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Abstract—High-speed electrical machines are gaining increas-
ing attention, as they enable higher power densities in several
applications such as micromachining spindles and turbo compres-
sors. This brings along an important challenge in thermal man-
agement due to the higher loss densities in the machine. Therefore,
a careful thermal analysis is required along with the electromag-
netic and mechanical considerations during the design phase of
the machines. In this paper, different forced cooling options are
compared for a slotless-type high-speed permanent-magnet ma-
chine. Fast, yet sufficiently accurate thermal models are derived
for analyzing these cooling concepts. This enables their coupling
with electromagnetic models and incorporation into the machine
optimization procedure, which would not be feasible when using
computationally very intensive methods such as three-dimensional
finite element method or computational fluid dynamics. The devel-
oped thermal models are first verified on mechanically simplified
stator designs (in which no rotor coupling is possible), and later on
fully functional high-speed electrical machine prototypes. Using an
integrated cooling method instead of a standard cooling jacket, the
power density can be nearly doubled while keeping the maximum
winding temperature below 80 °C, without altering the rotor or the
stator core geometries.

Index Terms—Cooling, high-power-density drives, high-speed
drives, modeling, slotless machine.

I. INTRODUCTION

DUE TO the higher power density that they offer, high-
speed drives have been a very popular research topic lately,

both in academia and industry. Furthermore, a major part of the
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research about electrical machinery is expected to be about high-
speed drives in the near future [1], due to both the advancements
in enabling technologies (e.g., magnetic [2] and gas bearings [3],
higher quality core materials [4], self-sensing techniques for
low-saliency machines [5]) and the advantages that high-speed
drives bring in several emerging applications such as portable
power generators, turbo compressors, and spindles [6], [7].

The miniaturization enabled by high rotational speeds is es-
pecially beneficial in heating, ventilation, and air condition-
ing in mobile applications, as well as turbocharging of higher
efficiency, more-electric drivetrains of automobiles [1]. For
instance, a 500 000 r/min, 150 W electrically driven turbo
compressor is proposed in [8] for the cabin pressurization of
a solar-powered airplane. Similarly, higher rotational speeds are
shown to enable significant weight reduction in reaction wheels
used for attitude control of small satellites in [9].

In high-speed drives, besides increased mechanical stresses in
the rotor and rotor dynamics constraints, thermal considerations
become more important due to the higher loss densities result-
ing from a smaller volume and surface area. In order to design a
reliable and optimum machine, the traditional way of optimiza-
tion considering only electromagnetic and mechanical aspects
for a given specific electric loading cannot be taken anymore,
and the thermal design needs to be part of the machine design
procedure [10]. Different examples of combined thermal and
electromagnetic analyses of electric machines are discussed in
[11]–[13]. A comprehensive review of modern cooling systems
applied to electrical machines is given in [14].

The slotless permanent-magnet (PM) machine topology (see
Fig. 1) is usually preferred for high-speed drives (above
200 000 r/min), due to its weak armature field caused by the
large magnetic air gap, which in turn leads to lower rotor losses.
Furthermore, the slotless configuration means that stator core
saturation or demagnetization of the PM rotor is possible only
by having unpractically high current densities in the windings.
Therefore, temperature rise is the main factor that limits the rated
power of a given slotless high-speed machine, whose maximum
safe operating speed is set by rotor dynamics and mechanical
stresses in the rotor. Consequently, the torque density and hence
the power density of the machine can be increased by using a
higher performance cooling system.

If the only load-dependent loss component of an electrical
machine is assumed to be Joule losses in the windings, and other
loss components such as core, windage, and bearing losses are
assumed to be only a function of the rotor speed, it becomes
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Fig. 1. Conceptual representation of the cross-sectional area of a slotless
PM machine with skewed-type air gap windings. The windings are depicted
symmetrically (one inner and one outer layer coil side per phase); however, in
practice it may look differently depending on the axial location of the cross-
sectional view.

clear that increasing the power output of a machine by pro-
viding a higher cooling performance results in a reduction of
efficiency. However, in certain applications, such as machining
spindles, where the size of the tool head limits the shape of
possible work pieces, a lower efficiency may be accepted in or-
der to increase the power density further. Moreover, in mobile
applications such as turbo compressors in aircraft or road ve-
hicles, an electrical machine with higher power density, albeit
itself having a relatively low efficiency, may be desirable due to
the weight reduction it enables. Therefore, this work is focused
on the power density improvement of high-speed, slotless, PM
electrical machines using different forced cooling methods.

Initial considerations on the cooling of high-speed electrical
machines have been discussed in [15], where several different
forced cooling concepts for a slotless-type high-speed PM ma-
chine are described, considering both air and water as coolants.
Fast, yet sufficiently accurate thermal models have been de-
rived for describing these forced cooling methods such that the
cooling system analysis could be made part of the machine opti-
mization procedure, which is not always feasible with the com-
putationally very intensive methods such as three-dimensional
(3-D) finite-element method (FEM) or computational fluid dy-
namics (CFD). Moreover, the validity of the thermal models
has been shown in [15], by measurements taken on different
stators that are manufactured by integrating the analyzed forced
cooling methods into an off-the-shelf 280 000 r/min, 1 kW elec-
tric machine by keeping the original magnetic design. However,
since they were manufactured solely for the verification of the
thermal models, the mechanical design of these stators did not
permit a rotor to be employed.

This paper recaps the main aspects of [15], which provides the
basis for a subsequent analysis of the power density increase of
an actual electrical machine enabled by integrated forced cool-
ing. Different forced cooling methods are briefly introduced,
and they are compared both using models and measurements.
Then, an integrated design work flow is introduced, in which
the thermal and electromagnetic models are coupled to each
other. Following this modeling approach, two fully functional
machine prototypes are constructed, one featuring the state-of-
the-art jacket cooling and the other with an integrated annular
gap cooling. The maximum achievable power densities of both

TABLE I
KEY PARAMETERS OF THE CONSIDERED MACHINE

Rated speed 280 000 r/min
Rated power 1 kW
Pole pair number 1
Rated efficiency 0.94
PM flux linkage 1.75 mVs
Phase resistance 0.14 Ω
Phase inductance 10 μH
Rotor diameter 11 mm
Stator diameter 27.5 mm
Winding bore diameter 12.5 mm
Axial length 33 mm

machines are compared. Only water is considered as coolant in
this work due to its better cooling capability compared to air,
its easy handling and its wide availability. Measurements taken
with these prototypes verify the improvement of the cooling
performance and consequently the feasible increase of power
density.

II. THERMAL MODELING OF SLOTLESS PM MACHINES

Methods for thermal analysis of electrical machines can be
grouped into lumped-parameter networks, FEM and CFD [16],
[17]. The latter two can be used to model complicated geome-
tries and/or various coolant flow conditions. On the other hand,
these numerical methods are computationally very intensive;
hence, it is impractical to integrate them into the initial machine
optimization phase, where a large amount of design points need
to be evaluated. Lumped-parameter approaches, on the other
hand, offer a computationally efficient thermal analysis method,
in which the electrical machine geometry can be discretized in
cuboidal [18] or arc-segment-shaped [19] elements, and the ther-
mal behavior can be analyzed by solving a thermal equivalent
network. For that reason, in this work, a lumped-parameter-
based method is adopted for thermal analysis, with the goal of
developing a computationally inexpensive thermal model that
can be integrated in the machine optimization procedure, while
still yielding reasonably accurate results.

A conceptual representation of the slotless PM machine
topology is shown in Fig. 1. The stator core is made of a
hollow-cylinder-shaped stack of laminated amorphous iron
(sheet thickness ≈ 20 μm). Skewed-type air gap windings [20]
made of litz wire are used in order to limit the axial space re-
quired for the end windings. Windings and the stator core are
bound using epoxy casting. The rotor consists of a diametrically
magnetized cylindrical PM, and a retaining sleeve made of tita-
nium. The sleeve ensures mechanical stability and also transfers
the torque to the load of the machine by forming a shaft at the ax-
ial ends of the rotor. Table I summarizes key design parameters
of the machine considered in this work [21].

For modeling the thermal behavior of the machine, its ge-
ometry is discretized in all three dimensions1 using cylindrical

1For modeling the machines with a cooling setup that is symmetric around
the azimuthal axis, an axisymmetric 2-D model can be used instead of a 3-D
model. However, the model is developed in 3-D here for generality. Only one
element can be used in the azimuthal direction in case of axisymmetric setups
for further decreasing the computational effort.
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Fig. 2. Discretization of the machine geometry for thermal analysis. Only
three quarters of the axial half of the complete machine geometry is illustrated.

Fig. 3. (a) Basic arc-shaped thermal element that is used to discretize the
machine geometry. (b) Representation of the arc-shaped thermal element with
respect to its center node and six thermal resistances in radial (r), axial (z), and
azimuthal (θ) directions.

coordinates as shown in Fig. 2. This results in the representation
of the machine geometry by a set of small arc-shaped elements
as shown in Fig. 3(a). For solid domains, where heat is trans-
ferred by conduction, each arc-shaped element is further divided
into two halves in all three axes as shown in Fig. 3(b), and (1)–
(3) are used to calculate the values of the thermal resistances in
radial (Rth,r), axial (Rth,z), and azimuthal2 (Rth,θ ) directions

Rr =
ln(ro/ri)

λrθz
(1)

Rz =
2z

λzθ(r2
o − r2

i )
(2)

Rθ =
θ(r2

o − r2
i )

2λθ z(ro − ri)2 (3)

where ro, ri, z, and θ define the arc shape [cf. Fig. 3(a)]. λr, λz,
and λθ are the specific thermal conductivities of the material in
the radial, axial, and azimuthal directions, respectively.

In this representation, the center node coincides with the ge-
ometric center of the arc-shaped element. The losses associated
with that element (e.g., copper losses, if the element is rep-
resenting a part of the windings) are introduced at the center
node, considering the loss density in the machine and the vol-
ume of that specific element. Anisotropic thermal conductivities
of the laminated stator core or the winding pack can easily be

2The azimuthal thermal resistance depends on the radius where it is evaluated.
Here, the mean radius is used.

TABLE II
SPECIFIC THERMAL CONDUCTIVITIES (W/MK)

λr,w 2.1
Winding packi λz,w 60

λθ ,w 2.1

λr,c 9
Stator core [22] λz,c 5

λθ ,c 9

Housing [23] λh 235
Epoxy [24] λe 0.85
Sleeve [25] λs 22
Permanent magnet [26] λm 10

iMeasured on an epoxy-cast skewed-type air gap winding.

accounted for by applying different specific thermal conductiv-
ity values in different axes. Table II summarizes the specific
thermal conductivities of different parts of the machine.

The thermal interfaces between different machine domains
are considered based on the nominal manufacturing tolerances
of the machine assembly. An epoxy layer of 0.3 mm with a ther-
mal conductivity of 0.85 W/mK between the core and housing
represents the small volume at the clearance between those two
domains that will be filled up by epoxy during casting. Similarly,
the clearance between the winding and the core is assumed to
be filled with a 0.1 mm epoxy layer. Additionally, a 0.06 mm of
polyimide tape with a thermal conductivity of 0.026 W/mK is
present between the winding and the core, which is also included
in the thermal model.

Following the treatment of the conductive heat transfer and
the heat sources, the convective heat transfer that takes place in
the air gap and in the forced cooling channels needs to be treated
for finalizing the thermal model. The rate of heat transfer to the
coolant flow can be calculated by CFD and modeled as a thermal
resistance element within the thermal network described above
[27]. However, this would increase the computational effort and
go against the goal of having a fast model. Therefore, an alter-
native method is adopted in this work, where the empirical heat
transfer correlations presented in the literature are used with the
help of dimensionless numbers that enable their application to
the machine geometry and coolant flow conditions at hand. The
Nusselt number Nu can be obtained from [28] for cooling chan-
nels having the form of either round-shaped ducts or annular
gaps, based on whether the coolant flow is laminar, mixed, or
turbulent. The equivalent thermal resistance Rfl to the coolant
is then calculated based on the heat transfer coefficient h as

h =
Nuλfl

dh
(4)

Rfl =
1

hAwe
(5)

where dh is the hydraulic diameter of the channel, Awe is the
wetted surface, and λfl is the thermal conductivity of the coolant
[28]. The thermal conductivity of the air gap is calculated ac-
cording to [29], taking the rotational speed of the rotor into
account.

Convective heat transfer is more complicated to analyze com-
pared to its conductive counterpart, due to the need of iterative
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Fig. 4. Jacket cooling method, which is the state-of-the art cooling method
employed in the off-the-shelf electrical machine that is used in this work [21].
Even though it simplifies the design by decoupling the thermal and electromag-
netic design, this type of cooling results in a suboptimal cooling performance.

computation (cf. Fig. 13). The analysis starts with the initializa-
tion of the fluid temperature in the cooling channel. The thermal
resistance to the coolant is calculated based on the wall surface
and the fluid temperatures as well as the fluids physical proper-
ties. With this, the heat transfer to/from the fluid is calculated,
resulting in a change in the fluid temperature. This is repeated
with the updated fluid temperature until the results converge.

Once the geometric discretization is carried out and the ther-
mal resistance network is set up, the next step is the addition
of the heat sources. As will be revisited in Section IV, the
loss components considered in this work are the stator core
losses, copper losses (including skin and proximity effects), and
windage losses, which are assigned in the nodes belonging to
the stator core, winding, and air gap regions, respectively. Fi-
nally, the steady-state temperature of each element is found by
solving the system as described in detail in [30].

III. FORCED COOLING METHODS

A. Jacket Cooling

Jacket cooling is a widely used cooling method, which is also
employed in the off-the-shelf electrical machine that is used
in this work as a case study. In this method, the coolant flows
outside the machine housing as shown in Fig. 4. The electro-
magnetic design of the machine is decoupled from the cooling
system design, i.e., a cooling jacket can be built around any
machine that has been optimized considering only electromag-
netic and mechanical aspects. However, this results in a sub-
optimal cooling performance, as the thermal interface between
the coolant and the critical parts of the machine (windings and
PM) has a relatively high thermal resistance. The collection of
empirical formulas describing the convective heat transfer into
coolants flowing in widely used channel shapes (as summarized
in [28]) cannot be applied to the jacket cooling method con-
sidered in this work due to the significantly different channel
geometry. However, as a result of the large cooling contact sur-
face with the coolant, and also assuming the coolant flow rate
and the machine efficiency are sufficiently high, jacket cooling

Fig. 5. Representation of the machine geometry for the thermal analysis of
the machine with axial ducts.

can be modeled in the first step as a fixed temperature (temper-
ature of the coolant) on the outermost boundary of the housing
(i.e., by imposing a fixed voltage on the nodes representing this
boundary in the thermal equivalent network). The discretization
of the geometry is carried out considering the tradeoff between
the computational effort and an adequate representation of the
machine’s thermal behavior; the geometry is discretized using
13 radial and 11 axial elements.

B. Axial Ducts

In a slotless high-speed electrical machine, copper losses
are the loss component that has the strongest dependency on
the torque of the machine (for instance, doubling the torque
of the machine nearly quadruples the copper losses). There-
fore, the thermal connection between the winding region and
the coolant needs to be improved for increasing the torque, and
hence the power output of the machine. An approach to cool the
winding region is to bring the coolant flow closer to the wind-
ings. One way of doing this is by introducing axial ducts in the
winding region [31]. This clearly decreases the overall thermal
resistance toward the coolant and hence decreases the tempera-
ture of the hotspots. On the other hand, it increases the copper
losses, as the total winding cross-sectional area is reduced for
the same stator diameter. Therefore, the number and size of the
axial ducts need to be optimized considering the tradeoff be-
tween the heat transfer rate and copper losses. In this work, 12
axial ducts are considered, each with a 1 mm2 cross-sectional
area.

Fig. 5 shows the model used to study the thermal behavior
of the machine with axial ducts. In the azimuthal direction, the
machine is divided into as many pieces as the number of axial
ducts, and the symmetry is utilized. The geometry is discretized
into 13 elements in the radial, 12 elements in the axial and 5
elements in the azimuthal direction. The axial ducts are manu-
factured by inserting plastic rods with the same cross-sectional
area as the ducts into the winding pack during winding, and
removing them after epoxy casting.

C. Annular Gap

A further method of bringing the coolant in the active region
of the electrical machine is by introducing an annular gap be-
tween the winding and the air gap of the machine. Doing so,
the coolant is also brought closer to the rotor and therefore the
heat is more easily removed from the rotor (via the air gap). The
annular gap is separated from the air gap via a thin plastic can
such that liquid coolants can be used without wetting the rotor
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Fig. 6. Representation of the machine geometry for the thermal analysis of
the machine with an annular gap.

and/or the bearings; or air can be used without an increase in
the windage losses in the air gap.

Keeping the air gap and the stator core geometries constant,
the introduction of an annular gap results in a decrease in the
winding area. Therefore, similar to the axial ducts, the annular
gap has to be dimensioned considering the tradeoff between
the thermal performance and the increase in copper losses. The
annular gap considered in this work is 0.5 mm thick. Fig. 6
shows the model describing the machine with an annular gap.
The geometry is represented by 14 elements in the radial and 12
elements in the axial direction.

D. Further Methods

As described above, bringing the coolant flow into the active
region of the electrical machine increases the cooling perfor-
mance, but decreases the cross-sectional area of the windings
for a given inner diameter of the stator core. Alternatively, ther-
mally low-resistive paths (heat pipes) may be provided from
the active region of the machine toward the coolant that flows
outside the active region. The use of straight, toroidal wind-
ings instead of skewed air gap windings and utilizing the high
thermal conductivity of the windings in the axial direction has
been analyzed in [15]. Even though this arrangement leads to a
higher torque-per-ampere ratio due to lack of skew, more than
half the total copper length is not used for torque production
but contributes to copper losses. As a further alternative, the use
of thin (0.1 mm) graphite sheets as heat pipes is discussed in
[15]. However, both these methods require a significant modifi-
cation of the machine manufacturing procedure, and hence are
not discussed further.

E. Hardware Design and Comparison of Cooling Concepts

In order to verify the validity of the thermal modeling ap-
proach and to compare the integrated cooling methods to the
state-of-the-art jacket cooling, three stators are manufactured,
each featuring one of these cooling methods. PT-100 tempera-
ture sensors are added in the winding as shown in Fig. 7, and
hand-held digital multimeters (Fluke 187) are used to measure
the temperatures. In order to simplify the manufacturing pro-
cess, sensors are placed only at the center and one edge in the
axial direction. However, the measurements can be repeated by
reversed coolant flow direction in order to see the temperatures
at coolant inlet and outlet sides of the machine. For the sta-
tor employing axial ducts, the azimuthal position is adjusted
to measure the hotspot temperatures (e.g., sensor placed in the
middle between two axial ducts).

Fig. 7. Placement of the temperature sensors in the winding region for the
experimental verification of the thermal models. The rotor and the bearings are
not required for the measurements and therefore not considered in the hardware
design. The temperature sensors are named according to their location where
O, I, E, and M stand for outer, inner, end, and middle, respectively.

Fig. 8. Construction of the annular gap cooling (not drawn in actual scale or
proportions). The coolant is distributed in the tangential direction in a distri-
bution chamber before entering the annular gap through six different channels
distributed along the tangential direction (perpendicular to the page plane). The
coolant then flows in the annular gap between the winding pack and the 3-D
printed plastic can, which separates the annular gap from the air gap. Blue ar-
rows denote the coolant flow path in the cut plane. The thickness of the annular
gap is ensured by the positioning of the plastic can in the outer housing and the
flange on both axial ends.

As the main goal is the verification of the thermal models and
comparison of the cooling methods, the following measurement
approach is undertaken. A dc voltage is applied to the wind-
ings in order to generate copper losses. The required amount
of losses is maintained by adjusting the voltage considering the
temperature-dependent electrical resistances of the windings.
This removes the uncertainty of the different loss components
such as windage losses and allows for a precise verification of
the thermal models on the stator side. Rotors are not required
for these tests; therefore, the manufactured machine housings
do not contain features for accommodating bearings, in order to
simplify the production. The stator bore is filled with thermal
insulation material in order to maintain an effective adiabatic
boundary condition in the experiments.3 Air gap thermal con-
ductivity is set to zero, and only copper losses are considered in
the thermal model in order to mimic this measurement condi-
tion.

Fig. 8 visualizes how the annular gap cooling is constructed.
The coolant inlet and outlet use the same connectors as the

3Repeating those measurements without the thermal insulation material inside
the stator bore resulted in similar temperature readings.
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Fig. 9. (a) Plastic can separating the annular gap and the air gap. (b) Photo of
the stator with jacket cooling.

Fig. 10. Simulated and measured winding temperatures for jacket cooling
and 1 l/min water flow. Solid lines denote inner and dashed lines denote outer
sensors (radial direction). Black denotes the middle and red denotes the outlet
side (axial direction). The relative difference of the simulated and measured
slopes are 9.2% for the inner middle, 2.2% for the inner outlet, 10.8% for the
outer outlet, and 6.8% for the outer middle sensor locations.

jacket cooling for compatibility. The coolant is distributed in
the tangential direction in a distribution chamber before entering
the annular gap through six different channels distributed along
the tangential direction. The coolant then flows in the annular
gap between the windings and the 3-D printed plastic can that
separates the annular gap from the air gap, which is depicted in
Fig. 9 along with the complete stator assembly featuring jacket
cooling.

Figs. 10–12 show simulated and measured winding temper-
atures for jacket cooling, axial duct cooling, and annular gap
cooling, respectively. The coolant is 17 °C water with 1 l/min
flow rate in all three cases. As predicted by the simulations
and verified by measurements, the highest temperature gradient
occurs in the radial direction in the case of jacket cooling. A
winding hotspot temperature reduction of 40 °C is possible for
the same coolant flow rate by incorporating one of the two inte-
grated cooling concepts instead of the standard jacket cooling.

The mismatch between the models and the measurements
is attributed to the difference between the actual flow condi-
tions and the geometry of the prototypes and the measurements
that generated the empirical correlation data that is used for
the modeling of the convective heat transfer. A further source
of discrepancy is the manufacturing tolerances, which lead to
the deviation of the actual geometries from the assumed ones.
Moreover, the epoxy casting process is found not to result in

Fig. 11. Simulated and measured winding temperatures for axial duct cooling
and 1 l/min water flow. Solid lines denote inner and dashed lines denote outer
sensors (radial direction). Black denotes middle and red denotes outlet side
(axial direction). The slopes of the measured lines are approximately 50% of the
simulated lines, meaning that the models are over conservative for this particular
case. The mismatch between the simulated and measured temperatures is 10 °C
for the radially inner and 5 °C for radially outer sensor locations at 60 W.

Fig. 12. Simulated and measured winding temperatures for annular gap cool-
ing and 1 l/min water flow. Solid lines denote inner and dashed lines denote
outer sensors (radial direction). Black denotes middle and red denotes outlet side
(axial direction). The relative difference of the simulated and measured slopes
is 25% for the radially outwards sensor locations. The difference between the
measured and simulated hotspot temperatures is 4 °C at 60 W.

a homogeneously potted winding pack in some cases. This not
only leads to a difference between the simulated and measured
thermal paths, but also endangers the safe operation of the ma-
chine due to local hotspot risks, and therefore, the selection
of the epoxy and the casting process shall be revisited within
the course of future work. Nevertheless, both the models and
the measurement results show a clear improvement of the cool-
ing performance when axial ducts or an annular gap is used.
Therefore, the design of an high-speed electrical machine with
integrated cooling channels is discussed in the following section.

IV. FUNCTIONAL PROTOTYPE WITH INTEGRATED COOLING

A. Integrated Design Method

In the literature, several (semi-) analytical electromagnetic
models have been proposed for slotless high-speed machines
[32]–[34]. The computational effectiveness of the thermal mod-
eling approach adopted in this work makes its coupling to such
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Fig. 13. Coupled thermal-electromagnetic design flow of a slotless, high-
speed permanent magnet electrical machine. The computational efficiency of the
model enables its use in a multiobjectiive optimization phase, where hundreds
of iterations may be required.

models possible, which allows for a simultaneous optimization
of the thermal and electromagnetic properties of the electrical
machine. Especially in high-speed machines, mechanical mod-
els analyzing the mechanical stresses in the rotor and the rotor
dynamics should also be integrated into the design procedure
in order to avoid mechanical failure [35]. Nevertheless, since
a new rotor design is not carried out in this work, mechanical
modeling is not considered.

Fig. 13 shows the combined thermal-electromagnetic design
work flow. Due to the bidirectional couplings between the ther-
mal and electromagnetic domains, and between the temperature
difference and the heat transfer coefficient at the solid–fluid
interfaces, the model contains two cascaded iterative loops.

First, the machine to be analyzed is defined by defining its
geometry and materials. After the operating point (speed and

torque) are set as model inputs, the cooling system is also defined
at this stage by choosing the cooling type, the coolant, and its
flow rate. The analysis starts by the initialization of the machine
temperature, such that temperature-dependent electromagnetic
parameters as the copper conductivity and PM remanent field
can be defined. Based on those, the current for generating the
desired torque, the resulting copper losses, as well as the core
and windage losses are calculated according to [32]. In the next
step, the losses are assigned to the relevant nodes in the thermal
model, and the inner loop of iteration is executed by updating
the thermal resistances that model the convective heat transfer,
until they converge. This is fed back to the outer loop where
the convergence of winding, air gap, and magnet temperatures
is targeted. The resulting currents and efficiency are finally cal-
culated based on the steady-state temperature distribution.

B. Improved Design and Hardware Construction

The two integrated cooling methods using axial ducts and an-
nular gaps both lead to similar cooling performance. However,
the annular gap requires smaller modifications in the winding
production steps; hence, it is preferred due to the ease of man-
ufacturing. A further advantage of the annular gap cooling is
its ability to also cool the rotor better than the other methods,
as the cooling channel is the closest to the air gap. This advan-
tage becomes even more prominent when comparing to different
cooling approaches not considered here, e.g., an axial housing
flange thermally coupled to the end windings. For these reasons,
the annular gap structure is chosen for further evaluation against
the state-of-the-art jacket cooling in a functional machine pro-
totype.

The mechanical design of the annular gap is adapted at this
stage to improve its robustness. In the design described above,
the cooling channel is formed between a plastic can that sepa-
rates it from the air gap, and the winding pack comprising the
conductors and epoxy. In other words, the coolant wets the wind-
ing pack directly. Even though this leads to a favorable cooling
performance, the interaction of the coolant and the winding pack
may endanger the safe operation of the machine, e.g., depend-
ing on the epoxy’s chemical stability in the coolant. Therefore,
an additional can with 0.6 mm wall thickness is introduced,
such that the annular gap is formed between two plastic cans,
one separating it from the air gap, the other from the winding
pack. These cans are made of a thermoplastic, which features
good dimensional stability in water and a thermal conductivity
of 0.82 W/mK.

Fig. 14 compares the power-efficiency relationships of the
jacket-cooled machine analyzed in this work and an annular-
gap-cooled machine with the same rotor, the same stator core,
and a 0.5 mm annular gap, as calculated by the model depicted
in Fig. 13. When a constant copper fill factor of 0.3 is assumed,
the introduction of an annular gap leads to a lower copper cross-
sectional area, and consequently to a lower efficiency. On the
other hand, a significantly higher amount of heat can be dissi-
pated, leading to a power output increase of nearly 100% when
the maximum winding temperature is limited to 80 °C (1000 W
with jacket cooling versus 2000 W with annular gap), or in ex-
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Fig. 14. Efficiency, power output, winding hotspot temperature (Tw), and
copper losses (Pw) of machines featuring jacket cooling (circle) and 0.5 mm
annular gap (triangle). The steeper decrease in efficiency in the case of jacket
cooling is due to the higher winding and permanent-magnet temperatures of
that machine compared to the machine featuring annular gap cooling. Blue
color denotes Tw < 80°, yellow 80°< Tw < 100°, orange 100°< Tw < 120°,
and red Tw > 120°.

Fig. 15. Simulated temperature distribution at the axial middle of the machines
with jacket and annular gap cooling, with output powers of 1600 and 2600 W,
respectively.

cess of 60% when the maximum winding temperature is 120 °C
(1600 W with cooling jacket versus 2600 W with annular gap).
The power requirement of the cooling system is not accounted
for in this analysis.

Fig. 15 shows simulation results showing the calculated tem-
perature distribution in the axial middle of both machines,
for the operating points denoted with orange color in Fig. 14
(1600 W for the machine with jacket cooling and 2600 W for
annular gap cooling). For the case of jacket cooling, the ther-
mal resistivity of the winding pack plays an important role in
determining the hotspot temperature; hence, investigating ways
of increasing its thermal conductivity and having better thermal
interfaces between different machine domains could potentially
improve the thermal performance. For the annular gap cooling,
the thermal resistance of the plastic can comes out as a signif-
icant parameter, hence a thinner can and/or a plastic can made
of a material with higher thermal conductivity would lead to a
better cooling performance.

Fig. 16. Simulated and measured winding temperatures for jacket- and
annular-gap-cooled machine prototypes, when they are heated with dc cop-
per losses at standstill. Coolant is water with 1 l/min flow rate. Blue color
denotes the machine with annular gap and red color denotes the machine with
jacket cooling. Solid lines denote radially inside and dashed lines denote radi-
ally outside temperature sensor locations. For annular gap cooling, the radially
in- and outside temperatures are at very similar values.

Fig. 17. Simulated and measured winding temperatures for the machine with
annular gap cooling. The machine is heated with dc copper losses at standstill.
Coolant is water with 1 l/min flow rate. Blue and red colors denote axial ends,
and black color (only applicable to simulations) denotes the axial middle. Solid
lines denote radially inside and dashed lines denote radially outside positions.
The simulations predict a slope of 0.2854 °C/W whereas a maximum slope of
0.2793 °C/W and a minimum slope of 0.2333 °C/W are measured at the inner
inlet and outer inlet sensor locations, resulting in relative errors of 2% and 18%,
respectively.

C. Experimental Results

For a final verification of the models, two fully functional
electrical machine prototypes are built according to Table I, one
featuring jacket cooling and the other annular gap cooling. The
outer housing dimensions as well as the coolant inlet and outlet
connectors are kept the same in both machines. Both are again
equipped with the temperature sensors previously described.

Fig. 16 shows simulated and measured winding temperatures
for jacket- and annular-gap-cooled machine prototypes, when
they are heated with up to 60 W dc copper losses at standstill.
For this test, the rotor is not mounted, and the heat transfer
through air gap is not modeled in the corresponding simulation.
More than 20 °C winding hotspot temperature reduction is seen
with the annular gap cooling. The same test is repeated in Fig. 17
up to 120 W of losses for the machine with annular gap cooling,
where the recorded maximum winding temperature is below



TÜYSÜZ et al.: ADVANCED COOLING METHODS FOR HIGH-SPEED ELECTRICAL MACHINES 2085

Fig. 18. Back-EMF of the machines with jacket cooling (top) and annular gap
cooling (bottom) at 250 000 r/min. Voltages are measured line-to-line on two
machine terminals with respect to the third terminal.

Fig. 19. The measured no-load losses for the machines with jacket cooling
and annular gap cooling, as well as the calculated windage and stator core losses.
The difference between the measured losses and the sum of windage and stator
core losses is attributed to the bearing losses.

what has been recorded with the jacket-cooled machine at only
60 W.

Fig. 18 shows the measured induced voltage [(back-
electromotive force (EMF)] for both machines under no load at
250 000 r/min. Finally, the no-load losses, which are measured
with deceleration tests [36], are shown in Fig. 19. Featuring the
same rotor and stator core, and mechanical air gap geometries,
the two machine prototypes are expected to have the same no-
load losses. Therefore, the difference in the measured losses is
attributed to the manufacturing tolerances, e.g., of the bearing
housings.

V. CONCLUSION

Slotless PM electrical machines have been the machine of
choice for high-speed drives above 200 000 r/min, due to their
lower rotor losses. The latter also means magnetic limits such
as PM demagnetization or stator core saturation are hard to
reach in practical machine designs. Hence, the maximum power
output of the machine is generally set by thermal limits. In
certain applications, the power density of the electrical machine
plays a very important role, and a lower machine efficiency
may be tolerated in order to have a higher power output from

a machine with a given volume. Therefore, different forced
cooling methods are discussed in this work with the goal of
increasing the power output of the electrical machine.

A lumped-parameter-based modeling approach is adopted to
study the thermal behavior of the machines with different forced
cooling methods. The presented models are flexible, sufficiently
accurate, and at the same time computationally very efficient.
This enables their coupling with electromagnetic models and
incorporation into the machine optimization procedure.

In order to verify the discussed cooling concepts in hard-
ware, different stators featuring different cooling concepts are
manufactured. Based on initial measurements on these stators,
the thermal models are verified, and an annular cooling gap on
the inner surface of the winding pack is identified as the most
promising integrated forced cooling method.

A coupled thermal-electromagnetic model is developed, and
is used to predict the power versus efficiency relationship of
machines employing jacket and annular gap cooling. For the
analyzed machine, a power density increase of nearly 100%
is possible simply by the integration of the cooling channel
into the machine instead of using a standard cooling jacket,
when the same stator core and the same rotor is used and the
maximum winding temperature is kept below 80 °C. Two fully
functional electrical machines are manufactured featuring jacket
and annular gap cooling, and used to verify the electromagnetic
and (once more) the thermal models.

It is also worth noting that even if the power density increase
is not a major concern, an integrated cooling method may be
employed to decrease the winding hotspot temperature, and
alleviate the negative effects of thermal cycling. To that end,
the future work shall focus on extending the models to study
also the transient thermal behavior of such machines, in order
to assess their intermittent overloading capacities. The power
requirement of different cooling systems shall also be studied.
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