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ABSTRACT

Electric-drive systems, which include electric machines
and power electronics, are a key enabling technology to meet
increasing automotive fuel economy standards, improve
energy security, address environmental concerns, and support
economic development. Enabling cost-effective electric-drive
systems requires reductions in inverter power semiconductor
area, which increases challenges associated with heat removal.
In this paper, we demonstrate an integrated approach to the
design of thermal management systems for power
semiconductors that matches the passive thermal resistance of
the packaging with the active convective cooling performance
of the heat exchanger. The heat exchanger concept builds on
existing semiconductor thermal management improvements
described in literature and patents, which include improved
bonded interface materials, direct cooling of the
semiconductor packages, and double-sided cooling. The key
difference in the described concept is the achievement of high
heat transfer performance with less aggressive cooling
techniques by optimizing the passive and active heat transfer
paths. An extruded aluminum design was selected because of
its lower tooling cost, higher performance, and scalability in
comparison to cast aluminum. Results demonstrated a 102%
heat flux improvement and a package heat density
improvement over 30%, which achieved the thermal
performance targets.

KEY WORDS: power electronics, thermal management,
electric drive, water-ethylene glycol, aluminum extrusions,
electric vehicle, inverter, heat exchanger

NOMENCLATURE

A area

Al aluminum

AIN aluminum nitride

CFD  computational fluid dynamics
Cp coolant specific heat

Cu copper

DBC  direct-bond-copper

FEA finite element analysis

HX heat exchanger

IGBT insulated gate bipolar transistor
m liquid coolant mass flow

R thermal resistance

Si silicon

T temperature

WEG  water-ethylene glycol

Greek symbols

€ heat exchanger effectiveness
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Subscripts

b heat exchanger base

c coolant

i inlet

th,hx  heat exchanger thermal resistance

INTRODUCTION

This paper describes a heat exchanger design integrated
with the power semiconductor packages to achieve high
thermal performance while enabling less aggressive and
potentially lower cost convective cooling technologies
meeting automotive requirements. The passive and active
cooling elements of the design were refined through the use of
software tools for thermal finite element analysis (FEA) and
computational fluid dynamics (CFD) run on a high
performance computer cluster to enable batch runs over many
design variables. Multiple levels of model validation were
performed, including a single channel analytical model to
check CFD results, full conjugate heat transfer CFD to verify
FEA optimization results, and experimental validation. This
work focused on application of the design to power
semiconductor packages for automotive electric traction drive
inverter applications.

Motivation

Electric-drive systems for vehicle propulsion enable
technologies critical to meeting challenges for energy,
environment, and economic security. According to the
Transportation Energy Data Book, 70% of the total petroleum
used in the United States is consumed by the transportation
sector, which is dependent on petroleum as an energy source
[1]. The President's 2013 Climate Action Plan highlights that
28% of greenhouse gas emissions were due to the
transportation sector, and it emphasizes energy efficiency and
technology developments to reduce emissions and increase
energy security [2], [3]. Electric-drive systems, which include
electric machines and power electronics, are a key enabling
technology for advanced vehicle propulsion systems that
reduce the dependence of the U.S. transportation sector on
petroleum. To penetrate the market, however, these electric-
drive technologies must enable vehicle solutions that are
economically justifiable. Reducing the cost of power
electronics is seen as a key enabler to electric propulsion [4].

To reduce power electronics cost, weight, and volume, the
semiconductor area must be reduced. As components of the
electric-drive system are made smaller, lighter, and more cost
effective, heat removal becomes an increasing challenge. The
vehicle must achieve the performance requirements as it
operates within its thermal limitations. To successfully
integrate advanced power electronics concepts into vehicle
applications, the thermal limitations of the semiconductor
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devices must be addressed. Increasing the semiconductor heat
flux (heat per semiconductor area) reduces the required
semiconductor area for the same power level. The reduced
semiconductor area leads to reductions in other packaging and
interconnect materials which further reduces cost, weight, and
volume. This work is supported through the Department of
Energy’s Vehicle Technologies Office in partnership with
U.S. DRIVE to reduce cost through improved thermal
management [5], [6].

Current Approaches to Problem

Conventional approaches to cooling power semiconductors
are limited for vehicle applications because of the thermal
resistance of the passive stack of the package with typical
thermal interface material (e.g. grease) between the heat
spreader and the heat exchanger (see Fig. 1) [7]. Methods to
improve the passive stack thermal resistance include:
improving the thermal properties of thermal interfaces,
eliminating thermal interfaces such as the grease layers by
integrating the heat exchanger into the package (referred to as
direct cooling), and employing double-sided cooling.

.

Semiconductor Devices

Direct Bond
Copper (DBC)
Heat Spreader

Thermal
Interfaces

Heat Exchanger
and

Flow Manifold

Fig. 1 Conventional power electronics semiconductor thermal
stack with heat spreader and thermal interface material
between the heat spreader and the heat exchanger surface.

Improvements to large area thermal interfaces can have a
significant impact on improving the passive stack thermal
resistance [7]. Research into developing and characterizing the
performance and reliability of large area attach methods is
critical in reducing the passive stack thermal resistance [8],
[9]. The cooling approach described in this paper benefits
from interface material research, and future work could utilize
improvements in large area bonding methods.

Double-sided cooling improves the power per die area of
power semiconductors by increasing the available area for
heat transfer. The benefits of double-sided cooling and
example implementations are summarized in the following
sources [10]-[18]. Double-sided cooling requires a passive
stack cooling structure and electronics packaging capable of
cooling both sides of the semiconductor package. This work
attempts to develop a cooling approach that is compatible with
single-sided and double-sided cooling.

Another approach to improving the power capability of
power semiconductor devices is direct cooling. Through direct
cooling, elements within the package with higher thermal
resistance are removed from the heat transfer path by
removing layers and applying the convective cooling closer to
the heat source. The benefits of direct cooling as highlighted
by Skuriat and Johnson [19] include reduction of package
thermal resistance through removal of material layers such as
grease, and conventional cold plates. Also, Skuriat and
Johnson mention fewer interfaces with different thermal
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expansion coefficients lead to potential improvements in
thermal reliability.

Multiple methods have been used or proposed for direct
cooling of the semiconductor. One approach involves
removing the grease thermal interface material and directly
cooling the base plate or heat spreader of the power
semiconductor module. Examples include pins molded or
machined into the heat spreader [20]-[22], folded fins bonded
to the heat spreader [23], or jet impingement onto the heat
spreader [24]-[26]. Beside cooling the base plate, other
examples include directly cooling the substrate material or the
metalization layers on the substrate, such as direct bond
copper (DBC), using jets [27]-[30], or through the use of
microchannels [31], [32]. Also, microchannels within the
silicon and silicon carbide layers have been investigated [33]—
[35]

As layers are removed within the package to reduce the
passive stack thermal resistance, typically the available
footprint area to which cooling can be applied is also reduced.
The reduction in area necessitates higher performing or more
aggressive cooling technologies. For this reason, the cooling
performance must be matched to the package design to get the
optimal integrated solution [10], [36]. The more aggressive
cooling can potentially be difficult to manufacture in high-
volume applications required for automotive systems, which
shifts more cost into the thermal management system. The
increased cost can reduce or cancel the cost savings of reduced
silicon area.

When developing a package that is directly cooled, other
thermal bottlenecks could be introduced in the power
electronics system that might reduce the effectiveness of the
proposed thermal design. Possible examples include the
following items. The thermal performance of the power
semiconductor could degrade by increasing the thickness of
low thermal conductivity materials. An integrated package
requires methods of bonding or attaching the cooling interface
to the package that are capable of withstanding the potential
thermal stresses. The bonded interface can lead to thermal
bottlenecks. Unlike applications that have steady continuous
loads, electric-drive systems in vehicle applications experience
significant dynamic changes in loading. The effective thermal
capacitance of the packaging structure provides some support
in reducing the magnitude of temperature cycles [37], [38] and
the impact on reliability. Also, improvements in
semiconductor thermal management often focus on the
semiconductor and neglect other temperature sensitive power
electronics components. For example, the bus bars can
conduct heat to other components [39]. Finally, another
concern is related to sealing of the cooling system to prevent
coolant leaks into the electronics [21].

APPROACH

We optimized the passive and active thermal design
components for an inverter application. The passive thermal
design focused on the mechanical structure of the
semiconductor package and heat exchanger. The thermal
performance of the passive components is a function of the
layer material properties, interfaces, and the layer material
geometries. The passive thermal performance is also affected
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by the technology selected for the active thermal design. The
active thermal design focused on the convective cooling
interface between the heat exchanger and the cooling fluid. A
cost effective solution requires matching the passive thermal
design with the active cooling design. The approach to
designing an integrated passive and active thermal
management system for power semiconductor modules
included developing design specifications, designing the
prototype, and testing the concept experimentally.

Design Specifications

The design specifications emphasize thermal management
because the project focused on thermal management of the
power semiconductor devices and not development of a full
inverter. The achievable power per silicon area directly
impacts the cost of power electronics, which is limited by the
ability to remove heat. For this reason, the heat removed from
the Insulated Gate Bipolar Transistor (IGBT) per footprint
area of the IGBT was the primary metric to illustrate the
potential relative cost benefit. The design target was to double
the IGBT heat flux as compared to a best-in-class commercial
module.

A cost effective thermal management approach also
required compatibility with established high volume
manufacturing methods used within automotive applications.
Examples include aluminum castings, brazed fins, and
aluminum extrusions. The selected design focused on using
aluminum extrusion techniques to reduce fabrication cost
through adherence to industry supplied guidelines and
reducing voids or hollow channels within the part. The design
also emphasized a modular, scalable, and flexible design. A
modular design allows the package to be reused and has
broader applications. For example, the goal was to develop a
thermal design that could scale up in power requirements
without the need for a complete redesign of a heat exchanger
casting. Another reason an aluminum extrusion process was
selected is because aluminum extrusions can have higher
thermal conductivity and lower cost as compared to cast
structures if designed properly for the targeted application.

In addition to cost, the volume of the power electronics is
another critical design goal because of space limitations within
a vehicle. The volume of the power electronics not only
depends on the size of the components but also on how
densely the components can be packaged while still removing
heat. The volume specifications were described in terms of the
power module heat density. The power module heat density is
defined as the total heat removed divided by the total volume
of the semiconductor power module packaging and heat
exchangers. The design target was to maintain or exceed
power module heat density as compared to a best-in-class
commercial module.

Additional design constraints focused on factors to reduce
failure modes associated with the thermal management
system. The minimum coolant channel dimensions must allow
a 1 mm particle to pass through the cooling system without
clogging. Eliminating internal fluid seals around the power
semiconductor devices reduces the impact of fluid leaks
within the electronics. Maintaining or increasing thermal
capacitance of the module reduces the sensitivity to
temperature cycling. Finally, the design should also be

compatible with cooling or isolating other temperature
sensitive components within the power -electronics. For
example, bus bar cooling could thermally isolate temperature
sensitive components and suppress heat transfer from the
motor to the inverter [39].

To consistently evaluate progress towards the design
specifications, the following analysis assumptions were
applied. The IGBT and diode operating losses or heat loads
were proportioned with an IGBT-to-diode heating ratio of
three to one. The maximum semiconductor (IGBT, diode)
temperature was limited to 150°C to calculate the maximum
heat flux removal rates. Liquid cooling with a 50/50 by mass
mixture of water-ethylene glycol (WEG) was assumed. The
design flow rate at the inverter system level was 1.67e-4 m’/s
(10 L/min) with a 70°C inlet coolant temperature.

The package structure was limited to conventional in-use
materials as shown in Fig. 2. However, removal of layers was
allowed. The design was also required to be compatible with
single-sided and double-sided cooling. Focusing on existing
packaging methods and materials prevented the introduction
of unknown costs through new materials or manufacturing
processes. The material properties are listed in Table 1.

| C\,  BN_AN
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| G (not to scale)

‘ | (not to scale)
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Fig. 2 Schematic of package layers.

Table 1. Material properties included in analysis
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Layer Material Thermal
Conductivity
[W/m-K]

A IGBT/Diode Si 92

B Bonded Interface Solder 51

C Metalization Cu 394

D Substrate AIN 140

E Metalization Cu 394

F Bonded Interface Solder 51

G Heat Spreader Cu or 394 or

Aluminum (Al) 6063 210

H Thermal Interface Grease 1.5

I Heat Sink Al 6061 154

Design Approach

We identified the appropriate passive and active thermal
designs to meet performance targets through comparison to
selected baseline packages. We optimized the selected passive
thermal design and identified the active thermal design targets.
The primary commercial system benchmark was the power
module used within the LS 600h hybrid system, which is
described in detail in [11], and the thermal performance is
based on analysis described in [10]. The LS 600h package was
selected because of its best-in-class performance as
benchmarked through the Vehicle Technology Office
Advanced Power Electronics and Electric Motors activity. The
design is also similar to recent hybrid systems for lower cost
vehicles. Potential designs were also compared against direct
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cooling approaches for a direct-cooled base plate and direct-
cooled DBC. The direct-cooled DBC performs best at low
thermal resistance as seen in Fig. 3.

The targeted minimum heat exchanger cooling resistance
was between 100 to 200 mm”*-K/W, shown in Fig 3. This
range represents typical channel flow cooling with WEG. The
ability to enable higher resistance, leads to potential cost
reductions in the heat exchanger fabrication and increased
system robustness. Fig. 3 highlights that the existing direct
cooling approaches do not achieve the desired IGBT heat flux
improvement within the targeted active cooling performance
region. The targeted active cooling performance region in Fig.
3 is defined as the heat exchanger thermal resistance defined
below in Equation 1. The heat exchanger thermal resistance
(Rinx) 18 based on the cooled base area (A,), heat exchanger
effectiveness (€), coolant mass flow (7), and coolant specific
heat (c,) [40].

Ap
Rrh,hx - Emcp (1)
200% -
LS 600h Reference
> K
2 150% Direct Cooled Heat Spreader
% M| mDirect Cooled DBC
T 100% I
] o \ Target IGBT |
o 0% 1 Targeted Active e T HeatFlux ||
'% Cooling Performance -LIEg g =y
S 0% | ——— ] RS i e T
-50% 1 —=4
1 10 100 1000 10000

Heat Exchanger Thermal Resistance [mm?-K/W)

Fig. 3 Package comparison against targets assuming ability for
double-sided cooling on all configurations.

Thermal

Interfaces v_
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E?t;‘._J S‘f:: —

Vi
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Cooling Zones

Fig. 4 Conceptual drawings of integrated heat spreader and
heat exchanger system to enhance heat spreading and
cooling performance.

After establishing the active cooling target, the task of
designing a passive thermal system was initiated to meet the
performance targets. The heat spreader geometry was
optimized in FEA for the targeted active cooling convection
coefficient range. The final passive cooling design is
illustrated in Fig. 4. The design removes the heat sink and
grease thermal interface layers (layers “H” and “I” in Fig. 2)
to directly cool the heat spreader. The expanded heat spreader
increases the cooled area by cooling both the back side of the
heat spreader and the exposed package side of the heat
spreader. Unlike conventional cooling approaches that are
dominated by one dimensional heat transfer to a heat
exchanger, the design enables heat to spread in all directions
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to multiple cooling zones within the heat spreader. For this
reason it is described as a three-dimensional heat exchanger.
The design process required an iterative procedure to meet the
IGBT heat flux and module heat density targets within the
minimum active cooling performance target. For each design,
the volumetric IGBT and diode heat loads were adjusted until
the maximum IGBT temperature limit of 150°C was reached.
Efforts were made to maintain simple geometries to enable the
use of aluminum extrusions based on industry input, and the
general concept was described in a patent [41].

Once the passive thermal stack was designed, the next step
involved designing the active cooling surface through both
FEA and CFD analysis. CFD modeling tools enabled the
evaluation of multiple cooling channel geometries.
Throughout the analysis the models were checked for mesh
independence and conservation of mass and energy. In the
absence of preexisting experimental data for the preliminary
design, other methods of cross checking the model accuracy
were employed. The channel convection coefficients were
compared against analytical estimates, while model
decomposition of full conjugate heat transfer CFD simulations
provided preliminary tests for modeling errors. The full
conjugate heat transfer CFD conduction and convection results
were checked independently. Separating the conduction and
convection results provided comparisons to simplified models
with boundary conditions calculated from the full conjugate
heat transfer CFD simulations. Mapping the convection
coefficient obtained from the CFD simulation to an FEA
model enabled comparison of the solid-only heat conduction
model accuracy of the CFD simulation.

The final design was developed with an emphasis on ease
of manufacture based on industry input to enable less
aggressive cooling while achieving the thermal performance
targets. A few of the key design features relevant to the
aluminum extrusion process are highlighted in Fig. 5. The
coolant channels and fins were made as large as possible to
reduce channel clogging concerns and to increase ease of
extrusion. The open “E-fin” shape within the connected
channels significantly reduces the cost of the extrusion by
reducing the number of internal voids and the extrusion
complexity. The rounded corners and minimum wall thickness
follow recommended design guidelines for aluminum
extrusions based on input from Sapa Extrusions North
America. The final prototype design is shown in Fig. 6 with
flanges on the inlet and outlet for attachment to the
experimental test setup. A heater is also shown in the figure
mounted to the heat exchanger for thermal testing.

Recommended wall thickness and uniform
wall thickness throughout the part
Rounded corners

Open “E-fin” design reduces
number of voids from 12 to 3

‘. Larger 2mm channels
and 3mm fins

Fig. 5 Sample parameters from design guidelines to reduce
fabrication cost.
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Fig. 6 Prototype design with flanges for connection to
experimental test setup and a heater for thermal testing.

Experimental Approach

Once the design was selected, three heat exchangers were
built. Two heat exchangers representing the design were built
with Al alloy 6061 and Al 6063. The third heat exchanger,
representing a baseline with a single cooling zone beneath the
package, was made with Al 6061. The baseline and design
heat exchanger geometries are shown in Fig. 7. The intended
target material was Al 6063 because it is commonly used in
extruded shapes, and it has a higher thermal conductivity
relative to Al 6061. Al 6061 was used initially to build two
heat exchangers for comparing the design against the baseline
geometry and validate CFD modeling. Al 6061 was selected
for the initial tests because of availability of the bulk material.
Later a third prototype was manufactured using Al 6063
provided by Sapa Extrusions North America, which was used
to confirm the expected performance benefit over Al 6061.
The fabricated heat exchangers and materials are summarized
in Table 2.

Fig. 7 Fabricated heat exchanger geometries showing baseline
(top) and design (bottom).

Table 2. Tested heat exchangers and materials

Geometry Material
Baseline Al 6061
Design Al 6061
Design Al 6063

To test the prototype heat exchangers and validate the
modeling results, we designed and built the experimental
apparatus highlighted in Fig. 8. The prototype heat exchanger
was installed between two manifolds of similar design. The
coolant flow develops in the manifold prior to entering the
heat exchanger channels to isolate potential flow variations
caused by the inlet and outlet connections to the fluid test
bench. The manifolds also provide locations for measuring
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inlet and outlet temperatures and pressures. The manifolds
were designed using CFD models to determine the
temperature and pressure measurement locations. The pressure
taps are located upstream of the temperature measurements.

Fig. 8 Heat exchanger installed in test fixture with inlet and
outlet temperature and pressure measurements.

As shown in Fig. 6, a ceramic heater was used to simulate
a power semiconductor device heat load. The heater was
mounted to a copper spreader with epoxy (Fig. 9). The copper
spreader was bonded to the heat exchanger with a
thermoplastic material made by Btechcorp (referred to in this
paper as Btech). The copper spreader was instrumented with
thermocouples in two locations (Fig. 10). The thermocouples
were soldered into machined grooves in the copper spreader to
ensure good thermal contact. To prevent damage to the
heating element, the heater also included a temperature
measurement.

The measurement uncertainties of temperature and
pressure were estimated according to the 95% uncertainty
model (Uys) [42], including both systematic and random
errors. The type K thermocouples were calibrated over the
operating temperature range using a reference (NIST
traceable) probe and calibration bath. The total Uys confidence
interval for the temperature measurements were within
+0.13°C (~0.4% of average measurement). The inlet and
outlet pressures were monitored with a U-tube manometer
with a U95 of £14 Pa (~1% of average measurement).

< NOT TO S5CALE >

Heater

Epoxy—
Btech-.

Cu Spreader

Heat Exchanger
A B B B 8 =R 8

Fig. 9 Heater assembly layers and attachment to heat

exchanger.
Cu Spreader \
Bottom View
Corner -
Thermocouple....-”

Center "
Thermocouple

Fig. 10 Thermocouple locations in the copper spreader.
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Each of the heat exchangers listed in Table 2 was tested
experimentally to verify the simulated thermal and fluid
characteristics of the heat exchanger from the CFD simulation
results. The model validation experiments were performed
with a WEG mixture of 50%/50% by volume. The heat
exchangers were tested at 0.033 kg/s, 0.067 kg/s, and 0.1 kg/s
(1.9 L/min, 3.8 L/min, and 5.7 L/min). The tests for each heat
exchanger included six repetitions for each test condition. Due
to equipment limitations and safety, the inlet coolant
temperature was set to 30°C for each test. The Specific gravity
of the WEG was checked prior to starting tests to ensure the
fluid properties remained consistent and similar to the
simulated coolant properties.

The epoxy layer and the Btech layer illustrated in Fig. 11
represented unknown thermal resistance within the passive
thermal stack. The values for these thermal resistances were
estimated by matching the temperature measurements at the
lowest flow rate to the model results at the same fluid flow
rate and fluid properties. The process for determining the
effective thermal conductivity of the epoxy and Btech layers
followed the steps listed below.

1. The convection coefficients were mapped from a single
flow rate CFD model to the channels in the FEA model.
The effective thermal conductivity of the epoxy and
Btech layers were solved iteratively for a single test by
matching the temperature change between the heater to
copper spreader and the temperature change between
the copper spreader to the inlet coolant temperature
(Fig. 11).

The effective thermal resistance values for the epoxy
and Btech layers were applied to the CFD model and
validated against experimental results for other flow

2.

rates.
Heater
Heater Temperature
EES RN, ... saisseesinen --:\ﬂT . 4
: el e eater : Cu
Epoxy T £ Cu Temperature|

|>.'5T Cu: Tc,i

Heat Exchanger

. - < NOTTO SCALE >
Convection Coefficient (h) from CFD

Tc,i: Coolant inlet temperature

Fig. 11 Interface thermal resistance estimation for epoxy and
Btech bonding layers.

Using the above approach for each of the prototype heat
exchangers, we validated the CFD model results against the
experimental data. The corner thermocouple temperature
measurement in the copper spreader was compared against a
corresponding point within the CFD model. Fig. 12 compares
the difference between the experimental temperature and CFD
model temperature within the copper spreader block. The
magnitude of the difference between the model and the
experimental results was found to be within about 2% over all
of the flow rates and heat exchangers tested. This accuracy
was within the targeted magnitude limit of 10%.

Fig. 13 compares the experimentally measured pressure
drop with the CFD model results. The magnitude of the
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difference between the model and the experimental results was
within about 9% across all flow rates and heat exchangers that
were tested. With the analysis, it was found that the pressure
drop was affected by small variations in the channel geometry.
We used a high-resolution digital microscope to measure the
manufactured channel dimensions for each heat exchanger and
applied the averaged results to the CFD model geometries
corresponding to each heat exchanger. This substantially
improved the agreement of the CFD simulation results with
the experimental results for all flow rates. The difference
between the model and experimental results was within the
targeted maximum magnitude of 10%.

10% :
# Baseline 6061
o= Design 6061
g2 8% A Design 6063
g g
£
5 8 6%
U
el
g -
£
22 2% .
= .
0% A :'_\
0 0.02 0.04 0.06 0.08 0.1 0.12

Mass Flow [kg/s]

Fig. 12 Temperature validation for all tested heat exchangers
across all flow rates.
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0% * * |
0 0.02 0.04 0.06 0.08 0.1 0.12

Mass Flow [kg/s]

Fig. 13 Pressure validation for all tested heat exchangers
across all flow rates.

RESULTS

The design met or exceeded the thermal system level (heat
exchanger and semiconductor package) performance targets
within the established design constraints and evaluation
criteria. The combined semiconductor package model and
validated heat exchanger model confirmed the expected
system level performance impacts. The system level impacts
of the heat exchanger design were determined through
simulation using the validated heat exchanger CFD model.
The system performance as compared to the baseline reference
package is shown in Fig. 14. The primary goal of the research
was to enable high thermal performance (IGBT heat flux) with
less aggressive cooling (higher heat exchanger side thermal
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resistance). Early in the design process, a targeted cooling
performance range was identified as highlighted in Figs. 3 and
14, which was selected from past experience related to power
electronics cooling with WEG. As seen in Fig. 14, the final
design achieves the targeted improvement of a 100%
improvement in IGBT heat flux within the targeted cooling
performance region.

200%
+LS 600h Reference

>
Z 150% *Final Design
E—d "\
o
£ 100% Py e
— h—aA
] Target Cooling 1
= 509% 4+ A = Final Design Cooling |—
o Performance Range "~ [
2 Performance
§ 0% T He—e—b—t—o—o—o—¢—

-50%

1 10 100 1000 10000

Heat Exchanger Thermal Resistance [mm2-K/W]

Fig. 14 Thermal FEA comparing IGBT heat flux of heat
spreader design showing the original target cooling
performance range and the final design.

Fig. 15 compares the design against the LS 600h reference
package and the baseline aluminum heat exchanger described
in Fig. 7. The comparison in Fig. 15 is at the equivalent flow
rate for the LS 600h package (0.0086 kg/s per side of
package), which is based on referenced modeling and analysis
efforts [10]. At an equivalent flow rate, the design improves
the IGBT heat flux by a factor of 1.6 with a slight
improvement in package heat density. When the flow rate is
held constant, the pressure drop across the design heat
exchanger is significantly lower than the LS 600h reference.
With the improved heat transfer and reduced pressure drop,
the coefficient of performance for the design improves by a
factor of 7.9 as compared to the reference LS 600h package.
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Fig. 15 Model results for design and baseline comparison at
LS 600h package flow rate.

When evaluated at the target system flow rate of 1.67¢-4
m’/s (10 L/min) in the parallel configuration shown in Fig. 16,
the design meets the performance targets defined at the
beginning of the work. Fig. 16 shows the results with 1/6 of
the system coolant flowing into each package. The IGBT heat
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flux improved by 102% and the package heat density
improved by 32%. The design heat exchanger also exceeds the
performance of the baseline at the same fluid parasitic power.
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Fig. 16 Model results for design at target flow and baseline at
equivalent parasitic fluid power.

As mentioned previously, the design was based on a
parallel arrangement of the heat exchangers as shown in Fig.
16 with one package or module per cooling branch.
Preliminary investigations were also performed to investigate
the impact of series connections on the effective convection
coefficient within the channels. Fig. 17 compares the average
convection coefficient within the channels for three separate
heat exchangers connected in series. As seen in Fig. 17, the
convection coefficient drops as the flow passes through the
first heat exchanger. The convection coefficient appears to
stabilize as the flow passes through the second and third heat
exchangers. The drop in the convection coefficient would need
to be investigated as part of future work depending on the
intended application. We attributed the drop in convection
coefficient to the flow becoming fully developed by the time it
reaches the second heat exchanger.

HX1 HX2 HX3

HX1 HX 2 HX 3

Fig. 17 Effective channel convection coefficient in each
section.
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SUMMARY AND CONCLUSIONS

This work focused on the development and demonstration
of a concept to enable less aggressive cooling while improving
the system-level semiconductor package thermal performance
to improve the capability of power semiconductor devices.

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



The improved power capability directly relates to improving
the cost per power of the power electronics. The performance
of the design was compared against two baseline packages of
power semiconductor devices. The design doubled the IGBT
heat flux capability relative to the LS 600h reference with
significant improvements in the coefficient of performance.
The LS 600h package was selected as the reference because of
its best-in-class performance of the modules benchmarked
through the Vehicle Technology Office’s Advanced Power
Electronics and Electric Motors activity. The design also
outperformed the baseline direct-cooled base plate
configuration with similar extruded fin geometry.

The design approach built upon a recently issued patent
[41] to enable high performance with less aggressive cooling.
Future work could extend the concept to enable other cooling
technologies with less effective coolants such as air or
automatic transmission fluid. Directly cooling the power
electronics with air or automatic transmission fluid could
eliminate the dedicated WEG loop for cooling the power
electronics and lead to potential cost reductions and
elimination of cooling system components. While the design
included efforts to enable cooling of bus bars or other
temperature sensitive components, additional design analysis
and refinements are needed in these areas specific to target
applications. Also, research into improved large area bonding
materials with good thermal performance and temperature
cycling ability is necessary. The current work assumed a
bonded interface between the DBC and heat spreader with
equivalent thermal performance as solder. Additional work is
needed to evaluate the reliability of high thermal performance
bonded interfaces between the DBC and aluminum heat
spreader used in this proposed design.

This work developed an integrated design process and
applied the process to design an integrated power module heat
exchanger, which builds on existing developments in bonded
interfaces, direct cooling, and double sided cooling. The
specific design can go through additional refinement for
specific power electronics applications and this work will be
included in future industry collaborations related to cooling
power electronics.
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