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Overview

• Project start date: 10/01/2024
• Project end date: 9/30/2027
• Percent complete: 40%

Budget
• Total project funding: $450,000

o DOE share: $450,000
• Funding for FY 2025: $225,000
• Funding for FY 2026: $225,000

• Barriers addressed 
o Increase power density
o Reduce cost

Timeline Barriers

• Project lead: NLR
• Oak Ridge National Laboratory (ORNL)

Partners



National Laboratory of the Rockies    |    3

Relevance
Effective, high-performance thermal management is essential to reduce cost and to 
increase power density and reliability.

Objectives: Design a high-performance inverter thermal management system for a 530-
kW peak (380-kW continuous) traction inverter for medium- and heavy-duty vehicle 
applications to meet the technical targets.
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Approach

NLR designs inverter thermal 
management system

NLR generates ROMs to quickly 
estimate temperatures under drive-

cycle conditions

NLR evaluates advanced thermal management technologies

Triply-periodic minimal surfaces 
(TPMS) structures 

Dielectric fluids

ORNL inverter topologies 
(multilevel inverter in FY 2025)

Capacitor

Enclosure
Ambient node

Modules

Cold plate

R R

R R

R

R

Interior air

Coolant 
inlet

Coolant 
outlet

R

Motor node

Photo by Gilbert Moreno, NLR

Photo by Gilbert Moreno, NLR
ROM: reduced order models
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Milestones (Approach)

• Modify the inverter-scale, transient thermal model that was 
developed in year 1 to simulate multiphase electric drives that are 
being considered by ORNL (Milestone due Q2 2026)

• Complete the thermal analysis and design for the multiphase 
inverter (Q4 2026)
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ORNL’s T-type Multilevel Inverter: 
Thermal Specifications Technical Accomplishments

3.5 kW total heat dissipation

Wolfspeed CAB650M17HM3 
Modules: 
2.2 kW heat dissipation

Wolfspeed CLB800M12HM3P 
Modules: 
1.1 kW heat dissipation

Polycharge capacitors: 
180 W heat dissipation

65°C WEG (50/50 % vol.) 
coolant at 10 L/min

WEG: water-ethylene glycol
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Elliptical fin

Power Module Cold Plate: Fin Design

circular

diamond

elliptical

• Compared (via CFD modeling) 
the performance of various 
staggered pin fin geometries 
using similar dimensions for 
each fin type

• Selected the elliptical fin 
design

CFD: computational fluid dynamics

Technical Accomplishments
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Major/minor: 2mm/1mm; Spacing: 1mm

Major/minor: 4mm/2mm; Spacing: 2mm

Major/minor: 4mm/2mm; Spacing: 1mm

Major/minor: 2mm/1mm; Spacing: 0.8mm

Power Module Cold Plate: Fin Design

Elliptical fin CFD results

Technical Accomplishments

• Optimized the elliptical fin 
dimensions to minimize thermal 
resistance and pumping power

• Selected 
• Aspect ratio: 2 mm × 1 mm 
• Fin spacing: 1 mm 
• Fin height: 6 mm
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Power Module Cold Plate: Flow Configuration

PM1

PM2

PM3 PM4

PM5

PM6

10 L/min 65°C 

• Flow rate= 10 L/min
• Pressure drop = 17,905 Pa (2.6 psi)
• Equivalent HTC = 37,233 W/m2∙K  
• T j, max = 106°C

Temperature

Pressure

Potential flow configuration Module-level CFD at appropriate flow rates

hottest 
module
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Power Module Cold Plate: Flow Configuration
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PM6 PM1
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PM3 PM4

PM5

PM6

5 L/min 65 °C 

Series configuration

10 L/min 
65 °C 

10 L/min 65 °C 

T j max = 106°C
Total pressure drop: 16 psi 

T j max = 105°C
Total pressure drop: 13 psi 

T j max = 104°C
Total pressure drop: 0.5 psi 

T j max = 107°C
Total pressure drop: 2.2 psi 

Best case
Denotes hottest module

Technical Accomplishments
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Advanced Cooling Concepts: TPMS Structures
Technical Accomplishments

• Evaluated (via CFD) TPMS structures as 
surface enhancement features for 
module cold plates

• TPMS structures offer:

• High surface area-to-volume ratios 
(increased heat transfer surface 
area)

• Self-supporting structures (do not 
required supports during 
fabrication).

• Various parameters that can be 
optimized to improve performance 
(thermal and pressure drop)

TPMS: Triply periodic minimal surface 
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Advanced Cooling Concepts: TPMS Structures
Technical Accomplishments

Effective heat transfer coefficients Pressure drop

• TPMS structures offer up to ~160% higher heat transfer coefficients but at higher pressure drop compared with pin fin geometries
• TPMS structures may be strategically placed directly below the devices to increase heat transfer and minimize pumping power
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Capacitor Thermal Management Design

• Evaluated cooling the bus bar-and the top-sides of the 
capacitors.

• Top side cooling is predicted to provide lower temperatures.
• No benefit in providing heat transfer coefficients greater than 

~3,000 W/m2∙K.

5.8 W per capacitor

Cold plate
TIM

Top –side 
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Bus-bar side 
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100

105

110

115

120

125

130

0 10,000 20,000 30,000 40,000 50,000

T 
ca

pa
ci

to
r, 

m
ax

. [
°C

]
Heat Transfer Coefficient [W/m2∙K]

 Bus bar side cooled

 Top side cooled



National Laboratory of the Rockies    |    14

Capacitor Thermal Management Design

• Designed a cost-effective cold plate that consists of 
aluminum  folded fin cold plate and achieves an effective 
heat transfer coefficient of ~5,700 W/m2K.

• Predict 105°C maximum capacitor temperature—well 
below the component’s temperature limit (125°C).

inlet

CFD model results for WEG at 10 L/min and 65°C inlet temperature

Inlet

Outlet

folded fins: 0.4-mm-thick and 4 –mm-tall

outlet
Capacitor cold plate (lid shown transparent)

Capacitors
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Inverter Thermal Management Design

Capacitor
Modules

Cold plate
R RCoolant 

inlet
Coolant outlet

R Motor nodeR

R
R

R

Results at 65°C and 10 L/min WEG 
• Maximum temperatures: 

• Module 104°C and capacitor 105°C
• Total pressure drop ~1.5 psi

Reduced order model (ROM) to quickly compute 
temperatures under drive-cycle conditions

CapacitorsPower modules

Inverter cold plate flow configuration

Quickly (solves in 7 seconds) compute the temperature response to compare the inverter 
component temperatures for a pin-fin cold plate (left) and TPMS cold plate (right) 
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Responses to Previous Year Reviewer 
Comments

• This project was not reviewed last year (2025).



National Laboratory of the Rockies    |    17

Collaboration and Coordination With Other 
Institutions

• Collaborating with ORNL (Gui-Jia Su) to develop the inverter 
thermal management solution to meet the project objectives.
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Remaining Challenges and Barriers

• Validating the model predictions is a challenge given that no 
experimental demonstration is planned. 

• Identifying a high performance (low thermal resistance) and 
reliable thermal interface material (TIM). It is our experience 
that the measured performance of TIMs is not always what is 
stated in vendor data sheets.
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Proposed Future Research

• Design the thermal management solution for ORNL’s multiphase 
inverters.

• Develop the ROM for the multiphase inverter to compute 
component temperatures for relevant medium- and heavy-duty 
drive-cycle conditions. Compare these results with results for the 
multilevel inverter.

• Investigate and identify high-performance and reliable TIMs options 
for this project.

• Evaluate novel cooling technologies that are applicable to medium- 
and heavy-duty vehicles.

Any proposed future work is subject to change based on funding levels
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Summary

• Relevance: Effective, high-performance thermal management is essential to 
reduce cost and to increase power density and reliability.

• Objective: Design a high-performance inverter thermal management system 
for a 530-kW peak (380-kW continuous) traction inverter for medium- and 
heavy-duty vehicle applications to meet the technical targets.

• Accomplishments:
1. We designed a thermal management system for ORNL’s multilevel inverter that keeps the modules 

and capacitors well within allowable temperature limits and has a total pressure drop of ~1.5 psi 
(inlet to outlet).

2. We evaluated various TPMS structures as potential surface enhancement features for the power 
module cold plates. We predict heat transfer coefficients up to ~60,000 W/m2∙K which is higher than 
what is possible with convectional pin-fin type cold plates. 

3. Completed a1-year reliability evaluation of a dielectric fluid cooling system. Results are provided in 
technical backup slides.
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Dielectric Fluid Long-Term Reliability

AmpCool 110 dielectric fluid was circulated through 
a dielectric fluid cold plate for over one year 
(October 2024 to April 2026) (continuously) and 
exposed to: 
• Elevated temperatures: 70°C bulk fluid 

temperature, 90°C contact.
• Electric potential: 800 VDC.
• Over one-year duration.
• The loop used automotive components 

(automatic transmission fluid [ATF] pump and 
tubing) and evaluated material compatibility 
with relevant heat exchanger materials (e.g., 
Polyphenylene sulfide (PPS), Polyether ether 
ketone (PEEK)).

Two heaters representing SiC devices were installed 
to measure the dielectric fluid cold plate thermal 
resistance over time.

A description of the dielectric fluid cold plate and its performance can be found in the following publication ( Moreno, G., Narumanchi, S., Tomerlin, J., and Major, J., 2022, “Single-Phase Dielectric Fluid Thermal 
Management for Power-Dense Automotive Power Electronics,” IEEE Transactions on Power Electronics, 37(10), pp. 12474–12485. https://doi.org/10.1109/TPEL.2022.3171744.)

automotive ATF pump and 
tubing

Dielectric fluid cold plate

reservoir

flow meter

overflow

Photo by Gilbert Moreno, NLR

https://doi.org/10.1109/TPEL.2022.3171744
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Dielectric Fluid Long-Term Reliability: Results

Results:
• The dielectric fluid cold plate thermal resistance increased by ~5% maximum.
• The fluid turned a brownish color. Final fluid property measurements are pending and will be 

compared with initial measurements.

A description of the dielectric fluid cold plate and its performance can be found in the following publication ( Moreno, G., Narumanchi, S., Tomerlin, J., and Major, J., 2022, “Single-Phase Dielectric Fluid Thermal 
Management for Power-Dense Automotive Power Electronics,” IEEE Transactions on Power Electronics, 37(10), pp. 12474–12485. https://doi.org/10.1109/TPEL.2022.3171744.)

Measured thermal resistance Measured dielectric fluid flow rate

Image showing the fluid 
discoloration

Photo by Gilbert Moreno, NLR

fluid

https://doi.org/10.1109/TPEL.2022.3171744
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Critical Assumptions and Issues

• Power module temperatures were estimated by adding the cold plate thermal 
resistance (which was modeled and computed) and the manufacturer provided 
junction-to-case thermal resistance. This is not ideal but was necessary 
because we do not have a model for the power modules. 

• We do not have a model of the capacitor and thus had to rely on information 
from the internet and prior work with Polycharge to generate a model of the 
capacitor. The reported capacitor temperatures may change if the model differs 
from the actual capacitor.
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