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ABSTRACT In electric vehicle (EV) traction, energy conversion by electric motors must be material and
energy efficient to reduce environmental burden caused by the manufacture and operation of the systems and
to help in efficient transition towards net zero future. The scarcity of keymaterials like rare earths and to some
extent copper must be addressed in the design. Novel traction motors need a different approach compared
to traditional industrial motor designs. Here, we focus on innovative design and optimization strategies
to enhance material and energy efficiency and meet the escalating demand for sustainable transportation
solutions. We are developing a prototype motor that achieves a continuous specific power of 7 kW/kg,
significantly exceeding current automotive standards. This will be achieved by elevated operational speed
of the traction motor, integrating advanced materials, and innovative cooling techniques such as direct
liquid cooling (DLC) using hollow hairpin conductors, and insulating them with polyether-ether-ketone
(PEEK) extrusion and expandable mainwall insulation material. The approach reduces reliance on rare
earth permanent magnet (PM) materials by 60% compared to existing motors, aligning with global sus-
tainability objectives. Through simulation, modeling, and practical case studies, the research demonstrates
the feasibility of these innovations in real-world applications, highlighting potential advancements in EV
propulsion systems. The article not only represents the insights into the latest developments in the design of
electric motors for EV but also delineates the journey towards the creation of such a motor with considering
accompanying electromagnetic and mechanical challenges.

INDEX TERMS Energy conversion, energy system, electric motor, traction motor, electric vehicle, non-road
electric vehicle, direct liquid cooling, quasi-skewed rotor.

I. INTRODUCTION
Adoption of electric vehicles (EVs) is accelerating globally,
driven by environmental regulations, technological innova-
tions, and evolving consumer behavior. While Europe and
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Asia initially led the transition, significant developments are
now emerging across Latin America, North America, and
Africa. Cities such as Bogotá and São Paulo are deploying EV
fleets to meet air quality targets through updated emissions
standards [1], while countries like Chile and Mexico have
set ambitious EV penetration goals [2]. In parallel, China is
enforcing the New Energy Vehicle (NEV) credit systems [3].
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In Europe, the shift toward zero-emission mobility is sup-
ported by a robust policy and innovation framework. The
European Commission’s CO2 performance standards for new
vehicles, alongside initiatives such as the 2Zero Public-
Private Partnership, promote the development of energy-
efficient, sustainable, and affordable EV technologies. These
efforts are complemented by EU-funded R&D programs that
emphasize circularity, life cycle assessment, and integration
with digital infrastructure to ensure scalable deployment
across varied transport ecosystems [4].
Beyond regulatory and technological drivers, behavioral

factors are increasingly shaping EV adoption. Research
applying the Extended Theory of Planned Behavior (ETPB)
shows that perceived ease of use, environmental concern, and
social influence significantly affect consumers’ willingness
to adopt EVs [5], [6].

Amid this multifaceted transformation, the development
of high-specific-power electric motors becomes critical. The
global EV landscape is shaped by the convergence of regu-
lation, innovation, and consumer psychology – highlighting
the need for motor technologies that combine high perfor-
mance with cost-efficiency and environmental sustainability.
This includes minimizing rare earth material usage, reducing
system size, and optimizing overall performance [7], [8], [9],
[10]. The challenge is substantial: current EV manufactur-
ing methods must adapt to meet the demand for traction
motors, each typically requiring 1.25–2.5?kg of rare earth
permanent magnets – a significant bottleneck when aiming
to replace nearly 100 million conventional vehicles produced
annually [11].

Rooted in the European Union’s call for advancements
in electric vehicle traction motors, this research underpins
the ambition to develop a leading-edge, next-generation
electric traction motor prototype poised for swift industrial-
ization [12]. Motor design prioritizes the ease of manufac-
turing for mass production, recyclability after the first life
cycle, and high performance, adopting a Permanent Magnet
SynchronousMotor (PMSM) or Permanent-Magnet-Assisted
Synchronous Reluctance Motor (PMaSynRM) inner-rotor
configuration as the preferred industrial choice. Despite the
availability of alternative motor topologies, that can reach
120 kW continuous power [13], [14], [15], designs with
PMs can still offer the highest possible power and efficiency
outcomes [16]. However, low-cost efficiency and demand
to reduce the use of rare-earth materials up to 60% places
stringent limits on the mass of permanent magnets used,
introducing further constraints on the development process
and prompting the authors to seek trade-off solutions, such as
those presented in [17].
Unusual configurations like axial or radial/axial (rax-

ial) designs in PM motors may offer high continuous
specific power and high continuous power density (e.g.
YASA P400R or 750 R [18], EMRAX228 [19], Siemens
SP260D [20]) but they fall short in terms of ease of integra-
tion into mass-produced EVs and seem to be more suitable
for high-torque and low-speed operation [21], [22]. The

highest rated specific power for PMSM was reported in [23]
– 16.6 kW/kg, however it is an axial flux motor for an
aerospace application with different requirements and load
cycles.

According to the present research, high material effi-
ciency and high performance in EV traction drives can be
achieved with the adaptation of control strategies, novel
design geometries, new materials, additive manufacturing,
and smart cooling approaches [24], [25], [26], [27]. Our
target is a viable inner-rotor design that will achieve a rated
(continuous) specific power of 7 kW/kg, rated power den-
sity of 23 kW/l, rated power of 120 kW, and peak power
of 230 kW (13.4 kW/kg, 44 kW/l, peak). This is quite an
ambitious goal since commercially available designs have
been reported to reach around 7 kW/kg only in peak specific
power e.g., PMaSynRM in Jaguar I-Pace with 7.73 kW/kg or
PMaSynRM with 9.21 kW/kg in Tesla Model 3 [28].

Increasing specific power is important for reducing the
EV’s own weight (tare mass), but it also introduces higher
electromagnetic stresses in the motor, which can increase
losses; contrary to the goal of improving efficiency. Main-
taining the electromagnetic stresses at an acceptable level
inherently leads to a demand of higher operational speeds
of the traction motor and brings a lot of material strength
related challenges to the rotor design. Compromises between
the electromagnetic, mechanical and cooling performances
must be made throughout the design process. Additionally,
we can mention that the rare earth material containing parts
should be easily removable and reusable at the end of life [29].

In the case of EVs, the motor performance is evalu-
ated by regulations according to Worldwide Harmonized
Light Vehicles Test Procedure (WLTP). In this work, the
energy efficiency of the motors is evaluated against the
relevant WLTP driving cycle, notwithstanding the minimal
use of PM material. Addressing these comprehensive and
tight requirements presents a complex but vital challenge
— crafting a high-efficiency motor with minimal resource
usage amid considerable electromagnetic and mechanical
stresses.

II. TRADITIONAL DESIGN APPROACHES
To achieve compact, resource-efficient, and high-
performance electric motors, combination of traditional
and novel design approaches are essential. This includes
increasing operational speeds to improve specific power,
pushing the boundaries for maximum current density, and
optimizing thermal management by locating heat-generating
components close to the heatsink. A higher pole count
is identified as a valuable strategy to deal with the vol-
ume restrictions, improving torque and reducing the yoke
thickness, but also requiring higher operational frequencies,
which necessitate compatible power converters, particularly
for frequencies above 1000 Hz. Silicon Carbide (SiC) con-
verter technology is seen as an effective solution for these
high-frequency demands, aiming to balance the reduced
motor size and material usage with optimized performance,
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bringing relief in dealing with the challenges of high-
frequency operations [30].

A. TORQUE PRODUCTION
The torque production in an electric motor is based on the
Maxwell stress’ tangential component, σFtan, which happens
in the airgap between the rotor and the stator. It is directly
proportional to the airgap normal flux density, Bn (which is
equal to the normal field strength, Hn, times relative perme-
ability, µ0), and tangential linear current density, At (which
corresponds to the tangential field strength, Ht), on the stator
surface at angular position, a [31]:

σFtan (a) = µ0Hn (a)Ht (a) = Bn (a)At (a) (1)

In an AC electrical machine, the flux density and linear
current distributions producing torque are sinusoidal funda-
mental distributions, which can have a phase shift, ζ . As a
result, in an electrical machine, the Maxwell tangential stress
is calculated with the amplitudes, Ât and B̂n:

σFtan =
ÂtB̂n
2

cos ζ (2)

With typical magnetic materials and conductors, it is dif-
ficult to reach a flux density peak, B̂n, higher than 1 T in the
airgap. Therefore, to increase the torque-producing stress in
the airgap the linear current density, Ât, must be increased to
exceed average values of stresses. The linear current density
is, in practice, built by the current sum in a slot divided by the
slot opening width. The fundamental value of the tangential
component At (a) is then calculated from the Fourier series
of At. The focus then shifts to determining the maximum
current that can be carried through the slot. Increasing the
slot height to accommodate more conductor material is not
a viable solution, as it leads to higher slot leakage and,
indirectly, increases the motor’s mass due to increasing stator
yoke diameter and mass. Traditionally, current density J in
copper conductors can be just a few amperes per square mil-
limeter. This is limited by the heat transfer capability of the
machine.

Under typical electromagnetic stresses, it is commonly
possible to achieve an average Maxwell stress’ tangential
component σFtan of around 20 kPa in industrial totally-
enclosed-fan-cooled motors. As 1 Vs/m2 is the practical
maximum for the airgap flux density in machines with
magnetic circuit made of steel, the linear current density
amplitude must reach at least 400 kA/m if Ât and B̂n are fully
orthogonal [31]. However, keeping them fully orthogonal
requires a machine with rotor excitation, which is mechani-
cally challenging to introduce for a high-speed tractionmotor.

To meet the objectives set by the EU, it is essential to
significantly enhance the tangential stress level to approxi-
mately 60 kPa, with an amplitude, Ât, of 1200 kA/m. This
necessitates tripling the current density J in the slots, moving
from the standard range of 7 to 10 A/mm2 to a new target
range of 21 to 30 A/mm2. Consequently, Joule loss density
will increase ninefold (∼ (3)2 J = 9J ), necessitating the

implementation of direct liquid cooling (DLC) to manage the
elevated current and loss densities in copper effectively.

B. SPEED
As tangential stress cannot be increased endlessly, to reach
a high specific power, there is a need to also increase the
rotational speed of the motor. Motor torque T is inversely
proportional to the rated speed and therefore the rotor of a
high-speed machine becomes small. The torque of a motor is
directly proportional to tangential stress and the rotor volume,
Vr [31]:

T = 2σFtanVr (3)

Power, P, and rotor volume, Vr, are related via tangential
stress, σFtan, and mechanical angular velocity, �:

��P = T = 2σ FtanVr (4)

This implies that for a high-speed motor, the rotor volume
(and hence the motors’ overall size) can be reduced without
compromising on power production, which is beneficial for
creating compact and efficient traction motors.

C. NUMBER OF POLES
The heaviest single component in an inner rotor electrical
machine is often the stator yoke. To achieve a compact
machine, the yoke should be thin and consequently, the num-
ber of poles should be high. In theory, the yoke height, hy,
gets smaller and smaller when the number of pole pairs, p,
gets higher [31]:

lim
P→∞

hy = lim
P→∞

1
p

= 0 (5)

Equation (5) suggests that the number of poles should be
infinite to have a yokeless lightweight machine. In practice,
a very high pole count leads to high operating frequencies
and increased losses. Moreover, inverter switching frequency
cannot be increased indefinitely to match the required output
frequency. To manage these limitations and ensure mechan-
ical strength, often a value around 15 mm is regarded as a
practical minimum yoke height in small motors like this.

Modern traction motors seem to have no more than four
pole pairs [32], [33]. This seems a favorable solution in case
of a liquid-jacket cooling approach. The stator yoke becomes
thin thus bringing both the stator iron losses and Joule losses
quite close to the heat source. Nowadays, EV motors must
typically operate at speeds up to 20000 rpm. At such a maxi-
mum speed, the p = 4 solution results in 1333 Hz maximum
operating supply frequency. This is possible in the case of a
SiC inverter bridge. However, at such a frequency the stator
iron losses get significant. Therefore, four pole pairs already
seem to be a fair limit for the speed of around 20000 rpm.

D. MOTOR TYPE
Considering the request to reduce reliance on PM materials,
it is imperative to consider various alternatives for motor con-
figurations. The Electrically Excited Synchronous Machine
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(EESM) has been gaining prominence in traction applications
lately. Notably, corporations such as Renault, BMW, and
Mahle have been pioneering in the provision of electrically
excited brushed or brushless synchronous machines for vehi-
cle propulsion [34]. However, the mechanical integration of
an EESM as a traction drive poses significant challenges.
This is attributed to its wound rotor configuration, which
necessitates the use of either brushes or a complex converter
(comprising an integrated rotating transformer and a recti-
fier) for rotor excitation purposes. In addition, operating an
EESM with a high power factor generally requires greater
current linkage in the rotor than in the stator. Achieving this
can be particularly challenging in the case of a very com-
pact high-speed electrical traction motor. Even though [35]
states that the EESM can be a fair alternative to the PMSM,
the above-mentioned challenges hinder the adoption of this
motor type in modern electric vehicle traction drives, espe-
cially for mass production.

The Squirrel Cage InductionMotor (IM) presents a consid-
erable solution, commonly employed as the primary motor
for the front axle in all-wheel drive (4 × 4) vehicle config-
urations, largely due to its ability to be easily de-energized
to minimize energy losses when the traction power demand
is limited. For example, the Tesla Model S still uses IM as
the main traction motor [36]. The ruggedness of the IM’s
rotor design enables it to withstand high operational speeds,
a significant advantage over, e.g., PMs which are prone to
demagnetization at elevated temperatures - a non-issue for the
squirrel-cage rotor design. Consequently, it is well-suited for
applications requiring high-speed operation. However, it falls
short of being the optimal choice where the primary require-
ments are the simultaneous attainment of peak efficiency and
maximum specific power.

Synchronous reluctance motor (SynRM) is another alter-
native offering, in principle, higher efficiency than IM
because of no rotor slip. However, its mechanical rugged-
ness is questionable at the highest speeds. Because the
magnetizing inductance Lm is inversely proportional to the
effective airgap δeff and square of the pole pair number
p [31]:

Lm ∼=
1

δeffp2
, (6)

the motor should have a low number of pole pairs p to create
a high inductance difference needed for the best performance
of a SynRM. This contradicts the high specific power require-
ment described earlier. A SynRM also needs to have a small
airgap, δeff, to create high enough direct-axis inductance Ld
and consequently inductance difference (Ld – Lq) between
direct and quadrature axes. Therefore, the rotor cannot be sup-
ported by any airgap-increasing nonmagnetic band that may
be required to maintain the rotor integrity at high speeds. One
of the drawbacks of a SynRM is that its peak torque is much
more limited than that of an IM or a PMSM [37]. A SynRM,
therefore, must be dimensioned with lower electromagnetic
stresses. Based on (2) it is also important to maintain cosζ as

close to unity as possible, which is impossible because of the
stator excitation of the SynRM.

Following the analysis presented, it appears exceedingly
challenging to meet the EU’s target without incorporating
PMs, despite the EU’s initial objective to diminish their
utilization in forthcoming motor designs. Consequently, our
strategy does not entail the complete elimination of PM
materials from the motor. Instead, our goal is to significantly
reduce the mass of such materials, aiming for PMSM with
a high Ld – Lq difference and with a 60% decrease in PMs
compared to the 1.8 kg of permanent-magnet mass employed
in the Tesla Model 3 [38], thereby limiting the permanent
magnet content in the rotor to a maximum of 720 grams.

III. INNOVATIVE SOLUTIONS FOR MAXIMIZING MOTOR
PERFORMANCE
In order to achieve the highest possible performance, state-
of-the-art winding methods, novel cooling arrangements and
the usage of new materials were carefully investigated to
find the best possible combination of techniques with careful
consideration of the manufacturing challenges provided by
the industrial manufacturers.

A. WINDING METHOD
Achieving a high copper space factor (kCu) in stator slots is
essential for improving motor efficiency. Rectangular con-
ductors are considered promising for reaching this goal,
leading to an interest in exploring hairpin winding as a
solution. However, hairpin windings are more likely to face
excessive AC losses at high frequencies, particularly in the
case of high pin height. By following modern design and
manufacturing guidelines for hairpin winding, it is possible
to address its main weakness, which is higher AC losses [39],
[40]. However, hairpin windings are best suited for low-
voltage, moderate-power scenarios.

In the EV sector, the automated manufacturing process of
hairpin winding makes it the preferred choice. Conventional
axially inserted hairpin winding can benefit from a higher
space factor compared to random winding applying round
enameled copper and allow for semi-closed slots. However,
it may suffer mechanically due to the high number of welding
spots. Manufacturing efficiency can be further increased by
implementing a continuous radially inserted hairpin wind-
ing [41]. This technique significantly reduces the number of
welding connections and further boosts the automated manu-
facturing process by introducing the whole continuous piece
of winding. However, such an arrangement requires open
stator slots, which results in increased Carter’s factor, higher
torque ripple, and higher iron and PM losses on the rotor side.
In [41], slot wedges are proposed to improve torque ripple and
bring the performance of continuous hairpin winding close to
the conventional one. Another solution for continuous hairpin
winding might be an uneven slot opening but the technol-
ogy has not matured yet. Because of the above-mentioned
challenges, in this case we will use typical semi-closed stator
slots.
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B. COOLING TECHNIQUE
1) IMPLEMENTATION OF DIRECT LIQUID COOLING
DLC is increasingly being proposed as an efficient method to
manage heat in electric motors and generators [42], [43], [44].
This approach optimizes thermal management by bringing
the coolant into direct contact with the source of Joule heat.
Historically, DLC has been applied in large synchronous
generators, but its application in traction motors is becoming
more frequent [45], highlighting its potential across various
electrical machinery.

DLC can be implemented through two main strategies:
using slot overmoulding for external DLC or employing hol-
low conductors for internal DLC [46]. Slot overmoulding
enables the cooling fluid to circulate in the slot exter-
nally around the windings, thus facilitating external DLC.
On the other hand, hollow conductors allow for internal
DLC, where the cooling fluid directly contacts the copper
conductor inside hollow ducts without any insulatingmaterial
in between, potentially reaching heat transfer coefficient up
to 500 W/(m2

·K). The thermal conductivity of Polyether
Ether Ketone (PEEK), one of the most promising materials
for winding insulation, ranges from 0.173 to 0.950 W/(m·K).
For a 0.3 mm PEEK insulation, the possible heat transfer
coefficient through the insulation is ranging from 0.58 to
3.16 W/(m2

·K). This is a stark contrast to the heat transfer
coefficient achieved with internal DLC, underscoring the
superior cooling capability of direct liquid cooling meth-
ods where the coolant is in direct contact with the copper
conductor.

Moreover, traditional slot overmoulding, which usually
requires a wall thickness of about 1 mm, is not suitable for
very compact, high-power machines since it takes too high a
share of a slot volume [47], [48]. The conductor hollowness,
however, also consumes some conducting cross-sectional sur-
face but anyway enables the highest possible current density J
in a hairpin. Bending the hollow hairpin conductor should not
have a significant influence on the cooling medium pressure
inside the duct, as was stated in [49].
Cooling the stator yoke, however, also needs to be

addressed. In the case of winding DLC, it is at the same
time possible to achieve stator yoke DLC, too. The stator
stack needs to be equipped with cooling ducts to allow for
cooling fluid to flow through the stack itself. This, naturally,
sets strict requirements for the stator stack tightness. No fluid
leakage to the rotor compartment should take place. This
can be achieved via careful manufacturing of the stator stack
using backlack material and vacuum-pressure impregnation
techniques or using a stator can which, unfortunately, needs
space in the airgap setting some extra boundary conditions to
airgap length.

2) FLUID TYPE
While water-glycol mixtures are widely recognized for their
superior thermal properties − offering higher heat trans-
fer coefficients (up to 2500 W/(m2

·K)) and specific heat

capacities (∼3.6 kJ/(kg·K)) [50] − their application in higher
voltage, compact traction motors, present significant chal-
lenges. Water’s electrical conductivity, high permittivity,
and ion formation under voltage stress make it incompati-
ble with motor designs, where DLC involves both internal
conductor flow and external immersion of end windings.
In contrast, oils such as synthetic esters or transformer
oils, although exhibiting lower heat transfer coefficients
(∼100 – 400 W/(m2

·K)) and specific heat capacities
(∼2.0 kJ/(kg·K)), are non-conductive and chemically com-
patible with insulating materials like PEEK [51].
Due to oil’s higher viscosity, it is preferable in internally

cooled hairpins that the stator’s hydraulic design connects all
hollow hairpin segments in parallel flow-wise. This ensures
minimal pressure drop and enables sufficient flow capac-
ity even at low pressure differentials, making the system
pump-efficient despite the coolant’s high viscosity. Water-
based DLC systems typically require serial flow paths and
long galvanic separation through non-conducting hoses to
prevent leakage currents − an impractical solution in this
motor due to tight dimensional constraints. Additionally,
using water in immersion-cooled windings would demand
exceptionally robust insulation to prevent hydrolysis, leakage
currents, and electrical breakdown − challenges that are not
present when using oil. Consequently, oil represents a bal-
anced compromise, offering adequate thermal performance
with superior electrical safety, long-term material compati-
bility, and simplicity in mechanical integration [52].
Despite low losses in the rotor, its cooling sets its own

challenges. However, using oil in the stator cooling also
enables using oil in rotor cooling. The practical oil-cooling
solution for the rotor is implemented via a hollow rotor shaft.
The hollow shaft also reduces the motor’s overall mass. It is
important to take care that all thermally vulnerable rotor parts
are in close contact with the internally liquid-cooled shaft.

C. SLOT INSULATION
One of the most practical and modern means for insulating
a hollow conductor is to extrude the aforementioned PEEK
directly onto the hairpin material [53]. The dielectric strength
of PEEK is 23 kV/mm which is not high compared to that
of traditional insulating foils. 0.3 mm thick PEEK is strong
enough to accept the electric field stresses from line to ground
and 0.6 mm (two layers of 0.3 mm) tolerates well the line-
to-line electric field stresses in a motor supplied with a
converter with 800 V DC-link. One of the advantages of
extruded PEEK insulation on the conductor surface is that
it has no voids and therefore creates a partial-discharge-free
insulation zone around the conductors, which is not always
achievable with other insulation materials. The incorporation
of PEEK-extrusion together with vacuum-pressure impregna-
tion (VPI) to eliminate air pockets between the winding and
the stator steel further enhances the overall motor reliability
and thermal connection between stator teeth and windings.
This insulation system should, therefore, result in lowering
the risk of partial discharge phenomena in the insulation [54].
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If expandable mainwall insulation with no VPI is used instead
there may be a need to increase the PEEK extrusion thickness
on copper.

Stator steel teeth also create significant losses that need to
be removed mostly via the internal DLC winding. Therefore,
it is essential to have a good thermal connection from the
teeth to the cooling fluid, which flows inside the conductor.
This is now restricted by the above-mentioned heat-transfer
coefficient 0.58–3.16 W/(m2

·K) in the case of 0.3 mm PEEK
between the teeth and the DLC winding. In the case of
PEEK-extrusion coating of hairpins, the path from a tooth
to the cooling fluid goes through the resin, PEEK insulation,
and copper conductor itself. VPI takes care that there are no
voids in the resin layer. In addition, the accurate geometry
of the stator stack, hairpin conductors and their PEEK extru-
sion guarantees minimum thickness for the VPI resin thus
enabling efficient cooling of the teeth through the insulation
layers.

D. MANUFACTURING CHALLENGES
Hollow hairpin material is produced by some manufactur-
ers [55], [56] but the mass production of such a material
is not widespread at the current stage. Luvata offers plain
copper extrusion with small enough dimensions for a low-
power high-specific-power machine. The minimum cooling
duct cross section inside the conductor is a 1 mm round
hole. The minimum wall thickness around the duct is 0.5 mm
resulting in a minimum size of hollow conductor 2 mm×

2 mm. PEEK extrusion on hairpins is offered by many com-
panies, but Zeus [57] and Victrex [58] are the leading players
in the market.

E. STATOR DESIGN AND MATERIALS
Low-loss magnetic-circuit materials play an important role
in achieving high specific power in electric motors. It has
already become clear that creating a high-speed motor with
a high number of poles results in a high operating fre-
quency. Therefore, the stator lamination stack should be
manufactured from low-loss electrical steel material [59].
NO20-1200H is a 0.2 mm thick low-loss material that can be
used for high-frequency applications and fulfils the require-
ments set in EN 10303:2015 and IEC 60404-8-8:2017. Its
specific total loss at 1.0 T and 700Hz is typically 27W/kg and
at 2500 Hz it is 188 W/kg [60]. One might ask why not use
NO10 instead? The answer is related to both manufacturing
issues and the fact that hysteresis loss starts playing a domi-
nating role in these materials. Even though the eddy-current
loss is lower in NO10 than in NO20, the lower iron space
factor of NO10 and high hysteresis loss share make the use of
NO10 unfeasible in mass-produced motor stack. Therefore,
the motor stator lamination stack will be manufactured from
NO20-1200H in the prototype, too.

F. ROTOR DESIGN AND MATERIALS
One challenge associated with the high-speed operation
is the mechanical strength of the lamination material.

In many cases, the laminations must provide the mechan-
ical strength of the rotor. NO20-1200H has typical yield
strength of 455 MPa, which can be regarded as a mod-
erate value, not necessarily supporting the idea of a very
high-speed motor. However, with such a yield strength it
is possible to reach acceptably high rotational speeds with
suitable rotor constructions, especially if the rotor is sup-
ported by a band. However, nowadays, materials with yield
strength up to 900 MPa are available. Such materials allow
for easily reaching high strength in rotors with embedded
magnets without extra supporting bands.

Rotor-excited motor types allow for using a non-magnetic
band to support rotor integrity. Lately, industry has seen the
use of carbon fiber bands (CFBs) on the rotor surface [61],
[62]. E.g., Tesla and Lucid are using CFB on permanent
magnet motors. Carbon fiber band can offer a very high
yield strength – the typical tensile strength of composite with
AS4C is 2263 MPa [63] and the typical tensile strength of
composite with IM10 even 3310 MPa [64]. Using a carbon
fiber band, therefore, enables many kinds of solutions for
the rotor beyond the areas where metals can support the
rotor construction. One issue with using carbon fiber band
is that it acts as a thermal insulator, weakening the rotor
heat transfer. Therefore, the rotor should generate minimal
losses, and some cooling means must be arranged inside the
rotor. Another problem related to the use of a carbon fiber
band is its thermal elongation factor, which can be negative.
Three main types of CFBs can be studied for high power den-
sity traction motors: pitch-based carbon fiber with negative
thermal expansion value −1 × 10−6 K (meaning the shrink
fitting of a carbon band gets tighter when the rotor heats
up), ultrahigh modulus Polyacrylonitrile PAN-based carbon
fiber with thermal expansion equal to 0.4 × 10−6 K and
intermediate modulus PAN-based carbon fiber with thermal
expansion 2.3 × 10−6 K. As in a mobile application, the
rotor needs to operate from−30 ◦C to operating temperatures
beyond 100 ◦C selecting the band material and designing the
shrink fitting need to be done with care. Pitch-based carbon
fiber offers unique advantages in counteracting the expansion
of other components due to its negative thermal expansion,
but its differential expansion rates might complicate motor
design significantly. Ultrahigh modulus PAN-based carbon
fiber presents an optimal balance with its very low thermal
expansion and high stiffness, crucial for maintaining rotor
integrity and efficiency across a wide temperature range,
albeit its brittleness may pose durability concerns. Inter-
mediate modulus PAN-based carbon fiber strikes a balance
between toughness and stiffness, offering better impact resis-
tance but at the cost of a slightly higher thermal expansion,
potentially affecting dimensional stability under extreme
conditions.

Manufacturing a rotor with a thin CFB is a challenge. The
correct method is to wrap the band directly onto the rotor
under a pretension of up to 1300 MPa − that guarantees that
rotor parts remain in place during the high operating spinning
speed of the rotor.
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G. EVALUATION OF MATERIAL SUSTAINABILITY
Since we are aiming to improve the environmental sus-
tainability of the traction motors, we need to evaluate our
solutions against conventional designs. When assessing envi-
ronmental impacts, the effects of individual components and
materials must be examined and contextualized to the over-
all impacts arising from the manufacturing of the entire
motor. The magnitude of these impacts can vary significantly
between different materials, but their mass also plays a crucial
role. For this motor design, we give a more detailed analysis
of the Global Warming Potential (GWP) impacts of electrical
steel, permanent magnets, carbon fiber, and hairpin wire,
which contains copper coated with PEEK insulation. These
materials have been identified as significant contributors
either due to their mass or their emission factors.

Electrical steel and copper are essential components in
both the conventional and newly proposed motor designs.
Firstly, the reduced thickness of NO20 electrical steel does
not considerably affect the emissions. Further, the emission
factors for electrical steel and especially copper can vary
significantly depending on, for example, whether virgin or
recycled materials are used in manufacturing. Therefore,
careful consideration should be given to the choice of raw
materials to minimize emissions caused. It is now anticipated
that the electrical steel and copper used in both the con-
ventional and proposed designs each have similar respective
rawmaterial compositions. Consequently, optimization of the
quantity of materials used becomes the most important factor.

FIGURE 1. Relative GWP factors of different materials.

In contrast to conventional motor designs, differences can
be observed in the use of PEEK and carbon fiber. The PEEK
coating replaces the traditional enamel coating, while the
carbon fiber is a completely new component. In PMSMs,
the mass of permanent magnets can be significantly reduced,
which decreases the associated emissions. Permanent mag-
nets are among the most emission-intensive components of
motors. Fig. 1 illustrates the emission factors of different
materials compared to permanent magnets. Presented GWP
emissions are mostly based on the statistical data obtained
from the environmental databases – ecoinvent [65] and
Sphera [66], supplemented with expert estimation for NO20
steel.

As shown in Fig. 1, the emission factor of permanent
magnets is the highest among the materials examined, fol-
lowed by carbon fiber and PEEK. The emission factor of
NO20 electrical steel is significantly lower than those of the
other materials. However, because it is used in the largest
quantity bymass, its overall impact becomes significant when
considering the entire motor. On the other hand, the amounts
of carbon fiber and PEEKused in the design are small, so their
overall impact is less than the bars shown in the figure sug-
gest. Additionally, the treatment process of the PEEK coating
is not as energy intensive as that of the traditional enamel
coating. While this results in small emission reductions, the
overall effect is not particularly significant at the scale of the
entire motor.

IV. IMPLEMENTATION OF INNOVATIVE SOLUTIONS
This section presents case studies that illustrate the suc-
cessful application of identified best practices in an electric
propulsion motor, meeting the EU’s targets. It highlights
the integration of low-loss materials, advanced cooling tech-
niques, and innovative design strategies through real-world
scenarios, including their application in electric vehicles.

Currently, car propulsion motors typically operate at a
rated speed of approximately 6000 rpm, with a maximum
speed of around 18000 rpm. The maximum speed during
field weakening is about three times the rated speed, which
appears to be a techno-economic optimum for on-road trac-
tion motors. Present commercial motors, however, achieve
continuous specific power in the range of 3 kW/kg, whereas
our goal is to reach 7 kW/kg and maintain high efficiency.
To achieve this, the electromagnetic and mechanical stresses
in themotormust be significantly increased.We have selected
12000 rpm as the starting point for the rated speed of the new
motor. Consequently, its maximum speed should be at least
30000 rpm - preferably even higher, if feasible. Achieving
these operational values should assist in meeting the EU’s
targets. As discussed earlier, the usage of permanent magnets
seems unavoidable in achieving the 7 kW/kg specific power
target. It is also crucial for the motor to generate as much
reluctance torque as possible to ensure acceptable perfor-
mance despite the reduced mass of PM material. Therefore,
a rotor surface magnet machine is not suitable, and the use of
embedded magnets should be considered.

A. CASE PMASYNRM WITH 320 g OF PMs
For practical implementation, several scenarios have been
considered. The first version was an eight-pole PM-assisted
SynRM with short-pitched hollow oil-cooled fractional-slot
hairpin windings. The rotor was realized using three axially
independent stacks in the following order – PM stack in front,
SynRM stack in the middle, and PM stack in the back. The
rotor configuration is explained in Fig. 2.

The SynRM section is based on a solution with very strong
austenitic backplates and bridgeless flux guides ’hanging in
the air. The backplates are assumed to be made from Forta
H [67] austenitic material, which has a yield strength of
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about 1000 MPa. These can support the SynRM outer flux
guides at a safety speed of 36000 rpm. The flux guides are
manufactured from NO20 steel and are attached between
these backplates. The Forta H backplate thickness is 0.8 mm,
and the axial length of the flux guides is 4 mm, resulting in a
ferromagnetic material space factor of 0.83. Each PM section
of the rotor includes embedded PMs in two radial layers,
thereby also enabling some reluctance torque from the PM
section. This version uses only 320 g of PM material but can
still produce 120 kW continuous power.

FIGURE 2. Rotor configuration of the first scenario – PM stacks are
placed at the rotor ends and the skewed SynRM stack between them.
PM sections have free ends to enable PM insertion. PMs are rectangular
and therefore easily removable and recyclable intact.

The mechanical integrity of these rotor sections can be
maintained up to a 36000 rpm safety speed without any rotor
surface band. This safety speed meets the IEC 60034 require-
ment that states an electrical machine’s rotor must tolerate
1.2 times the highest operating speed. The concomitant
mechanical stresses are therefore 1.44 times the mechanical
stress experienced at the practical operating maximum speed.

However, fixing the flux guides to the backplates requires
interlocking in addition to the backplate solution, which is
mechanically unfavorable. Nevertheless, the main reason for
abandoning this solution was that it proved to have too high
iron losses to reach acceptable efficiency. The main problem
related to this solution is that the operating frequency is so
high that the losses cannot be low enough with the high-stress
design. The rated point efficiency of the 7 kW/kg machine is
just 90%, which was not acceptable.

B. CASE PMSM WITH TWO MAGNET LAYERS
To increase efficiency, a six-pole PMSM version was con-
sidered. However, the adverse effect of adopting a six-pole

design is that the stator yoke’s height, in principle, increases
by 33% compared to the eight-pole version, which contradicts
the recommendation in (5). Nonetheless, due to the demand
for higher efficiency, it is necessary to study this version.

This version was designed with maximized reluctance
torque and maximized PM utilization, featuring a carbon-
fiber band-supported rotor construction. Such arrangement,
in principle, makes it easy to remove the magnets intact at
the end of life.

A thin carbon fiber band, with a thickness ranging from
0.4 to 0.5 mm, is also used on the inner surface of the stator
to securely prevent cooling oil from leaking into the airgap.
All stator hollow hairpin conductors are connected in parallel
flow-wise, ensuring that the oil pressure needed to overcome
flow resistance remains minimal, allowing for the minimal
thickness of the carbon fiber. Fig. 3 illustrates a test sample
of a 0.5 mm thick carbon fiber case for the stator.

FIGURE 3. Test sample of a 0.5 mm thick carbon fiber band.

This case aims to maximize the PM utilization and the
reluctance torque of the embedded magnet machine by
removing the iron bridges around the PM material. The rotor
integrity is now supported by a carbon-fiber band as well.
The best electromagnetic performance can be achieved with
a rotor that has a high difference between direct-axis and
quadrature-axis inductances. Therefore, the rotor is designed
with three flux guides and two flux barriers. The rotor
carbon-fiber band must be at least 1 mm thick for mechan-
ical integrity; hence the magnetic airgap of the machine is
increased to 2 mm.

Geometry and efficiency map of the design are illustrated
in Fig. 4 and Fig. 5, respectively. Note, in all efficiency maps
presented in the paper, efficiency values below 0.8 use the
lowest (dark blue) color for better visibility.
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Motor design can meet the targets and produce low losses
in the WLTP cycle, however, its manufacturing was not
considered feasible for mass production. Manufacturing the
central part (the spider) and the first flux guide separately
using NO20 lamination poses no issue, but the topmost small
flux guide, being just 2.5mm thick and 110mm long, presents
significant challenges. Handling such a thin laminate beam
(or beams if split into several parts) and safely inserting it on
top of the magnets requires manufacturing technology that
is beyond the current state of the art. If this manufacturing
problem could be solved at a low cost, the motor would be
optimal for meeting the EU’s targets.

FIGURE 4. PMSM with three flux guides and two flux barriers offers the
best efficiency. 2 mm airgap allows for space for both stator and rotor
fiber bands. Hollow hairpin conductors are short-pitched. Stator has fluid
channels to remove heat from the stator yoke iron.

FIGURE 5. Efficiency map and torque capability of the PMSM with three
flux guides and two flux barriers.

C. FINAL CASES: STEEL EMBEDDED MAGNETS VERSION
AND CARBON-FIBER BAND VERSION
Due to the challenges encountered with the previous PMSM
solution, a simplified rotor arrangement was explored. Ver-
sions very similar to the embedded magnet PMSM were

studied next, both featuring just two magnets per pole and
two flux guides to produce reluctance torque. The first case
is the steel-embedded-magnet PMSM with 1.3 mm airgap.
Second is the carbon-fiber-band PMSM with 2 mm airgap.

The idea of short-pitching the winding was abandoned at
this stage due to the extreme difficulties in manufacturing,
therefore full-pitch winding is used for both versions.

In case of the first version, embedding V-shape permanent
magnets in the rotor lamination stack is the traditional method
for manufacturing traction motors with PMs, also enabling
some reluctance torque. The issue with this solution is that
NO20 rotor laminations cannot support the 720 g mass of
PMmaterial, and it must be reduced to 670 g to withstand the
motor’s safety speed of 36000 rpm. Besides, bridge distance
between airgap and magnet edge is relatively high (compared
to traditional V-shape PMSMs) for the same reason. This
results in high permanent magnet flux leakage and, hence,
inefficient use of the magnet material. However, this version
is considered for further improvements. The rotor diameter
is 86 mm, and the active length is 110 mm. With these
dimensions and a 1.3 mm airgap, the machine’s total dry
mass of 17.2 kg can achieve the target of 7 kW/kg for a
120-kW constant power motor spinning at 12000 rpm at the
rated point.

Geometry and efficiency map of the PMSM with
steel-embedded magnets are presented Fig. 6 and Fig. 7,
respectively. Geometry and efficiencymap of the PMSMwith
a simplified carbon-fiber band are presented in Fig. 8 and
Fig. 9, respectively.

FIGURE 6. In section view of V-magnet PMSM with steel-embedded
magnets with 670 g PM mass and 1.3 mm airgap.

Table 1 represents some important motor parameters and
comparison of motors at different operating points.

D. TORQUE QUALITY
All the versions studied have torque ripple that must be
minimized for low noise and drive comfort. For that purpose,
quasi-skewing of the rotor, where the poles are shifted with
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FIGURE 7. Efficiency map and torque capability of V-magnet PMSM with
steel embedded magnets with 670 g PM mass and 1.3 mm airgap.

FIGURE 8. In section view of V-magnet PMSM with simplified
carbon-fiber band version with 720 g of PM material and 2 mm airgap.

FIGURE 9. Efficiency map and torque capability of V-magnet PMSM with
simplified carbon-fiber band version with 720 g of PM material and 2 mm
airgap.

respect to each other, was applied [68]. In this case the
stator winding has two parallel paths and therefore the rotor

TABLE 1. Comparison of motor parameters.

needs a symmetry axis, and three rotor poles need to create
the quasi-skewing period. Fig. 10. illustrates this option for
the simplified carbon-fiber-band PMSM and Fig. 10 shows
its torque curves with different torque-quality improving
approaches.

As Fig. 11 illustrates, the motor torque is slightly reduced
because of short pitching of the stator winding and rotor pole
quasi-skewing, but the peak-to-peak torque ripple is reduced
to an extremely comfortable level for a traction motor. Fig. 12
further illustrates the motor torque ripple at no load and
Fig. 13 shows the torque ripple map over the whole operating
range.

E. MECHANICAL STRESSES
The contact model used in the rotor mechanical analysis is the
frictional contact approach with 0.1 coefficient of friction for

125668 VOLUME 13, 2025



J. J. Pyrhönen et al.: Design of a High-Specific-Power Traction Motor

FIGURE 10. Quasi-skewed rotor layout of the simplified
carbon-fiber-band PMSM.

FIGURE 11. Torque shapes for different arrangements of simplified
carbon-fiber-band PMSM.

FIGURE 12. Torque ripple comparison between simplified
carbon-fiber-band PMSM with and without 2-pole rotor quasi-skewing at
no-load.

all contacts. The contact between the shaft and rotor laminates
has an interference fit. In the carbon-fiber version there is also
an interference fit between the pole and the carbon fiber band
and the clearance between the spider and carbon fiber band.
The axial displacement is constrained from one side of the
rotor and the tangential displacement is constrained from the
sides of the rotor, according to cyclic and mirror symmetries.
The steel-embedded-magnet version shown in Fig. 14 has

FIGURE 13. Torque ripple chart of the full-pitched simplified
carbon-fiber-band PMSM with 2-pole rotor quasi-skewing. All torque
ripple values below 0.7 use the lowest (dark blue) color for better
visibility.

plastic strain as the most critical part in the rotor laminate
material, which has plastic capability and is modeled with
bilinear material model.

FIGURE 14. Rotor stress of the PMSM with steel-embedded magnets.

The maximum plastic strain is 0.3% while elongation at
break is 17%. This means that there is a large margin from
0.3% to 17% before the rotor fails. The plastic strain in
hotspots happens only once when the rotor is spun at the
elevated test speed. After that, the yielded areas have residual
compressive stress caused by permanent deformation. This
will increase the fatigue life of the rotor as themean stress val-
ues in hotspots are lower. The simplified carbon-fiber-band
version does not have plastic capability, therefore Fig. 15
shows the equivalent stresses on the rotor. The peak stresses
are lower than the tensile strength of typical composites with
AS4C (2263 MPa) or IM10 (3310 MPa). As the carbon-
fiber has a high strength compared to stiffness, extra attention
needs to be paid to deformations to avoid contact with the
stator at the highest speeds.

Long term reliability concerns of CFB rotors are discussed
in [69], where a pre-impregnated PEEK/AS4 carbon-fiber
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FIGURE 15. Rotor stress of the simplified carbon-fiber-band PMSM.

band was directly wound onto the rotor, which was designed
for a nominal operating speed of 10000 rpm. Mechani-
cal finite element analysis indicated a peak hoop stress
of 363 MPa in the CFB at this speed. Spin testing demon-
strated a burst speed of 22662 rpm. To evaluate fatigue
performance, two rotors underwent low-cycle fatigue testing:
one completed 150 cycles between 3000 and 12000 rpm,
while the second completed 400 cycles in four stages −

100 cycles each at 3000 – 6000 rpm, 3000 – 8000 rpm, 3000
− 10000 rpm, and 3000 – 12000 rpm. Both rotors survived
testing without failure and showed strong resilience under
demanding fatigue conditions. Based on these results, our
current rotor design is expected to achieve similar durability,
providing confidence in its safe operation under typical driv-
ing conditions. Accordingly, designing a retaining band is an
optimization problem that involves selecting its material and
thickness [70]. The goal is to minimize the thickness of the
band while ensuring it stays withing the allowable material
strength.

The simplified carbon-fiber-band PMSM is much stronger
than the steel-embedded-magnet version. This is explained by
the fact that the higher airgap and the lower rotor d-axis reluc-
tance without steel bridges significantly reduce the armature
reaction in the simplified carbon-fiber-band PMSM.

F. COOLING ARRANGEMENT
Stator DLC is estimated for the steel-embedded-magnets
model. Oil enters at one end of the machine, runs through the
hollow hairpins and stator stack channels to the other end, and
is therefore cooling the stator. Hydraulic conductors in this
casemust be arranged in parallel tominimize pumping power.
One conductor is estimated to have 64 ml/min oil flow at
0.5 bar pressure drop.With 36×6 conductors, pumping power
is approximately 11.5 W, which is relatively low compared to
the cooling efficiency it can provide.

The efficiency of the proposed cooling method is partially
validated through the tests with a single hollow rectangular
conductor that will be used in the stator. Fig. 16 illustrates
the measurement results with 64 ml/min oil flow and Fig. 17
shows the results without the oil. The highest measured

conductor temperature varied between 175. . . 180 ◦C with
the 330 A conductor current, 59.2 A/mm2 current density,
64 ml/min oil flow and 0.8 m/s oil flow speed. Without oil,
the conductor temperature reached 270 ◦C already at 200 A.

FIGURE 16. Temperature of a single hollow conductor with 64 ml/min oil
flow and 330 A DC current supply.

FIGURE 17. Temperature of a single hollow conductor without oil flow
at 200 A DC current supply.

This test of wire heating by supplying certain current (elec-
tric power) with oil flow and without oil flow in the conductor
was done to evaluate the heat transfer coefficient hc of the
oil cooling through the wire, as was done in [71], using the
following equation,

hc =
Q

Sin1T
, (7)

where Q is the total heat power over the conductor, Sin is
the inner surface area of the channel, 1T is the temperature
difference between the inner tube surface and oil.

Using the approach described in [71] and (7), different
currents were applied to the wire (resulting in different
power levels in the conductor) to estimate the heat transfer
coefficient between the inner tube surface and the oil flow.
The results indicate that this coefficient depends on the oil
temperature due to variations in oil viscosity. However, for
oil temperatures above 60 ◦C, the heat transfer coefficient
reached approximately 500 W/(m2

·K), which is used as a
boundary condition for accurate 3D FEM simulation.
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Hydraulic conductors are
The rotor has a hollow shaft, which is cooled inside by an

oil flow and a fan arrangement via which air is circulated
inside the rotor to balance the rotor temperature. Fig. 18
illustrates the estimated temperatures of the machine under
the rated load. Fig. 19 illustrates the rotor’s overall layout.
The hollow shaft is cooled from the inside by an oil flow
and the rotor temperatures are unified by circulating air with a
fan sucking air from the bottom of the PM section and pushing
it towards the other end via the tops of PMs.

FIGURE 18. Motor temperature from both sides at the rated load 120 kW,
12000 rpm. The effectiveness of the stator cooling is well visible. The
topmost conductors, however, have a high operating temperature with
50 ◦C oil input temperature.

FIGURE 19. Rotor cooling assembly. Red and blue arrows illustrate air
flow path through the permanent magnet pocket edges.

G. CARBON FOOTPRINT
To properly scale the impacts of different materials in carbon
footprint, they must be examined from the perspective of the
entire motor. The final version of simplified carbon-fiber-
band PMSM is used as a reference point as it has also the
rotor carbon-fiber band. The calculated results are indicative

and include only the emissions from the materials required
for the motor. Therefore, for example, manufacturing and
use-phase energy consumptions have not been taken into
account. For other studied designs, results could be similarly
straightforwardly evaluated by scaling the material masses.
Fig. 20 presents the GWP impacts of the examined materials
scaled to the entire motor.

FIGURE 20. Distribution of GWP emissions in simplified
carbon-fiber-band PMSM between different materials.

The results underline that even though the emissions from
PEEK and carbon fiber are smaller than those of the steel
sheets, magnets, and copper, they still increase the carbon
footprint by a couple of percentage points. Usage of PEEK
instead of enamel increases the emissions. However, the
reduction of PEEK mass is complicated at the selected volt-
age level. The mass of carbon fiber used is already minimal,
and its impact on lifecycle emissions is more significant
through improvements inmotor efficiency than through emis-
sions generated during its manufacturing phase. NO20 steel
and copper are significant sources of emissions, and their use
should be optimized to reduce emissions. Magnets, on the
other hand, stand out in the overall picture due to their high
emission factor. Fig. 20 thus illustrates how reducing the
amount of permanent magnets can lead to substantial emis-
sion reductions.

However, one needs to note that the emissions from the
use phase dominate the total lifecycle emissions of a motor.
Further, these use-phase emissions are primarily determined
by the carbon intensity of the electricity used and the motor’s
efficiency. Hence, motor efficiency is a key factor influencing
the overall lifecycle emissions of traction motors.

V. CONCLUSION
While significant progress has been made, challenges remain
in achieving higher specific power in electric motors when
using traditional materials. These challenges are primarily
related to the mechanical strength of the rotor and the cooling
of the stator.

Final design selection will depend on the advancements
in material and manufacturing technologies. In order to use
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V-embedded magnets version, steel, strong enough to with-
stand reduced bridge and airgap distance, must be found.
For carbon-fiber-band version, which showed outstanding
performance, a way to reduce the rotor band thickness should
be found.

Future research will focus on exploring novel materials,
advancing control strategies, and optimizing manufacturing
processes to address these challenges and unlock new possi-
bilities for high specific power electric motors.

In conclusion, using a high operational speed, together
with best practices, including the use of low-loss materi-
als, improved direct liquid cooling, and innovative design
strategies, has been crucial in advancing the technology of
high specific power electric motors. As the field continues
to evolve, combining these practices and pushing the lim-
its of technological innovation will be key to developing
electric motors that meet the growing demands of modern
applications.
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