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Integrated motor drives are frequently employed in vehicles and aircraft due to their superior power density
and efficiency in comparison to separate motors and drives. These advantages are achieved through the tight
integration of the electric motor with the power and control electronics within a single housing and cooling
system. The latter requires careful design and consideration to ensure safe and reliable operation of both the
motor and the power converter. This paper focuses on the thermal analysis of a novel integrated motor drive
design, featuring PCB-embedded SiC MOSFETs within a multilevel switching cell array power converter. This
architecture avoids the thermal limitations of conventionally packaged power devices. Three multiscale models
based on lumped parameter thermal networks, with varying degrees of spatial resolution, are developed.
Computational Fluid Dynamics and Finite Element models are employed to evaluate the most relevant heat
sources and thermal resistances. Predicted winding temperatures ranged from 106 °C to 132 °C, all well below
the 180 °C limit set by the insulation class, underscoring the effectiveness of the proposed design. The overall
temperature-corrected electrical efficiency reached 95.4%. The results presented in this work thus highlight the
potential of PCB-embedded power devices to improve the integration and thermal management of integrated
motor drives. Finally, numerical results from the three multiscale models are compared, highlighting the
advantages and limitations of each approach in real-world design scenarios. Among the three thermal models,
the simplified single-slot 3D approach provided the best balance between modelling fidelity, computational
cost, and development effort.

1. Introduction

1.1. Background

for vehicular traction [3]. In this field, light and compact power units
are particularly sought after, as the freed up space can allow for
better ergonomics and larger battery packs, with the resulting range
increase.

Integrated Motor Drives (IMDs) enable significant reductions in the
size and weight of electric powertrains, thanks to the tight integration
between electric motors and their power inverters. Furthermore, the
elimination of superfluous electric components results in efficiency and
reliability improvements [1]. IMDs have been employed in various
industrial fields since the early 1960s, with the introduction of the first
automotive alternators with rectification circuits integrated inside the
case [2]. The continuous necessity to reduce the footprint of electric
drives and their associated wiring has guided the design of integrated
motor drives up to the development of high-power units conceived
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In high-power IMDs, such as those used in electric vehicles, thermal
management represents a major challenge, particularly for the power
electronic devices, which produce large heat fluxes due to their high
degree of miniaturisation [4], while simultaneously being exposed to
the heat produced by the motor. Thus, thermal management must be
addressed from the earliest stages of IMD design by means of simulation
tools capable of producing accurate and fast temperature evaluations.
Compared to standalone electric machines, which are discussed ex-
tensively in the literature, integrated motor drives present further
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Nomenclature

Latin letters

A area [m?]
A incidence matrix [—]
¢ specific heat [Tkg™' K]
C temperature constant in Eq. (11) Koml
D, hydraulic diameter [m]
f frequency [Hz]
/o equivalent Darcy friction factor [—]
G diagonal matrix of thermal conductances [W K]
h height [m]
1 current intensity [A]
K« AC/DC loss ratio [—]
1 length [m]
L losses [W]
I mass flow rate [kgs™']
Ppar parallel number [-]
Nu Nusselt number [—]
fluid pressure [Pa]
P electrical power [W]
Pr Prandtl number [-]
q"’ heat flux [Wm™2]
0 heat [W]
(0] vector of heat generation terms [W]
r radius [m]
R thermal resistance [K W~!]
R, electrical resistance [V A~']
Re Reynolds number [—]
S conduction shape factor [m]
t thickness [m]
T temperature [K]
T vector of nodal temperatures [K]
Ta Taylor number [-]
i fluid velocity [ms~']
U overall heat transfer coefficient [Wm=2K™']
14 volume [m3]
w width [m]

Greek letters

temperature coefficient [ec
concentrated loss coefficient [—]
electrical resistivity [Q m]

efficiency [—]

dimensionless temperature difference [—]

=S R ™ R

A thermal conductivity [Wm~!K™']
" dynamic viscosity [Pa s]
v kinematic viscosity [m2s~!]
p) density [kgm™]

c external forcing [Pam™']
@ angle [rad]

w angular velocity [rad s~!']
Subscripts

2t two channels turns

a aluminium

adv advective

ag air gap

b bulk

bi bidirectional

[¢ conductor

ch channel

cmp component

cn converter

co contact

conv convective

cr core

cu copper

e enamel

ex excess

ext external

fd fully developed

fp flat plate

I inlet

int internal

m magnet

mo motor

(6] outlet

p paper

s resin

S stator

sh short

sl slot

ss stator section

t turbulent

ta tall

w winding

complexity due to the presence of power electronic devices, which
are thermally coupled to the electric machine. In this work, a novel
integrated motor drive design, featuring PCB-embedded SiC MOSFETSs
in a multilevel switching cell array power converter is investigated,
with a focus on thermal management.

1.2. IMD architectures and thermal management

Integrated motor drives are continuously evolving, with new archi-
tectures being developed to meet the increasing demand for compact
and efficient drive systems. Wang et al. [5] investigated the thermal
management of a low-power 1.0 kW six-phase IMD, where Silicon (Si)
power devices were mounted on the rear cover of the motor. A similar
architecture was investigated in [6], where a Computational Fluid
Dynamics (CFD) model was developed to evaluate the incident air flow
provided by rotor-mounted fans. Abebe et al. [7] compared the ther-
mal management of several IMD configurations using Finite Element
Analysis (FEA). The authors concluded that the position and mounting
mechanism used for the power electronic devices has a large impact

on the overall thermal management. Therefore, each individual IMD
configuration requires a detailed thermal analysis. Furthermore, [7]
provides examples of the use of Silicon Carbide (SiC) semiconductors,
which are part of the family of Wide Bandgap (WBG) power devices.
Compared to traditional Silicon (Si) semiconductors, these devices
generate lower losses due to their thinner structure, even at high
voltage levels, and offer improved performance at high temperatures
and switching frequencies [8]. Consequently, the use of WBG devices
helps to mitigate the thermal management constraints associated with
IMDs [1], as they can operate continuously at very high temperatures
and are therefore less sensitive to the heat generated by the electric
motor. Examples of IMD architectures employing WBG devices are
available in the literature, including the aforementioned SiC MOS-
FETs [9] and Gallium Nitride (GaN) devices [10], which excel in high
frequency operation. However, in all these applications, WBG devices
are implemented as individually packaged power modules, each with
its own case. This packaging architecture represents major limitations
in terms of integration and thermal management, as the materials
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making up the case must be able to withstand high-temperature opera-
tion [1]. Given the variety of possible IMD configurations, the different
types of power semiconductors, and the resulting thermal constraints,
detailed thermal analyses are essential for the design and validation of
new integrated motor drive systems.

1.3. Modelling approaches

Most thermal modelling approaches adopted for IMDs stem from
methods originally developed for electric machines, which are re-
viewed briefly in the following. The thermal analysis of electric motors
is often performed by means of Lumped Parameters Thermal Net-
works (LPTNs), thanks to their flexibility, ease of implementation, and
low computational cost when compared with higher order methods
such as FEA or CFD. In LPTNs the physical domain is divided into re-
gions, each defined by a temperature node. These nodes are connected
by thermal resistances that model the heat transfer mechanisms and
paths between regions. This technique can be used to obtain simple
models formed by a handful of nodes and resistances, or more complex
implementations based on large and intricate networks of thermal
resistances.

Kotnik [11] developed one of the first LPTN-based model for elec-
tric machines, which was focused on the analysis of non-ventilated
machines. Contemporary modelling schemes involving reduced-order
thermal models are based on the pioneering work by Mellor, Roberts,
and Turner [12], who proposed a generalised approach for the repre-
sentation of the internals of electric motors using equivalent hollow
cylindrical segments. Thermal resistances were computed by consid-
ering nominal geometric parameters and constant heat transfer coeffi-
cients, and the overall methodology was validated using experimental
data on three air-cooled induction motors. Several authors have built
upon the base approach presented by Mellor et al. by proposing thermal
models developed for different electric motor topologies, including
induction motors [13-16] and high-speed synchronous machines [17],
demonstrating the flexibility and accuracy of this approach across wide
range of applications. El-Refaie et al. [18] and Ponomarev et al. [19]
compared modelling methodologies based on LPTN, FEA, and CFD, and
found a good agreement between the different sets of numerical results.
These findings highlight the strengths of the LPTN models as accurate
and fast predictive tools that can be very useful in rapidly evaluating
initial machine designs.

Some authors have attempted to further simplify LPTN models
by reducing the number of temperature nodes included in the net-
work, in order to reduce development and computational time, with-
out sacrificing accuracy [20-23]. In these works the accuracy of the
reduced LPTNs was enhanced through parameter identification pro-
cedures based on experimental data. While these simplified thermal
models may seem very attractive due to their straightforward imple-
mentation, their possible reliance upon parameter identification meth-
ods based on experimental data may severely limit their generality, and
the extensive experimental campaigns involved may considerably drive
up development costs.

The accuracy and fidelity of numerical results provided by LPTNs
can be improved by coupling reduced-order models with higher-order
methods as CFD and FEA. The former is usually employed to derive heat
transfer coefficients in the air gap [24], end winding region, and in the
cooling jacket [19,25-27]. Instead, the latter is used to obtain accurate
estimates about the losses generated in the windings, iron laminations,
and magnets, if present [28-31].

Over the years, several interesting variants of the original LPTN
approach proposed by Mellor et al. [12] have been proposed. Dajaku
and Gerling [32] developed an alternative thermal network model for a
permanent magnet machine, with the inclusion of compensation ther-
mal elements. These network entities allow for the correct evaluation
of the temperature rise in regions with distributed heat generation,
without having to perform a fitting procedure. These concepts are
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discussed extensively in [33,34]. A comparison with numerical results
obtained from a finite element analysis showed that using this im-
proved modelling approach leads to a better temperature prediction in
the windings and teeth.

Similarly to electric motors, the thermal analysis of power elec-
tronic devices is usually addressed by means of thermal networks [35],
where thermal resistances and capacitance are derived from manufac-
turer data [36]. However, FEM methods are also employed to carry
coupled thermal and electrical simulations [37], and when accurate
thermal model of power packages under dynamic conditions are sought
for [38].

These modelling methodologies allow for accurate temperature pre-
dictions for electric motors and power electronic circuits, which are
treated as independent components. However, in integrated motor
drives, the electric machine and power electronic devices are thermally
coupled and jointly affect the overall thermal management of the
system [5].

1.4. Aims and scope

Despite the large number of contributions to the thermal modelling
of electric machines and power electronic devices, integrated motor
drives are still rarely analysed as fully integrated devices. In particular,
existing studies typically focus on conventionally packaged power elec-
tronic devices, which introduce additional thermal resistances and limit
the performance and integration potentials of IMDs. Furthermore, most
of the available studies treat electric machines and power electronic
devices as separate subsystems, thus neglecting the thermal coupling
present in highly integrated IMDs. These limitations become particu-
larly relevant in modern electric drive applications, such as EVs, where
compact and highly integrated power trains are in high demand. In this
field, tightly integrated electric drives allow for greater architectural
flexibility, with improvements on specific power output, passenger
ergonomics, cargo capacity, and vehicle range. Thus, it is essential to
investigate the thermal management of these highly integrated IMDs,
taking into account all relevant heat transfer paths and the thermal
coupling between components and subsystems.

The present work addresses these issues by studying the thermal
management of a novel integrated motor drive design, featuring PCB-
embedded (hereafter also referred to as chip-embedded) SiC MOSFETs
within a multilevel switching cell array power converter [39,40]. This
new architecture eliminates the conventional packaging used in indi-
vidual power devices, thereby improving the electrical and thermal
integration, and favouring continuous and reliable high-temperature
operation. Aside from presenting thermal results on this particular IMD
configuration, this paper evaluates three different modelling strategies
in terms of their capabilities to predict hot-spot temperatures and
to capture the thermal coupling between the electric motor and the
power electronic devices. This study represents a direct improvement
over modelling approaches developed for conventional architectures,
which may not be suitable for highly integrated IMDs. In addition, the
present results provide useful insights into the selection of modelling
approaches for the design and analysis of IMDs.

The thermal management of the integrated motor drive design
considered in this work is addressed by developing three multiscale
thermal models with different numbers of degrees of freedom. Be-
sides being instrumental for the thermal analysis of the present IMD,
these three models allow for the assessment of the effect of spatial
resolution on the temperature results and on the thermal coupling
between the two subsystems. These multiscale models are based on
LPTN approaches, in which the most relevant heat sources and thermal
resistances are defined using FE and CFD models. In particular, FE
models are employed for the definition of losses in the motor and
the thermal resistances associated with power semiconductors, whereas
CFD is used for the computation of the convective heat transfer resis-
tances in the cooling jacket. The FE models were developed in previous
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Cooling channels

Aluminium case

Stator

Fig. 1. Three-dimensional schematic of the integrated assembly including the traction motor, the six PCBs making up the power converter, and the hexagonal
case allowing for the integration of the two systems and the cooling of all heat-generating components.

works available in the literature [41,42], while the CFD methodology
represents an original contribution of the present study.

The LPTNs presented in this work are developed by using an in-
house code implemented in a Python environment. While commercial
tools for the thermal analysis of electric machines such as Motor-
CAD are available, they are generally tailored to conventional motor
designs and provide limited flexibility for novel integrated assemblies.
In contrast, the proposed framework allows full control over model
formulation and assumptions, allowing for the fast evaluation and
optimisation of multiple IMD configurations. As a result, the proposed
framework is particularly well-suited for real-world design workflows,
where multiple design iterations must be rapidly evaluated with a
minimal computational effort.

2. Case study

The integrated motor drive design under consideration is intended
for automotive applications and consists of a six-phase synchronous
motor excited by permanent magnets, and a power inverter based on
a multilevel switching cell array architecture. These two devices are
integrated by a shared, water-cooled, hexagonally shaped case, with the
external flat surfaces serving as cold plates for the converter PCBs. This
arrangement is shown in the schematic of Fig. 1, where orange arrows
indicate the direction of the main flow within the cooling channels. The
latter present a simple design, analogous to that of the motor case of
the Nissan Leaf [43], where three circumferential channels, connected
by axial crossovers, wrap around the axis of the motor. The channels
have a rectangular cross-section, with a height of 4y, = 5.0 mm and
a width of wy, = 40.0 mm. The minimum thickness of the aluminium
walls is 7, = 7.0 mm.

Fig. 2 shows the geometric details of the electric motor, in particular
the stator and windings. The stator of the electric machine is made
out of NO20-1200H laminated electrical steel. Its external and internal
radii are ry ., = 132.15 mm and r;, = 96.0 mm, respectively. The
motor presents an active length of /, = 140 mm. The stator houses 96
rectangular slots, which have a width of wy = 3.6 mm and a height of
hy = 17.2 mm. Each slot is lined with Kapton®-based insulating paper
with a thickness of 7, = 0.22 mm.

At the base of the slots the paper is folded, forming a layer of
insulation with a thickness of 0.44 mm. The copper windings present
a hairpin arrangement, including six conductor layers of varying cross-
section. This design allows for a greater fill factor compared to conven-
tional windings. In addition, using conductors with a reduced cross-
sectional area near the rotor reduces AC losses caused by proximity
and skin effects. All the copper busbars have a rectangular cross-section
with a width of w, = 2.8 mm, while they present different heights
depending on their position: the four conductors closest to the rotor
have a height of Ay = 1.8 mm, and the two furthest away have a
height of A_, = 4.0 mm. The vertical spacing between two conductors
is 0.245 mm. The busbars are enamelled with a layer of Voltatex®
insulating compound that has a thickness of 7, = 0.0725 mm, and the
space between them is filled with SbTCM resin. All the materials used
to insulate the windings are H-class rated, meaning that the maximum
working temperature of the windings is 180 °C.

The rotor features two types of neodymium-iron-boron magnets
having the same width of w,, = 11 mm, and heights of A, ,, = 5.5 mm
and h,, g, = 4.5 mm. The material constituting the magnets presents
a Curie temperature of 310 °C. Rotor laminations are made out of
NO20-1200H steel.

The power converter presents a multilevel switching cell array
architecture [39], including six main boards or legs, one for each
phase. Each converter leg is composed of 8 Switching Cells (SCs) and
12 capacitors, as shown in Fig. 3. The switching cell is the basic
building block of the power converter, and it is made up of a main
power switch and its driver, along with the iFuse — an additional
switch that deactivates the switching cell in the event of a fault. The
power semiconductors are based on SiC technology, and integrated in
the PCBs of the legs using chip-embedding technology. This approach
consists of including semiconductor power devices in bare-die format
inside the PCB stack structure, providing high levels of integration for
implementing smart power modules, low profile circuitry and allowing
to define the shape of the converters to specific application geometries.
All these aspects are of primary interest in the study proposed in this
paper. In particular, the chip-embedding technology considered in the
present work, is the so-called p> PACK from the company Schweizer
Electronic AG. This technology, with a 6-layer PCB stack, has been
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Motor geometry
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Stator windings
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End windings

Fig. 2. Schematics of selected geometric details of the electric motor: (left) main dimensions of the stator and rotor laminations, (centre) detailed view of a stator
slot along with the conductors and insulation, and (right) 3D representation of a section of the end windings.

used for the development of individual switching-cell prototypes allow-
ing their detailed functional, electrical and thermal characterisation.
Fig. 3(a) shows a schematic of the cross-section of the PCB with the
embedded power devices, whereas Fig. 3(b) presents a picture of the
cross-section of one of the switching-cells used for characterisation
purposes [42]. The control and protection circuitry of the switching
cell is assembled on the top of the PCB using SMD components. On
the contrary, the power stage is embedded inside the PCB structure,
including two SiC MOSFETs (for the Main Switch and iFuse functions)
and a shunt resistor. The SiC MOSFETs are fixed on a Cu lead frame
using a die-attach material, which is also embedded, and all electrical
contacts with the embedded components are provided by the copper
vias and micro-vias developed during the standard PCB manufacturing
process. The adoption of SiC switches and chip embedding technology
results in a working temperature limit of 200 °C at the junction of the
semiconductors.

3. Numerical methods
3.1. Two-dimensional thermal model

The two-dimensional thermal model of the integrated assembly
presented in this work is an improvement over the basic LPTN discussed
and validated in [44]. The physical domain of the electric motor is
reduced down to a basic geometry consisting of a single slot, along with
the associated conductors and insulation, and half of the two adjacent
teeth. This allows for a substantial reduction in the number of nodes
included in the thermal model. In addition, this basic thermal network
can be repeated along the circumferential and axial directions to easily
extend the computational domain. The thermal model of the stator is
constructed by dividing the domain into regions or zones and placing
a temperature node in the middle of each heat-generating component,
namely the six copper bars, the corresponding teeth sections, and the
yoke of the stator. The thermal network is completed by the nodes
standing for the temperatures of the air gap, the surface of the teeth,
the surface of the case, and the mean bulk temperature of the cool-
ing fluid. The arrangement of nodes and resistances making up the
two-dimensional LPTN is shown in Fig. 4.

The conductive thermal resistance between a pair of nodes is eval-
uated by summing the contributions given by each layer of material:

1
R;; = _—, 1
0T sy 1)
where S, and 4, are the conduction shape factor and thermal conduc-
tivity of a single layer, respectively. The shape factors are computed
on the basis of geometric data. In the windings, flat-plate shape factors
are used for the copper busbars and the insulation layers:

Sf =, (2)

where A and ¢ are the cross-sectional area and length associated with
the path taken by the heat flux, respectively. In the magnetic circuits
of the stator and rotor, shape factors for radial and circumferential
geometries are used. These are computed by means of the general
approach proposed by Yovanovich [45]:

_ Az A(p _ 4z In (rext/rim) (3)

- In (rext/rint) ’ A(p

where Az and Ag are the axial and circumferential spans of the consid-
ered section of solid material, respectively. The values of thermal con-
ductivity considered for all the materials constituting the electric motor
are listed in Table 1. The conductive resistances between the node of
one conductor and the adjacent node of a tooth are obtained from Eq.
(1), considering half a busbar, the enamel, the resin, the paper, and half
of the section of tooth associated with the node under examination:
0.5w, t, t !

+ s + P
hc,k lss Ac hc,k lss ie hc, k lss Ars hc, k I 4
0.25 A(ptoolh

ss /'p
/lcr lss In (rext,k/rim,k)

where the index k refers to the considered conductor layer, starting
from O at the layer closest to the rotor. /i stands for the portion of the
active length of the motor included in the model. In this instance, it is
important to underline that the value of /; does not affect temperature
results, as the losses are proportional to I, while the thermal resis-
tances are inversely proportional to it. The thermal resistance between
two adjacent conductors is obtained using an analogous approach:

05he, 21, e 0.5 A g1

cc, k = .
We lss '1c Wwe lss ’le Wwe lss irs We lss /lc

T [

Rct,k =

@

>

C))

The other conduction resistances of the LPTN of the motor include a
single layer of material and are computed according to Eq. (1), by se-
lecting appropriate values of .S and 1. The contact resistances between
the stator and the internal wall of the cooling jacket are estimated by
modelling heat transfer between the two uneven surfaces as heat con-
duction through an equivalent layer of still air. The associated thermal
resistances are computed considering a flat-plate shape factor [46]:

leq
Ry=——9 | 6
O AQr o L A ®)

s,ext “ss “air

where 1., is the thickness of the equivalent layer of air between the
stator and case. In this case, feq is set to 0.006 mm, as it is representa-
tive of a coupling between iron and aluminium components with loose
tolerances [46], which is a conservative assumption from the point of
view of thermal management.

The rotor is modelled by considering a simplified geometry con-
sisting of two equivalent magnet layers, which are surrounded by iron
laminations. The volumes of the equivalent magnets and iron sections
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Conceptual diagram of a switching cell

Main
C 24 C 25 C 26 SC 32 SC 22
iFuse
(. Com Coy SCs | SCoy Cross-section of the PCB
Power SiC device
Surface-mounted devices
Ciy Cis Cis SC4 | SCyy u
ias
Top metal
Die-attach
C C C SC SC =
m | G| G| Bea | B e
Thermal interface material

hj - =%

(b)

Fig. 3. (a) — Representation of the layout of one of the six converter legs, where the blocks labelled SC and C identify switching cells and capacitors, respectively.
On the bottom right of the figure, a cross-section of the PCB shows the arrangement of the chip-embedded power devices. (b) — Photograph presenting a
cross-section of one of the chip-embedded switching cells used for characterisation purposes [42].

2

=] =] | ] = = = =] . = = g
Iron core Copper windings Enamel Resin Paper Case Cooling water ~ Magnets PCB Copper layer Thermal pad &
g

&

* Winding losses o Teeth losses © Yoke losses

° Rotor losses

fing

° Magnet losses © Semiconductor losses

Fig. 4. Two-dimensional lumped parameter thermal network modelling the examined integrated motor drive.

are determined by uniformly distributing the volume of the actual
magnets across the whole rotor. This allows for the representation of
the rotor in a cylindrical reference frame at a reduced node count.
The thermal resistances connecting temperature nodes in the rotor are
obtained from Eq. (1) using the radial and circumferential shape factors
in Eq. (3).

The convective resistances modelling heat transfer in the air gap and
cooling jacket are defined as follows:

R @

1
conv = ﬂ ’

where U is the convective heat transfer coefficient. In the air gap, U-
values are obtained from the correlation by Bjorklund and Kays [47]
for Taylor—Couette flows:

U D
Nu = h

=0.35Ta%? | (8)

where Ta is the Taylor number, which is computed on the basis of the
angular velocity of the rotor w, its radius r, ., and the height of the
air gap hy,:

2 3
Tao & ret Mg )

V2
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Table 1
Thermal conductivities of the materials associated with the main components
of the electric motor.

Component Material A [W m? K]
Core laminations — radial NO20-1200H 21.0
Core laminations — axial NO20-1200H 10.3
Winding conductors Copper 385.0
Wire enamel Voltatex® 0.23
Impregnation resin SbTCM resin 3.20
Insulating paper Kapton® 0.12
Magnets N40UH NdFeB 6.45
Shaft Steel 45.0
Case Aluminium 237.0
Thermal pad Carbon fibre 20.0

The heat transfer coefficients associated with the cooling jacket are
derived from the dedicated CFD models presented in Section 3.6.

The heat generated in the conductors of the motor is modelled by
means of a modified Joule heating law, which includes the temperature
scaling terms proposed by Wrobel et al. [48]:

-1

l Ko e
SS Iz ref, cu

Qc,k =Ya A_
ok I+ ey (T - Tref,cu) (10)

I
+ Yeu Abb 12 [1 + ey (T - Tref,cu)] ’

c, k
where y,, is the electrical resistivity of copper, which is evaluated
at the reference temperature T, =20 °C: y,, = 1.724 x 1078 Qm.
« is the temperature coefficient of copper, which equates to
429 x 1072 °C ~1. The K,, coefficient represents the ratio between
AC and DC losses of the kth conductor. In this case, the K,,-values
are derived from the Finite Element Analyses presented in [49,50],
modelling the active section of the motor and the end windings,
respectively. In these studies, a uniform winding temperature of 120 °C
was considered, and the resulting values of K,, are reported in the
graph of Fig. 5, for all the conductor layers in the active section and end
windings. These values of AC/DC loss ratio are scaled from 120 °C to
20 °C using the scaling laws in [48], so that they are scaled consistently
with temperature once they are introduced in Eq. (10).

In this case, the scaling laws from [48] are used exclusively to
account for temperature effects. Instead, the frequency dependence of
AC losses, identified as the dominant factor compared to temperature
effects [48], is modelled in full, as the K,, distributions in Fig. 5
are derived from frequency-dependent, high-fidelity FE models pre-
sented in [49,50]. Moreover, the temperatures scaling laws adopted
in this work have been shown to provide high accuracy for rectan-
gular conductors at phase frequencies below 1.6 kHz, which is below
the maximum operating frequency of the present IMD. Finally, the
temperature scaling is applied over a limited temperature range of
+14 °C around the 120 °C baselines, as it will be shown later by
the temperature results in Fig. 14. Within this range, the influence of
temperature variations on AC losses is expected to be minimal. Overall,
the above considerations support the use of the temperature scaling law
in Eq. (10) to accurately represent temperature effects in the windings.

The losses associated with the laminations of the yoke, the teeth,
the rotor, and the magnets are derived from the aforementioned FE
models, and are listed in Table 2. In this case, temperature effects are
not considered as they are significantly less relevant when compared
to those in the copper windings. These losses are assigned to the nodes
related to their respective components by treating them as uniformly
distributed volumetric heat sources.

The thermal model of the power converter and external wall of the
cooling jacket features a much simpler layout compared to the LPTNs of
the stator and rotor. The nodes standing for the main and iFuse switches
are connected in parallel to the last copper layer of the PCB through
R; = 0.62 °C/W, which models heat conduction between the junction of

Qa
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Table 2

Losses in the core laminations and permanent magnets.
Component Yoke Teeth Rotor Magnets
Losses [W] 1028.5 848.7 290.0 7.952

—y— Active length: £ =0, 1
—A— Active length: k=2,3
—p— Active length: k=45
—&— End winding: k=0, 1

End winding: k=

End winding: k =

K,

f [Hz]

Fig. 5. Values of the AC/DC loss ratio K,, as a function of frequency for all
conductor layers in the active section and end windings.

the embedded semiconductors and the last copper layer of the PCB. The
value of R; is obtained from the Finite Element model of the switching
cell developed by Raya et al. [42].

The PCB of the converter leg is attached to the external walls of
the case by means of a conductive carbon fibre thermal pad that has a
thickness of #,,q = 0.4 mm. In this case, conductive thermal interface
materials can be used without causing short circuits as all semicon-
ductors are internally insulated. The convective resistance between the
cooling fluid and the external walls of the case is obtained from the
CFD model presented in Section 3.6.

The switching and conduction losses associated with each power
device are derived by following the procedure outlined in [51], and
by considering the reference temperature T,;; = 100 °C. These losses
are listed in Table 3, where values in red refer to conduction losses in
iFuses occurring when these devices are made out of the same semicon-
ductors used for the main switches, which are optimised for switching
performance rather than pure conduction. Instead, values in green are
referred to a power switch tailored for continuous conduction.

In this case, both configurations are considered to properly assess
their respective benefits and drawbacks. Of course, the non-optimal
layout will lead to a higher thermal load and lower converter efficiency.
However, it allows for a much simpler chip embedding process, given
that the same type of semiconductor is used for both the main and
iFuse components in each switching cell. In contrast, the optimised con-
figuration involves a more complex design and manufacturing, while
leading to a lower thermal load. In the following, the thermal loads
associated with the optimised and non-optimised switch configurations
will be referred to as best-case and worst-case conditions, respectively.

All conduction losses are scaled with temperature by considering
the following relation:

OQcond| .. = Qcond

. [1+C(T - Te)] » 11)
et j

T T,

where C is equal to 1.429 x 1073 °C~!, and T stands for the junction
temperature of the power devices, which is modelled by their respective
temperature nodes.
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Table 3
Conduction, switching, and total losses for each switching cell.

Component  Sub-component L .4 [W] L, [W] L o [W]
SCyy, SCy,, fnam 9 ‘ 43 52 S 61/54
SC,;, SCyyp iFuse 9/2 0 9/2
main 7 21 28
35/29
G SG1 ipuse 71 0 o T
main 41 0 41
49
525 jpyse 41/8 0 ap T

3.2. Three-dimensional thermal model of a single slot

The basic two-dimensional thermal model developed in Section 3.1
allows for quick evaluations of the hot-spot temperatures and over-
all thermal management of the IMD assembly. However, its intrinsic
simplicity introduces two limitations that could potentially affect the
accuracy of the resulting estimates. First, the adopted two-dimensional
framework does not allow for the introduction of the losses generated
in the end windings, and the computation of the temperatures in this
region. Although the losses in the end windings are much lower than
those observed in the active region due to reduced proximity effects,
it is important to consider the thermal management of the exposed
conductors on both sides of the machine, as these are not in contact
with the rest of the motor and cooling system, which may result in
elevated temperatures during the operation of the machine. The second
significant limitation of the 2D LPTN is the assumption of a uniform
coolant bulk temperature, which of course is not verified in the real
system.

The drawbacks and limitations brought by the two-dimensional
thermal model are addressed by extending it along the axis of the
motor to derive a primitive 3D LPTN encompassing a single slot of
the electric machine and a single converter leg. The arrangement of
nodes and resistances constituting the thermal models of the stator
and rotor is replicated three times, subdividing the domain into three
axial slices, as shown in Fig. 6. This axial node layout was chosen
for the following reasons. First, since the cooling jacket presents three
main channels, this spatial discretisation scheme is well-suited for
evaluating the coolant temperature increase along the axis of the
case. Indeed, each coolant temperature node models the mean bulk
temperatures of the cooling fluid over an entire turn of the channels.
Second, although relatively coarse, the selected axial discretisation
is considered adequate for accurately computing axial temperature
gradients, despite the temperature-dependent heat generation in the
windings. As previously stated, winding losses mainly depend on the
phase frequency and position of each conductor and much less so on the
temperature through variations in the electrical resistivity of copper. In
addition, axial temperature gradients in the windings are expected to
remain modest due to the hairpin architecture and the high thermal
conductivity of copper compared to the other materials making up the
motor. This assumption is confirmed by the limited axial temperature
gradients shown later in Fig. 14. Furthermore, this three-level axial
discretisation is also adopted in relevant publications on electric motors
with the same architecture as the motor analysed in this work [52]. All
interior nodes are connected by axial resistances that are defined on
the basis of the shape factor for flat plates in Eq. (2). The end windings
are modelled by considering six open-ended conductors on either side
of the active section of the motor. A temperature node is positioned at
the centre of each section of conductor extending from the stator. These
nodes are connected to the corresponding nodes in the active section of
the machine by conductive thermal resistances. The losses generated in
the exposed conductors are evaluated by means of Eq. (10), using the
K, coefficients derived from a 3D Finite Element model that includes
the complete end winding arrangement [50]. These values are reported
in the plot of Fig. 5, as a function of frequency. In this case, the K,,-
values are significantly lower when compared to those related to the
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active section of the motor, as proximity effects are almost negligible
in the end windings, and AC losses are mostly influenced by the skin
effect, which is produced by the conductor’s own flux linkage [53].
The lateral surfaces of the end windings are assumed to be adiabatic.
This is a conservative assumption as it represents the most unfavourable
scenario for thermal performance, and it is also supported by previous
studies on the cooling of end windings of electric motors available in
the literature. The experimental tests performed by Boglietti et al. [54]
showed that, for totally enclosed motors, i.e. those presenting sealed
cases without openings, the airflow due to rotor rotation has a limited
impact on the cooling of end windings. Specifically, rotors without end
rings or fins produce a weak airflow that has little to no effect on the
cooling of the end windings (up to 0.3% AT reduction), whereas those
equipped with finned end rings can reduce the overtemperature of the
windings by up to 12% from 0 to 2500 rpm, beyond which the cooling
effect appears to stabilise. In contrast, motors with open housings show
a much greater sensitivity to the airflow generated by the rotor, which
can help to reduce winding temperatures by up to 68% [54]. Since the
motor considered in this work does not present finned end rings, and
it is completely sealed (vehicular application), assuming adiabatic end
windings is not only a conservative assumption, but is also supported
by the literature. On the other hand, in motors equipped with dedicated
cooling systems for the end windings [52] or open case design such as
Open Drip Proof (ODP) [54], heat transfer at the end winding surfaces
becomes a determinant factor in the overall thermal performance.

The advection of thermal energy due to coolant flow within the case
is modelled by connecting the nodes standing for the bulk temperature
of the fluid with advective or transport thermal resistances. These are
defined by considering the thermal energy balance applied to the inlet
and outlet sections of a simple duct:

Radv = £ = Tbvo Tb’[ = L (12)
0 g, (Tho-Toi) "%
R,4y, unlike the other thermal resistances, is not bidirectional. Specifi-
cally, it allows for heat to flow only along one direction. A close analysis
of the third term of Eq. (12) reveals that R4, is oriented along the
direction opposite to that of the velocity vector or, in other words, it is
oriented from 7 , (outlet) to 7, ; (inlet). The directionality of R4, is
modelled by an in-line thermal diode.

The LPTN presented in Fig. 6 is used to model the complete inte-
grated motor drive by considering several of these axial slices encom-
passing a single slot connected in parallel. To this end, all thermal
resistances apart from advective ones are divided by the number of

parallel connections ny,,, while all losses are multiplied by it:

ij .
R;j fun = s Qigan =
Mpar

. i ”par ’ (13)
where n,,, is equal to the number of slots (96) for all resistances and
losses associated with the motor, while it is equal to 6 for the resistances
and losses associated with the power converter, as the latter presents
six converter legs. These assumptions allow for the correct evaluation
of the coolant temperature increase along the axial development of the
cooling jacket at a reduced node count, as the losses of the complete
assembly are injected into a simplified model comprising nodes and
resistances associated to a single slot of the motor and a single converter
leg.

3.3. Complete 3D thermal model

The basic three-dimensional model developed in Section 3.2 allows
for the estimation of the average thermal behaviour of the integrated
motor drive. However, this simplified 3D approach, much like the
2D LPTN, features some limitations when compared to a complete
three-dimensional model. The most relevant of these is the lack of
an important path of heat flow associated with the motor. Indeed, in
the 2D and 3D single-slot models, heat transfer across winding layers
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Fig. 6. Longitudinal section of the 3D LPTN of a single slot positioned at the centreline of the windings.

mainly occurs along the vertical direction through the electrical insu-
lation layers formed by the wire enamel and the resin separating the
conductors. In the actual motor, however, heat is exchanged between
winding layers not only across the insulation, but also through the
inter-layer connections formed by the end windings, as shown in Fig. 2.
Since the thermal conductivity of copper is orders of magnitude greater
than that of the other materials making up the motor, this particular
heat path must be considered in the thermal model. The resulting
redistribution of heat fluxes across the end winding connections leads
to a reduction in the temperatures observed in the windings. This aspect
will be discussed further in Section 4.2, where numerical results from
both 3D LPTNs are compared.

The complete three-dimensional model of the integrated motor
drive is obtained by starting from the 2D LPTN, and reproducing its
arrangement of nodes and resistances 96 times along the circumfer-
ential direction and three times along the axial one. All centre-point
nodes are connected by circumferential and axial resistances, which are
defined on the basis of their respective conduction shape factors. By
modelling the complete motor, the connections between the winding
layers can now be accurately represented. The thermal connections are
arranged in the same way as the electrical connections, as shown in
Fig. 7. Starting from the conductor closest to the rotor, each busbar
is connected to the conductor positioned one layer above it, and
associated with a slot located at 12 slots away from the initial slot. The
coolant temperature nodes associated with the slots are connected by
advective resistances and thermal diodes, following the path of coolant
within the case, as shown in Fig. 8. The sub-models for the converter
boards are connected to the coolant temperature nodes of slots 0, 16,
32, 48, 64, and 80. Fig. 9 shows a schematic of a quarter of the front
face of the complete 3D thermal model, where the connection between
the sub-model of a converter leg and the coolant temperature node in
the motor is clearly shown.

3.4. Implementation and boundary conditions

The lumped parameter thermal networks presented in this work are
implemented in a Python 3 environment using an in-house-developed
library for the development and analysis of reduced order models. The
thermal models are defined using a modular approach, so that the basic
arrangement of nodes and resistances forming the 2D model can be
simply extended to form the other two networks using routines based
on for cycles.

The thermal networks developed in the present work are solved by
means of a numerical approach based on the graph theory. The arrange-
ment of nodes and resistances that make up each thermal network is
modelled as a set of nodes connected by directed branches, representing
the thermal resistances. The connections between temperature nodes (i)
and thermal resistances (j) are represented by the n; x n; incidence
matrix A.

+1 if resistance j starts from node i

4 —1 if resistance j is bidirectional and ends at node i (14)
if resistance j is unidirectional and ends at node i

0  if resistance j is not connected to node i

The incidence matrix is then used as a basis to assemble and solve the
system of algebraic equations governing the thermal network:

AGAT=0, (15)

1

where G is the diagonal matrix of thermal conductances (Gj ;=1 /R j),
T is the vector of nodal temperature values, and Q is the vector
of volumetric heat generation terms. Moreover, A;; is an alternative
form of the incidence matrix, where all thermal resistances, including
the advective ones, are treated as bidirectional. Eq. (15) is solved by
using an algorithm based on the LU factorisation of sparse matrices
implemented in the SciPy library [55].

The boundary conditions applied to the thermal models consist of
those defining the operating point of the motor, and the temperature
boundary condition considered for the cooling system. The root-mean-
square value of the phase current is set to 80 A, corresponding to
an overall electric power of 100 kW for this particular motor. The
frequency of the phase current is set to 600 Hz, leading to a shaft
rotational speed of 9000 rpm, which is suited for the desired vehicular
application. In the 3D models, the inlet temperature of the coolant is
set to 60 °C, whereas in the 2D LPTN, the coolant temperature is set to
68.6 °C, as it corresponds to the mean bulk temperature associated with
the entire system. The coolant flow rate is set to 5 1/min. The boundary
conditions described herein are summarised in Table 4.

3.5. Validation of advective resistances and thermal diodes

The correct implementation of the advective resistances included
in both the 3D LPTNs presented in Sections 3.2 and 3.3 is verified by
comparing numerical results on the coolant bulk temperature increase,
obtained by considering the boundary conditions in Table 4, with the
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Fig. 7. Example of thermal connections between winding layers.

Outlet

Inlet

Fig. 8. Example of thermal connections between the nodes modelling the coolant bulk temperature values in the complete 3D LPTN.

Table 4
Boundary conditions applied to the thermal models developed for the inte-
grated motor drive under examination.

Parameter Value Units
Phase current 80 A
Rotor speed 9000 rpm
Frequency 600 Hz
Coolant flow rate 5 1/min
Mean coolant temperature (2D model) 68.6 °C
Inlet coolant temperature (3D models) 60 °C

10

expected AT,-value retrieved from a simple thermal energy balance
applied between the inlet and outlet of the cooling jacket:

_ Ot

me

AT, , (16)
where Q,, is the sum of all losses introduced in the model. Table 5
reports the expected values of AT, their numerical counterparts, and
the difference between them. Both the 3D LPTNs are able to correctly
model the coolant temperature increase. The deviations observed be-
tween the expected and numerical values result from round-off errors
typical of floating-point arithmetic operations, and are negligible with
respect to the temperature values.
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Fig. 9. Schematic of one quarter of the front face of the complete 3D LPTN
of the integrated assembly, where the connections between the LPTN of the
motor and those of the converter legs are clearly represented.

Table 5
Expected and numerical values of bulk temperature difference obtained from
the two three-dimensional thermal models. Values in °C.

Model Expected AT, Model AT Deviation
3D single-slot 17.25 17.25 1.7x 10713
Complete 3D 17.25 17.25 47 %1071

3.6. Numerical model of the cooling jacket

3.6.1. Governing equations

The heat transfer coefficients associated with the internal and ex-
ternal walls of the cooling jacket are obtained by developing dedicated
computational fluid dynamics models. Specifically, two CFD models
of reduced portions of the cooling jacket are developed. The first of
these models includes one-sixth of a single channel, whereas the second
encompasses two complete channel turns, to investigate the effect of
the 180-degree bends, shown in Fig. 1, on heat transfer effectiveness
and head losses. In both cases, the problem is stated in terms of the
dimensionless RANS and thermal energy equations [56]:

ou’ op* F) 1 ou’
* 1 £ 1 *
‘ =L 4 = (_ + ) +
Y 0x;f ox? 6xj Re ' 1t dx;f °

o 0 17
a—x;ﬂ = a7
) L, W or
J ox;  0x] RePr = Pr /) ox}

where non-dimensional terms appear as starred. The temperature in the
aluminium walls is determined from the steady-state heat conduction
equation:

[é} oT*
AX =0.
ox* < s 6x’5>
J J

The eddy viscosity term in Eqgs. (17) is computed according to the
k-w SST turbulence model [57], and by using a low-Reynolds wall
treatment. The turbulent Prandtl number Pr, is set to 0.85. The external
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forcing term ¢* is computed iteratively to maintain the desired flow
rate at the inlet and outlet sections of the channel.

The height of the channel A, is chosen as the reference length of
the problem [58]. As a result, the Reynolds and Prandtl numbers take
the following forms:

EI hch v

Re=—, Pr=-,
v a

19)

where the velocity scale u; is the surface mean velocity over the inlet
section of the channel. The non-dimensional thermal conductivity of
the solid walls is defined as:

A

alu

[
% Atnuia” 20)
3.6.2. Boundary conditions
In both CFD models, a fully developed flow solution is attained by
enforcing periodic boundary conditions to all fields between the inlet
and outlet patches. No-slip conditions are applied on all surfaces con-
stituting the fluid-solid interface, where the continuity of temperature
and heat fluxes is also enforced. The two heat transfer coefficients asso-
ciated with the internal and external walls are retrieved by performing
numerical analyses using two sets of temperature boundary conditions:
an entering heat flux is imposed on the wall under examination, while
the other is considered adiabatic.

3.6.3. Spatial discretisation

The numerical solution to the governing equations is obtained by
means of a Finite Volume conjugate heat transfer solver, based on the
SIMPLE algorithm [59], and implemented in the OpenFOAM 2206 com-
putational toolset [60]. Advective terms are discretised using second-
order upwind schemes. Central schemes featuring explicit non-
orthogonality correction are used for diffusive terms instead. The com-
putational domains are discretised by means of block-structured grids,
which are smoothed using a multi-grid algorithm based on the Thomas—
Middlecoff method [61], and implemented in the mesh generation tool
Pointwise. Selected views of the two computational grids are shown in
Fig. 10, where fluid and solid regions are highlighted.

3.6.4. Mesh sensitivity analysis

The influence of grid resolution on numerical results is assessed by
developing three computational meshes of a sixth of a single channel
with different cell sizes, and comparing the numerical results obtained.
The coarse, intermediate, and fine computational meshes present an
analogous topology, with the wall-normal spacing and mean size of the
cells decreasing each time by one half from the coarse to the fine grid.

Numerical results from the three computational grids are listed in
Table 6, along with the mean non-dimensional size of the cells Z*, the
integral mean values of the dimensionless wall distance 3*, and the
value of the Nusselt number associated with the internal wall Nu;,, ob-
tained at zero grid spacing by means of Richardson’s extrapolation [62],
which is applied between numerical results from the intermediate and
fine grids.

Numerical results do not show a convergent behaviour with respect
to the mean element size: the coarse grid produces the maximum
Nusselt number value, while the intermediate mesh accounts for the
minimum. However, numerical results from the coarse grid may be un-
reliable, as the mean 3" value is well above unity, which is considered
the upper limit for the use of low-Reynolds turbulence models. The
fine grid produces results close to the extrapolated continuum value. In
contrast, the numerical outcomes obtained from the intermediate and
coarse meshes present substantial deviations with respect to each other
and the fine grid. For these reasons, the results stemming from the fine
grid are considered for all subsequent thermal analyses. Furthermore,
the size parameters of the fine grid are also adopted for the mesh
encompassing two complete channel turns.
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Computational mesh of
a sixth of a channel

Internal wall /

Outlet
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Computational mesh of
two channel turns

Fig. 10. Selected view of the computational meshes developed for the CFD models of a sixth of a single channel (left) and of two complete channel turns (right).
In this figure, fluid and solid regions are represented in light blue and grey, respectively.

Table 6

Numerical results obtained from the coarse, medium, and fine computational
grids, along with the continuum value obtained by means of Richardson’s
extrapolation.

—

y Nu;,, Dev.
Coarse grid 0.1 4.7 23.6
Intermediate grid 0.05 0.72 20.1 —14.9%
Fine grid 0.025 0.37 21.3 5.6%
Richardson’s extrap. 21.7 1.7%

4. Results and discussion
4.1. Cooling jacket

Numerical flow field results associated with the cooling jacket are
presented by means of contour plots of dimensionless velocity magni-
tude and temperature difference. The latter is defined as:
9= Twall -T

= —, (21)
Ty =T

where T, stands for the integral mean temperature of the heated
wall, while T, is the mean bulk temperature of the cooling fluid.
Fig. 11 shows examples of these contour plots, associated with a flow
of glycol-based coolant at Re = 2481 and Pr = 7.0. For the one-
sixth model, these are obtained on centred transversal sections of
the computational domain, whereas, for the extended computational
domain, a cylindrical section at half the channel height is used. The
radial velocity distribution observed in Fig. 11(a) is not symmetric
with respect to the centreline of the channel, due to its curvature and
the effect of centrifugal forces. As a result, the boundary layer on the
internal wall of the channel is much thinner compared to that on the
external wall. This leads to improved heat transfer effectiveness at the
internal wall as confirmed by the two temperature contours in Figs.
11(b) and 11(c). Figs. (d) and (e) show the dimensionless velocity and
temperature distributions obtained from the CFD model including two
complete channel turns. In this case, the velocity distribution is much
less uniform than that from the one-sixth channel model, which is
shown in Fig. 11(a). Near the 180-degree bends, fluid velocity increases
sharply at the bend entrance, leading to the formation of large recircu-
lation regions at the sharp corners. This flow arrangement increases
the head losses and diminishes the overall heat transfer effectiveness
compared to the outcomes from the one-sixth channel model. These
aspects are discussed in the following.

The heat transfer effectiveness associated with the internal and
external walls of the cooling jacket is expressed by the corresponding

12

Nusselt numbers:
Q hch

AA (T —Ty)
Nu-values are computed from both CFD models of the cooling jacket to
evaluate the effect of the 180-degree bends on heat transfer results.

The head losses associated with the cooling channels are computed
as follows. Numerical results from the one-sixth model are used to
compute the equivalent Darcy friction factor associated with fully
developed flow conditions, whereas the outcomes from the CFD model
including two complete turns are used to evaluate the concentrated
loss coefficient related to the 180-degree turns. The equivalent Darcy
friction factor of the channels is defined on the basis of the Darcy-
Weisbach equation:

Nu = (22)

20¢q

=T, (23)
iy

where u; is the surface mean velocity over the inlet section of the
channel. The term oy, stands for the external forcing maintaining the
flow in the one-sixth channel model. The head losses associated with
the 180-degree bends are expressed by a concentrated loss coefficient
defined as:
2 Apbend

2 ’
Py

p= @4
where, Apy.,q, the pressure drop caused by a single bend, is obtained by
subtracting the distributed losses caused by the circular channels from
the pressure difference 4p,, driving the flow over two complete channel

turns:
th —2)
=),
hch

where /,, is the curvilinear length of the channels across two complete

turns:
hch
<r5,ex[+ta+7 .

It is worth noting that in this way, additional losses in the channels
caused by uneven flow distributions compared to the fully developed
case are concentrated in the 180-degree bend. Nevertheless, this is
common practice in networks of channels and pipes [63].

The aforementioned overall heat transfer and head losses figures are
listed in Table 7 for a flow rate of a 50% by mass ethylene glycol-based
coolant at Re = 2481, corresponding to a flow rate of 5 1/min. As it
can be noted, extending the computational domain from one-sixth of a
channel to two full revolutions results not only in an increase in head
losses due to the presence of the 180-degree bends, but also in a notice-
able decrease in the average Nusselt number values, due to the presence

1 1
Append = E <Ap21 - 5 /o (25)

7
12t = 5 T (26)
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Fig. 11. Colour maps of dimensionless velocity magnitude and temperature difference as obtained by CFD. One-sixth of a channel: velocity field (a), temperature
field (internal heating) (b), and temperature field (external heating) (c). Two channel turns: velocity field (d) and temperature field (internal heating) (e).

Table 7

Integral results on heat transfer and head losses obtained from the two CFD
models developed for the cooling jacket. These are related to a flow rate of a
50% by mass ethylene glycol-based coolant at Re = 2481 (5 1/min).

Model Nuj,, Nug,, /o B
one-sixth channel turn 21.3 20.1 0.029
two channel turns 18.0 16.2 2.1

of recirculation regions and uneven flow distributions (see Fig. 11). In
the case of the inner wall, the average Nu-value falls by 15% compared
to the one-sixth results, whereas for the outer surfaces in contact with
the converter boards, there is a 19% decrease in Nu. Although there
is a significant difference between the heat transfer results produced
by the two CFD models, it will be shown later that Nusselt number
deviations of this magnitude have only a limited effect on the hot-spot
temperatures of the motor and power converter components.

The overall head losses of the cooling jacket are evaluated as the
sum of distributed losses over three complete turns of the channels,
and the concentrated pressure drop given by two 180-degree bends:

1.51
<fD K

h ch
4.2. System-level results

)
iy

27)

Ap:% +2ﬂ> = 34.0 mbar.

4.2.1. Hot-spot temperatures

The system-level thermal models developed for the examined IMD,
namely the 2D, 3D single-slot, and full 3D LPTNs are used to assess
the feasibility of the proposed architecture from the thermal point of

13

view. Table 8 reports the hot-spot temperature results associated with
the three main components of the integrated assembly and related
to the two different switch configurations considered for the power
converter (worst-case and best-case conditions), which were discussed
in Section 3.1. In addition, Table 8 lists the temperature limits of the
windings, permanent magnets, and power semiconductors, along with
their respective excess temperature values AT,,, which are evaluated
with respect to the coolant reference temperature considered for each
thermal model, as in Table 4. Numerical temperature results seem to
confirm the feasibility of the proposed integrated layout from the point
of view of thermal management, as all hot-spot values are much lower
than the thermal limit of their respective components.

The three thermal models produce comparable temperature results.
According to both three-dimensional thermal models, adopting op-
timised power switches for the iFuse (best-case conditions) reduces
the maximum junction temperature of up to 5 °C, while lesser im-
provements are reported by the 2D LPTN. As the electric motor and
power converter are fully integrated, any enhancement in the thermal
management of one device should also be reflected in the other. Indeed,
this is the case according to both 3D thermal models, as the maxi-
mum winding temperatures decrease by two degrees when considering
the best-case thermal scenario. The magnets are comparatively less
affected, as the large equivalent thermal resistance between them and
the cooling fluid dominates their thermal behaviour.

The two-dimensional thermal model does not highlight any of the
aforementioned benefits, nor does it show any thermal interaction be-
tween the motor and power converter. However, this is fully expected,
as by imposing a Dirichlet boundary condition for temperature at the
node representing the mean coolant bulk temperature, the two devices
are effectively uncoupled and behave as two separate systems subjected
to equal temperature boundary conditions.
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Temperature limits and numerically obtained maximum temperature values in °C of the main components of the integrated motor
drive. These temperature results are associated with Nu-values obtained from the CFD model of two complete channel turns. In
this table, the worst-case and best-case conditions refer to the thermal loads associated with the non-optimised and optimised

power switch configurations described in Section 3.1.

Model Component Temperature limit Worst-case Best-case
Tnax AT Tinax AT,
Windings 180 117 48 117 48
2D Magnets 310 185 116 185 116
Converter 200 116 47 112 43
Windings 180 132 72 130 80
3D single-slot Magnets 310 194 134 192 132
Converter 200 119 59 114 54
Windings 180 129 69 127 67
3D complete Magnets 310 192 132 190 130
Converter 200 119 59 114 54
The temperature results in Table 8 were obtained by calculating Table 9
the convective thermal resistances of the cooling jacket on the basis Electrical efficiency values according to Eq. (29).
of the CFD model of two complete channel turns. This model accounts Electrical efficiency Worst case Best case
for the reduction in heat transfer effectiveness, compared to the CFD Hen 0.971 0.978
model of one-sixth of a channel, due to the presence of the 180- Mmo 0.975 0.976
n 0.947 0.954

degree transitions between consecutive channels. By substituting the
convective resistances computed from the one-sixth-channel model,
the hot-spot temperatures decrease by 2 °C for all the components
of the integrated assembly. These results, which are listed in Table
A.10, highlight that, for the configuration under investigation, the
dominant sources of thermal resistance, and thus the main contributors
to hot-spot temperatures, are associated with heat conduction through
the solid components of the motor and power converter, rather than
convective heat transfer in the cooling jacket. Although the Nu-values
associated with the cooling jacket increase by up to 19% when moving
from the CFD model of two complete channel turns to that of a sixth
of a single duct, no significant deviations in hot-spot temperatures are
observed, or at least none that exceed the safety margins considered
during the design of integrated motor drives and their cooling systems.
Therefore, for preliminary assessments of different cooling jacket de-
signs, it is sufficient to model the channels considering only one-sixth
of their length, while more advanced CFD models can be employed to
refine the results once the cooling system design has been finalised. This
approach can significantly reduce computational cost, thereby reducing
design lead times and costs.

The comparison between the two configurations considered for the
power inverter is further expanded by evaluating the overall electrical
efficiency of the integrated assembly. The latter is computed according
to the diagram in Fig. 12, where L, and L,,, are the temperature-scaled
losses of the power converter and electric motor, respectively. These are
evaluated as follows:

"cn n"\ﬂ

Lcn:ZQl’ Lmn:ZQI,
1 1

where n , and n,, are the subsets of nodes associated with the converter
and motor, respectively. Finally, the overall electrical efficiency is given

).

Table 9 reports the efficiency values associated with the two configu-
rations considered. In this case, the type of LPTN employed does not
affect the efficiency results up to the third decimal place. Therefore,
only one set of results is reported. The adoption of optimised semi-
conductors for the iFuses integrated in the switching cells improves
the electrical efficiency of both the power converter and the over-
all integrated assembly by 0.7%. Overall, favouring a simpler, more
straightforward chip-embedding process through the use of the same
power device for the main and iFuse switches does not seem to bring

(28)

Lo
Pin - Lcn

cn

i) (-

(29)

'7="cn’1mo=<1_ P
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forward significant penalties in terms of thermal management and
efficiency. For this reason, the non-optimised configuration will be
taken as a reference for the development of future prototypes of the
power inverter.

In the following, the effects of modelling assumptions and methods
on hot-spot temperature results are discussed further. On average, the
Tax-values derived from the 2D LPTN are considerably lower than
their counterparts from the 3D models. This is a somewhat expected
behaviour since the 2D approach does not account for Joule effect
losses in the end winding conductors. In addition, the assumption of
a uniform coolant bulk temperature appears to yield lower overall
temperatures in the rotor. The temperature values associated with the
power converter are the least sensitive to the type of approach, as the
converter boards are located towards the front of the motor where
the coolant inlet is situated. As a result, the switching cells are less
sensitive with respect to the coolant temperature increase along the
axial direction.

The two 3D approaches produce comparatively similar results as
both models consider all the losses associated with the assembly. These
results also confirm the validity of the approach based on the parallel
rule for the extension of the single-slot 3D model.

4.2.2. Temperature distributions

Fig. 13 shows temperature and heat flux distributions associated
with the stator of the motor, obtained from the two-dimensional ther-
mal network. These are obtained by using the tricontourf routine
from the Matplotlib library [64], thereby plotting temperature values
on an unstructured triangular grid defined by the coordinates of the
temperature nodes. In this case, nineteen contour lines are visualised.
In the active section of the motor, the hot-spot is located in correspon-
dence of the first winding layer starting from the bottom. This is to
be expected, as it features the largest equivalent thermal resistance to
the cooling fluid. In the slot, the low thermal conductivity of the paper
lining the surface favours heat conduction between adjacent winding
layers, rather than between the copper bars and the stator teeth. As
expected, the heat fluxes grow in value towards the external surface
of the stator, as all the heat injected into the system is transferred to
the cooling jacket. The largest Q-value is observed at the centreline
of the computational domain, as the thermal resistances in the centre
encompass a larger surface area than those at the sides.
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Fig. 12. Diagram representing the electrical power flow within the integrated motor drive, where the power entering the converter is P, = 100 kW.
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Fig. 13. Distributions of temperature (a) and heat fluxes (b), obtained from
the two-dimensional LPTN and considering the non-optimal converter config-
uration.

Table 8 presents a close agreement between numerical results from
the 3D LPTNs, when considering hot-spot temperature values. How-
ever, the situation changes slightly when taking into account the tem-
perature distribution across the entire winding assembly. Fig. 14 shows
the temperature distributions of all six winding layers along the axial
direction z, and obtained from both the 3D LPTNs. In the case of the
complete 3D LPTN, this distribution is obtained by averaging winding
temperatures along the circumferential direction, in order to make a
fair comparison with the outcomes of the single-slot 3D approach.
As previously stated, both models produce similar hot-spot winding
temperatures in correspondence of the first end winding layer at the
back of the motor, where numerical results from the complete 3D
LPTNs underestimate those from the 3D single-slot model by around
3 °C. However, a steeper temperature gradient 07 /dz is noted in the
case of the full 3D model, leading to larger temperature differences
between the two models towards the front of the motor and across
all winding layers. This suggests that the redistribution of heat fluxes
across winding layers through the end windings has a substantial
impact, and contributes towards the reduction of winding temperatures
at the front of the motor and in the active section.

Fig. 15 reports a contour plot of the temperature distribution of both
stator and rotor on a transversal cross-section at the centreline of the
motor. This plot is obtained using the same procedure employed for
the contour plots in Fig. 13. In the stator, an analogous temperature
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distribution to that observed in Fig. 13(a) is noted, while circumfer-
ential heat conduction and the coolant temperature increase do not
appear to result in significant azimuthal temperature gradients. The
rotor presents a much more uniform temperature distribution, due to
reduced losses compared to the stator, and a greater uniformity in terms
of constitutive materials.

In conclusion, the 3D single-slot thermal model represents the best
compromise between complexity and accuracy for the computation
of hot-spot temperatures as it constitutes a direct improvement over
the 2D LPTN, while not requiring the same development and com-
putational effort as the complete 3D model. Furthermore, the lack of
significant circumferential temperature gradients in Fig. 15 reinforces
the effectiveness of the 3D single-slot model. Finally, despite the minor
differences noted in the computed winding temperatures between the
full 3D and 3D single-slot models, the latter produces results that favour
safety from a thermal perspective.

In addition, if a more faithful representation of the temperature
distribution is sought, the 3D LPTN should be used instead. Still, the
2D model represents a very simple approach to obtain rapid and fairly
accurate evaluations on the thermal performance of the machine, espe-
cially for the magnets and power converter, while moderate deviations
should be expected for the windings.

5. Concluding remarks

The present work investigated the thermal management of a novel
integrated motor drive design, presenting PCB-embedded SiC MOSFETSs
included in a multilevel power converter with a switching cell array
architecture. This design is an improvement over traditional architec-
tures as it avoids the thermal limitations associated with conventionally
packaged power devices. The study was carried out by developing
three multiscale thermal models based on lumped parameter thermal
networks, capable of capturing the thermal coupling between motor
and inverter. In these models, the heat sources and relevant thermal
resistances were defined on the basis of numerical results from Fi-
nite Element and Computational Fluid Dynamics models. The latter
was specifically developed to evaluate the heat transfer coefficients
associated with the cooling jacket.

Temperature results from the three thermal models were compared,
discussing the strengths and weaknesses of each approach, with the aim
of providing guidelines for the selection of modelling approaches suit-
able for real design workflows. As expected, the 2D LPTN produced the
lowest hot-spot temperatures due to the absence of end winding losses
and the assumption of a uniform coolant bulk temperature throughout
the whole cooling jacket. In this case, the windings reached a maximum
temperature of 117 °C, while the magnets and power electronic device
presented hot-spots of 185 °C and 116 °C, respectively. The optimised
power switch configuration decreased the power converter hot-spot by
4 °C. However, this did not benefit the electric motor, as in the 2D
model the two subsystems were thermally uncoupled.

Both the 3D thermal models provided close estimations for the hot-
spot temperatures in the windings, rotor, and power converter. The
3D single slot model produced the highest temperature figures for the
motor, with winding temperatures of up to 132 °C and magnet tem-
peratures of up to 194 °C. Regarding the converter, the two 3D models
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Fig. 14. Distributions of winding temperatures along the axis of the electric motor, obtained from the 3D single-slot model (solid lines) and complete 3D

LPTN (dotted lines), while considering the worst-case thermal scenario.
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Fig. 15. Temperature contour plot of the stator and rotor obtained on a cross-
section located at the centre of the motor, considering numerical results from
the complete 3D thermal model.

produced equal hot-spot temperature figures. In this instance, the ther-
mal coupling between motor and power converter was evident, as the
optimised power device configuration decreased hot-spot temperatures
in the motor by 2 °C for both the windings and magnets. The hot-spot
temperatures of the most relevant components were well below their
respective thermal limits, proving the effectiveness of the proposed
architecture. Finally, the temperature-corrected losses resulting from
the thermal models were included in the overall electrical efficiency
computation, resulting in a maximum efficiency value of 95.4%.

The large increase in the number of degrees of freedom in the full 3D
model compared to the 3D axial one mostly affected the temperature
gradients along the axial direction of the machine, and the distribution
of winding temperatures. Thus, the simplified three-dimensional LPTN
appears to offer the optimal balance between computational effort and
accuracy regarding the computation of the hot-spots, making it the
most suitable approach to rapidly evaluate different design variants
in fast-paced industrial settings. The results presented in this work
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highlight the potential of PCB-embedded power devices to improve the
integration and thermal management of integrated motor drives.
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Table A.10
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Temperature limits and numerically obtained maximum temperature values in °C of the main components of the integrated motor
drive. These temperature results are associated with Nu-values obtained from the CFD model of one-sixth of a single channel. In
this table, the worst-case and best-case conditions refer to the thermal loads associated with the non-optimised and optimised

power switch configurations described in Section 3.1.

Model Component Temperature limit Worst-case Best-case
Tinax AT Tinax AT
Windings 180 115 46 115 46
2D Magnets 310 183 114 183 114
Converter 200 113 45 110 41
Windings 180 130 70 128 68
3D single-slot Magnets 310 192 132 190 130
Converter 200 117 58 112 52
Windings 180 127 67 125 65
3D complete Magnets 310 190 129 188 128
Converter 200 116 56 112 52
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