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Abstract: The power density of electric machines for future battery electric vehicles must be further
increased to improve customer benefits. To this end, this paper compares two state-of-the art
electrical traction machines and evaluates the potential for increasing the power density using a
third, novel high-speed machine design. The analysis is performed using an electromagnetic finite
element analysis, a thermal network with lumped parameters, and a coupled electromagnetic-thermal
simulation. The simulations of the three machines evaluate the potential for increasing the power
density and overload margins, as well as reducing material consumption. With regard to the active
thermal control, the new design aims for reduced thermal capacities and increased loss density to
optimize the thermal controllablity and overall performance. The thermal active control is analyzed
in thermal transient simulations and electromagnetic simulations with different magnet temperatures.
The results show that higher magnet temperatures benefit efficiency and reduce losses for low torque
at high speeds. However, a colder magnet is needed for maximum torque at base speed. A maximum
loss reduction of 24% is achieved with a 100 °C magnet-temperature difference at maximum speed
and low torque.

Keywords: electromagnetic simulation; interior permanent magnet machine; power density; temper-
ature dependent control

1. Introduction

The need to reduce emissions has made the requirements for electrical machines
even more demanding, with the cost and availability of materials being critical factors in
the development of electric drive units, as well as improving their efficiency and range.
Increasing the power density of electrical machines is a promising approach to meet these
requirements, as presented by various methods highlighted in this paper. This not only
helps in meeting the demands, but also leads to more sustainable electrical machine designs.

In recent years, development trends show an increased component power in the
electric drive train, and also in electrical traction machines, as depicted in Figure 1 [1].
Increasing the maximum machine speed is the second distinctive trend which can be
observed. Advantages in power density and efficiency have led to the predominant
use of interior permanent magnet synchronous machine (IPMSM)s in electrical traction
applications [2]. It is well known that active thermal control of electrical machines can be
used to minimize losses. In this work, we combine this degree of freedom with common
measures to increase the power density and investigate the synergies.

Although not the topic of this work, it is worth mentioning that lightweight construc-
tion approaches, such as the use of carbon-reinforced fiber material or topology and shape
optimization in several components can also result in higher power density [3,4].

This work is structured as follows: First, an overview of existing traction machines
in production vehicles is given. Then, the basic specifications of the three simulated
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machines are given. Next, fundamentals of the definition of power density are recapitulated
and the simulation setups are described. Two representative passenger vehicle traction
machines are analyzed with regards to their power density and power loss density in
electromagnetic-thermal simulations. These two state-of-the-art machines are compared
to the third new developed high-speed, i.e., 25,000 rpm maximum speed, machine. This
machine is especially designed for active thermal control operation, which has further
potential for obtaining a higher power density.

In this work, different measures for power density improvement are presented and dis-
cussed. Afterwards, four common approaches to increase the power density are examined:

1.  An electromagnetic design approach aimed at increased speed and reduced torque,
which leads to smaller machines at the same mechanical power.

2. An improved thermal layout, resulting in higher power limits and more efficient

operation in certain ranges, at the same machine size.

Thermal active-component-wise control that reduces losses in large operation areas.

A reduction in loss with the same thermal layout, allowing operation at increased

mechanical power, at the same machine size.
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Figure 1. Overview of performance of traction drives [5-11].

Owerview of Current Electric Vehicle Traction Machines

There is a general trend to increase the speed, as can be seen in Figure 1: starting from
6000 rpm between the years 1997 and 2002, to 12,000 rpm and 13,000 rpm around 2012, and
finally reaching around 17,000 rpm in the most recent electrical vehicles (EVs), from 2016.

Considering the Prius as a representative hybrid electrical vehicle (HEV), from genera-
tion 2 to generation 3, a 1.5 kW /kg (45 %) increase was realized. The Prius generation 4 has
an additional increase of 0.9 kW /kg (18.7 %) compared to generation 3 [5-7]. This could be
achieved by an optimization in the electromagnetic design. The obvious measures are:
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* Increasing the speed. Assuming a similar corner speed to the maximal speed ratio,
the maximal speed can be used as an indicator for increased speed at peak power.
Early designs have a maximum speed of 6000 rpm, which is successively increased to
17,000 rpm by 2017, depicted in Figure 1.

¢  Reduction in the amount of electrical steel used in the rotor, as discussed in [1,5,6],
which results in an overall lower weight at the same power, thus increasing the
power density.

¢  The rotor pole geometry is altered significantly throughout the generations, which
probably improved the electromagnetic characteristics.

Although it cannot directly be concluded from the specifications presented in Figure 1,
it can be stated that more sophisticated cooling systems are utilized for improved perfor-
mance (regarding efficiency, power density, and maximal power) [12]; cf. Section 3.3.

2. Investigated Electrical Machines

The investigated electrical machines are three [PMSMs. Two machines are very similar
to existing series electric vehicles’ traction drives. These machines (electrical machine
model 1 (M1) and electrical machine model 2 (M2)) represent the state of the art considering
their motor topology, power class, and cooling systems. Electrical machine model 3 (M3) is
a development which tries to capture trends beyond the state of the art, regarding operating
speed, power density, and thermal design.

An overview of the machines’ specifications is given in Table 1. The performance
data are determined at winding temperature (&yyinding) = 160 °C and magnet temperature
(Omagnet) = 160 °C from the electromagnetic simulation. The DC link voltages are all in the
similar range of a 400 V system, and the winding type is hairpin-distributed winding for
all three machines. M1 and M2 both have a 48 slot, 8 pole configuration, whereas M3 has
a 54 slot, 6 pole configuration due to its higher operating speed. Machines M1 and M2
are, in general, bigger and heavier than M3. Machine M1 weighs 75.68 kg and M2 43.44 kg
(about 310 %, and 136 % heavier than M3). For the weight distributions, see Table 2.

Table 1. Specifications of investigated machines.

M1 M2 M3
Motor Type IPMSM IPMSM IPMSM
Rotor Poles 8 8 6
Slot Number 48 48 54
Winding Type Distributed Distributed Distributed
Active Length (mm) 230 175 73.5
Stator Outer Diameter (mm) 220 190 175
Magnet Weight Share (%) 4.52 4.06 4.3
DC-link Voltage (V) 355 350 400
Max. Speed (rpm) 16,000 14,500 25,000
Max. Torque (N m) 284 171 129
Max. Power (kW) 158 109 86
Max. Power per Weight (%) 2.09 251 4.68

The cross-sections of the machines’ rotors and stators are given in Figure 2. Electrical
machine M1 has a delta-shaped pole and measures 220 mm active axial length and 190 mm
stator outer diameter. It has a maximum speed of 16,000 rpm and a maximum torque of
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284 N'm, which is higher than the torque of the compared machines. Machine M1 has a
peak power of 150 kW.

M1 M2 M3

Figure 2. Radial cross-sectional views of the investigated machines. From left to right: M1, M2,
and M3.

The second electrical machine, M2, has a V-shaped pole, an active length of 175 mm,
and a stator outer diameter of 190 mm, and reaches 14,500 rpm and a maximum torque of
190N m at a maximum power of 109 kW.

With the double V-shaped pole and the smallest overall volume (73.5 mm active axial
length and 175 mm stator outer diameter) and weight (18.37 kg) of M3, the machine still
reaches 80 kW, with a maximum speed of 25,000 rpm.

Both reference machines, i.e., M1 and M2, exhibit similar specific power per weight
(0grav) of 2.09 l%/g\/ and 2.51 1%;/ M3 has a significantly higher specific power per weight of
4.68 5%

In Table 2, the weight shares of the machines are shown. The magnet weight share is
around 4 % for all machines. Also, the stator makes up around 30 % for all machines. M3
shows a higher share for the winding (21.8 %), and reduced rotor share of 19.3 %, whereas
the compared machines show around 30 % for the rotor and 9.8 % (M1) and 12.3 % (M2)
for the winding.

Although machine M3 has a significantly lower maximum power than machines M1
and M2, the amount of converted energy in machine M3 is the same in the assumed drive
cycles. The occurring losses in machine M3 can be assumed to be very similar, since the
efficiency is also similar. Considering the smaller volume and mass of machine M3, the loss
density is in general higher in M3. In particular, this will be quantified in Section 5.1 for all
three machines. This higher specific loss per volume also allows the active conditioning of
each machine component, as explained in Section 6.

All the machines use housing water jacket cooling. Although machine M3 can op-
tionally be used with additional sophisticated component-specific cooling concepts (direct
stator and rotor magnet cooling cf. [13]), these are not considered in the following. Instead,
further investigations are planned to show the specific thermal conditioning possibilities.
These machines are selected for comparison because they represent a typical range of
machines for passenger vehicles with similar system specifications and the same topology
and basic design concepts.
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Table 2. Weights of investigated machines.

Component Material Volume (1) Weight (kg) Share (%)
M1 Winding Copper 0.8 7.39 9.8
Stator N27 29 22.37 29.6
Rotor N27 2.8 21.58 285
Magnet N42UH 0.5 3.42 4.5
Shaft Structural Steel 0.8 6.25 8.3
Housing Aluminum 5 13.98 18.5
Total - - 75.68 -
M2 Winding Copper 0.6 5.33 123
Rotor N20 1.7 13.05 30.0
Magnet N30UH 0.2 1.76 4.1
Shaft Structural Steel 0.3 2.71 6.2
Housing Aluminum 22 6.09 14.0
Total - - 43.44 -
M3 Winding Copper 04 4 21.8
Stator N20 0.7 5.34 29.1
Rotor N20 0.5 3.55 19.3
Magnet N30UH 0.1 0.79 4.3
Shaft Structural Steel 0.1 0.94 5.1
Housing Aluminum 1.2 3.42 18.6
Total - - 18.37 -

3. Methods and Fundamentals

The mechanical power at the shaft, mechanical power (Pyecn), is defined by the torque
(T) and speed (n):
Poech =2 T - n. 1

To ensure proper comparability, the electric machine is used with a generic hous-
ing, and the performances are derived from simulations, with the simulation setups and
boundary conditions being identical.

The overall mass of the electrical machine is defined by:

MEM total = Mwinding + Mstator + Mrotor+ o)

Mmagnet + Mshaft + Mhousing

where Myinding 1S the mass of the copper of the winding, mistator is the mass of the stator
lamination sheets, myotor is the mass of the rotor lamination sheets, mgp,,¢ is the mass of the
shaft, and mpousing is the mass of the generic housing. Each of the investigated machines
is separated into these component weights in Table 2. A straightforward way to roughly
estimate the machine’s overall electromagnetic active volume,

2

D
S,0D
VEM,total =1- T/ (3)

is to consider the active length of an electrical machine (/) and the stator outer diameter
(Ds,0op). The actual volumes and masses of each component are used for the power
loss density.

The power density (gravimetric) is defined as power per weight:

Prmax
Pgrav = ——— 4)
MEM, total



Energies 2023, 16, 7369

6 of 27

or volumetric; power per volume:

Pmax (5)

P vol = 7
VEM,total

with maximal mechanical output power (Pmax) and total mass of the electrical machine
(Mtota1), OF the simplified machine volume (Vg tota1), defined in (2), (3), respectively. How-
ever, the initial quantities are often not properly defined, especially in specifications for
commercial use. In fact, there is no clear definition of power and weight, but a variety
of possible interpretations are used. It is a significant difference whether comparing the
weight for the complete electric drive unit (EDU), the electrical machine including power
electronics, or only the electrical machine. Another example is the choice of the specified
maximum power. Both continuous power and peak power are used, where 10 or 30 s are
specified for the latter. The same definition can be used to give a specific loss per volume
(specific loss per volume (o 1)) for each component i

Py
PLvol = = '/ 6)

as given in (6), where Py ; are the losses in one component, i, and Vg ; is the corresponding
volume of component i.

The power for continuous operation is defined by the same maximal operating tem-
peratures (i.e., 160 °C for winding and magnets) coming from the electromagnetic—thermal
simulation. The overload power is set as the maximum power before significant saturation
effects are noticeable, considering the electromagnetic simulation results only. The detailed
investigated electrical machines are modeled in ANSYS MotorCAD for the electromagnetic
investigations in 2D finite element analysis (FEA), and for the thermal investigations in a
lumped parameter thermal network (LPTN).

3.1. Losses Analysis

Total losses, as shown in (7), can be separated into copper losses (P ) in the windings,
iron losses (P jron) in the laminations of the stator and rotor, magnet losses (PLmagnet) in the
magnets, and mechanical loss (P, ech) such as windage losses and bearing friction losses.

P, Ltot — PL,Cu + P L,iron + P L,magnet + P L,mech~ (7)

For the investigated IPMSM designs, iron losses and copper losses show the highest
share in the average load range. Considering the speed ranges of the other machines in the
benchmark in Figure 1, P i;,n may be the major loss and its reduction could be a promising
approach for increasing the power density. Although magnet losses have only a small
share in the total losses, a reduction in P magnet could be advantageous for operation in
high-speed ranges, since often the loss density in the rotor is one limiting factor in this
range. In the base speed range, P c is usually the dominant loss type.

For machine M3, the loss separation is shown for the complete operating range in
Figure 3. The main loss is P, ¢y, with up to 90% in the base speed range and up to 70% in the
field-weakening range. In the lower-torque range, meaning up to 25Nm, P i;on has a share
of around 70%, and in field weakening, also in the high-torque range, still a share of 20% to
30%. PLmagnet generally has its maximum of around 2.5% in the field-weakening range.
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Figure 3. Loss shares for M3 at Umagnet = 160 °C, l9winding =160°C.

3.1.1. Copper Losses

The copper losses can be separated into DC (copper losses DC part (P, cy,pc)) and
AC (copper losses AC part (P, cy ac)) parts, and considering a linearized temperature
dependence represented as (8), where Rpc is the DC-equivalent resistance and R, the
equivalent AC resistance, and I is the current, as described in (8), where ag is the temper-
ature coefficient of copper and Af the temperature change with respect to the reference
temperature 0,f.

Prcu(9) = PLcupc(®) + Prcuac(d)
= (Rpc(Bref) - [1+apco - AB]) - IP ®)
+(Rac(l9ref) : [1 + XACH * Aﬂ]) : IZ
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3.1.2. Iron Losses

The nature of the iron losses has been investigated and discussed in depth: [14,15].
With respect to the loss distribution over the operating range, as shown in Figure 3, iron
losses account for up to 90 % and over wide ranges up to 25 % of the total losses. Consider-
ing the loss shift due to higher speeds mentioned in Section 3.4, reducing iron losses is one
important task in future designs. In general, iron losses can be most effectively reduced by
the choice of low-loss materials, which are determined either by the material composition
or by the lamination sheet thickness; however, in this study, the new designed machine M3
already uses low-loss core materials and, therefore, the potential is limited here.

3.1.3. Magnet Losses

The main origin of magnet losses are eddy currents; hysteresis losses can be ne-
glected [16,17]. Since eddy current losses are proportional to the square of frequency [18],
magnet losses have to be considered, especially in high-speed operation, as can be seen in
Figure 3. Also, eddy current losses are temperature-dependent, and are lower at increased
temperatures [17].

Although magnet losses make up only a small part of the total losses in common radial
flux machines with distributed windings (in the case of machine M3 maximal 2.5%), it can
be useful to reduce PLmagnet- Magnet losses can be significantly reduced by axial and or
tangential magnet segmentation [19,20]. In general, the improvement should hold against
overall machine loss, specific operating limits (e.g., magnet operating temperatures), and
the higher manufacturing costs. An example of a real-world traction drive which uses
magnet segmentation is Tesla’s Model 3 [1].

3.2. Reduction of Losses

A favorable way to increase the power density is by reducing the total losses in the
electrical machine. On the one hand, the reduced losses will increase the reachable Py o,
at the same input power. On the other hand, reduced losses will result in a lower thermal
loading, resulting in the same temperature at a higher power. Therefore, a loss reduction
will have a double beneficial effect on the power density increase.

In the electromagnetic design process, the most relevant operating range for efficiency
has to be defined prior to choosing the measures for loss reduction. As briefly described
in Section 3.4, the different types of losses can be shifted for different electromagnetic
design concepts.

Since copper losses make up a large share of the total losses, it makes sense to focus
on a decrease in the current I or on reducing the phase resistance [21]. The assumption
of a reduced current I can be implemented both by the concept of active thermal-field
weakening (cf. Section 6) and by the choice of the electromagnetic design (cf. Section 3.4).

Since the phase resistance, in the case of copper, is temperature-dependent, cooler
windings will result in a significant reduction in the DC part of copper losses. However,
the AC part of copper losses has an anti-proportional behavior since eddy currents will
be higher for an increased conductivity in the material. In the end, it has to be estimated
which loss share is more predominant and which target temperature should be selected
for minimum losses. Reducing copper losses and having the same cooling boundaries
generally results in cooler windings.

It is obvious that improved cooling of the stator windings leads to a higher power
density. Sophisticated cooling systems can be specifically used to dynamically and precisely
control the winding temperature to the optimal target temperature. In the end, the maximal
heat dissipation is limited and further power density increases have to be investigated
considering the tradeoffs for each individual design.

3.3. Improved Loss Dissipation

The maximum operating temperature of an electrical machine is defined by the mate-
rial limits of the components (e.g., housing, bearings, shaft, lamination sheets, windings,
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insulation, permanent magnets). Usually, the components which are closest to their tem-
perature limits are the windings (insulation) [22] and magnets [23]. However, the magnet
limit is harder to specify, since it is also dependent on the operating point of the magnet; an
example calculation can be found in [24].

Improved cooling concepts can ensure the temperature limits in the machine’s hot
spots, at an increased mechanical power, and total losses, respectively. A thorough review
is given in [12]. In general, methods are categorized by the location of cooling, i.e., direct
contact with the cooled components (spray cooling, flushing, channels in active compo-
nents), and indirect (cooling jackets, housing fins, and shaft cooling). The second distinctive
characteristic is the choice of cooling medium. Commonly, gas or liquid (water-based or
oil-based) coolants are used. Cooling of electrical machines was always a topic of interest,
as can be seen by early patents, e.g., [25]. Nowadays, especially in mobile applications,
increases in power density are becoming more relevant. Recent developments include
direct-end winding cooling concepts [26], direct winding cooling [27], as well as improved
housing jacket cooling [28]. All these approaches mainly target the winding temperature.
Realizations of rotor cooling, to dissipate loss from the rotor to extend the operating range
and increase efficiency, which reduce losses and increase the driving range, are becoming
more important [24].

Rotor-cooling concepts can be categorized, as in [12], into rotor shaft cooling, direct
liquid-cooled rotor, rotor spray cooling, and combinations of those concepts. Furthermore,
air-cooled rotor and rotor jet impingement cooling have to be named. In the following,
the focus is on direct liquid-cooled rotor concepts, since these probably offer the highest
potential regarding magnet conditioning.

The first patent dealing with dedicated rotor cooling was filed in 1990 and patented
in 1993 [29]. It consists of a hollow shaft and multiple cooling channels in the rotor.
Subsequent patents were disclosed in 2009 [30], also a liquid hollow shaft with coaxial
design, and 2013 [31], a hollow shaft with air cooling. In 2014, in [32], a closed hollow shaft
solution with heat exchanger and phase-change approach was published. In 2017, a patent
considering a hollow shaft was disclosed [33]. Following that, commercial approaches
were realized by Equipmake [34] and Audi [8]. It is obvious that dedicated conditioning
of separate machine components is an upcoming technology trend, which enables higher
power density, higher efficiency, in particular in certain operating ranges (cf. Section 6),
and finally, enables smaller-sized machines. These smaller machines, i.e., machines with
higher power density, with dedicated conditioning, are the key to the effective dynamic
active-thermal-control strategy for further performance optimization.

3.4. Electromagnetic High-Speed Design

The mechanical power can be defined in analytical sizing [35] by
Prech =C-Dgip - 11, ©)

where the defined quantities are the stator inner diameter (Dgp), the utilization factor
(C), the active length of an electrical machine (/), and the speed. The mechanical power is
proportional to the torque and to the speed, and the torque is proportional to the square
of the stator inner diameter Dgp. Consequentially, the same mechanical power can be
realized by reduced torque and increased speed. This results in a shift from copper losses
to increased iron losses, magnet losses, and mechanical loss, which must be taken into
account in the design phase.

The maximum torque-speed characteristic of the high-speed machine M3 can provide
the same power at higher speeds and significantly lower torque. Thus, the overall volume
and weight of an electrical machine can be reduced, c.f. Section 5.1. As shown in Table 1,
high-speed machine M3 has a 123 % higher gravimetric power density compared to the
state-of-the-art machine M1. Additionally, the component weights, and along with this the
thermal capacities, will be decreased, leading to a more dynamic thermal behavior.



Energies 2023, 16, 7369

10 of 27

Nevertheless, in the end, the electromagnetic benefits of high-speed machine designs
needs to be weighted, on a system level, against a higher gear ratio in transmission, special
bearings, and material choices, which is not part of this study.

3.5. Active Thermal Control

As mentioned in Section 3.3, the majority of (rotor) conditioning concepts aim at
either an extended operating range or performance improvement by ensuring that magnet
temperature stays below the defined limit.

For the winding, a faster controlled and limited heat-up can be beneficial for the
reduction in the AC part of the copper losses.

An intentionally hot-conditioned magnet has a significant potential to reduce losses,
as described in this work by the electromagnetic investigations.

IPMSMs cannot modify the rotor flux, which is chosen to reach maximum torque.
For field weakening, this flux then needs to be compensated for by direct axis current
(Iq). This results in increased loss, and further, increased cost, requiring either higher-
energy magnets or more magnetic material, which additionally reduces the power density.
The only possible way to change the magnetic flux, excluding Iy, is increasing the magnet’s
temperature [36]. The commonly used Neodymium Iron Boron (NdFeB) magnets show a
temperature-dependent remanence flux density. The used magnet material in the investi-
gated machine M3 is given in [37], and exhibits an averaged linear reversible temperature
coefficient of —0.1125 22.

With an appropriate conditioning system, dedicated to controlling magnet temper-
ature, scenarios with hot as well as cold magnets and additionally transient changes in
magnet temperature can be achieved. Especially for the operating range at lower torques,
where a hot magnet is beneficial; c.f. Section 7. Given a machine with such a conditioning
system, the loss can be minimized in all operating regions, increasing the effective power
density and driving range. For identification of the loss reduction potential, electromagnetic
simulations for the IPMSMs are performed, which are described in Section 4.

Current EVs have unnecessarily high power reserves in the base speed and field-
weakening range. This over-performance is usually achieved by higher torques, e.g., ma-
chine M1 has 200N m to 350N m [1]. In simplified terms, torque is proportional to the
size of the machine. Large machines have higher thermal capacities and a slower thermal
response. On the one hand, this allows for longer or higher overload operation with a
standard housing water jacket, but on the other hand, it limits the power density and makes
active-component conditioning more difficult.

For identification of the loss reduction potential by active thermal-field weakening,
electromagnetic simulations for the IPMSMs are performed.

4. Simulation Setup

For a holistic comparison, every physical domain that affects the performance of
the machines needs to be simulated. The investigation is split into a stand-alone 2D
electromagnetic FEA simulation, a thermal LPTN stand-alone simulation, and a coupled
electromagnetic—thermal simulation. The electromagnetic simulation is used to identify
the maximum torque-speed performance as well as providing an estimation of the effi-
ciency. Furthermore, the resulting losses are used as input for the thermal simulations.
The stand-alone thermal simulation is used to compare the temperature development in
high-speed- and high-torque-case operating points. The coupled electromagnetic—thermal
simulation evaluates the machines’ behavior in common drive cycles such as WLTC or
Artemis motorway 150 (Artemis motorway 150), considering the efficiency, temperature
development, and main ranges of energy conversion. In the following, the simulation
approaches are briefly described.
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4.1. Electromagnetic Model

The electromagnetic model represents the rotational symmetric part of the machine as
a two-dimensional stationary electromagnetic FEA. The outlines for the simulation model
are taken from Figure 2. The materials are characterized on the basis of [38,39] for the
electrical steel and on the basis of [37,40] for the magnets. The material data for copper
is taken from the MotorCAD database; it has a defined electrical resistivity of 17.24 nQ m.
The simulations are current-fed with sinusoidal current wave forms, i.e., they are fundamen-
tal wave models, which means that no harmonic effects from, e.g., inverter-based current
wave forms, are accounted for. The conductors are represented by homogeneous areas of
constant current density. The temperature effects are defined by material characterization
in pre-processing only, i.e., the resistance of the winding and remanence of the permanent
magnet. The temperature is assumed to be constant in each electromagnetic simulation
step. The control strategies maximum torque per ampere (MTPA) and maximum torque
per flux (MTPF) are adjusted for each magnet temperature to achieve minimal losses, with
an assumed 5 % voltage reserve [41]. The control parameters, i.e., [ and quadrature axis
current (Iq) are identified a priori using ANSYS MotorCAD Lab.

The operating maps, with temperature-optimized control parameters. are simulated by
steady-state simulations for defined torque and speed set points using ANSYS MotorCAD.
The resulting loss data are interpolated in post-processing. The rotational speed, amplitude,
and phase of the current is defined for each simulation point. The iron losses and magnet
losses are calculated in the FEA, while the copper losses are only represented as in (8). The
winding temperature is assumed to be 160 °C as a possible worst case for copper losses and
the temperature limit of insulation class H (180 °C according to [22]), with a feasible margin.

To perform an in-depth analysis of power and loss densities, the different machines
are compared at specific operating points.

4.2. Thermal Lumped Parameter Model

The thermal transient simulations of the electrical machines are performed using
lumped parameter thermal network (LPTN) models. The thermal networks depict the
radial cross-section of the motor. For each motor, one pole is modeled and thermal resis-
tances and capacities are scaled to values for the whole machine. In addition, the axial
heat flow is modeled with a front and rear section, so that the networks depict the ma-
chines in three axial layers (front, rear, and the main section in between). For reference,
the resulting thermal network is depicted in Appendix A. Cooling is modeled assuming
fixed temperatures at the cooling inlet and thermal resistances from the inlet to the cooled
machine components. Depending on the individual geometry, each LPTN network consists
of around 70 nodes. The recommended values, given for the materials in Table 3, from the
ANSYS MotorCAD database were used for each machine; no parameter identification of
the heat transfer coefficients (HTCs) was performed. The thermal conductance of the stator-

to-housing is set to 1057 %, and of housing-to-bearing shields, rotor lamination-to-shaft

and magnets-to-lamination are set to 6341 % The effective bearing conductance is speed

independent and set to 75.8 % The effective air-gap resistance is speed-dependent and
given in Figure 4. The identification of the critical heat transfer coefficient (HTC)s from the
winding to the stator and convective heat transfer from the rotor to the stator and winding
would result in more realistic values for the temperatures. For reasons of comparability,
and since no particular features are implemented in the investigated machines, the used
values are considered to be accurate enough. The coolant boundaries are constant and
set to be same for each machine at a volume flow of 6 ﬁ and 60 °C inlet temperature.
The ambient temperature is set at 24 °C, and only natural convection is assumed at the
machine’s outer surface. The simulation step time is 1.
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Table 3. Material specifications in thermal model.

. Thermal i IK .. ke
Material Conductivity (VK) Specific Heat (1) Density (- 3)
Electrical steel 27 460 7650
Aluminum 168 833 2790
Copper 401 385 8933
Structural Steel 52 460 7800
Magnet 7.6 460 7500
Insulation 0.2 1000 1400
Slot Liner 0.21 1000 700
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Figure 4. Thermal effective resistance of the air gap of the investigated machines.

4.3. Transient Electromagnetic—Thermal Model

Since drive-cycle simulations have a quite extensive time frame, the coupled simulation
model is simplified. Therefore, the electromagnetic behavior is represented by a map-based
model, where flux linkages and inductances are [4- and [ -dependent and losses are speed-
and torque-dependent. In each time step, the requested torque and speed is input to this
model (as well as the temperatures of the magnets and windings resulting from the LPTN
model). The corresponding machine behavior is fed back and the losses in particular are
fed into the LPTN model.

Housing cooling with a flow rate of 6 ﬁ and a coolant temperature of 60 °C is
used. The coolant is an ethylene glycol-water mixture in the proportions of 50% for
water and ethylene glycol. The start temperature for the drive-cycle simulations of the
complete machines is the ambient temperature of 24 °C. The temperatures used for steady-
state simulations are the resulting temperatures after five drive cycles using the Artemis
motorway 150. For all simulations, the same 1800 kg vehicle model is used. The gear ratio
is adapted for each machine to match the maximum motor speed to a vehicle speed of
180 kTm For each machine, the drive cycle is simulated five times in a row.

5. Simulation Results

For a holistic evaluation, the machines are compared in driving cycles and explicit
stationary operating points, as well as stationary points over the entire operating range.
The focus is first placed separately on the electromagnetic and thermal behavior. Subse-
quently, a dedicated thermal-electromagnetic coupled investigation is considered.
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5.1. Stationary Electromagnetic Performance Analysis

Efficiency maps, including maximum and continuous torque as well as markers of
the operating points of the considered machines, are given in Figure 5. Continuous torque

curves are shown in dashed lines for a resulting maximal winding and magnet temperature
of 160 °C.
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Figure 5. Efficiency maps and continuous torque curves of M1 to M3 for a magnet and winding
temperature of 160 °C.

Four operating points are defined for specific power requirements. The resulting loss
densities are calculated using (6).

e The OPHT is a high-torque, low-speed operating point at 35 kW, the loss density is
shown in Figure 6a.

*  TheOPHS is a high-speed, low-torque operating point at 40 kW, the loss density is
shown in Figure 6b.

*  The OPMS is an operating point defined for the maximum speed and a power of
30kW, the loss density is depicted in Figure 6c¢.

¢ The OPA150 is an operating point which is derived from the average torque and speed
of the considered machines in the Artemis motorway 150 cycle. The loss density of
operating point averaged from Artemis 150 cycle (OPA150) is shown in Figure 6d.

Due to the different operating ranges, these operating points are differently placed
within the operating range of each machine, the torque-speed positions are shown in
Figure 5. The operating point high torque (OPHT), operating point high speed (OPHS), and
operating point maximum speed (OPMS) conditions represent the limits of the operating
ranges and can be used to consider special use cases such as rotor heat-up on a long
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high-speed trip (OPMS and OPHS), or stator heat-up during extreme acceleration or hill
climbing (OPHT).
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Figure 6. Electromagnetic loss density for (a) operating point high torque (OPHT), (b) operating point
high speed (OPHS), (c) operating point maximum speed (OPMS), and (d) operating point averaged
from Artemis 150 cycle (OPA150).

5.1.1. High-Torque Operating Point

In operating point high torque (OPHT), a typical behavior for high-torque, low-speed
operation can be observed. The highest loss density occurs in the windings for all machines.
Loss density in the windings is especially high for OPHT due to high currents for the
high torque demand. Machine M3 shows the highest loss density, of around 12,000 ¥,
compared to 3800 ?(MZ) and 2400 ¥ (M1). This results also in a rather fast temperature
rise of the complete machine. The frequency-dependent losses, i.e., P iron and Pp magnet are
comparable for all machines and significantly below all other analyzed operating points.

5.1.2. High-Speed Operating Points

For high-speed, low-torque operating points OPHS and OPMS, the loss density in
the windings is roughly halved but still high. It is notable that M1 shows an increase of
around 142 % in the winding loss density from OPHS to OPMS, compared to M2 of only
69 % and M3, which shows a reduction of 7 %. This indicates that the magnets of M1 are
clearly oversized, which results in a substantial field-weakening current being needed and
leads also to a lower efficiency in this operating region, as can also be seen in Figure 5,
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where M1 shows a wider range with low efficiency at very low torques compared to M2
and M3. The loss density in the stator is increased significantly, by around 300 %, for all
machines, due to the increased frequency in the excitation current and the resulting stator
rotational field. Higher harmonics in the rotor flux density lead also to increased loss
density in the rotor, which is visible in the roughly five-times-higher rotor loss density and
ten-times-higher magnet loss density, similar for all machines. The magnet loss density
does not show a general trend from OPHS to OPMS: M1 shows the commonly expected
increase, but M2 only marginally increases and M3 shows a reduced magnet loss density,
by around 44 %.

5.1.3. Artemis Motorway 150 Operating Point

The operating point OPA150 is derived from the Artemis motorway 150, i.e., average
speed and torque of the cycle. OPA150 represents a more realistic long-term operating
point in the high-speed region compared to OPHS and OPMS. For M2 and M3, OPA150
is located in the maximum-efficiency region, but for M1 it is torque-wise well below the
maximume-efficiency region. The winding shows the lowest loss density of all the depicted
operating points, but the ratios between the three machines are similar, as for the other
operating points. The stator loss density is in a range between 450 % (M2) and 497 %

The common observation from all of the investigated operating points is that machine
M3 has higher loss densities for all components, the only exceptions are the loss densities of
the magnet and rotor for OPMS, where M1 has a similar rotor loss density and 85 % higher
magnet loss density. While a similar distribution can be observed for the stator loss density
for all machines (cf. Figure 6¢,d), machine M3 shows a significantly higher winding loss
share of 51%.

5.2. Electromagnetic Transient Drive-Cycle Analysis

For further comparison of the investigated machines, transient drive-cycle simulations
are performed in Artemis motorway 150 to compare the machines in a highway operation.
The magnet and winding temperatures are set to 160 °C as a worst-case estimate.

Figures 7-9 show the operating point distribution, i.e., the energy conversion share,
of the drive cycle for each machine plotted onto the corresponding efficiency map. The color
scheme allows for the differentiation of the energy conversion at the different operating
points. Furthermore, the operating range of highest efficiency, i.e., always higher than 96%,
is marked by a blue outline. The total electromagnetic losses are shown as contour levels
and are marked with labels.

The drive-cycle analysis for M1 shows that the main energy conversion is below
100N m and between 8000 rpm and 13,000rpm. As can be seen in Figure 7, even for
highway situations, M1 operates only in a limited region of the map and outside of the
maximum efficiency region, for which a higher torque would be needed. For the case of
the Artemis motorway 150, this machine can clearly be considered oversized. As can be
seen in Figure 8, M2 only partly has energy conversion outside of the most efficient region,
because partly the torque range in the drive cycle is lower than the highest-efficiency region.
Already, the smaller M2 shows a better matching of the maximal efficiency area and the
area of most converted energy in the Artemis motorway 150 cycle.

As is depicted in Figure 9, M3 mainly operates in a range below 50 N m and between
12,000 rpm and 20,000 rpm. The torque reaches the maximum torque for speeds higher
than 15,000 rpm. Therefore, compared to the other machines, the operating points are more
distributed over the possible torque range in this machine’s operating range. M3 generally
operates at a lower torque but higher speed than machines M1 and M2. The energy
conversion is observable mainly in the high-efficiency region of the operating range.

It can be concluded from the results shown in Figures 7-9 that M3, as the smallest
machine, best matches this representative cycle’s requirements. Machines M1 and M2 could
be downsized to a lower target maximum torque without having an effect on the driving
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scenario and are, therefore, considered to be oversized. A small, high-speed machine, such
as M3, is more suitable in this highway drive cycle.
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Figure 7. M1, energy conversion in Artemis motorway 150.
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Figure 8. M2, energy conversion in Artemis motorway 150.
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Figure 9. M3, energy conversion in Artemis motorway 150.

5.3. Thermal Transient Analysis

For further analysis, the drive cycles WLTC class 3 and Artemis motorway 150, and
two extreme operating point heat-ups (OPHT and OPHS) are simulated. The temperature
development in the drive cycles is used for benchmarking the novel, small high-speed ma-
chine M3 against M1 and M2. The single-operating-point heat-ups are used to evaluate the
temperature rise rates and, therefore, the overload and thermal-field-weakening potentials.

5.3.1. Drive-Cycle Thermal Transients

Over the course of five drive-cycle simulations, a convergence to a quasi-stationary
temperature range can be observed. The temperature results of WLTC are depicted in
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Figure 10. The different magnet temperatures and the different thermal dynamics between
M1 and M2 compared to M3 are particularly significant in the first cycle, where the machines
heat up. As the WLTC is a rather low-performance drive cycle, a similar temperature for
the magnets and windings is achieved, around 80 °C in quasi-steady state. The magnet
temperatures vary by around 5°C and, thus, show lower dynamics than the windings,
which fluctuate in the range of 20 °C. In Figure 11, the temperature profiles for the maximum

temperature of the magnets and windings are depicted for the Artemis motorway 150
drive-cycle simulation.
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Figure 10. Temperature profiles of magnet and winding in a five-time WLTC simulation.
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Figure 11. Temperature profiles of magnet and winding in a five-time Artemis motorway 150 simulation.

In general, the temperature of the windings remains higher than the magnet tempera-
tures. The lowest magnet temperature is reached with machine M1. This machine also has
the slowest change in temperature, especially in the first drive cycle up to 1200 s, where the
initial temperature is low and, therefore, heat up is fast compared to the following cycles.
A steady-state temperature level is established for all machines after around three cycles.
M1 shows the lowest temperatures, for the winding of 100 °C to 117 °C and for the magnet
around 100 °C. The temperatures of M2 and M3 are very close, with the magnets (117 °C)
and windings at (117 °C to 130 °C). However, machine M3 has a more dynamic magnet
temperature during the cycle and fluctuates by around 5 °C. This can be explained by the
higher loss density in the rotor and magnets, as can be seen from Figure 6d. The higher
temperature level can be explained by a higher loss density for M3 and the lower operating
speed of M2, which results in a higher thermal resistance from rotor to coolant.

In comparison, M3, whose performance map matches the operating requirements for
Artemis motorway 150 well (see Figure 9), shows a lower thermal inertia, which means a
faster heat-up or cool-down. Both investigated drive cycles can be easily performed with



Energies 2023, 16, 7369

18 of 27

a large temperature margin (max. temperature assumed 160 °C) by M3. Also, without
any special considered cooling concepts (only waterjacket cooling is used for all three
machines), the resulting temperatures of all the machines are in a very similar range.

5.3.2. Single-Operating-Point Thermal Transients

To evaluate the heat-up at more extreme operating points, the cases of OPHT and
OPHS are simulated with the LPTN model. The thermal dynamics of the windings
and magnet define, on the one hand, the overload capability, and on the other hand, the
potential for the faster achievement of the desired component temperature.

The starting temperatures are derived from the steady-state temperatures at the end
of the Artemis motorway 150. As can be seen in Figure 12, M1 and M2 clearly show a
similar rise in the winding temperature of 0.398 % and 0.312 %, respectively. Motor M3
shows a significantly increased rise rate of 2.38 ?C Despite this high rate, M3 reaches 160 °C
after 21 s and 180 °C after 33 s, which is still a feasible overload time. Furthermore, M1
is designed to be operated with dedicated cooling systems for a higher heat dissipation,
including in the windings, which would result in a slower temperature rise, if needed.
The temperature rise in the magnet in OPHT is insignificant for M1 and M2, and despite
that, M3 rises 4.25 times faster than M2, which is still very low at 0.02 % and would not
limit the overload time at OPHT operation.
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Figure 12. Temperature profiles of magnet and winding at OPHT operation, starting temperatures
are the end temperatures of Artemis motorway 150 simulation.

It is a clear finding that temperature changes in specific motor components, especially
those such as magnets, are faster in machines which are the right size for the planned
application. Oversizing and the resulting use of too much material, in contrast, leads
to a slower thermal behavior. In Figure 13, for an operating point (OPHS) which has
significantly higher loss density in the rotor components, it can be observed that the
small high-speed machine (M3) shows the highest temperature rise rate for the magnet,
of about 0.1 %, compared to M1 of about 0.04 ?C and 0.05 ?C for (M2). The reason is the
increased power and loss density. However, the rise rate is still rather slow and considering
the targeted temperature rise rates needed for an active dynamic thermal control of the
machine, a sophisticated cooling concept is essential; the component temperatures could
then be dynamically controlled, enabling a better overall performance of the machine. This
shows the best opportunities for M3 in the method described in Section 6. Looking at the
temperature rise rates for the windings hot-spot in the operating point OPHS, machines M2
and M3 show almost the same behavior, with rise rates of 0.35 %, compared to a slightly
lower rise rate for M1 of about 0.25 ?C
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Figure 13. Temperature profiles of magnet and windings at OPHS operation; starting temperatures
are 25°C.

A downside of a small and thermally highly dynamic machine can be the overall high
temperatures in specific machine components. The high temperature of the windings of
M3 result from the high winding loss density, which is depicted in Figure 6a—d. However,
it can be concluded that M3 indeed can be used for the investigated applications, the same
as M1 and M2, since M3 is in a feasible temperature range for typical drive-cycle cases.
Given that, it can be stated that, due to its design, machine M3 realizes a 76 % reduction in
magnet material and a 75.7 % total weight reduction (M3 vs. M1); and a 49.3 % reduction in
magnet material and a 57.7 % total weight reduction (M3 vs. M2).

6. Active Thermal Control for Electromagnetic Performance Improvement

At the moment, a particular conditioning design is under development, the layout of
which has a direct link to the magnets, granting precise and dynamic temperature control.
Given this background, the following electromagnetic simulation cases are considered.

For the magnet temperature Umagnet, @ range between 60 °C and 160 °C is assumed.
The resulting remanence used in the simulations is calculated in pre-processing according
to the linear reversible temperature coefficient stated in the data sheet [37]; cf. [2]. Demag-
netization for increased temperature operation is considered; no demagnetization took
place. For this investigation, the worst case is the operation with hot magnets (i.e., here, the
defined maximum magnet temperature of 160 °C), and maximum field-weakening current.
This operating point is identified and simulated in FEA for each investigated machine at
the maximum speed and highest torque for each machine. The knee point of the magnets
is the flux density below which irreversible damage to the magnets takes place. The knee
point is identified as 0.31 T for machine M1, 0.14 T for machine M2, and 0.31 T for machine
M3. The results of the FEA simulation for checking whether demagnetization occurs is
shown in Figure 14. It can be seen that the flux density stays above the critical knee point
for all machines. Therefore, the feasibility of this operating range has been checked.

Since the loss reduction is more relevant in this investigation, the operating maps
are represented as loss maps rather than efficiency maps, the losses type maps are given
in Figure 15a,b. For a temperature distribution of 0\yinding = 160 °C and magnet = 60 °C,
the loss map is given for machine M1 in Figure 16. The ranges of maximal loss, around
5kW to 8 kW, are predictable in the high-torque regions in base speed as well as in field
weakening. But also in low load at high speed, higher losses are observed, i.e., around 4 kW
at 15,000 rpm.
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@) (b)
Figure 14. Electromagnetic check-up for demagnetization for maximum speed, maximum torque,
and maximum Gmagnet = 160 °C, for machines M1 (a) and M3 (b).

For comparison, the loss maps are shown for the assumed highest difference in dmagnet
of 100 °C, from the operation of 160 °C subtracted from 60 °C. In Figure 17a,b, the total loss
difference in the operation of the hot magnet (160 °C) minus operation of the cold magnet
(60 °C) is shown.

In general, regions with a loss difference AP o+ < 0W (marked as orange to green)
represent a range where a higher magnet temperature is beneficial. For all cases, ranges
which exhibit lower losses for hot magnets are identified in the field-weakening range at
low torques. Ranges that show a significant performance deterioration are for high torque,
especially in the base speed range. It can be observed for M1 that the region with the
highest energy conversion for Artemis motorway 150 and the region for optimal operation
with a hot magnet match.

In the investigated cases, the highest difference in losses is observed also for the
highest temperature difference (A Imagnet = 100 °C), depicted in Figure 17a. The maximal
loss reduction for a hot magnet of around 1600 W is achieved in the field-weakening range
at 16,000 rpm. For cases with lower A¥magnet, the loss savings are also smaller, but the
ranges where hot or cold magnets are beneficial stay nearly the same compared to the
maximal A¥magnet-

Further, the loss distribution is examined in Figure 15a for machine M1, and for
machine M3 in Figure 15b. Here, only the major loss shares, i.e., copper losses and iron
losses, are shown, because magnet losses are contributing less than 2 % to the total losses
and even less to the loss differences. It is clearly observable that the main loss difference
results from lower copper losses in the field-weakening area and higher copper losses in the
high-torque area. The iron losses only contribute a small amount to the total loss difference
and show for both machines the highest increase in the beginning of the field-weakening
area, and a reduction in the high-speed field-weakening area. In the base speed range, there
is only a marginal change in the iron losses. The difference in the field-weakening area can
be explained by a different operating condition with different control parameters, i.e., in
particular, the different field-weakening current.
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Figure 15. Different loss share changes for A ¥magnet = 100 °C and both cases for ﬁwinding =160°C;
A Omagnet = 100 °C and both cases for L9Windmg =160 °C. Machine M1 (a) and machine M3 (b).

When comparing the potential loss reduction in machine M1 and machine M3, it
shows that M3, i.e., the smaller, right-sized machine, has a lower loss reduction potential in
the field-weakening region, of only 400 W, whereas machine M1 shows a higher reduction,
of around 1600 W. The consequent trend is also seen in the overload-torque region in the
base speed range, where the oversized machine M1 only has a reduction potential for a
cold magnet of around 400 W and machine M3 of 1000 W. This shows just the regions for
which the machines are designed, and for which the amplitude of the rotor flux is chosen.
For machine M1, this is for reaching high torques, and it exhibits its best efficiency in the
mid-speed and high-torque ranges; c.f. Figure 7. For machine M3, this is for lower loads
and mid- to higher-speed ranges and the mid-torque range; c.f. Figure 8.
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Figure 16. Electromagnetic loss of machine M1 for l9winding =160°C and Umagnet = 60 °C.
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Figure 17. Loss differences for A Ppiot = PLiot(Umagnet = 160°C) — P o¢(Omagnet = 60 °C);
A Umagnet =100 °C and both cases for Uyinging = 160 °C. (a) Shows loss difference for machine M1,
and (b) shows loss difference for machine M3.

7. Conclusions of Simulation Results

The three machines, M1, M2, and M3, are compared at steady operating points;
in general, this shows that all the machines offer similar efficiencies, in the range of the
highest efficiency, all machines reach above 96 %, though machine M2 has the highest
efficiency, of over 97 %. Machine M3 shows higher efficiency over a wider speed range
and up to deep field weakening, but has a significantly lower efficiency in the high-torque
overload case at around corner speed compared to the other machines, due to a lower
permanent magnet flux. The comparison of the ranges of the highest energy conversion
of Artemis motorway 150 and the ranges of the highest efficiency are most overlaid for
machine M3, which results in the lowest cumulative loss.

In the drive-cycle simulation machine, M3 shows the best overlay in the range of
highest efficiency and the range of highest energy conversion. The thermal drive-cycle
simulations reveal that for typical drive cycles the crucial magnet and winding temperatures
of all three machines, although M3 is designed for a significantly lower maximum power,
are at similar temperature ranges, which are far from the common temperature limits.
In conclusion, a general loss reduction for hot magnets in field-weakening operation of
IPMSM is proven. Also, it is shown that in most cases in the base speed range, a cold
magnet is beneficial for loss reduction. Machine M1 shows a higher potential for loss
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reduction in the field-weakening range, and shows a lower impact of hot magnets in the
high-torque base speed range. But M1 cannot change internal temperatures as fast as M3
(c.f. Figures 12 and 13), which then leads to higher losses in normal operation, especially in
the field-weakening range.

8. Summary and Outlook

A detailed overview of three current state-of-the-art electrical machines is given. It is
concluded that currently one major design goal is increasing the power density. Approaches
to reaching this goal are discussed regarding their further potential. The component-wise
power density loss for the complete operating range is analyzed using example operat-
ing points for the investigated machines. The thermal behavior of the three machines is
discussed for the Artemis motorway 150 and WLTC drive cycles. The idea of altering the
remanence of the permanent magnet by changing its temperature is presented. With elec-
tromagnetic simulations, the potential to operate more efficiently with active thermal-field
weakening over the operating range is identified for the investigated IPMSM. The high-
est potential to reduce losses at high magnet temperatures is in the field-weakening and
low-torque regions, for a selected difference in magnet temperature of 100 °C (60 °C to
160 °C); the maximum loss reduction of 1750 W (70 % decrease) is achieved for machine
M1 at around its maximum speed, 16,000 rpm. The improvement for an intentionally cold
magnet at maximum torque in the base speed range is around 400 W.

The relatively large machine M1 shows a higher loss reduction in this operating
range compared to machine M3, which also shows reduced losses with hot magnets in
the field-weakening range, but only has a maximum loss reduction of around 600 W at its
maximum speed of 25,000 rpm and around 1000 W at maximum torque in the base speed
range with cold magnets. But the comparable small machine, M3, shows the fastest thermal
heat-up in the simulated drive cycles WLTC and Artemis motorway 150, even without any
special cooling concept. This fast thermal behavior is beneficial for the dedicated thermal
control to achieve the target magnet temperature in an acceptable time. By means of a
newly developed conditioning concept, designed for dedicated magnet-temperature con-
trol, an adapted model is going to be built. For a holistic assessment, a coupled simulation
(thermal and electromagnetic) representing the new concept will be carried out for tran-
sient, especially drive-cycle, investigations, with a focus on energy savings and overload
capability. Furthermore, the models of the machines are going to be validated on the test
bench. Fast changes in magnet temperatures can probably be achieved, and an optimal
efficiency and power density over the complete operating range is going to be realized by a
proper control strategy. For real-world applications, online magnet-temperature knowledge
is needed, and the demagnetization risk always has to be considered. Additionally, the
aging of magnets due to the often fast thermal cycles of magnets will be considered.
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Abbreviations

The following abbreviations are used in this manuscript:

PLvol specific loss per volume

Pgrav specific power per weight

Umagnet magnet temperature

Owinding winding temperature

C utilization factor

Ds1p stator inner diameter

Dsop stator outer diameter

Iy direct axis current

Iq quadrature axis current

Prcu copper losses

P cuac copper losses AC part

P cupC copper losses DC part

P L,iron iron losses

P ironr iron losses in rotor

Pi ivons iron losses in stator

P, magnet magnet losses

Pp mech mechanical loss

P ot total losses

Pmax maximal mechanical output power
Prech mechanical power

R phase resistance

T torque

VEM total simplified machine volume

) active length of an electrical machine
Miotal total mass of the electrical machine
n speed

Artemis motorway 150

Artemis motorway 150

EDU electric drive unit

EV electrical vehicle

FEA finite element analysis

HEV hybrid electrical vehicle

HTC heat transfer coefficient

IPMSM interior permanent magnet synchronous machine
LPTN lumped parameter thermal network

M1 electrical machine model 1

M2 electrical machine model 2

M3 electrical machine model 3

MTPA maximum torque per ampere

MTPF maximum torque per flux

NdFeB Neodymium Iron Boron

OPA150 operating point averaged from Artemis 150 cycle
OPHS operating point high speed
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OPHT operating point high torque
OPMS  operating point maximum speed

Appendix A

240°C iz 64 ia.sa 188 459 26
su.n-’cl l 00027 B0Cp 03 T T

64.2°C 0.020 64.°C
08

23
2

0.042

786
T0EC S

e 5.485.4°C

5.4°C

T

75

il

827

5.2°C

61
L

48 55.296.2°C

748

862°C  B5.3'C

827

86.2°C

B55 880
89.0°C

5 4
<

563 7E9 8.388.3°C

‘/ﬁzo.a'c 0.042 54.3°C™~ 0020 692
606 i

<

TS 5T
o1
a
786153
f22¢ 022

2.2

oo
[T
£ Has 5o

§53°C 85.3C3

e

cunnsa
sec aaﬁc
o noss e
845

728

7 24 5
. 08g
822" c
B54°C 835°C 8350 3°C
854°C 32 2 81
El

86.2°C!

L4
EB2C 85203

853G 2°C
64 5°CI81
PO 053

733

88.2°C 81

2122

L —
g@2C 898
4 2gg s

4
882°C BB.2°C2 5

900 BBEC  BEEC 88.a°C" 888

758 BFC BT & aroCI2e 612
850 88.3°C 86.1°CI81 B62°C 598
\ 82.9°CHE0.053 l
= j

814 885C  BTE'C 87.4°CIAC 803

900 885°C B9 EBEC 88.0°C 888
8287001
80.3°C

o
485 B02°C 0013 B0 °C B3 0042 003 T 465
Tagnoas v
509%
S —, oo G
778 I 0055 E01°ChR016 0055 Wi 778

oo oo
TEE'CS 78I 086 79E°C 086 7E5C 086 77.3C

Figure Al. Example lumped parameter network from software tool from machine M3.

References

1.

10.

11.

Krings, A.; Monissen, C. Review and Trends in Electric Traction Motors for Battery Electric and Hybrid Vehicles. In Proceedings
of the 2020 International Conference on Electrical Machines (ICEM), Gothenburg, Sweden, 23-26 August 2020. [CrossRef]
Specht, A. Ermittlung der Rotortemperatur einer Synchronmaschine mit Eingebetteten Permanentmagneten fiir Einen Automo-
bilen Traktionsantrieb Mittels Beobachter Basierend auf Elektrischen Grofien. Ph.D. Thesis, Universitit Paderborn, Paderborn,
Germany, 2014. Available online: https://d-nb.info/106464712X/34 (accessed on 23 September 2020).

Kleschinski, M. Antriebswellen aus Faser-Kunststoff-Verbunden: Auslegung und Optimierung unter Beriicksichtigung des ermiidungs-
bedingten Torsionsbeulens; Schriftenreihe Konstruktiver Leichtbau mit Faser-Kunststoff-Verbunden, Shaker: Aachen, Germany,
2007; 159p.

Neuartige Kithlung erm&Glicht Einen Elektromotor aus Kunststoff—ingenieur.de. ingenieur.de—Jobborse und Nachrichtenportal
flir Ingenieure. 5 February 2019. Available online: https://www.ingenieur.de/technik/fachbereiche/e-mobilitaet/neuartige-
kuehlung-ermoeglicht-einen-elektromotor-aus-kunststoff/ (accessed on 20 August 2021).

Clifford, J. History of the Toyota Prius. Toyota UK Magazine, 10 February 2015. Available online: https://mag.toyota.co.uk/
history-toyota-prius/ (accessed on 20 July 2021).

Burress, T. Electrical Performance, Reliability Analysis, and Characterization, ORNL AMR, 6 June 2017. Technical Presenta-
tion. p. 25. Available online: https:/ /www.energy.gov/eere/vehicles/articles/vehicle-technologies-office-merit-review-2017
-electrical-performance (accessed on 20 July 2021).

Burress, T.A.; Campbell, S.L.; Coomer, C.; Ayers, C.W.; Wereszczak, A.A.; Cunningham, J.P.; Marlino, L.D.; Seiber, L.E.; Lin, H.T.
Evaluation of the 2010 Toyota Prius Hybrid Synergy Drive System. ORNL/TM-2010/253, 1007833. Issue: ORNL/TM-2010/253,
1007833. 2011 Mar 1:ORNL/TM-2010/253, 1007833. Available online: http:/ /www.osti.gov/servlets/purl/1007833-qNciEv/
(accessed on 21 August 2020).

Doerr, J.; Ardey, N.; Mendl, G.; Frohlich, G.; Straler, R.; Laudenbach, T. The new full electric drivetrain of the Audi e-tron. Der
Antrieb von Morgen 2019; Liebl, J., Ed.; Springer: Berlin/Heidelberg, Germany, 2019; pp. 13-37. [CrossRef]

Jurkovic, S.; Rahman, K.; Patel, N.; Savagian, P. Next Generation Voltec Electric Machines; Design and Optimization for
Performance and Rare-Earth Mitigation. Sae Int. J. Altern. Powertrains 2015, 4, 336-342. [CrossRef]

Hertzke, P.; Miiller, N.; Schenk, S.; Wu, T. The Global Electric-Vehicle Market Is Amped up and on the Rise | McKinsey. 5 April
2018. Available online: https://www.mckinsey.com/industries /automotive-and-assembly/our-insights/the-global-electric-
vehicle-market-is-amped-up-and-on-the-rise# (accessed on 21 July 2021).

Mosquet, X.; Arora, A.; Xie, A.; Renner, M. WhoWill Drive Electric Cars to the Tipping Point? BCG Global. 8 January 2021.
Available online: https:/ /www.bcg.com/publications/2020/drive-electric-cars-to-the-tipping-point (accessed on 20 July 2021).


http://doi.org/10.1109/ICEM49940.2020.9270946
https://d-nb.info/106464712X/34
https://www.ingenieur.de/technik/fachbereiche/e-mobilitaet/neuartige-kuehlung-ermoeglicht-einen-elektromotor-aus-kunststoff/
https://www.ingenieur.de/technik/fachbereiche/e-mobilitaet/neuartige-kuehlung-ermoeglicht-einen-elektromotor-aus-kunststoff/
https://mag.toyota.co.uk/history-toyota-prius/
https://mag.toyota.co.uk/history-toyota-prius/
https://www.energy.gov/eere/vehicles/articles/vehicle-technologies-office-merit-review-2017-electrical-performance
https://www.energy.gov/eere/vehicles/articles/vehicle-technologies-office-merit-review-2017-electrical-performance
http://www.osti.gov/servlets/purl/1007833-qNciEv/
http://dx.doi.org/10.1007/978-3-658-26056-9_2
http://dx.doi.org/10.4271/2015-01-1208
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/the-global-electric-vehicle-market-is-amped-up-and-on-the-rise#
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/the-global-electric-vehicle-market-is-amped-up-and-on-the-rise#
https://www.bcg.com/publications/2020/drive-electric-cars-to-the-tipping-point

Energies 2023, 16, 7369 26 of 27

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

Gronwald, P.O.; Kern, T.A. Traction motor cooling systems, a literature review and comparative study. IEEE Trans. Transp. Electrif.
2021, 7, 2892-2913. [CrossRef]

Schroder, M.; Monissen, C.; Brachter, J.; Kouki, A. Thermal Integration of High-Speed Electric Machines in Next Generation EDUs.
In Proceedings of the 31th Aachen Colloquium Sustainable Mobility 2022, Aachen, Germany, 10-12 October 2022. Available
online: https://www.aachener-kolloquium.de/de/tagungsunterlagen (accessed on 17 August 2023 ).

Krings, A. Iron Losses in Electrical Machines—Influence of Material Properties, Manufacturing Processes, and Inverter Operation.
Ph.D. Thesis, KTH Royal Institute of Technology, Stockholm, Sweden 2014. Available online: http://urn.kb.se/resolve?urn=urn:
nbn:se:kth:diva-145243 (accessed on 13 August 2021).

Chen, J.; Wang, D.; Cheng, S.; Wang, Y.; Zhu, Y.; Liu, Q. Modeling of Temperature Effects on Magnetic Property of Nonoriented
Silicon Steel Lamination. IEEE Trans. Magn. 2015, 51, 1-4. [CrossRef]

Petrov, I; Egorov, D.; Link, ].; Stern, R.; Ruoho, S.; Pyrhonen, J. Hysteresis Losses in Different Types of Permanent Magnets Used
in PMSMs. IEEE Trans. Ind. Electron. 2016, 64, 2502-2510. [CrossRef]

Pyrhonen, J.; Ruoho, S.; Nerg, J.; Paju, M.; Tuominen, S.; Kankaanpad, H.; Stern, R.; Boglietti, A.; Uzhegov, N. Hysteresis Losses in
Sintered NdFeB Permanent Magnets in Rotating Electrical Machines. IEEE Trans. Ind. Electron. 2014, 62, 857-865. [CrossRef]
Lee, T.Y,; Kim, YJ.; Jung, S.Y. Reduction of permanent magnet eddy current loss in interior permanent magnet synchronous
motor according to rotor design optimization. In Proceedings of the 2015 9th International Conference on Power Electronics and
ECCE Asia (ICPE-ECCE Asia, Seoul, Republic of Korea, 1-5 June 2015 ; pp. 1712-1717. ISSN: 2150-6086. [CrossRef]

Ruoho, S.; Santa-Nokki, T.; Kolehmainen, J.; Arkkio, A. Modeling Magnet Length In 2-D Finite-Element Analysis of Electric
Machines. IEEE Trans. Magn. 2009, 45, 3114-3120. [CrossRef]

Sergeant, P.; Van den Bossche, A. Segmentation of Magnets to Reduce Losses in Permanent-Magnet Synchronous Machines. IEEE
Trans. Magn. 2008, 44, 4409—-4412. [CrossRef]

Schenk, M. Simulative Untersuchung der Wicklungsverluste in Geschalteten Reluktanzmaschinen. OCLC: 939662919. Ph.D.
Thesis, Shaker Verlag, Aachen, Germany, 2016; 126p.

IEC Standard 60085, Thermal Evaluation and Designation of Electrical Insulation. IEC: Geneva, Switzerland, 2006.

IEC Standard 60404, Magnetic Materials—Part 8-1: Specifications for Individual Materials. IEC: Geneva, Switzerland, 2003.
Grosse-von Tongeln, T.; Hameyer, K.; Kampker, A. Aktive Rotorkiihlung einer peRmanentmagneterregten Synchron-Maschine
fiir die Elektrische Traktion. Ph.D. Thesis, Shaker Verlag, Aachen, Germany, 2018. Available online: https://publications.rwth-
aachen.de/record /754424?In=de (accessed on 5 May 2021).

Schroder, G. Einrichtung zur Kithlung von Magnet-Kernen Elektrischer Maschinen. Pat. 93906 (Hale), 1 April 1921. Available
online: https://depatisnet.dpma.de/DepatisNet/depatisnet?action=pdf&docid=CH000000093906 A&xxxfull=1 (accessed on 28
September 2021).

Madonna, V.; Giangrande, P.; Walker, A.; Galea, M. On the Effects of Advanced End-Winding Cooling on the Design and Perfor-
mance of Electrical Machines. In Proceedings of the 2018 XIII International Conference on Electrical Machines, Alexandroupoli,
Greece, 3-6 September 2018. [CrossRef]

Reinap, A.; Gabassi, M.; Alakiila, M.; Andersson, M. Assessment of cooling integration with direct cooled windings. In
Proceedings of the 2018 IEEE International Conference on Electrical Systems for Aircraft, Railway, Ship Propulsion and Road
Vehicles International Transportation Electrification Conference (ESARS-ITEC), Nottingham, UK, 7-9 November 2018; pp. 1-6.
[CrossRef]

Feikus, FJ.; Bernsteiner, P.; Gutiérrez, R.F.,; Luszczak, M. Weiterentwicklungen bei Gehdusen von Elektromotoren. MTZ-
Motortechnische Zeitschrift 2020, 81, 42—47. [CrossRef]

Jarczynski, E.D. Liquid Cooling the Rotor of an Electrical Machine. U.S. pat. 5189325A. Co GE, 23 February 1993. Available
online: https://patents.google.com/patent/US5189325A /en?0q=us5189325a (accessed on 21 May 2021).

Zhou, P; Kalayjian, N.R.; Cutler, G.D.; Augenbergs, PK. Liquid Cooled Rotor Assembly. U.S. Patent 7489057B2. 10 February
2009. Available online: https:/ /patents.google.com/patent/US7489057B2/en (accessed on 5 May 2021).

Biittner, K.; Kirchner, K.; Warmuth, M. Elektrische Maschine mit einerm Rotor zur Kiihlung der elektrischen Maschine. German
pat. 102012203697A1. 9 December 2013. Available online: https:/ /patents.google.com/patent/DE102012203697A1/fi (accessed
on 5 May 2021).

Fedoseyev, L.; JR, EM.P. Rotor Assembly with Heat Pipe Cooling System. U.S. Patent 20140368064A1. 18 Decemebr 2014.
Available online: https:/ /patents.google.com/patent/US20140368064A1/en (accessed on 5 May 2021).

Huber, A. Hohlwellenkiihlung fiir einen Antrieb eines Elektrofahrzeugs. German pat. 102015214309A1. 2 February 2017.
Available online: https:/ /patents.google.com/patent/DE102015214309A1/en?0q=de102015214309al (accessed on 25 May 2021).
APM-200. Equipmake. Available online: https://equipmake.co.uk/products/apm-200/ (accessed on 21 October 2021).
Pyrhonen, J.; Jokinen, T.; Hrabovcovd, V. Design of Rotating Electrical Machines: Pyrhonen/Design; John Wiley & Sons Ltd.: Hoboken,
NJ, USA, 2013. [CrossRef]

Herold, K; Klute, F.; Wahl, A.; Monissen, C.; Ramones, A.; Andert, J.; Krings, A.; Beykirch, R. Aktive thermische Feldschwachung—
Ein Neuer Freiheitsgrad zur Effizienzsteigerung von E-Motoren. In Proceedings of the 30th Aachen Colloquium Sustainable
Mobility, Aachen, 10 June 2021 . Available online: https://www.aachener-kolloquium.de/de/tagungsunterlagen (accessed on 29
January 2021).


http://dx.doi.org/10.1109/TTE.2021.3075844
https://www.aachener-kolloquium.de/de/tagungsunterlagen
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-145243
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-145243
http://dx.doi.org/10.1109/TMAG.2015.2432081
http://dx.doi.org/10.1109/TIE.2016.2548440
http://dx.doi.org/10.1109/TIE.2014.2354597
http://dx.doi.org/10.1109/ICPE.2015.7168008
http://dx.doi.org/10.1109/TMAG.2009.2018621
http://dx.doi.org/10.1109/TMAG.2008.2001347
https://publications.rwth-aachen.de/record/754424?ln=de
https://publications.rwth-aachen.de/record/754424?ln=de
https://depatisnet.dpma.de/DepatisNet/depatisnet?action=pdf&docid=CH000000093906A&xxxfull=1
http://dx.doi.org/10.1109/ICELMACH.2018.8507170
http://dx.doi.org/10.1109/ESARS-ITEC.2018.8607655
http://dx.doi.org/10.1007/s35146-019-0180-5
https://patents.google.com/patent/US5189325A/en?oq=us5189325a
https://patents.google.com/patent/US7489057B2/en
https://patents.google.com/patent/DE102012203697A1/fi
https://patents.google.com/patent/US20140368064A1/en
https://patents.google.com/patent/DE102015214309A1/en?oq=de102015214309a1
https://equipmake.co.uk/products/apm-200/
http://dx.doi.org/10.1002/9781118701591
https://www.aachener-kolloquium.de/de/tagungsunterlagen

Energies 2023, 16, 7369 27 of 27

37.

38.

39.

40.

41.

Bomatec, B. BMN-42UH Datasheet. 16 January 2023. Available online: https://www.bomatec.com/wp-content/uploads/2019/0
1/BMN-42UH.pdf (accessed on 16 January 2023).

Tata Steel Europe NO20 1200h HiLite Datasheet. March 2019. Available online: https://www.tatasteeleurope.com/sites/default/
files/tata-steel-hi-lite-electrical-steel-n020-1200h-datasheet-en.pdf (accessed on 20 September 2023).

Tata Steel Europe NO27 1400h HiLite Datasheet. September 2020. Available online: https://www.tatasteeleurope.com/sites/
default/files/tata-steel-hi-lite-electrical-steel-no27-1400h-datasheet-en.pdf (accessed on 20 September 2023).

Bomatec. BMN-30UHS Datasheet. 1 October 2019. Available online: https://www.bomatec.com/wp-content/uploads/2019/01/
BMN-30UHS.pdf (accessed on 20 September 2023).

Goss, J.; Popescu, M.; Staton, D.; Wrobel, R.; Yon, J.; Mellor, P. A comparison between maximum torque/ampere and maximum
efficiency control strategies in IPM synchronous machines. In Proceedings of the 2014 IEEE Energy Conversion Congress and
Exposition (ECCE), Pittsburgh, PA, USA, 15-18 September 2014 ; pp. 2403-2410, ISSN: 2329-3748. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.bomatec.com/wp-content/uploads/2019/01/BMN-42UH.pdf
https://www.bomatec.com/wp-content/uploads/2019/01/BMN-42UH.pdf
https://www.tatasteeleurope.com/sites/default/files/tata-steel-hi-lite-electrical-steel-no20-1200h-datasheet-en.pdf
https://www.tatasteeleurope.com/sites/default/files/tata-steel-hi-lite-electrical-steel-no20-1200h-datasheet-en.pdf
https://www.tatasteeleurope.com/sites/default/files/tata-steel-hi-lite-electrical-steel-no27-1400h-datasheet-en.pdf
https://www.tatasteeleurope.com/sites/default/files/tata-steel-hi-lite-electrical-steel-no27-1400h-datasheet-en.pdf
https://www.bomatec.com/wp-content/uploads/2019/01/BMN-30UHS.pdf
https://www.bomatec.com/wp-content/uploads/2019/01/BMN-30UHS.pdf
http://dx.doi.org/10.1109/ECCE.2014.6953560

	Introduction
	Investigated Electrical Machines
	Methods and Fundamentals
	Losses Analysis
	Copper Losses
	Iron Losses
	Magnet Losses

	Reduction of Losses
	Improved Loss Dissipation
	Electromagnetic High-Speed Design
	Active Thermal Control

	Simulation Setup
	Electromagnetic Model
	Thermal Lumped Parameter Model
	Transient Electromagnetic–Thermal Model

	Simulation Results
	Stationary Electromagnetic Performance Analysis
	High-Torque Operating Point
	High-Speed Operating Points
	Artemis Motorway 150 Operating Point

	Electromagnetic Transient Drive-Cycle Analysis
	Thermal Transient Analysis
	Drive-Cycle Thermal Transients
	Single-Operating-Point Thermal Transients


	Active Thermal Control for Electromagnetic Performance Improvement
	Conclusions of Simulation Results
	Summary and Outlook
	Appendix A
	References 

