies
can output 500-kHz, 30-V, and 50% duty-ratio square wave with
3-A peak source and sink current. The maximum temperature

Fig. 10. Simplified signal chain of power electronics converters. Amp, ampli-
fier; ADC, analog-to-digital converter; PWM, pulsewidth modulation.

on die during tests is 420 °C. However, the working conditions
of the IC at 420 °C die temperature are not specified in [69].
Kargarrazi et al. [70] present a gate driver IC based on SiC
bipolar technology. In experiments, the IC can robustly drive
SCT2280KE (1.2-kV, 14-A SiC MOSFET) with 60-kHz, 20-V,
and 50% duty-ratio square wave at up to 500 °C die temperature.
Barlow et al. [72] present a gate driver IC based on SiC CMOS
process. In experiments, the IC drives C3M0065090D (900-V,
36-A SiC MOSFET) with 15-V square wave (frequency and duty
ratio are not specified) at up to 530 °C die temperature.

An alternative to gate driver ICs operating at 150–200 °C
is gate drive circuits built with discrete components [72], [73].
These gate drive circuits usually have relatively large footprints
and propagation delays compared to their IC counterparts. How-
ever, they use commercially available Si-based discrete transis-
tors and diodes, which result in cheap solutions. The225 °C rated
gate driver ICs from CISSOID cost around 1600$per unit. In
comparison, a 175 °C rated signal transistor from Nexperia cost
< 1$. Moreover, with proper circuit design, gate drive circuits
using discrete components can have comparable propagation
delay to gate driver ICs [74].

G. Signal Circuits

A typical signal chain of power electronics converters is
sketched in Fig. 10. As shown, it mainly includes current and
voltage measurement circuits, signal processing circuits, digi-
tal isolators, and microcontrollers or processors. These signal
circuits need to operate reliably at high temperature as well.

A voltage measurement circuit is usually a resistor divider,
whose accuracy and reliability depend on resistors chosen. As
shown in Table III, metal foil and thin film resistors offer rela-
tively high precision and low temperature drift. However, these
two kinds of resistors are only rated up to 250 °C. Commercially
available high-precision resistors that can operate reliably at
> 250 °C are still few to find.

Current is usually measured by either shunt resistors or
Hall effect current sensors [75]. Like voltage dividers, shunt-
based current measurements require high-precision resistors,
and hence can work up to 250 °C [76]. Hall effect current sensors
inherently isolate amplifier circuits and microcontroller(s) from
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power stage. However, commercially available Hall effect cur-
rent sensor ICs have maximum operating ambient temperature
of 150 °C [77]. Wrzecionko et al. [78] present an isolated
dc and ac current measurement based on a saturated current
transformer. The experimental setup is able to measure dc and
ac sinusoidal current up to 50 A and 1 kHz at 250 °C ambient
temperature with relative error of 2.6%. As a reference, the
150 °C-rated Hall effect sensor manufactured by ALLEGRO
microsystems can measure up to 133 A with bandwidth from dc
to 400 kHz and maximum total error of 1.75% [77]. Accurate
current measurement solutions at > 250 °C are still few to find.

Signal processing circuits are mainly composed of operational
amplifiers (Op Amp), instrumentation amplifiers (In Amp), and
voltage references. Like gate driver ICs, the majority of com-
mercially available amplifier and voltage reference ICs are based
on Si CMOS process, and are specified for maximum operating
temperature of 125–150 °C. SOI process has been utilized by IC
manufacturers to extend the temperature rating of their products.
Analog devices produce amplifier (both Op Amp and In Amp)
and voltage reference ICs that have predicted life time of 1000
h at 210 °C operating temperature [79]. CISSOID produces
ceramic-packaged amplifier and voltage reference ICs that can
operate up to 225 °C [80]. XREL semiconductor produces
SOI-based voltage reference ICs that can operate up to 230 °C
[81]. Amplifier and voltage reference ICs for > 230 °C opera-
tion are mainly laboratory researches. Fraunhofer Institute for
Integrated Systems and Device Technology has been developing
4H-SiC-based amplifiers that can operate up to 300 °C [82].

Digital isolators are sometimes needed in the signal chain
of power electronics converters. Usually, signals are transferred
through an isolation barrier by one of the three methods: optical
coupling, capacitive coupling, and magnetic coupling. Commer-
cially available digital isolator ICs are specified for maximum
operating temperature of 125–150 °C. XREL semiconductors
provide isolated data transceiver that can work up to 230 °C
[83]. However, the galvanic isolation is achieved using external
pulse transformers. VDDTECH promises that its 175 °C-rated
digital isolator IC IZL-100 will be available in the fourth quarter
of 2021.

High-temperature microcontrollers (processors) are fortu-
nately available, enabling digital control for power electron-
ics converters in high-temperature environment. Texas Instru-
ments, a leading manufacturer of standard temperature micro-
controllers, produces ceramic-packaged digital signal controller
(DSC) and digital signal processor (DSP) that can operate up
to 210 °C case temperature [84], [85]. These high-temperature
DSC and DSP have the same features [e.g., memory size, number
of pulsewidth modulation (PWM) outputs, number of high-
resolution PWM outputs, number of channel, and resolution of
analog-to-digital converter (ADC), configuration of serial port
peripherals] as their standard temperature equivalents. However,
they have to operate with reduced clock frequency at high tem-
perature. Other than Texas Instruments, TEKMOS, VORAGO
Technologies, and RelChip also produce microcontrollers that
can work up to 300 °C, however, with less functional blocks than
the counterparts from Texas Instruments. For example, VA10800
from VORAGO does not have built-in ADC module. Designers

TABLE IV
AGING OF FR4 MATERIAL R1755-V AND POLYMIDE ARLON 85 [87]

Temp., temperature.

thereby have to seek external ones. Among these commercially
available high-temperature microcontrollers, the 200 °C-rated
ones are based on Si CMOS process, and the 300 °C-rated ones
are based on SOI process.

Note that, other than the maximum temperature rating, tem-
perature drift of components needs to be considered in the
circuit design as well. For example, at elevated temperature,
the resistance of shunt resistors increases, the noise rejection
of amplifiers reduces, the line regulation of voltage references
increases, and the threshold voltage of digital isolators reduces.
Details about the temperature drift of the previously mentioned
high-temperature signal electronic components can be found in
their datasheets, and are not covered by this article.

H. Printed Circuit Boards and Solders

Printed circuit boards (PCBs), which holds together all of the
components and circuits discussed above, are layer(s) of copper
laminated onto or between layer(s) of nonconductive substrates.
The operating temperature of PCBs needs to be lower than the
glass transition temperature T g of substrates. Otherwise, delam-
ination of PCB may occur. Protecting substrates from oxidation
is important as well to increase life time of PCBs operating at
high temperature [86]. The commonly used substrate materials
for 150–200 °C operation is high Tg FR4 (such as ISOLA IS410
and Shengyi S1000-2, both Tg =180 °C) and high Tg polyimide
(such as ARLON 85 N, Tg =250 °C). The aging of FR4 material
Panasonic R1755-V (Tg = 173 °C) and polymide ARLON 85 N
is characterized in [87], and is listed in Table IV. R1755-V
exposed in air shows 8% weight loss after 24 h at 230 °C.
ARLON 85 N exposed in air shows 1.8% weight loss after 24 h
at 250 °C. Operating at 190 °C, R1755-V exposed in air shows
5% weight loss after 650 h, and ARLON 85 N exposed in air
shows 1% weight loss after 1000 h. To increase the reliability
and life time of PCBs at > 200 °C, ceramic substrates such as
Al2 O3 and AlN can be used [88]. Currently, published work
about using ceramic PCBs in power electronics converters is
still few to find.

Solders join the metal leads and pads of components to PCBs.
The melting temperature of solders are usually selected to be at
least 40 °C higher than the maximum ambient temperature, con-
sidering the self heating of solder joints [2]. The majority of sol-
ders melting at 260–320 °C are Pb-based alloys. As mentioned,
Pb posts threats to human health and environment. Therefore, in-
dustries have been calling for Pb-free high-temperature solders,
among which gold-based and silver-based alloys are the most
popular. Due to the high cost of gold and silver, Pb-based solders
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still dominate applications having the maximum operating tem-
perature below 250 °C. In addition to keeping the temperature
of solder joints below the melting point, preventing the joints
from cracking or deforming under wide temperature change and
mechanical shock or vibration, which is usually encountered in
high-temperature applications, is important as well. Some inter-
national standards, such as IPC-A-610, classify the quality of
electronic component assembly, which includes forming solder
joints with high mechanical stability [89]. The highest criteria
of standard electronics assembly, such as IPC-A-610 Class 3,
is usually referred as the minimum which high-temperature
electronics assembly has to comply with. Currently, there is not
any standards regulating the quality of assembling components
for high-temperature usage. Manufacturers of high-temperature
electronic equipment usually set up their own quality require-
ment based on field trials.

I. Other Components

The high-temperature behaviors of other components such
as connectors and heat sinks are not reviewed in this section.
Because these parts are usually customized in high-temperature
applications, they will be discussed in Section III, where individ-
ual high-temperature power electronics converters are reviewed.

III. CONVERTERS WORKING AT HIGH TEMPERATURE

As mentioned, operating power electronics converters at high
temperature is a systematic issue. All of the components dis-
cussed in Section II need to operate reliably. The temperature
limitation and design challenges set by individual components
are summarized as follows.

1) Semiconductor materials, such as SiC and GaN, can func-
tion at > 500 °C. However, the unavailability of encapsu-
lation materials that are thermally stable at > 250 °C set
the maximum operating temperature of packaged power
semiconductor devices at 250 °C (refer to Section II-A
and B for details).

2) Commercially available capacitors have temperature rat-
ing < 250 °C. Commercially available ferrite materials
with Curie temperature higher than 250 °C all have relative
permeability below 800, and are suitable for>1 MHz mag-
netizing frequency. High-precision resistors have tem-
perature rating < 225 °C. Due the low capacitance of
high-temperature capacitors, and the low permeability of
high-temperature ferrites, the higher the operating tem-
perature, the higher the switching frequency has to be.
Therefore, to allow high-frequency operation, achieving
zero voltage switching (ZVS) and reducing parasitics of
layout are important (refer to Sections II-C, II-D, and II-E
for details).

3) Commercially available gate driver ICs and other signal
ICs (comparators, inverters, flip-flops, etc.) allow maxi-
mum junction temperature of 225 °C (refer to Section II-F
and G for details).

4) Life time of PCBs reduces drastically at > 250 °C. Com-
monly used high-temperature solders are recommended

Fig. 11. Block diagram of the ac–dc converter presented in [90].

for usage in < 250 °C operating temperature (refer to
Section II-H for details).

Considering these temperature limitations and the self-
heating of individual components, the maximum ambient tem-
perature of power electronics converters is in the range of
210–240 °C, depending on system complexity. Therefore, in this
article, the high end of the scale of high-(ambient)-temperature is
set at 240 °C. The low end of the scale is set to be 150 °C because
150 °C is the point above which designers use components and
assembly method different from norm of standard-temperature
electronics [2].

The following of this section reviews power electronics con-
verters, of which either the power circuits or the control circuits
are designed and tested at the maximum-ambient-temperature
ranging between 150 and 240 °C. The review of each converter
starts by introducing the selected components and materials, in
the same order as discussing high-temperature components and
materials in Section II. Key experimental results are analyzed
to reflect the efficacy of component–or material—selection
and assembly methods. This section ends by summarizing the
challenges of designing high-temperature power electronics
converters from a system point of view.

A. AC–DC Converters

Wang et al. [90] present the detailed design process and tests
of a three-phase ac–dc converter, whose signal circuits and gate
drive circuits can operate at ambient temperature up to 150 °C.
The block diagram of the converter is given in Fig. 11. As shown,
the power semiconductors are custom-designed planar-structure
power modules, which, compared with traditional wire-bonding
(shown in Fig. 2) structure, has smaller footprint, more flexible
layout, less parasitic inductance, and double-side cooling ca-
pability. The gate signals are generated by commercially avail-
able gate drive chips, then isolated by custom-designed pulse
transformers, and finally drive the power modules. The PWM
signals are generated from a commercially available analog
PWM controller. The output voltage is sensed for control and
protection purposes. The die temperature is sensed through a
type T thermocouple. The components and materials used to
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TABLE V
SUMMARY OF MATERIALS AND COMPONENTS USED IN POWER ELECTRONICS CONVERTERS WITH THE MAXIMUM AMBIENT-TEMPERATURE RATED BETWEEN 150

AND 240 °C

No., number; max., maximum; min., minimum; temp., temperature; N/A, not applicable; w/o, without.

package the power module, and the components used in signal
circuits are listed in Table V.

In [90], the power module is tested at room temperature.
Therefore, the reliability of the packaging method and materials
at high ambient temperature is unknown. The signal and gate
drive circuits are composed by ICs rated up to 225 °C junc-
tion temperature. Therefore, these logic circuits are expected
to be functional at 150 °C ambient temperature. The missing

information is their response to the temperature drifts of these
ICs. Wang et al. [90] present the logic circuits’ latency per-
formance at ambient temperature ranges from −50 to 150 °C.
The switching frequency changes from 30 to 35 kHz when
temperature is increased from 25 to 150 °C. The slew rate of
the gate signals increases with temperature as well. It would be
more informative if [90] could measure the power consumption
of gate drive circuits at different ambient temperatures, as this
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information can help specify the design of auxiliary power
supplies.

B. DC–AC Converters

Qi et al. [91] and Qi et al. [92] present the design and
test of a three-phase inverter, whose power circuits and gate
drive circuits can operate at ambient temperature up to 180 °C.
The components used and converter specifications are listed in
Table V. The power circuits are commercially available SiC
power modules with the maximum junction temperature rated at
150 °C. To safely operate the power modules at 180 °C ambient
temperature, cooling plate with 50 °C coolant is attached to
the base plate of the power modules. Therefore, the power
module itself is not designed for high temperature. However,
the custom-designed gate drive circuit, which is built with cheap
high-temperature Si transistors and only uses natural cooling, is
rated up to 180 °C ambient temperature. The developed dc–ac
converter system has controllers and voltage and current sensors.
And they are room-temperature rated since the application,
which is not specified, does not require these signal circuits to
operate in a high-temperature environment. The converter does
not have auxiliary power supplies.

The prototype presented in [91] and [92] is tested at 180 °C
ambient temperature. Processing 31 kVA power, the power mod-
ules have 85 °C on the base plates. With calculated 300 W power
loss generated from the power modules, the junction temperature
of the power semiconductor dies is estimated to be 90 °C. The
latency and power consumption of the custom-designed gate
drive circuit is characterized at 25–180 °C ambient temperature.
Driving a dummy load (5 Ω resistor in series with a 10-nF
capacitor, which is close to the 11.7 nF input capacitance of the
CAS300M12BM2 power module) with 10 kHz 50% duty-ratio
+19 V/−5 V square wave, the gate drive circuit has less than 7%
change in rise and fall time, less than 25% change in propagation
delays, and less than 7% change in power consumption, when
ambient temperature is increased from 25 to 180 °C.

C. DC–DC Converters

Nelms and Johnson [93] present a phase-shifted full-bridge
dc–dc converter, whose full-bridge (excluding the gate drivers)
and isolation transformer are tested up to 200 °C ambient
temperature. The specification and components of the converter
are given in Table V. At the time when [93] was published,
SiC power devices were not commercially available. The full-
bridge is made by Si MOSFETs and Si diodes, which are not
recommended by manufacturers to operate at 200 °C ambient
temperature. Therefore, the MOSFETs and the diodes are char-
acterized at 200 °C ambient temperature before the design of
the converter. When the temperature is increased from 25 to
200 °C, the MOSFET’s ON resistance is doubled, the MOSFET’s
leakage current increases from 1 nA to 1 mA, the MOSFET’s
gate threshold voltage decreases by 30%, the diode’s leakage
current increases from 100 nA to 1 mA, and the diode’s forward
voltage drops 25%. Although having these temperature drift in
power semiconductor devices, the efficiency of the converter is
not affected by ambient temperature. The measured efficiency
of the converter operating at full power only drops from 86.1

to 85.4% when temperature is increased from 20 to 200 °C.
The converter design strategy to cope with the temperature
drift of components is not provided in [93]. The lifetime of the
full-bridge and the transformer operating at 200 °C ambient tem-
perature is tested and determined to be 3500 h. It would be more
appreciated if the thermal design and the assembly method were
discussed.

Ray et al. [94] and Ray et al. [95] present the detailed design
and test of a boost converter, whose power stage can operate
at 196 °C ambient temperature safely. The specification and
component list of the prototype are given in Table V. Power
stages with different combinations of power semiconductor
devices are tested. The Si IGBT and Si diode combination has
the lowest operating temperature. It fails at 110 °C ambient
temperature. The turn-OFF time of the IGBT at 100 °C ambient
temperature is 2.5 times of that at 30 °C. As a result, the turn-OFF

loss of the IGBT increases significantly with temperature. With
the measured waveform, the turn-OFF loss of Si IGBT and
Si diode combination at 105 °C ambient temperature is three
times of that at 30 °C. Changing the Si diode to SiC diode
decreases the turn-OFF loss at 105 °C by 30%, which allows
the Si IGBT and SiC diode combination to operate up to 120 °C
ambient temperature. Replacing the Si IGBT with Si MOSFET

reduces the turn-OFF loss at 30 °C by a factor of 3. Since the
turn-OFF loss contributes the most part of the loss of the power
stage, the operating temperature of both the Si MOSFET and
Si diode combination and the the Si MOSFET and SiC diode
combination increases significantly. Both are above 190 °C.
Between these two, the Si MOSFET and SiC diode combination
can operate at higher ambient temperature, i.e., 196 °C, due to
the low reverse-recovery charge of SiC diode, which reduces
the reverse-recovery loss of the diode and the turn-ON loss of
the MOSFET. Life time test of the boost converter is not reported.

One year after the publication of [94] and [95], SiC BJT is
developed by Cree [96]. About two years later, a full-SiC forward
converter, whose power stage is capable of operating at 200 °C
ambient temperature, is reported in [97]. The specification and
component list of the forward converter are given in Table V.
A custom-designed ferrite material, namely X-perm, is used in
both the transformer and output inductor [98]. This X-perm
ferrite features > 300 °C Curie temperature, and is specially
designed to have the lowest core loss at 200 °C. As a reference,
commercially available ferrite materials usually have the lowest
core loss at around 80 °C. In experiments, the power stage,
i.e., SiC BJT, SiC diodes, transformer, output inductor, input
and output capacitors, safely works in a 200 °C environment.
It would be better if a loss breakdown, as the authors did
in [94] and [95], could be made for this forward converter. The
forward converter fails shortly after the ambient temperature is
increased to 215 °C. The cause of the failure is the cracked input
capacitors made of X7R ceramic. Therefore, leakage current
test of X7R ceramic capacitor and C0G ceramic capacitor is
conducted in [97]. And it is found that the leakage current of
X7R ceramic capacitor increases exponentially at temperature
> 175 °C, which would overheat the capacitor and finally lead to
crack. In contrast, the C0G ceramic capacitor has stable leakage
current up to 225 °C, where the test is stopped. Life time test of
the forward converter is not reported.
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A few years after the publication of [97], SiC JFET and SiC
MOSFET become commercially available. Kosai et al. [99] report
an interleaved boost converter built with SiC JFETs, whose
power stage can operate at 200 °C ambient temperature. The
specification and component list of the converter are given in
Table V. Compared to the components of the forward converter
in [97], the interleaved boost converter in [99] replaces SiC BJT
with SiC JFET, and keeps the selection of ferrite material, gate
driver, controller, solder, and thermal dissipation setup.

D. Challenges of Designing High-Temperature Power
Electronics Converters

None of the converters reviewed in Sections III-A–C had both
the power circuits and the control circuits rated at > 150 °C
environment, although the device technologies, which have been
reviewed in Section II, seem to allow > 150 °C operation of
power electronics converters. The absence of publications about
power electronics converters that can be entirely immersed into a
> 150 °C environment indicates that designing a fully> 150 °C-
rated converter might be very challenging.

The design of high-temperature power electronics converters
is an iterative process that requires adequate experimental data of
temperature drifts of all the components discussed in Section II.
Due to the limited availability and the high cost of > 200 °C-
rated components, designers sometimes have to use standard-
temperature components above datasheet specifications. These
standard-temperature components work at elevated temperature,
but without guaranteed performance. The designers thereby
have to characterize these components over temperature. For
example, the temperature dependence of

1) MOSFETs’ ON-resistance, threshold voltage, gate-to-source
and drain-to-source leakage current, output capacitance,
input capacitance, and Miller capacitance;

2) diodes’ forward voltage drop, junction capacitance, leak-
age current, and breakdown voltage;

3) capacitors’ leakage current, breakdown voltage, and ca-
pacitance;

4) magnetic cores’ permeability, saturation flux density, and
core loss;

5) gate drivers’ propagation delay, rise and fall time, and
power consumption.

In addition to characterizing the functionality, qualifying the
reliability and lifetime of standard-temperature components at
elevated temperature is necessary as well. However, there is
not any standards for testing the life time and the reliability
of electronic components operating in > 150 °C environment.
Industries such as deep earth drilling usually define their own
testing profile according to the field trials of their products. These
processes of characterization and qualification are challenging,
expensive, and time-consuming [2].

With the characterized component performance over tem-
perature, designers can select components, and build and test
prototypes. Based on the measured converter performance, the
component selection might need adjustment. New prototypes are
then built and tested. The new measurements are evaluated to
decide if there is a need to further adjust the design. This iterative
design-and-test procedure is time-consuming, but gives reliable

design output. A possible way to reduce the development time is
to use simulations. Simulation software such as LTspice, PSpice,
Simulink, ANSYS, and COMSOL have been widely used in both
industry and academia. These software allow designers to simu-
late converter performance over multiple physical domains, such
as electrical, thermal, and mechanical. However, to have accurate
simulation results, designers need to build device models using
their data from component characterization. Such systematic
simulations with very detailed component-level characteristics
might become too memory-hungry and time-consuming to be
advantageous to the design-and-test procedure. Therefore, an-
other technical challenge of designing high-temperature power
electronics converter is optimizing component selection within
short development time.

IV. DESIGN OF HIGH-TEMPERATURE CONVERTER WITH

STATE-OF-THE-ART STANDARD-TEMPERATURE COMPONENTS

The converters reviewed in Sections III-A–III-C were devel-
oped more than five years ago. Device technologies and design
methodologies for power electronics have been continuously
advancing during the past few years. However, it seems there is
no recent publications about high-temperature power electronics
converters. Therefore, this section will present the design of
a 150 °C-rated dc–dc converter with state-of-the-art standard-
temperature components. The design starts by characterizing
standard-temperature components over temperature. The proce-
dure of the characterizations is introduced in detail, to reflect on
the discussions about device characterization in Section III-D.
Then, an automated design flow is used to make component
selection, as a reflection to the discussions about optimizing
component-selection in Section III-D. Finally, the entire proto-
type, except the isolated power supplies for gate drivers and the
digital controller, is tested in a 150 °C environment.

The dc–dc converter is a three-level neutral-point-clamped
(TLNPC) converter with expected specifications as follows:
input voltage Vin = 1–1.5 kV, output voltage Vo = 600 V, output
power Po = 3 kW, and ambient temperature of 150 °C.

A. Characterization of Components

The performance of C0G ceramic capacitors and metal foil
resistors operating in a 150 °C environment can be found from
datasheet. The ICs in signal-processing circuits usually have
power consumption around 10 mW. With 100 °C/W junction-to-
case thermal resistance, it leads to less than 5 °C rise of junction
temperature from environment. Using ICs specified with the
maximum junction temperature of 150–175 °C may possibly
give reliable operation of the signal processing circuits. The
power switches, the power diodes, the ferrite materials, and the
gate drivers, however, would have power consumption ranging
from 100 mW to around 10 W, which leads to 10 °C rise of case
temperature with respect to the environment temperature. With
150 °C ambient temperature, their case temperature may reach or
even exceed 200 °C. In this design, a few commercially available
standard-temperature power MOSFETs, ferrite materials, and gate
drivers are characterized over temperature. Power diodes are not
characterized because they rarely fail in previous tests. Life time
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Fig. 12. Illustration of characterized SiC MOSFETs.

and reliability cannot be tested in current development phase,
because the associated testing profiles are not defined yet.

Nine SiC MOSFETs from four different manufacturers (SiC-
Mfr.-1∼4) are selected for characterization. These SiC MOSFETs
have the same 1.2 kV breakdown voltage, and the same TO-247
package. As illustrated in Fig. 12, among the nine MOSFETs, five
are from SiC-Mfr.-1, one is from SiC-Mfr.-2, two are from SiC-
Mfr.-3, and one is from SiC-Mfr.-4. Among the five MOSFETs
from SiC-Mfr.-1, three belong to the second-generation (2nd
Gen) device family, the rest two belong to the third-generation
(3rd Gen) device family. The three 2nd Gen MOSFETs from
SiC-Mfr.-1 have different current ratings. The current ratings
of the rest six MOSFETs are close to that of the 2nd Gen MOSFETs
from SiC-Mfr.-1. In Fig. 12, MOSFETs with similar current rating
are placed in the same row. With this component selection,
the temperature dependence of MOSFETs with different current
ratings, belonging to different device generations, and from
different manufacturers, can be compared, respectively. The
test setup is the same as the one in [100] and [101], where a
custom-made thermal chamber is used to heat up the MOSFETs,
and a Keysight B1505 A Power Device Analyzer/Curve Tracer is
used to measure the performance parameters introduced above.

As an example, Fig. 13 shows the temperature dependence of
the ON resistance Rds(on), the drain-to-source capacitance Cds,
and the gate-to-source capacitance Cgs of seven of the selected
MOSFETs. The remaining two MOSFETs from SiC-Mfr.-1 have
highRds(on) and low Cgs and Cds. Therefore, their measurements
are not plotted to maintain the resolution of Fig. 13. The plot
shows the following.

1) The generation upgrade of SiC-Mfr.-1 reduces the tem-
perature dependence of Rds(on) by almost 100%, however,
with the price of slightly increased Cgs (by comparing
SiC-Mfr.-1-2nd Gen-device-2 with SiC-Mfr.-1-3rd Gen-
device-2).

2) Current rating does not change the temperature depen-
dence of Rds(on) of MOSFETs from the same manufacturer.

3) All of MOSFETs tested have stable Cgs and Cds over tem-
perature.

4) MOSFETs with the same current rating and drain-to-source
breakdown voltage, but from different manufacturers,
have around 10%–15% difference in Cgs, and 10%–70%
difference in Cds.

In a similar way, the gate threshold voltage Vth, the gate
leakage current Ig, the drain-to-source leakage current Id(off),
the body diode i–v characteristics, the third quadrant i–v charac-
teristics, and the Miller capacitance Cgd of all the nine MOSFETs
are measured at ambient temperature ranging between 25 and
225 °C with 25 °C step size. These experimental data of MOS-
FETs’ temperature dependence is used in the selection of gate

Fig. 13. Measured temperature dependence of Rds(on), Cds, and Cgs of the
selected MOSFETs (same legend for three plots).

drivers, the selection of switching frequency and dead time, the
minimization of converter’s conduction losses, and the design
of ZVS.

Six gate drivers (GD 1–6) from different manufacturers are
selected for characterization over temperature. The gate drivers
are configured to generate 250-kHz, +15 V/−5 V square wave
with 50% duty ratio. The output of the gate drivers is connected
to load capacitors (1 and 2 nF, both are thermally stable C0G
ceramic capacitors) through a 5-Ω resistor. The output condition
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TABLE VI
CHARACTERIZED SOFT FERRITE MATERIALS AND THE TEST CONDITIONS

and the load condition of the gate drivers are determined by
the approximate range of switching frequency of the converter
and the input capacitance of SiC MOSFET candidates. In the
tests, the gate drivers are put into a thermal chamber. Their
power consumption is logged through Siglent SDM3055 high-
precision multimeters. Their latency are characterized through a
RIGOL DS1054 oscilloscope. As an example, Fig. 14(a) shows
the measured power consumption on driver side when the gate
drivers output the specified 250 kHz square wave. As shown, the
power consumption increases with temperature. However, some
gate drivers are relatively thermally stable in terms of power
consumption, such as GD-1 and GD-3. Fig. 14(a) also clearly in-
dicates that the power consumption on driver side increases with
load capacitance. However, the amount of increment of power
consumption due to the doubled load capacitance is different
from device to device. For example, the power consumption of
GD-2 only increases 15% when the load capacitance is doubled,
which means that GD-2 has high internal capacitance. The power
consumption of GD 1–6 due to their internal capacitance is
extracted, and is plotted in Fig. 14(b). Fig. 14(c) shows the tem-
perature dependence of turn-OFF propagation delay. As shown,
GD-1 has the lowest and thermally stable turn-OFF propagation
delay. In a similar way, the static power consumption, the rise
and fall time, and the turn-ON propagation delay of GD-1∼6 are
measured. These experimental data of gate drivers’ temperature
dependence are used in the selection of MOSFETs, the selection of
switching frequency, and the design of auxiliary power supplies
for gate drivers.

As mentioned in Section II-C, for 200 °C operation, either
ferrites or powder cores can be used. Compared to powder cores,
ferrites have higher permeability and lower Curie temperature,
i.e., 210–280 °C. When high permeability is required, ferrites
are preferred. However, their performances such as amplitude
permeability, saturation flux density, and core loss at > 150 °C
are not specified in datasheets, which makes it risky to operate
ferrites at 200 °C. Therefore, the temperature dependence of
the B-H curves of a few commercial available ferrite materials
are measured to support the converter design. The characterized
ferrites and test conditions are summarized in Table VI. The B-H
curve is extracted by a MADMIX power inductor measurement
system. The cores are heated from 25 to 225 °C with 25 °C
step size by the ATS-515-K-7 thermostream. The temperature

Fig. 14. Measured temperature dependence of power consumption and turn-
OFF propagation delay of gate drivers @ 250 kHz, +15 V/−5 V, 50% duty-
ratio square wave. (a) Power consumption on driver side at 250 KHz switching.
(b) Power consumption on driver side at 250 KHz switching due to internal
capacitance. (c) Turn-off propagation delay at 250kHz switching.

of the core is sensed by a K-type thermocouple and monitored
by a AMPROBE 38XR-A multimeter. As an example, part of
the characterizations of Feri-Mfr.-3-MTL-1 is given in Fig. 15.
The following is shown in Fig. 15.

1) The saturation flux density Bs decreases with temperature.
Bs at 222 °C is only a quarter of that at 25 °C. This
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Fig. 15. Measured B-H curves of Feri-Mfr.-3-MTL-1 @ different ambient
temperature and different magnetization frequencies. (a) 100 kHz magnetization
frequency. (b) 300 kHz magnetization frequency.

measurement indicates that Feri-Mfr.-3-MTL-1 can easily
saturate at high temperature.

2) The amplitude permeabilityμa increases with temperature
when temperature is below 175 °C, and decreases when
temperature is above 175 °C. Note that the temperature
dependence of μa differs from material to material. With
the measured variation of μa over temperature, the tem-
perature drift of inductance can be estimated.

3) The corrective field strength Hc and the remnant flux
density BR change with temperature, which indicates a
changing core loss with temperature. The core loss den-
sity during each cycle of magnitization is calculated by
integrating the flux density B over the field strength H
using the measured B-H curves.

Similar characterizations are done to the remaining 12 fer-
rite materials. These experimental data of ferrites’ temperature
dependence are used in the selection of magnetic cores, and
the optimization of circuit-level variables such as switching
frequency, inductance, turns ratio of transformer, etc.

Fig. 16. TLNPC prototype and the test setup. (a) TLNPC prototype. (b) Test
setup.

B. Selection of Components

The process of component selection is actually a design
flow, which evaluates the converter’s performance, such as
losses, voltage spikes, and realization of ZVS, under different
component-selections. The design flow used combines analyt-
ical calculations and numerical simulations, and thus is more
computationally efficient than design flows with pure numeri-
cal simulations. An improved topology model, the temperature
characteristics of components, and the measurements from pre-
vious converter prototypes are incorporated into the design flow
to guarantee the quality of design output. Moreover, the entire
design flow is automated, and the program is published under
an open-source license. The design flow has been presented
in [102].

C. Experiments

A TLNPC dc–dc converter prototype is built and tested in a
150 °C environment. The isolated power supplies for gate drivers
and the digital controller are put outside of the oven. Fig. 16
gives pictures of the prototype and the test setup. Fig. 17 gives
the measured efficiency of the prototype over temperature.

Compared to the expected specification, i.e., Vin = 1 kV ∼
1.5 kV, Vo = 600 V, Po = 3 kW, the prototype only operates up to
Vin = 1.1 kV, Vo = 520 V, and Po = 1 kW. The derated operation
is due to the unexpected large power loss in the clamping diodes.
The case temperature of some components of the prototype is



14846 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 12, DECEMBER 2022

Fig. 17. TLNPC prototype efficiency vs. ambient temperature @ Vin = 1 kV,
Vo = 520 V, Po = 1 kW.

Fig. 18. Temperature rise of components after operating for 8 min @ Vin =
1 kV, Vo = 520 V, Po = 1 kW, ambient temperature = 50 and 150 °C.

monitored by thermocouple. Fig. 18 gives the temperature rise of
the monitored components after operating for 8 min. As shown,
the measured temperature rise of the clamping diodes is around
35 °C, which is more than two times of the expected 15 °C
temperature rise. This issue is not caused by the temperature
drift of component characteristics, but the inadequate accuracy
of modeling of the operation of the TLNPC converter. The
extra 20 °C temperature rise will not kill the diodes under room
temperature, but it might when the converter is immersed in a
150 °C environment. Therefore, since high-temperature power
electronics converters only allow limited amount of temperature
rise on the components, the tolerances of calculations in devel-
opment phase have to be small, i.e., highly accurate models are
needed.

The temperature breakdown also indicates potential improve-
ments that can be made to the current design. For example, the

temperature rise of the ac inductors is around 10 °C, which is
lower than the expected 15–20 °C. Therefore, the ac inductors
can be redesigned to be smaller.

Additionally, the temperature rise of components at differ-
ent ambient temperature helps relate the temperature drift of
individual components, which have been obtained from device
characterization in Section IV-A, to their performance in actual
circuit over temperature. For example, based on the character-
ization of the selected MOSFET, its Rds(on) should increase 54%
when the ambient temperature is increased from 50 to 150 °C.
However, the temperature rise of the MOSFET in experiments only
increases 11% when the ambient temperature is increased from
50 to 150 °C. Some ideas for research can thereby be inspired
from this observation. For instance, the case-to-ambient thermal
resistance of the MOSFETs in the prototype may decrease with
temperature; the temperature dependence of Rds(on) at in-circuit
operation might be different to that at static characterization.
Similar analysis can be made on the clamping diodes and the
output inductor. The temperature rise of the clamping diodes
does not change, indicating that their forward voltage remains
unchanged. As we know, the forward voltage of a diode is the
sum of the threshold voltage, which decreases with temperature,
and the voltage drop due to internal resistance, which increases
with temperature. In the tests, these temperature-dependences
might have canceled out, and result in diode losses that are
independent of temperature. The temperature rise of the out-
put inductor decreases by around 7 °C. The reason for this is
mainly the reduced core loss of MPP cores at 150 °C ambient
temperature compared to that at 50 °C [103].

V. CONCLUSION

Currently, there is only few publications about high-
temperature power electronics converters and characteristics
of components at high temperature, mainly because that the
market size of applications using high-temperature converters is
still small. The design and implementation of high-temperature
converters hardly had any guidelines to reference to. A possible
design procedure is to first characterize components over tem-
perature. Then, an accurate model of the topology should be used
or derived to design circuit parameters and select components.
Finally, experimental verification should be done to check the
efficacy of design, and to decide if there is a need to adjust.
Because there is no standards regulating the test and quali-
fication of components at high temperature, the components
might still fail when operating in a converter although they had
passed some self-defined qualification procedures. Therefore,
the high-temperature qualification procedure of components
changes from design to design, and usually needs modification
after field trial of the converter prototypes.

In the future, if industries such as geothermal and commer-
cial space travel continue expanding, the market size of high-
temperature power electronics might grow. More researches
about high-temperature converters can then be expected. The
most essential researches will be > 250 °C-rated materials,
such as encapsulants for packaging, dielectric materials for
capacitors, ferrites, etc. These materials are the foundations
of high-temperature converters. With more high-temperature
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converters in the market, hopefully, there would be standards
set for qualification of components and testing of converters.
By following these standards, the design procedure of high-
temperature converters might become less rigorous than now.
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