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Abbreviations table 1 

 2 

 3 

Abbreviation Definition 

Fe Electromagnetic force vector 

I Current 

B flux density 

NTC / PTC Negative/Positive Temperature Coefficient 

𝑄 Heat 

Ewall Energy in the wall 

α Temperature coefficient 

Rth Thermal Resistance 

RTH The Rth test 

RVS Roest Vrij Staal 

Pth Dissipated Power 

R Resistance 

T Temperature 

P Pressure 

 4 
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1. Introduction 1 

 2 

1.1 Company profile 3 

 4 
VDL Enabling Technologies Group is part of VDL Group, an international industrial family 5 

business with 81 divisions, spread over 18 countries and with more than 9100 employees. VDL 6 

ETG started in 1900 started as Philips Machinefabrieken and now has over 100 years of 7 

experience in developing and producing high-tech mechatronic components and systems for 8 

high-tech production lines, analytical and medical equipment. Their strength lies in systems 9 

capable for vacuum applications, precision positioning and high velocity control.  10 

The clients are Original Equipment Manufacturers (OEM) who use advanced production lines in 11 

their companies to deliver high-tech equipment for the production sector. Besides co-12 

development and production, VDL-ETG also monitors if equipment qualify for their expectations. 13 

The components and systems of VDL ETG are implemented in various markets e.g. 14 

Semiconductor, Analytical systems, Solar, Medical and Aerospace & Defense.  15 

Other divisions of VDL include car assemblies, busses and other finished products. The division 16 

car assembly produces cars for third parties, while the bus division makes chassis and chassis 17 

modules, touringcars, busses for public  transportation, mini- & midibussen, special vehicles and 18 

used busses.  The division finished products includes suspensions for the automotive industries, 19 

heating, cooling and air installation systems, product automated systems and more [1].  20 

 21 

1.2 Main activities and assignment 22 

 23 
VDL-ETG produces linear actuators, which are used in semiconductor manufacturing equipment. 24 

These machines are used for the fabrication of integrated circuits. A roadmap has been set for 25 

future development of the motors in which life-time testing is important for gaining more 26 

knowledge.  The assignment at VDL-ETG involved validations of the thermal performances of the 27 

Drift Motor NXE, with a realistic electrical load. For these validations, tests needed to be defined 28 

and the required setups needed to be build. The assignment is of multidisciplinary nature, as 29 

different technical aspects were involved e.g. thermal measurements, water cooling, vacuum 30 

environment, electrical control and software.  31 

To gather enough information about the actuators, different types of tests and measurements 32 

needed to be performed, e.g. RTH, HALT. The RTH and HALT (Highly Accelerated Life Time) are 33 

tests that characterize certain behaviors of the actuator. The RTH determines the thermal 34 

resistance from coils inside the actuator to the cooling channels, while the HALT test uses an 35 

accelerated profile to increase forces and conditions that the actuator is normally exposed to. 36 

The resulting failure modes are used to understand the behavior of the actuator. To identify the 37 

performance of the coils inside the actuator, resistance (R), induction (L) and Q-factor 38 

measurements are then done. The Q-factor is measured to determine if there are shorts inside 39 

the coil. These tests are already built in LabVIEW programs and will be further explained in this 40 

report. During the internship period, an attempt was made to integrate these tests into one 41 
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LabVIEW application, that will eventually lead to the possibility of automating the tests with one 1 

click of a button.   2 

For the overall trajectory of the internship the process flow scheme illustrated in Figure 1.1 was 3 

used as a guideline. The first step was to define the appropriate tests to obtain information. 4 

When this was determined, the situation was simulated to gain some insights in the process and 5 

eventually a better understanding of necessary parameters. After the measurements are 6 

conducted the thermal model could be validated. By gaining an accurate enough model, other 7 

predictions inside the actuator could be made regarding the thermal behavior.  8 

 9 

 10 
 11 

Figure 1.1: Trajectory internship 12 

 13 
Some important questions to consider regarding the thermal validations were: 14 

 Does the proposed test setup qualify for thermal validations? 15 

 Does the test equipment satisfy the conditions? 16 

 Can the inspections be validated with the measured temperatures? 17 

 18 
Approach 19 

To achieve the goals illustrated in Figure 1.1, the following approach was used: 20 

1. Gain basic knowledge of the drift motor (actuator) w.r.t. manufacturing, working principles, 21 

limitations, cooling, heating, electrical control (load, software), vacuum environment.  22 

2. Gain basic knowledge of measurement techniques, Rth, R, Q, L, HALT test. 23 

3. Create a thermal model to gain insights of the heating process e.g. SolidWorks.  24 

4. Validate the thermal behavior by measuring points on top of the actuator and comparing 25 

them with actual measurements in the motor (NTC/PTC). 26 
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5. Infra-red camera testing for product qualification of the cooling tunnels in a damaged 1 

actuator. 2 

6. Classify defect actuators and study or speculate thermal behavior. 3 

7. Discuss solutions for actuator improvements. 4 

8. Combining the test setups for Rth, R,Q,L measurements. 5 

9. Automating the HALT test. 6 

10. Re-conduct HALT tests with automated setup and compare with previous results. 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 
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2. Theory 1 

 2 

2.1 The Linear actuator  3 

The linear actuator is used in semiconductor manufacturing equipment. A wafer is a thin slice of 4 

semiconductor material used in electronics for the fabrication of integrated circuits and in 5 

photovoltaics for conventional wafer-based solar cells. The wafer serves as the substrate for 6 

microelectronics devices built in and over the wafer and undergoes many microfabrication 7 

process steps such as doping or ion implantation, etching, deposition of various materials and 8 

photolithographic patterning [2].  9 

In photolithography machines, patterns are optically imaged onto a silicon wafer that is covered 10 

with a film of light-sensitive material. This procedure is repeated dozens of times on a single 11 

wafer.  12 

At VDL-ETG, the drift motor is a type of linear actuator. This motor prevents the Balance Module 13 

(BaMo) from drifting into his end stops. The function of a balance mass is to reduce the scan 14 

force level which is transferred to the support frame. Four drift motors are placed according to 15 

Figure 2.1 to correct the position of the balance mass relative to the support frame. The motors 16 

will absorb the reaction forces and control the x, y and rz directions of the BaMo. 17 

 18 

Figure 2.1: Top and side-view of the BaMo with 4 Drift Motors [3] 19 

 20 

The conventional electric motor is well-known for its rotating motions. However, there is also 21 

the linear actuator, which creates motions in a straight line. The stator and rotor are ‘unrolled’ 22 

so that instead of producing a torque, a linear force will be produced [4].  23 
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 1 

Figure 2.2: The linear actuator 2 

 3 
Lorentz force states that when an electric current in a wire is exposed to a magnetic field it 4 

experiences Lorentz Force according to the following equation: 5 

 6 
                                                               𝐹𝑒(𝑡) = 𝑖(𝑡). 𝐼 × 𝐵𝑔        2.1 7 

Where:  8 

Fe  = Electromagnetic force vector. 9 

i (t) = Current in wire. 10 

I  = Vector of length in direction of current i in wire. 11 

Bg  = flux density of field in air gap. 12 

The current vector I and the magnetic field vector B are orthogonal and therefore a maximum 13 

force can be produced.  14 

The actuator itself consists of two assemblies: 15 

1. Coil assembly or forcer in which a current will flow (Figure 2.3). 16 

2. Magnet assembly or magnet yoke to create a high density magnet field. 17 

 18 

Figure 2.3: The drift motor (Y coil) without the magnet yoke [3] 19 

Coils 

Magnets 

Current 

direction 

Cooling channel 
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Furthermore, the linear actuator operates in vacuum. This gives extra requirements for the 1 

design of the actuator. A vacuum environment will lead to extra forces on the exterior of the 2 

motor [5].  Table 2.1 gives a short overview of the main specifications. 3 

  4 

Specifications 

Vacuum 5 mbar 
Thermal Resistance 0.096 K/W (max) 
Max Current 22 A 
Max Voltage 500 VAC 
Resistance coils 15 Ω 

 5 
Table 2.1: Main specifications Drift Motor [5] 6 

 7 

2.2 Heat transfer mechanisms 8 

 9 
When a linear actuator is turned on, the temperature of the components inside starts rising as a 10 

result of absorbing the generated heat from the coils. In this section heat transfer concepts will 11 

be discussed, which will be necessary to understand the thermal behavior of the actuator.  12 

Heat is a form of energy that can be transferred from one system to another as a result of 13 

temperature difference. Energy transfers from a higher temperature medium to a lower 14 

temperature one. A thermodynamic analysis is concerned with the amount of heat transfer as a 15 

system undergoes a  process from one equilibrium state to another. The transfer stops when the 16 

two mediums reach the same temperature. The rates of such energy transfers is discussed in a 17 

heat transfer analysis [6]. 18 

Heat can be transferred in three modes: 19 

1. Conduction: energy moves from the more energetic particles of a substance to the 20 

adjacent, less energetic ones as a result of interaction. 21 

2. Convection: heat transfer between a solid and adjacent liquid/gas in motion. 22 

3. Radiation: energy emitted by matter in the form of electromagnetic waves.  23 

Above mechanisms are some of the fundamentals for understanding heat transfer problems. For 24 

example, it should be noted that in a vacuum environment, heat transfers only by radiation (see 25 

§ 2.3.4). This will also be necessary for correct settings in the simulations. More concepts will be 26 

discussed in the next sections. 27 

 28 

2.2.1 Thermal resistance concept 29 

 30 
Heat is generated in a resistive element when currents continue to flow through it. This creates a 31 

heat build-up with as result a temperature rise around the component. The motor will damage if 32 

the temperature is high enough, unless heat is transferred away from it. Possible failure causes 33 

are diffusion in semiconductor materials, chemical reactions and creep in the bonding materials. 34 
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The temperature of the motor can remain constant when the rate of heat removal from it equals 1 

the rate of generation. 2 

For a steady state situation of a “wall”  the following is valid [6]: 3 

�̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 =  
𝑑𝐸𝑤𝑎𝑙𝑙

𝑑𝑡
       2.2 4 

 5 

Where 
𝑑𝐸𝑤𝑎𝑙𝑙

𝑑𝑡
= 0 for steady operation. Since there is no change in temperature of the wall with 6 

time at any point, the rate of heat transfer into the wall must be equal to the rate of heat transfer 7 

out of it. So this implies: 8 

�̇�𝑐𝑜𝑛𝑑,𝑤𝑎𝑙𝑙 =  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡      2.3 9 

 10 
When investigating the heat in a wall, it can be noted that heat transfer has a direction as well as 11 

a magnitude. The rate of heat conduction in a specified direction is proportional to the 12 

temperature gradient. This is defined as the change in temperature per unit length in that 13 

direction. The rate of heat conduction through a medium in a specified direction (x) is then given 14 

with Fourier’s Law of heat conduction: 15 

�̇�𝑐𝑜𝑛𝑑 =  −𝑘𝐴
𝑑𝑇

𝑑𝑥
      2.4 16 

Where k is the thermal conductivity of the material, A the area and 
𝑑𝑇

𝑑𝑥
 the temperature gradient, 17 

which is the slope of the temperature curve on a T-x diagram. Note that in this case the rate of 18 

heat conduction in the wall is constant and so dT/dx = constant. This means that the temperature 19 

through the wall varies linearly with x. If the wall has a thickness L, then the following is valid: 20 

�̇�𝑐𝑜𝑛𝑑 =  𝑘𝐴
𝑇1−𝑇2

𝐿
      2.5 21 

 22 

⇒ �̇�𝑐𝑜𝑛𝑑 =  
𝑇1−𝑇2

𝑅𝑤𝑎𝑙𝑙
      2.6 23 

Where: 24 

𝑅𝑤𝑎𝑙𝑙 =  
𝐿

𝑘𝐴
       2.7 25 

 26 
Rwall , or also Rth , is the thermal resistance of the wall against heat conduction. It can be seen that 27 

this parameter depends on the geometry and thermal properties of the medium. There is more 28 

than one Rth, depending on the location that is referred to.  29 

For the linear actuator, the Rth depends on coil material, conductor shape and isolation, 30 

adhesives and isolation materials between coil and cooling plates, the cooling plates and the flow 31 

of cooling medium. The Rth is a key parameter for the performance of the actuator. If this is 32 

known, for example the average coil temperature can be calculated for a given power dissipation 33 

[7].  34 
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2.2.2 Transient heat transfer analysis 1 

 2 
In general the temperature within a body will change from point to point as well as with time. If 3 

the temperature in a medium varies with position as well as time, then it is called unsteady [6]. 4 

𝑇 = 𝑇(𝑥, 𝑦, 𝑧, 𝑡)      2.8 5 

 6 
The warming-up period during which the component temperature rises is called the transient 7 

operation stage. The temperature then stabilizes at a certain point, called steady operating 8 

conditions. At this point, the heat generated equals the heat removed by the cooling mechanism 9 

(Figure 2.4). 10 

 11 

Figure 2.4: The temperature rise in an electronic component [6]. 12 

 13 

The thermal equations need to account for the losses in the windings and in conducting 14 

materials. For a first estimation the thermal equation (2.9) can be used. The heat brought into 15 

the system in a dt time is equal to the heat dissipated by the motor by a difference of 16 

temperature θ between the motor and the environment, plus the heat absorbed by the motor to 17 

increase its temperature by θ degrees [8]. 18 

 19 
𝑄𝑑𝑡 = 𝐴𝜃𝑑𝑡 + 𝐶𝑑𝜃      2.9 20 

 21 
After re-arranging the equation this gives for dt : 22 

𝑑𝑡 =  
𝐶 𝑑𝜃

𝑄−𝐴𝜃
       2.10 23 

In which: 24 

C = the thermal capacity of the motor. 25 
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A = the heat transfer capacity of the machine. 1 

 2 

After integration this gives: 3 

𝜃 =
𝑄

𝐴
( 1 – 𝑒

−
𝑡

𝐶/𝐴 ) + 𝜃0𝑒
−

𝑡

𝐶/𝐴     2.11 4 

In above equation 𝜃0 is the initial temperature of the actuator. The ratio C/A is the time constant 5 

of the actuator, 𝜏, which represents the time for the machine to reach the maximum temperature 6 

while releasing heat in the environment. The maximum temperature is found with Q/A [8]. 7 

 8 

Figure 2.5: Heating and cooling curve of a machine [8] 9 

 10 
As shown in Figure 2.5, the time constant (𝜏) is the intersection between the tangent of the 11 

heating curve and the horizontal line of the maximum temperature. The figure also shows the 12 

cooling curve of the machine when the motor is turned off. The time constant for cooling is 13 

usually different than that of heating. This will not be discussed further. 14 

If the initial temperature of the motor is equal to the temperature of the environment, the 15 

equation simplifies to: 16 

𝜃 =
𝑄

𝐴
( 1 – 𝑒

−
𝑡
𝐶
𝐴  )      2.12 17 

From the experiments in this assignment, the time constants were determined to establish a 18 

relation between the heating of the motor and the different areas in/on the actuator. Above 19 

equations can be used for experiments where the input current is constant over time. In reality 20 

the input current is dynamic and the formulas need to account for this behaviour.  21 

 22 

 23 

 24 

 25 

𝜏′   𝜏  

 

𝜏 
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2.3 Thermal performances of the actuator 1 

2.3.1 The cooling plates 2 

 3 
The actuator is liquid cooled trough cooling plates on both top and bottom of the actuator. 4 

Liquids normally have much higher thermal conductivities than gasses, therefore also higher 5 

heat transfer coefficients. 6 

According to the datasheet of the Drift motor, the temperature distribution should be as shown 7 

in Figure 2.7. The cooling plate is designed so that the temperature gradient is more evenly 8 

divided over the parts. This results in a better spread of cool and warm water over the surface. It 9 

should also be noted that the top cooling plate is mirrored with respect to the bottom plate, 10 

which also gives a different heat spread in vertical direction (Figure 2.6). The cooling water 11 

enters and exits each channel from the same side. 12 

 13 

Figure 2.6: Top view of top and bottom cooling plates. 14 

 15 
The maximum temperature rise of the cooling water is 5 ⁰C if a flow rate of 0.29 l/min per 16 

cooling plate is used for dissipating 203 W of power [3]. When the appropriate test is selected, 17 

the temperature rise of the cooling water can be used as a measure to determine if the right 18 

amount of heat is transferred from the motor.  19 

 20 

Figure 2.7: Indication of temperature gradient through cooling channels (bottom view) [3]. 21 
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2.3.2 The RTH test 1 

 2 
Heat in cooling elements spread in a radial pattern depending on the given geometry, the 3 

combination of materials and thermal characteristics. If two different materials are used, the 4 

way heat spreads within the first material will depend on the characteristics of the second 5 

material. The greater the conductivity of the second material, the higher the thermal resistance 6 

of the first material and the smaller the pattern of spread will be. Electronic components 7 

eventually malfunction if they overheat due to failures in the materials. For this reason the 8 

thermal resistance of materials is important to determine the cooling. 9 

Due to high performances of the Drift Motor, it needs to be cooled with cooling water. With the 10 

RTH-test the thermal behavior of the actuator can be characterized. The thermal resistance Rth 11 

describes thermal resistivity, which indicates the ability of a given material to resist heat flow 12 

[9]. With the RTH-test can be determined how well the cooling channels dissipate heat from the 13 

coils and thus determining the thermal resistance of the actuator. The parameter is defined by 14 

the temperature difference between two points divided by a given power dissipation (see 15 

equation 2.6). Re-writing the equation gives: 16 

 17 

𝑅𝑡ℎ =  
𝑇1− 𝑇2

𝑃𝑡ℎ
      2.13 18 

Where:  19 

T1 – temperature at measuring point 1 in [K]. 20 

T2 – temperature at measuring point 2 in [K]. 21 

Pth – Power losses in [W]. 22 

 23 
The Rth can also be derived from the measured current and voltages in the actuator [10]. By 24 

introducing a temperature coefficient α:  25 

R2 = R1 * (1 + α *ΔT)         2.14 26 

Where: 27 

R2  = Resistance in situation 2 (Higher P, so higher temperature). 28 

R1  = Resistance in situation 1. 29 

α  = 3.9 * 10e-3 (Temperature coefficient aluminium)  30 

Pth  = P2 – P1 =  (U2 * I2 ) – (U1*I1) 31 

This results finally in:  32 

𝑅𝑡ℎ =  
(

𝑅2
𝑅1

− 1)∗
1

𝛼

(𝑈2𝐼2− 𝑈1𝐼1)
      2.15 33 

𝑅𝑡ℎ =  
𝑅2−𝑅1

(𝑈2𝐼2− 𝑈1𝐼1)∗𝛼∗𝑅1
      2.16 34 
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𝑅𝑡ℎ =  

𝑈2
𝐼2

−
𝑈1
𝐼1

(𝑈2𝐼2− 𝑈1𝐼1)∗𝛼∗
𝑈1
𝐼1

      2.17 1 

 2 

𝑅𝑡ℎ =  
𝑈2𝐼1− 𝑈1𝐼2

𝛼∗𝑈1𝐼2∗(𝑈2𝐼2− 𝑈1𝐼1)
     2.18 3 

 4 
The current applied to the actuator for the RTH test will be a direct current (DC), where two 5 

coils (otherwise known as phases) will act in series each time. The supplied current for 6 

qualification testing is normally done according to Table 2.2.  7 

 8 

The dissipated power is calculated with: 9 

𝑃 = 𝐼2𝑅  [𝑊]       2.19 10 

 11 

Meas. ID 
Power pin 

DC current 
to apply 

Electrical 
resistance 

Dissipated 
power 

A1 1,2 2.5 ~15.1 ~95 W 
A2 1,2 3.5 ~15.8 ~194 W 
B1 1,3 2.5 ~15.1 ~95 W 
B2 1,3 3.5 ~15.8 ~194 W 
C1 2,3 2.5 ~15.1 ~95 W 
C2 2,3 3.5 ~15.8 ~194 W 
D 1,2 +3 5.4 ~12.6 ~368 W 

 12 
Table 2.2: Applied currents during Rth-test 13 

For A, B and C the Rth is calculated according to equation 2.14. Measurement D is the hot voltage 14 

stability test. In this case coil A and B are connected in parallel, while coil C is connected in series 15 

with these two. The actuator passes the qualification test if: 16 

1. 0.05 < Rth < 0.096 for measurement ID sets A, B and C. 17 

2. The hot voltage stability should be less than 0.1 V/min after 10 min for measurement ID 18 

set D. 19 

The thermal resistance (Rth) has an upper and lower limit. If the Rth is above 0.096, the cooling 20 

water is not effectively removing heat from the coils. If the coil temperature is then above a 21 

certain temperature, the isolation will burn and fail.  For the opposite case, if the thermal 22 

resistance is below 0.05, more temperature fluctuations inside the actuator will occur as a result 23 

of heating and cooling. This will result in other failure modes of the components inside the 24 

actuator e.g. fatigue.  25 

For the voltage stability test, a current of 5.4A is send to the coils, which are then connected as 26 

shown in Figure 2.8.  27 
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 1 

Figure 2.8: RTH test configuration for ID set D 2 

 3 

 4 

2.3.3 Cooling capacity 5 

 6 
During the hot voltage test, the total dissipated power will be 368 W. Considering a fluid flow of 7 

0.8 SL/Min (= 0.013*10-3 m3/s)  for each cooling plate, the approximate temperature rise of the 8 

cooling water can be calculated with: 9 

       �̇� =
𝑄

𝑐.𝑑𝑇
                 2.20 10 

⇒ 𝑑𝑇 =  
𝑄

�̇�.𝑐
      2.21 11 

 12 

⇒ 𝑑𝑇 =  
𝑄

𝜌. �̇�. 𝑐
    =  

368 [𝑊]

1000 [
𝑘𝑔
𝑚3] ∗ 0.013 ∗ 10−3  [

𝑚3

𝑠
] ∗ 4220 [

𝐽
𝑘𝑔. ℃

]
   =   6.7 ℃ 13 

 14 
So the expected temperature difference between inlet and outlet of the cooling plate is 6.7 ⁰C 15 

when steady state has reached. 16 

 17 

2.3.4 The vacuum environment 18 

 19 
In normal circumstances heat leaves a component through convection into the air. In this case 20 

the actuator operates in vacuum, which gives a different situation for the thermodynamics. 21 

Vacuum is defined as the state encountered in a room at pressures below the atmospheric 22 

pressure. These pressures can be generated by gasses or vapors that are evenly distributed over 23 

the room. The room needs to be pumped-down to achieve a certain level of vacuum. This is a 24 

continuous process as the level of vacuum is a balance of gas sources and pumping speed. Gasses 25 
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can still enter the system in many ways and by constantly pumping, these gasses are removed 1 

[11].  2 

Heat can’t transfer through convection in vacuum, because particles of the intermediate fluid 3 

(air) can’t vibrate to deliver the heat. The only way heat can transfer through a vacuum is by 4 

radiation. Hot objects radiate energy (infra-red portion of electromagnetic spectrum) and the 5 

walls of the vacuum box can absorb the infrared light and heat up. This is why vacuum is a good 6 

insulator, because radiation is not very strong unless the object is extremely hot.  7 

A frequently used unit for vacuum is Torr. The conversion factor is 1.33 mbar per Torr. Figure 8 

2.9 shows the regimes of vacuum according to [11]. The boundaries of these regimes might 9 

differ slightly according to some people. For this assignment a vacuum pressure of 5 mbar (= 10 

3.75 Torr) will be used, which means that the working regime lies in ‘Rough Vacuum’. Vacuum 11 

systems operating in the rough vacuum range must be ‘heavy duty’ to withstand the force of the 12 

atmosphere on the exterior walls. When working below this regime, more considerations must 13 

be taken into account with regard to the equipment used e.g. cleaning techniques, special 14 

machining of the chamber inside walls, handling and packaging. 15 

 16 

Figure 2.9: Regimes of vacuum [11]. 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 
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3. Test setup for thermal inspections 1 

 2 

After the appropriate knowledge about actuators and heat transfer mechanisms was gained, the 3 

test setup needs to be defined (see process flow). In this section a plan for thermal inspection of 4 

the actuator in vacuum will be described. A proposal is done to use an IR camera to inspect the 5 

surface of the actuator. On this surface it should be possible to see the resulting temperature 6 

effects of the cooling channels on the actuator. For the setup it will be crucial to select the 7 

correct IR-camera due to the narrow dimensions of the cooling channels. 8 

The current setup consists of a closed vacuum box where the actuator is integrated in. The area 9 

of the actuator, on top of the coils, need to be free for observation. The challenge will be to 10 

modify the vacuum box so that the IR camera can be used for inspection, but still preserves the 11 

vacuum environment.  12 

 13 

Figuur 3.1 : Current vacuum box 14 

 15 
To obtain insights in the heating process, a thermal model of the actuator will also be made and 16 

compared with the actual measurements of the IR-camera.  17 

3.1 Determine type of test  18 

 19 
Initially, to characterize the thermal behavior of the actuator, the measurements would be done 20 

with the HALT (Highly Accelerated Life-Time) setup, which was recently built and used for life-21 

time testing of the drift motor [5].  Unfortunately due to  a defect of the ELMO-controller, the 22 

RTH setup had to be used instead.   23 

 24 

3.2 IR camera selection 25 

 26 
Fundamentals  27 
 28 
All objects above absolute temperature emit infrared (thermal) radiation. The intensity of the 29 

radiation depends on the temperature and nature of the material’s surface.  Infrared (IR) 30 
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radiation is not detectable by the human eye. An IR camera can convert those waves into a visual 1 

image that depicts thermal variations across an object or scene.  2 

The electromagnetic spectrum is divided into a number of wavelength regions, called bands. 3 

These bands were determined by the methods used to produce and detect the radiation. There is 4 

no fundamental difference between radiation in the different bands of the electromagnetic 5 

spectrum. The only differences are those due to differences in wavelength. Figure 3.1 shows the 6 

electromagnetic spectrum with its different wavelengths. 7 

 8 

Figure 3.1: The electromagnetic spectrum (1: X-ray, 2: UV, 3: Visible. 4: IR, 5: Microwaves, 6: 9 
Radiowaves) 10 

 11 
The infrared band can be further divided in the near-infrared (0.75-2 µm), the middle-infrared 12 

(3-6 µm), the far-infrared (6-15 µm) and the extreme infrared (15-100 µm). This information 13 

will be important when selecting a viewport.  14 

In general at lower temperatures the majority of the thermal radiation is at longer wavelengths. 15 

Wien’s displacement law states that a blackbody radiation curve for different temperatures 16 

peaks at a wavelength inversely proportional to the temperature [12]. A blackbody is defined as 17 

an object which absorbs all radiation that impinges on it at any wavelength. Equation 3.1 shows 18 

this relation: 19 

𝜆𝑚𝑎𝑥 =
2898

𝑇
         3.1 20 

Where: 21 

𝜆 = wavelength (µm). 22 

T = Absolute temperature (K) of the blackbody 23 

Given that the maximum temperature the actuator can reach is at 150 ⁰C (421 K) before failure  24 

occurs, temperatures between 20 ⁰C and 150 ⁰C need to be measured. Therefore wavelengths 25 
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between 7 - 10 µm will be expected. Because the actuator is not an perfect blackbody, emissivity 1 

settings will need to be adjusted in the chosen camera for accurate temperature readings. 2 

Emissivity is a measure of how much radiation is emitted from the object, compared to that from 3 

a perfect blackbody of the same temperature. Normally, object materials and surface treatments 4 

exhibit emissivity ranging from approximately 0.1 to 0.95. A highly polished (mirror) surface 5 

falls below 0.1, while an oxidized or painted surface has a higher emissivity [12]. The emissivity 6 

value of an object is influenced by the material, its surface condition, its reflectivity and it 7 

opacity. On an object 100% of infrared energy directed towards it, is either reflected, 8 

transmitted through or absorbed. Materials that are non-reflective are more highly emissive and 9 

more closely approximate perfect blackbody conditions. 10 

 11 
Main requirements 12 

When considering an IR-camera for a test setup, some of the important variables to consider are: 13 

• Spot size – the smallest feature in a scene that can be measured. 14 

• FOV (Field of View) – the area that the camera sees. 15 

• Working distance – distance from the front of the camera lens to the nearest target 16 

object. 17 

• Real-time control and monitoring – issues and answers. 18 

• Depth of field – the maximum depth of a scene that stays in focus. 19 

• Resolution – the number of pixels and size of the sensor’s active area. 20 

• NETD (Noise Equivalent Temperature Difference) – the lowest level of heat energy that 21 

can be measured. 22 

• Spectral sensitivity – portion of the IR spectrum that the camera is sensitive to. 23 

• Temperature measurement range, precision, and repeatability – a function of overall 24 

camera design. 25 

An important consideration is which portion of a camera’s FOV contains the critical information 26 

required for monitoring purposes. The objects within the FOV must provide an accurate 27 

indication of the situation being monitored, based on the temperature of those objects.  28 

Keeping above factors in mind, will lead to the following main requirements of the IR-camera: 29 

1. Type of camera: 30 

The IR camera will be used for thermal inspection on a flat surface of the actuator while 31 

in use. Important to see will be the growing thermal heating of the layers. So a relatively 32 

simple IR-camera will suffice.  33 

 34 

2. Temperature range: 35 

The maximum temperatures the coils reach are 57 ⁰C (during RTH test), while the 36 

maximum temperature that the actuator can reach before failure (Epotek) is at 150 ⁰C. 37 

The lowest temperature depends on the minimum temperature of the chiller, 5 ⁰C. 38 

So the temperature range of the camera should be: 5 -150 ⁰C.  39 

 40 

3. Sensitivity: 41 
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During normal use the dynamic temperature of the actuator is approximately 3K. To be 1 

able to measure this difference accurately, a sensitivity will be required of 0.1*3 = 0.3 K 2 

(at least).  3 

 4 

4. Field of View: 5 

The actuator has a surface of 180 x 190 mm that needs to be inspected.  6 

 7 

5. Resolution: 8 

The smallest area that needs to be measured is the width of a cooling channel. This is 9 

approximately 10 mm.  10 

 11 

 12 
Camera selection 13 
 14 
Camera’s that were eligible for the first 4 conditions: 15 

 FLIR E50 16 

 FLUKE Ti25  17 

 FLIR E5  18 

Table 3.1 shows the main specifications of these camera’s. All the cameras have built-in storage 19 

capabilities and USB output. The FLIR E50 and FLUKE Ti25 are approximately 4 times more 20 

expensive than the FLIR E5. Therefore a study will be done to check if the FLIR E5 will give 21 

sufficient results for the goals of this test setup. The specifications of this IR-camera can be seen 22 

in Figure 3.2. One other specification that isn’t mentioned below is that the camera is sensitive 23 

for IR-waves ranging from 7.5 – 13 µm. This will be important for the selection of the IR-24 

window. 25 

 26 

 27 

 FLIR E50 FLUKE Ti25 FLIR E5 

Temperature range -20 ⁰C – 650 ⁰C -20 ⁰C – 350 ⁰C -20 ⁰C – 250 ⁰C 

Sensitivity < 0.05 ⁰C ≤ 0.10 ⁰C < 0.10 ⁰C 

F.O.V. 25⁰ x 19⁰ 23⁰ x 17⁰ 45⁰ x 34⁰ 

Resolution 240 x 180 160 x 120  120 x 90 

Accuracy +/- 2% or 2 ⁰C +/- 2% or 2 ⁰C +/- 2% or 2 ⁰C 

Output .JPG, .MPEG4 
(video),  

.bmp, .is2 .JPEG 

Real time yes no no 

Frame rate 60 Hz 9 Hz 9 Hz 

Price € 5995 ,-  € 6595 € 1695 

 28 
Table 3.1: Specifications of the IR-camera’s 29 

 30 

 31 
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 1 

Figure 3.2: Specifications of the FLIR E5 2 

 3 

 4 

 5 

Resolution check: 6 

The camera has a resolution of 120 x 90 pixel and the area to be inspected is 180 x 190 mm.  7 

Taking the best possible situation for placing the camera, then 120 pixels will be spread out on a 8 

length of 190 mm. This gives a pixel density of 120/190 = 0.63 pixel/mm. As mentioned before, 9 

the cooling channels have a width of 10 mm. This would then suggest approximately 6.3 pixels 10 

over the width of 1 cooling channel. According to this analysis, it would be possible to observe 11 

enough details of the cooling channels on the actuator. 12 

 13 
However, the camera also has a minimal focus distance of 0.5m. Keeping this in mind and noting 14 

that the field of view is 45° x 34°, will lead to a minimal focus length x. From Figure 3.3 can be 15 

found that: 16 

𝑥 = 0.5 tan(22.5°) = 0.2 𝑚 = 200 𝑚𝑚 17 

Re-calculating the pixel density gives: 120 pixels/ 400 mm = 0.3 pixels/mm. 18 

This means the cooling channels on the images will be made up of only 3 pixels. This could give 19 

some problems in temperature readings when analyzing the images, but doesn’t necessarily 20 

have to.  A test with the camera needs to be performed to be able to draw correct conclusions. 21 
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 1 

Figure 3.3: View area on the actuator 2 

 3 
 4 

In collaboration with Sensor B.V. an arrangement could be made to receive this camera for 5 

testing purposes. In one week time the tests were done and the camera needed to be send back 6 

to the company.  7 

 8 

3.3 IR window selection 9 

 10 
Based on the chosen IR-camera, FLIR E5, a viewport needs to be selected that can be integrated 11 

into the vacuum box to allow thermal inspections. The camera can observe IR-waves in the 12 

range 7.5 – 15 µm, so the glass of the viewport should be able to permit these waves to go 13 

through.  14 

List of requirements for IR-window: 15 

1. Transmission of glass composition between 7.5 – 15 µm. 16 

2. View range large enough to see the full actuator. 17 

3. To be used in a vacuum environment of 5 mbar. 18 

Table 3.2 shows some commonly used materials for IR-viewports. The material compositions 19 

Zinc Selenide and Germanium are far more expensive according to the supplier, Pfeiffer Vacuum. 20 

This is obvious because the IR-transmissions of these materials are fairly high.  21 

Another issue is that these two types of viewports will be limited to a 40mm diameter view, as 22 

this is the largest viewport the supplier can deliver from this type of material.  23 

 24 

 25 
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Glass 
composition 

Trade Name Transmission 
[µm] 

Viewport diameter 
[mm] 

Supplier 

ZnSe Zinc Selenide 0.5 – 22 40 Pfeiffer Vacuum 
Ge Germanium 1.8 – 23 40 Pfeiffer Vacuum 

CaF2 Calcium Fluoride 0.13 – 10  89 Sensor BV 
 1 
Table 3.2: Commonly used glass compositions for IR-waves 2 

 3 
The supplier of the IR-camera, Sensor BV, also provides IR-viewports with a Calcium Fluoride 4 

composition for the glass. The maximum viewing diameter is 89 mm. The maximum pullout 5 

strength is 1678 kg. A strength analysis needs to be done to check if this viewport can be used in 6 

this test setup.  7 

 8 

Strength analysis 9 

𝑃𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡 = 1.013 𝑏𝑎𝑟 = 1.013 ∗ 105 𝑁/𝑚2       3.1 10 

𝑃𝑖𝑛𝑠𝑖𝑑𝑒 = 5 𝑚𝑏𝑎𝑟 =  5 ∗ 10−3 𝑁/𝑚2        3.2 11 

∆𝑃 = (1.013 ∗ 105) − (5 ∗ 10−3) =  100800 𝑁/𝑚2      3.3 12 

𝐴𝑟𝑒𝑎𝑔𝑙𝑎𝑠𝑠 =  44.52 ∗  𝜋 = 6218 𝑚𝑚2 = 6218 ∗ 10−6      3.4 13 

 14 
𝐹𝑔𝑙𝑎𝑠𝑠 =  ∆𝑃 ∗  𝐴𝑟𝑒𝑎𝑔𝑙𝑎𝑠𝑠 = 100800 ∗  6218 ∗ 10−6 = 626.77 𝑁              3.5 15 

 16 
Because the exerted force on the window is far less than the maximum pullout strength, the 17 

viewport qualifies for this setup.  So the IR-viewport from Sensor BV will be used for the setup. 18 

The viewport has a price of € 676. 19 

 20 
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1 

 2 

Figure 3.4: Main specifications of the FLIR IR window 4”- IRW -4S 3 

 4 
Minimum distance 5 

Because the viewport only permits a viewing diameter of  89 mm, the component will have to be 6 

assembled at a certain distance from the actuator to be able to fully see it (Figure 3.6). Assuming 7 

once again a field of view of 45⁰, the minimum distance of the viewport to the top of the actuator 8 

can be calculated.  9 

Considering only the FOV of 45⁰ and neglecting the minimal focus distance, the camera can be 10 

placed at a minimal distance of 231 mm. 11 

 12 
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 1 

Figure 3.5: Minimal distance of the IR-camera 2 

 3 
The minimal distance from the camera to the viewport is calculated with: 4 

𝑦 =  
44.5

tan(22.5)
= 109 𝑚𝑚       3.2 5 

The minimal distance from the viewport to the actuator is then 122 mm, which is smaller than 6 

the required 500mm focus distance. In conclusion the focus distance will then decide the 7 

dimension of the vacuum box.  8 

 9 

Figure 3.6: Minimum distance viewport 10 
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3.4 The vacuum box 1 

Due to the minimal distance of the camera required for measurements and the limitations of the 2 

diameter of the IR-window, the current box cannot be used for this setup. Therefore a new 3 

vacuum box needs to be designed.  4 

The requirements list for the design of the vacuum box are: 5 

1. Must be able to enclose the drift motor completely. 6 

2. Must contain an interface for attaching the drift motor.  7 

3. The IR-window needs to be integrated into the design. 8 

4. The height of the box to the surface of the drift motor will depend on the minimum focus 9 

distance of the chosen IR camera; In this case 0.5 m. 10 

5. Should contain an interface for attaching a vacuum pump. 11 

6. Should mechanically qualify for a vacuum pressure of 5 mbar.  12 

7. Should be allowed in the cleanroom. 13 

Requirement 1 and 4 suggests that the box should be at least 305x270x540mm to be able to 14 

enclose the actuator and allow the IR-camera to maintain the minimal focus distance of 0.5m.  15 

For requirement 2, the dimensions were extracted from the NXE WS BAMO SF BACK PANEL 16 

technical drawings. The panel is part of the wafer machine in which the drift motor is placed to 17 

do its job. By using the dimensions (including tolerances etc) of this interface unnecessary errors 18 

can be avoid in the fittings and material treatments. This ensures no problems when attaching 19 

the actuator to the vacuum box.  20 

Requirement 3 states that the box should contain a hole of 114.3 mm in diameter and a 21 

maximum panel thickness of 4.76mm. For requirement 5, a standard flange from VDL-ETG will 22 

be used: Flange DN25 ISO-KF (120FRA025-28-55). 23 

The box was roughly designed on paper and modeled in SolidWorks (Figure 3.8). To perform a 24 

strength analysis, the box is modeled as a closed box without the openings. A Static Study can 25 

then be performed in SolidWorks. As mentioned before a vacuum pressure of 5 mbar will be 26 

used. This means that a resulting pressure of (1013 mbar – 5mbar =) 100,800 N/m2 will be 27 

acting on the walls of the vacuum box. After running the Study, the maximum von Misses stress 28 

of 39.106 N/m2 is far less than the yield strength of 400.106 N/m2 (Figure 3.7). The box satisfies 29 

the criterion for the specified vacuum pressure (Requirement 6) with a safety factor of 10.  30 

For requirement 7 vacuum chambers must be clean and grease free in order to reach the desired 31 

pressure as quickly as possible when the pumping begins. Also seals must be installed dry. Some 32 

other contaminants of vacuum systems to be aware of are:  33 

- Residues: Oil, grease on surfaces, screws and seals. 34 

- Application-related contaminants: process reaction products, dust and particles. 35 

- Ambient-related contaminants: Condensed vapors.  36 

At VDL-ETG above conditions correspond to the code GSA 07 2220 Grade 2: Vacuum Cleanliness. 37 
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 1 

Figure 3.7: Yield strength analysis of the box 2 

 3 
From the 3D model, the 2D drawing could be extracted and prepared for a price estimation by 4 

the Cost – Department of VDL. Because VDL uses the NX environment for technical drawings, it 5 

was good practice to transfer the drawings in the form of a STEP-file from SolidWorks to NX and 6 

eventually derive the 2D drawings. These drawings are shown in appendix A . The cost for 7 

manufacturing the box in-home by VDL is estimated at €4134 (Table 3.4). Because of the high 8 

price for this box and the time limitations of the internship, it was suggested to explore 9 

alternative methods for obtaining a vacuum box.  10 

 11 
 12 

Requirement Specification 

1 305x270x540mm 

2 See NXE WS BAMO SF BACK PANEL 

3 Viewport opening: D = 114.3 mm; panel thickness = 4.76 mm 

4 Height: 540 mm 

5 Flange DN25 ISO-KF (120FRA025-28-55) 

6 Von Misses stress is below yield strength of material 

7 GSA 07 2220 Grade 2: Vacuum Cleanliness 

 13 
Table 3.3: Specifications of the vacuum box 14 
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 1 

Figure 3.8: Vacuum box design 2 

 3 

Posnr Benaming Aantal Inkoop VC*aant 

 
Test setup IR inspection 1 

 
 €          400  

1 side plate 2 
 

 €          532  

2 Flange DN25 iso-kf (20FRA25-28-55) 1 
 

 €             30  

3 Front 1 
 

 €          825  

4 Top plate 1 
 

 €          408  

5 Back plate 1 
 

 €          298  

6 Front plate 1 
 

 €          387  

7 Bottom plate 1 
 

 €          230  

8 4022 629 00671 1  €            85   €             94  

 

FLIR IRW-4S 4” Stainless Steel IR 
Window with Calcium Fluoride Crystal  1  €          676   €          745  

 
grijpvoorraad 1 

 
 €             15  

     Montage: Mag 
  

 €             58  

 
UCV cleaning 

  
 €          102  

 
montage - sluis 

  
 €          273  

 
Helium lek test 

  
 €          137  

     

    
 €       4.134  

 4 
Table 3.4: Price estimation of the complete vacuum box 5 
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3.5 Thermal model  1 

 2 
The next step in the process flow diagram is creating a thermal model of the actuator. To gain 3 

insights in the heating process of the coils in the actuator, a model can be made in SolidWorks 4 

and analyzed using the Flow Simulation toolbox. The following figure shows a schematic of the 5 

layers to be modeled. 6 

 7 

 8 

Figure 3.9: Material layers of the Drift Motor [3] 9 

 10 
For a first attempt a simple model of the actuator is made. Smaller components like pieces of 11 
kapton, wires and small holes are left out of the model for simplicity reasons. The different 12 
layers of the actuator can then be modeled and the characteristics of each material is applied 13 
according to 14 
Table 3.5.  It is recommended that the model is fully defined by “mating” the components 15 
together. Figure 3.10 shows an exploded view of the model. 16 
 17 

Material 

Youngs 
Modulus 

Poission 
Ratio 

CTE Conductivity 
Specific 
heat 

Density 

[MPa] [-] [ppm/K] [W/(mK)] [J/(kg K)] [kg/m3] 

Copper (coil) 135000 0.35 17 400 380 8800 

RVS (plate) 210000 0.3 12 50 480 7800 

FR4 (core coil) 20000 0.3 19 0.6 1600 2000 

Kapton 3200 0.34 20 0.385 1090 1540 

Epotek T1700-19 20 - 200 0.93 1500 2130 

 18 
Table 3.5: Material characteristics [5] 19 
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 1 
 2 

 3 
Figure 3.10: Exploded view of the model 4 

 5 

3.5.1 Simulation settings of the model 6 

 7 
After the actuator was modeled in SolidWorks, a Flow Simulation study could be started. 8 

SolidWorks Flow Simulation is a fluid flow and heat transfer analysis software integrated in 9 

SolidWorks. With this model the fluid flow effects of the cooling and heating changes on the 10 

actuator can be examined.  11 

The following describes some of the important steps and parameters in order to get the 12 

simulations running. 13 

1. Start the Wizard and choose the internal analysis type, but unable “Exclude cavities 14 

without flow conditions” to allow computations everywhere, even if not specified. 15 

2. Next, the radiation and time-dependent options are chosen. At the time-dependent 16 

option, data points (and photos) of the situation will be taken every 5 seconds and the 17 

total analysis time is set for 300 seconds. 18 

3. The thermodynamic parameters were specified; Pressure of 1.013 bar and environment 19 

temperature of 22 ⁰C. 20 

4. After finishing the wizard, the fluid domains were chosen. These are the cooling channels 21 

on each side of the actuator. If selected correctly, they turn blue. Because the RTH test is 22 

not done in vacuum, no specific settings need to applied. Therefore the thermodynamic 23 

parameters are the same as the environment parameters in this case (Figure 3.11).  24 

Cooling 

plate 

Epotek 

Kapton 

Surface 

plate 

(Bottom) 

Coil 

Side 

walls 



Internship report: VDL-ETG 

34 
 

5. Next, the boundary conditions were determined. These are the fluid inlet and outlet of 1 

the cooling channels.  The water flow to the actuator from the cooler was 1.6 l/min. This 2 

implies that on each side of the actuator 0.8 l/min. will flow in. The outlet flow was put to 3 

“environment”. This created a pressure for the fluid to flow through the channels.  4 

6. The next step involved specifying the heating source. This could be done by inserting a 5 

radiation source for each coil. Because the test will be done for the last part of the RTH 6 

test, coil C will dissipate 219 W and coil A, B each 55 W during 300 seconds (Figure 2.8). 7 

7. Lastly, to improve computing time, specific goals can be set for the simulation. In this 8 

case 2 goals were made for both the surface temperature and ‘NTC4’ of the actuator.  9 

8. Figure 3.12 shows all the necessary properties to set for the model. The simulations are  10 

then performed by running the analysis and enabling the mesh option. 11 

After the simulations are done, the results will be loaded in SolidWorks. From the “Results” 12 

menu various options are available for visual inspections. In the next section a simulation test 13 

was performed. 14 

 15 

Figure 3.11: Specifying fluid domain 16 

 17 

Figure 3.12: All the properties to set in the Flow Simulation Analysis box 18 
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3.5.2 Simulation validations 1 

 2 
To check if the model generally behaves as expected a simulation is performed beforehand with 3 

a higher power dissipation. Figure 3.13 and Figure 3.14 show the results of 1 coil generating 436 4 

W during 2 seconds. It can be seen that the temperature on parts of the surface rises 5 

approximately 3 degrees. Also the heating process of the cool water can be seen as this fluid 6 

carries heat from the coil to the outlet. Based on the fact that the water temperature rises and 7 

carries heat to the outlet and also that the surface of the actuator is hotter directly above the 8 

coils, it can be concluded that the model behaved as expected. 9 

 10 

   11 

Figure 3.13: a) Flow trajectories and temperatures of fluid   b) Surface plot of temperatures 12 
cooling channels 13 

 14 

Figure 3.14: Surface plot of temperatures on the top of the actuator 15 

 16 

 17 

 18 
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3.5.3 RTH Simulation 1 

 2 
As above model behaved as predicted, the simulation can then be carried out for the last part of 3 

the RTH-test when 1 coil generates 219 W and 2 coils generate 55 W during 300 seconds. The 4 

run-time of the simulations is approximately 3 hours cpu-time for 2 seconds of real-time. After 5 

running the simulations for some days, it seemed to take even longer. For this reason the 6 

simulation was stopped earlier at 21 seconds (4 days). Figure 3.15 and Figure 3.16 show the 7 

temperature rise of the cooling water of the top and bottom of the actuator respectively. The 8 

temperature rise of the cooling water is approximately 1.11 ⁰C.  9 

 10 

 Input 

Coil A 55 W 

Coil B 55 W 

Coil C 219 W 

Simulation time 300 s 

Actual simulation time 21 s 

 11 
Table 3.6: Input settings for the RTH simulation 12 

 13 

Figure 3.15: Simulation of the flow trajectory (top view) 14 
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 1 

Figure 3.16: Simulation of the flow trajectory (bottom view) 2 

 3 

3.5.4 Computational domain modifications 4 

 5 
Another operation on the model involves modifying the computational domain. Assume the 6 

actuator dissipates power in the same way, both on top and bottom and that the cooling 7 

channels transfer the same amount of heat on both sides. The actuator can then be “split” in half, 8 

which should increase the cpu-time by doing calculations for only one side. The settings for the 9 

Computational Domain are shown in Figure 3.17. Note that the middle of the actuator is at z = -10 

0.02613 and the boundary is set to ‘symmetric’. 11 

 12 
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 1 

Figure 3.17: Modifying the computational domain 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

Symmetric 
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4. Thermal inspections and results 1 

 2 
In this section the measurements will be done and the thermal models will be validated as 3 

described in step 3 and 4 in the process flow diagram. To perform the thermal inspections on the 4 

actuator the RTH test setup will used. As mentioned before thermal resistance measurements 5 

are performed to determine the thermal heat flow resistance from the coils to the cooling plates. 6 

Before correct measurements with the IR camera could be obtained, the emissivity problem of 7 

the actuator needed be solved. 8 

 9 

4.1 The reflectivity and emissivity problem 10 

After conducting the first experiments with the FLIR E5 IR-camera, problems with reflectivity 11 

and emissivity occurred.  The surface of the actuator is a highly polished (mirror) surface and on 12 

which the surroundings reflect and consequently compromises the measurements (Figure 4.1).  13 

 14 

                   15 

Figure 4.1: a) IR image of the actuator (plane).      b) Adjusting the emissivity to 0.60. 16 

 17 
For the second attempt a transparent foil is placed on the actuator to allow the surface to be 18 

more matt based. This reduced the reflectivity of the actuator.  19 

                 20 

Figure 4.2: a) Actuator covered with foil.   b) IR image. 21 

 22 
For the third attempt the measurements are done again with the transparent foil but now in a 23 

(relatively) dark environment.  24 
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                   1 

Figure 4.3: Actuator covered with foil and in dark environment;   a) Total view.     b) Close-up. 2 

 3 
For the last attempt the measurements were done again in the dark environment, but the 4 

actuator surface was fully covered with UltraTape. This tape was allowed in the cleanroom 5 

environment. The obtained results of this measurement were the best so far, because the cooling 6 

channels could be seen more clearly so that they could be distinguished from each other. 7 

Concerning the emissivity, the temperature readings already agreed with temperatures of a 8 

thermometer, which means that the emissivity settings on the camera didn’t need to be adjusted 9 

anymore. 10 

 11 

Figure 4.4: The actuator covered with UltraTape 12 

 13 

               14 

Figure 4.5: Actuator covered with tape and dark environment; a) Total view.    b) Close up.  15 
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4.2 RTH Results 1 

 2 
This section shows the results of the Rth - test on the actuator covered with UltraTrape and in the 3 

“dark room” environment. The cooling water was set to 1.6 l/min and a temperature of 22 oC. 4 

The Rth was then calculated for each coil separately. During this test, infra-red images were made 5 

every 5 minutes and the temperatures of the NTC’s at that moment were noted. Table 4.1 shows 6 

this data with the corresponding IR-images. From the data and the infra-red images, information 7 

can be extracted for thermal validations.  8 

Time Current (A) NTC 1,2 NTC 3 NTC 4 Image Coil  

12.29 2.5 20 28 24 Figure 4.6 a 
L1-L2 

12.32 3.5 22 34 28 Figure 4.6 b 
12.35 0.3 20 24 23 Figure 4.7 a L1-L3 
12.40 0.3 21 27 28 Figure 4.7 b L2-L3 
12.45 3.5 21 29 33 Figure 4.8 a L2-L3 
12.50 3.5 22 30 35 Figure 4.8 b L2-L3 
12.50 5.4 22 31 43 Figure 4.9 a 

L1,L2 – L3 
12.52 5.4 22 32 44 Figure 4.9 b 
12.54 5.4 - - - Figure 4.10 a 
13.00 5.4 - - - Figure 4.10 b 

 9 
Table 4.1: Rth data 10 

During the test an observation can be made about the relation between supplied current and the 11 

quality of the infra-red images. At the start of the test infra-red image shows that the actuator 12 

has the same temperature as the environment, 22 °C (Figure 4.6a). This was obvious because the 13 

actuator was already in the cleanroom for some days. After supplying 0.3A and then successively 14 

2.5A, the heat flow of the cooling channels on the actuator became visible (Figure 4.6b). The 15 

current was then brought to 3.5A. After stability was reached the current lowered back to 0.3A, 16 

but the actuator was still heated from the 3.5A which can be seen very clearly in Figure 4.7a. 17 

After a while, the actuator cooled down (Figure 4.7b) and the same procedure is repeated again 18 

for the other 2 coils.  19 

 20 

   21 

Figure 4.6: a) Start test         b) With 2.5A current 22 
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   1 

Figure 4.7: a) Just switched to 0.3A current  b) After a while of 0.3A current 2 

 3 

    4 

Figure 4.8:  a) At 3.5A current   b) From 2.5A to 3.5A current 5 

 6 

     7 

Figure 4.9: a) Just supplied with 5.4A    b) After some time with 5.4A 8 
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      1 

Figure 4.10: a) 5.4A current    b) Close-up and side-view 2 

 3 
For the “hot-voltage” measurement, the actuator is supplied with 5.4A. This also gives the 4 

clearest infra-red images as the cooling channels can be seen more clearly than before (Figure 5 

4.9). After a while, the channels can be distinguished from each other, probably due to the steady 6 

state situation of the heat flow (Figure 4.10). 7 

 8 

4.3 Thermal validations 9 

 10 
Before the Rth – test was started, different points on the surface of the actuator were measured 11 

with an actual thermometer and compared with the IR-camera readings. The temperature 12 

difference of the camera was approximately 1 ⁰C with the thermometer. From this could be 13 

assumed that the camera’s temperature readings matched the thermometer readings and 14 

therefore the actual temperatures of the actuator. 15 

The Rth was calculated according to equation 2.17, using the actual voltages and currents 16 

supplied to the motor. The results are shown in the following table. The calculated values are 17 

exactly the same as the “measured” values in the qualification report, which is obvious as the 18 

program also calculates the RTH based on the current and voltage measurements. 19 

Coil I1 
(A) 

U1 
(V) 

I2 
(A) 

U2 
(V) 

RTH 
calculated 

RTH 
measured 

L1-L2 2.499 37.304 3.594 55.454 0.0809 0.0809 
L1-L3 2.499 37.267 3.594 55.309 0.0779 0.0779 
L2-L3 2.501 37.329 3.595 55.442 0.0805 0.0805 

 20 
Table 4.2: Rth data 21 

 22 
From the infra-red pictures the temperatures of the cooling water leaving the actuator can be 23 

used to calculate and validate the Rth values above. The temperatures on the infra-red pictures 24 

were taken at 5 minute intervals. After the tests had been conducted, it was concluded that the 25 

interval was too long to take measurements. The process of heating and cooling as a result of 26 

two currents happened too fast, which resulted in loss of valuable information in between these 27 

5 minutes.  28 
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Coil T1 
(⁰C) 

T2 
(⁰C) 

P 
(W) 

RTHir 
RTH 

measured 

L1-L2 24.8 25.8 99 0.01 0.0809 
L1-L3 - - - - 0.0779 
L2-L3 - - - - 0.0805 

 1 
Table 4.3: Rth from temperature measurements 2 

From the table above can be concluded that shorter time intervals are needed for taking 3 

measurements. The temperature effects as a result of switching of the phases could not be 4 

determined exactly as these occur somewhere in the middle of measurement intervals. For that 5 

matter correct temperatures could not be determined for L1-L3 and L2-L3. For phase L1-L2 the 6 

measurement was (coincidently) taken just after the program switched to the next phase. A 7 

value of 0.01 was found for the RTH, which was approximately 8x lower than the RTH value of 8 

the qualification report. By assuming the power dissipation is correct, the observed temperature 9 

difference should have been at least 8 ⁰C instead of 1 ⁰C. This would probably suggest that the 10 

temperature measurement (25.8 ⁰C) was still taken a moment too late, when the actuator was 11 

already cooling down before starting input current I1 of the next phase. For this reason intervals 12 

of, e.g. 1 second, would be a better measurement strategy. To be able to achieve that, a camera 13 

with video-recording capabilities would then be better suited.  14 

 15 

4.3.1 NTC Measurements 16 

 17 
The temperature measurements of the NTC during the Hot Voltage –test of the RTH test are 18 

plotted in Figure 4.11. According to the design specifications NTC 1,2 are against the cooling 19 

plates, while NTC 3 and 4 are each between the coils. To characterize the heating of the motor, 20 

for each measurement the data is fitted to a curve representing equation 2.12 with a start 21 

temperature of 293 K. The “lsqcurvefit” command from Matlab is then used. From the 22 

coefficients of the exponential function, the maximum temperature rise and time constant can be 23 

found (Table 4.4).  24 

For example:  25 

For NTC 1,2 the curve found:  𝜃 = 0.16( 1 – 𝑒−0.0031𝑡  ). This gives 0.16 Kelvin for the maximum 26 

temperature and a time constant of 1/0.0031 = 322.6 s.    27 
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 1 

Figure 4.11: NTC Temperature measurements 2 

 3 
  4 

 Max. temperature rise  
(K) 

1/𝝉 
(1/s) 

Time constant,  𝝉 
(s) 

NTC 1,2 0.16 0.0031 322.6 
NTC 3 9.89 0.0235 42.5 
NTC 4 21.83 0.0137 72.9 

 5 
Table 4.4: Coefficients of the heating curves from the NTCs 6 

 7 
Because the NTCs seem to start at different temperatures and also have a short period of cooling 8 
down, a good fit of the curves cannot be found without making some adjustments. To obtain a 9 
better fit, the curves are estimated from the moment the temperature rises and finally to the 10 
stabilizing temperature. From Figure 4.12 can be seen that these indeed lead to better curve fits. 11 
The Matlab code for these computations can be found in Appendix A. The new values for 12 
maximum temperature rises and time constant are shown in Table 4.5.  13 
 14 
 15 

 Start  
(s) 

T0 

(K) 
Max. temperature 

rise  
(K) 

1/𝝉 
(1/s) 

Time 
constant  

(s) 
NTC 1,2 60 292.1 1.25 0.006 166.7 
NTC 3 20 299.4 3.72 0.007 142.9 
NTC 4 31 303.5 11.54 0.009 111.1 

 16 
Table 4.5: Coefficients of the improved heating curves from the NTCs 17 

 18 
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 1 
Figure 4.12: Improved curves 2 

 3 
Discussion 4 
 5 
It can be seen that the heating of the NTCs happen gradually. As expected NTC4 heats the 6 

quickest as this sensor is placed between coil 2 and 3, of which the latter coil dissipates more 7 

heat. NTC3, which is placed between coil 1 and 2, also starts warming up about 9 seconds later 8 

but has a higher time constant. This means that the rate at which NTC3 is heating up is slower 9 

than NTC4. Lastly, NTC1,2 heats up the slowest as this attached to the cooling plates and not 10 

directly to the heating sources.  11 

 12 
 13 

4.3.2 Infra-red measurements 14 

 15 
Figure 4.13 represents the temperature rise of the cooling water observed from the infra-red 16 

inspections on the actuator surface. For the temperature readouts, the temperature distribution 17 

bar at the side of the images was used to extract the information, while the camera was just 18 

pointed towards the middle of the actuator to get the overall view. The heating of the cooling 19 

water can be seen most clearly on the images. This is then used to study the heat transfer rate 20 

from the coils to the top of the actuator. The values should be close to NTC1,2. The results fit the 21 

exponential curve from equation 2.12 as: 22 

𝜃 = 6.9( 1 – 𝑒−0.01𝑡  )        23 

From this relation is clear that the maximum temperature rise is 6.9 Kelvin, while the time 24 

constant is 1/0.01 = 100 seconds. The maximum temperature rise is reasonably in agreement 25 

with the calculated temperature rise of the cooling water of 6.7 degrees (Cooling capacity). The 26 

difference is 2.99% from the calculations. It should be noted that a more accurate curve could be 27 

obtained if more temperature readings were taken in the first 100 seconds.  28 
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 1 

 2 

Figure 4.13: Curve for the surface heating 3 

 4 

 Start  
(s) 

T0 

(K) 
Max. temperature 

rise  
(K) 

1/𝝉 
(1/s) 

Time 
constant  

(s) 

Top surface 0 293 6.9 0.01 100 

 5 
Table 4.6: Coefficients of the improved curves for the top surface 6 

 7 
 8 

4.3.3 The thermal model 9 

 10 
After the thermal model was constructed, simulations were done for the full actuator model and 11 

also for half actuators of which one side was mirrored. When comparing the simulation results, 12 

the full actuator model will be used in this section. In another section ahead a comparison will be 13 

made between the other simulations to find out how much the simulations deviate at the cost of 14 

faster computation time.  15 

When comparing the actual measurements of NTC4 with the simulations of NTC4, it can be seen 16 

that the model’s temperature rise is far less than reality (Figure 4.14). The temperature rise of 17 

the NTC measurement is 21.83 K, while the model rises 3.90 K. Furthermore, the model has a 18 

lower time constant, which indicates that the temperature rise is faster than in reality.  19 

 20 
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 1 
Figure 4.14: NTC4 measurements vs thermal model of NTC4 2 

 3 
 4 

 Max. temperature rise  
(K) 

1/𝝉 
(1/s) 

Time constant  
(s) 

NTC 4 model 3.90 0.23 4.34 
NTC 4  21.83 0.0137 72.9 

 5 
 6 
Discussion 7 
 8 
Regarding the total temperature rise of the model, an explanation could be that the dissipated 9 

power of the coils in the model behave differently than in reality. The coils are modelled as 10 

independent blocks instead of actual copper windings. While the same properties of copper are 11 

set to the blocks, the thermal behaviour might be different if modelled in another way. Another 12 

possibility lies in setting the simulation “Goals”. These settings use Convergence Control to 13 

numerically analyse the selected component. This should be looked into further as it can 14 

influence simulation results. 15 

 16 

4.3.4 Comparison of temperature readings 17 

 18 
An observation can then be made about the IR measurements on the surface of the actuator and 19 

the NTC’s measured and modelled. It was assumed that the infra-red images will show 20 

temperatures that are closely in agreement with NTC 1,2. All the results are shown in one graph 21 

(Figure 4.15). 22 

 23 
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 1 

Figure 4.15: The measured temperatures vs the model  2 

 3 
Discussion 4 

Observing the temperature rise for the first 100 seconds of the test, it seems that the IR readings 5 

reaches towards temperatures close to NTC3 measurements. However, when observing the rate 6 

of temperature rise it can be seen that NTC4 and the surface almost have the same rate. Because 7 

NTC1,2 is attached to the surface (inside) of the actuator, it is expected that the outer surface 8 

behaves the same way. Also as NTC 1,2 is inside the actuator, these should give slightly higher 9 

temperature readings than the surface temperatures measured with the camera. 10 

Concerning the thermal model, the surface temperature stays 293 K. As was mentioned before, 11 

the NTC4 reading of the model is far less than the reality. This probably resulted in a too poorly 12 

heating of the inside surface, which was not enough to heat the top surface. 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 
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4.4 Thermal models comparison 1 

 2 
The following plot shows the temperature rise of NTC 4 for thermal models of which the 3 

computational domains are chosen differently. In the first simulation the full actuator is 4 

simulated, while the second and third simulation show the results of simulations where half of 5 

the computational domain is set symmetric with respect to the middle section. To see if there is 6 

a significant difference in choosing the top or bottom half as the side to mirror, both situations 7 

are simulated. By the modifying the computational domain, the simulations run indeed faster. 8 

The run-time was 1.14 hours for 1 second of real-time simulation. In contrary to the full actuator 9 

configuration, which was 3 hours for 1 second of real-time.  10 

Concerning the results, can be seen that with the full configuration, the total heating of NTC4 is 11 

less than when the cooling plates are mirrored. Furthermore in all three cases there is no change 12 

in surface temperature. Comparing the top and bottom half configurations, it seems they show 13 

the same heat transfer rate as the time constants are close to each other, but the top-14 

configuration shows a higher maximum temperature reached. The reasons for this can be found 15 

in the configuration of the cooling channels. At the bottom side, the channels go along different 16 

locations than that of the top side before reaching the outlet (Figure 4.18 and Figure 4.19). In the 17 

top-configuration a relatively ‘hot stream’ passes the location of NTC4 continuously, while in the 18 

bottom-configuration a ‘cold stream’ passes.  19 

 20 
Figure 4.16: NTC4 temperature rises with different computational domains 21 

 22 
 23 
 24 
 25 
 26 
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 1 
 T0 

(K) 
Max. temperature rise  

(K) 
1/𝝉 

(1/s) 
Time constant  

(s) 

NTC 4 full actuator 293 3.90 0.23 4.35 

NTC 4 half actuator 
(top) 

293 8.64 0.17 6.01 

NTC 4 half actuator 
(bottom) 

293 7.73 0.19 5.26 

Surface full actuator 293 0 - - 

Surface halve actuator 
(top) 

293 0 - - 

Surface halve actuator 
(bottom) 

293 0 - - 

 2 
Table 4.7: Coefficients thermal model simulations 3 

 4 
Figure 4.17 shows the temperature rises in the cooling water (at the exit) from the different 5 

computational domains. As explained before, the configurations of the cooling channels are 6 

important. For the case of the top-configuration, the cooling water reaching the outlet has just 7 

passed along the hottest coil, while at the bottom-configuration it passes over the middle of the 8 

actuator before reaching the outlet. The cooling water in the top-configuration has a higher exit 9 

temperature, which could mean that the heat transfer from the actuator is better compared to 10 

the full and bottom-configuration. This seems unlikely, because from Figure 4.16 is clear that the 11 

temperature rise of NTC4 is also higher comparted to the other configurations. If the heat 12 

transfer would indeed be better, the final temperature of NTC4 would be equal or less than the 13 

other two and preferably with a lower time constant. Another possibility is, while the total 14 

dissipated heat of the coils remains the same, the cool water might lose some of its heat along 15 

the surfaces of the actuator in the bottom-configuration when passing through colder regions.  16 

In conclusion, the total heat build-up in the actuator seems less for the full actuator model. 17 

Therefore when running simulations it is of crucial importance to model the full actuator instead 18 

of mirrored versions of bottom or top cooling plates. This has to do with the way heat is 19 

transferred on each side. Furthermore can be concluded that an actuator modelled with the top-20 

configuration on both sides, will have a greater heat build-up than when using a model with the 21 

bottom configuration on both sides or an actuator with different configurations (the full model). 22 

 23 
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 1 
Figure 4.17: Temperature rise of cooling water (simulations) 2 

 3 
 T0 

(K) 
Max. temperature rise  

(K) 
1/𝝉 

(1/s) 
Time constant  

(s) 
Half model coolw (top) 293 0.53 0.65 1.54 
Half model coolw (bottom) 293 0.26 0.63 1.59 
Full model coolw 293 0.24 0.79 1.27 

Table 4.8: Coefficients cool water temperature rise (simulations) 4 

 5 
 6 

 7 
Figure 4.18: Temperature and Flow Trajectory (half actuator-top). 8 
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 1 

Figure 4.19: Temperature and Flow Trajectory (half actuator – bottom). 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 
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5. Conclusions  1 

 2 

The appropriate setup for performing thermal inspections was determined and the required 3 

tools were analyzed based on their specifications and requirements. From the thermal 4 

inspections it can be concluded that this type of IR camera can give good enough results for 5 

viewing the temperature spread in the actuator if held at 10 cm distance at most. The cooling 6 

channels can be distinguished from each other. However it will not satisfy for  the measurements 7 

in the vacuum box. Due to the small viewing diameter of the viewport that will be attached on 8 

top of the box, a minimum height of at least 21.3 cm is necessary from the top to the actuator 9 

surface to obtain a total view (assume 45⁰ FOV).  If then a specific area on the actuator surface 10 

needs to be inspected, then the camera should be able to zoom-in on that area to get the best 11 

resolutions. Due to the height restriction it is not possible to zoom-in manually. Therefore a 12 

camera with built-in optical zoom capabilities is necessary or a camera with higher resolutions.  13 

From the thermal inspections was clear that the heating of the NTCs happened gradually. NTC4 14 

heats the quickest as this sensor is placed between coil 2 and 3, after NTC3, which is placed 15 

between coil 1 and 2. Lastly, NTC1,2 heats up and is has the slowest heating rate as this attached 16 

to the cooling plates and not directly to the heating sources.  17 

When observing the surface temperature rise for the first 100 seconds from the IR readings, it 18 

seemed that the temperatures are close to the NTC3 values instead of NTC1,2. The rate of 19 

temperature changes, however, follows NTC 4. Because it was expected that the surface 20 

temperatures follow NTC 1,2 it can be concluded that the surface and NTC1,2 don’t behave in the 21 

same way. Concerning the thermal model, the surface temperature stays 293 K. As was 22 

mentioned before, the NTC4 reading of the model is far less than the reality. This probably 23 

resulted in a too poorly heating of the inside surface, which was not enough to heat the top 24 

surface. 25 

The amount of measuring data, the pictures were taken with a 5 minute interval, which resulted 26 

in loss of transient heat transfer information in between. To solve this problem, smaller intervals 27 

need to be set (e.g. per second) or the new camera should have a video recorder to document the 28 

process continuously. 29 

Furthermore when inspecting the thermal models it was concluded that the total heat build-up 30 

in a full actuator model seems less than when just simulating one side symmetrically. More 31 

specifically, an actuator modelled with the top-configuration on both sides, has a greater heat 32 

build-up than when using a model with the bottom configuration on both sides. So in conclusion, 33 

for future simulations the best configuration is to use the full model.  34 

 35 

 36 

 37 

 38 

 39 
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6. Integrating and automating tests in LabVIEW 1 

 2 

In this section an attempt will be made to integrate the different tests into one application and 3 

eventually let the tests perform automatically.  4 

In the previous section the RTH-test has already been described. In this section the procedures 5 

for the HALT test and R, L and Q measurements will be discussed first. Next, an approach will be 6 

given for integrating the tests into one application. 7 

 8 

6.1 Hardware 9 

For a better comprehension of the configuration in reality and for skill improvement, the HALT 10 

setup was re-configured. The existing HALT setup was divided into two cases (Figure 6.1). The 11 

components were: 12 

1. ELMO Trombone Gold controller 13 

2. Power-supply for the controller 14 

3. Power supply for the actuator 15 

4. Switch/relais box 16 

5. Two ventilators for cooling 17 

These components were integrated into a single assembly as shown in Figure 6.2. This included 18 

re-wiring the controllers and power-supplies by studying the appropriate manuals and the 19 

electrical diagram from the HALT setup [5]. 20 

 21 

     22 

Figure 6.1: The HALT test setup split in 2 cases. 23 

 24 
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       1 

Figure 6.2: The HALT setup re-configured into a single case.  a) side view.    b) Top-view. 2 

 3 

 4 

6.2 Software structure 5 

 6 
Table 6.1 shows the test that will have to be combined in LabVIEW. As can be seen, each test is 7 

characterized by a different input profile.  8 

Test Profile 

RTH DC 

HALT AC 

R DC 

L Frequency 

Q Derivative 

 9 
Table 6.1: List of tests 10 

For a first attempt, a connection will be made between the HALT test and RTH test. Because 11 

these programs have the most demands in settings, it was decided to first create an interface 12 

that could be used for both situations. Figure 6.3 shows the basic idea behind the structure of the 13 

program. It can be seen that application can be built in modules. 14 

 15 

 16 

 17 
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 1 

 2 
Figure 6.3: Basic idea for the program 3 

 4 

The interface 5 

The interface of the program should contain both options and displays that are present in the 6 

RTH and HALT test. These are: 7 

1. An option for switching between the different tests; RTH, HALT, R, L, Q. 8 

2. A real-time display of current/voltages on each coil. 9 

3. A real-time display of the temperatures of the NTC’s. 10 

4. An indicator for numeric displays of the temperatures, currents and voltages. 11 

5. Buttons for starting and stopping the test. 12 

Figure 6.4 shows a concept of the interface based on the requirements above. 13 

 14 
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 1 

Figure 6.4: The interface 2 

 3 

Variable initialization  4 

The variables are initialized at the beginning of the tests. By appointing local variables, it will be 5 

easier to connect other controllers or DAQ’s to the program. All the communication to and from 6 

the controller will be saved in the variables, which can be accessed by other modules of the 7 

program.  8 

 9 

Figure 6.5: Initializing variables 10 

 11 

 12 
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Type of test 1 

To switch between the different test in the application an option needs to made for this. This is 2 

done by attaching an indicator to a case structure. The indicator contains the 4 tests as 3 

selectable. 4 

 5 
Inputs 6 

The input currents are placed in the csv-file halt_input.csv (or rth_input.csv). With the “read 7 

from spreadsheet” function the data from file can be read and will be stored in the “first row”- 8 

array. From this array the currents can be send at every iteration of the while-loop to the 9 

controller. For this case an indicator will be substituted for the controller to check if the values 10 

are indeed send. 11 

 12 

 Figure 6.6: Read input currents (HALT) 13 

 14 

 15 

Figure 6.7: Sending the current setpoint to the “controller” 16 
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Controller settings 1 

The instrument I/O assistant can be used to communicate with the controller (ELMO) through 2 

ASCI codes. The controller is currently unavailable. To compensate for this, indicators are placed 3 

to see if the controller will receive the command. 4 

 5 

Figure 6.8: Sub-vi for communicating with the controller 6 

 7 

 8 

7. Conclusion 9 

 10 

An attempt was made to integrate the different tests in LabVIEW. The LabVIEW software and its 11 

functions have been studied, as well as some of the test configurations that were made in this 12 

program. Unfortunately, the integration of the tests into one program couldn’t be realized in 13 

time.  14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 



Internship report: VDL-ETG 

61 
 

8. Recommendations 1 

 2 

Thermal validations 3 

Regarding the thermal validations, there is still some more to be done to be able to understand 4 

the thermal behavior of the device. Unfortunately, this couldn’t be accomplished in time. The 5 

following is recommended: 6 

1. The thermal validations were only done for the RTH test, which meant observing the 7 

temperatures during a described period with DC-current as the load on the coils. 8 

Observations should also be done for tests with AC-current (e.g. HALT test). The profile 9 

of this current would be more of a dynamic nature and implies a different dissipation of 10 

energy inside the actuator. 11 

 12 

2. Concerning the realistic electrical load on the actuator, this still has to be determined. 13 

Because the drift motor exerts small back and forth movements in one direction, the AC-14 

current needs to be supplied by the controller in such way that enables accurate 15 

movements. This means that the AC-current on each phase of the motor will have a 16 

certain profile, that needs to be determined from the controller output.  17 

 18 

3. The thermal model, more specifically, the coils need to be re-investigated. It was 19 

concluded that the temperature of the model’s coils were significantly below the real 20 

temperatures, assuming the correct energy input was given. More investigations in the 21 

model are needed to find out why the coil behaves differently than expected. Also for 22 

performing correct simulations efficiently, more computing power will be necessary. 23 

 24 
4. The simulation was done for the RTH test in the clean room environment. The simulation 25 

can also be done for a vacuum environment by setting the correct thermodynamic 26 

parameters to 5 mbar.  27 

 28 

5. If the model has been improved, the potting voids can be thermally classified by 29 

simulating different potting voids situations and identifying possible hotspots.  30 

 31 

 32 
Integrating and automating tests in LabVIEW 33 

The complete application could not be validated due to insufficient time for completely finishing 34 

the program. However, for testing the individual modules, tests have been performed to verify if 35 

the module works. Most importantly, the interactions between the program and the controller 36 

could not be performed, because the ELMO controller is still at the supplier for reparations. This 37 

should be further explored and implemented for the tests.   38 
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Appendix A: Matlab code 1 

 2 
% % read NTC data from file 3 
  4 
n = 1321;            %number of measuring points 5 
NTC = zeros(n,1);    %pre-allocate memory 6 
  7 
file = fopen('ntc3datarth.txt','r'); 8 
NTC = textscan(file, '%f', n, 'Delimiter',' ');  9 
fclose(file); 10 
  11 
NTC3 = cell2mat(NTC); % Convert to matrix 12 
NTC3 = NTC3 + 271; %convert to Kelvin 13 
  14 
%------------------------------------------- 15 
file = fopen('ntc12datarth.txt','r'); 16 
NTC = textscan(file, '%f', n, 'Delimiter',' ');  17 
fclose(file); 18 
  19 
NTC12 = cell2mat(NTC); % Convert to matrix 20 
  21 
%------------------------------------------- 22 
file = fopen('ntc4datarth.txt','r'); 23 
NTC = textscan(file, '%f', n, 'Delimiter',' ');  24 
fclose(file); 25 
  26 
NTC4 = cell2mat(NTC); % Convert to matrix 27 
  28 
  29 
%% Plots of NTC's (improved curves) 30 
  31 
figure(1) 32 
hold on; 33 
grid on; 34 
plot(NTC12(1:1321)) 35 
plot(NTC3(1:1321)) 36 
plot(NTC4(1:1321)) 37 
  38 
title('\fontsize{14} Temperature measurements NTC (Hot voltage)') 39 
ylabel('Temperature (K)') 40 
xlabel('Time (s)') 41 
  42 
  43 
ydata_NTC12 = NTC12(60:1321); 44 
xdata_NTC12 = [1:1:length(ydata_NTC12)]' ; 45 
predicted = @(a,xdata_NTC12)  a(1)*(1 - (exp(-a(2)*xdata_NTC12)))+292.1; 46 
a0 = [0.5; 0.5]; 47 
[ahat12,resnorm,residual] = 48 
lsqcurvefit(predicted,a0,xdata_NTC12,ydata_NTC12); 49 
plot([1:1:700]+60, predicted(ahat12,[1:1:700]),'--') 50 
  51 
ydata_NTC3 = NTC3(20:1321); 52 
xdata_NTC3 = [1:1:length(ydata_NTC3)]' ; 53 
predicted = @(a,xdata_NTC3)  a(1)*(1 - (exp(-a(2)*xdata_NTC3)))+299.4; 54 
a0 = [0.5; 0.5]; 55 
[ahat3,resnorm,residual] = lsqcurvefit(predicted,a0,xdata_NTC3,ydata_NTC3); 56 
plot(xdata_NTC3+20, predicted(ahat3,xdata_NTC3),'--') 57 
  58 
  59 
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ydata_NTC4 = NTC4(31:1321); 1 
xdata_NTC4 = [1:1:length(ydata_NTC4)]' ; 2 
predicted = @(a,xdata_NTC4)  a(1)*(1 - (exp(-a(2)*xdata_NTC4)))+303.5; 3 
a0 = [0.5; 0.5]; 4 
[ahat4,resnorm,residual] = lsqcurvefit(predicted,a0,xdata_NTC4,ydata_NTC4); 5 
plot(xdata_NTC4+31, predicted(ahat4,xdata_NTC4),'--') 6 
legend('NTC12', 'NTC3', 'NTC4', 'curvefit-NTC12', 'curvefit-NTC3', 7 
'curvefit-NTC4') 8 
  9 
  10 
%% 11 
  12 
% % IR images data points 13 
  14 
file3 = fopen('infrared.txt','r'); 15 
ir = textscan(file3, '%f %f');  16 
fclose(file3); 17 
  18 
ir = cell2mat(ir); % Convert to matrix 19 
ir(:,2) = ir(:,2)+271;   %convert to Kelvin 20 
  21 
xdata_ir = ir(:,1); 22 
ydata_ir = ir(:,2); 23 
ir_predicted = @(a,xdata_ir)  a(1)*(1 - (exp(-a(2)*xdata_ir)))+293; 24 
a0 = [0.5; 0.5]; 25 
[ahat,resnorm,residual] = lsqcurvefit(ir_predicted,a0,xdata_ir,ydata_ir); 26 
  27 
figure(1) 28 
plot(xdata_ir, ydata_ir,'*') 29 
hold on; 30 
plot(xdata_ir, ir_predicted(ahat,xdata_ir),'--') 31 
title ('IR-images') 32 
xlabel('Time (s)') 33 
ylabel('Temperature (K)') 34 
legend('Measurements', 'Curve fit') 35 
  36 
  37 
%improved curve fitting 38 
file3 = fopen('infrared.txt','r'); 39 
ir = textscan(file3, '%f %f');  40 
fclose(file3); 41 
 42 
ir = cell2mat(ir); % Convert to matrix 43 
ir(:,2) = ir(:,2)+271;   %convert to Kelvin 44 
  45 
x_ir = ir(:,1); 46 
y_ir = ir(:,2); 47 
xdata_ir(1)= x_ir(1); 48 
xdata_ir(2)= x_ir(3); 49 
xdata_ir(3)= x_ir(end); 50 
ydata_ir(1)= y_ir(1); 51 
ydata_ir(2)= y_ir(3); 52 
ydata_ir(3)= y_ir(end); 53 
  54 
ir_predicted = @(a,xdata_ir)  a(1)*(1 -(exp(-a(2)*xdata_ir)))+293; 55 
a0 = [0.5; 0.5]; 56 
[ahat_ir,resnorm,residual] = 57 
lsqcurvefit(ir_predicted,a0,xdata_ir,ydata_ir); 58 
T_cross = 0.67*ahat(1);    %4.02 + 293 59 
ahat_ir(2)= 1/100; 60 
  61 
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figure(2) 1 
plot(x_ir, y_ir,'*') 2 
hold on; 3 
plot([0:1:700], ir_predicted(ahat_ir,[0:1:700]),'--') 4 
title ('IR-images') 5 
xlabel('Time (s)') 6 
ylabel('Temperature (K)') 7 
legend('Measurements', 'Curve fit') 8 
  9 
  10 
%% 11 
  12 
% % Thermal model full actuator: NTC4 & surface 13 
  14 
%ntc4 full 15 
file2 = fopen('Model_NTC4_fullactuator.txt','r'); 16 
Model = textscan(file2, '%f %f');  17 
fclose(file2); 18 
  19 
Model_NTC4f = cell2mat(Model); % Convert to matrix 20 
  21 
figure(3) 22 
hold on; 23 
grid on; 24 
plot(Model_NTC4f(:,1), Model_NTC4f(:,2)) 25 
  26 
%surface full 27 
file2 = fopen('Model_surface_fullactuator.txt','r'); 28 
Model = textscan(file2, '%f %f');  29 
fclose(file2); 30 
  31 
Model_surfacef = cell2mat(Model); % Convert to matrix 32 
plot(Model_surfacef(:,1), Model_surfacef(:,2)) 33 
  34 
%curve fit full ntc4 35 
x_NTC4mf = Model_NTC4f(:,1); 36 
y_NTC4mf = Model_NTC4f(:,2); 37 
  38 
xdata_NTC4mf(1) = x_NTC4mf(1); 39 
xdata_NTC4mf(2) = x_NTC4mf(8000); 40 
xdata_NTC4mf(3) = x_NTC4mf(end); 41 
  42 
ydata_NTC4mf(1) = y_NTC4mf(1); 43 
ydata_NTC4mf(2) = y_NTC4mf(8000); 44 
ydata_NTC4mf(3) = y_NTC4mf(end); 45 
  46 
predicted = @(a,xdata_NTC4mf)  a(1)*(1 - (exp(-a(2)*xdata_NTC4mf)))+293; 47 
a0 = [0.5; 0.5]; 48 
[ahat5,resnorm,residual] = 49 
lsqcurvefit(predicted,a0,xdata_NTC4mf,ydata_NTC4mf); 50 
plot([0:1:70], predicted(ahat5,[0:1:70]),'--') 51 
  52 
%----------------------------------------------------------- 53 
  54 
%% cooling water simulations 55 
  56 
clear all; 57 
  58 
% % Thermal model half actuator: cooling water top sim 59 
file2 = fopen('Model_coolwater_h.txt','r'); 60 
Model = textscan(file2, '%f %f');  61 
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fclose(file2); 1 
Model_coolwaterh = cell2mat(Model); % Convert to matrix 2 
  3 
% % Thermal model half actuator: cooling water bottom sim 4 
file2 = fopen('Model_coolwater_hb.txt','r'); 5 
Model = textscan(file2, '%f %f');  6 
fclose(file2); 7 
Model_coolwaterhb = cell2mat(Model); % Convert to matrix 8 
  9 
figure(5) 10 
hold on; 11 
grid on; 12 
plot(Model_coolwaterh(:,1), Model_coolwaterh(:,2)) 13 
plot(Model_coolwaterhb(:,1), Model_coolwaterhb(:,2)) 14 
  15 
% % Thermal model full actuator: cooling water 16 
file2 = fopen('Model_coolwater_f.txt','r'); 17 
Model = textscan(file2, '%f %f');  18 
fclose(file2); 19 
Model_coolwaterf = cell2mat(Model); % Convert to matrix 20 
  21 
plot(Model_coolwaterf(:,1), Model_coolwaterf(:,2)) 22 
  23 
% % curve fits 24 
x_coolwaterh = Model_coolwaterh(:,1); 25 
y_coolwaterh = Model_coolwaterh(:,2); 26 
  27 
xdata_coolwaterh = x_coolwaterh; 28 
ydata_coolwaterh = y_coolwaterh; 29 
  30 
predicted = @(a,xdata_coolwaterh)  a(1)*(1 - (exp(-31 
a(2)*xdata_coolwaterh)))+293; 32 
a0 = [0.5; 0.5]; 33 
[ahat7,resnorm,residual] = 34 
lsqcurvefit(predicted,a0,xdata_coolwaterh,ydata_coolwaterh); 35 
plot([0:1:70], predicted(ahat7,[0:1:70]),'--') 36 
  37 
xdata_coolwaterhb = Model_coolwaterhb(:,1); 38 
ydata_coolwaterhb = Model_coolwaterhb(:,2); 39 
predicted = @(a,xdata_coolwaterhb)  a(1)*(1 - (exp(-40 
a(2)*xdata_coolwaterhb)))+293; 41 
a0 = [0.5; 0.5]; 42 
[ahat8,resnorm,residual] = 43 
lsqcurvefit(predicted,a0,xdata_coolwaterhb,ydata_coolwaterhb); 44 
plot([0:1:70], predicted(ahat8,[0:1:70]),'--') 45 
  46 
xdata_coolwaterf = Model_coolwaterf(:,1); 47 
ydata_coolwaterf = Model_coolwaterf(:,2); 48 
predicted = @(a,xdata_coolwaterf)  a(1)*(1 - (exp(-49 
a(2)*xdata_coolwaterf)))+293; 50 
a0 = [0.5; 0.5]; 51 
[ahat9,resnorm,residual] = 52 
lsqcurvefit(predicted,a0,xdata_coolwaterf,ydata_coolwaterf); 53 
plot([0:1:70], predicted(ahat9,[0:1:70]),'--') 54 
  55 
title('Model cooling water temperatures') 56 
xlabel('Time (s)') 57 
ylabel('Temperature (K)') 58 
legend('Half model(Top)', 'Half model(Bottom)', 'Full model', 'Curve half 59 
model(Top)',... 60 
       'Curve half model(Bottom)', 'Curve full model') 61 
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Appendix B: Technical Drawings of the vacuum 1 
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Reflection 1 

This section discusses my experiences during my internship period at VDL-ETG. Due to the 2 

multidisciplinary nature of my assignment I had the pleasure to deal with different aspects of 3 

engineering. In my Masters program of the University of Twente I was unfortunate not to have 4 

encountered assignments or situations where I could perform operations with controllers on 5 

devices. Therefore with my internship I hoped to gain some experience in this area. One other 6 

important aspect that I was curious about is the way companies applied their knowledge gained 7 

from their R&D department to their final products in reality. The Netherlands is well known for 8 

their high demand in production companies and is therefore the best place to see theory put into 9 

practice. Having an entrepreneurial mindset myself, this was one of the main reasons for doing 10 

my internship in the Netherlands instead of abroad.  11 

In the first few weeks of the internship I was overwhelmed by the amount of information that I 12 

had to absorb concerning the different type of tests on linear actuators which mostly involved a 13 

good understanding of electronics. Although my assignment involved thermal validations of a 14 

linear actuator, I needed to have a clear grasp on the electronics around the actuator to be able 15 

to understand what the actuator is capable of. For that reason I had studied the Master thesis of 16 

my predecessor, where lifetime testing of linear actuators was discussed.  My comprehension 17 

improved from the moment I started re-configuring the hardware from the HALT (Highly 18 

Accelerated Life Time) test setup. The setup was initially built into two cases, which I then fitted 19 

into one compact case with the help of my supervisor Bram Burkink. By studying the wiring 20 

diagram and actually seeing how these were connected I began developing the necessary skills 21 

for understanding the different setups. From Bram I also learned how to connect the wires 22 

properly and to test with a Multimeter if everything was connected correctly. The software for 23 

these tests was also built in separate programs in LabVIEW. I was also asked to see if it was 24 

possible to integrate these tests in a single program, which could be executed with a single click 25 

of a button. As one of my greatest points is programming, I immediately accepted the challenge.  26 

After re-configuring the setup and running my first test it seemed that I couldn’t get the 27 

controller to work. After collaboration with the dealer it was concluded that the controller was 28 

found defect in the output terminals. The reason has not been determined yet. The controller 29 

was then sent to the equipment manufacturer to see if it  could be repaired. As a result I couldn’t 30 

use the HALT setup anymore for characterizing the thermal behavior. The only possible option 31 

at the time was to use the company’s standard RTH test which was used for thermal 32 

qualification testing. As this test was based on DC currents passing through the actuator, it 33 

meant that I couldn’t characterize the actuator’s dynamic thermal behavior anymore. I then had 34 

some doubts whether this test was sufficient enough to contribute to the research of the thermal 35 

behavior. I then realized that this report could be a first step and a possible guideline for 36 

characterizing the thermal behavior as I generally studied the heating rate and maximum 37 

temperatures the actuator could reach with the given input currents.  38 

In the process of performing above tests, one other challenge was to design the vacuum box for 39 

use with the HALT test. Modeling the box in 3D in SolidWorks and Siemens NX was a nice 40 

challenge as I already enjoyed working in 2D CAD programs. I am thankful to Dries Scholten for 41 

his insights when I encountered various problems, especially in NX. With my newly gained 42 

modeling skills, I decided to model and run thermal simulations on the actuator in the same 43 

program. After a couple of iterations the simulations was finally running. Unfortunately, there is 44 
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still some problems in the model as the temperatures were not close to the reality. I had hoped 1 

that with this model, the next step could be to simulate potting voids in the actuator. However, 2 

more improvement still needs to be done in the model. 3 

As can be seen from above experiences, is that I had the opportunity to taste different aspects of 4 

engineering. Although some of the projects couldn’t be finished in time I was glad to have gained 5 

insights in the process. I find this important to satisfy my broad curiosity in technology. During 6 

the entire internship period everyone at VDL-ETG was eager to assist me with various problems 7 

I encountered and also with my general activities. Their interest in my work, made me realize 8 

how effective communicating is, for gaining new perspective in problem solving. Although I 9 

spent much time researching by myself, I still remember the number of times my supervisor 10 

Aernout Kisteman pointed out a fresh idea or solution to a problem which I hadn’t thought 11 

about.  I am truly grateful for everyone’s help at VDL-ETG and for taking me along to the Fridays 12 

“broodje halen” with the colleagues.   13 

 14 

 15 


