Thermal Optimisation of e-Drives

Using Moving Particle

Semi-implicit (MPS) Method

Abstract: A novel technique to model the temperature of windings in
oil cooled e-machines has been developed. It aims to reduce the time
taken to generate and solve thermal models by using a combination
of particle based fluid modelling and steady state finite element (FE)
thermal modelling. The fluid model is used to generate a heat transfer
coefficient (HTC) map for the complex, multi-phase flow, which is
applied to a finite element FE model of the e-machine. This would
allow thermal modelling to take place at a concept design stage where
rapid design iterations are required.

By using this combined modelling approach, it was shown that it is
possible to generate and solve models in under a week which show
credible results. Further correlation work is underway to validate the
models and results predicted.

Keywords: MPS, e-machine thermal modelling, oil cooled e-machine,
multi-phase flow.

1. Introduction

With major OEMs committing to increasing numbers of EVs and
greater electrification, the total electric car stock could reach between
9 million and 20 million by 2020 (4). To make this possible, the UK’s
Advanced Propulsion Centre (APC) have outlined target costs, power

Passenger Car Traction 2017 2025 2035
Motor'

Cost (S/kw)?
Continuous power density
2.5 7 9
(kW/kg)
Continuous power density
(kW/) 7 25 30
Drive cycle efficiency (%)? 86.5 92.5 93

1) All assume 350V / 450Amps @ 65degC inlet
2) Prices are 300% mark-up on material costs
3) Drive cycle based on WLTP

Figure 1: APC Targets for Passenger Car Traction Motors (5)
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densities and efficiencies for passenger vehicle traction e-machines,
as shown in Figure 1 (5).

They also note that one key technological enabler is the closer
integration of e-machines into transmissions and internal combustion
engines (ICEs), and eventually fully integrated powertrains. This
means that there will be a shared cooling and lubrication strategy
within the transmission and e-machine, tending towards oil cooled
e-machines. A passive (splash) lubrication regime is likely to
maximise the efficiency of the integrated powertrain whilst minimising
cost and weight but may not deliver sufficient cooling for high power
density e-machines. Down-sized, low power electric pumps will be
required to balance efficiency, mass and cooling.

With increasing power density motors, the loss density will also
increase, meaning that more effective e-machine cooling will be
required. Alongside more integration in powertrains, e-machine
cooling becomes a factor in the lubrication design and it will become
increasingly necessary to use fluid modelling to influence concept
level designs.

Currently it is difficult to accurately model fluid flow within enclosed
volumes such as transmissions and e-machines with traditional
computational fluid dynamics (CFD) methods due to the high
computation time required. It is even less practical to model heat
dissipation as the bulk temperature stabilises over a much greater
timescales than the fluid flow, meaning even greater computation time
is required. As a result, it is currently impractical to perform in the
early stages of a new design where rapid iterations are required. This
is currently a barrier at the concept stage to the optimisation of ol
cooled e-machines.

It has been shown that modelling oil within enclosed volumes with
rotating components, such as transmissions, can be performed
effectively on modest hardware (2) (6). This paper builds on this
work to model multiphase fluid flow within an oil cooled e-machine.
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By combining this approach with FE it is possible to model the
temperature distribution in the windings of an oil cooled e-machine
ina compressed timescale, enabling faster design iterations and more
power dense e-machines through thermal optimisation.

2. Thermal Modelling

2.1 Modelling 0il Within Powertrains

To understand the movement of oil within powertrains there are two
established methods which are practiced:

- Clear case testing

- Finite volume computational fluid dynamics (CFD) modelling

Baffles, oil guides and pumps can be tested in clear cases to optimise
the oil distribution. High temperature testing is not possible however
due to the limitations of the materials used for clear casings - typically
transparent thermoplastics such as acrylic. The clear case testing
is useful once a design has matured to the extent that the rotating
components are relatively well defined but cannot provide useful data
during the concept design phase. It can take several months to procure
rotating components and so there is often a requirement to commit to
adesign for clear case testing at the same time as procuring prototype
test components. As such, if any significant issue is found during
clear case testing there is a large cost, both in lost time and wasted
material, associated with re-design and re-testing.

Finite volume CFD is of limited benefit in the design of automotive
transmissions or electrified powertrains due to the extended run time
required to generate results. Typically it can take several weeks of
computation to generate a few seconds of real world data. Fluid flow
will tend to stabilise within a few seconds in a powertrain but it may
take several minutes to reach thermal steady state (6). This could
require months of simulation. As multiple input speeds would need to
be modelled, it rapidly becomes impractical to use this type of CFD
to model a single concept even on computers with high processing
power.

An increasingly well correlated alternative method of CFD using
particles is more suited to modelling fluids in confined volumes (2).
This meshless CFD utilises a moving particle semi-implicit (MPS)
method which allows simulation of single phase and multiphase fluid
flow. With MPS the fluid is discretised as a series of particles whose
interactions are calculated using conservation of momentum and
mass. The Navier-Stokes equations are solved using the Lagrangian
methodology (6). The MPS method is able to account for surface
tension, droplet break up, free surface fragmentation and coalescence.
Solid bodies are represented by mathematical functions, called
distance functions, and so a mesh is not required. The MPS solver
can be run on graphics processing units (GPUS) to further reduce
computation time. This method enables much faster solving of fluid
models, for example it can take as little as a few days to simulate
several seconds of real time data for a single speed automotive
transmission on modest hardware, compared to weeks using finite
volume CFD.

Figure 2 shows a comparison of MPS vs CFD solve times for a simple
automotive transmission. By combining the performance benefits of
MPS with appropriate modelling simplifications, it may be possible
to use this method as an iterative design tool, rather than a final
validation.

_ Moving Particle Simulation Mesh-Based CFD

Pre-process

(geometry, meshing, setup) <1 day 2 weeks
CPU Time 5.0 [s] in 3 days 0.5 [s] in 4 weeks
Cores 12 39,
GPU Time

5.0 [s] in 6 hours - v6 on K40
5.0 [s] in 3 hours - v6 on P100

Figure 2: Comparison of MPS and CFD solve times for a simple automotive transmission (6)

2.2 Modelling Heat Transfer in Qil Cooled Motors

E-machine design software enables rapid iterations to develop
high power density designs, with information on power curves and
efficiency. A critical factor in increasing the power density of an
e-machine is how much of the heat generated can be removed.
Overheating can cause damage to the insulation and lead to short
circuiting. The design of the cooling system will directly impact how
much power the e-machine can produce in both continuous running
and peak conditions.

There are several widely acknowledged and utilised methods for
cooling E-machines in automotive transmissions:

- Water/glycol cooling jacket

- Direct oil spray onto the stator windings

- Oil or water/glycol in a hollow rotor shaft

The cooling effect of a water/glycol jacket can be calculated relatively
gasily as the channels are fully filled with water/glycol only. This
means that correlations to empirical data is known to be accurate.

Qil sprayed directly onto the stator windings provides a greater
challenge as the oil mixes with air in varying proportions over the
entire surface of the windings. Empirical data is used to correlate
to, however this is always a compromise as the data is inherently
discontinuous, having been measured at a series of discrete points. As
a result, the designs generated may not be as optimised as possible.
By developing a more detailed method of modelling the temperatures
on the surface of the e-machine windings it will be possible to increase
its power density.

An MPS CFD method can be used to simulate the complex flow of the
oil around the e-machine windings. From this it is possible to export
the heat transfer coefficients (HTC). This can then be combined with
the power loss in the windings to model the temperature at the surface
and give indications of poorly cooled areas.

2.3 Motor Design and Cooling Strategy

A high power density e-machine has been developed by DSD for
an automotive application using state of the art e-machine design
software. Initially a winding temperature prediction was carried out
using correlation to empirical data. The data showed a step change
in temperature under certain conditions which is due to the discrete
nature of the empirical data.

The design, Figure 3, uses a series of spray cooling jets to introduce
oil onto the windings, which then drains down into a remote sump (not
shown) allowing the oil to settle and de-aerate. An oil to air radiator is
used to cool the oil before it reaches the e-machine.

28 - Newsletter EnginSoft Year 15 n°3

Sezione



CAD - Definitions

Mot End
otor
C
Housing - —- over
Windings
» Head
= Bearing
Tail S
Bearing ]
‘ & v 1
/| o
Rotor P
End Cap i -
- Rotor
‘ | Shaft
Oil Outlet

Figure 3: e-machine Design

A single oil spray nozzle feeds oil to each end of the windings from
the highest point on the casing. A nozzle also feeds oil directly up
the centre of the rotor shaft, with four radial drillings spreading this
oil to the inside of the windings. The pump selected for this design
is capable of supplying 8L/min of oil to the e-machine. An initial
gstimate of the required flow rate split is shown in Figure 4.

Single Oil Feed 1 — 2lpm
Nozzle OD - 3mm

Single Qil Feed 2 — 2lpm
Nozzle OD — 3mm

i
-

This e-machine is required to run at the continuous high power and
building an analytical model offers the opportunity to test the estimated
oil cooling and optimise the cooling regime.

Oil Feed 3
—4lpm

Figure 4: Initial Oil Requirements

2.4 Modelling the System

It has previously been shown how the flow of oil using an MPS method
can be correlated to test data (6). Figure 5 shows the model used in
this test.

01505 (003)_g 02505 (005)_g

Figure 5: Correlation model of single gear in oil (6)

For the e-machine analysis a model was generated in Particleworks,
using imported CAD. The solid components were imported as grouped
bodies based on how they will behave within the model. The rotor
was combined with the bearing inner races and elements into a single
body as these will all rotate about the same axis (Figure 6) to reduce
pre-processing time.

Figure 6: Rotating Components

The stator and windings were imported as separate bodies so that
information such as heat transfer coefficients could be investigated for
these components individually (Figure 7).

Windings

Stator

Figure 7: Stationary Components

The inner surface of the casing, including the bearing outer races,
was extracted to create an oil tight containment volume, with the
outer surface simplified to a cube (Figure 8). This simplification was
carried out to reduce the pre-processing time required to generate the
distance functions for the solid body.

|

Figure 8: Containment Volume

An initial model was generated which isolated the rotor assembly to
calculate the oil flow through the radial drillings. The rotor shaft was
placed within a cubic domain with an oil feed into the centre of the
shaft. The rotor was set to rotate at 3000RPM, with the oil fed at a rate
of 4L/min.

Once the flow had become stable, the flow rate from each orifice was
measured as shown in Table 1. Figure 9 shows the rotor shaft before
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Orifice Flow Rate (L/min)
Outlet 1 1.0109 25.27
Outlet 3 0.9896 24.74

Table 1: Flow Rate at Inlet and Qutlets

Figure 9: Oil Flow Through Rotor Shaft

flow had stabilised and after .
flow had stabilised and the rotor
becomes saturated.

As the flow rate of each orifice is l,,,
approximately equal, a fixed flow =
rate equal to one quarter of the
input flow will be used at each
orifice in the complete model
to reduce the computation time -
required to solve.

Acomplete model was generated,
including the modelling
simplification described above.
For low speed applications it is
possible to model an enclosed ~ §-
volume without air to significantly
decrease the computation time — ®-
required. As the tip speed on

the rotor shaft is between high
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Figure 10: Development of Oil Flow (Without Air)

speed and low speed, back to back models were generated with and
without air to determine whether it was necessary. Figure 10 shows
the development of the oil flow in the model without air, coloured
by velocity. The model shows, in the circled region, areas where oil
doesn’t appear to reach.

Figure 11 shows the oil and air flow developing in the model with air,
the air particles are coloured pink throughout whilst the oil is coloured
by velocity.

From the test described above, it was deemed that the model with
air would provide a more accurate model of the fluid movement and
hence the HTC. A comparison of the HTC map for the models without
and with air is shown in Figure 12 and Figure 13. It can be seen that in
the model without air the HTC is very low in the areas where oil isn’t
reaching in significant quantities. This is to be expected as the model
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Figure 11: Development of Oil Flow (With Air)

assumes a vacuum where there isn’t
oil. The model with air shows a more
even distribution of HTC. This aligns
with expectation well as the air will
be dragged around as the rotor spins,
meaning that it will also have a cooling
effect on the windings. Although
it would reduce computation time
further, it was deemed that modelling
without air would not produce reliable
results.

To check whether these results fall
within the expected range, a hand
calculation was performed using the
Dittus-Boelter Correlation at the point
of the top inlet. The HTC predicted
at this point by hand calculation is
within 10% of the HTC predicted by
the model.
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3.92s Where k denotes thermal conductivity, v denotes volumetric ratio
with vc + vp = 1, and the subscripts e denotes effective, ¢ denotes
conductor and p denotes potting compound. The effective specific
heat capacity, ce, of the bulk material can be estimated using:

_ PF(chc — ppcp) t P

. =
PF(pc _pp) * Pp
Equation 2: Specific Heat Capacity Estimation

HeatTransferCoefficient [W/(mA2K)]
8000.00

~— 6666.67

533333

4000.00

2666.67
Where ¢, p, and PF denote specific heat capacity, density and packing
factor respectively. The subscripts ¢ and p denote conductor and
potting compound respectively. By applying these homogenised
properties to the winding, the FE model can be significantly simplified
with a small reduction in accuracy (7).

A steady state heat transfer problem was then carried out using the
3.17 s FE solver.

1333.33

0.00
EVE
Figure 12: HTC Map (Without Air)

3. Results

The results from the steady state heat transfer problem are shown in
Figure 14. The results show low temperatures in the expected areas,
the areas where the oil inlets are situated are effectively cooled by the
direct jets. The inner surface of the end windings also shows a well
defined region of lower temperature where the rotor shaft il feed exits.

HeatTransferCoefficient [W/(mA2K)]

I 8000.00

—6666.67
5333.33
4000.00

2666.67

1333.33

Top Inlets
Rotor Qil

Feed Outlet

Temperature
114.2

111.8

Figure 13: HTC Map (With Air)

2.5 Temperature Mapping 120
The HTC map was exported from the model once the flow field had e
stabilised. This was then mapped onto a solid mesh in FE software. :;
The power loss predicted in the windings, from the motor design s
software, was applied to the windings as a volumetric power l0ss. 55
Whilst the losses vary over very short distances, for the purpose of fel

developing a simplified design tool it was assumed that the power 0SS Figure 74: Temperature Map (4L/min in Rotor Shaft)

is equal across the windings. This simplification will help to minimise

set up time for the thermal models. The windings which are situated within the stator show a higher
Itis impractical to model each individual wire in the motor windingsat ~ temperature due to the lack of oil in this area (Figure 15). Whilst this
a concept level, especially when these are to analysed using FE. The
insulation is very thin and would require a very fine mesh to capture
correctly, greatly increasing the number of elements in the model.
This would require an impractically large amount of computation time
to solve (7) (8). s

Top Inlets

A method for estimating the bulk properties of a homogenised winding
material has been validated by Simpson etal. (7). The effective thermal 1089
conductivity, ke, of the winding material can be estimated using the 1044
Haskin and Shtrickman approximation:

A+v )k, +(1—-v)k

k — k )4 922
e p (1- vc)kc +(1+ vc)kp o 80,7
Equation 1: Hashkin & Shirickman Approximation Figure 15: Temperature Map (4L/min in Rotor Shaft) Viewed From Above
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is expected due to the relatively low convective heat transfer in this
area, the temperature may be lower in reality as there would be heat
conduction through the stator which has not been accounted for.

The peak temperature is 124.9°C, found in the centre of windings
(Figure 16) whilst the average temperature across the entire windings

is 103.6°C.
II
)

O

Temperature
121.6

J 118.4

115.2

o 1120
108.9
105.7

102.5

[C]

Figure 16: Temperature Map (4L/min in Rotor Shaft) Viewed in Section

The model was iterated using different flow rates in each area to test
whether further optimisation was possible with the current package
and pump restrictions. The additional test points are summarised in
Table 2.

Total oil in
(L/min)

Oil in rotor shaft
(L/min)

Model Name 0il in each top

inlet (L/min)

B 6 1 8
Table 1: Flow Rate at Inlet and Qutlets

Model B shows a similar pattern of temperature distribution to model
A (Figure 17) but with generally slightly lower temperatures across

the end windings.
II

Temperature

157.2
I 150.5

| e

|

137.0
130.3
1236
116.9
110.2
103.5
96.7

90.0
[C]

Figure 17: Temperature Map (6L/min in Rotor Shaft)

As with model A, high temperatures are seen in the area covered by
the stator (Figure 18).

The peak temperature is 145.0°C, found in a very localised area in
the section of windings covered by the stator (Figure 19) whilst the
average temperature across the entire windings is 105.1°C.

Temperature
157.2

T 150.5

I Top Inlets

| e

|

137.0
|
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116.9
110.2
103.5

96.7
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Figure 19: Temperature Map (6L/min in Rotor Shaft) Viewed in Section

Model C also shows a similar temperature distribution to models A
and B (shown in Figure 20)

Top Inlets

Temperature
129.0

125.1
T 1212
17.3
o 1134
109.5
105.6

101.7

[C]

Figure 20: Temperature Map (2L/min in Rotor Shaft)

Again, the windings show high temperatures in the area covered by
the stator (Figure 21).

Top Inlets

Temperature
129.0

126.1
121.2
17.3
134
109.5
105.6

101.7

(]

Figure 21: Temperature Map (2L/min in Rotor Shaft) Viewed From Above

In section view, it can be seen that in model C the highest temperature
is found in the centre of the windings (Figure 22). The peak temperature
is 129.0°C, whilst the average temperature across the entire windings
is 105.0°C. The temperatures predicted by the standard motor design
software for the same conditions as model A are shown in Table 3
along with the temperatures predicted using this novel method.
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Figure 22: Temperature Map (2L/min in Rotor Shaft) Viewed in Section

Model Peak Temp (°C) Avg Temp (°C)

B 145.0 105.1
Standard Motor Design 122.0 115.6

Software (Model A)
Table 3: Summary of Model Results

Model A, the initial estimation of flow requirements, appears to
give the lowest peak temperature and lowest average temperature
across the windings. This aligns with the expected trend from hand
calculations. The peak temperature predicted is very similar to the
standard motor design software, <2.5% difference. The average
temperature predicted shows a larger difference, ~10%.

Each MPS model was set up in under half a day, with approx. 3 days of
solve time on modest computer hardware. A further day was required
to postprocess and solve the steady state heat transfer. This means
that a set of results can be obtained in under 1 week, much less than
traditional finite volume CFD techniques.

4. Conclusions

A new method for solving the heat transfer prediction problem in an
e-machine has been shown. The results have been benchmarked
against other existing techniques.

A suitable assumption to merge the end windings into an equivalent
mass has been carried out for the purpose of this concept study.
For detailed motor analysis it is feasible to model the individual end
windings, however this is at the expense of computation time.

It is deemed that one inaccuracy in the models is the absence of
conductivity to the stator. This is currently planned to be included in
the model.

As the time taken to set up and solve the model is under 1 week,
this technique offers a credible method to predict temperature at the
early design stage. This will allow for a more informed comparison of
different designs, enabling greater optimisation of e-machine thermal
performance.

Machine testing is planned during 2018 to correlate models, and
refine the process.

5. Glossary

APC: Advanced Propulsion Centre

CFD: Computational Fluid Dynamics

EV: Electric Vehicles

FE/FEA: Finite Element (Analysis)

GPU: Graphical Processing Unit

HTC: Heat Transfer Coefficient

ICE: Internal Combustion Engine

MPS: Moving Particle Semi-Implicit (method)
OEM: Original Equipment Manufacturer
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