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Abstract
The number of battery electric vehicles, BEVs, are increasing as the transportation
sector is moving towards a more sustainable future with zero emissions. An issue
with BEVs compared to conventional vehicles is their shorter range. To achieve
higher efficiency and thereby longer range, every system on the vehicle must be op-
timised. This thesis has considered the thermal management system, cabin heating
in cold conditions, and the utilization of heat losses from the electric drive unit, EDU.

To understand the benefit of an EDU loss-mode, i.e. operating with higher losses
than nominal to create more heat, a thermal model of the electric machine was built.
The thermal model is a lumped-parameter model capable of predicting the temper-
ature of critical components, which enables over-loading analysis to ensure that the
thermal capability of the machine is not exceeded. The model is parameterized only
by dimensions and material data, and can be easily customized to new motor types.
Verification with steady-state and WLTC test data showed good trend correlation
and within the expected accuracy of 30%.

A vehicle-level thermal management model was built to implement and utilize heat
losses from the electric drive unit. Simulations with an ambient temperature of
-10°C and heating the cabin to 20°C were performed with EDU heat losses. Simu-
lations with motor preheating was also performed.

Reduction of energy consumption for cabin heating was found to be approximately
7% when utilizing drive unit heat losses. Motor preheating reduced cabin heating
consumption further, but used more energy over-all and was not found efficient.

Keywords: thermal management, battery electric vehicle, lumped parameter ther-
mal network, heat loss utilization, thermal simulation electric machines, electric
machine thermal modeling.
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1
Introduction

This chapter introduces the thesis work, consisting of a background to the topic, the
aim of the work and its limitations. Lastly, societal, ethical and ecological aspects
as discussed.

1.1 Background

With a big environmental focus for the transport and automotive sector, reducing
green house emissions, such asCO2, has become an important matter. Therefore,
more and more conventional vehicles with internal combustion engines are replaced
by battery electric vehicles, BEVs, due to the absence of tailpipe emissions [5].

By replacing internal combustion engine vehicles with BEVs, the driving range of
the vehicle becomes a problem. Charging a BEV takes time, and drivers must plan
their driving. All customers might not be willing to adapt, which gives BEVs a
drawback compared to conventional combustion engine vehicles [6].

The driving range of a BEV is also greatly reduced in cold ambient conditions [7].
The reason for this is twofold; for one, recuperated energy from regenerative brak-
ing is limited in order to protect the battery cells from premature aging [8]. This
is commonly countered by heating with resistive heaters (e.g. Positive Temperature
Coe�cient, PTC, heaters), which although e�cient present yet another auxiliary
power consumer. Secondly, energy to heat the cabin is supplied by the vehicle's
traction battery rather than relying on waste heat from combustion like a conven-
tional vehicle [9]. A common solution to heat the cabin is to employ PTC heaters,
which consume signi�cant power and thereby leaves less energy for traction. Sev-
eral sources report range losses of up to 50% [10] [11]. Another solution, presented
in [12], is to use a heat pump which can utilize ambient heat, and thereby reduce the
required energy with up to two thirds compared to PTC heaters [8]. Unfortunately,
heat pumps are less e�cient with lower ambient temperature, and are also at risk
of freezing - therefore PTC heaters are commonly included anyway, to support in
cold conditions.

Counteracting these attributes is currently a popular research topic, and many in-
teresting architectures have been presented. Some examples are battery thermal
management systems, BTMS, integrated with coolant loops [13], refrigerant cy-
cles [11] and integration with Heat, Ventilation and Air Conditioning, HVAC [9].
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1. Introduction

Other are systems diverting recuperated energy for heating when charging is lim-
ited [8], holistic energy management optimization [14] and thermal storage using
heat from powertrain components [10].

Recent investigations suggest that heat losses from the powertrain can assist heat
pumps instead of PTC heaters [15]. A further step to this approach is to intention-
ally generate additional losses in the powertrain components to produce more heat
than they would under normal operation, and in that way support the heat pump.
This could be an interesting possibility in certain scenarios, and will henceforth be
referred to as a �loss mode�.

This thesis was carried out with the �System Design� team at Polestar, utilizing
and building upon a simulation tool based on Matlab, Simulink & Simscape. The
simulation environment is used for e�ciency and performance investigation for the
complete vehicle.

1.2 Aim

This thesis aims to expand the capabilities of an in-house developed simulation tool
to enable simulation and analysis of heat generation in the electric drive unit, EDU.
This includes, but is not limited to, the principle of an EDU �loss-mode�.

Loss-mode refers to operation with losses higher than required, in order to utilize
existing EDU components for heat generation. To enable the simulation of this,
a thermal model of the electric machine is built. The thermal model can evaluate
the heat generated in the individual parts as well as heat carried by the coolant.
This makes it possible to evaluate both how much heat can be extracted utilizing a
loss-mode, as well as monitoring that the electric machine does not overheat.

A further aim of the thesis is to evaluate if powertrain losses can be utilized to
reduce energy consumption from cabin heating in cold climate, as has been discussed
in section 1.1 above. This particular application was chosen among other possible
aspects where an EDU loss-mode can be of interest.

1.3 Limitations

The vehicle model is intended to be lightweight and be able to run simulations fast
with su�cient accuracy for vehicle-level simulations. Therefore all developed models
must adhere to this concept, which means numerical analysis such as �nite element,
FE, and computational �uid dynamics, CFD, cannot be used.
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1.4 Societal, ethical and ecological aspects

In commitment to reduce greenhouse gases, GHG, from the transportation sector,
car manufacturers such as Polestar [16] are building electric cars for sustainable mo-
bility. While electric vehicles emit more in the production phase, life-cycle analysis,
LCA, show that the utilization phase is the dominant factor for vehicles and since
EVs have zero tailpipe emissions, they emit signi�cantly less over their complete
life-cycle [17]. Still, LCA results varies locally depending on the primary energy
sources used to produce the electricity. It is therefore important for EVs to be as
energy e�cient as possible. Since the thesis aimed to investigate further reduction in
energy consumption, the thesis is considered to be favourable to society and ethical.
These aspects were therefore not taken into further consideration.

Ecological aspects was taken into account during the thesis. For example, re�ecting
on the aspects of added components and materials in the proposed concepts. A
complete LCA analysis was however beyond the scope of the thesis and was not
performed.

3



1. Introduction

4



2
Theory

This chapter describes the theoretical background of electric machines and thermal
management of electrical vehicles that is used throughout the thesis. First of, section
2.1 presents common electric machine topologies and sustainability considerations.
The di�erent internal losses are described, along with a discussion on how a loss-
mode strategy can be implemented and some potential issues. Finally, methods for
thermal analysis of electric machines is reviewed. In section 2.2, the methodology
of modeling the electric machine as a lumped-parameter thermal network, LPTN,
is described. Furthermore, the heat transfer paths through the electric machine is
discussed along with a review of the di�erent heat transfer modes of conduction,
convection and radiation. Section 2.3 describes how the thermal management works
in a BEV, including the refrigeration cycle and what a PTC heater is. Section 2.4
describes why driving cycles are used and the ones that have been used in this thesis
work.

2.1 Electric machines

With the increasing use of electric machines for traction in vehicles, comes a de-
mand for machines with higher power density and e�ciency as well as reduced in
size and weight. A good thermal design is crucial to ensure that the desired perfor-
mance and reliability is achieved. In particular, some components where hot-spots
typically develop are critical to keep within safe limits, namely the windings and
the permanent magnets. The lifetime is approximately reduced by half for every
10°C increase above the thermal class of the winding insulation, and the permanent
magnets are at risk of demagnetization and even developing cracks [18].

A review of the motor topologies considered in the thesis is described in section
2.1.1, followed by a discussion on electric machine losses in section 2.1.2. Loss-mode
strategy as a component of thermal management is covered in in section 2.1.3, and
lastly some common methods for thermal analysis is reviewed in section 2.1.4.

2.1.1 Topologies

While there are numerous di�erent types of electric motors, they share similar com-
ponents. However, this study considered two topologies in particular during devel-
opment, the permanent magnet synchronous machine, PMSM, and the electrically
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excited synchronous machine, EESM. Synchronous motors are common in electric
vehicles due to some notable features like high e�ciency, high power density and
high speed capabilities [19] [20].

The two considered topologies feature similar stator assemblies, consisting of a
wound stator core that is energized by alternating current, AC. The core, made
from laminated steel sheets, facilitate conduction of the magnetic �ux when ener-
gized. The windings are copper conductors wound together and insulated by a coat
of impregnation varnish. The coated winding is also insulated from contact with
the stator core using a thin composite material known as slot liner. Figure 2.1
below shows a generic example stator, with the laminated core, insulated copper
conductors wound around the stator teeth and with slot liner in between.

Figure 2.1: Example of a stator assembly showing the laminated core, windings
and insulation. From [2].

The main di�erence between the two topologies is the rotor assembly. By de�nition,
a synchronous machine rotates with the same speed as the magnetic �eld produced
by the stator excitation. As opposed to an induction machine, where the rotor is
excited by induction, the synchronous machine's rotor produces a magnetic �eld
that synchronizes with the magnetic �eld from the stator. In a PMSM, permanent
magnets are attached to the rotor, while the EESM has a wound rotor similar to
the stator assembly. The wound rotor must therefore be supplied with a separate
excitation current, which increases complexity but also allows for continuous power
factor control and increased e�ciency [20]. Figure 2.2 below illustrates the di�erence
between the rotors in a PMSM and an EESM.
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(a) PMSM. (b) EESM.

Figure 2.2: Illustration of PMSM and EESM rotors.

Figure 2.2a shows a PMSM, where the outer grey part is the stator. Moving radially
into the middle of the motor, are the stator windings in reddish brown followed by
the core of the rotor in beige. The magnets are red and blue and in the middle of
the motor is the shaft in grey.

An EESM is shown in �gure 2.2b, where the stator is the same as for the PMSM.
Inside the stator windings are the rotor shoes in beige that the rotor windings in
reddish brown are wound around. After is the rotor core in beige and �nally the
shaft in grey, in the middle.

2.1.1.1 Sustainability

While the total life-cycle emissions of battery electric vehicles are generally lower
than for vehicles with combustion engines, the production phase typically emits
more green house gas, GHG, emissions [17]. This is usually attributed to the battery
production, but never the less, solutions to lower the environmental load posed by
the electric machine is a popular research topic. One aspect is the use of rare
earth element, REE, magnets, such as the commonly used neodymium-iron-boron,
NdFeB, in PM machines. A review of machine topologies with reduced amounts
or no magnets at all, that can produce similar characteristics as a PM machine,
is presented in [21]. A design study of a machine with reduced magnet content
together with a discussion on the environmental load of common EM materials is
found in [22]. Furthermore, the environmental load of aluminium is a lot lower than
copper, and it has been shown that an aluminium hairpin design can be considered
an alternative to the common copper hairpin or copper-strand windings [23] [24].
Hairpin windings, as opposed to conventional wound strands, are solid bars bent in
a shape similar to that of a hairpin.
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2.1.2 Losses

Power losses in the electric machine occur due to irreversible energy conversion
processes in the materials, and ultimately turns into heat. These processes are
typically categorized as copper losses, iron losses and mechanical losses. Addition-
ally, there are losses from the magnets in the case of a permanent magnet assisted
topology [18] [25].

2.1.2.1 Copper losses

Losses in the copper windings can be divided into two components, namely direct
current, DC, and alternating current, AC, losses. The DC losses are proportional to
the winding resistivity and to the square of the current, as shown by equation (2.1).
The resistivity, and therefore also the copper losses, are temperature dependent,
which is typically accounted for by calculating the conductor resistivity using the
temperature coe�cient � of the material, as per equation (2.2) [26]. Here,Tref and
Rref is the temperature and resistance at some known temperature.

PCu = R � I 2 (2.1)

R = Rref

�

1 + � (T � Tref )
�

(2.2)

The AC loss component comes from the redistribution of current density in the
conductor due to the induced magnetic �eld, and is further divided into the skin
e�ect and the proximity e�ect. These e�ects are rather small in comparison to the
DC component [27]. From the proportionality to resistivity and current, copper
losses can be summarized as dependent on temperature and motor torque, which
typically requires higher current.

2.1.2.2 Iron losses

Iron losses refer to the losses in both stator and rotor core, which are made from a
laminated steel material. These are divided into hysteresis and eddy current loss.
Magnetic hysteresis can be compared to friction when the magnetic �ux density
lags the change in magnetic �eld. Eddy currents are induced in the material due
to changes in the magnetic �eld. These components are both frequency dependent,
and therefore iron losses typically increase with motor speed [25].

2.1.2.3 Mechanical losses

Losses occurring due to the mechanical rotation of the rotor can be divided into
friction losses and windage losses. Friction loss is associated with the shaft bearings
and windage is due to the drag caused by air friction. These are both mainly
dependent on the motor speed.

2.1.2.4 Magnet losses

In permanent magnet assisted machines, magnet losses occur from similar mecha-
nisms as iron losses. Even though magnet losses are one of the smaller losses, they
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are important to consider. This is because the magnet material has comparatively
low thermal conductivity, and hence cools down slowly.

2.1.3 Loss-mode strategy

Electric machine analysis is commonly simpli�ed by transforming the three-phase
reference frame into the direct-quadrature-zero,dq0, reference frame. By studying
the torque equation of an electric machine in thedq0 reference frame, eq. (2.3) [27],
it is evident that di�erent values of direct and quadrature current (i d & i q) can
create the same torque. Di�erent combinations will however create di�erent amounts
of losses, and normally a strategy such as MTPA, maximum-torque-per-ampere,
would be employed to minimize losses. MTPL, maximum-torque-per-loss, is another
common loss minimization strategy.

Te =
3
2

np

�

	 m i q + ( Ld � Lq)i di q

�

(2.3)

A loss-mode feature attempts to do the opposite, operating the motor at a �worse-
than-optimal� operating point and hence create more heat.

2.1.3.1 Potential use cases

This added heat can potentially be of bene�t to other parts of the vehicle. One such
case could be to heat up the cabin or the battery by heat pump operation. Another
potentially interesting case is to heat up the transmission to lower its losses.

Maximum heat generation for an EDU in the Volkswagen ID.3 has been quanti�ed
in [15], considering a loss-mode in the electric machine and inverter. Combined
losses ranging between 5.8 to 7.9 kW at low speed operation and between 4.5 to 5.4
kW at standstill is reported. Further, heat generation up to 6.5 kW is found possible
at standstill if a disconnect/clutch is utilized.

2.1.3.2 Potential issues

Some potential issues can be identi�ed with this strategy. First and foremost, the
available operating region is limited by the thermal capacity of the EDU components
and must be carefully monitored. As previously discussed, excessive temperatures
can have serious implications on both lifetime and performance, and so it is imper-
ative that hot spots within the motor is kept within safe limits.

An increase in torque ripple is observed in [15] when deviating from the common
MTPA strategy. This has a negative e�ect on the passenger comfort in terms of
noise-vibration-harshness, NVH, and would have to be further studied before imple-
mentation.

2.1.4 Thermal analysis

Predicting the thermal behavior of an electric machine is of great interest to ensure
the performance and lifetime meet expectations, but has traditionally been of sec-
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ond interest. When used as a traction motor for electric vehicles however, thermal
analysis is necessary to verify performance during the highly varying load that is
typical of an automotive application.

Thermal analysis can be performed using analytical or numerical methods. Analyt-
ical methods typically compute very fast, but requires some e�ort and experience
to construct a network of reasonable accuracy. A common analytical technique is
the lumped-parameter thermal network, LPTN, which will be described further in
section 2.2 below. Numerical methods can be divided in two types, �nite-element
analysis, FEA, and computational �uid dynamics, CFD. These are very useful due
to their high accuracy and diverse range of application, being able to model any
geometry. They are however very time demanding both in setup and computational
time [28].

In FE analysis, the components are divided into a coherent mesh of very small nodes,
and the analysis takes place with respect to the change over these small volumes.
Because of this computer-aided meshing, FEA can better analyze complex geome-
tries that are di�cult to capture with lumped-parameter models, and its accuracy
is directly in�uenced by the level of detail in the mesh. CFD analysis is commonly
used to simulate performance with respect to cooling and �uid �ows, such as veloc-
ity, heat transfer coe�cients and pressure. Typically CFD analysis only solves �uid
characteristics, but can be extended to cover the solid domain using the conjugate
heat transfer method [18] [29].

The presented methods of thermal analysis can favourably be used in conjunction.
For a motor with an intricate cooling system, the accurate but time consuming CFD
analysis can provide heat transfer boundary conditions as input to the lumped-
parameter model. Furthermore, �nite-element analysis can be used to �nd an ac-
curate thermal resistance for parts of complex geometry. The analytical model can
then used to study thermal behaviour in di�erent load conditions. Such a method-
ology is presented in [30] and [31].
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2.2 Lumped-parameter thermal network

An electric machine is a complex system with a number of di�erent components,
some of which with rather complicated geometries. A lumped-parameter, LP, model
simpli�es the machine to a number of nodes, by representing the components as a
lumped mass with equal or similar thermal behaviour. The nodes contain a thermal
mass representative of the component, and heat transfer between nodes are repre-
sented by thermal resistances connecting each component. There are many ways of
constructing a LP model, such as choosing spatial heat transfer domain (2D/3D)
and the level of discretization, and it is up to the designer of the system to chose
according to the requirements of the system in question [32].

A lumped-parameter thermal network is analogous to an electrical circuit network,
where voltage corresponds to temperature, current to power, and electrical resistance
to thermal resistance. The thermal resistances can be calculated from component
geometry and material properties, and empirical formulas for heat transfer coe�-
cients in the case of convection [28]. This calculation is accounted for in section 3.2.

The lumped-parameter methodology has been subject to many publications for dif-
ferent machine sizes and topologies, reporting temperature predictions with an ac-
curacy of � 5-20%, which is what can be expected [30]. Figure 2.3 illustrates the
individual components that are considered a speci�c node. The view is symmetric
around the shaft, and the subscripts �DE� and �NDE� represent the motor drive-end
and non drive-end respectively. This naming convention will be used throughout the
thesis.

Figure 2.3: Simpli�ed illustration of an electric motor in axial cross-section, with
the component naming convention used throughout the thesis. The view is sym-
metric around the shaft.

2.2.1 Heat transfer

The temperature gradients in an electric motor arise from the internal losses de-
scribed in section 2.1.2. These gradients in turn lead to heat transfer between
components, in the natural attempt to reach a thermal equilibrium. Heat transfer
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takes place through three modes; conduction, convection and radiation. The heat
paths in an electric motor is illustrated in �gure 2.4 below, for conductive and con-
vective heat transfer. Note that the direction of heat transfer as indicated by �gure
2.4 is not always true, it is instead decided at any given moment by the temperature
gradient between the parts. The �gure should instead be treated as a reference as
to what modes of heat transfer is considered in the di�erent components.

Figure 2.4: Illustration of heat paths in an electric motor, by conduction and
convection. See �gure 2.3 for component reference.

2.2.1.1 Conduction

Heat transfer by conduction occurs due to thermal di�usion and molecular inter-
action, and applies to solids and stationary �uids and gases. In an electric ma-
chine, conduction is thus considered between all solids. The rate of heat conduction
through the material is a function of component area, length, thermal conductivity
and temperature di�erence between the two components in contact [33] [27]. This
relationship is stated in eq. (2.4) below. The thermal conductivity of a material
is a measure of its ability to conduct heat, which in some cases di�er depending
on direction. This is called thermal anisotropy, and commonly applies to compo-
nents that have been laminated or cold-pressed, such as the stator iron and copper
windings respectively [34].

_Qcond = � �A
� T
L

= f
�
geometry; � T; �

�
(2.4)

Where _Qcond is the heat transfer rate [W], � is the thermal conductivity of the
material [W=mK ], A is the contact area[m2], L is the contact length [m] and � T
is the temperature gradient between the components[K ].

2.2.1.2 Convection

Heat transfer by convection occurs between a solid and a contiguous �uid or gas
in motion, and is a combined e�ect of conduction and the �uid motion. Heat is
transferred by conduction to the adjacent layer of liquid, where the velocity ap-
proaches standstill. This liquid is then transferred away by the �uid motion and
replaced by colder liquid. In the case of no �uid motion the heat transfer is purely
by conduction, a relationship which the dimensionless �Nusselt number� describes
(eq. (2.6) below). Convection can be described asforced if the �uid motion is forced
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by any external means, like a fan or pump. On the contrary, if no such forced �ow
is exerted, the convection is described asnatural [33] [35]. The rate of heat transfer
by convection is described by the expression in eq. (2.5) below.

_Qconv = hCA(Tsurf � Tliquid ) = f
�
geometry; hC ; � T;

�
(2.5)

Where _Qconv is the heat transfer rate[W], hC is the heat transfer coe�cient [W=m2K ],
A is the surface area[m2], Tsurf is the surface temperature[K ], andTliquid is the liquid
temperature [K ].

2.2.1.2.1 Nusselt number For calculations of heat transfers that are a combi-
nation of conductive and convective, the Nusselt number can be used. It represents
the ratio between these two heat transfers at the �uid's boundary. In general, the
higher the Nusselt number is, the more turbulent the �ow is and if the Nusselt num-
ber is equal to 0, the heat transfer is purely conductive [36].

There are a few di�erent ways to model heat transfer with the Nusselt number, one
of them is the Gnielinski correlation. It is a simpli�cation of heat transfer through
the walls of tubes, using just the hydraulic diameter and friction factor [37]. The
hydraulic diameter is de�ned as the ratio between the wetted area and the wetted
perimeter of the body. When the �ow is laminar, the Nusselt number is important
for determining this heat transfer, but for turbulent �ows, the hydraulic diameter
and friction factor are enough.

Nu =
Qconv

Qcond
=

hL
�

= f
�
geometry; Re; Pr

�
(2.6)

Where h is the heat transfer coe�cient [W=m2K ], L the contact length [m], and �
the thermal conductivity of the material [W=mK ] [27].

2.2.1.3 Radiation

Heat transfer by radiation occurs due to photon emittance from a surface to other
surfaces or the surroundings. Ablack bodyhas an emissivity (") of 1, and other
surfaces relates to this as a value ranging between 0-1. The rate of heat transfer by
radiation is described be eq. (2.7) below.

_Qrad = "�A (T4
surf � T4

amb) = f
�
geometry; hC ; � T;

�
(2.7)

Where _Qrad is the heat transfer rate[W], " is the surface emissivity[� ], � is Stefan-
Boltzmann's constant [W=m2K 4], A is the surface area[m2], Tsurf is the surface
temperature [K ], and Tamb is the surrounding temperature[K ].
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2.3 Vehicle thermal management

The range of a BEV is the distance possible to travel without the need to recharge
the battery. The range is dependent on multiple di�erent parameters, one of the
most signi�cant is the Heat, Ventilation and Air Conditioning, HVAC, system as it
can drastically decrease the range of the vehicle [38]. As electric motors generate
much less heat losses than combustion engines, the vehicle thermal management
in EVs cannot rely on conventional powertrain heat, especially during cold climate
conditions. Heating up the cabin uses more energy as an external heater needs to
be used when the heat losses in the motor are not enough. Another aspect is that
the battery temperature must be kept within its speci�ed operating range to work
properly, which includes both heating and cooling [39].

2.3.1 Refrigeration cycle

Most vehicles today are equipped with an HVAC for the comfort of the passengers.
For enabling provision of cold or warm air from the HVAC, a refrigeration system is
used. A typical refrigeration system consists of a compressor, condenser, expansion
valve and evaporator. In a BEV, when a battery has to be cooled in the same process,
a chiller can also be included in the refrigerant cycle. Refrigerant is �owing through
these components and its temperature changes in the cycle between them [40].

Figure 2.5: Schematic illustration of a conventional refrigeration cycle

2.3.1.1 Compressor

The compressor is used to compress the refrigerant to increase both its pressure
and temperature. The warm and pressurized refrigerant then moves along to the
condenser.

2.3.1.2 Condenser

A condenser is a heat exchanger between the refrigerant in the system and another
�uid or air surrounding it. This means that warm refrigerant gets cooled down
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by the condenser and the heat is transferred to the surrounding �uid or air. The
temperature changes due to condensation of the warm refrigerant that enters the
condenser in vapor state. The vapor is condensed and changes its phase to liquid,
thus releasing heat and decreasing its temperature [41].

2.3.1.3 Evaporator

The evaporator is placed after the condenser, with an expansion valve in between
that expands the refrigerant to create a pressure drop, causing some of it to boil.
The low temperature refrigerant enters the evaporator that further cools it down by
exchanging heat with �uid or air in its surrounding, like the condenser [40].

2.3.1.4 Chiller

A chiller is used for cooling systems like the battery or electric propulsion system,
EPS. This is done by using the chiller as a heat exchanger between the refrigerant
in the refrigeration circuit and the cooling �uid from the battery and/or EPS. The
cold refrigerant comes out of the condenser and cools the warm coolant �uid when
exchanging heat with it in the chiller. The cooling �uid, that is now cooled down,
goes through the systems it is connected to and cools them down. In conventional
refrigerant cycles, the chiller is placed in parallel with the evaporator [42].

2.3.2 PTC heater

A positive temperature coe�cient heater, PTC heater, is a component that uses
electrical resistance to heat up mediums and materials, like in the case of this thesis,
air. It can also be called a high voltage coolant heater, HVCH when used for heating
up coolant. These heaters have been used in the automotive industry for heating
components in combustion engines for e�ciency reasons, but are now the main
component for heating in electrical vehicles [43]. The main property of a PTC heater
that makes it a good choice for heating up a cabin is that it is self-regulating and
able to reduce condensation on the vehicle's windows. Self-regulation means that
regardless of the heat or voltage applied, it is able to keep a constant temperature
by changing the resistance. This is thanks to the heater having a large positive
resistance coe�cient that increases with the temperature, which means that the
temperature coe�cient is above 0 [44].

2.3.3 Electric motor preheating

Preheating an electric motor before starting it is a method of optimizing the per-
formance of it as well as decreasing its power consumption and wear. As di�erent
motor temperatures make the motor behave in di�erent ways, the right tempera-
ture of the motor for a certain scenario could increase the performance [45]. In cold
ambient temperatures, the motor will be cold during the start. This means that
the materials in the motor components are cold and sti�, which increases the wear
when the motor is started.
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2.4 Driving cycles

A driving cycle is a cycle made for simulating di�erent driving scenarios while testing
vehicles. It consists of a sequence of data that represents the vehicle speed over time,
which allows for consistent testing of vehicle performance such as energy consump-
tion, or the propulsion system performance. To do so accurately, it is important to
use real-world driving cycles that consider the vehicle performance properly [46].

2.4.1 NEDC

One widely used driving cycle is the New European Driving Cycle, NEDC. It includes
four urban driving cycles and ends with an extra-urban driving cycle to capture
di�erent conditions in one cycle. The NEDC has high accelerations and decelerations
and reaches a maximum speed of 120 km/h, while maintaining an average speed of
32 km/h [47]. The velocity curve can be seen in �gure 2.6.

Figure 2.6: NEDC diagram [3].

2.4.2 WLTC

The successor to the NEDC is the slightly longer and more dynamic Worldwide
harmonized Light-duty Test Cycle, WLTC. For this thesis, the WLTC class 3b was
used. It starts with a low speed section up to 60 km/h, followed by a medium speed
section where the maximum velocity almost reaches 80 km/h. After is a high-speed
section and an extra high-speed section with maximum velocities of almost 100 km/h
and 140 km/h respectively [48]. The velocity curve is shown in �gure 2.7.
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Figure 2.7: WLTC class 3b diagram [4].
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3
Methods

This chapter describes the methodology used to build the lumped-parameter model
of the electric machine, as well as the vehicle thermal management model. The
overall methodology of this thesis was to �rst build a model of an electric machine
and all its physical aspects, like heat transfer and heat losses. A veri�cation was
then done on the model by comparing simulation results to test data. When the
model was veri�ed, a thermal model on vehicle level was made where the losses
from the EM model were implemented. With these models it was then investigated
if the heat losses could aid the heating of the cabin and therefore reduce the power
consumption of the PTC heater that is heating up the cabin. The focus in this thesis
was therefore to utilize the losses for heating up the cabin, and not other aspects
that have been mentioned. The work has been described in detail in the sections
of this chapter where, �rst of, a review of the simulation tool is given in section
3.1. Then, details on building the lumped-parameter model is presented in section
3.2, including parameterization and a review of empirical equations to support the
model. Further, the layout and parameters of the vehicle thermal management
model is described in 3.3, and �nally the implementation to study drivetrain loss
utilization is discussed in section 3.4.

3.1 Tools and software

This thesis was performed using MATLAB, Simulink and Simscape. MATLAB is
a computing platform suitable for building models, running simulations and subse-
quently analyzing the output data. Simulink adds capability to MATLAB in the
form of a block diagram environment that enables model-based design and interfac-
ing between di�erent physical domains [49] [50].

3.1.1 Simscape modeling

Simscape enables quick modeling of physical systems through a library of funda-
mental components for di�erent physical domains, e.g. electrical, �uids, thermal.
The blocks are assembled through physical connections in a schematic format to
represent the system of study, and Simscape formulates the implicit equations for
the complete physical system. Parameters and boundary conditions are parameter-
ized with MATLAB [51].

The domains that have been used in this thesis are the moist air domain, thermal
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domain, thermal liquid domain, two-phase �uid domain and mechanical rotational
domain. The domains represent physical attributes and enables modeling with high
�delity and accurate results. This is because quantities like mass �ow, power and
temperature are preserved and that losses and e�ciency can be taken into consid-
eration [52]. The colors of the domains used in this thesis are shown in �gure 3.1.

Figure 3.1: Color codes for the Simscape domains used in this thesis.

The moist air domain has a purple color of its connections and represents air in
systems that can be dry, water vapor and also carbon dioxide. In this domain, the
air can change its state when it is, for example, being heated up, so that a part
of it is vapor, or cooled down, so that a part of it is water. The moist air has in
this thesis mainly been used to represent the air inside of the cabin as well as the
environmental air coming from the outside of the vehicle [53].

The most used Simscape domain in this thesis is the thermal domain, as it is more
general than the other domains and de�nes quantities like thermal resistance, ther-
mal mass, temperature and heat �ow. It is therefore suitable for modeling a LPTN
system, and it enables heat transfer to a liquid through the thermal liquid domain.
The thermal domain has a red color [54].

The thermal liquid domain was used for modeling the coolant liquid that is cooling
the motor. It has a yellow color and is easily integrated to transfer heat between
other domains. The thermal liquid domain is suitable for modeling single-phase
�uids which are expected to change signi�cantly in temperature [55].

For representing refrigerant, the two-phase �uid domain is used. In the vehicle
thermal management model, refrigerant is used in the HVAC system with heat ex-
changer interfaces to both the cabin and the battery coolant circuit. The two-phase
�uid is considered part gas and part liquid, and changes its state depending on the
temperature and pressure it is exposed to. The two-phase �uid has a blue color
when modeled in Simscape [56].

The mechanical rotational domain has a green color in Simscape and has been used
for modeling components like the compressor fan and motor pump. The domain
uses quantities such as angular velocity and torque, and is used in cooperation with
other domains [57].
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3.2 EM thermal model

The EM thermal model aimed to predict the temperature in di�erent components
of the machine, with an approximate accuracy of 30%. This accuracy was speci�ed
based on what is commonly reported in literature for similar models. Further, the
model was to be very general, easy to parameterize and computationally lightweight.
As stated in section 2.1.1, electric machines of di�erent topologies share a number of
similar components. This is bene�cial for the model developed in this thesis, since
the model can cover a variety of di�erent machines with minimal modi�cation. Based
on a literature review in thermal analysis of electric machines, the �T-equivalent�
con�guration was chosen, along with the simpli�cation that all components were
assumed cylindrical. Hence, the only parameters necessary are basic dimensions
(length & diameter) and material data. A schematic of the T-equivalent circuit is
shown in �gure 3.2.

Figure 3.2: T-equivalent lumped-parameter model.

The T-equivalent circuit is used for each node in the network, where each node
models a speci�c component of the machine. It includes heat transfer in axial
and radial direction, and describes this by three resistances in an axial network
(R1a,R2a,R3a) and three resistances in a radial network (R1r ,R2r ,R3r ). The axial
and radial networks are con�gured in a T, and their common connection point is
considered the node. To this node, a thermal capacitance is connected to enable
transient analysis, and the internal losses are applied. Determination of thermal
resistance is described in section 3.2.1, thermal capacitance in section 3.2.2, and the
applied losses in section 3.2.3.

3.2.1 Thermal resistance

When assuming a cylindrical geometry of the solid components, the conductive
thermal resistances can be calculated as shown in table 3.1 [58]. The observant
reader can notice thatR3 is negative. This is becauseR1 and R2 over predicts the
node temperature, soR3 compensates for this [59].
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Table 3.1: Radial and axial resistances for conductive heat transfer

Resistance Radial direction Axial direction
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Where � is the thermal conductivity [W=mK ], L is the length of the component
[m], r1 is the outer radius[m] and r2 is the inner radius[m].

Conduction

Conductive heat transfer is considered in the interface between all solid parts of
the machine, as previously shown in �gure 2.4. This includes the housing, stator
yoke, active winding, stator tooth, rotor shoe, rotor windings/permanent magnets,
rotor yoke, shaft, bearings, and end caps. As the third resistanceR3 is negative, a
custom-made Simscape block had to be created by modifying the original thermal
resistance block. This is because Simscape by default does not accept a negative
resistance. Figure 3.3 below shows a node implemented in the model.

Figure 3.3: Example of a node in the model with an applied loss in (1). The
custom thermal resistance block is indicated by (2), thermal capacitance in (3) and
the temperature sensor in (4).

Laminated steel

Thermal conductivity of the lamination steel sheets may be given by the manufac-
turer, however this value is not accurate when considering the laminated product.
The axial conductivity when the sheets are laminated depends on many factors such
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as clamping pressure and insulation material between sheets [35] [60]. There is a
gap in the literature on this topic, but there are known intervals of anisotropy ratios
(radial-to-axial thermal conductivity). For this thesis, a ratio of (31=0:37) was used
corresponding to values reported in [25]. This equates to 19.8 [W/mK] radially to
0.24 [W/mK] axially, as shown in table 3.4.

Windings

The copper windings constitute a major loss source, and in order to divert this heat
from the machine to the coolant, it must typically pass through the stator core.
However, it is not trivial to determine the thermal conductivity from the windings,
since it is an assembly of many materials with largely varied physical properties. The
part of the windings contained in the slots along the active length of the machine
is considered one lumped node, and the end part of the windings on each side of
the machine is considered one lumped node each. The active winding con�guration
assumed in this thesis consist of a number of copper conductors individually coated
by an insulating varnish, jointly covered in an impregnation and with a thin slot
liner at the boundary of the slot. This is illustrated in �gure 3.4a below.

(a) Winding assembly in slot, liner
shown in blue.

(b) Sample of winding assembly, with
annotation.

Figure 3.4: Illustration of active windings with its composite parts.

To account for this composition of materials, an equivalent thermal conductivity is
calculated to represent a �ctive homogeneous material. A formulation for circular
conductors derived in [61] is used. First, an equivalent thermal conductivity for
the insulation and impregnation is calculated, followed by the equivalent thermal
conductivity for the complete assembly. This is expressed in equations (3.1) to (3.2)
below. Here,� eqv is the equivalent thermal conductivity for the complete assembly,
and � i is the equivalent thermal conductivity for the insulation and impregnation.
Further, � imp and � ins is the impregnation and insulation thermal conductivity, and
� c is the conductor thermal conductivity. The volume factorvc equals the slot �ll
factor, the areal ratio of conductors in the slot to the full slot area. Lastly,vi

and vci represent the impregnation and insulation areal ratio. End winding thermal
conductivity is described by equation (3.3), whereFew is the �ll factor, � ew, � Cu and
� ins is the equivalent, conductor and insulation thermal conductivity, respectively.
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� eqv = � i
(1 + vc)� c + (1 � vc)� i

(1 � vc)� c + (1 + vc)� i
(3.1)

� i = � imp
vi

vi + vc
+ � ins

vc

vi + vc
(3.2)

� ew = � CuFew + � ins (1 � Few) (3.3)

Convection

Convective heat transfer is considered for all components connected to air. Either
to ambient, through the air gap, or the trapped air in the end cap regions. The later
is in this thesis referred to as �internal air�. Thermal resistance due to convection
is calculated from equation (3.4).

Rconv =
1

hCA
(3.4)

where A is the surface area of the interface between the interfacing mediums, and
hC is the heat transfer coe�cient, HTC. The HTC can be found with numerical
simulation tools, or be calculated from known empirical expressions. The later was
utilized in this model, and a compilation of expressions used is found in table 3.3.

Airgap

For convection through the airgap, equation (3.5) was used.

hC =
Nu� air

Dh
(3.5)

whereNu is the Nusselt number and� air is the thermal conductivity of air. Dh is
the hydraulic diameter, and is for the air gap described by equation (3.6).

Dh = �

s
8
3

(3.6)

Where � is the radial length of the air gap. The Nusselt number is dependent on the
Taylor number, a quantity that describes the relationship between centrifugal forces
and viscous forces [62]. The Taylor number can be calculated from a correlation
described by equations (3.7) to (3.9).

Tam < 1700! Nu = 2 (3.7)

1700< Tam < 104 ! Nu = 0:128Ta0:367
m (3.8)

104 < Tam < 107 ! Nu = 0:409Ta0:241
m (3.9)

whereTam is the modi�ed Taylor number, the Taylor number divided by a factorFg

to �x it as a Taylor-Couette �ow. The modi�ed Taylor number is calculated in [58]
by using the factorFg, expressed by equation (3.10).
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Where rm is the average value of the radii of the stator and rotor.

Convection through the air gap is considered between stator winding, stator teeth,
and rotor shoe. Figure 3.5a shows the air gap node, and �gure 3.5b the speed-
dependent calculation of HTC and thermal resistance inside the node. Table 3.2
shows the HTC and resistance for di�erent speeds.

(a) Node top view. (b) Inside air gap node.

Figure 3.5: The thermal resistance is variable due to speed dependent convection
through the air gap.

Table 3.2: Convection through the air gap is speed dependent. Table reports heat
transfer coe�cient and thermal resistance at di�erent speeds.

Thermal resistance and HTC in the airgap
Num \RPM 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

hC 83 116 142 163 181 198 213 227 240 253
Rairgap .125 .089 .074 .064 .057 .053 .049 .046 .043 .041

Internal air

Convection to the internal air is considered from the housing, end caps, stator,
rotor, bearings and end windings. The thermal resistance representing each of these
connections is, similarly to the air gap, calculated individually and depend on air
speed. Figure 3.6a shows the internal air node, and �gure 3.6b shows the block
calculating the thermal resistances using the expressions compiled in table 3.3.
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(a) Node top view. (b) Inside internal air node.

Figure 3.6: Variable thermal resistance in the internal air node, calculated indi-
vidually for each connected component.

Housing to ambient

The convection coe�cient from the motor housing to the ambient air can be quan-
ti�ed with analytical methods if the motor geometry and the air speed surrounding
the motor is known. However, aiming to keep the model as general as possible, it is
desired to �nd a relationship without the need for complex �uid analysis. An alter-
native method is presented in [63], where a relationship has been empirically found
between the thermal resistance and the housing surface area for machines ranging
from 1.5 kW to 1 MW. This relationship is described by equation (3.11).

R =
0:167

A
(3.11)

Where R is the thermal resistance for heat transfer from motor housing to ambient
air [K=W ], and A is the surface area [m2].

The convection to ambient is modeled by connecting the node to a constant temper-
ature source representing the ambient, through a thermal resistance. This is shown
in �gure 3.7 for the housing node.

Figure 3.7: Part of the housing node, with convection to ambient in the top left
corner.
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Table 3.3: Heat transfer coe�cient expressions for di�erent components in contact
with air.

Convection Heat Transfer Coe�cient

Component HTC

Airgap hairgap = Nu�
D h

Internal air hint = 15 + 6 :75� u0:65
r

End windings hew = 41:4 + 6:22� ur

Rotor hrotor = 16:5 � u0:65
r

Housing hhousing = 15:5 � (0:29ur + 1)

Where ur is the peripheral rotor speed [m=s].

Radiation

In electric machines cooled by forced convection (e.g., enclosed fan or pumped liq-
uid), natural convection and radiation from the housing can be considered negligi-
ble [27]. This is also the case for the internal components, because the temperatures
are not high enough. Therefore, radiation will not be considered a heat path in the
electric machine model.

3.2.2 Thermal capacitance

The thermal capacitance[J=K ] for each node is the product of the node's mass and
the speci�c heat capacity of the material. The mass is calculated by the product of
the component volume and the density of the applied material. This is summarized
in equation (3.12). Physical data for the materials used in the model is given in
table 3.4, and for �uids in table 3.5. The �uid properties are built into Simscape,
and hence the presented values are approximated from this dataset for reference.

Cth = m � cp = V � � � cp (3.12)

Where Cth is the thermal capacitance [J=K ], m is the mass [kg], cp is the speci�c
heat capacity [J=kgK], V is the volume [m3] and � is the density [kg=m3].
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Table 3.4: Material data for solid parts considered in the model. If relevant,
thermal conductivity is separated in axial and radial components.

Material data - solids.

Material
Density
[kg=m3]

Speci�c heat
[J=kgK]

Thermal
conductivity

[W=mK]
Node

Aluminium 2700 960 135
Housing,
endcaps

Core steel 7600 [-]
ax: 0.24
rad: 19.8

Stator core,
rotor core

Copper 8960 376
ax: 386
rad: 1.1

Active-/ and
end windings

PM 7500 450 8 PM
Steel 7800 460 40.5 Shaft

Bearings 7800 460 [-] Bearings

Insulation [-] [-] 0.26
Active-/ and
end windings

Potting 1766 [-] [-] End windings

Table 3.5: Material data for �uids considered in the model. The coolant considered
is a mixture of ethylene glycol and water, mixed 50/50 by volume.

Material data - �uids.

Material
Temperature

[K]
Density
[kg=m3]

Speci�c heat
[J=kgK]

Thermal
conductivity

[W=mK]

Dynamic
viscosity
[Pa � s]

Coolant
293.15 1085 3358 0.416 0.00463
308.15 1075 3450 0.412 0.00256
323.25 1064 3529 0.407 0.00156

Air 298.15 1.225 1000 0.030 1:8 � 10� 5

3.2.3 Losses

For each node with an inherent loss, the loss is applied to the node in the form of
a heat �ow (as shown in �gure 3.3, indicated at (1)). The heat power to apply is
determined either from tabulated data in the case of electrical and bearing losses,
and analytical calculations for friction loss in the air gap (see equation (3.18) to
(3.21)). Bearing losses are tabulated depending on speed, torque and temperature.
The electrical losses are retrieved from lookup tables depending on the motor torque,
speed and voltage, illustrated in �gure 3.8 below. The tabulated loss maps were
compiled by the electromagnetic design team at Polestar, and calculated from FEA
software. The losses were divided in separate maps for stator and rotor iron loss,
active winding and end winding copper loss, magnet loss and bearing losses. To
separate the iron losses by stator yoke/teeth and rotor yoke/shoe, it was assumed
that the losses are uniformly distributed as reported in [64]. Therefore, a gain factor
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proportional to the volume of the node per the total volume was used, according to
eq. (3.13)-(3.16).

Figure 3.8: Losses retrieved from 3-D lookup tables depending on motor operating
point in terms of speed, torque and voltage.

FeStatorTeeth_ratio =
Vstator _ teeth

Vstator
(3.13)

FeStatorYoke_ratio = 1 � FeStatorTeeth_ratio (3.14)

FeRotorShoe_ratio=
Vrotor _ shoe

Vrotor
(3.15)

FeRotorYoke_ratio = 1 � FeRotorShoe_ratio (3.16)

Where each respective volume is calculated from the motor dimensions. Separation
between stator yoke/teeth is illustrated in �gure 3.9a, and the separation between
rotor yoke/shoe in �gure 3.9b.

(a) Cross section of stator; yoke marked in
orange, teeth in white.

(b) Cross section of rotor;
yoke marked in grey, shoe in
white minus the volume of
magnets, shown in blue.

Figure 3.9: De�nitions used to divide stator by yoke/teeth and rotor by yoke/shoe.

As discussed in section 2.1.2.1, the copper losses change with temperature according
to the change in winding resistance. A rough compensation factor was applied
according to equation (3.17) [25].

QCu = (1 + � � (T � Tref )) � QCu ref (3.17)

WhereQCu is the compensated power loss,� is the temperature coe�cient of copper
(=0.0039), T is the node temperature,Tref is the temperature at which the original
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lossQCu ref is calculated.

Gas friction from the high-speed rotor motion generates friction losses in the air
gap, and can be calculated from equation (3.18) [58]

Pfr = k1CT ��! 3r 4l (3.18)

Where k1 is a roughness coe�cient,CT is the torque coe�cient, � is the air mass
density, ! is angular velocity,r is the average air gap radius andl is the rotor length.
The roughness coe�cient, k1, is 2.5 for an axially slotted surface (the stator), and
the torque coe�cient is determined from equation (3.19).

CT =

8
><

>:

0:515( �
r )0:3

Re0:5
�

if 500< Re� < 104

0:0325( �
r )0:3

Re0:2
�

if 104 < Re�

(3.19)

Re� =
�u�
�

(3.20)

u = ! � r (3.21)

WhereRe� is the Couette-Reynolds number taking the enclosing stator into account,
u is peripheral rotor speed,� is the �uid dynamic viscosity and � is the air gap length.

3.2.4 Cooling

The considered EESM motor is cooled with oil �owing through ducts in the stator
core, while the PMSM motor is cooled by a coolant �owing through coolant jackets
in the housing. Since the model of the EESM cooling system could not be veri�ed,
as further described in section 3.2.5 below, it is not presented here.

The cooling system model for the PMSM has two parts, as shown in �gure 3.10. The
�rst part is the coolant supply system, consisting of the coolant pump, tank and
pipes. The second part models the jackets within the motor housing. For reference
as to the location of the coolant jackets in the machine, refer to the illustration in
�gure 2.3.

Figure 3.10: The two parts of the PMSM cooling system, supply and jackets in
the housing.
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The coolant supply part is further described by �gure 3.11. From the top left
corner, the inlet boundary conditions are set, along with a de�nition of the liquid.
The pump is controlled by a signal demanding a speci�ed �ow rate, before pumping
the �uid into the housing jackets through the supply outlet port marked in blue.
After circulating in the housing, the coolant returns through the port marked in
orange and is accumulated in a tank.

Figure 3.11: The coolant supply system sets liquid properties, boundary conditions
and pumps the coolant into the motor housing.

The coolant jackets within the motor housing is connected to the thermal domain
of the housing node, as described by �gure 3.12a. The blue and orange coloured
ports correspond to the same ports as the supply system in �gure 3.11. The coolant
jackets are individually modeled as shown in �gure 3.12b, since they have di�erent
dimensions and hence di�erent �ow capabilities.

(a) The thermal domain of the housing node is
integrated with to the thermal liquid domain of
the coolant.

(b) The jackets around
the housing are individ-
ually modeled.

Figure 3.12: The coolant system connects to the motor housing node.
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3.2.5 Veri�cation

It was determined some time into the project that there would be insu�cient test
data available to verify the EESM model. For that reason, focus shifted to the con-
sidered PMSM concept for which test data was available.

The PMSM model was veri�ed by comparison with test data from two di�erent
test setups. To verify the steady-state performance of the model, it was compared
to test data running at constant speed and torque for 30 minutes. The results of
the steady-state validation are reported in section 4.1.1. To verify the transient
performance of the model, it was compared to test data running the WLTC cycle,
described in section 2.4.2. In this case, the test was performed in a complete ERAD
setup, hence increasing the available heat paths from the electric machine to other
components. The results of the transient validation is reported in section 4.1.2.
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3.3 Vehicle thermal model
To allow for further simulations, the losses from the EM thermal model must be
implemented in a thermal model of the vehicle. This regards power heat utilization
to fulfil the aim of improving the energy consumption of heating the cabin of the
vehicle. This was done by creating a thermal model to use together with the created
model of the motor, using an already existing thermal model made by Polestar as
inspiration.

3.3.1 Existing model
The existing model of the thermal part of the vehicle consists of a conventional
thermal management system with four different blocks representing thermal compo-
nents and an additional block for control of valves of the thermal liquid through the
system. Figure 3.13 shows a simplified model of the existing vehicle thermal model.
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Figure 3.13: Simplified schematic of already existing thermal block.

As seen in figure 3.13, the main components in the existing thermal model are a
cooling pack, the refrigerant cycle, and a block for battery thermal management.
The cooling pack is a heat exchanger between a cooling fan and the thermal liquid
going through the system. The battery thermal management block has a two-phase
fluid as input from the refrigerant and then outputs warmer thermal liquid. The
cooling pack and battery thermal management block are of less interest in the mat-
ter of this thesis, while the electric propulsion system, EPS, and refrigerant cycle
are of higher importance.

The EPS has thermal liquid as input and output between all three other blocks as
it is the system, together with the battery, that needs heating or cooling. It consists
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of the thermal input from both the front and rear motor and is possible to control
depending on the temperature demands for the motors.

The refrigerant cycle is a conventional one similar to what was described in section
2.3.1. It consists of a compressor, condenser, evaporator and chiller that are con-
nected through two-phase fluid and uses air or thermal liquid for cooling or heating
of the different components.

3.3.2 Vehicle thermal management model
To allow for implementation of the LPTN model into the existing vehicle model, a
new thermal model was made. This model was based on an electric vehicle thermal
model example from [65]. The already existing thermal model described in section
3.3.1 was also taken into consideration when creating the new thermal management
model on vehicle level.

In the same way as for the already existing thermal model illustrated in figure 3.13,
the refrigerant cycle in the new model is a conventional cycle for cabin heating of
BEVs, as described in section 2.3.1, where modifications have been made to fit the
aim of this thesis. This refrigerant cycle includes a radiator, chiller, evaporator and
condenser. Other components in the thermal management model are a loop for
battery heating, a block for the propulsion system and a loop for the heating of the
cabin. The complete model of the thermal management on vehicle level is shown
in figure 3.14. Every component has its own block, which are the white rectangles
with the name of the component inside. The blocks are connected by the different
Simscape domains, as described in section 3.1.1.

Condenser

Radiator

Chiller

Evaporator

LPTN HX

PTC

Cabin

EPS

DC-DC

Battery heater

Battery

Figure 3.14: Complete vehicle thermal management model.
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The battery heating loop, shown in figure 3.15, consists of one block for the DC-DC
converter, one for the battery heater and one for the battery. When the battery
needs to be cooled, a valve routes the coolant through the chiller to cool it down
and then into the battery components to reduce their temperature. If the battery
instead needs to be heated, the valve bypasses the chiller and the heater is switched
on to heat up the battery to its desired temperature.

Figure 3.15: Battery heating loop.

The DCDC block consists of a lumped thermal mass representing the mass of the
DC-DC converter, a heat flow rate source that inputs the heat set by the user,
and a pipe that transfers the heat from the thermal domain to the thermal liquid
in the system. The thermal liquid represents the liquid that is cooling the warm
components in the model. The battery heater block inputs a heat flow rate with a
maximum power of 500 W. It has a lumped mass representing the mass of the heater
and transfers the heat through convection into the air volume of the heater. In the
battery block, a heat flow representing the temperature increase in the battery is
transferred through a pipe into the thermal liquid in the system.

Before the EPS block, a pump moves the thermal liquid. The inside of the block
of this pump is shown in figure 3.16. It contains a fixed-displacement pump and an
ideal angular velocity source that is controlled by a command signal.
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Figure 3.16: Motor pump block.

The EPS, Electric Propulsion System, block consists of the charger, motor and
inverter, as shown in figure 3.17. The thermal liquid flows through these components
and is heated up by the waste heat generated by them.

Figure 3.17: Electric Propulsion System, EPS, block.

All three blocks consist of a heat flow going into the block, a thermal mass repre-
senting the mass of the component and a pipe transferring the heat to the thermal
liquid. This is shown in figure 3.18. The heat produced by the charger is constant
and set by the user, while the heat into the motor and inverter comes from the
measured losses from these two components when running the selected driving cy-
cle. The motor heat losses only come from the rear motor. If the vehicle has both
a front and rear motor, it would be possible to repeat the process of modeling the
front motor and utilize the heat losses from that one as well.
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(a) Charger.

(b) Motor.

(c) Inverter.

Figure 3.18: Inside of the three blocks in the EPS block.

The losses in the motor comes from the motor block in the model described in section
3.2, where the LPTN block is placed. The losses from the motor come from the loss
maps block in the LPTN block, where all losses that come from the loss maps have
been summed up into a variable. This block is shown in figure 3.19.
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Figure 3.19: Block for summing up all losses from LPTN.

After being heated by the EPS block, the thermal liquid passes through a heat
exchanger with the cabin air, where heat is transferred from the thermal liquid to
the air to heat it up. A zoomed in view of the loop for the cabin heating is shown
in figure 3.20.

Figure 3.20: Cabin heating/cooling air loop.

Inside the heat exchanger block is a heat exchanger between air and thermal liquid,
shown in figure 3.21, as well as a control system for when to use the heat exchanger.
This is done by measuring the temperatures of the air and thermal liquid and con-
trolling when the thermal liquid should flow through the heat exchanger to heat up
the air. As this should only be used for heating up the air with the thermal liquid,
and not the opposite, the thermal liquid only goes through the heat exchanger when
it is warmer than the air. This is done by subtracting the temperature of the air
from the temperature of the thermal liquid. When this value is negative, a 3-way
directional valve opens the way past the heat exchanger to avoid temperature ex-
change and therefore avoid the air to heat up the motor. On the other hand, when
the output from the temperature subtraction is positive, the valve opens the way
through the heat exchanger, which makes the thermal liquid heat up the air.
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Figure 3.21: Heat exchanger block between thermal liquid out of EPS and air into
cabin.

The heated air then passes through the PTC heater, where the air is heated addi-
tionally if needed to reach the cabin setpoint temperature. This block consists of a
power input, a lumped mass representing the mass of the heater, and a convective
heat transfer heating up the cabin air. The block is shown in figure 3.22.

Figure 3.22: PTC heater block.

Depending on how much heat is brought to the air in the cabin loop, the PTC heater
must be used more or less. The way to measure the energy that is saved by utilizing
the waste heat to heat up the cabin is therefore to measure the energy consumed by
the PTC heater. This is done by integrating the power consumption over time to
get the total consumed energy. This value is then possible to compare to the value
of the consumed power of the PTC heater when the waste heat is not utilized to aid
the heating of the cabin.
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The warm air then proceeds into the cabin, which consists of an air volume repre-
senting the volume of the cabin. The warm air goes into the volume and is cooled
down by the environmental air and heat transfer through different parts of the car,
like the windows and the doors. Heat generated from for example solar power and
the passengers has also been taken into consideration, as well as a small leakage of
air out of the cabin. Figure 3.23 shows the cabin model with the leakage to ambient,
while the heat transfer in the cabin has been omitted.

Figure 3.23: Cabin block, excluding cabin heat transfer model.

The blower controls the flow of air that goes into the cabin and the block is shown
in figure 3.24. It is placed just after the cabin and consists of a volumetric flow
rate source with a maximum flow rate of 0.3m3/s. There is also a recirculation flap
that either takes the air that comes out of the cabin and accelerates its flow to go
through the loop of air, or takes air from the outside environment and blows it into
the loop. Whether recirculation is wanted or not can be set by the user. It is set
to be off when simulating the cold weather situations as it would be inefficient to
always take in new, cold air into the cabin and heat it up.
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Figure 3.24: Cabin air blower.

There is also an aspect of cooling the battery, motor and cabin implemented in the
model, even if it is not the focus in this thesis, which is on heating the cabin. It is
still included to make the model representative of a real world system, which gives
more accurate results in the end. A zoomed in view of it is provided in figure 3.25 to
get an overview of the refrigerant cycle loop that is cooling the battery and cabin.

Chiller

Condenser

Radiator

Evaporator

Figure 3.25: Refrigerant cycle loop.

When the thermal liquid exits the heat exchanger for heating the cabin, it passes
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through a valve to either go through the radiator or not. The radiator is a heat
exchanger between the environmental air and the thermal liquid, where the environ-
mental air that comes out of the exchanger goes into the condenser. The condenser,
that is a heat exchanger between the air and the refrigerant, condenses the warm
refrigerant and in that way cools it down with the air coming from the radiator.
There is also a fan that drives the flow of ambient air between the radiator and
condenser.

Before the condenser, a compressor is placed to increase the pressure, and therefore
temperature, in the refrigerant going into the condenser. The compressor contains
a mass flow rate source that is controlled by a compressor map. The map takes the
pressure of the evaporator and condenser into consideration to control the mass flow
rate of the compressor. After the condenser, the cooled refrigerant goes through the
chiller and evaporator that are connected in parallel. Before going into the evapo-
rator, an expansion valve reduces the pressure of the refrigerant, which means that
its temperature is also decreased. The cold refrigerant enters the evaporator that
exchanges its heat with the air coming out of the blower and is on its way into the
cabin. The air is then heated up while the refrigerant is cooled down. The refrig-
erant that goes through the chiller first goes through an expansion valve so that its
pressure is decreased. The refrigerant is now colder than before and goes through a
heat exchanger with the thermal liquid that then goes to the battery to cool it down.

If the battery is cold enough, a chiller bypass valve drives the flow of thermal liquid
past the chiller and directly to the battery so that the battery is not cooled. This
valve consists of a 3-way directional valve where a command signal decides if the
thermal liquid should go through the chiller or not. Before the chiller, or just before
the battery loop if the chiller is bypassed, is a pump that drives the flow of the
thermal liquid. This is done with a fixed-displacement pump and a command signal
that inputs a speed into an ideal angular velocity source that then drives the pump.

3.3.2.1 Thermal management control

To be able to manage the thermal system, a control part is included in the thermal
management model. The control is divided into four different parts; control of the
fan, cabin air, coolant loop and compressor.

The fan control is used to run the fan that is placed in the condenser depending on
the temperatures of the environment, motor and inverter, as well as the pressure in
the condenser. An overview of the fan control block is shown in figure 3.26. Relays
and look-up tables use the mentioned inputs to output the desired fan speed. The
fan runs when the cabin is being cooled or when the inverter and motor gets too
warm and also need to be cooled.
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Figure 3.26: Fan control loop block.

The cabin air control states the commands to the blower and the PTC heater. In
other words, it controls the air loop of the cabin by the mass flow of the air and how
much it should be heated before entering the cabin. The block is shown in figure
3.27. The measured temperatures to decide the output commands of the blower and
PTC heater are the temperatures of the cabin, setpoint temperature by the user,
environment and PTC.

Figure 3.27: Cabin air control loop block.

The coolant loop control outputs the commands to the battery heater, motor pump,
battery pump, the valve that controls if the coolant circuit should run in parallel
or serial mode, as well as the radiator bypass valve. This control is made by using
the measured temperatures of the environment, battery coolant, battery, motor and
inverter coolant. By relays with temperature intervals of the components, these
commands are then controlling the outputs to be on, off or a certain value. Figure
3.28 shows the block of the coolant loop control.
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Figure 3.28: Coolant loop control block.

The compressor control outputs the command of the AC compressor by measuring
the pressures in the evaporator and chiller as well as if the chiller is being used and
if the AC is turned on or off. As the AC only is being used for cooling the cabin,
it is not relevant when the outside air is cold and the aim is heating up the cabin.
The control block of the compressor is shown in figure 3.29 below.

Figure 3.29: Compressor control block.
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3.4 Powertrain heat utilization

The vehicle thermal model was run with di�erent con�gurations and losses from the
LPTN model. The model was run with the variant of the NEDC described below,
in section 3.4.1 as well as the WLTC described in section 2.4.2. For comparison,
the test was run in three di�erent con�gurations; with neither losses nor preheating,
with only EM losses but still no preheating, as well as with both EM losses and
preheating.

3.4.1 Variant of NEDC

The �rst simulations were run with a variant of the NEDC. The cycle consists of
the last 600 seconds of the normal NEDC cycle, described in section 2.4.1, taken
10 times successively. The velocity pro�le is illustrated in �gure 3.30. These last
600 seconds of the NEDC consists of both the cycle with the lower peak for urban
conditions, as well as the last high speed section for extra-urban driving. The cycle
is 6000 seconds long, which corresponds to 1 hour and 40 minutes of driving.

Figure 3.30: Velocity curve of variant of NEDC for initial testing of powertrain
heat utilization.

The cycle therefore has sections of accelerations which generates thermal losses,
which is wanted when initially running the tests and utilizing the thermal losses to
heat up the cabin. This is due to the many high-speed peaks with quick accelera-
tions.
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3.4.2 Key parameters

The key parameters used during the simulations in this thesis are listed in table 3.6
below. The parameters are possible to modify, depending on the conditions that are
wanted to simulate in future work.

Table 3.6: Key parameters of vehicle thermal model simulation.

Parameter Value Unit
Ambient temperature -10 °C
Cabin setpoint temperature 20 °C
Initial motor temperature (without preheating) -10 °C
Max PTC heater power 7000 W
Motor con�guration PMSM -

46



4
Results

This chapter describes the results of the project by presenting the simulation results
of the developed models. In section 4.1, the results of the thermal model of the
electric machine is described, along with model veri�cation in steady-state and dur-
ing a driving cycle. A sensitivity analysis is presented, and the models response to
some common driving cycles is reported. Finally, loss-mode operation is discussed.
Section 4.2 describes the initial simulation results from the model for thermal man-
agement of the complete vehicle, regarding heating of the cabin, power and energy
consumption by the PTC heater and the temperatures of the EPS components. Fi-
nally, section 4.3 describes the results of thermal management utilizing heat from
the electric drive unit, both with and without a loss-mode strategy. The same as-
pects as in the previous chapter are considered, but simulated with di�erent driving
cycles and heat utilization con�gurations. The results are shown and discussed and
the results from the di�erent driving cycles as well as heat utilization con�gurations
are compared.

4.1 EM thermal model

The developed lumped-parameter model consists of a network of 17 nodes. An
illustration of the model is displayed in �gure 4.1.

Figure 4.1: Image showing the node structure.

Each node represents a section of the motor that can be parameterized by its thermal
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resistance and heat capacity. Starting from the center of the machine and moving
outward radially, the components are; shaft, rotor yoke, permanent magnet, rotor
shoe, airgap, stator teeth, winding, stator yoke and housing. Additionally, as seen
when moving axially along the machine, are nodes for end windings, bearings, end-
caps and the internal air inside the housing (but excluding the airgap). The nodes in
axial direction are duplicates with respect to each side of the machine, the drive-end
side, DE, and the non drive-end side, NDE. Additionally, the node denoted �frame�
in �gure 4.1 below signi�es the transmission in a complete drive unit.

4.1.1 Veri�cation - steady-state

The steady-state performance of the model was veri�ed by correlation with test
data running a constant operating point, such that maximum allowed temperature
is achieved in 30 minutes. This case is shown in �gure 4.2 below.

Figure 4.2: Steady-state test cycle, constant operating point during 30 min. Here
shown operating at 6000 RPM & 200 Nm.

In the following �gures 4.3 to 4.8, simulation results for active windings, end wind-
ings, rotor, housing, bearings and coolant are presented for each speed. Additionally,
�gure 4.9 and 4.10 shows the losses considered in the simulations. The subtitle to
each speed-case displays the maximum relative error over the duration of the com-
plete cycle, which is also summarized in table 4.1 in the end. Relative error is
computed during each timestep, and according to equation (4.1). Finally, table 4.2
shows the relative error at the end of the cycle, i.e. when the torque steps down.
Equation (4.1) is the metric commonly used in the EM thermal analysis literature,
and is therefore used here for easier comparison.

Relative error [%] =
Measured [°C] - Calculated [°C]

Measured [°C]
(4.1)

Figure 4.3 and 4.4 shows active- and end windings respectively, and the results are
similar. The prediction accuracy is generally higher at higher speeds, and worse at
lower speeds.

48



4. Results

Figure 4.3: Steady-state veri�cation - predicted temperature in the active wind-
ings.

Figure 4.4: Steady-state veri�cation - predicted temperature in the end windings.
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In �gure 4.4 comparing the end windings, �EW-in� refers to a temperature sensor
mounted inside the end windings, whereas �EW-top� refers to a sensor mounted on
the outer surface of the windings. The inner sensor position is the better match
to what the model attempts to simulate, and so the error stated in the subtitles
refer to the error between simulation and �EW-in�. The outer sensor measurement
is included in the plot to show that it is important to keep the sensor position in
mind when correlating against test data.

The trend is similar for the rotor measurement, shown in �gure 4.5. The motor hous-
ing shown in �gure 4.6, never reaches the measured temperature, and maintains an
almost constant deviation compared to the test data. The sensor measuring this
node is mounted on the inside of the motor casing pretty close to the stator iron,
and this surface temperature would naturally be higher than in the lumped-mass
node models. For a component such as the housing, connected to ambient air on the
outer perimeter, hot air and stator iron on the inner perimeter, and a liquid coolant
�owing through it, this component is di�cult to verify with one single measurement.
The fact that it still follows the measured trend in terms of warm-up and cool-down
very well, is considered a good correlation.

Figure 4.5: Steady-state veri�cation - predicted temperature in the rotor.
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Figure 4.6: Steady-state veri�cation - predicted temperature in the housing.

Figure 4.7 shows the simulated bearing temperature. The maximum relative error
over the complete cycle measurement suggests a very poor correlation, with a max-
imum of almost 40% error. However, as is summarized in table 4.2, the relative
error at the end of the cycle is a lot lower. This poor initial correlation could in
part be explained by the deviation in initial temperature. Sensor placement should
also be noted. Since the temperature sensor in the measurement is placed on the
outer perimeter of the bearing, drilled into the motor housing, it naturally does not
capture the same thermal mass that the node models.

The coolant temperature out of the motor is shown in �gure 4.8. While the sim-
ulation correlates very well to the measurement in terms of trend, heat-up and
cool-down dynamics, the simulated temperature is mostly about 1°C lower. This
could be related to the behavior seen in the housing plot, �gure 4.6, which also
exhibits a constant deviation from measured temperature.
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Figure 4.7: Steady-state veri�cation - predicted temperature in the bearings.

Figure 4.8: Steady-state veri�cation - predicted temperature of coolant out of the
motor.
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The losses applied during the cycle are presented in �gure 4.9, and �gure 4.10 shows
a summation of the total loss by category. It can be observed that the copper losses
in the windings do not change particularly much in magnitude, since the torque in all
cases is around 200 Nm (� 10Nm). On the other hand, iron losses in the lamination
as well as mechanical losses increase at higher speeds, and above 5000 RPM they
together outweigh the copper losses.

Figure 4.9: Steady-state veri�cation - losses during the cycles.

Figure 4.10: Steady-state veri�cation - distribution of losses by category during
the cycles.
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Table 4.1: Steady-state validation results summarized. Maximum relative error
over complete cycle duration.

Maximum relative error complete duration of cycle [%]

Speed
RPM

Component
Active

windings
End

windings
Rotor Housing

Bearing
DE

Bearing
NDE

Coolant

1000 28.7 22.5 24.1 15.8 -14.3 -10.0 4.8
2000 27.9 21.5 23.4 18.0 -27.8 -11.3 -2
3000 27.3 20.8 22.4 19.3 -38.1 -21.6 -2.8
4000 26.3 20.1 21.7 19.7 -27.0 -13.4 5.2
5000 25.9 19.7 22.7 20.3 -16.8 -7.9 5.9
6000 23.7 17.6 20.3 19.9 -27.7 -13.7 5.3
7000 22.1 16.2 17.5 19.8 -28.6 -15.9 5.6
8000 20.7 15.3 15.6 19.4 -39.6 -24.1 5.2
9000 18.6 13.0 14.1 18.5 -33.9 -23.4 2.2
10000 14.9 10.1 13.7 17.8 -25.5 -19.3 4.4

Table 4.2: Steady-state validation results summarized. Maximum relative error at
end of cycle.

Maximum relative error at end of cycle [%]

Speed
RPM

Component
Active

windings
End

windings
Rotor Housing

Bearing
DE

Bearing
NDE

Coolant

1000 6.7 0.2 14.6 15.0 1.1 -9.9 1.2
2000 12.6 6.6 16.9 17.8 0.3 -5.9 1.3
3000 15.3 10.3 17.3 19.2 0.4 -3.7 1.5
4000 16.7 12.5 16.4 19.7 -1.5 -1.9 1.6
5000 17.3 13.6 16.0 20.3 -2.5 -1.2 2
6000 16.3 12.9 13.6 19.9 6.5 -3.3 2.3
7000 15.2 12.0 10.1 19.8 -8.8 -5.1 1.9
8000 13.5 10.6 6.5 19.4 -10.8 -6.4 1.9
9000 9.2 6.9 0.9 18.5 -13.5 -8.7 2.4
10000 1.7 1.6 -6.1 17.8 -16.8 -11.3 1.6

Tables 4.1 and 4.2 show that for some measured nodes, there is a big discrepancy
in error over the complete cycle compared to the error at the end of the cycle. An
explanation for this is that the simulation cannot exactly mimic the test conditions.
This can for example be seen from the initial temperatures, as the test object does
not seem to be uniformly warm at the beginning of the test. This can have a big
e�ect on the relative error.
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4.1.2 Veri�cation - transient cycle

The transient performance of the model was veri�ed by correlation with test data
running the WLTC cycle, described in section 2.4.2. The test cycle is slightly more
aggressive due to higher speed and acceleration, as shown in 4.11. To achieve the
highest �delity possible, the exact speed, torque and voltage vectors as used by the
motor in the test was used as input to the simulation. The test was performed in
a complete ERAD, and so the motor is mounted in connection to the transmission
and inverter. These components will of course also heat up during operation, and
in�uence each other because of the direct/close contact to each other.

Figure 4.11: Transient test cycle, slightly more aggresive WLTC.

Table 4.3 below summarizes the simulation results compared to the test data in terms
of maximum absolute temperature deviation (measured - simulated) and maximum
relative error, as de�nded in eq. (4.1). The table comprises simulation results for
end winding, stator yoke, housing, rotor yoke and bearings, where eventual numbers
after the component refers to di�erent points of measurement.

Table 4.3: Maximum deviation in absolute temperature and maximum relative
error, as de�ned in eq. (4.1). All values rounded to one decimal. Numbered com-
ponents refer to di�erent points of measurement.

Measured vs Simulated temperature WLTC
Component Max deviation [°C] Max relative error [%]

End windingDE 6.9 16.4
Stator3 -2.3 8.7
Stator12 -2.0 7.4
Housing3 -3.6 13.9
Housing12 -2.9 11.6

Rotor1 7.7 20.9
Rotor2 8.0 22.0

BearingDE 12.2 4.0
BearingNDE -14.6 48.7
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Figure 4.12 below plots the deviation in temperature,�T , over the complete cycle.
The �gure shows the same cases as reported in table 4.3 above, but all plots in the
�gure have been smoothed for easier readability and visualization of trends. It can
be seen that the stator and housing temperature prediction ranges within� 4°C
from measured data. The end windings are within� 7°C, the rotor is within � 8°C
and the bearings are within� 15°C.

(a) Temperature deviation - end
windings, stator lamination and hous-
ing.

(b) Temperature deviation - rotor and
bearings.

Figure 4.12: Smoothed plots of temperature deviation during the cycle.

In the following plots of simulated temperature versus measured, the solid plots la-
beled �T1� refers to test data and the dashed lines labeled �Sim� refers to simulation
output. Figure 4.13a shows the temperature in the stator lamination, where �Slot3�
and �Slot12� refer to di�erent positions along the motor circumference. Figure 4.13b
shows the rotor temperature.

(a) WLTC veri�cation - stator tem-
perature.

(b) WLTC veri�cation - rotor temper-
ature.

Figure 4.13: Simulation of stator and rotor temperature during WLTC compared
to test data for veri�cation.
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Figure 4.14a shows the housing temperature, where �Housing3� and �Housing12�
again refers to di�erent sensor positions along the circumference of the motor. Both
are included in the plot to show that the temperature in a component di�er depend-
ing on where the measurement is taken. This can not be captured in the model,
but is important to be aware of when comparing to test data. Figure 4.14b shows
the temperature in the end windings, there �inDE� refers to the sensor inside the
windings and on the drive-end side.

(a) WLTC veri�cation - housing
temperature.

(b) WLTC veri�cation - end
winding temperature.

Figure 4.14: Simulation of housing and end winding temperature during WLTC
compared to test data for veri�cation.

Figure 4.15a shows the bearing temperature for each side. An unexpected behaviour
is revealed in terms of di�erence between DE and NDE, where the drive-end side
would be expected to be the warmer side. Figure 4.15b shows coolant temperature
out of the motor, and a rather poor correlation to the test data. This is mainly
because the initial temperature is inconsistent between simulation and test data.
This fault is explored further in the next section, 4.1.2.1.

(a) WLTC veri�cation - bearing
temperature.

(b) WLTC veri�cation - coolant
temperature out of motor.

Figure 4.15: Simulation of bearing and coolant temperature during WLTC com-
pared to test data for veri�cation.
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4.1.2.1 Possible sources of error & correlation corrections

While the simulation results over the complete WLTC cycle correlates well to the
test data in terms of trend and absolute temperature, there are sections of the cycle
were the simulation does not follow the same gradient as the test data. In this
test case, a complete ERAD unit is tested, and as previously discussed, the motor
temperature gradient is a�ected by the nearby components. In this particular case,
the motor coolant comes from the inverter, and while the inlet temperature to the
ERAD is kept constant at 25°C, it will heat up before reaching the motor. Figure
4.16 below shows the coolant temperature in and out of the inverter, and out of the
motor.

Figure 4.16: Coolant temperature from test data - temperature into inverter, out of
inverter/into motor and out of the motor. Normalized to nominal inlet temperature.

To further mimic the test conditions as closely as possible, the coolant temperature
into the motor from the test data (red plot in �gure 4.16 above) is used as input.
The results from re-running the simulations with this new boundary condition is
shown in �gures 4.17 to 4.20 and summarized in table 4.4.

Figure 4.17 below plots the temperature deviation,�T , over the complete cycle.
All plots in the �gure have been smoothed for easier readability and visualization
of trends. It can be seen that the stator and housing temperature prediction ranges
within � 3.3°C from measured data. The end windings are within� 4.2°C, the
rotor is within � 9.5°C and the bearings are within� 6.5°C.
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