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Abstract—This digest presents a jet impingement cooling
scheme that is adapted to an existing air-cooled power converter.
This jet impingement cooling is novel as it leverages automatic
transmission fluid (ATF), a non-electrically conductive fluid, as
the liquid medium. This allows for direct contact of the liquid
medium with conductive components, including the exposed heat
dissipating pad of a FET which is commonly connected to
its drain and held at high potential. This is in contrast with
typical jet-impingement cooling schemes which use ethyleneglycol to cool a heatsink that is then interfaced with the heat
dissipating components. The proposed scheme negates the need
for this heatsink and the electrically insulating and thermally
conductive interface between it and the FETs. The resulting
cooling technique allows for a more efficient heat transfer into the
liquid medium. Results are validated with simulation. Through
comparison with an existing high-performance forced-air cooler
it is demonstrated that this cooling method will allow for both
an increase in output power and a decrease in volume, resulting
in a >50% increase in power density. Lastly, the efficacy of this
scheme in a motor drive environment is presented, where it is
shown that this cooling method alongside an LC filter placed
between the inverter and the motor will result in both increased
efficiency and power density.

I. I NTRODUCTION
High density power conversion cannot be achieved through
exclusively electrical design. Inverter efficiencies are approaching and in some cases exceeding 99% due to improvements in electrical design [1]–[3] allowing for an associated
decrease in waste heat that needs to be dissipated. However, as
overall power levels increase, any non-perfect efficiency will
necessitate some manner of heatsink, and heatsink inclusion
will drive down both the volumetric and gravimetric power
density.
Power density is of increasing importance as integrated
power electronics become more prevalent in vehicles. This
includes on board chargers and motor inverters for EVs [4]
and aerospace applications [5], [6]. These areas are especially
concerned with the gravimetric power density as heavier
vehicles will exhibit decreased performance. This suggests that
heatsink design and how thermal solutions integrate with their
associated power electronics will become more important as
more vehicles become electrified.
There are typical approaches to cooling for power electronics that have been used in both industry and academia. Passive
conduction of waste heat into the air can suffice for low power

applications. Higher power applications will utilize a separate
heatsink, thermally connected to the heat sources, with either
forced air or liquid used to remove heat from the heatsink.
Forced air cooling is straightforward as there are many off-theshelf solutions that can be adapted for different applications.
Liquid cooling is typically higher performing but comes at the
cost of increased complexity, requiring a water block, pump,
radiator, and associated tubing.
This increased complexity can be worth it, as can be seen in
Fig. 1. High powers can be achieved with air cooling, but high
power densities are almost exclusively achieved with liquid
cooling. This is because the liquids typically used in liquid
cooling systems (water, ethylene glycol) have higher thermal
conductivity, resulting in more efficient transfer of heat into
the medium that dissipates it.
Fig. 1 references a proposed power converter with two
different types of heat removal systems. One cooling solution
utilizes an off-the-shelf (OTS) forced-air server CPU heatsink.
The second system is in regards to the topic of this digest,
which presents a novel cooling solution in which the sources
of heat within a power converter are cooled via a direct contact
jet impingement cooling technique. This differs from existing
jet impingement cooling literature as the proposed solution
uses a non-conductive automotive transmission fluid (ATF) as
the liquid medium. The ATF circulates around the components
and cools them through direct contact without the need for
any interface between the liquid medium and heat source.
Other solutions [7]–[9] use jet impingement cooling within
a heatsink that then makes contact with the components.
The proposed technique removes the need for both a bulky
heatsink as well as any associated thermal interface pad between the heat source and the heatsink as the ATF makes direct
contact with anything it is intended to cool. Furthermore, in
many automotive applications, ATF and its associated pumping
and cooling infrastructure is already present, and there is
little additional overhead associated with using it as a power
electronics coolant. The efficacy of the proposed ATF direct
contact jet impingement cooling method for power electronics
is shown through high-fidelity simulation. Lastly, it is shown
that this cooling scheme in conjunction with an LC filter can
provide both increased power density and efficiency in a motor
drive environment when compared to typical motor drives.
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Fig. 2. Circuit topology of the inverter used for heatsink testing.
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Fig. 1. Performance of liquid vs. air cooled converters [10]–[18].

II. L OSS C ALCULATION
The proposed converter used in this experimental heatsink
setup is a 3-phase inverter with a schematic that can be seen
in Fig. 2. This inverter has a novel addition to the typical 3phase half bridge in the form of an additional capacitor CA .
This capacitor is intended to reduce the voltage ripple on both
the DC bus and grid connection simultaneously, but as this is
a thermal management paper the exact functionality of CA is
beyond the scope.
There are two main sources of loss in this inverter, FET
losses and inductor losses. FET losses can be split into two
components, switching loss and conduction loss. Similarly,
inductor losses can be split into a resistive loss within the
winding and a hysteresis loss within the core.
1) FET Losses: Rigorous quantification of FET losses must
consider the instantaneous operating point of the converter.
The output is a sine wave, and as such output voltage Vout ,
output current Iout , and duty cycle D are dynamic and are
written as
√
Vout (θ) = VDC
2Vout,RM S sin(θ)
(1)
2 +
√
Iout (θ) =
2Iout,RM S sin(θ − ϕ)
(2)
D(θ)

=

Vout (θ)
VDC .

(3)

where θ is the instantaneous phase of the output sine wave
voltage and ϕ is the phase difference between the output
current and the output voltage. The peak to peak inductor
ripple current IL,p−p is calculated with
IL,p−p (θ) =

D(θ) (1 − D(θ)) VDC
.
fsw (θ)Lsw

(4)

The conduction losses are found considering IL,p−p (θ) and
are calculated with

2 !
1
2
√ IL,p−p (θ)
Pcond (θ) = Ron Iout (θ) +
(5)
2 3
where Ron is the datasheet specified on resistance of the FET
1
and 2√
I2
is the RMS value of the inductor current ripple
3 L,p−p
component.

The process for calculating the switching losses used in
this paper relies heavily upon a quantification of switching
energy as a function of drain current Id , gate resistance
Rg , and FET drain-source voltage Vds . The datasheet of the
SiC FETs used in this converter provides these values which
allows for the mapping of switching energies Eon (Id , Rg , Vds )
and Eof f (Id , Rg , Vds ) to be formulated. Rg and Vds can be
considered static values and are not included in the following
theory.
As previously mentioned, the output current and voltage of
a single phase can be considered dynamic and therefore the
distinction between hard and soft switching over one cycle of
the grid must be considered. Analytically, this distinction can
be made with
Esw (θ) =


Eof f (Ia (θ)) + Eof f (Ib (θ)) Ia (θ) > 0, Ib (θ) < 0
(6a)
Eon (Ia (θ)) + Eof f (Ib (θ)) Ia (θ), Ib (θ) < 0


Eof f (Ia (θ)) + Eon (Ib (θ)) Ia (θ), Ib (θ) > 0
Ia (θ) = IDC −
Ib (θ) = IDC +

IL,p−p (θ)
2
IL,p−p (θ)
2

(6b)
(6c)

where Ia and Ib are the peak and valley inductor current
values, respectively. Visually, the hard and soft switching
distinction can be seen in Fig. 3. This distinction is important
to make as turn-on energies can be significantly greater than
the turn-off energies.
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Fig. 3. Three different IL cases used in calculating FET switching loss per
cycle. a) turn-on loss at peak, turn-off loss at valley, b) turn-off loss at peak,
turn-off loss at valley c) turn-on loss at peak, turn-off loss at valley.
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Fig. 4. Loss of the inverter as a function of output current, split between
inductor and FET losses. Red dots indicate maximum values for their
respective cooling schemes.

The switching loss Psw can then be found with
Psw (θ) = fsw Esw (θ).

(7)

Fig. 5. Converter without heatsink (left) and converter with heatsink (right).

Finally, the total FET loss PF ET over one cycle of the grid can
be found by averaging the sum of both FET loss mechanisms
from 0 < θ < 2π
Z 2π
1
PF ET =
(Pcond (θ) + Psw (θ))dθ.
(8)
2π 0

In a similar manner to calculating the FET loss, the average
inductor losses are found by taking the average of the losses
over one cycle of the grid according to
Z 2π
1
PInductor =
(Pcore (θ) + PCu (θ))dθ.
(11)
2π 0

2) Inductor Losses: Inductor losses are calculated by splitting the total loss into two components, core loss and copper
(winding) loss. Copper loss is calculated with

Lastly, the total loss is simply

PCu (θ) = RDC Iout (θ)2 +RP W M (θ)


2

1
√

I
(θ)
3 L,p−p

2

, (9)

where RDC is the DC winding resistance and RP W M (θ) is
the frequency dependant winding resistance of the inductor. As
the fundamental frequency within the inductor is the switching
frequency, and the switching frequency will change over one
cycle of the grid, RP W M (θ) is dynamic. The frequency
dependant component of the winding resistance is an intrinsic
value of the chosen winding wire gauge and type. The core
loss of the inductor is calculated with
Pcore (θ)

= kfsw (θ)a Bpk (θ)b
b

4πN Ipk (θ)10−2
a
,
= kfsw (θ)
lg + (lm /µr )

(10)

where k, a, b are coefficients of the core, typically supplied
by its manufacturer. Bpk (θ) and Ipk (θ) are the peak flux and
current densities, respectively, and are dynamic. N, lg , lm , and
µr are the turn number, air-gap, and length of the magnetic
path and permeability, respectively, and are static values of the
inductor.

Ptotal = PF ET + PInductor .

(12)

The converter used in this experiment is designed to interface
with a 277VLL grid and maintain a 900V DC Bus. The
value of the inductance L is 4.5 µH. This converter uses
a variable-frequency critical soft-switching (VFCSS) scheme.
This switching scheme allows for the converter to operate in
the zero-voltage switching region (waveform (b) in Fig. 3)
over a variety of loads, as described in [19]–[21]. The VFCSS
switching frequency range for this converter is from 50kHz to
1.16MHz. The FETs are CREE C3M0032120k 3rd generation
SiC FETs.
The total loss of all three phases of the inverter as RMS
output current is swept from 0 to 40A can be seen in Fig. 4.
40A represents a reasonable maximum current for this FET
while it is operating near its maximum junction temperature
in accordance with its datasheet.
III. M AXIMUM P OWER U SING A IR C OOLING
The OTS heatsink used for the air cooling results is a
Dynatron A31, a CPU server forced-air heatsink. This was
chosen for its large flat surface that is conducive towards
mounting mulitple FETs underneath it. The OTS forced-air
heatsink as well as the FETs can be seen in Fig. 5. All six
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Fig. 6. Two neighbording FETs (left), jet impingement cooling jacket (center),
and coolant flow volume (right).

FETs are cooled with the same heatsink, and the volume of
the converter is 1.46L (1.232L of this is PCB and component
volume and 0.228L is attributed to the volume of all three
external inductors).
The maximum dissipation can be calculated in a straightforward manner given the thermal resistance of all the components. The electrical equivalent of the thermal circuits can
be seen in Fig. 7, where RA and RB represent the thermal
resistances of the thermal pad and heatsink, respectively, for
the OTS forced-air heatsink scheme. For the liquid cooled
case, RA and RB represent the thermal resistances of the
FET case to liquid and the liquid to air, respectively. The
thermal resistance between the FET junction and case RθJC
is 0.45◦ C/W.
The OTS forced-air heatsink scheme has all six FETs
sharing a common heatsink with the thermal pad RθP as
0.25◦ C/W and the heatsink RθH as 0.173◦ C/W. As all six
FETs share a heatsink, the heat effectively travels through the
parallel combination of the six FETs and thermal pads in series
with the heatsink, resulting in the following:
Pdiss =

TJ,max − Ta
1
6 (RθJC + RθP ) +

RθH

.

(13)

For a maximum allowable FET junction temperature TJ,max
of 150◦ C and an ambient air temperature Ta of 60◦ C, the
maximum tolerable total FET loss is 310W, roughly 50W per
FET for the OTS forced-air heatsink scheme. Fig. 4 shows
that with this forced-air heatsink, the maximum allowable
output current of this inverter is 15A per phase, well below
the capabilites of the FET, which represents 12.47kW in total
and a power density of 8.54kW/L. This result implies that the
limit on maximum power for this converter lies within the OTS
forced-air heatsink and improving this will result in increased
power density and output power.
IV. M AXIMUM P OWER U SING D IRECT C ONTACT J ET
I MPINGEMENT C OOLING
The previous section showed that the heat dissipation limits
of OTS forced-air heatsink define the maximum power output
of this converter. This section shows, through computational
fluid dynamic (CFD) simulation, that with direct contact jet
impingement cooling, the limiting factor for power output can

Fig. 7. Thermal path equivalent electrical circuit.

be improved, resulting in increased output power. Furthermore,
the volume can be reduced, resulting in a compound increase
in power density.
Automatic Transmission Fluid (ATF) is used as the liquid
coolant; ATF is non-conducting, allowing direct contact between the exposed pad of the FET and the coolant. Furthermore, in many automotive applications, ATF and its associated
pumping and cooling apparatuses are already in place.
Each FET is jacketed with a tight clearance to the upper
(heat rejecting) surface while pressurized ATF is injected
through a small port. The tight clearance maintains a high
bulk velocity relative to the FET, yielding high heat transfer
coefficients. The peak heat transfer coefficient occurs around
the jet impingement point, which may be placed directly over
the junction within the FET. The tight clearance also reduces
coolant residence time and temperature for a given flow rate,
while back pressure is maintained such that the heat dissipating
surface of the FET remains fully wetted. Maintaining a low
coolant temperature is beneficial for both cooling the FET and
protecting the coolant itself from thermal degradation.
Fig. 6 shows a jet impingement cooling jacket for a pair of
neighboring FETs. For convience, the FET leads are neglected
and it is assumed that there is no space between the FETs and
the PCB. The ATF flows through the jet impingement port,
along the surface of the FET, and exits at the perimeter of the
jacket to be sumped and returned. This has the added benefit
of also cooling the area of the PCB local to the FET, although
we have neglected this effect in the model.
CFD modeling was performed with ANSYS CFX with temperature dependent density, viscosity, and thermal conductivity
applied to the ATF. The datasheet-specified value for junctionto-case thermal resistance RθJC = 0.45◦ C/W was used to
calculate an effective bulk thermal conductivity for the FET
bodies such that the temperature difference developed across
each FET at 60W each is 27◦ C, with the heat load applied at
the base of the FET body; hence the temperature that develops
there is the junction temperature. We disallow thermal contact
between the bottom of the FET and the board, as well as
between the perimeter of the FET and the coolant so that
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all heat must be rejected from the upper surface by liquid
cooling. The inlet coolant temperature is assumed to be 75◦ C,
a reasonable value for automotive applications.
The jacket clearance and injection port diameter were varied
to determine values that are capable of rejecting 60W per FET
in steady state for a reasonable oil flow, defined as less that
4 LPM for the entirity of the six FETs, and for a reasonable
total pressure, defined as less than 20psi. The maximum allowable junction temperature is assumed to be 150◦ C, and the
maximum allowable ATF temperature is assumed to be 115◦ C.
In light of these requirements, values of the jacket clearance
and injection port ID of 0.25mm and 1mm, respectively, were
selected. As can be seen in Fig. 9, this results in a minimum
flow rate required to keep the junction temperature below
150◦ C of only 2.5LPM (total for all 6 FETs), but a minimum
flow rate of 3.7LPM, or 0.63LPM/FET, is required to keep the
maximum coolant temperature below 115◦ C.
The mass-flow averaged coolant temperature rise at the
outlet for this flow rate is then 3.3◦ C, while the total heat
required at the inlet is 12.9PSI. The average heat transfer coefficient over the FET is ≈3900W m−2 K −1 , weighted toward
the region of jet impingement. These results demonstrate that
the direct contact ATF jet impingement cooling scheme can
achieve 19.13kW operation. The volume is reduced to 1.195L
through removal of the OTS forced-air heatsink (inductor volume is retained) which results in a power density improvement
of 87.47%, from 8.54kW/L to 16.01kW/L.
V. M OTOR D RIVE C ONFIGURATION R ESULTS
Using ATF as the liquid heat conductive medium is convenient for when this inverter is configured as a motor drive.

TABLE I
M OTOR D RIVE P ERFORMANCE C OMPARISON
Configuration
Air, without LC
Air, with LC
Liquid, without LC
Liquid, with LC

Power (kW)

Volume (L)

Efficiency

Density (kW/L)

12.47
12.47
19.13
19.13

1.232
1.460
0.967
1.195

85.52%
87.35%
86.13%
90.04%

10.12
8.54
19.78
16.01
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LPM Total - 6 FETs
Fig. 9. Coolant and junction temperatures vs. flow rate.

ATF is is commonly used to cool traction motors and with the
proposed technology the cooling system between the motor
and the power electronics can be shared. Therefore it is
advantageous to examine the efficacy of this solution on the
context of a motor drive configuration.
The cooling solution proposed in this paper can be used
in conjunction with the already established work described in
[4]. The important aspect of this previously established work
that relates to the proposed is the addition of the output LC
filter to the typical motor drive configuration. This LC filter
is present in grid-tied inverters of this topology (which can be
seen in Fig. 2) but not in typical motor inverters. This LC filter
allows the motor to be driven by a near sinusoidal source, as
opposed to the PWM source of typical motor drivers.
This technique reduces the core losses of the motor resulting
in improved efficiency. The motor used in [4] has an efficiency
of 88% and 92% when driven by PWM and sine wave sources,
respectively. The addition of the LC filter results in increased
volume, equal to the volume of the LC filter itself, which
presents a design tradeoff between efficiency and volume.
However, this additional volume can be offset by the volume
decrease associated with the proposed jet impingement cooling
scheme.
Table I is created considering the same motor efficiencies
under different motor inverter types found in [4]. It considers
all possible combinations of air and liquid cooling with and
without LC filtering. Losses are calculated using the methods
in Section II. Motor efficiencies under different drive types are
of those found in [4]. It can be seen in Table I that the volume
reduction allowed by the proposed jet impingement cooling
scheme is greater than the volume increase of the additional
LC filter. Furthermore, the increased output power allowed by
the improved cooling allows for a 58.2% increase in power
density from 10.12 kW/L to 16.01kW/L from a typical motor
drive with air cooling and no additional LC filter.
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Fig. 10. Loss breakdowns of the four motor drive configurations.

Lastly, Fig. 10 shows the distribution of losses for each of
the four configurations in Table I. It can be seen that the losses
incurred in the LC filter are outweighed by the losses saved
in the motor.
VI. C ONCLUSION
The results presented in this paper demonstrate that moving
from a high-performance OTS forced-air cooling scheme to the
proposed direct contact ATF jet impingement technique allows
for an increase in power output from 12.47kW to 19.13kW.
This also allows for a decrease in volume from 1.46L to
1.195L, which results in a corresponding increase in power
density by 58% from 10.12kW/L to 16.01kW/L when used in
a grid-tied inverter application. The increase in power density
as a motor drive is 58.2% from 10.12kW/L to 16.01kW/L with
a corresponding increase in efficiency from 85.52% to 90.04%.
The maximum output current is still limited by the waste heat
rejection scheme but is now much closer to the maximum rated
current of the FETs, resulting in a more balanced design.
Further work regarding this research includes constructing
the physical jet impingement cooling apparatus and validating
the simulated results. Designing a new PCB with layout
optimized for use with this proposed technology which can
potentially result in further improvements on power density.
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