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THERMAL ANALYSIS OF THE ADVANCED SINGLE-STAGE PLANAR ACTUATOR 

The Advanced Single-stage Planar Actuator (ASPA) is a nanometer-accurate magnetically 
levitated planar actuator with moving magnets. It is designed at the Eindhoven University of 
Technology in collaboration with an industrial partner active in the semiconductor industry. The 
first version of the ASPA is already industrialized. In order to significantly improve both accuracy 
and acceleration, the design procedure of a new ASPA is started. The goal of this project is to 
generate a thermal model of the ASP A and to study possible cooling concepts of the new version. 
The thermal model should be sufficiently detailed in order to account for various thermal 
phenomena presented in the motor, such as heat transfer between the stator and mover, cooling 
system and conduction heat transfer between various layers. 

Project goals 

The project goals. are: 
• generation and experimental verification of an accurate ASPA thermal model, including coils, 

ceramics, glue, epoxy resins and water cooling plates 
• study and comparison of different cooling system concepts 

Report 

The report will contain the following points: 
• brief overview of the first ASPA design with the specifications for the new design 
• ASPA thermal model with experimental results 
• proposition of the optimal cooling system 

References 

[1] J. W. Jansen, "Magnetically Levitated Planar Actuator with Moving Magnets", Ph.D. thesis, 
Eindhoven University of Technology, Eindhoven, The Netherlands, 2007. 
[2] Vreugde.water et al. US Patent No. 7,079,226, 2006 

~) - -;1 
Supervisor at the EPFL: Prof. Y. Perriard 
Dr. Miroslav Markovic 
Supervisor at the Eindhoven University of Technology (TUE): 
Prof. Dr. Elena Lomonova 

Lars de Ia premiere semaine, un rendez-vous hebdomadaire sera fzxe avec /'assistant et le Professeur. De 
plus, un rendez-vous d'evaluation intermediaire serafzxe a Ia moitie du semestre. 

Les instructions sur /e rapport et Ia presentation se trouvent sur http://lai.enfl.ch/page35035.html. Le rapport 
sera rem is en 4 exemplaires au secretariat de Ia section au plus tard le 21 janvier 2011 a 12h00. 

15.11.10 



Martin Stoeck TUE/EPFL January 2011 

1 SUMMARY 

Magnetically levitated planar actuators are of increasing interest to, among others, the 

semiconductor industry as they combine and integrate motion in the xy plane and an active 

magnetic bearing and can o erate under vacuum conditions. Although the translator of these 

actuators can move over relatively long distances in the xy plane only, it has to be controlled in six 

degrees of freedom DOFs because of the active magnetic bearing. The HPPA (Herring bone Pattern 

Planar Actuator) consists on stationary coils and moving magnets. The advantage of the concept is 

that it is truly contactless as a cable to the translator or mover is not necessary. 

During the movements of the translator in the xy plane, the set of active coils is switched as only the 

coils which are positioned under the magnet plate are energized. As a result, the thermal loading of 

the actuator and the temperature distribution of the stator coils strongly depends on the trajectory 

of the moving-magnet plate. To use the full performance of the actuator the actual temperature 

distribution has to be known to prevent the setup from overheating. Therefore, it is needed to have 

a real-time model which indicates the actual temperature distribution. 

Different methods exist to model the temperature. In this research, the finite difference method 

(FDM) has been chosen because of its short calculation time which is required to model the HPPA 

setup in real time. To establish this model, a finite element thermal simulation has been carried out 

in Flux3D. The Flux3D model has been verified by measurements on an extra built small-scale setup. 

To investigate the heat fluxes, different configurations of powered and non-powered coils which are 

placed next to each other have been simulated. Out of those simulations the flux distribution has 

been established. The principal heat fluxes have been separated in the different directions and 

modelled by thermal resistances. A thermal resistance and capacitance network has been 

established. The model has been finally solved by the finite difference method. As the geometric 

forms are complex, an optimization is performed which searches the optimal values by comparing 

the model with several calibration measurements. To verify the model the coils on the HPPA were 

powered for a real trajectory, but without the moving magnet plate. The temperatures of the coils 

have been logged with an Infrared-camera and compared to data obtained from the model. The 

simulations are in good agreement with the measurements. A maximal relative error of 16% can be 

observed. The modelling part with the finite difference method will be presented in a paper on the 

International Symposium on Linear Drives for Industry Applications (LDIA2011). 

The main goal of the HPPA has been to prove the principle of a GOOF magnetically levitated moving

magnet plate is working; performances like acceleration were until now only a secondary issue. For 

the next actuator (ASPA) invest igations for a better cooling system were done. 

Based on the thermal modelling of the HPPA, several cooling solutions were investigated by FEM 

simulations. For the cooling of the coil from the bottom side it was found that a water-cooled 

stainless steel block could be placed directly under the coil. This provides excellent cooling 

performance and low eddy current disturbances. For the cooling of top side thin cooling plates 

which are already used in industry applications. They can be placed above the coil. The cooling 

performance of prototypes was measured and showed promising results for the cooling 

performance. The eddy current disturbance of those plates is not verified yet. Out of the described 

top and the bottom cooling solution a complete final system is proposed. 
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2 INTRODUCTION 

This report presents the thermal aspects of a six-degrees-of-freedom magnetically levitated planar 

actuator with moving magnets. There are two main topics treated in this report: 

• The thermal real time modelling of the actuator 

• Based on the thermal modelling of the actuator, a proposition for an improved cooling system for 

the next prototype. 

At first a general description will be given in this introduction about the actuator itself; in the second 

part of the introduction, the thermal aspect of the actuator will be presented. 

2.1 Existing Solutions 
Linear motors are more and more used in industry because of the combined performances of high 

speed and high accuracy. Usually, the multi-degree-of-freedom systems with high precision 

requirements are constructed out of multiple linear or rotating drives. Those drives are commonly 

supported by roller or air bearings. For example, the so called H-drive (showed in Figure 1) is often 

used in pick and place machines. It consists of three linear motors: two of them are placed in parallel 

and move in they-direction and the third one is mounted in between the two and can move in the x

direction. To obtain a high precision, the moving parts are built by stiff structures. A disadvantage of 

this structure is the moving mass which is heavy compared to the load. To reach a high production 

rate, high accelerations are required which are associated with high forces. 

FIGURE 1 H-DRIVE [COURTESY TUE] 

GI Page 



Martin Stoeck TUE/EPFL January 2011 

A new idea which is realized in the HPPA (Herring Pattern Planar Actuator) [1] actuator is a 

magnetically levitated system. It consists of one magnetically levitated translator with six degrees of 

freedom. Especially the semiconductor industry is highly interested in this type of actuator because 

of the high achieved accuracy and the vacuum compatibility. All the problems of the conventional 

mechanical bearings such as friction, dust generation or slip and slick phenomena disappear. 

Contrary to the conventional magnetic bearings, there is no physical decoupling of the levitation and 

the propulsion. These functions are controlled by the same coils and magnets. Those can be placed, 

as any permanent magnet machine; in two ways. Either the coils are moving or the magnets. For this 

planar actuator, the coils are fixed and the magnets are moving. An advantage of placing the 

magnets on the moving part (called magnet-plate) is the contactless movement: no cable or cooling 

system is necessary for the moving part because the coils (with their cooling system) are placed in 

the stator. A disadvantage of placing the magnet in the moving part is the more complicated control 

of the system. Another disadvantage is the high number of coils and power amplifiers to realize 

longer strokes. As the coils and amplifiers are more expensive for a given surface than the magnets, 

the solution is more expensive than a moving coil setup. 

Finally, vacuum operation becomes necessary for the next generation of wafer-scanners, since the 

technique currently used in lithography is reaching its limits. Further significant reductions in feature 

size on silicon wafers requires a projection source that is beyond the wavelength of visible light. At 

these wavelengths operation must be in high vacuum, which requires the actuator and all 

mechanical or air bearings to e sealed. Proper sealing of the actuator is difficult especially at long 

strokes. Furthermore, guiding power and data cables from a non-vacuum to a vacuum is tedious, 

since normal cable isolation is unsuitable to prevent contamination of the vacuum [2]. 

A prototype of the HPPA was already built. It consists out of a stator (coil set) and a moving magnet

palte (Figure 2). The stator consists of coils cast in epoxy resin and a water-cooled aluminum block. 

The distance between the aluminum and the top surface of the coils is chosen such that the induced 

eddy currents in the block due to the moving magnets do not significantly disturb the performance. 

The coils which are the source of heat are placed above the water cooled aluminum plate with the 

help of ceramic pins. The actuator with the ceramic pins can be seen during construction in Figure 3. 

All the details of the actuator design are presented in [3]. 

Several tests were done on this actuator to test its performances and limits. With the obtained 

knowledge, a new improved actuator called ASPA (Advanced Single-stage Planar Actuator) is under 

research [4]. The actual actuator (HPPA) is still in a prototype state. The most important goal of the 

HPPA was to demonstrate its functionality and accuracy; performances like acceleration were until 

now less important. The main limiting factor to improve those performances is the cooling system. In 

the design of the HPPA, the thermal design was not the first priority. 

The experiments on the HPPA were done with high precaution to stay at a low temperature. Several 

parts are sensitive to high temperatures, notably the permanent magnets, the epoxy and the 

insulation. This explains the importance of the cooling system. Up to now, the temperature during 

the experiments is not monitored. 
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2.2 The added value of this work 

2.2.1 Thermal modelling 
In order to include the thermal aspects, a thermal model of the actuator was built which is able to 

calculate the temperature of each coil of the actuator in real time. The thermal model has two 

applications in the HPPA: 

• Tracking temperature in real time such that the limits are better known 

• Possibility to limit the currents through the hottest coils 

The temperature tracking with the help of the thermal, real time model allows to realize longer 

experiments with higher accelerations. To build this real time thermal model, several intermediate 

steps are necessary. Those steps and the final model are described in more detail in the first part of 

the report. 

The other advantage of the thermal model of the coil set is that the temperature of each coil can be 

taken into account for the control system. The planar actuator is an over-actuated system. Hence 

there are multiple solutions for the coil currents to produce a certain force and torque on the 

translator. Therefore, if the temperature is known, the coil current can be adapted in a way to power 

primarily the coils with the lowest temperatures. With such a control technique the heat is spread 

more homogenously over the coils. 

a) coil set 

2.2.2 Cooling solutions 

b) Coil set with magnet-plate on the top 

fiGURE 2 COIL SET (COURTESY TUE) 

The stator of the HPPA consists of coils cast in epoxy resin, a water-cooled aluminium block and an 

extra layer of epoxy resin in between. The coils which are the source of heat are placed with the help 

of ceramic sticks on the aluminium block. The distance between the aluminium block and the coils 

has to be high enough such that the magnetic field is not damped by the eddy-currents in the 

aluminium plate. On the other side, the aluminium plate has to be as near as possible to assure a 

good heat evacuation towards the water-cooling system. The distance (lOmm) between the 

aluminium plate and the coils was chosen in favour to minimize the disturbance by the eddy 

currents. As it is already pointed out, the heat evacuation was until now only a secondary issue. 

Therefore, the second part of the report is dedicated to improve the cooling performance of the 

actuator. 

8I Page 



-----------------------------------~------------

Martin Stoeck TUE/EPFL January 2011 

fiGURE 3 COIL SET DURING PRODUCTION (WITHOUT EPOXY) (COURTESY TUE) 

2.3 Procedure of working 

The first goal of this project is a real time thermal model. In a previous work [5] the thermal 

constants of the coil and the epoxy were determined. For a complete understanding of the thermal 

behaviour of the HPPA a finite element model was made in Flux2D. This model was validated by 

measurements on a small test setup and by measurements with the thermal camera on the HPPA 

setup. Further, a Flux3D model was made and validated by the same methods as the 20 model. With 

the help of the Flux3D model a thermal network model is extracted. This model was first realized in 

Simulink. The values of the network model were first calculated and in a second step fitted to 

measurements. As this Simulink network model was not fast enough for the real-time application, a 

similar finite difference model was extracted from the Simulink model. This model is called finite 

difference model. This method is known for its short calculation time. 

The modelling part of the finite difference model was summarized in a digest for the LDIA2011. The 

paper will be written after this report. The digest can be found in chapter 9.2. 

The second goal of the project is to find a better cooling solution for the actual setup without 

disturbing the performance by additionally created eddy currents. For this part it is important to 

understand the thermal performance of the HPPA setup. This knowledge could entirely be taken 

from the first part. Several cooling solutions were investigated in Flux2D. Thin cooling plates which 

are already used in industry application were specially investigated for their cooling performance. 

Additionally, eddy current simulations were done in Flux3D by Hans Rovers to estimate the 

performance reduction. Finally a new solution is proposed. 
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3 GENERALITIES OF THE THERMAL MODELING 

3.1 Mathematic description 

The goal in this project is to have a thermal model of the actuator. All the needed equations for 

further modelling are introduced here. All of them are based on the results found in literature [6]. 

The main heat sources of the system are the joule losses in the coils and can be calculated by: 

q = R * / 2 (1) 

With q the heat rate [W], R [0) the resistance of the coil and I [A] the current delivered by the power 

amplifiers. All the heat coming from the heat source has to be evacuated. Therefore, is the produced 

heat source is equal to the heat transfer rate q [W]. The heat transfer rate describes the amount of 

energy which is transferred from one point to another in a certain amount of time. Most of the time 

the heat transfer rate is referred to a surface and the heat transfer rate per unit of the surface area 

is called heat flux q"[W /m2 ]. The transfer of heat can be done by several physical effects. The 

phenomenon of transmitting a thermal flow through a material is called conduction. Another way to 

transport heat is by transferring material with a certain amount of stored energy, this type of 

transportation is called convection. If heat is transported without the help of any material but only 

by electromagnetic waves the way of transportation is called radiation. 

For all those three ways of energy transport a steady state case is assumed. This means that the 

system is in an energetic equilibrium and, thus, the in-coming heat rate is equal to the out-coming 

heat rate. 

(2) 

Conduction is the transfer of heat inside a material from a point with a high temperature to a point 

with a lower temperature. In an energetic equilibrium the temperature is linearly proportional to the 

distance. 

11 _ -kdT 
qx- dx (3) 

With q!; [W /m2
] the heat flux in x direction, k [W /mK] the thermal conductivity, and dT I dx the 

thermal conductivity. For a defined distance l [m] and a defined area A [m2 ] the equation becomes: 

(4) 

The term kA/l can be interpreted as measure for thermal conductivity. The thermal resistance for 

conduction Rth_cond is introduced, which is the inverse of the thermal conductivity. 

l 
Rth_cond = kA (5) 
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Convection is a transfer of heat between a surface and a fluid. In our case the top surface is exposed 

to the air. The ambient temperature and the surface temperature are supposed constant. The 

amount of heat flux which is evacuated to the air is proportional to a material-constant and the 

temperature-difference between the surface and the ambient temperature: 

q" = -h * (Tsur{ace - Tambient) (6) 

With the heat transfer coefficient denominated by h [W /m2 K]. 

For a given surface A [m2
] an a given surface temperature-difference !:J.T the equation becomes: 

(7) 

The term hA can be interpreted as a thermal conductivity of convection. Its inverse is the thermal 

resistance due to convection Rth_conv· 
1 

Rth_conv = hA (8) 

The third kind of heat transportation is by radiation. The energy which is evacuated by radiation is 

proportional to the power of four of the temperature. 

(9) 

This effect is often linearised around the ambient temperature. The equation becomes: 

(10) 

This linearization has the big advantage that the equation can be written in the same form as the 

convection or the conduction: 

q~ad = Rth_rad * !:J.T surface (11) 

With the radiation resistance: 

Rth_rad = 4EoT1mbient (12) 

WithE[] the emissivity and a= 5.67 * 10-8 [W /m2K 4
] the Stefan-Boltzmann constant. The values 

of E are confined between one and zero. One for a surface with a perfect radiation and zero for a 

non radiating surface. 

Until now the system was assumed to be in a steady state condition. Therefore the incoming energy 

was equal to the out coming energy. In reality each material has the capability to store thermal 

energy. The incoming energy is defined positive if it goes into the system and negative if it goes out 

of the system. Therefore the energy balance becomes: 

L Ein = Estored (13) 
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The stored energy in a material at any time is described by: 

Estored(t) = pVcT(t) 

With p[kg/m3
] the density, V[m3 ] the volume and c U /kg] the specific heat. 

The corresponding heat rate can be obtained by time derivation. 

dT 
q = pVc dt 

January 2011 

(14) 

(15) 

The term pVc can be interpreted as a indicator of the storage capacity and therefore it is 

summarized as a thermal capacitance Cth U I K]. The equation becomes: 

dT 
q = Cth dt (16) 

A lot of equations are similar to the electrical equations. A certain analogy can be made as shown in 

the following table. 

Thermal Electrical 

Temperature: T [K] Voltage: U [V] 

Heat rate: q [W] Current: I [A] 

Th. Resistance: Rth [K/W] Resistance: R [!l] 

T = Rth * q U = R *I 
Th. Capacity: Cth U /K] Ca pacita nee: C [F] 

q(t) = Cth * dT/dt l(t) = C * dU/dt 
TABLE 1 THE ANALOGY BETWEEN THERMAL AND ELECTRICAL QUANTITIES 

This is the analogy which is used in most literature [6] [7] [8] [9] [10] even if this equivalence has 

certain limits. For example the equivalent to the electrical power P = U *I would have in the 

thermal equivalence a dimensional inconsistency (the thermal power would have the unity: [WK]). 

Also the equivalence of the electrical inductance is unknown. An attempt to overcome those 

problems is described in [8]. For this work it was sufficient to use the reduced analogy with the 

physical quantities shown in Table 1. 
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3.2 Different Modelling techniques 
Thermal modelling describes the effects of heat transfer due to a temperature difference [6]. The 

thermal design of an electric machine is often as difficult as the mechanic or the electromagnetic 

design [11]. Especially the unknown thermal parameter makes the simulations difficult. Nevertheless 

several methods exist for the thermal modelling. The most commonly used methods are: The finite 

element method [12], the thermal resistance method [7], the Analytical thermal model [13], the 

lumped Circuit method [12], the finite difference method [14)[15] and the thermal quadrupoles 

method [16)[17)[18]. 

In this report: 

• The finite element method is used because it ability to study a three dimensional heat flux. 

• The thermal resistance method is used because it is the simplest method to simulate steady 

state conditions. 

• The lumped circuit method is used for transient thermal behaviour. 

• The finite difference method is used because of its speed in the calculation process. 

The analytical thermal model is the fact of solving the differential equations which can be done for a 

one dimensional case. For a three Dimensional case this method would be too complicated and 

therefore, was abandoned. The thermal quadrupoles method is an approach to solve the differential 

equation by a Laplace transformation and write the transformed three dimensional equations in an 

equation composed on matrixes and vectors. This method was judged because of its complexity not 

suitable to the project. 

In a previous work [5)[19] a first resistance model of one coil was done. In this model over 100 

resistances were used to model one coil. For 84 coils the total number of resistances would rise up 

to 10'000 which would not be suitable for a real time model. The high complexity is due to the 

modelling of every material itself without making any big simplifications. 

In this report, a more stepwise strategy is described. First, a one dimensional model was made and 

verified. The model was simplified as much as possible before going further by keeping the required 

precision. Then out of a two dimensional model finally a three dimensional model has been 

established. All those models were verified by measurements. The simplicity of the model had a 

primary importance. 

3.3 Assumption for the Modelling 

Several assumption were done during the modelling: 

• For all the models the water-cooling was considered as a constant imposed temperature. 
Measurements on the HPPA have shown that the water temperature increases less than 1 °(. 

• The ambient temperature was considered constant at 20°(. 
• The resistance of the coil was supposed to be constant with the temperature. In reality it is 

changing with the temperature T [0 C]. The following linear dependence was found by 

measuring the resistance at two temperatures (20°( and 50°C): R(T) = 0.026 * T + 5.166. 

• The assumptions made for the finite element modelling are described in 3.3.1.1 

• The magnet plate on t he top of the actuator was neglected. This assumption is justified in 
the chapter 3.3.2. 
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3.3.1 Generalities ofthe HPPA 

The HPPA actuator (Figure 4) consists on a water cooled coil set and a magnet plate. The coils are 

arranged in a herringbone pattern shown in Figure 4b. All details of this actuator can be found in [3] 

a) Coil set with magnet plate above b) The coil set 

FIGURE 4 THE HPPA [COURTESY TUE) 

The stator consists of coils cast in epoxy resin and a water-cooled aluminium block as shown in 

Figure 5. The coils are positioned on ceramic pins during construction to guarantee the distance of 

lOmm between the water cooling and the coils. The distance between the aluminium and the top 

surface of the coils is chosen such that the induced eddy currents in the block due to the moving 

magnets do not significantly disturb the performance. 

IIIJI-1 
I 

(I i I) 
I 
I 

7.4mm 

IOmm 

I 

IIIJI-: 
Water cooled 

fz J Aluminum 
~~ 

a) Cut plane throug coil b) cut through coil c) Scema of a cout through a coil 
FIGURE 5 CUT THROUGH SEVERAL COILS [COURTESY TUE) 
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3.3.1.1 Flux2D & Flux3D 
Thermal finite element simulat ions were done in Flux2D and in Flux3D [20]. 

For the Flux 2D model one coil element was simplified like shown in Figure 6. Three different 

material regions were specified. The coil was simplified as a rectangular block with non directional 

thermal conductivity. 

Epoxy 

z 

FIGURE 6 FLUX20 MODEL OF ONE COIL ELEMENT 

The advantage of the Flux3D model (Figure 7b) is the possibility to introduce a directional thermal 

conductivity like shown in Figure 7a. 

~ ~ ; ) 1111 
IIIJ 

Top view 

a) Top view with the indicated 

directional thermal conductivity 

f, 

Coil 

Epoxy 

r.---- Aluminum plate 

with water cooling 

b) Three dimensinoal model of the coil in Flux31J 

FIGURE 7 FLUX30 MODEL OF ONE COIL ELEMENT 

3.3.2 Influence of the Magnet Plate 
The magnet plate can influence the temperature of the top of the coil set. To verify the influence of 

the magnet plate, simulations in Flux2D [20] were performed. Figure 8 shows the influence of the 

magnet plate. The simulations were done for the worst case situation. The worst case would be a 

non-convective air layer on the top of the coils. For this worst case situation a temperature increase 

of 15% due to the magnet plate can be seen. In the case of a moving magnet plate the temperature 

evacuation could even increase by the forced convection. As it would demand a lot of effort to verify 

the temperature below the magnet plate the simulations were restricted to the ones without the 

magnet plate. The temperature increase due to the magnet plate will be accounted for a lower 

maximum critical allowed temperat ure. For all this reasons all further thermal simulations of the 

HPPA were done without the magnet plate above it. 
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Color Shade Results 
Quantity: Temperature degrees C. 

Cu 

T max= 4l"C T max= 44•c 

Scale I Color 
20 I 21,5 
21,5 I 23 
23 I 24,5 
24,5 I 26 
26 I 27,5 
27,5 I 29 
29 I 30,5 
30,5 I 32 
32 I 33,5 
33,5 I 35 
35 I 36,5 
36,5 I 38 
38 I 39,5 
39,5 I 41 
41 I 42,5 
42,5 I 44 

fiGURE 8 FLUX20 SIUMLATION OF THE INFLUENCE OF THE MAGNET-PLATE 

3.3.2.1 Determination of the heatjlux main regions 
In the last part the influence of the magnet plate was investigated. To understand why the influence 

is small the heat flux distribution in the body was investigated. Because in the one dimensional case 

is the case with the most heat evacuated to the top, the flux distribution is investigated this case. 

As several simulations gave different results, all of them are presented here: 

The heat rate given by Flux2D which is evacuated on the top surface is: l,OGW. The heat power 

produced by the coil is 3.6W. Therefore we can conclude that 29% of the heat is evacuated by 

convection to the air and 71% is evacuated by the water-cooling system. 

To confirm this result, another method to investigate the heat flux was used. Here the heat flux will 

be calculated out of the gradient and the material constants. Out of the Flux2D simulation we know 

the steady state temperature as function of the distance in z-direction. 
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FIGURE 9 TEMPERATURE VERSUS THE DISTANCE (Z-DIRECTION) IN A STEADY·STATE CONDITION WITH P=3.6W 

The heat flux is defined by: 

dT 
q~' = -k(z) * dz (17) 

The heat rate qx (W) can be calculated by: qx = q!: * A. All the thermal conductivities (k) are known, 

therefore, the heat flux (q~') along the two lines, x=Omm and x=7mm illustrated in Figure 9, can be 

calculated. 
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Heat rate: q[W] versus distance [mm] 

FIGURE 10 EAT FLUX AND HEAT RATE VERSUS THE DISTANCE IN Z DIRECTION 

The heat flux along z is constant at the contact surface with the aluminium. The heat flux is negative 

because its direction is against the z-direction. Out of the heat flux q~' the heat rate qz can be 

calculated by qz = q~' *A. For A the area of one coil unit was chosen. The heat rate which is 

transferred to the bottom is equal to 2.75W which is around 75% of the input power of 3.6W. The 

heat rate which is transferre to the air is around 0.6W which is equivalent to 17% of the input 

power. The total of the two output powers are not equal to 100% thus 8% of the total power is 

missing. This error could be caused by the discrete derivation, which introduces a certain 

imprecision. 
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To verify the results from the Flux2D-model, results from a Flux3D model, which will be explained in 

detail later on in this report, are given. The Flux3D simulation calculated that 85% of the total heat 

flux is evacuated by the water-cooling and only 15% is evacuated by the air. In the 3D simulation the 

ceramics stands could be integrated in the simulation, this is certainly one reason of the increased 

heat evacuation towards the water cooling. 

It can be seen that the main heat flux goes towards the water-cooling. All Flux simulations showed 

that the heat power evacuated towards the air is between 15% and 30% of the maximum power. 

Therefore the influence of the magnet plate is small as the main heat flux is not going in its direction. 

3.4 Experiments 

Two different kinds of experiments were done. To validate the FEM models a small test setup with a 

lot of thermocouples was built. On this setup the measurement of theIR-camera could be compared 

with the thermocouple measurements. The second kind of measurement was done with the IR

camera on the HPPA. 

3.4.1 Test setup 
To validate the Flux2D and Flux3D models a simplified setup similar to the real setup was build. This 

setup consists of 3 coils which are placed next to each other as shown in Figure 11. This geometry 

was chosen to have a directional heat flux with good known boundary condition in x-direction. The 

foamed polystyrene on the side isolates the heat flux in x-direction. The heat flux in z direction is the 

same as in the HPPA setup, to the bottom the heat is evacuated by the water cooling and to the top 

by air convection. In the lateral y-direction a heat flux exists like in the real setup from coil to coil. 

The epoxy in the y-direction was chosen long enough that the border is not heated up. Therefore 

adiabatic boundary condition could be imposed for the x and y border in Flux3D. In the z-direction 

the water cooling system was simulated by an imposed temperature, and the air convection was 

supposed to be 15W/m2
• 

Thermocou pies 

wires 

Foamed 

polystyrene 

fiGURE 11 TEST SETUP FOR fLUX30 MODEL VALIDATION [COURTESY TUE) 

Planes with the 

included 

thermocouples 

wires 

Water cooling 

inlet 
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In total 29 thermocouples were placed inside the test setup. The thermocouples were placed in two 

plains one in the middle (denoted with "M" in Figure 11), and one on the outside (denoted with "0" 

in Figure 11). A cut of the two planes with the exact placement of the thermocouples can be seen in 

Figure 12. The thermocouple measures the temperature on the tip. But the temperature sensors 

have to be placed with care in the experiment. As their wires are good heat conductors, the 

thermocouple measures the heat conducted through the wire to the tip and not only the 

temperature of the surroundings of the tip. Therefore, the wire of the thermocouple has to be 

placed in a region with the same temperature as the tip or a well isolated region, but never in a 

region with a high heat gradient. The foamed polyester on the side gives the possibility to place the 

thermocouples in the side without disturbing a lot the setup as the holes have only a depth of 1mm. 

A second advantage is the good isolation of the thermocouple wire, which guarantees no additional 

heat flux from the wire to the tip. In the middle the wires are placed from the top inside the epoxy at 

a depth of 1mm. To measure the temperature at the bottom in the middle the wires of the 

thermocouple were placed at constant height towards the "0" plane. The Figure 67 in the appendix 

(chapter 9.5) shows the wires during construction. Because of the carefully placed thermocouples it 

can be assumed that those measurements will be a good indicator for the temperature. [21] 

The Middle Plane (M): 

Epoxy 

m--..... . 

Aluminium with water cooling 

The Outside Plane (0): 0 
)> 

OJ ...... 
n 

1 

• 
2 3 

• • 
• 

4 5 6 7 8 

• • • 
Epoxy 

0 • 
m~==~·~----~·~----~·~------------~ 

Aluminium with water cooling 

FIGURE 12 PLACEMENTS OF THE THERMOCOUPLES IN THE OUTSIDE AND THE MIDDLE PLANE 

3.4.2 HPPA 

On the test setup the heat flux was mainly in two directions. On the HPPA the heat flux are in three 

dimensions. The surface temperature of the HPPA could be measured with an IR-camera. To 

measure the surface temperature the magnet plate on the top of the actuator has to be removed. 
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3.5 Limiting Factor 

As the temperature is the main limiting factor of the HPPA the thermal model is used to protect the 

actuator from overheating. Therefore the maximal allowed temperature has to be investigated. 

There are namely four particular effects which are critically for high temperatures: 

• The demagnetization of the permanent magnets above a critical temperature 

• The melting of the coil isolation above a critical temperature 

• The decomposing of the epoxy at a critical temperature 

• Internal mechanical stresses due to the different thermal expansion coefficients 

In this chapter the critical temperatures for the HPPA will be determined by evaluating these four 

effects. 

3.5.1 Determination of the thermally limiting component of the actuator 
To determine the critical temperature of the planar actuator all the limiting factors have to be 

considered, in particular: the permanent magnet, the coil isolation, the epoxy and the mechanical 

stresses. 

3.5.1.1 Permanent Magnets 
The lowest working point of the permanent magnets (Vacodym655) in the planar actuator is above 

zero Tesla. Figure 13 shows that the last B(H) curve which has its bending below the zero Tesla [T] 

mark (black arrow) is the one at lOOoC. Therefore, the magnets can be heated up to 100°C. During 

levitation the magnets are flying above the coils, and are therefore not exposed to the maximum 

temperature of the top surface of the actuator. However, the actuator is replaced on the top surface 

after its trajectory; therefore the top surface temperature should not exceed the 100°C. 
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3.5.1.2 The coil isolation 
The manufacture (Tecnotion) of the coils guarantees the coil isolation to stand up to a temperature 

of 155"C. To not destroy the coils it has to be guaranteed that the hottest point of the coil is not 

exceeding this temperature. 

3.5.1.3 The epoxy 
No data is available from the manufacture for the temperature resistance of the epoxy. Therefore 

the temperature resistance of the epoxy had to be determined by an experiment. So far the limiting 

factor was the magnets with a temperature of 100"C. Therefore the epoxy was tested at a 

temperature of 100"C. For this a block of epoxy was placed during several hours in an oven at 100"C. 

After taking out the temperature was checked and verified to be above 100"C. No destruction could 

be found. Therefore it is approved that the epoxy stands up to a temperature of 100"C. 

3.5.1.4 Internal mechanical stresses 
The mechanical stresses inside the structure have to be considered. The calculation of the maximum 

admissible mechanical stress and the associated temperature is difficult to calculate and would be a 

time consuming project for itself. A rudimentary way to determine that the mechanical stresses due 

to a temperature gradient is not the limiting factor is to do a destructive test. All details of this test 

can be seen in appendix chapter 9.3. Additionally a coil in a test setup (described in chapter 3.4.1) 

was heated up to 100"C without observing any destruction. 

3.5.1.5 Conclusion 
Each critical material of the setup has been investigated for its thermal behaviour. The main 

thermally limiting factors of t he actual setup HPPA are: the demagnetization of the permanent 

magnets, the melting of the coil isolation, the thermally destruction of the epoxy and the internal 

mechanical stresses due to temperature gradients. Out of all those factors the permanent magnets 

are found as the main limiting factor. The maximum temperature to prohibit demagnetizing is 100"C. 

Therefore, a maximum temperature of 100"C was fixed for the HPPA. 

3.6 Conclusion 
In this chapter all the conditions which are needed to start the simulation were fixed. For a full 

understanding of the heat flux it was considered to do in a next step Flux2D and Flux3D simulations. 

A test setup was built which allows in the next step to validate the simulations. Furthermore the 

influence of the magnet plate on the top of the actuator was investigated. The influence to the 

maximal temperature is maximally 15%. The magnet plate will not be considered in the model but 

will be taken in account in the maximal allowed temperature. For the maximally allowed 

temperature all the critical temperatures of the material were investigated. It was found the 

maximum temperature is due to the magnets at 100"C. 
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4 MODELING IN lD 

The thermal modelling was done in several stages. To eliminate all kinds of unknown errors the 

simplest case was investigated first. An assumption of a one dimensional heat flux in z direction was 

made. This case can be realized by switching on all the coils of the setup. As the coils situated in the 

middle of the coil set are surrounded by coils with the same temperature, no heat is evacuated 

laterally; the heat flux is only in the vertical direction. In the simulations adiabatic boundary 

conditions were imposed on the lateral borders. The first simulation was done with Finite Element 

Model (FEM) software to simulate the reality as good as possible. Further simulations were done 

with a thermal resistance and capacitance network to reduce calculation time of the model. Both 

models were validated by experiments. 

4.1 The Flux2D-model for a one dimensional heat flux 
As a lot of thermal parameters of the setup HPPA are known from a previous work [19] a first model 

could be done with FEM. All the thermal FEM-simulations were done in Flux [20] which is a common 

tool for electromagnetic and thermal physics simulations. The simulations in FEM-programs give the 

possibility to get a first model without a lot of simplifications, which influences are often unknown. 

To have a first simple model which is as near as possible to the reality, the first simulations were 

done in Flux2D. 

4.1.1 Results of the Flux2D-model 
In a previous work [19] the thermal characteristics of the coil and the epoxy were already studied. 

For a first Flux model the evaluated values of the previous work are used, namely for the coil a 

thermal conductivity of 1.21W/mK is used and for the epoxy a thermal conductivity of 0.9W/mK. 

First several simulations were done to understand the influence of different parameters and to 

check if the simulations work properly. The composition of one coil element can be seen in Figure 5. 

The Flux2D of the coil can be seen in Figure 14. For the boundary conditions in the x direction (left 

and right border in Figure 14) an adiabatic boundary condition was chosen. For the bottom side an 

imposed temperature of 20°C is imposed in the simulation. For the surface epoxy-air a convection 

heat transfer coefficient of 15W/Km2 is imposed. 
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FIGURE 14 FLUX20 SIMULATION WITH DIFFERENT POWER INPUTS 

Out of those simulations (Figure 14) it can be observed that the hottest zone is inside the coil. The 

surface temperature is never more than 4°C cooler than the maximum temperature inside the coil. 

Reminding that the goal of the final model is to prevent the setup from destroying, the hottest 

temperature is of main interest. In fact, the maximum simulated temperature is for low power 

(P=3,6 and P=SW) 4oC lower than the surface temperature. This temperature difference decreases to 

2°C for higher powers (P=7,5 and P=lOW). A maximal error of 8% is introduced by considering the 

top surface temperature as the hottest point of the coil. Finally we can conclude that the top surface 

measurement is a good indicator for the maximum temperature. 
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4.1.2 Validation of the Flux2D model 

To validate the Flux2D model, measurements were done one the HPPA. By switching on all the coils 

of the actuator (Figure 15a), the adiabatic boundary condition case is realized. A purely horizontal 

heat flux can be assumed. 

45 . 

a) Image from IR camera with all coils on 

Time[s) 

Flux2D 1 
IR-Camera-!.: 

b) Temperature on the surface (T Epoxy-Air) 

fiGURE 15 COMPARISON OF THE TEMPERATURE OF THEIR-CAMERA WITH THE SIMULATIONS FOR P=3.6W 

Figure 15b shows a comparison of the transient surface temperature of Flux2D simulation and the 

measurements for a input power of 3.6W. A maximum error of rc is observed which correspond 

relative to the maximal measured temperature to an error of 9%. 

The same adiabatic boundary condition was simulated with an extra built setup (full description in 

chapter 3.4.1). All coils were switched on with a power of 6W and the temperature of the 

thermocouple placed in the inner hole of the middle coil (arrow in Figure 16a) was compared to the 

Flux2D simulations of the same point in Figure 16b. 
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a) Image form IR-camera of the test setup b) Comparison of the Fulx2D model and measurements 

fiGURE 16 VALIDATION OF THE SURFACE TEMPERATURE (P=6W PER COIL) 

To verify the temperature in the vertical direction (z-direction) the simulations were compared with 

measurements from the test setup in Figure 17. To observe the temperature at different locations 
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thermocouples were placed in the test setup. To simulate a unidirectional heat flux all the tree coils 

were switched on. 
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fiGURE 17 VALIDATION OF THE INSIDE TEMPERATURE 
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The temperatures measured by the thermocouples are in good agreement with the Flux2D 
simulation. (The errors from left to right are: OSC, 0.6°(, 1.0°(, 0.9°(, 1.8°(.) 

4.1.3 Conclusion Flux2D-Model 
The Flux2D simulations were done with some material constants evaluated in a previous work and 

some values obtained from literature [22][23]. The comparisons between the simulation and the 

measurement showed a good correlation. 

4.2 Resistance and Capacity 1D Model 
An often used model to simulate directional heat flux is the resistance model. For a steady state 

model each material is simulated in each heat flux direction by one resistance. By adding 

capacitance, which allows each material to store heat energy, a transient model can be built. This 

model is often called lumped circuit model [12] or lumped capacitance model [6]. The main difficulty 

is to establish the number of resistance and capacities and their location and values. 

4.2.1 Development of the 10-RC-model 

A simple and commonly used model to describe transient conduction problems is the so called 

"lumped capacitance model". The basic idea of the model is the assumption that the temperature of 

the solid is spatially uniform at any instant during the transient process. This assumption implies that 

for every time the temperature gradients within the solid are constant [6] . This assumption is an 

approximation from the real situation and has to be applied with care. In a one dimensional model a 

certain distance dx is approximated by a capacitance which simulates the thermal energy stored in 

the volume A*dx, and a resistance which simulates the temperature drop over the distance dx. For a 

perfect one dimensional material description dx should tend to zero. Such a model would be too 

complicated; therefore a minimum of RC elements is used. In a further step it will be evaluated if the 

precision of the model is sufficient. 
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FIGURE 18 THERMAL MODEL OF A FINITE MATERIAL PART 

In a first step a steady state RC model was done in Simulink. Each material was simulated by a 

resistance and a capacitance as shown in Figure 18. To simplify the illustration in all further network 

scemas the resistance and capacity is illustrated by one black box denoted with RC like shown in 

Figure 18. 

The different resistance and capacitance values were calculated by: 

R = A~k and C = pcV = sV (18) 

With l [m]: length, A [m2
]: area, k [W /mK]: thermal conductivity, p [kg/m3

]: mass density, 

c U /kgK]: specific heat capacity and s U /m3 K]: volume heat capacity 

The following resistances and capacitances were calculated. 

R [K/W] C [J/K] 

Coil 3.19 48.8 

Epoxy high 0.34 1.7 

Epoxy low 5.8 2.9 

Air 34.9 0 
TABLE 2 RESISTANCE AND CAPACITANCE VALUES FOR THE 10-RC MODEL 

The resistance of the air was considered to be purely due to convection; therefore no capacity was 

attributed to the air. Every box showed in Figure 19 which is denominated with a material has inside 

the same resistance and capacitance system as shown in Figure 18. 

RC_Cu RC_air 
T_Cu 

P _in 
RC_Cu RC_epoxy RC_AI 

FIGURE 19 SIMULINK MODEL IN 10 
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This model (Figure 19) can be verified by measurements. The adiabatic boundary conditions are 

realized by switching on all the coils on the current setup of the planar actuator. By switching on all 

the coils the middle coils of the actuator have mainly a heat flux in the z direction thus no heat is 

transferred to their neighbours as they have the same temperature. 

For a simpler model we consider the whole system as one uniform material which is modelled by 

one resistance and one capacitance called Rtot and Ctot· As the flux simulation showed that the 

copper and the top surface temperature are quite similar for a rough approach, all the capacities can 

be added in parallel. First the capacity and the resistance from the copper to the air (total-top) and 

from the copper to the cooling system (total-down) were calculated. Out of these the total 

resistance and capacitance was calculated. 

Rtotal-top = Rcu-half + Repoxy-top + Rair = 36.8 

Ctot-top = Ccu-half + Cepoxy-top = 26.1 

Rtotal-down = Rcu-half + Repoxy-top + Rair = 7.4 

Ctot-down = Ccu-half + Cepoxy-low = 53.5 

~ 

l 

Rtot = Rtotal-topiiRtotal-down = 6.16 

Ctot = Ctot-top + Ctot-dwon = 79.6 

40 

!ii 30 
>--

.. 

Time (s) 

· .. 

fiGURE 20 COMPARE 10 SIMULINK MODEL WITH THEIR-CAMERA MEASUREMENTS (P=3.6W) 

This RC model consisting out of five resistances and four capacitances has an acceptable accuracy. A 

maximum error of 3°C can be observed. In the next chapter the RC model will be compared to the 

flux model. Further, the RC model will be simplified to get a model suitable for real time simulation. 
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4.2.2 Validation - Compare the RC-model with the Flux2D simulation and the IR
measurement 

To validate the resistance and capacitance model it was compared to the Flux2D model. Different 

temperatures at different height (shown in Figure 21) were investigated for a power of 3.6W. 
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Color Shade Results 
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fiGURE 21 STEADY STATE TEMPERATURE OF ONE COIL WITH ADIABATIC BORERS (LEFT AND RIGHT) P:3.6W 

For all the defined points in Figure 21 the temperatures were compared in the Figure 22. 
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fiGURE 22 COMPARISON OF THE fLUX2D SIMULATION AND THE RC· MODEL 

For the surface temperature the RC-model and the Flux2D model was compared to the 

measurement with theIR-camera for all coils switched on. 
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a) Image from IR camera with all coils on b) Temperature on the surface {T Epoxy-Air) 

FIGURE 23 COMPARISON OF THE TEMPERATURE OF THEIR-CAMERA WITH THE SIMULATIONS 

A good agreement between the measurement of the IR-camera and the Flux2D and the RC-model 

can be seen in Figure 23. The Flux2D model has a maximal error of 4% and the RC-model has a 

maximal error of 12%. 
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4.2.3 Adjustment of the Model 
To obtain simpler model for real time application and to improve accuracy, the model was simplified 
and fitted to measurement data. Usually all parameter like the conductivity of every material is 
measured separately to adjust the model. In this case a rudimentary and goal-orientated approach 
was chosen. With an optimization tool in Matlab (called fmincon), the parameters of the curve (Rtot 
and Ctot) were adjusted in a way that the area (error) between the measured and the simulated 
curve becomes minimal. 

Optimisation Parameter 

Generation: R.C 

Error 

Measurement 

Simulink

Model 

compare 

FIGURE 24 ILLUSTRATION Of THE OPTIMIZATION LOOP 

As finally to prevent the setup from destruction only the maximum temperature is from interest. 

Therefore a model with only one resistance and capacitance like shown in Figure 25a was 

introduced.The black resistance showed in Figure 25 which is denominated "RC_tot" contains the 

same resistance and capacitance system as shown in Figure 18. The results of the optimisation of the 

model with only one resistance and capacitance can be seen in Figure 25b. With an error of only an 

error of 1 oc or 5% a good fitting can be seen. The results show that the new values found from the 

optimization have a higher fitting with the measurement data than the calculated ones. 
45r---~----~----~----~-----. 

T_surface 

P_in RC_tot 

' 
\ ··. 

~0~--~~~---,~00~0--~1~~~0~~~==~. 
Time 1•1 

a) RC model with one element b) Temperature versus time 

FIGURE 25 COMPARISON Of THE ADJUSTED MODEL WITH THE IR-CAMERA MEASUREMENTS 

The following values were found: 

Calculated Optimization Deviation 

Rtot [K/W] 6.16 5.4914 11% 

Ctot [J/K] 79.6 59.4241 25% 
TABLE 3 COMPARISON CALCULATED VALUES AND THE OPTIMISED VALUES 
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By comparing the optimised values with the calculated ones (Table 3) it can be seen that the 

resistance has 11% deviation. This can be due to the wrong estimated convection coefficient 

between the air and the surface. The deviation of the heat capacity can be explained by the fact that 

the hottest point is not in the middle of the coil. Flux simulations have shown (see Figure 14) that 

the hottest point is close to the top of the coil. This means that the top capacitance decreases, and 

t.he lower capacitance increases. Another error is introduced by the filling factor which was not 

considered during the capacitance calculation of the copper. In this analytic model the copper was 

assumed as a solid block. For the volumetric heat capacity of the epoxy a value of a normal epoxy 

was used [23] [22] as no data was available from the producer of the epoxy. 

4.2.4 Conclusion Resistance and Capacitance 10-Model 

Out of the results of the Flux2D simulation a real time suitable model in which each material is 

modelled by a resistance and a capacitance was done. As for the final application only the hottest 

point of the coil has to be simulated, the model was simplified as much as possible. Finally a model 

with one resistance and one capacitance was found to be precise enough. 

4.3 Conclusion: 10 modelling 

The Flux2D simulations of a one dimensional heat flux were found in good agreement with the 

measurements of an IR-camera and measurements with thermocouples in a test setup. For a faster 

calculation time a resistance and capacitance model was built. This model was simplified to a model 

with one resistance and one capacitance. This model was fitted to the measurements. A maximal 

error of 1 oc was achieved. This corresponds to an error of 5% of the maximal temperature which is 

more than sufficient for the final application in the HPPA. 

To simulate the one directional heat flux all coils were switched on. A good model was found for this 

condition. By switching on only one coil additional heat flux in the side directions will occur. To see if 

the need to model those extra heat fluxes, two measurements were compared in Figure 26. In one 

measurement all coils were switched on and in the second one only one coil was switched on. 
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FIGURE 26 ONE COIL AND ALL COILS SWITCHED-ON WITH THE SAME POWER PER COIL (3.6W) 
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It can be seen in the figure above that the additional heat flux has a significant influence. For one coil 

switched on a temperature rise of 7oC can be observed. For all coils switched on a temperature rise 

of 20oC is measured. Therefore it is necessary to model the additional heat flux. Those additional 

heat fluxes are treated in the next chapter. 
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5 MODELING IN 3D 

The one directional heat flux is a special case and is only true if the entire coil set is switched on. As 

in reality the input power of t he coils depends on the trajectory, the heat is distributed over the 

actuator is complex. For a better understanding of the temperature distribution in the actuator a 

Flux3D simulation was done and validated by experiments. Out of this simulation a resistance and 

capacitance network is extracted. This model was first realised with a toolbox in Simulink. Due to its 

high calculation time a new solving algorithm called finite difference method was programmed. 

Opposed to the model in the previous chapter, the lateral heat fluxes can be considered. 

5.1 The Flux3D model 

Up to here, just the vertical heat flux was considered. For a better understanding of the vertical heat 

fluxes a Flux3D model was elaborated. Especially the influence of the horizontal heat flux to the 

vertical heat flux and vice-versa should be shown. Further, the regions of the main heat fluxes are 

investigated. 

.. 

.. 

Top view 

fiGURE 27 FLUX30 MODEL OF ONE COIL ELEMENT 

Coil 

Epoxy 

~---- Aluminum plate 

with water cooling 

For the 3D flux model the coil was approximated as a rectangular (see Figure 31). Normally the coil 

has a round shape on both of its ends due to the coils windings. One of the advantages to simulate 

the thermal behaviour in three dimensions was the possibility to assign the coil a directional 

conductivity. The copper wire has a high conductivity (ca. 0.7*400W/mK) along the length of the 

wire. The factor "0.7" in the thermal conductivity is introduced because of the packaging factor. The 

wire is surrounded by an isolation layer which is an electric and thermal isolator. Therefore the wire 

has a low thermal conductivity in the radial direction (ca. 1.21 W/mK). This behaviour of the 

directional conductivity (illustrated with arrows in Figure 27) is important to consider as the two 

conductivity values are several hundred times different. In the flux model the coil was split into four 

different parts. Each of them has a high conductivity in its longitudinal direction. This is a simple 

approximation for the real geometry. An error is introduced because of the flat ending which 

introduces a higher contact surface with the neighbouring coil than in reality. 

To validate the Flux3D model it was compared to the extra built test setup described in chapter 

3.4.1. Two comparisons were done one with the middle powered with 1A and one with all three coils 

powered with 1A per coil. The data from the Flux3D, the measurement results of the thermocouples 

and the IR-camera are compared. In Figure 28a the temperature measured by the IR-camera was 

compared to the temperature of the thermocouples situated near to the surface for the middle coil 
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switched on. The thermal camera has a low accuracy, but a high sensitivity [24]. The measured 

ambient temperature of the thermocouples was checked with a calibrated thermocouple. An offset 

correction for the measurements of the thermal camera was done. After compensation, the 

transient temperature measured by the IR-camera and the thermocouples are in good agreement. 

For all the following IR-camera this correction was done. 

At steady state the temperature in the z-direction at the outside for the middle coil was compared to 

the Flux3D simulation. 
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FIGURE 28 VALIDATION OF THE TRANSIENT AND THE STEADY STATE TEMPERATURE OF THE MIDDLE COIL SWITCHED ON 

For a depth in z direction of 4mm (indicated in z direction with B in Figure 11) the temperature along 

the y-direction was investigated. Each coil has a width of 22,5mm. This with is drawn with a vertical 

black line in the following graphs. 
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FIGURE 29 VALIDATION FOR OF THE FLUX3D MODEL FOR THE MIDDLE COIL SWITCHED ON 

The same simulation and measurement were done for the case in which all the 3 coils are powered 

with 1A. 
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fiGURE 30 VALIDATION OF THE FLUX3D MODEL FOR All THREE COILS SWITCHED ON 

From the Figure 28, Figure 29 and Figure 30 several conclusions can be made: 

• The temperatures form the thermal camera and the thermocouples have the same shape. 

To get a precise measurement with the thermal camera it has to be offset-corrected. 

• The temperature measured for all three coils on with the thermal camera on the surface is 

the same as in 4mm depth. This is although approved from the measurement by the 

thermocouples in lmm and 4mm depth. 

• The temperature distributions of the Flux3D model and the measured temperature have a 

similar shape. 

• The temperature predicted by Flux3D is for the outside (plane "0" ) hotter than the 

measured temperature. This is due to the fact that the coils were simulated by squares and 

not with curved ends. Therefore the copper with the high thermal conductivity is nearer to 

the border in the simulations than in reality. Therefore the simulation indicates a higher 

temperature. 

• The temperature predicted by Flux3D is for the middle plane (plane "M") for all three coils 

switched on is in good agreement with the simulations. Especially for the regions with a 

small temperature gradient the temperature is well predicted. 

• The temperature pre icted by Flux3D is for the middle plane (plane "M") for one coils 

switched on are in good agreement with the simulations, but not as good as the case with all 

three coils switched o . The temperature gradient is in this case bigger. If the thermocouple 

has an error in its posit ion, or the temperature read out of the IR-camera was taken from a 

wrong place, the temperature error increases quicker for high temperature gradients. 

• Therefore, the error made for a small displacement of the point in which the temperature is 

measured is bigger than for a region with a small gradient 

5.1.1.1 Conclusion 
With the help of a small test setup, which was built similar to the HPPA, the Flux3D model could be 

validated. The Flux3D model is in good agreement with the measurements. With the help of the 

validated Flux3D model further investigations of the direction and intensity of the heat fluxes can be 

done. Those investigations are described in the next part. 
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5.1.2 Flux3D modelling for the Heat flux in the lateral direction 

To study the lateral and vertical heat flux a Flux3D simulation was done with two coils next to each 

other. One of them was switch on (active coil colored red in Figure 31) and the other one switched 

off (passive coil colored yellow in Figure 31). The heat flux was studied in a cut plane (dotted line in 

Figure 31) situated in the middle of the coil. 

D passive coil • active coil 

fiGURE 31 3D-SIUMLATION ONE ACTIVE AND ONE PASSIVE COIL 

The heat flux is almost everywhere horizontal under the coils. The intensity, which is indicated by 

the colour of the arrows in Figure 32, is nearly constant for the epoxy under each coil. 

• .. • • • ....... ·, .... .. . . ,. 4" • ••• • • ••••• • • 

. . . . . 
· .. ·.· .··. ·. 

• .. : ••.• ••• • • ••• • • .. ·.···, . /IJ ., ... ·4. ~·H~~ j 't .. • .. ~···~, :.:.: .. ,·.· ·.·. ·.-,, , ;;. 0J~ ,., . , ~i · • 
" · o 0' o • o o • 0 •'•' • ··~ ~~?J ~'1{ !i.:.t.. I t·• 

t '• • • • ' • t ' J rl. I' I'IJf1l ,· •,,• ,. : : : : : ,• .. ·.: "•• "'~i , 1..,...,.,,,...,,. , t ~ 
, , • ••• • • t , •• , ••• ••• • r .. ~, J~ 
•,, .... •,• .·. •'• ' ···~ · t · f ' '* , r'~~• , 

',:,., ............... :~,': ,f,1'~J• 
'f ' t t ············ · , '• •• ; , ,, ' 
t 't t 0 : t '. f' f f f • t f f: f .. ~ t ·1~ I ..... ' .............•. , 

fiGURE 32 DETAIL OF THE 3D-SIMULATION OF ONE ACTIVE COIL AND ONE PASSIVE COIL IN X-DIRECTION 

In the flux simulation it can be seen that a certain heat flux is evacuated on the top of the coil by 

convection to the air. This thermal resistance is in parallel with the resistance coil-water cooling. 

They can be put together in parallel into one resistance. Therefore one single resistance in z

direction was introduced for the simplified model. The main heat rate in the horizontal direction is at 

the height of the coils (yellow arrows in Figure 32). The total heat rate in the active coil is 3.6W. 30% 

of this power is transmitted to the second coil. Here the flux is observed in two areas: In the area of 

the coil and in the area of the epoxy. The total horizontal heat rate calculated in the coil region is 

0.87W. The horizontal heat rate in the epoxy region is only 0.18W. Because of the 4.8 times lower 

heat rate the region was neglected and only the coil region was modelled by a resistance called RCx. 

The final equivalent circuit in the XZ-cut plan is shown here below. 
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FIGURE 33 THERMAL EQUIVALENT CIRCUIT IN THE X-DIRECTION 

5.1.3 Flux3D modelling for the heat flux in the longitudinal direction 
To study the horizontal heat flux in the longitudinal direction two coils were placed next to each 

other shifted in the longitudinal direction. One of them was switched on (active coil colored red in 

Figure 34) and the other one was switched off (passive coil colored yellow in Figure 34). The heat 

flux was studied in a vertical cut plane (dotted line in Figure 34) going through the middle of the 

coils. 

D passive coil • active coil 

FIGURE 34 3D-SIMULATION OF ONE ACTIVE COIL AND ONE PASSIVE COIL IN Y-DIRECTION 

The heat flux is almost everywhere horizontal under the coils (Figure 34). The intensity which is 

indicated by the colour of the arrows is nearly constant for the epoxy under each coil. Only in the 

region of the ceramic stands an increase can be seen. Because of the unidirectional and constant 

heat flux this whole area was modelled in the RC model as one resistance. A heat flux to the top of 

the coil by convection to the air can be observed, this thermal resistance is in parallel with the 

resistance coil-water cooling. Both RC's can be put together into one element. Therefore one single 

RC element per coil in z-direction was introduced to simplify the model. 
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fiGURE 35 DETAIL OF THE 3D-SIMULATION OF ONE ACTIVE COIL AND ONE PASSIVE COIL IN Y·DIRECTION 

In between both coils a certain disturbance of the heat flux is observed. The intensity of the heat flux 

is illustrated by the colours of the arrows. 24% of the total heat rate of 3.6 W is transited from the 

active coil to the passive coil. The main heat flux in the horizontal direction is at the high of the coils 

(yellow arrows in Figure 35). One yellow arrow represents 5*103 W/m 2
, one blue arrow represents a 

heat flux which is five times lower thus 103 W/m2
• The region of the yellow arrows was simplified by 

a resistance called RCx. In Flux3D a surface integral was calculated over the region of the coil and 

over the region of the epoxy. In the coil region a heat rate of 0.73W was calculated in the horizontal 

direction and in the total epoxy region a horizontal heat flux of 0.13 was calculated. The flux of the 

epoxy region with the blue arrows was neglected because of the 5.6 times smaller calculated heat 

flux. The final equivalent circuit in the XZ-cut plan is shown here below. 

- -- -
fiGURE 36 THERMAL EQUIVALENT CIRCUIT IN Y-DIRECTION 
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5.1.4 Calculation of the resistance in x andy-direction 

Further the resistances are calculated on the base of the previous flux simulations. The thermal 

resistance is given by: 
d d 

Rth_cond = kA = khw (19) 

As the flux simulations showed the main flux area A is the coil region, therefore, the area is 

calculated by the height of the coil (h = 7.4mm) times the given with w illustrated in Figure 37. 

y-direction x-direction 

fiGURE 37 CONTACT SURFACE IN X- ANDY-DIRECTION 

The heat resistance in y-direction is: 

R = !!:._ = _l_ = 0.000385m = 1.61 K /W 
Y kA khw 0.9 W /mK * 0.0074m * 0.0358m 

The heat resistance in x-direction is: 

d l 0.000385m 
R =-=-= = 1S.21K/W 

x kA khw 0.9W /mK * 0.0074m * 0.0038m 

The resistance in z-direction and the capacitance of one coil was determined in chapter 4.2.3 to: 

5.1.5 Conclusion Flux 3D Model 

Rz = 6.16 K/W 
C = 79.6 ]/K 

With the help of the Flux3D model the regions with high flux densities are found. Those regions are 

important for the position of the resistances in the resistance network. A first 2D model for two cut 

planes of the coil was proposed. Out of these cut planes a 3D network model can be built. How such 

a network is composed will be explained in the next chapter. 
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5.2 Resistances and Capacity 3D-model 
In the last part the regions with the highest flux densities were investigated. Out of this knowledge a 

2D model of the cut planes in x- and y- direction of the coil is extracted. By combining these two 

planes a 3D model can be created. 

5.2.1 The 3D-Resistance and Capacity model 

L 
One coil touches in the x-direction two other coils coil therefore two Rx resistances were introduced 

like illustrated in Figure 38. The corresponding resistance and capacitance network model can be 

seen here below. In the final model 84 coils are connected to each other. The model was done in 

Simulink with a toolbox called SimPowerSystems. To have a highly modular model a library was 

constructed in Simulink. Here below (Figure 39) the content of one coil element is illustrated. In x

and y- direction the connections are made with resistances. Only in the z-direction a resistance and a 

capacity is introduced. 

fiGURE 39 SIMULINK MODEL OF ONE COIL ELEMENT 

One coil element is connected with another. Therefore the resistances in x and y direction occurs 

twice. The values of the resistances in one Simulink coil element are half of the total resistances 

between two elements. 
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5.2.2 Adjustment ofthe Model 

For a first approach the calcu lated values from chapter 5.1.4 for the resistances and capacitances 

were used for the model. The model was compared with different measurements namely all coils 

on, only one row or one line on and only one coil on (explained in Figure 41 and Figure 42 and 

chapter 9.8). For all those measurements the temperature of the active coil and its two neighbours 

were investigated. All those measurements were investigated. For every time step the difference of 

the temperature between the measurement and the simulation was calculated. Of all those errors a 

mean error over the time was calculated. The mean errors of all the measurements were added and 

are referred to the fitting-value in this report. The fitting-value was used to evaluate the model. 

Calculated values 

Fitting-value 7.6 oc 
RZ 6.16 K/W 

cz 79.6 J/K 

RX 15.21 K/W 

RY 1.61 K/W 
TABLE 4 CALCULATED RESISTANCE AND CAPACITANCES VALUES 

To find the resistance and capacitance values, for an optimal fitting of the model to the 
measurements, an optimization was done with a Matlab function called: fmincon. As the fitting 
value is the result of ten accumulated mean errors, the optimization tool has to minimize this error. 
For the start of the optimisation the calculated values presented in Table 4 were taken. The 
optimisation process is illustrated in Figure 40. 

Optimisation Parameter 

Generation: R,C 

Error 

Measurement 

Simulink

Model 

fiGU RE 40 ILLUSTRATION OF THE OPTIMISATION PROCESS 

Compare 

Different forms for the model optimization were investigated. The first idea for the optimisation 

process was to first calculate the resistance and capacity value for the z direction, as they are 

independent of the x and y direction. After having found the values in z-direction the simulations for 

one row switched-on (x-direction) was done as it is independent of the heat flux in y-direction. In a 

last step, the value of the resistance of the y-direction was investigated by switching one line on. In 

this configuration the heat is evacuated in all the three directions, therefore the y-direction was 

investigated in the last step. A total mean error of 4.rc was found. In Table 5 the found values for 

the stepwise optimization are presented. 
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Stepwise optimization 

Fitting-value 4.7°( 

RZ 5.47 K/W 

cz 57.5 J/K 

RX 8.76 K/W 

RY 2.83 K/W 
TABLE 5 RESISTANCE AND CAPACITANCE VALUES OBTAINED BY A STEPWISE OPTIMIZATION 

A more calculation time consuming method is to search a global minimum over all the values. For 
this optimisation all the resistance and capacitance values were every time evaluated for the four 
given measurements (all on, one row, one line, and one coil). The found values show a decreasing 
error of 4.2°(. The found values for the overall optimization are presented here below in Table 6. 

overall optimization: 

Fitting-value 4.2°( 

RZ 5.32 K/W 

cz 56.4J/K 

RX 14.1 K/W 

RY 3.02 K/W 
TABLE 6 RESISTANCE AND CAPACITANCES VALUES OBTAINED BY A OVERALL OPTIMIZATION 

To see the influence of the assumption of a constant temperature gradient made in chapter 4.2.1 

several resistances and capacities can be added in one direction. The found values are presented in 

the appendix (chapter 9.7}. An overview of the results of the different model variation can be seen in 

Figure 43. 

In Figure 41 and Figure 42 the resistance and capacitance 3d model with the values from Table 6 is 

compared to the following calibration measurements. 

• all coils were switched on 
• one row was switched on 
• one line was switched on 

• one coil was switched on 
The temperature of the active coil and the temperature of the two neighbouring coils were 

compared to the model. In Figure 41 and Figure 42 the coils that are switched on are indicated with 

a red arrow. The blue arrow shows the next neighbouring coil and the cyan arrow the second 

neighbour. The lines corresponding to these arrows are drawn in the same colour in the graphs. 

It can be seen for the case of one-row-on that the temperature of the active coil has a deviation of 

2°( from the model to the measurement. For all the three other cases for the active coil the model is 

in good agreement with the measurements. For the neighbouring coils the case of one-line-on has a 

big error of maximai1.5°C. For all the other neighbouring coils of the other measurements the error 

is smaller. 
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5.2.2.1 Conclusion Adjustment of the model 
Out of the different optimizations several conclusions can be made: 

January 2011 

• With the overall optimization the error of the model is not drastically decreased compared 

to the stepwise optimization. This leads to the conclusion that the heat fluxes in the 

different directions are not influencing each other much. 

• All the models with more than one resistance and capacitance in one direction show that the 

second resistance tends to a small value. The improvement of the model is mainly due to the 

additional capacitance in between two coils. 

• The error is minimized for the additional capacitance. But the quality of the model is not 

increasing with the rising number of resistances and capacitances. One capacitance in one 

direction is enough as shown in Figure 43. 

• The optimisation process last from 7 hours up to over 30 hours. This is inconvenient to study 

the influence of different parameters. 

Several variations of the model were optimized. The results of the optimisation for the different 

models are presented here below in Figure 43. 
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fiGURE 43 COMPARISON OF THE DIFFERENT MODEL VARIATIONS 

5.2.3 Conclusion Resistance and Capacity 3D-Model 

A resistance and capacity network was built and adjusted by calibrations measurements. The 

identified values for the resistances and capacitances allow a fitting of the simulation and the 

measurements with a maximal error of 20%. This is an acceptable error for the application in the 

HPPA. The disadvantage of the model is the speed. One iteration lasts around 0.7 seconds. The 

thermal simulation could be done in real time, but an extra computer would be needed to run the 

real time thermal simulations. Another disadvantage is the very time consuming investigation 

because of the long optimisation process. Therefore a faster model with a faster solving process 

which is based on this model is presented in the next chapter. 
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5.3 The Finite Difference Model 

The RC model has a sufficient accuracy for its application in the HPPA. The disadvantage of the RC

model is the long calculation time (ca. 0.7s per time step) which would be all right if this would be 

the only simulation running on the computer. But in the case of the planar actuator a lot of control 

calculations have to be done in real time, which have a higher priority than the thermal calculations. 

As both calculations should run on the same processors the thermal calculations should use as few 

calculation resources as possi le. Therefore, a new model based on the finite difference model is 

introduced. Its main advantage is its lower calculation time. [6] [14][15] 

5.3.1 Modelling the Finite Difference Model 

Supposing that the temperature in the coil is uniform each coil is approximated by a point with an 

associated temperature. Every coil is connected with their neighbours and the bottom. For each 

enclosed coil element the power balance equation can be formed. The incoming power in the 

system is defined as positive. To understand the principles the model is introduced in one dimension 

and then extended to 3 dimensions. The one dimensional model is illustrated in the figure below . 

• • • llx 

FIGURE 44 10 FINITE DIFFERENCE MODEL 

For every point the following power balance is supposed: 

Pinput + Pgenerated = Pstored 

T t t t t t+t.t t 
k A n-1 -Tn + k A Tn+1-Tn + t = cA!lx Tn -Tn 

X X flx X X flx qn p flt 

1 1 r,t+t.t r,t 
_ (Tt _ r,t) + _ (Tt _ r,t) + qt = C n - n 
Rx n-1 n Rx n+1 n n flt 

The equation is solved for: rJ+l 

For a two dimensional case the equation becomes: 
i=n+1 

r,t+l::.t = r,t + l::.t t + l::.t ~j.=m+l [ 1 cr.t. - rt )] 
nm nm c qnm c L..t=n-1 R . . t) nm 

j=m-1 (1-n).U -m) 

(20) 

(21) 

(22) 

(23) 

(24) 

For the three dimensional case each point is connected additionally to the water cooling system 

which is at constant temperature. 
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i=n+1 
r,t+M = Tt + t:.t t + M ~i.=m+l [ 1 (Tt. _ r,t )] + ~ (Tt _ r,t ) 

nm nm c qnm c L...t=n-1 R( t] nm CR a nm 
j=m-1 1-n),(J-m) z 

(25) 

The resistances sum can be written in a matrix. As in the lumped capacitance model that the 

resistances are the same in the opposite directions. Because the rows are not symmetric (see Figure 

45) two different matrixes have to be introduced for pair and impair rows. 

Pair row Impair row 

fiGURE 45 RESISTANCES IN PAIR AND IMPAIR ROW 

0 1/Ry 0 

1
1

/Rx 
1/Ry 

1
/Rx 

Rpair-row = 
1
/Rx 

1
/Rz 

1
/Rx R;mpa<,-row = 

1
/:x 

1
/Rz 

1
/Rx 

1
/Rx 1/Ry 

1
/Rx 1/Ry 0 

(26) 

With the help of the RC matrix the incoming power can be calculated. Each element of the matrix 
indicates the heat rate coming from the associated point to the middle point. Normally the middle 

element Pin~n[2,2] would be zero. Here it is used to add the vertical heat flux coming from the 

water-cooling to the point. The water-cooling is at ambient temperature Ta . The incoming heat flux 

Pin~n is a scalar; therefore we summarize all the elements coming from the different directions. The 

temperature of each coil at the moment t is stored in a matrix rt. As the coils on the extremities are 

evacuating some power towards the epoxy on the border, a matrix T!ith-border with size 
[n + 2, m + 2] with additional border temperatures Ta is introduced. 

T' = rf, T1M l 
T~1 T~M 

(27) 

ITa 
Ta Ta 

Tal Ta Tf1 TfM Ta 
t - . 

T with-border - : 
Ta T~1 T~M Ta 
Ta Ta Ta Ta 

(28) 
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With this matrix T!ith-border every element of the incoming heat flux Pin~n can be calculated by: 

[

R[l,l] * (T~_ 1,m_ 1 - T~n) R[1,2] * (T~-1.m- T~n) R[1,3] * (T~-1,m+1- T~n)l 
Pin~n = L R[2,1] * (T~.m-1- T~n) R[2,2] * (Ta- T~n) R[2,3] * (T~.m+1- T~n) 

R[3,1] * (T~+l,m-1 - T~n) R[3,2] * (T~+l,m- T~n) R[3,3] * (T~+1,m+l- T~n) 

All those elements are resumed in the incoming power matrix Pi~· 

P
.t = [pi~~l pi~~ll 
m . • 

Pin~l Pin~n 

For every element the new temperature can be calculated: 

r,t+!J.t = r,t + !J.t qt + !J.t p. t 
nm nm C nm c tnmn 

For all the coil temperatures the same equation can be written with the matrixes: 

rt+M = rt + M qt + M p.t 
C C m 

5.3.2 Adjustment of the Model & comparing results to measurements 

(29) 

(30) 

(31) 

(32) 

A similar model with one capacitance for one coil element and a resistance in each direction was 
already done with the RC-method. As this model is the same as the model described in chapter 5.2 
the same optimisation process was chosen. 

To verify the model four different situations were measured (using the IR-camera) and simulated: 

• all coils were switched on 

• one row was switched on 

• one line was switched on 

• one coil was switched on 

All the experiments for the callibration were done with a current of 0.7A per coil. The results of the 
optimisation process can be seen in Figure 46 and Figure 47. The coils that are switched on are 
indicated with a red arrow. The blue arrow shows the next neighbouring coil and the cyan arrow the 
second neighbour. The lines corresponding to these arrows are drawn in the same colour in the 
graphs (Figure 46 and Figure 47). 

Optimization FDM: 

Fitting 4.2"C 

RZ 5.74 

cz 68.7 

RX 19.8 

RY 6.99 

TABLE 7 RESISTANCE AND CAPACITANCE VALUES FOUND BY OPTIMIZATION FOR THE FDM 
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Time lsi 

x = IR-camera --- = Simulation 

One row switched on 
FIGURE 46 COMPARE FDM WITH MEASUREMENTS 
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FIGURE 47 CoMPARE FDM WITH MEASUR EMENTS 
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5.3.3 The real time measurement results 

The model was implemented in the HPPA. To test the performance of the model it was tested in a 
reduced real-time model which calculates the currents (using the commutation algorithm presented 
in[25] and powers the coils based on a simulated movement of the magnet plate. The control loop is 
executed each millisecond. The calculation time could be implemented in the control loop as the 
calcu lation time is O.lms per time step. For a thermal model an execution cycle of Ss would be 
enough, but then a second cycle time would have been needed to be implemented, which was not 
done yet. 
To measure the temperature on the real setup with the thermal camera the magnet plate was 
removed. The coils in the stator were powered the same way as if they were moving the magnet 
plate in the x plane form left to the right. A sinusoidal left-right movement (x-direction) with a 
frequency of O.lHz and amplitude of lOcm was simulated . 
Due to several reasons like the the construction of the setup only 30 coils could have been 
registered. The validation of the model is therefore restricted to those 30 coils. It is assumed that the 
validation can be generalised for all other coils. The model has as input parameter the current in 
each coil. In Figure 48 three examples for the currents can be seen. The generation of those currents 
is discussed in [25]. The indicated number corresponds to one coil explained in appendix (chapter 
9.8): 
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<( 
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c: 
~ -1 --::I 
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fiGURE 48 THREE CURRENT OF THREE DIFFERENT COILS, INPUT PARAMETER OF THE MODEL 

Out of all the currents which are generated by the control system the thermal input power of each 
coil is calcu lated. Out of all the input powers of all the coils the temperature is calculated by the 
model. 
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fiGURE 49 MEASUREMENT AND SIMULATION FROM THREE DIFFERENT COILS 
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250 

The temperature shown in the figure above compares the measured current with the simulation of 
three typical coils. From top to bottom the following coils are shown #4S, #33, #23 (the indicated 
number corresponds to one coil explained in appendix: chapter 9.8). The mean error of each coil is 
calculated . To see if the error is space dependent, the error is plotted for each coil in Figure SO. In 
Figure SOa, the error is rising to the border. This is due to a hotter measured initial temperature of 
the coils. As the model assumes a constant temperature over the whole setup for the beginning and 
the setup was not used for several hours before the measurement this effect of maximal OSC is 
assumed to be a measurement error. To see the error distribution without the initial offset the first 
point of all the simulations signals was set to the same temperature as the measurement signal. This 
was kept for all the following discussion. For this correction it can be seen that the error distribution 
is homogenous over the setup with the exception of the coils #48 (colored in yellow in Figure SOb). 
No pattern can be recognized in the error distribution. 

1.2 

0.8 0.8 

0.6 0.6 

#48 #48 

a) mean error without initial offset correction [•c] b) mean error with initial offset correction ("C] 
fiGURE 50 SPACE DEPENDENCE OF THE MEAN ERROR 

The maximal error of the experiment is shown in Figure Sla. Out of this the maximal relative error in 
percent is calculated and shown in Figure Slb. The calculation of the maximal error was only done 
for the data in between SO seconds and 260 seconds because otherwise the relative error is 
approaching infinity for the beginning of the measurement. All relative errors are related to the 
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temperature difference to the ambient temperature. In Figure Slb the maximal relative error 
related to the temperature of the error is shown. 

1.5 

15 

10 

a) Maximal error [•q b) Maximal error [%] relative to the temperature of 
the error 

fiGURE 51 SPACE DEPENDENCE OF THE MAXIMAL ERROR 

The largest error (max. 27%, 2,rC) is measured for the coil #48 (colored in yellow in Figure SOb). No 
reason could be found for this particular error for this coil. The only particularity of the coil is that it 
is the hottest coil on the border region. It can be seen that other coils on the border have also bigger 
errors. At the inside the error is generally lower than 20%. 
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fiGURE 52 TEMPERATURE VERSUS TIME OF COIL #48 

For coil #48 the curves are diverging with the time. To see if this effect of a rising error with the time 
can be seen in more coils further investigations were done. The moment when the maximal error is 
reached was detected; the total numbers of reached maximal errors were printed versus time in 
Figure 53. 
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FIGURE 53 TOTAL NUMBER OF REACHED ABSOLUTE MAXIMAL ERRORS VERSUS TIME 

It can be seen that 80% of the maximum errors are reached in the last 50 seconds. That means that 

most curves are diverging with the time. The error will reach a maximum when the steady state 

condition is achieved. The diverging of the curve is due to that there is no feedback from the system. 

It is an open loop system; therefore, all the errors are accumulated. 

The model is assuming that the temperature is constantly spread over the coils. This assumption is 

not fully correct. To investigate the temperature distribution over one coil, the temperature in ten 

points in one coil (#58} was investigated. 
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b) Maximal temperature difference in the coil versus time 

FIGURE 54 TEMPERATURE DISTRIBUTION IN ONE COIL 

In Figure 54 it can be seen that the temperature difference inside the coil is growing from 0.2"C to 

0.8°C. The error is growing with the temperature. The error is dependent of the temperature of the 

neighbouring coils. The temperature dependent error was approximated by a linear function (Figure 

SSa). This linear function of the temperature dependent error was checked for all the measured 

coils. For all previous evaluations for the measured temperature the mean temperature between the 

maximum and the minimum temperature of the coil was chosen. For the next evaluation the error 

was calculated to the nearest temperature measured in the coil. The new evaluated error is shown 

in Figure SSb and Figure 56. 
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b) Maximal relative error to the temperature 

corresponding to the error in [%] 

FIGURE 55 ERROR CORRECTION DUE TO A TEMPERATURE DISTRIBUTION OVER THE COIL 

The maximal error becomes now smaller. The coils on the border have still the maximal relative 

error (to the temperature corresponding to the error) of 23% (Figure 55b). The maximal relative 

error (to the temperature corresponding to the error) for a coil situated inside the coil set is 16%. 

The maximal relative error (to the maximal measured temperature) is 16% (Figure 56) which is 

acceptable. ). The maximal relative error (to the maximal measured temperature) for a coil situated 

inside the coil set drops for this case to 9%. 
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FIGURE 56 MAXIMAL RELATIVE ERROR (CORRECTED) TO THE MAXIMAL MEASURED TEMPERATURE OF 31.4"C IN (%) 

5.3.4 Conclusion Finite difference Model 

Out of the resistance and capacitances model a similar model with a finite difference programmed 
solving method was established. This model is more than 7000 times faster to solve (0.1ms per time 
step) than the previous resistance and capacity model. Due to the fast solving process a second 
advantage is the faster optimisation routine which allows evaluating more variants of the model. 
Finally during a measurement with the IR-camera on the HPPA setup a maximal error of 16% could 
be observed. 
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5.3.5 The critical Alarm temperature 

One of the goals of the temperature simulation is to warn the user from an overheating of the 
system. Therefore, a critical temperature at which an alarm will be sent to the user has to be 
determined. Several factors are important in the calculation of the alarm-temperature. Firstly the 
maximum temperature of the system was evaluated (chapter: 3.5.1) to 100"C. Flux simulations 
(chapter: 3) showed that a stationary levitated magnet plate could introduce in the worst case an 
additional heating of 15% (*0.875). The maximum error of the FDM is elaborated to 10% (*0.9) 
(chapter: 5.3). As the measurements could fluctuate with the humidity or other unknown 
parameters an additional error of 10% (*0.9) is estimated. For security reasons a security factor of 
20% (*0.8) is additionally introduced. Therefore the final temperature is calculated to GO"C. 
As all simulations or measurements were done at an ambient temperature of 20"C, the relative error 
was calculated on the base of the temperature difference (dT) to the ambient temperature. All those 
calculations are summarized in Table 8. 

T ["C] dT to 20"C ["C] Correction [] 

With the magnet plate 44 24 * 0.875 
Without the magnet plate 41 21 

FDM Temp. IR-camera (max error) 40 20 * 0.9 
FDM Temp. model (max error) 38 18 

Incertitude air convection * 0.9 

Security factor * 0.8 
TABLE 8 CALCULATION OF THE CRITICAL TEMPERATURE 

With all those factors the temperature when the system should switch off for its self protection is 

calculated by: 

Tmax = (100°C- 20°C) * 0.875 * 0.9 * 0.9 * 0.8 + 20°C = 60°C 

The system should be shut down when the simulation reaches this temperature. It has to be kept in 

mind that the real temperature of the system can be hotter. 

5.3.6 General remark for the use ofthe model 
The model is assuming that the ambient temperature is at 20"C. To assure a good functioning of the 

model this temperature has to be adjusted in the model for higher ambient temperature. Another 

solution could be to implement one thermocouple to measure the ambient temperature and to 

adjust the ambient temperature constantly in the model. 

5.4 Conclusion Modelling in 3D 
First a Flux3D model was built. It was verified by a test setup. Out of the verified Flux3D model a 
resistance and capacitance network model was built in Simulink. It is seen that the model has a good 
accuracy for the application in the HPPA, but has a long calculation time. Therefore, this model was, 
transferred to a model with a new solving algorithm called finite difference method. This new model 
combines the same good accuracy as the network model in Simulink but offers a short calculation 
time. Therefore, the model was chosen to be implemented in the final setup. During a measurement 
with the IR-camera on the HPPA setup the finite difference model could be validated. A maximal 
error of 16% is observed. 
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6 COOLING SOLUTIONS 

Several increases of the performance are planned for the new actuator. One goal is to increase the 

acceleration. Several limiting factors confine the performance of the actual actuator. A few are listed 

here below: 

• The heat evacuation (cooling system) 

• The eddy currents disturbance 

• Energy supply 

• 

One of the goals for the next actuator is to achieve higher accelerations. In the final application 

higher accelerations permit higher production rates. They allow the process to be more cost 

effective. To reach higher accelerations, higher forces are needed. They require higher magnetic 

fields and, therefore, higher currents in the coils. 

ma=F 

F ex I 

(33) 

(34) 

As the force is due to the Lorenz force the current is linearly proportional to the desired 

acceleration. The joule losses, which correspond to the heat rate q, are quadratically proportional to 

the current. 

(35) 

If total duration of the acceleration is kept the same a quadratically proportionality can be seen 

between the heat rate and the acceleration. 

(36) 

With the rising acceleration the losses increase quadratically. This explains the importance to 

improve the heat evacuation of the new actuator. The second goal of this work is to improve the 

heat evacuation from the coils. In this second part of the report several solutions to improve the 

heat evacuation are studied and evaluated. At the same time we will judge the impact of those 

propositions to the other limiting factors. 

6.1 Functional specifications 
Several functional specifications were fixed for the new version of the actuator. Here the ones for 

the thermal part are presented: 

• A constant temperat re on the top of the actuator is desired to not disturb the laser 

interferometers by turbulent air flow. 

• To increase the coupling between the current and the force production the distance 

between the top of the coil and the bottom of the magnet plate has to be decreased. By 

increasing the coupling between current and force, the consumed power for a given force 

decreases. By decreasing the consumed power the joule loses decrease and, thus, less heat 

is generated. 

• Evacuating as much heat as possible by the cooling system. 

• Disturb as less as possible the system by the damping forces of eddy currents 

• A modular system with the possibility to remove a broken coil is not necessary but would be 

an advantage. 
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6.2 Different heat evacuation methods 

Heat can be evacuated by convection, conduction or radiation. As on the top of the actuator a 

constant temperature is desired, no convection or radiation is desired in this direction. In the other 

direction (to the bottom) a maximum heat flux is desired . As conduction is the most effective form 

of heat transport for the given temperature differences, the searched solution are focused on this 

kind of heat evacuation. 

The heat rate q is given by the following equation: 

dT 
q = q" * A = -kA

dx 

-+- kA dT q-- -
dx 

(37) 

(38) 

To achieve a lower maximum temperature for a given amount of heat energy, the heat rate has to 

be increased. This can be done by acting on the following parameters: 

• increase dT 

To increase the temperature difference between the coil and the cooling system the 

temperature of the cooling system has to be set as low as possible. This could be done by 

cooling down the water or to use another cooling liquid like liquid nitrogen. A problem 

which appears with the higher temperature gradient is mechanical stresses inside the 

material which can deform or even destroy the coils. Another way to increase the 

temperature difference is to evacuate the heat from the hottest point. This could be done by 

adding some well conducting material to the hottest point of the coil. 

o Decreasing cooling fluid temperautre 

o The hottest point of the coil is in the inside between the two ceramic stands, 

adding a well conductive material would evacuate the heat more effective. 

• increase k 

The thermal conductivity of the material(s) between the coils and the cooling system has to 

be as high as possible. This can be realized by adding a well conducting material between the 

coils and the cooling system like metals or ceramics. To not affect the magnetic behaviour of 

the system the metals have to disturb the system as little as possible. Especially eddy 

currents can disturb the system; therefore materials with a low electrical but a high thermal 

conductivity are preferred. 

o use ceramic parts between the cooling system and the coil 

o use a stainless steel between the cooling system and the coil 

o use an epoxy with a better thermal conductivity 

• increase A 

The geometry of the coil is given. Therefore, the area of the cooling system has to be 

increased. This can be done by constructing a cooling system around the coil. Or even on the 

top and on the bottom of the coil. 

o build a top and bottom cooling system 
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o build a system around the coil 

o build a cooling system in the middle of the coil 

• decrease dx 
One of the simplest ways to improve the evacuation of the heat is to decrease the distance 

between the coil and the cooling system. This has to be done carefully because the lower 

the distance between the coils and the aluminium, the bigger the disturbance due to eddy 

currents. 

o Build the base plate of the cooling system of a less electric conductive 

material, such that the eddy currents will decrease and the coil can be set 

nearer to the cooling system. Laminated or stainless steel could be an 

option. 

o place a cooling channel next to the coil 

For a first evaluation of the different cooling solutions a simulation with Flux2D was done. All these 

simulations were done with a power of 20W. 

6.2.1 Flux 20 simulation - Influence of the cooling water temperature 

Actual setup 

Cooling water 20"C 

Tmax=126.3"C 

Actual setup 

Cooling water lO"C 

Tmax=l19.3" 

Color Shade Results 
Quantity : TcmperutiiR' degree'> C. 
S.:alc / Color 
10 I 11.2~ 
17,25 I 24.~ 
24.~ I 31.7S 
31,75 I 39 
39 I 46.2~ 
46.2~ I 53,5 
~3.5 I 60.7~ 
60.7S I 611 
611 I 75.25 
7S,25 I 82,5 
82.5 I 89.7~ 
89.7~ I 91 
97 I 104,25 
104,2.~ I Ill.~ 
111,5 I 118,75 
118.7S I 126 

fiGURE 57 THERMAL SIMULATION OF DIFFERENT WATER TEMPERATURES 

Decreasing the cooling water temperature without changing the actual design results in a 

temperature decrease of only rc. This is not a drastic decrease of the maximum temperature. Only 

changing the temperature of the cooling liquid will not be a solution with a high impact, therefore 

the changes have to be made in the construction of the system. 

One suggestion is to replace the epoxy partly or fully by a material with higher thermal conductivity. 

As the magnets have a high magnetic field and are moving over the surface, eddy currents are 

introduced in any electric conductive material. The closer the material is to the magnets and the 

more conductive it is, the bigger the damping due to the eddy currents will be. A suitable material 

would be ceramics. A disadvantage of ceramics is the high prize of the material and the difficulty of 

manufacturing. Therefore other solutions like stainless steel are preferred and investigated first. The 

stainless steel solution is invest igated in the next chapter. 
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6.2.2 Flux 2D simulation - Stainless steel support 

a) Stainless Steel base 

Tmax=S5.3"C 

b) Stainless Steel base+ Ceramic 

Tmax=39.l"C 

January 2011 
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FIGURE 58 THERMAL SIMULATION OF THE STAINLESS STEEL INFLUENCE 

By replacing the epoxy which is situated between the aluminium and the coil by stainless steel a 

significant temperature drop can be observed (Figure 58a). Comparing to the actual solution (HPPA) 

a temperature difference of about 70°C is observed. This is a significant temperature drop which 

would prevent the actuator from destruction for a power of 20W. 

A second scenario (Figure 58b) was simulated; here all the resting epoxy which surrounded the coil 

was replaced by a ceramic. An additional temperature drop of around l5°C can be observed. The 

disadvantage of such a ceramic surrounding is that it is difficult to produce and the associated costs 

are high. 

By approaching the stainless steel to the permanent magnets the eddy currents are rising in the 

stainless steel plate. Those eddy currents introduce undesired disturbances forces. They counteract 

to the movement of the magnet plate like an eddy current brake. To find out the critical distance for 

which the disturbing forces are acceptable, a simulation was made in Flux3D (see Figure 59) by Hans 

Rovers. Until now the base with the cooling system was made out of aluminium. Because of the 

relatively high electrical conductivity of aluminium it has a high damping force. The distance of the 

aluminium plate to the magnet plate is currently 0.0174m; at this distance the damping is 

acceptable. For the stainless steel, the same simulations were done. As the stainless steel has an 

electrical conductivity which is 30 times smaller than that of aluminium the eddy current damping is 

significantly lower. The coil is situated in between the magnets and the water cooling. Placing the 

stainless steel plate directly under the coils corresponds to a distance of .0074m between the 

magnets and the stainless steel. The simulation presented in Figure 59 shows that for this distance 

the damping force is acceptable, as the force is equal to the damping force simulated for the HPPA 

setup. Therefore the conclusion can be drawn that the stainless steel just below the coils would be 

an acceptable cooling solution. 
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FIGURE 59 DAMPING FORCE DUE TO EDDY CURRENTS VERSUS THE DISTANCE BETWEEN THE MAGNET ARRAY AND THE COOLING 

BLOCK 

6.2.3 The water cooling calculation 

The performance of water cooling has been well studied in theoretical literature [6]. Most of the 

times a lot of approximations are done and only straight tubes are treated. Nevertheless factors like 

the Reynolds number, friction factor or the relative roughness of the material have to be known. As 

in our case several cooling parts have complex structures and the mentioned factors are unknown a 

modelling of the cooling system was not judged reasonable. After a first evaluation of the cooling 

solutions it was preferred to do measurements for the promising ones. 

To determine the cooling performance the temperature difference of the incoming and the out 

coming water can be measured. 

The energy E U] stored in water with Volume V [m3
] can be calculated by: 

E = pVcT (39) 

With p [kg/m3
] the density and c U /kgK] the specific heat capacity. 

If we suppose the water flowing at constant mean temperature the transported power qx [W] in x 

direction can be calculated by: 

qx = rhcTx (40) 

The heat flux into the water-cooling from the outside of the water tubes is due to convection. The 

mean temperature is changing with the distance (x). For this model it is assumed that the 

temperature is homogenously distributed in the whole slice. As this is an approximation the 

introduced temperature can be understood as a mean temperature. For each infinitesimal tube slice 

the energy balance is: 

qx_in + qs = qx_out 

rhcTx + q5 = rhc(Tx + dTx) 

(41) 

(42) 

This equation can be solved by dTx and integrated from 0 to the length of the tube L. Supposing the 

heat flux q5 is constant for x E [0, L ]. The Integral can be simplified to IJ.T. 
1 

IJ.T = -. q5 (43) 
me 

The constant care known for water. The mass flux of the water can be measured. The temperature 

difference between the incoming and the out coming water can be measured. Consequently a direct 

relationship of the evacuated heat rate and the temperature difference is established. 
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6.2.4 Performance of the cooling plates 

Since more than ten years the company VDL produces cooling plates for linear motors. These cooling 

plates are made out of from three layers of sheet metal which are soldered together. As the sheet 

metals are cut out of one big sheet metal piece, the design of the tubes can be chosen in one plane. 

The top and the bottom sheet metal built two sides of the tubes. The sheet-metals in between the 

top and bottom sheet metal form the sidewalls of the tubes. Stainless steel is chosen as material 

because of its low eddy current damping, due to is low electric conductivity and because of its non

ferromagnetic characteristics. Additional cuts were added in between the channels to avoid eddy 

currents. The results of the cooling performance of the cooling plates produced by VDL are discussed 

in this chapter. 

Thermocouples wire 

Water cooling input/output 

Cooling plate 

4----Top sheet metal 

+---Side walls 

Water 

Bottom sheet metal 

The cooling plate cross section 

fiGURE 60 THE COOLING PLATE [COURTESY TUE) 

6.2.4.1 Measurement 

The measurements were done in three different types of arrangements: 

• The coil is positioned on the inactive cooling plate (no water is running through the cooling 

plates) 

• The coil is positioned on one active cooling plate and the other side of the coil is exposed to 

the air 

• The coil in between two active cooling plates 

To see the influence of the cooling plate all, these three experiments were done for the same power. 

As the temperature rises quickly without the cooling system, the first measurement (i.e. without 

active cooling) was only done for the low powers of 24W and 35W to avoid the destruction of the 

coil. 
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fiGURE 61 COMPARISON OF THE COIL WITH AND WITHOUT THE COOLING PLATES 

In Figure 61 the temperature of the coil is shown. This temperature was measured with a 

thermocouple on the outside of the coil. The temperature without any water-cooling rises nearly 

linear. To avoid damaging the coil, the power was cut off at a temperature of 60"C. For the cooling 

with the cooling plates, a steady state temperature is achieved. In case of the two-sided water 

cooling (Top & Down) a lower end temperature of the coil is reached. This is due to the better heat 

evacuation of the top side with the cooling plate than only by air convection. 

The coil temperature was observed for different input powers. All these measurement were done 

with a voltage source. As the resistance of the coil changes with the temperature, the power 

delivered to the coil changes too. To have comparable values, all the input powers are measured at 

ambient temperature. All measurements were done below 100"C. Only the outside temperature can 

be measured (and not the inside temperature), therefore, the maximum temperature was fixed to 

100"C. Normally the coil isolation can hold up to 150"C, but as the inside temperature is higher as 

the outside temperature, this precaution was taken. 
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fiGURE 62 TOP AND DOWN COOLING AT DIFFERENT TEMPERATURES 

For a given temperature of around 95"C, Figure 62 shows that with only one cooling plate a 

maximum power of 108W can be evacuated by the cooling system and for a top and bottom cooling 

system a maximum power of 280W can be evacuated. 
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For those two maximum powers the water temperature was further investigated. 
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fiGURE 63 WATER AND COIL TEMPERATURE FOR THE MAXIMAL POWER 

For the experiment with only the down cooling plate with an input power of 108W, a temperature 

increase of 9"C is shown in Figure 63. For the top and down cooling with an input power of 280W, a 

temperature increase of 13"C for the down cooling plate and 7"C for the top cooling plate was 

observed. A reason why the top cooling plate has a smaller increase of the water temperature could 

be the smaller contact surface. As one wire of the coil ends in the middle, it has to be connected by a 

cable placed on the top of the coil to the outside. This cable introduces spacing between the coil and 

the cooling plate. Due to this spacing the thermal contact is worse even if it was filled up with a 

thermal conductive paste. In a final setup the cable could be put through a hole. All these 

measurements were done in a configuration with the same water flow. Unfortunately, this water 

flow could not be measured yet in this configuration. 

6.2.4.2 Flow 
To measure the water flow the configuration of the tubes was changed. This increases the water 

flow. For the same configuration in which the water flow was measured, an experiment with two 

cooling plates and a power of 230W was redone. 

The flow of the pump is given for one tube configuration and cannot be adjusted; a flow of llg/s 

through one cooling plate was measured with the help of a recipient and a stop watch. The cooling 

liquid is the same as is used in cars; it consists mostly out of water. The heat capacitance of water 

(4,183 J/gK) is assumed. Therefore the evacuated heat power is 46W per Kelvin which increases the 

cooling water temperature. As there are two plates, the evacuated heat power for one plate is 

23W/K. 
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FIGURE 64 TEMPERATURE OF THE SETUP WITH THE CHANGED PUMP CONFIGURATION FOR 230W WITH TOP AND DOWN COOLING 

A temperature increase of 6.5°C can be observed in Figure 64 for the down cooling plate which 

corresponds to a cooling power of 172W, for the top plate a temperature rise of 3°( is observed 

which corresponds to a power of 79W. By summing those two powers a total heat evacuation of the 

water is estimated to 218W. The coils were powered by 28V and 8.2A (measured at max 

temperatu re) which is equal to 230W. Around 95% of the heat is in this configuration evacuated by 

the water. All the used equations are explained in chapter 6.2.3. 

The main error source of this calculation is the imprecise measurement of the water flux. Several 

measurements gave different values. These could be due to a variation of the water flux or the 

limited precision of the measurement. For further investigations, the flux should be determined with 

a flux meter. An additional pressure sensor could help to find out the relationship between the heat 

flux and the pressure to determine a reasonable pressure and pump size for the final application. 
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a) Cooling plates with coil inside b) Thermal image of the coolin plates 

FIGURE 65 INFRARED IMAGE OF THE COOLING PLATE (COURTESY TUE] 

In the Figure 65b the thermal image of the cooling plates with the coil inside (Figure 65a) is shown. 

The maximal temperature observed on the top of the cooling plate is 26oc. The Ambient 

temperature is 22°C. The rise of the surface temperature is therefore maximal 4°( for a input power 

of 230W. 

63 I Page 



Martin Stoeck TUE/EPFL January 2011 

6.2.4.4 Eddy current damping 

The effect on the damping due to eddy currents is not cleared at the moment. Simulations and 

measurement are planned to investigate the eddy current damping in a further step. 

6.2.4.5 Conclusion 

First tests with the cooling plates from VOL showed promising results. The best cooling performance 

was achieved with a sandwich design in which the coil was placed in between two cooling plates. 

With an electric input power of 230W the coil temperature rises up to 95°C. By measuring the water 

flow and the temperature-increase of the cooling water, the evacuated power could be determined. 

This first results show sufficient cooling performance for the cooling plates. For a next step the eddy 

current damping of those plates should be investigated. 

6.3 New thermal design proposition 
The proposition for the thermal design for the ASPA is composed out of a top and bottom water 

cooling illustrated in Figure 66. The top consist out of the cooling plates described in chapter 6.2.4. 

And the bottom consists out of a water cooled stainless steel block described in chapter 6.2.2. The 

coil is placed in between the top and the bottom cooling system. In the space in the centre of the 

coil can be filled with another stainless steel core to evacuate better the heat form the middle. 
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fiGURE 66 PROPOSED COOLING SOLUTION FOR THE ASPA 

For a next step, such a test setup with a few coils should be built. The setup should be highly flexible 

to do several experiments of different compositions. Namely the damping force due to eddy 

currents be measured should be measured with only the down cooling and with the top and the 

down cooling. In each of these experiments the influence of the stainless steel core (called "core" in 

Figure 66) of the coil should be investigated. Additionally for all the experiments the rise of all the 

water temperature and the temperature of the surface of the coil should be investigated. After 

having done all those experiments the coils can be definitely fixed in the test setup in the best found 

composition to do further tests. 
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6.4 Conclusion 
For the next actuator (ASPA) better cooling is required as higher accelerations will be aimed for. 

Therefore, several cooling solutions were investigated by FEM simulations. In the same time for the 

promising solutions the influence of the eddy current damping in the metal parts of the cooling was 

investigated. 

For the cooling of the coil from the bottom side it was found that a water-cooled stainless steel block 

could be placed directly under the coil. This provides excellent cooling performance as the distance 

to the water cooling is minimized. For the top cooling a company called VDL is producing thin cooling 

plates. They can be placed above the coil. VDL delivered some prototypes on which the cooling 

performance could be measured. The cooling plates show promising results for the cooling 

performance. 

Out of the described top and the bottom cooling solution a complete final system is proposed. Such 

a system should be built in a small test setup to validate the cooling performances and the eddy 

current damping. 
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7 CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 
From the different chapters of the report the following conclusions can be drawn: 

• The maximal heat flux upwards is reached with one coil element with adiabatic boundary 

conditions as no heat fluxes goes in the lateral direction. For this case the heat flux 

distribution in the vertical direction have been investigated by Flux3D. The main heat flux is 

going down towards the water cooling system; only 15% is going upwards. For this worst 

case situation the maximal possible influence of the magnet plate (steady state hovering) on 

the top has been investigated. A maximal increase of 15% of the temperature due to the 

additional magnet plate could be seen. As in reality the two worst case are rare and the heat 

flux towards the magnet plate is only 15% of the total heat flux, the magnet plate was 

neglected during all the measurements. 

• A Flux2D model for a coil element with adiabatic boundary conditions was compared to 

measurements. The simulations showed a good agreement with the measurements and 

shows good agreement of the material constants with a previous work. 

• Based on a three dimensional model in Flux3D. A thermal resistance and capacitance 

network was created. This network was realised with a Simulink toolbox and the finite 

difference method (FDM). The second one showed as good results as the first but with the 

advantage of a short calculations time of 0.1ms per time step. The model has been verified 

with measurement son the HPPA. A maximal error of 8% was achieved for the coils situated 

inside the coil set. And a maximal error of 16% was achieved for the coils situated on the 

border. 

• For the next planned actuator called ASPA an improved cooling system is required. Several 

cooling solutions were investigated. It was found that a water cooled stainless steel block 

situated directly under the coils would drastically improve the cooling of the coil and have a 

as low eddy current damping as the water cooled aluminium block on the HPPA. As a 

constant top surface temperature is required a top cooling with thin cooling plates was 

investigated. The cooling plates showed good cooling performances. A constant current 

density of 50A/mm/\2 could be achieved. Unfortunately, their eddy current damping is until 

now unknown as it is a difficult structure to simulate. 
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7.2 Recomendations 
• The influence of the magnet plate should be further investigated. This could be done with 

the IR-camera on the top of the actuator. When the magnet plate is moving the coil 

temperature can be checked after the movement (i.e. when the magnet plate no longer 

covers the coil) of the magnet plate and compared to the measurements. In case of a big 

error a model which changes the convection coefficient depending on the speed of the 

magnet plate could be imagined. This model could be easily implemented in the Finite 

difference model. The main difficulty is to find out the dependency between the convection 

coefficient and the velocity. 

• The FDM model assumes that on the border other coils with a temperature of 2o•c are 

situated. Except of the imposed temperature of 2o•c no special border condition were 

investigated. In the model thermal resistances with other values on the border could be 

implemented. A special adjustment of those resistances would be required by calibration 

measurements. By adding those new boundary conditions the problem of the higher errors 

on the border could be avoided. 

• The accuracy of the FDM could be improved by taken in account the fact of the increasing 

electric resistant of the coil. 

• In the FDM only the main flux regions were modelled in the resistance and capacitance 

model in 5.1.2 and 5.1.3. Several smaller flux regions were neglected. If a need for a highly 

precise model exists, those regions have to be taken in account too. 

• To investigate further the cooling solutions of the ASPA, a test setup should be built in which 

the cooling performance of the combination of top and down cooling can be approved. 

Further the eddy current damping of the system should be investigated by measurements. 
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9 APPENDIX 

9.1 Used Physical parameters 

Coils 

Material Copper 

Thermal Conductivity 

20: 1.21 W/(mK) 

30: (x;y;z) (1.21; 1.21; 400*0.7) W/(mK) 

Volumetric heat capacity 3.45*106 J/( m3K) 

Epoxy 

Type RenCast CW 5156-1 REN HY 5158 

Thermal Conductivity 0.9 W/(mK) 

Volumetric heat capacity 1.52*10"6 J/( m3K) 

Aluminum 

Thermal Conductivity 235 W/(mK) 

Volumetric heat capacity 2.42 *10"6 J/(m3K) 

Air 

Film coefficient Epoxy-Air 15 W/m"2K 

Thermal Conductivity 0.025 W/(mK) 

Volumetric heat capacity 1000 J/( m3K) 

Ceramic 

Thermal Conductivity I 25 W/(mK) 

Stainless Steel 

Thermal Conductivity 116 W/(mK) 

I Thermal Conductivity 

Magnets 

19 W/(mK) 

9.2 LDIA 2011 Digest 
On the next two pages the handed in digest for LOlA 2011 is presented: 
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ABSTRACT 

This paper presents the real-time thermal 
modeling of a magnetically levitated planar actuator. 
A finite difference model was extracted from finite 
element simulations and measurements. This finite 
difference model was adjusted with the help of an 
optimization routine to fit the model to the 
measurements. Finally a real-time three dimensional 
transient thermal model of the planar actuator is 
achieved. 

1 INTRODUCTION 

Moving-magnet planar actuators are researched for 
use in the lithographic industry, which requires a 
positioning accuracy in the nanometer range. An example 
of such an actuator called the herringbone pattern planar 
actuator (HPPA) is presented in [I] and shown in Fig. I 
and 2. The HPP A consists of a stator and a moving 
magnet plate levitated above it. During the movements of 
the translator in the xy-plane, the set of active coils is 
switched as only the coils which are positioned under the 
magnet plate are energized. As a result, the thermal 
loading of the actuator and the temperature distribution of 
the stator coils strongly depends on the trajectory of the 
moving-magnet plate. To use the full performance of the 
actuator the actual temperature distribution has to be 
known to prevent the setup from overheating. Therefore, 
it is needed to have a real time model which indicates the 
actual temperature distribution. 

This paper presents the real-time thermal model and 
its results. The model was deduced from finite element 
simulations (FEM) and adjusted by measurements to 
indicate the temperature of each coil in real-time. 

.. ... 
a) b) 

Fig. I: (a) Top view of the planar actuator topology, 
(b) cross section of one coil element 
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10 rnm 

2 THE ACTUATOR STRUCTURE 

The stator consists of coils cast in epoxy resin and a 
water-cooled aluminum block as shown on the right hand 
side of Fig. I. The distance between the aluminum and 
the top surface of the coils is chosen such that the 
induced eddy currents in the block due to the moving 
magnets do not significantly disturb the performance. 
The coils which are the source of heat are placed above 
the water cooled aluminum plate with the help of ceramic 
pins. All the details of the actuator design are presented 
in [1]. 

Fig. 2: HPPA with the stator (coil set) and the magnets 

3 THE REAL TIME MODEL 

Different methods exist to model the temperature. 
The most commonly used methods are: The finite 
element method, the lumped circuit method, the finite 
difference method and the thermal quadrupoles method. 

In this research, the finite difference method (FDM) 
[2,3] was chosen because of its short calculation time 
which is required to model the HPP A setup in real time. 
To establish this model a finite element thermal 
simulation has been carried out in Flux3D. To investigate 
the heat fluxes, different configurations of powered and 
non-powered coils which are placed next to each other 
have been simulated. Out of those simulations the flux 
distribution has been established. The Flux3D model was 
verified by measurements which will be presented in the 
final paper. 

The principal heat fluxes have been separated in the 
different directions and modeled by thermal resistances, 
which are denoted as Rx, Rv, and R, in Fig. 3. As the 
measurements and simulations showed a homogenous 
temperature in one coil, each coil was reduced in the 
FDM to one discrete point. In this three dimensional 
model all points are connected in the x,y-plane to their 
neighboring coils, and in the vertical direction (z
direction) to the cooling system and the air. As in the 



vertical direction the resistances are in parallel, only one 
total resistance Rz is introduced. In each of these 
directions either conduction or convection or radiation 
(the effect of radiation is linearized) is assumed. In Fig. 3 
the resistance network of the FDM is only shown for one 
coil (middle coil colored in gray). 

Air 
I I 

..! 
.. 

.! Coil 

R, ,1111 Epoxy 

-::J::-

Fig. 3: Heat conduction in the xy-plane 

In the FDM each point can store (Pstored) and generate 
(Pgen) thermal power. The generated thermal power is 
equal to the Joule losses in the coils. Through the 
resistances (introduced in Fig. 3) the power is transmitted 
to the surrounding (P1ransport_xyz)- For all points the power 
balance equation can be established [2]. The power 
balance of one coil is: 

Ptransport_xyz + Pgen = Pstored (1) 

Equation (1) can be written for each coil dependent 
on the resistances (see Fig. 3) which connects the n-th 
coil (colored in gray in Fig. 3) to its neighbors Tk,h· 

1 r.t+tJ.t_r.t 
~ie{x,y,z) R; ( Tk,h - TJ) + PJen = C n llt n (2) 

kE{-1,1) 
hE{-1,1) 

Equation (2) is solved for TJ+Ilt. This way, the 
temperature for the next time step is calculated. The 
thermal resistance values (R,n Rv, Rz) and the capacitance 
value (C) of the equation are calculated for rectangular 
shapes. As the material constants are difficult to 
determine and the geometric forms are more complex 
than rectangles, the fitting of the model is difficult. 
Therefore, an optimization is performed which searches 
the optimal values by comparing the model with several 
calibration measurements. The results are shown in 
Table 1. 

Table I: Calculated and fitted parameters 

Calculated Fitted 

Rx [KIW] 15.2 9.90 

Ry [KIW] 1.61 3.49 

Rz [KIW] 6.16 5.74 

c [J/K] 79.6 68.7 

4 RESULTS 

To verify the model the coils on the HPPA were 
powered for a real trajectory, but without the moving 
magnet plate. The temperatures of three typical coils 
were logged with an Infrared-camera (FLIR 
ThermaCAM S45) and compared in Fig. 4 to data 
obtained from the FDM. The simulations show a similar 
shape to the measurements. A small shift of maximal 
0.5°C can be observed which corresponds to a maximal 
relative error of 15% . 
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Fig. 4: Comparison of the measurements with the FDM 

5 CONCLUSION 

This paper presents a stepwise approach for a 
transient real-time three dimensional thermal model for 
the herringbone pattern planar actuator (HPPA). The 
results are in good agreement with the measurements. 
The advantage of such an analytical model over other 
models (like FEM) is that the model is fast to solve. A 
disadvantage is that the model is less accurate than the 
FEM. For the intended application, the accuracy of the 
temperature 1s sufficient to prevent the actuator from 
destruction. 
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9.3 Destructive Coil test 

9.4 Measurement equipment 

Used measurement equipment : 

TUE/EPFL January 2011 

Time=Os 

Time=SSOs 

Until here no destruction of the coil could be 

observed. 

T=135°C, P=19W 

Time=730s 

T=175°C, P=32W 

A few windings detached from the coil 

Time=960sek 

A current increase could be observed. 

The coil expanded and levitated. 

T=220°C,P=32W 

Time=970sek 

T =220°C, P=32W 

Time=982sek 

Switched off 

T=230°C,P=32W 

Time=1090sek 

T=165oC 

• Therma l camera: Flir 540; Accuracy: ± 2°C; Thermal sensitivity: 0.08 oc at 30 oc 

• Data logger for thermocouples: Agilent 34970A Data Acquisition I Switch Unit 

• Thermocouples: Type K 
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The temperature was logged with a thermocouple under the coil, and the IR-Camera. The starting 

temperature is the same for both measurement systems. With higher Temperature theIR-Camera is 

drifting more and more away from the thermocouple measurement. It was verified that the 

thermocouple predicts the right temperature by measuring the temperature of ice water and boiling 

water (measured : 97.7°C, ). At around 1000s an instantly drop of the Temperature predicted by the 

Thermocouple can be seen. This is due the fact that the thermocouple didn't touch the coil anymore 

for those temperatures as the coil expanded in the middle more than on the sides it was levitating 

itself above the thermocouple. 

After destruction of the coil the coil was thicker. A melted layer in the middle of the coil could be 

seen. The middle layer melted because there is the hottest temperature due to the worst heat 

evacuation. 
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9.5 Test setup during construction 

The thermocouples in the middle plane below the three coils are carefully placed lmm above the 

aluminium plate like the figure below shows. 

fiGURE 67 PLACEM ENT OF THE THERMOCOUPLES DURING CONSTRUCTION (COURTESY TUE) 

After placing all the thermocouples and the coils in the setup the epoxy was added. In Figure 68 all 

the out coming wires of all the thermocouples can be seen. 

fiGURE 68 OUT COMING WIRES OF All THE THERMOCOUPLES (COURTESY TUE) 
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9.6 Simulink models 

ln~ti 4~ ~~01~-1 ,.--llf----~ 
__!_ !1 Mesure U3 out1 

1 * -------i 
Connection 
InsideCoil 

~~~~ 

l ~Lo~ I 

J t. ~-_'f.]' ·' .:. 
[_J c...- ,.__.,..._1 

-
~J + 

One dimensional Simulink model of with one resistance and One dimensional Simulink model in which each material is 

capacitance modelled by one resistance and capacitance 

Three dimensional Simulink model. In the middle box is the one In every box is situated the three dimensional 

dimensional Simulink model with one RC situated. The six arms are to Simulink model. All boxes are connected to their 

connect the coil element with the surrounding coil elements. neighbours 
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9.7 Variation of the Simulink model 

For two resistances in the x direction the following values were found: 

With 2 RC in X-direction 

Fitting 2.693o·c 

RZ 5.9005 

cz 44.9849 

RX 10.6617 

RX2 0.0100 

CX2 12.1248 

RY 5.0982 

For two resistances in the x direction the following values were found: 

With 2 RC in X-direction 

Fitting 2.8555·c 

RZ 5.8077 

cz 40.9966 

RX 13.9719 

RY 4.1103 

RY2 0.0100 

CY2 24.8082 

For two resistances in the x- and y- direction the following values were found: 

With 2 RC in X-direction 

Fitting 2.6898·c 

RZ 5.8926 

cz 43.2757 

RX 10.7745 

RX2 0.0100 

CX2 11.8088 

RY 4.1207 

RY2 0.8871 

CY2 1.2428 
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For two resistances in the x-, y- and z- direction the following values were found (a calculation time 

of over 24h was necessary to find those values): 

With 2 RC in X-direction 

Fitting 2.6897"( 

RZ 3.3306 

cz 43.2747 

RZ2 2.5630 

CZ2 0.5564 

RX 10.7806 

RX2 0.0010 

CX2 11.8298 

RY 4.6249 

RY2 0.3875 

CY2 1.1874 

9.8 Numeration of the coils 

row: 1 2 3 4 5 6 

line: 

1 1 13 25 37 49 61 

2 2 14 26 38 so 62 

3 3 15 27 39 51 63 

4 4 16 28 40 52 64 

5 5 17 29 41 53 65 

6 6 18 30 42 54 66 

7 7 19 31 43 55 67 

8 8 20 32 44 56 68 

9 9 21 33 45 57 69 

10 10 22 34 46 58 70 

11 11 23 35 47 59 71 

12 12 24 36 48 60 72 
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