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Abstract—In-vacuum linear motor applications are often 

limited by the thermal (cooling) capacity. This makes 

optimization of the thermal resistance even more critical than in 

“atmospheric” applications. With the help of a FEM model, a 

prototype is discussed with a 50% reduction in thermal 

resistance. 
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I.  INTRODUCTION 

There are many industrial applications that require linear 
motion. Some of these require high accuracy (down to 
nanometers), with high acceleration and travel speed. 
Examples of such applications are pick-and-place and various 
applications in the semiconductor, solar panel and display 
manufacture industries. These motion requirements are suitably 
addressed by Linear Permanent Magnet Synchronous Motors 
(LPMSM). The applications with the highest travel speeds and 
the lowest force ripple require the so-called ironless or air core 
motors, which rely on the Lorentz force of a conductor 
carrying electric current in a magnetic field. 

II. LINEAR MOTORS IN VACUUM 

In-vacuum linear motors must satisfy stringent 
requirements on outgassing. The typical application therefore 
makes use of Moving Magnets (MM) with the motor outside 
the vacuum. Nowadays, high-end Neodymium magnets are 
available with coatings that make them suitable for in-vacuum 
use. 

Where higher travel speeds and/or lower cogging are 
required, Tecnotion provides a canned linear motor of the 
ironless type. Its outside surface is almost entirely stainless 
steel, which makes for good vacuum compatibility. 

For the same force, ironless motors require higher current 
density than iron core motors. Getting rid of the dissipated heat 
is therefore a challenge. High-end motors typically solve this 
by interleaving liquid cooling channels with the coil windings. 
For intermediate and low-end motors this is not an option. The 
heat must be conducted outward through the mounting surface. 
In practice, this imposes a direct limitation on the achievable 
continuous force of an ironless motor. 

In vacuum, this presents a system designer with a unique 
problem: if the motor is designed to lose its heat to the moving 
platform, and this is designed for low friction and is therefore 

barely in contact with the outside world, how is the heat to 
leave this moving platform? The answer is thermal radiation, 
and in practice this limits the continuous force of an in-vacuum 
motor to an unusually low value. 

Heat flow to the outside world is therefore low in these 
systems. However, this makes it all the more critical to 
optimize the thermal resistance present inside these in-vacuum 
motors. Given that the coil has a maximum allowable 
temperature, a high internal thermal resistance would lead to a 
lower temperature for the moving platform, which would 
further reduce the thermal power this platform would be able to 
radiate outward to the environment. 

III. THERMAL CONDUCTION IN MOTORS 

Thermal conduction in linear motors is mostly anisotropic, 
easily understood and simple to optimize. 

A. Thermal Conduction in General 

In a linear motor, heat is dissipated in the coils, which 
typically operate at a potential of several hundred volts. The 
coils must therefore be electrically insulated from the outside 
of the motor, which in the case of an in-vacuum motor in fact 
consists of an electrical conductor. Most electrical insulators 
are also thermal insulators, which introduces a large thermal 
resistance in the motor. 

B. Thermal Conduction in Coils 

Thermal conduction inside a coil shows high conductivity 
in the direction of the wires. However, perpendicular to the 
wires, the heat has to cross many individual boundaries from 
wire to wire. So-called “wild winding” results in many 
windings being in poor contact with their neighbors, leading to 
extremely high thermal resistivity.  

In an orthocyclically [1] wound coil each wire lies exactly 
in its place. These coils achieve an optimized fill factor. 
Therefore, the contact surface is also optimized and the 
transverse thermal conductivity is comparable to glass: 
relatively high compared to “wild winding” coils, but leaving 
plenty of room for improvement. 

Fig. 1 shows a qualitative temperature distribution across 
an orthocyclically wound coil. Notice that the temperature 
gradient is concentrated in the insulator, not in the conductor. 
Each cross section of a wire (a circle) is nearly uniform in 
temperature. 
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Fig. 1. Cross section of an orthocyclically wound coil. Heat flows from left 

to right. 

Modeling the wires individually is inefficient at best. A 
better approach is to treat the coil as a uniform (meta)material 
with anisotropic thermal conductivity [2]. 

IV. THERMAL MEASUREMENTS OF COILS 

Before coils can be included in a numerical model, the 
thermal conductivity must be determined. These measurements 
are notoriously imprecise; 10% accuracy seems to be the best 
that is achievable without an ideal, uniform sample and 
specialized equipment [3]. 

A. One-sided Setup 

A simple way of determining the conductivity of a sample 
with two parallel, flat contact surfaces and an arbitrary cross 
section, is to sandwich it (using some thermal grease) between 
a block of constant temperature (e.g. water cooled, below in 
Fig. 2), and a block that has been fitted with a heater. If both 
temperatures are monitored, as well as the dissipated power in 
the heater, the thermal resistance of the sample (a coil) can be 
calculated. By accounting for the cross section of the sample, 
the transverse thermal conductivity can be determined. 

The one-sided setup in Fig. 2 is prone to lose heat to the air. 
Its accuracy is low, and its main advantage is that it requires 
only one sample, unlike the symmetric setup described below. 

 

Fig. 2. Setup for measuring thermal conduction. 

 
Fig. 3. Improved symmetric thermal setup, shown here without the required 

two identical samples, normally one in each gap. Location of the largest “heat 

leak”, through free convection in air, shown in arrows. 

B. Symmetric Setup 

The symmetric setup, see Fig. 3, represents a significant 
improvement over the one-sided setup. Its main drawback is 
that it requires two samples, which must be assumed to be 
identical. 

The hot block, which is fitted with a heater, is positioned 
between two constant temperature blocks (e.g. water cooled). 
Two samples are placed in the two gaps. This setup suffers 
much less from heat loss to the environment. The largest heat 
leak is air convection between the hot plate and one of the cold 
plates, indicated in Fig. 3 by curved arrows. This heat leak can 
be corrected for by doing a baseline measurement in the 
absence of samples. 

Given the availability of at least 4 identical samples, the 
accuracy of the air convection correction can be checked. One 
measurement must be made with one sample above and one 
below, and another measurement with two samples above and 
two below. When comparing the two measurements, a factor 2 
in thermal resistance is expected, and after taking the sample 
sizes into account, the same conductivity is expected. 
However, a deviation of about 10% is found. When 
incorporating the expected thermal resistance of turbulent air in 
the area of the gap that is not taken up by the samples, the 
measurements agree within 4%, see Table I. 

TABLE I.  TRANSVERSE CONDUCTIVITY OF COILS 

Coil 
Transverse thermal conductivity 

Uncorrected k [W/m·K] Corrected k [W/m·K] 

Set 1 2.09 1.78 

Set 1 2.02 1.71 

Set 2 2.01 1.71 

Set 2 2.04 1.73 

Set 1+2 1.85a 1.74 

a. After correction for free convection in air,  
consistent values are found independent of physical sample size. 

V. PROPOSED DESIGN CHANGES 

Without further detailed understanding of the heat 
conduction in the motor, we can already name two spear points 
for thermal optimization. 

A. Heat Bridge 

It is imperative to minimize the thermal resistance of the 
electrical insulator between the coil and the motor housing by 
one of two methods: 

• reducing the thickness, or 

• using a thermally conducting electrical insulator. 

The latter is achievable through the use of technical 
ceramics. 

B. Flat Wire Coil 

The low transverse conductivity of an orthocyclically 
wound coil represents a significant portion of the total thermal 
resistance of the motor. As discussed above, this is due to the 
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large number of transitions in the heat path from wire to wire 
through the insulation. 

It is possible to reduce the number of transitions to 2 by 
using a single wire to span the entire width of the coil. This 
wire would, by necessity, then have the flat rectangular cross 
section of a band or ribbon. The relevant transverse 
conductivity of such a coil is much higher than that of an 
orthocyclically wound coil using round wires. The properties 
of flat wire coils are discussed below, in the context of the 
numerical model. 

VI. THERMAL FEM MODEL 

Using COMSOL Multiphysics® [4], a finite element model 
was constructed of the thermal conduction in the motor. 

A. Coil 

The coil was modelled, as discussed above, as a solid block 
of metamaterial with anisotropic conductivity tensor k. At each 
point in the coil, the main axis of the tensor must be aligned 
with the wire direction in the coil. COMSOL Multiphysics® 
allows this relatively painlessly, though the method is rather 
counterintuitive. By specifying a flow condition “around” the 
coil, in the direction of winding, a set of curved coordinates can 
be constructed that closely follows the wire direction. The 
conductivity tensor can be aligned with these curved 
coordinates. 

When examining the results of this calculation 
qualitatively, we can see that the thermal behavior is dominated 
by three important thermal resistances: 

• electrical insulator between coil and housing 

• transverse thermal conduction inside the coil 

• length coil leg 

The first two thermal resistances had been anticipated. 
Optimizing them was part of the preliminary new design for 
the vacuum ironless motor. However, the third one seems 
obvious only in retrospect: the “legs” of the coil, vertical in 
Fig. 4, being at least two thirds solid copper, are expected to 
conduct heat very well in the direction of the wires. Only 
because of the unfavorable geometry (small cross section, long 
path for the heat to travel) do these constitute a sizable thermal 
resistance. 

The three thermal resistances mentioned above can be 
considered to be set in series. Optimizing the system therefore 
requires reducing all three to roughly the same value. Because 
it is not clear by which method the third resistance (the length 
of the coil leg) should be reduced, a true optimum solution 
could not be found. However, the other two optimizations 
already had a sizable influence on the total thermal resistance 
of the motor. 

 
Fig. 4. Left: schematic representation of three coils from the modelled 

ironless linear motor. Right: heat flow (arrows) and temperature isosurfaces in 

one anisotropically conducting coil and housing. 

 
Fig. 5. Temperature profile of a cross section of a UL motor fitted with the 

standard round wire coil. 

 
Fig. 6. Temperature profile of a cross section of a UL motor fitted with a flat 

wire coil. 

B. Validation 

The thermal FEM model could be validated by comparing 
its predicted thermal behavior to measurements of Tecnotion’s 
motor catalogue. 

TABLE II.  THERMAL FEM MODEL VALIDATION 

Motor Thermal resistance deviation from measurement 

UC +1 % 

UF –18 % 

UM –7 % 

UL –12 % 

UX –27 % 

From the comparison against measurement, see Table II, it 
seems the model tends to underestimate the thermal resistance 
(Rth). UC and UF share the same design, as do UM, UL and 
UX. The motors are listed in Table II in order of increasing 
mass per coil. A tentative conclusion might therefore be that 
for each design, predictive power of the model is better for 
smaller coils. 
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C. Flat Wire Coil 

Special attention is devoted to the thermal behavior of the 
round wire coil relative to the flat wire (band) coil. The round 
wire coil conducts heat well only in the winding direction 
(horizontal in Fig. 5), the flat wire coil also in one transverse 
direction, vertical in Fig. 6. 

Fig. 5 and Fig. 6 show the temperature profile of a cross 
section of a UL ironless motor. The two motors are identical, 
except that Fig. 5 uses a round wire coil and Fig. 6 a flat wire 
coil. Dissipation in the two motors is not identical (otherwise 
the temperature of Fig. 6 would have been lower). 

The qualitative difference between the two motors in Fig. 5 
and Fig. 6 can be seen in the section of the coil (red/yellow) 
sandwiched between two halves of the motor housing. Because 
the motor housing is much cooler, it is shaded blue. The heat 
can be seen to be conducted out of the flat wire coil (in Fig. 6) 
much more easily than out of the round wire coil, witness the 
larger temperature gradient across the thickness of the coil. 

The temperature gradient in horizontal direction in Fig. 5 
and Fig. 6 is due to the thermal resistance in the length of the 
coil leg. This resistance is only marginally improved in the flat 
wire coil, by increasing the copper fill factor relative to the 
round wire coil. 

VII. THERMAL MEASUREMENT OF MOTORS 

In order to independently test both proposed design 
changes, four prototypes were produced, see Table III. 

TABLE III.  MEASUREMENTS OF PROTOTYPES 

Motor 

Thermal Resistance Rth 

[K/W] 

Measured Calculated 

UL09V 0.81 0.78 

ULV prototype 1  

(round wire + heat bridge) 
0.51 0.44 

ULV prototype 2  

(flat wire, no heat bridge) 
0.75 0.61 

ULV prototype 3  

(flat wire + heat bridge) 
0.37 0.24 

As expected, prototype 3 has the best thermal performance, 
because both optimizations were implemented on it. Perhaps 
surprisingly, the biggest improvement appears due to the heat 
bridge, rather than the flat wire coil. Note that this takes only 
thermal transport into account. When motor performance is 
examined, the effect of the increased copper fill factor must be 
evaluated: lower electrical resistance, and therefore lower 
dissipation. 

The measured improvement in thermal resistance over the 
standard product is 50%. 

This means that the motor can operate at half the ∆T. 
Alternatively, the motor can be run at 40% higher continuous 
current, because force scales with current, and dissipation with 
the square of current, through � = �

�
�. 

The agreement between thermal FEM model and 
measurement is fair. For the standard motor it is good: within 
5%. However, the smaller the thermal resistance of the 
prototype, the larger the deviation of the model: 50% for 
prototype 3. This suggests that, in the prototypes, there may be 
additional contact resistances. These would play a larger role 
for those motors with a lower thermal resistance. A possible 
cause may be found in improperly applied thermal grease. 
Future products will therefore likely perform even better. 

VIII. CONCLUSION 

Thermal measurements are notoriously difficult to perform 
accurately. In this work, through a combination of good setups 
and diligent work, reliable measurements were made of 
thermal transport through both coils and entire linear motors. 
Reproducibility was high, 4% in the case of the thermal 
conductivity of the coils. 

A robust thermal FEM model was built and validated. By 
taking all physics of the thermal transport into account, 
including the anisotropy, the model does not need “tweaking” 
to fit the data. 

As a result of increased understanding, gained from the 
thermal FEM model, three important thermal resistances were 
identified in the motor. Two of these can be minimized. 
Prototypes were made so that both optimizations could be 
evaluated independently. 

The result in product improvement was a reduction in 
thermal resistance of 50%. This is especially important given 
that the application in vacuum is heat-limited, and any 
improvement directly translates into a higher continuous force. 
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