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Abstract—The transient performance of power semiconductor
devices relates directly to their available power rating, reliability,
and operating lifetime. This paper examines the transient ther-
mal performance of liquid-cooled, silicon carbide power devices
subjected to different unsteady electrical loads. The first part uses
infrared thermography to examine an observed asymmetrical de-
vice thermal time constant when subjected to step-change increases
and decreases in current. A theoretical analysis connects this be-
havior to the dependence of MOSFET on-resistance on junction
temperature. It also identifies three time constants that character-
ize junction transient response, one each for the die, the module,
and the cold plate. The second part extends the transient ther-
mal evaluation to half-sine wave periodic excitations that emu-
late real-application operating conditions. These experiments show
that thermal ripple increases with increasing excitation amplitude
but decreases with increasing excitation frequency. They also con-
nect the observed thermal response to the time constants inferred
from the step-change experiments. Both parts of the study show the
importance of considering transient loads when designing power
electronics cooling systems and the role that electrical properties
play in determining unsteady thermal response.

Index Terms—Silicon carbide (SiC) MOSFET, thermal manage-
ment, transient thermal performance.

NOMENCLATURE
A Convection surface area (m?).
c Specific heat (J/kg. °C).
Crp, Thermal capacitance (J/°C).
C1,Cy,C5  Coefficients in temperature curve fit.
f Excitation frequency (Hz).
h Convective heat transfer coefficient (W/m?2. °C).
1 Current (Amps).
p Density (kg/m?).
Ry Thermal resistance (°C/W).
R Electrical resistance (Ohm).
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Ry, Ry, Ry Electrical Resistance Curve Fit.

T Temperature at time ¢ (°C).
Tinitial Temperature at time # = 0 (°C).
Trinal Temperature at steady state (°C).
Ty Temperature of cooling fluid (°C).
t Time (s).

T Time constant (s).

\% Volume (m?).

1. INTRODUCTION

HE transient thermal performance of power semiconduc-
T tor devices relates directly to their available power rating,
reliability, and operating life. In power electronics systems, ther-
mal effects contribute to over half of the sources of stress dis-
tribution that lead to failure [1]. Among these sources, thermal
cycling is one of the most typical, with both fluctuations in ther-
mal loads and mismatches in coefficients of thermal expansion
contributing to failure [2]. As a result, understanding transient
thermal characteristics is critical in guiding the design of high-
performance power electronics systems. In recent years, silicon
carbide (SiC) has emerged as a popular replacement for silicon
in next-generation power devices. SiC offers higher electron
mobility, faster switching speed, wider bandgap, higher dielec-
tric breakdown, and higher allowable operating temperatures
[3]-[S]. However, the smaller size of the SiC chip and the corre-
spondingly larger current density makes cooling of SiC power
devices a challenge. Over the years, the electronics cooling com-
munity has developed different technologies to manage device
waste heat [6], including concepts that use air [7], liquid [8], [9],
and phase-change [10]. These technologies are generally veri-
fied for steady-state dc conditions, which represent the nominal
power dissipation in an application. This characterization is
more than adequate for most installations, especially those for
which the duration of any transient excitation is relatively short.
In some applications, however, system performance is limited
by the transient thermal characteristics of the module. This is
especially true when modules are used in low-frequency oper-
ations, such as during the fault ride through of the doubly fed
induction generator wind system, for which the electrical load
changes at rates comparable to the module thermal time con-
stant [11], [12]. In cases like this, peak temperatures caused by
thermal fluctuations may require the module be derated during
operation to ensure adequate reliability.
Power device lifetime can also be affected by the number of
cycles operating at very low frequency with large ripple [13].

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.


https://orcid.org/0000-0002-2567-7179

9784

Numerous studies have developed thermal models of power
semiconductor devices, modules, and power electronics sys-
tems to extract parameters for predicting temperature ripple
[14]-[16]. While these models are useful for estimating the
peak-to-peak temperature ripple under various operating con-
ditions, they typically base their predictions on assumed val-
ues for chip-level power dissipation. They do not generally
connect this power loss to the instantaneous values of current
and temperature-dependent electrical resistance that control its
value. As a result, their step-change calculations cannot include
the effects of changing electrical properties on heat generation.
This omission may not be important for kHz-level electrical
excitations but can become critical at the low frequencies that
motivated this research.

This study revisits the issue of device thermal performance
with a specific focus on how temperature-dependent electri-
cal properties influence the transient response of SiC MOSFETS.
The first part measures the transient thermal behavior during
step changes in the input current. These experiments identify
an asymmetrical thermal time constant that depends on whether
the step change current applied to the SiC module is increasing
or decreasing with time. The second part examines the module
thermal response to periodic electrical excitation typical of field
applications. These measurements quantify thermal ripple as a
function of excitation amplitude and frequency. They also con-
nect the observed dynamic response to the thermal step-change
assessment that produced the thermal time constant. Experi-
ments in both parts are complemented by theoretical analyses
that both explain the trends observed and identify design vari-
ables that influence device transient thermal response. They
also provide a useful, and necessary, transient complement to
the steady-state assessments typically performed when select-
ing thermal management solutions in different power electronics
applications.

II. MODULE DESCRIPTION AND EXPERIMENTAL SETUP

GE Global Research has been active in fundamental SiC re-
search for many years, producing next generation dies that are
far superior to their silicon-based counterparts. Recently, GE
developed a high current switch which integrates multiple GE-
designed SiC die into an EconoDual package [17]. The 4.5 by
4.5 mm GE die are vertical SiC MOSFETS with an aluminum
source (topside) and gold drain (backside) capable of support-
ing 1700 V/240 A. The integrated package uses an aluminum
nitride direct bonded copper substrate, copper baseplate, lam-
inated copper plus/minus bus bar layered with a Kapton poly-
imide film, and a Ryton housing. The modules support a range
of currents and offer a low cost, low induction solution for nu-
merous power electronics applications.

The thermal experiments performed in this study mounted the
module shown in Fig. 1 to a liquid-cooled cold plate through
a 100 um layer of high thermal conductivity thermal interface
material (see Fig. 2). They then connected this cold plate to an
external fluid chiller, which circulated a temperature-controlled
50-50 mixture of ethylene glycol and water during the experi-
ments. This chiller used internal control logic to regulate coolant
temperature to within +0.5 °C and a ball valve to control the
coolant flow rate as tracked to within £2% using an inline
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Fig. 1. GE 1700V/240A SiC power module.
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Fig. 2. Experimental setup: GE SiC power module, cold-plate, IR camera,
and power.

flowmeter. The setup removed the module cover and dielectric
gel and sprayed the exposed die with a matt black paint of known
emissivity to enable temperatures to be accurately measured us-
ing infrared thermography. The entire assembly was positioned
below a FLIR A-665 Infrared Camera (IR) that sampled thermal
images at 50 Hz, allowing each test to provide usable tempera-
ture data for excitation frequencies up to about 10 Hz.

The experiments energized the dies in the module with 12 R
Joule heating provided through an applied controlled current.
They connected the upper and lower switch dc buses to a
20 V=750 A power supply with heavy duty cables. The power
supply was then connected to a function generator that provided
the unsteady current excitation needed for each test. The power
supply had a slew rate of 5 ms, allowing it to provide precise
changes in excitation current used for each electrical load.

The thermal tests were sequenced so that the stable state at
one excitation became the known initial condition value for the
next. Each test established the current excitation to be exam-
ined and gave the system 5 min to reach a stable thermal state.
The IR camera recorded 500 images of module temperatures at
50 Hz to provide 10 s of transient data for each operating sce-
nario (see Fig. 3). By adding a “region-of-interest” box to the
IR images, the camera software could extract time histories of
temperature at specific regions of the module that could then be
interrogated to extract module transient thermal performance.
The quoted uncertainty in the absolute temperature provided by
the IR camera is 2 °C.

III. TRANSIENT THERMAL RESPONSE TO STEP
CHANGE EXCITATION

The first part of this study examined the thermal time constant
of the module by subjecting it to step changes in excitation
current. The thermal time constant is typically defined as the
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Fig. 3. Example IR thermal image of a GE SiC module.

time required for its normalized transient response to reach
within e~! of steady state. Its value is usually obtained from
temperature data cast in the dimensionless form given by the

following equation:
t
=1—exp <> .
T

In this expression, T1yja1 refers to the initial temperature,
Trinal is the steady-state final temperature, and 7'(¢) is the tem-
perature at time ¢. Equation (1) implicitly assumes the thermal
system has a classic first-order transient response that is charac-
terized by a single time constant 7 obtained from data by setting
t=rT

T (t) - CTInit,ial
TFinal - T‘Initial

(D

T (7—) - ,I‘Initial

-1
e =0.632.
TFinal - ﬂnitial

=1- @)

The thermal time constant 7 is the product of thermal capac-
itance C'tp, and thermal resistance Ry,

1
T = CThRTh = (pCV) (h,A) (3)
where p is the density, c is the specific heat, V' is the volume, h
is the convective heat transfer coefficient, and A is the surface
area. Even if the assumptions behind (1) do not apply in this
study, (2) can still define a “time constant” that can be used to
assess module thermal performance.

In the thermal time constant tests, the system established a
steady coolant flow and energized the module to a base current
that would set the initial condition (150 A for a step-up test
and 210 A for a step-down test). After allowing temperatures to
reach steady state, the test commanded the power supply to pro-
duce a step change in current, either up or down as appropriate.
It then recorded 10 s of IR video at 50 frames/s to track mod-
ule temperatures as a function of time. These frames were then
interrogated as described above to extract the transient ther-
mal information of interest here. The experiments considered
coolant flow rates from 3.2 to 13.3 liter/min (Ipm) for an inlet
coolant temperature of 40 °C.

Figs. 4 and 5 present measured temperatures for the hottest
die on the module as a function of coolant flow rate for step
increases and step decreases in current, respectively. The shifts
in die temperature curves reflect the differences in convective
heat transfer coefficient that accompany changes in the coolant
flow rate. They also show how die steady-state temperatures
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Fig. 6. Dimensionless die temperatures during step increase in current.

vary with flow rate, with a spread of about 20 °C for the values
considered here.

Figs. 6 and 7 recast the data presented in Figs. 4 and 5 in the
dimensionless form (1) requires to extract the thermal time con-
stant. The stars on each curve identify the thermal time constant
as defined by (2) for each test scenario. For both step increases
and step decreases in current, the time constant increases as the
coolant flow rate decreases. As (3) suggests, the decrease in con-
vective heat transfer coefficient h that accompanies a decrease
in coolant flow rate increases the thermal resistance Rty and
increases the thermal time constant. This behavior is displayed
in Figs. 6 and 7, which both show the thermal time constant
doubling as the flow rate goes from 3.2 to 13.3 Ipm.
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Fig. 8.  Variation of module electrical resistance with temperature.

The temperature plots in Figs. 6 and 7 also show that the
thermal time constant is sensitive to whether the current is
increasing or decreasing. This result was unexpected, as (3)
shows the time constant only depends on thermal capacitance
and thermal resistance, neither of which varied during the step-
change tests. Instead, the plots suggest the time constant of
the module during a step increase in current is two-to-three
times higher than the value observed during a step decrease in
current.

The source of the unexpected link between current change
and time constant can be traced to the temperature dependency
of the electrical resistance in the module (see Fig. 8). Consider
a lumped system in which a volume of material having density
p, specific heat ¢, and volume V is heated internally by a heat
source () and cooled externally by convection to an ambient T4
with convective coefficient h. The temperature of this lump is
governed by a first-order differential equation derived using an
energy balance

ch%:Q—hA(T—TA)- “4)

In the case relevant to this study, the heat generation rate ()
is given by the following equation:

Q=1I’R )

where I is the current and R is the resistance, which is a function
of temperature (see Fig. 8)

R=Ry+ BT+ R,T>. (6)
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Combining (4) to (6) yields the following:

T
pVC% =+I* (Ro + RaT + RyT?) = hA(T = Ty)  (7)

where the upper symbol in front of current represents heat-
ing (current increase) and the lower symbol in front of cur-
rent represents cooling (current decrease). For the case with
Ry = Ry =0, (7) reduces to the familiar differential equation
for constant heat source

PVl = £Qy —hA(T ~Ty) ®)
with Qg = I’>Ry. The temperature time history in this case is
given by (1) with time constant given by (3). This time constant
does not vary with temperature or whether the current is increas-
ing or decreasing. If, however, the resistance I in (5) is a linear
function of temperature (R = 0), (7) becomes as follows:

dT
pVer = +1* (Ry + R\ T) — hA(T — Ty) ©)

d
which, with algebra, can be rearranged to the following:
ch% = +Q} — (hA)' (T - Tn) (10)
where
Qo' = £I* (Ry + R Tx) (11)
and
(hA) = hAF I’R,. (12)

Equation (10) is the same as (8) for constant values of heat
generation and convective coefficient. As a result, the time con-
stant is still given by (3) but with #A now given by (12)

pcV

THeating — m (13)

and
_ pcV
TCooling = m

These expressions show that the temperature dependency of
the resistance R introduces an additional term to the thermal
time constant. This term reduces the effective convective coef-
ficient during current increase and increases the effective con-
vective coefficient during current decrease. As a result, the time
constant for current increase is longer than that for current de-
crease, exactly the trend displayed by the data.

The case for which Ry is not zero is a little more complicated
but still displays the thermal time constant hysteresis suggested
by the test data. With a little algebra, (7) can be recast in the
form again given by (10)
dr
dt

This time, the equivalent heat source and convection conduc-
tance are given by the following equation:

Qo' = £I” (Ry + RiTa + RoT})

(14)

pVe— = +Q)f — (hA) (T = Ty). (15)

(16)
and

(hA)T =hAF PRy ¥ PRy (T +Ta). (17



MANDRUSIAK et al.: ON THE TRANSIENT THERMAL CHARACTERISTICS OF SILICON CARBIDE POWER ELECTRONICS MODULES

TABLE I
CURVE FIT COEFFICIENTS FOR THREE-TIME-CONSTANT THERMAL RESPONSE

Cooling Heating

Flow (L/min)  13.3 6.4 33 133 64 33

Cq 0.54  0.51 052 047 044 041
Co 0.18 015 012 0.17 0.12 0.12
Cs 029 035 036 036 044 048
T 0.11  0.094 0.13 0.12 0.12 0.12
T 1.34 1.03 144 140 1.01 1.06
T3 10.8  9.14 104 103 928 113

In this case, the solution is no longer given by (1) but one can
expect the time constant to include contributions from the %y
term. In particular, (13), (14), and (17) suggest the time constant
will vary with temperature, further complicating evaluation of
module transient response.

The analysis to this point has assumed that the transient re-
sponse of the module is represented by a single time constant
7. When overlaid on Figs. 6 and 7, however, the first-order re-
sponse given by (1) does not match the data very well. Instead
the curves suggest that the observed transient response is deter-
mined by contributions whose importance changes with time.
To see whether this interpretation is reasonable, the study fit a
curve of the form given by (18) to the data in Figs. 6 and 7

T (t) — Thnitial
TFinal - T"Initial

ca(ien (L)) ver(i-en(-L)) e

(18)

The form of this curve fit was motivated by the layer-by-
layer representation of transient thermal response captured by
a classic Cauer network (e.g., [15]). While the measurements
showed that the transient thermal behavior of the entire assembly
was not captured by a single exponential, it seemed reasonable to
expect each layer in the stack-up would be. This approach would
also make it easier to ascribe a plausible physical interpretation
to whatever insight the curve fits provided.

The initial application of (18) to the test data considered mul-
tiple exponential-decay terms representing each layer in the die-
module-cold plate stack up. The quality of the resulting curve fit,
however, did not improve beyond using three terms in the sum.
Table I lists the coefficients C; and time constants 7; for the best
fits of (18) to the data collected for the assembly studied here.
A propagation of error analysis [18] suggests the uncertainty
in time constants extracted from the temperature measurements
is about 15%. Continuing the interpretation of (18) as a Cauer
network, the time constant 7; is about the magnitude expected
for the die. The time constants 75 and 73 have values consis-
tent with those expected for the module structure and the cold
plate, respectively. One may plausibly argue that the 77 really
represents the die, solder, and substrate, and that 7o primarily
represents the module baseplate, but the clear difference in the
values of the three time constants is the key insight the curve fit
provides.
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IV. TEMPERATURE RIPPLE RESPONSE TO PERIODIC
CURRENT EXCITATION

The second part of this study examined the transient thermal
response of the SiC module under a periodic current excitation.
It was especially interested in quantifying the thermal ripple
ATRipple that results from transient excitations that occur at the
system fundamental frequency. For the purposes of this study,
thermal ripple was defined by the following equation:

AT'Ripplc = TDic,l\Iax - TDiC‘Min- (19)

The ripple experiments followed the protocol used for the
step-change studies in Section III, but with the step-change
excitation replaced with a half-sine wave excitation typical of
that expected in future applications. Fig. 9 provides examples
of periodic 100 A loads with frequencies of 0.5 and 1.0 Hz.
The tests also considered excitation frequencies of 2, 4, and
8 Hz and amplitudes of 150, 200, and 250 A. Beyond 8 Hz,
the Nyquist criterion of needing at least four samples per period
to preserve excitation frequency would not be satisfied by the
50 Hz sampling rate of the IR camera used for the temperature
measurements.! For a given amplitude, the total heat dissipated
per unit time is independent of frequency. The frequency merely
affects how this heat dissipation is introduced to the SiC module
over time, and not its time-averaged value. As a result, the time-
averaged die temperature observed for each amplitude was the
same, even though the time histories at each frequency were
quite different.

Fig. 10 presents thermal ripple measured for the module ex-
cited with a 250 A periodic signal at frequencies of 0.5, 1, and
4 Hz. The amplitude of the die temperature fluctuation decreases
with the increasing excitation frequency. Fig. 11 translates the
data in Fig. 10 to an equivalent thermal ripple (19) and adds
in data collected for the other frequencies and amplitudes con-
sidered in this study. The curves show that ripple magnitude
increases with the increasing excitation amplitude but decreases
with the increasing frequency. The data also suggest that excita-
tions at frequencies beyond ~10 Hz will not produce significant
levels of ripple. This frequency estimate is consistent with the

!'The response time of the Magna-Power power supply also introduces a step
change in current during the transient but this is not expected to affect the
periodic excitation applied to the module during the thermal test.
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100 ms thermal time constant observed for the die in the previ-
ous section; electrical excitations with periods shorter than the
die thermal time constant will produce very little ripple.

Additional insight into the factors that influence thermal rip-
ple can be identified by extending the lumped thermal model
presented in Section III to a periodic excitation. If the steady
heat source @ in (4) is replaced with a periodic heat source
Q(t) = I* Rsin (wt), it can be shown that the periodic lump
temperature time history is given notionally by the following
equation:

I? sin (wt)
w? + 772 T

T(t) ~ — w cos (wt) (20)
where 7 is the thermal time constant defined by (3). This expres-
sion shows that the amplitude of the thermal ripple depends on
excitation frequency w and excitation amplitude /2 as well as the
module thermal design 7. It also suggests that for a given value
of 7, the amplitude of thermal ripple decreases with roughly the
inverse of excitation frequency w.

Fig. 11 overlays curves having a superposition form of (20)
against the ripple data collected in this study. The curve fit to
the amplitude premultiplier in (20) provided in the inset shows
the time constants notionally representing the die and module
influence ripple, with 7-values on the same order as those listed
in Table I. Expanding the fit to include a third time constant
has little effect on the fit, and the ~10 s time constant of the
cooling system is too long to affect the thermal ripple. Although
the excitation used in the experiment is different from the
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single-term sinusoid assumed in the model, the excellent
agreement between (20) and the test data suggests its form is
reasonable.

The step-change results presented in Section III showed that
the coolant flow rate affected both the thermal time constant
of the assembly and the steady-state temperature the module
achieved at each thermal load. To see whether this flow rate
influence also carried over to periodic electrical excitations, the
study ran a final experiment to see whether the coolant flow
rate also affected thermal ripple. Fig. 12 presents the thermal
ripple data for a 200 A periodic excitation as a function of
frequency for the coolant flow rates considered in Section III.
These results show that the coolant flow rate has almost no effect
on the measured ripple, even at the large amplitude considered
here. Any change in the coolant flow rate would affect the time
constant of the cold plate. As the step change audit in Table I
shows, however, the time constant of the cold plate is about 10 s,
an order of magnitude longer than the time scales associated with
changes in die temperature.

A change in the coolant flow rate would influence a thermal
time constant that is too long to influence temperature changes
at the die level. More importantly, these results show that it is
not possible to reduce thermal ripple by modifying the design
of the cold plate; thermal ripple is determined by processes that
take place over time scales that are much shorter.

V. CONCLUSION

This study examined the transient thermal response charac-
teristics of a next-generation SiC power electronics module. The
results indicated that thermal transients in these modules are de-
termined by three time constants, one for the die, one for the
module, and one for the cold plate to which it is attached. They
also suggested the presence of a thermal hysteresis character-
ized by different time constants during increases and decreases
in excitation current. Additional tests in which the modules were
excited by periodic current flows showed that the thermal rip-
ple decreased with the increasing excitation frequency and that
the periodic response was not affected by the cooling system
design.

Taken together, the results obtained here illustrate the im-
portance understanding time-scales when designing electrical—
thermal systems and components. Control algorithms, for ex-
ample, may have to consider thermal hysteresis for assemblies
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in which the time scales of electrical excitation and thermal
response are comparable. As dies get smaller and thermal pack-
aging improves, the time constants of assemblies will drop to
where the frequency at which thermal ripple becomes important
will go up. Cold-plate thermal performance does not appear to
influence thermal ripple, but an improved design can reduce
mean assembly temperatures and provide more margin for tem-
perature peaks during transients. Engineering of next-generation
power electronics would benefit from an integrated codesign
process that recognizes how electrical and thermal interact to
determine system performance.
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