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Introductie 

Sinds de industriële revolutie stijgt de vraag naar energie gestaagd. Dit is voornamelijk 
vanwege de gestegen levensstandaard van mensen over de hele wereld. Er is een direct 
verband tussen de vraag naar energie en populatie. Bovendien neemt het bevolkingsaantal 
toe met als gevolg dat het energieverbruik extra zal stijgen. Betrouwbare modellen voor 
bevolkingsgroei voorspellen een stijging tot tien miljard mensen in 2050 en dat het aantal 
daarna stabiel blijft. Een ander probleem is dat fossiele brandstoffen, die het 
energieverbruik verzorgen voor 75%, niet oneindig beschikbaar zijn. Prognoses voorzien dat 
deze fossiele brandstoffen voldoende voorhanden zijn voor hooguit vijftig jaar voor aardolie 
en tot slechts een paar honderd jaar voor steenkool. De conclusie die getrokken kan worden 
is dat de huidige energievoorzieningen niet aan het toekomstige energieverbruik kan 
voldoen. Maar er is een mogelijkheid om een wereldwijde energie tekort het hoofd te bieden. 
Het antwoord kan gevonden worden bij technologische vooruitgang. Op dit moment stijgt 
het aandeel van duurzame energiebronnen, zoals windenergie, zonne-energie en biomassa, 
op het totale energie aanbod. Vooral de opname van zonnestralen via zonnecellen en via 
thermische warmte heeft een groot potentieel. Maar het gebruik van zonne-energie is 
beperkt door dag en nacht overgangen en ook door weersomstandigheden. Na de 
ontdekking, dat het energie principe van de zon en de sterren, kernfusie was, heeft men 
getracht om bruikbare energie van kernfusie hier op aarde op te wekken. Vrij vlug al in die 
zoektocht stootte men op verscheidene onmogelijkheden waarom kernfusie niet zal 
functioneren op aarde. Deze werden later de ' zeven onmogelijkheden van kernfusie' 
genoemd. Maar waren ze ook echt onmogelijk op te lossen? Er zijn nieuwe technologische 
doorbraken en inzichten gerealiseerd in de complexe onderwerpen zoals magnetisme, 
thermische plasma fysica en cryogène fysica. Deze technologische vooruitgang heeft ervoor 
gezorgd dat participerende wetenschappers van over de hele wereld overtuigd zijn dat een 
commercieel gegenereerde thermonucleaire fusie-energie een mogelijkheid is voor de 
toekomst. 
Het onderwerp van deze thesis gaat over een subsysteem van de nucleaire fusie machine, 
genaamd ECRH launcher. Het kan één van de genoemde onmogelijkheden verhelpen. ECRH 
staat voor elektronen cyclotron resonantie verhitting. Instabiliteit is inherent aan fusie 
plasma's. Een type van instabiliteit is de formatie van magnetische eilanden binnenin het 
plasma. Dit vermindert het warmtebehoud in het plasma. Een ERCH launcher is een 
mechanische actuator met twee graden van vrijheid. Het kan de hoog energetische 
elektronen golven correct deponeren in de magnetische eilanden. Zo kan het magnetische 
eiland verdwijnen. De thesis omvat het modelleren van de ECRH launcher. Het model is 
gemaakt om simulaties te draaien en om als basis te gebruiken om een regelaar te 
ontwerpen. Experimenten op een mock-up model van de ECRH launcher kan aanvullende 
eigenschappen boven water halen. Er zal een design voor een controller gegeven worden en 
deze zal door middel van simulaties met het model geëvalueerd worden. Tenslotte zal de 
thesis worden afgesloten met een conclusie. 
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lntroduction 

Since the industrial revolution, the demand for energy has been steadily increasing. This is 
due to the improvement in life standards of the people around the world. Noting there is a 
direct correlation of energy demand and population. On top of that, the increase of the world 
population wilt trigger a further increase of the energy need. Reliable predictive models 
foresee a rise of the world population, which top off and settles at approximately ten billion 
in 2050. Another problem is that the fossil fuels, which provides 75% of world's energy use, 
are not infinite abundant. Prognoses proclaim these fossil fuels are sufficiently available for 
only fifty years for crude oil and up to a few hundreds of years for coat. A conclusion can be 
drawn that the current energy sources wilt not meet the future energy demands. 
But there is still a possibility of diverting a worldwide energy shortage. The answer can be 
found in technologica! progress. At this moment renewable energy sources like wind energy, 
solar energy and biomass are increasing their share on the world's energy supply. Especially 
collecting solar energy as in solar voltaic and thermal solar energy has a large potential. The 
harvest of the sun's energy is limited because of day and night shifts and because of 
weather changes. After the discovery of the energy principle of the sun is nuclear fusion, 
men has sought after, to make useful fusion energy on earth. Quite early in this research, 
they stumbled over several impossibilities why fusion energy could not work here on earth. 
These were later named the 'seven impossibilities of nuclear fusion'. But are they really 
impossible? There are new breakthroughs and insights achieved in the complex topic, which 
include magnetism, thermal plasma physics and cryogenics. These made participating 
scientists from all over the world confident that commercially generated thermonuclear 
fusion energy is a genuine possibility of the coming future. 
This thesis' subject is about a subsystem of the nuclear fusion device, called an ECRH 
launcher. lt wilt tackle one of the seven impossibilities, as mentioned above. ECRH stands 
for electron cyclotron resonance heating. lnstability is inherent to the fusion plasma. One 
type of instability is the formation of magnetic islands inside the plasma, which will reduce 
the temperature confinement. An ECRH launcher is a mechanica! actuator with two degrees 
of freedom. lt is able to project the high energy electron waves into the magnetic island. This 
way the instability can be removed. The thesis describes the modeling of an ECRH launcher. 
The model is made for simulation purposes and for making a controller design. Experiments 
on a mock-up model can provide additional properties of the ECRH launcher. A proposal of a 
control design will be given and this will be evaluated with the simulation of the model. 
Finally the thesis will be closed with a conclusion. 
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1. Thermo Nuclear Fusion 

1.1. lntroduction to Fusion 
Nobel Laureate Francis Aston discovered an interesting feature about the atom weight of 
chemica! elements [1]. Helium consisting of two protons, with two electrons, and two 
neutrons was given a weight number of exactly four. Hydrogen consisting of one proton with 
one electron has a weight number of 1.008 instead of the expected weight number of 
exactly one. This irregularity is the case for all the chemica! elements. The difference in mass 
is called the mass defect. 
Together with Einstein's formula (1.1), this was the theoretica! base for the search to obtain 
useful nuclear energy, both fission of high mass elements and fusion of low mass elements. 
The drop in mass from the mass defect is equal toa high release of binding energy. 

E=mc 2 

with 
E = Energy 
m = Mass 
c = Speed of light = 2.998 e8 

(1.1) 

U] 
[kg] 
[m/s] 

Nuclear fission is already a mature technology, while the first commercial thermonuclear 
fusion power plant still has to be designed and constructed. For fusion, two positive charged 
particles are required to get close enough to fuse. As one knows, equally charged particles 
repel each other. For fission this is no problem. The positive charged core is hit by a 
neutrally charged neutron to achieve a reaction. This is why fusion is more difficult to 
achieve than fission. The repelling force between particles can be overcome by increasing 
their kinetic energy. Then the collision velocity reaches a level high enough to fuse the two 
particles. lt turns out that this would take a tremendous amount of energy. Even with the 
helpful tunneling effect, this must be about 100 [keV], which represents a temperature over 
100 million Kelvin. 
At this temperature only the forth state of matter can exist, the plasma state. As a plasma, 
the matter is fully ionized, which means that the positive core and the negative charged 
electrons can move separately from each other. 
The next problem arises; how to contain the fusion plasma? No material can be in solid state 
at such a high temperature. A simple closed container is no option. When we look around us 
for examples in the natura! world, then the stars are examples of fusion reactors. The stars 
use their huge gravitational force to confine the plasma. On earth, using gravity to confine is 
obviously not feasible at present. Using the fact that plasma is a cloud consisting of solely 
charged particles, magnetism is the long sought solution. After many magnetic alternatives 
fora magnetic containment vessel, a breakthrough carne with the Russian tokamak design. 
A tokamak is a torus-shaped containment vessel with magnetic coils that generate a 
poloidal field and a toroidal field. See figure (1.1). 
By using induction or else bootstrap current, which is a current induced by a pressure 
gradient inside the plasma, a vita! current can be run inside the plasma. This current is 
necessary for stability of the plasma for it gives the plasma its stabilizing twist. There are a 
number of tokamaks which have produced real nuclear fusion power. For example JET, the 
Joint European Torus, has done a plasma shot which achieved 16 [MW] peak power [1]. 
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PLA SMA CURRENT PLASMA M AGNET IC FIELD L I NE 

Figure 1.J(colored): A schematic view of the tokamak design principle. The centra/ transformer coil 
and the vertical field coi/s form the poloidal magnetic field. The toroidal field coi/s generale a 
toroida/ magnetic field. Bath fields re sult in the containment of the plasma (red loop}. By ramping up 
the current of the poloida/ magnetic field coi/s, a plasma current wil/ flow. The plasma current is 
necessary for stability. The combined magnetic field lines swirls around along the torus. 

1.2. Fusion Fuels 
Chemica! elements with a lower atom number than iron can theoretically deliver fusion 
energy [1] . There is a net mass defect when going up in the periodic table of chemica! 
elements until iron, which is element number 26. The highest potential of mass defect can 
be found in the lightest of elements. There are three reactions which are the most likely to 
be used for the future thermonuclear power plant. They use a combination of hydrogen 
isotopes or a helium isotope. The reaction balances are given in table (1.1). Deuterium (D) 
and tritium en are hydrogen isotopes with respectively one and two neutrons more in the 
atom core. Recall that all atoms are in the ionized plasma phase. The electrons play no part 
in the fusion reaction. Also note that ionized hydrogen nuclei are exactly the same as 
protons and 4He nuclei are alpha particles. 
Deuterium is abundantly available and can be obtained from 'heavy water'. Heavy water is 
regular water in which one hydrogen atom is swapped by deuterium (H 20 +-+ HDO). 
Deuterium can be extracted from plain water by electrolysis and then separating using the 
mass difference with hydrogen. Eventually 0.015% mass of all hydrogen obtained is kept as 
deuterium. This seems not much, but knowing that there are oceans of water and the energy 
content is 300 times denser than gasoline, the contrary is true. On top of that, it is good to 
mention that gasoline is yet a high energy medium [1, 2]. 
At the current energy consumption there is sufficient deuterium fuel to last for over a billion 
(109) years [2]. For the second reaction tritium is needed. lt is a radioactive element with a 
relatively low half-life of 12.26 years. lt can emit a beta particle (electron) and becomes 3He. 
Tritium does not occur naturally and must thus be made. There are three possible options. 
First one is to use the deuterium reaction in the tokamak. Tritium can also be bred from 
lithium. Lithium can be implemented in the walt material of the tokamak. The third option is 

4 



to use tritium from nuclear fission reactors, where it is an undesired byproduct. This makes 
tritium sufficiently abundant. Helium-3 can be obtained from similar processes as the 
options one and three of tritium. Helium-3 is not radioactive. However this is the least likely 
reaction to be used for the first generation fusion reactors. The D-T reaction has the highest 
probability of the fusion reaction to occur and is even higher regarded as potential 
candidate as the D-D reaction. 

Tab/e 1.1: Fusion Reaction Ba/ance 
A bi. k di d h. di ac ot represents a proton an a w: ,te otaneutron 

Fusion Fuel Resultant Mass Defect Energy Energy 
xl0-30 [kg] x10-12 Ul x106 [eV] 

~ • 7.19 0.646 4.03 

C. C. T p 

D D 
_, 0 5.83 0.524 3.27 

3He n 

~ ~ 
' 

C. ' ' 0 ' ' 31.4 2.82 17.6 ' 
' ' 

' 
D ' T 4He ' ' ' n 

C. _, ~ ' • 32.7 2.94 18.4 

D 3He 4He p 

1.3. Fusion Plasma lnstabilities 
From the high number of plasma experiments done up to now, it turns out that fusion 
plasmas can host several types of instabilities [2, 3, 4] . The possibility is present that such 
instability results in a disruption. This is an undesired sudden loss of confinement that 
usually terminates the plasma shot and dumps off all the plasma energy to the tokamak walt. 
This wilt yet again put large thermal stresses on the walt and causes damage as a 
consequence. This project focuses on one particular type of instability, the formation of 
magnetic islands. A typical fusion plasma consists of nested flux loops. See figure (1.2). 
Particles orbit around on the flux loop surfaces inside the tokamak. For an ideal situation 
there are no crossings of particles between the flux loops. The flux loops function as energy 
barriers since convectional heat flow is halted. The flux loops trap most heat in the center of 
the plasma. But sometimes flux loop surfaces combine and particle interchange from both 
the surfaces. This plasma instability is also known as a neoclassical tearing mode (NTM). lt 
'tears up' the smooth flux surfaces and worsens the heat confinement. When a magnetic 
island arises, an inner flux loop with higher temperature can interchange energy with an 
outer flux loop with lower temperatures. 
lt is known that the pressure and temperature values within the plasma follow a similar 
profile from high in the center, to low on the edge. The temperature and pressure profile 
flattens at the magnetic island. With no pressure gradient the bootstrap current comes to a 
halt. The dropped current in turn destabilizes the fusion plasma. 
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Figure 1.2: Schematic cut through view of a plasma loop. lelt: regular nested flux loops. Right: 
torn flux loops with magnetic islands. Picture is taken /rom /6]. 

1.4. Magnetic Is/and Suppression 
As stated, the plasma can have irregularities as magnetic islands within the nested flux 
loops. Two regions can be distinguished at the flux surface of the magnetic island. They are 
the 0-point and the X-point. Experiments have shown that supplying heating near an X-point 
tends to destabilize the plasma. While at an 0 -point, the island shrinks and when brought to 
a certain threshold size the island disappears. Thus 0-point heating stabilizes the plasma. 
Furthermore notice that the plasma consists of unbound electrons and ions. Heating will 
increase the movement of the particles, while movement of electrically charged particles is 
the same an electrical current. So fora plasma, adding heat is equivalent to adding current 
[6]. 
Magnetic islands usually occur on flux surfaces with distinct 'plasma modes'. The modes are 
indicated with 

m 
q=-

n 
with 
q 
m 
n 

= safety factor 
= poloidal mode number 
= toroidal mode number 

(1.2) 

[-] 
[-] 
[-] 

This value varies from approximately one at the origin of the minor plasma radius axis and 2 
to 10 at the edge of the plasma. The minor plasma radius stretches from plasma center to 
plasma border. The value m and nare a measure of how a particle travels around in the 
tokamak vacuum vessel. The value m denotes the poloidal loop(s) the particle makes to 
return at the same point. The toroidal mode number n is the same as m but now for the 
toroidal direction. At a flux loop q of 3/2 for example, means that a particle returns at the 
same position after two turns around the torus and moving 1.5 turn in the poloidal plane 
each turn. The plasma can usually be made stable if the safety factor is more than three at 
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the edge. With a q equal to three a strong controller still can retain the plasma. When q is 
two, it has become very dangerous and sudden loss of plasma confinement or a disruption 
is likely to occur. Note that this is a basic rule of thumb and regards the safety factor at the 
edge of the plasma [7]. 

--+ 

0 
--+ r 

Figure 1.3(colored): Schematic interpretation of a magnetic is/and and the resulting temperature 
profile. Top: a poloida/ cut through view of the plasma loop. X and 0-points are indicated. When 
the view point of the poloidal surface is fixed and the plasma evo/ves in time; the plasma seems to 
turn around its center point in the sense of the curved time axis. Bottom: The temperature profile 
plotted against the minor plasma radius. This profile corresponds to the 'equatoria/' diameter of 
the flux loops. The temperature at the is/and center position r5 turns flat or inclines, each time an 
0 or X-point passes by. The floating plot is a temperature against time plot. For two positions next 
to r5 the sinusoida/ temperature profile has been plotted. When the temperature converges an 
0-point passes by and diverges for an X-point. Note that exactly on r5 the temperature hardly 
changes. Picture is taken from [7/ 
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1.5. ECRH launcher 
An ERCH launcher is in essence a movable electron wave reflection mirror. Usually a 
launcher has two degrees of freedom. lt can sweep in the poloidal direction (up-down) and 
also can turn in the toroidal direction (left-right). lf turned in toroidal direction the ECRH is 
actually a backward/forward electron cyclotron current drive (ECCD). 
The ECRH launcher is a specialized subsystem for the tokamak device. Figure (1.4) gives a 
simplified overview of the relation between the launcher and the tokamak. The launcher 
system main goal is to deposit the generated gyrotron power on the proper place inside the 
plasma. As a second purpose, the launcher can have the objective of returning the Electron 
Cyclotron Emission (ECE) signa! to a radiometer for diagnostics. From the diagnostics a 
computer calculates the island position and sends out the desired mirror angles to focus the 
island. The gyrotron must be switched on when the mirror is in place and aimed at the 
magnetic island. 

CPU for 
;,., Data Gyrotron Driver & 

Angle Determination 
. .._ 

rotron Gy 
Sw 
Fe 

itch 
edback" v 

Gyrotron Position 
Reference 

' ( 
ECRH 

, 

Data Stream 
Electrical Wave 

Diagnostics & 
Reconstuction 

Algorithms 

"'~ 
Tokamak 

ECE 

Plasma 

"ECE 
Launcher " .. 
System 

ECRH 
7 

Figure 1.4: Schematic overview of the launcher system linked with the tokamak and plasma. A 
legend lor the links is given in the bottom left corner of the picture. lt is not obliged that the ECE 
wave passes through the launcher system. Although to have the benefits of the line-of.sight ECE, 
this has to go past the launcher system. 

ECE detection which uses the same pathway of the launcher has a big advantage over a 
radiometer which does not. A line-of-sight ECE for control feedback has recently been 
developed for the TEXTOR tokamak [7]. This sensor method for obtaining feedback, 
overcomes one big drawback of which all other sensor methods suffer. An ECRH wave shot 
into a plasma will deflect from its straight path due to local pressure and density gradients. 
By measuring and applying reconstruction algorithms an absolute position of the magnetic 
island could be solved. Then aiming the mirror on the island does not guarantee the electron 
wave will strike the target point as intended. But by using the same bent path for detection 
and actuation, this absolute position determination has become irrelevant for aiming at the 
magnetic island. This makes the line-of-sight ECE method fast and less susceptible to 
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calculation errors, thus clearing the passageway for using it for control feedback. ECE also 
uses the relation between major radius and eigenfrequencies of the electrons to determine 
the magnetic island position. There is, however, one aspect which must be kept in mind. The 
ECE has a power level of a [nW] while the ECRH wave is a [MW], making the power of both 
waves differs with a stunning 15 orders of magnitude. Stressing the fact they use the same 
wave transmission line. lt is vital that the frequencies of the ECRH do not interfere with those 
of the ECE. The radiometer of the ECE will be destroyed instantly when the coupling from the 
ECRH is not sufficiently redirected or weakened. 

1.6. Problem Statement 
An ERCH launcher is an (electro) mechanica! system with a mirror to accurately reflect 
electromagnetic waves into a fusion plasma. To clarify; throughout the report the ERCH 
launcher system will be addressed as 'launcher' or just 'system'. At the ASDEX-U experiment, 
there will be four ERCH launchers installed. Each supported with an 1 [MW] gyrotron for 
plasma heating. The mechanica! design of the launcher has been drawn and the blue prints 
are made available during the project. The main goal is to obtain a dynamica! model of the 
launcher system. Some subsidiary objectives can be stated, which should be tackled to 
support the model. There are system properties which could affect the overall system 
dynamics. This includes the high heat load on the mirrors, effects due to vacuum 
environment and relative long distance to bridge the actuation motor with the mirror. When 
talking about control of the launcher system, the bandwidth is an important control design 
parameter. What value of bandwidth is appropriate to readily track the magnetic island 
movements inside the plasma? How fast does the controlled system have to move and how 
accurate does it need to be? Experiments can be done to surface vibration modes and 
possible nonlinearities, i.e. friction. Would the launcher design reveal flaws, system design 
alteration could be considered. A supplementary requirement is that the model should be 
implemented inside Simulink as a building block. The Simulink model can function both for 
simulation as for control design. Finally the proposed controller must be verified on 
precision and stability. 

1.7. This Report 
Modeling of the launcher system can be done theoretically or experimentally. During this 
project the stress lies on the theoretica! way of obtaining a model. A set of experiments on a 
mock-up has been carried out to acquire additional system properties. 
The ASDEX-U ERCH launcher system will be further elaborated in chapter 2. All hardware 
parts and subsystems will be discussed one at a time. The place of the launcher system 
within the tokamak experiment will be clarified. 
Chapter 3 will give an overview of several characteristics of the launcher. The poloidal mirror 
rotation is actuated by a translational push rod. This will give a nonlinear transition from 
motor to mirror. An analytica! relation will be given. Besides that a relation between mirror 
angle and electron wave angle will be given in this chapter. 
In chapter 4 the real work starts. The modeling of the launcher system will be explored and 
implemented. From technica! drawing of the launcher parts, much useful information can be 
extracted. Geometry, mass, center of gravity and mass moment of inertia are a few 
mechanica! properties which are very valuable for designing a theoretica! model. The model 
should also be used as a basis to design a controller for the real system. Assumptions and 
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simplifications of the model, that are made, ought to be carefully taken and justified. This 
results in a model which should be sufficiently accurate and useful for simulation. 
At the Delft department of TNO, the mock-up of the launcher is being built up. The 
experiments were done before the whole mock-up could be assembled. So the tests only 
include the front section which contains the mirror and the pushing rods. These 
experimental measurements have been adopted in chapter 5. 
The modeling of the system has the purpose of making reliable simulations without use of 
any system hardware. This is a safe way of experimenting, because no physical damage can 
be done to the real system. After the model is completed, simulations can be run to surface 
system aspects. Also model based control design can be implemented and closed loop 
responses can be simulated. lncorporating the experimental results has led to the design of 
an alternative design fora controller. This wilt all be reported in chapter 6. 
The report wilt be closed with a conclusion and additionally some recommendation wilt be 
given for future research. 
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2. ASDEX-U Launcher System 

2.1. ASDEX-U 
The ASDEX-U is the largest German tokamak. The acronym ASDEX-U stands for Axially 
Symmetrie Divertor Experiment Upgrade [10]. lt went into operation in 1990 and is the 
successor of ASDEX. lt is a research device of the Max-Planck lnstitute for Plasma Physics. 
The tokamak is located in Garching, near Munich in southern Germany. With a major radius 
(~ of 1.65 [m] and minor radius (a) of 0.5 [m] horizontal and 0.8 [m] vertical, it is a medium 
sized tokamak, just slightly larger than TEXTOR. lts main purpose is to make the physical 
basis for ITER. lt has some characterizing features resembling ITER as in divertor type 
plasma limiting and D-shaped vessel suitable for elongated fusion plasmas. See picture 
(2.1). 

Figure 2.1 (colored): Picture of the ASDEX-U vacuum vessel, white under maintenance. 

ASDEX is known for the fact that the walls are fully tungsten. But more important is that at 
ASDEX the discovery of the plasma high mode or H-mode was done. When enough heating is 
applied to the plasma, the plasma undergoes a transition. lnternal transport barriers with 
high heat gradients are formed inside the plasma. This made it possible to have an 
improved heat confinement of about two times as high. This was very welcome physical 
outcome and a major breakthrough. Nowadays the most important tokamaks have made 
plasma shots in the H-mode and all of them experienced the benefit of the improvement in 
the performance. 
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2.2. Electron Cyclotron Resonance Heating 
The ECRH heating method has a benefit that it is able to apply heat very locally within a 
deposition area of a few centimeters. That is why ECRH usually is not used for the bulk 
plasma heating, but for dedicated heat deposition. The principle of ECRH is by using high 
energy electromagnetic waves bred in a gyrotron to accelerate the electrons in the plasma 
and thus heating them up. Energy of the electrons is then transferred to the ions by 
collisions. The frequency of the waves is set to the resonance frequency of the electrons 
inside the plasma. This is at 28 [GHz] per Tesla of the toroidal magnetic field [1]. The 
magnetic field is highest at small radius of the torus and decreasing if going farther in radial 
direction from the torus center. This in turn makes the electron resonance frequency of the 
plasma differ dependant to the toroidal radial position. In other words; if there is a fixed 
frequency that the gyrotron can emit, then there is an area sheet at only one toroidal radius 
that can be targeted to heat up. Together with the 2 DOF of the launcher this makes the third 
coordinate to target one point in 3D space. Though the target radius can be altered 
dependant on the toroidal magnetic field, there is always just one target radius at a time. For 
ASDEX-U, scientists have developed a multi-frequency ECRH [11]. This can tackle more radii 
of the plasma which increases the deposition range. There will be four gyrotrons installed 
for ASDEX-U, one for each launcher. They are set to emit waves at 105 [GHz] or 140 [GHz]. 
The gyrotrons are step-tunable and could also emit other frequencies between these two 
frequencies. lf a line-of-sight ECE is to be implemented for ASDEX-U, the multiple 
frequencies the gyrotron can emit must all be accounted for. 

2.3. ECRH launcher Driveline 
The launcher has been purposely designed to have high stiffness, low mass and low friction, 
resulting in a mechanica! design that is quite good. The pushrods and the mirror have drilled 
holes or pockets where stiffness allows it and mass reduction can give better performance. 
All parts are supported by bus bearings or roller bearings (with a few exceptions). Thus no 
face to face friction, only rolling friction is present which gives usually much less friction. At 
the transition of air and vacuum a seal is placed. Here friction reduction is also considered. 
The seal is a magnetic fluid seal. A ferrofluid is used as lubricant between the moving parts. 
Magnets keep the ferrofluid in place, even when one side is made vacuum. Thought has 
been given to the load capabilities of parts i.e. the coupling elements and the actuator have 
the same order of magnitude so the mass can be kept low [17]. 
The launcher system on itself is a combination of several devices. See figure (2.3) for a 
schematic close-up of the launcher system. The main components are launcher driveline, 
launcher mirror, position potentiometer, AC motor, resolver and servo drive. The system 
controller can be integrated in the servo drive or as an external CPU. The only part to be in 
physical contact with the high power electron wave is the launcher mirror. The launcher 
driveline bridges the 2 meter distance from AC motor to mirror. The mirror and front part of 
the drive line is put in vacuum as the plasma is. The mirror is situated in a port of the 
tokamak vacuum vessel. Thus the travel length of the electron wave from mirror to plasma is 
minimized and so the effect of the alignment error of the mirror is reduced. 
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Figure 2.3: Schema tic close -up of the launcher system as shown in figure (1.4). 

2.4. AC Servomotor 

ECE 

... 
ECRH ' 

There are various types of electric motors. The motor under consideration is a brushless 
3 phase AC synchronous permanent magnet servo motor [12]. First of all it is an AC driven 
motor. This implies that the current and voltage can become positive and negative (opposite 
in direction) over time. In this case, they are sinusoidally shaped as most AC current is. The 
motor reference current, which determines the required torque the motor must deliver, is 
separated into three phase shifted currents. This is fed to the coils in the stator to create an 
electric magnetic field. The coils are divided in three pole-pair sections, thus resulting in a 
six pole stator. For the AC motor able to operate, a DC electromagnetic rotor field must be 
present to react to the stator magnetic field. The rotor is made of neodymium-iron-boron 
permanent magnets to provide this 'DC' magnetic field. The prime advantage of using 
permanent magnets is that no wire has to be present connecting the rotating part. Life time 
is thus very good because there are no brushes which wear off and needs to be replaced 
once in a white. Another advantage of permanent magnets is that no extra power is needed 
to magnetize the rotor. The motor uses simultaneous both the attracting magnetic force of 
opposite poles (i.e. north-south) and the repulsive force of similar poles (i.e. north-north or 
south-south) 
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The synchronous feature of the motor indicates the fact that the stator magnetic field is 
rotating and the stator is rotating with the same speed. In contrary to non-synchronous AC 
motors which need some rotating speed slip to support the torque generation. The following 
equations calculate the three phase currents [18) . 

;; (t )= 3-Îs* (t )cos(0t (t )) 
3 

;; (t )= ¾Îs* (t )co{ 0;* (t )- 2;) 

;; (t )= ¾Îs* (t )co{ 0;* (t )- 4:) 

with 
i*a ,i*b, i*c = Three phase currents respectively 
Î\ = Reference current 
0*; = Motor shaft angle 

[Al 
[Al 
[rad] 

(2.1) 

(2.2) 

(2.3) 

Note that the current is directly dependant on the shaft position of the rotor. lf there is 
enough torque and no synchronization loss, the current will adjust itself with the angular 
position and vice versa. This implies that the frequency of the current signa! is varible and 
coupled with the shaft speed. 
The input requires the shaft position value to determine the coil current values. By back 
looping the position to the input makes it a servo system. The motor sensor is an analogue 
resolver. lts working principle will be explained in chapter 2.5. The current is controlled by 
the SERVOSTAR servo drive which supplies the phase currents which run the motor. lt is a 
link between the low voltage level of the control circuit (24 [V]) and the high voltage level 
(230 or 400 [V]) of the main power source and motor. The drive uses space vector pulse
width modulation (SVPWM) control for the current. lt generates a triple voltage putse train to 
manipulate the motor current and torque output. The putse train can only have two distinct 
values of fully on or fully off. lt is a fast switching PWM controller with a switching period of 
62.5 [.us], which equals to a maximum of 16000 switches per second. This controller is 
obvious not a continuous controller in contrary to a common PID controller. The magnetic 
field decays in time when the current is switched off. In other words, because the process 
incorporates inductive coils which have an inherent integrative action, the whole system 
from current to shaft position wilt be continuous after all. This is one of the reasons why a 
continuous controller is not obligated to get a smooth velocity and position profile. The main 
reason for using a switching controller is because existing continuous controllers throttle 
the input and most of the power surplus is dissipated as heat. The properties sheet of the AC 
synchronous motor type DBL 02 00080 0R2 000 S40 can be found in Appendix A. 

2.5. Motor Feedback: Resolver 
A resolver is an analogue radial position sensor. lt is usually directly placed on the motor 
shaft and from the outside it looks a bit like a regular electrical motor. The actual AC motor 
has an integrated resolver inside the motor casing and thus it is not visually distinguishable. 
Though a second connection port is attached to the motor, this gives away that a resolver is 
present. An encoder is explicitly a digital signa! sensor in contrary to a resolver. A resolver is 
based on the transformer magnetic induction principle [13]. Two transformer coils interact 
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best with each other when they are positioned parallel and least, when they are 
perpendicular. When one coil of the transformer rotates with the rotor, the interaction varies 
sinusoidally over time. A two-pole resolver consists of two fixed stator coils and one rotating 
rotor coil. See figure (2.5). The two stator coils are placed in 90° from one and another. A 
voltage with a carrier frequency of several [kHz] is put on the rotor coil. This carrier 
frequency wilt induce a frequency in the stator coils. An example response of the stator coils 
is given in figure (2.6). From the signals a radial position can be deducted. 
The resolver originates from military applications and thus is built to be robust and very 
reliable. A two-pole resolver has a typical accuracy of about a tenth of a degree. Higher pole 
resolvers are even more precise. The resolver wilt have negligible effect on the overall 
dynamics. lt is because it is analogue and has a high accuracy. So its dynamics wilt not be 
modeled and the resolver is assumed to operate flawlessly. 

Figure 2.5: Resolver coils layout. VR is the voltage with the carrier frequency and Vi and V2 are the 
sensor signals. y is the angle between rotor coi/ and motor rotor. 

Figure 2. 6: Typical pair of sensor signa Is with a modulation of the high carrier frequency and one 
low sensor frequency respectively. 
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2. 6. Position Sensor 
Besides the resolver an external position sensor is integrated in the launcher system. A 
potentiometer is connected to a spin die of 0.002 [m] feed per revolution. The potentiometer 
is actually a variable resistance which is dependant of the position of the sensor head [14) . 
Reading the voltage is a measure for the position. lt has a reach of 50 [mm] and a resolution 
of 0.01 [mm]. The sensor spin die is directly connected to the shaft of the motor by a means 
of a metal bellows. The sensor is placed at the actuation side and no sensor is placed near 
the mirror. The mirror is very close to the hot plasma and tokamak magnetic coils, which is 
not a good environment for the potentiometer to be in. After all it is better to have a 
feedback signal at the actuation side. Because of finite stiffness of the intermediate links 
from actuation to sensor, it can cause a phase difference. lf the phase difference between 
those sensor and actuator is 1r [rad] in the worst case, then it would have a destabilizing 
effect. Because of the high resolution and that the placing is at the actuation side, no 
dynamica! limitations due to the sensor are foreseen. 

2.7. launcher Mirror 
The mirror is roughly a rectangular shaped plate with a thin copper layer on it for reflection . 
The bulk mass is composed of high performance graphite (type: SGL R6810) [15, 16). See 
appendix B. Because the reflection is not exact 100% there will be an amount of energy 
absorbed by the mirror. A high thermal conductivity is good to transport the heat away from 

Figure 2. 7(colored): Picture of the ASDEX-U ECRH launcher. Two out of four /aunchers are already 
present. There is space /eft free for the next two launchers. The graphite mirrors are 
copper-layered. 
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the wave striking area on the mirror. The low thermal expansion of the graphite decreases 
the effect of the deposition area change due of temperature fluctuations in the mirror. 
Another reason why this graphite is chosen is that it has a high stiffness and low mass 
density, which enhances the dynamica! performance to be achieved. To further increase the 
performance some weight reducing pockets are drilled on the backside of the mirror. 
The center point of the mirror surface is designed to be on the same turning point for both 
the toroidal rotation as the poloidal rotation. Following that the actuation of one rotation 
angle wil! not affect the other angle directly. Though one remark must be made; the 
rotational inertia wil! be different for the toroidal angle depending on the orientation of the 
poloidal angle. The poloidal angle in turn does not have this influence from the toroidal 
angle, because in this situation there is neither variation of moving mass nor of inertia. 
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3. Launcher Characteristics 

3.1. Functional Description 
The whole launcher system consists of an electrical section consisting of the power 
electronics and controlling servo drive and the mechanica! section consisting of the 
pushrods and the actual mirror. The motor is part of both sections. No overview on the 
electrical components except the motor will be given in this report. Additional information 
about the electrical part can be found in l9l. The mechanica! part will be further discussed in 
this chapter. First an overview in a schematic drawing is given of the main parts together 
with their names. The naming will be consistently used through the whole report and an 
occasional glimpse on the drawing will enhance understanding. See figure (3.1). 
The two DOF's are designed to operate independently. Though the drivelines of both DOF's 
from motor to mirror are overlapping, this is separated by using hollow pushrods which are 
concentric but differ in diameter. The inner driveline is reserved for the poloidal DOF and the 
exterior driveline is for the toroidal DOF. 
The poloidal angle can be positioned between 10 l0 l and 80 l0 l compared to the horizontal 
plane. The toroidal angle can mechanically rotate freely a full turn. Though for the mirror to 
have a meaningful angle, is when the toroidal angle is between about -45 l0 l and +45 l0 l. 

A) 

2 3 
1 

B) 

Il 111 IV • 

C) 

Figure 3.1: A) Sketch of the mechanica/ po/oidal driveline. 1 poloida/ motor, 2 sensor spindle, 3 
vacuum bridge, 4 actuation spindle, 5 inner pushrod, 6 slim pushrod, 7 bent pushrod, 8 mirror. 
B) Sketch of toroidal driveline. I toroida/ motor, Il worm gear, Il/ outer torsion beam, IV lork 
C) Combined poloida/ and poloidal drive/ine 
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3.2. Spindle to Mirror Mechanics 
To go from the actuation spindle to the poloidal mirror angle, the translational movement 
undergoes two rotations. Figure (3.2) gives a geometrical drawing of the mirror and bent 
pushrod. 

Figure 3.2: Schematics of the mirror, bent push rod and fork. Sides A, 8, C, D and ang/e ö are 
constant. The mirror angle <p is dependant to x. 

The triangle consisting of ABx has two fixed sides and one variable side being x. As the 
motor turns, the length xchanges and this causes the mirror angle rp to change accordingly. 
The relation of xand rp is nonlinear and can be expressed by 

(
x2 -A2 +82] tp=K-arccos ----- -8 

2xB 

The backward relation is given by 

si{ ,p + J - arcsi{ ! sin(,p + J)) J 
X=A----'----~-~------'-

sin(tp+ 8) 

(3.1) 

(3.2) 

The derivation of the equations can be found in appendix C. To implement this into Simulink 
the 'look-up tab Ie' block has been used. 
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3.3. Mirror Targeting Angle 
This chapter describes the mirror angles settings to target an island center point inside the 
plasma. Since there are four launchers with each a different position, all poloidal and 
toroidal angles are bound to be different when they target the same point. The origin is set 
to be on the equatorial plane of the tokamak and situated on the torus center point. See 
figure (3.3). 

Figure 3.3: The base frame lies on the center of the torus and on the equatorial plane. The plasma 
loop is also depicted 

The point inside the plasma can be expressed in the Cartesian coordinates (x,y,z). lf the 
point is expressed as cylindrical coordinates (r,0,z), then the following transformation has to 
be used: 

Z=Z 

x=rcos0 

y=rsin0 

(3.3) 

Table (3.1) gives the approximated positions of the center points of the four mirrors. 

Tab Ie 3.1: Position of the 4 mirror centers 

Xo[m] 2.35 2.35 2.35 2.35 
Yo[m] 0.225 0.225 -0.225 -0.225 
Zo[m] 0.33 -0.33 0.33 -0.33 
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The poloidal angle of the mirror is divided into two parts. 

(3.4) 

with 
cp = Mirror poloidal angle [rad] 
cp 0 = Initia! mirror poloidal angle for horizontal wave direction [rad] 
(/Je = Pointing poloidal angle [rad] 

The first part (cp 0) is the angle the mirror is pointed at when it launches the beam horizontally. 
This is dependant of the angle of the electron wave before it hits the mirror. The mirror angle 
is set to be equal to the initia! angle which is about 37 [0

]. The second part (cpe) is the angle 
that the mirror has to make to target the point inside the plasma away from straight forward . 
This angle is halved because the angle of the beam is doubled after reflection. The following 
equation gives the secondary part 

with 
x,y,z = 
Xo,Yo,Zo= 

Cartesian coordinates of target point 
Cartesian coordinates of the mirror face center point 

(3.5) 

[ml 
[m] 

When calculated numerically in MATLAB the function 'atan2(num,den)' should be used to be 
sure it uses the correct quadrant. For the toroidal angle the following equation wil! be used: 

f//e =arctan(y- yO) 
z-zO 

with 
lfle = Pointing toroidal angle 

(3.6) 

[rad] 

The wave will also have a doubled deflection angle compared to the toroidal angle. So the 
actual toroidal angle should still be halved as is the case with the poloidal angle, though it 
has no initia! angle. When for example the target point is [x,y,2)= [0.5, 1,-0.5] then the angles 
should be 

anglephi_e [deg] =[ 
anglepsi_e [deg] =[ 

31.5426, 23.2135, 38.6542, 33.7630] 
136.9626, 102.3722, 124.1196, 97.9008] 
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Figure (3.4) gives a visualization of the example. 
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Figure 3.4 (colored): A star represents a center point of a launcher. A square represents the origin 
and the circ/e is the target point. The electron wave path is depicted by lines. Top lelt: 3D view. 
Top right: viewing vector -x. Bottom lelt: viewing vector y. Bottom right: viewing vector z. 

The analytica! results show that all four launchers need different inputs to target the same 
desired point. In this analysis the effect of wave bending inside the plasma is ignored. This 
causes the real deposition point to deviate from the target island center point. The influence 
of wave bending can be compensated for by using the line-of-sight ECE principle as 
demonstrated in TEXTOR. 
Also recall that the r coordinate is fixed for a certain electron wave frequency. The island 
center point is moving over time in the plasma. Only if the center point crosses the radial 
coordinate target sheet, it can be targeted by the electron wave. 

3.4. Launcher Dynamica/ Requirements 
The requirements for the ASDEX-U ERCH launcher are adopted from the requirements as 
posed for the TEXTOR launcher ISl. The conditions for TEXTOR are based on typical island 
movement and island growth for TEXTOR plasmas. The mirror rotational velocity is set to be 
10 1°1 within 100 lmsl with a position accuracy of 1 1°1. The slower toroidal DOF of the 
ASDEX-U launcher is not designed for fast dynamics and these requirements only apply for 
the poloidal direction. The difference between the two tokamaks is that ASDEX-U has a 
D-shaped plasma inside the vessel, while TEXTOR uses plasmas with circular cross-sections. 
The plasma particles in a D-shaped plasma have an extended pathway which makes them to 
use more time to do a full turn in poloidal direction. So the launcher requirements of TEXTOR 
should also be sufficient for the ASDEX-U launcher. 
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4. ECRH Launcher Modeling 

4.1. Purpose of Modeling 
The benefit of making a model of a system is to gain knowledge without having limitations 
the real system will pose. Limitations can be high cost, impractical size, personal or 
environmental hazard and possible system alterations due to experiments. To gain helpful 
knowledge, the model should correspond to the real system as much as possible. The effect 
of simplification should not be ignored as well. lf a contributing factor is very small and not 
of importance, this could be excluded from the model. The advantage of simplification is 
that the calculations become easier and faster without loss of (much) accuracy. 
The model of the ASDEX-U ECRH launcher should be a dynamica! model that describes 
movement and force relations. There is an additional requirement stated for the model. lt 
should be implemented in Simulink. As a Simulink model block, the model is very accessible 
for simulations and for testing control designs. 
There are a number of ways to obtain a dynamica! model. Each of them encompasses 
advantages and draw-backs. First of all, a model can be based on theoretica! laws and 
formulas or based on experimental measurements. They can also be a hybrid of both like 
empirica! mode Is. The advantage of theoretica! models is that a thorough understanding of 
the system dynamics will be given. The reason, why a system behaves like it does, can be 
explained. A theoretica! model can be chosen as detailed as wished. But there is also a cost 
concern. The optimum between modeling effort and model accuracy should be accounted for. 
This is in contrary to experimental models which usually give less understanding of the 
underlying system dynamics. A big advantage of experiment based models is that it 
includes all participating influences. This makes the model 'complete' and the tradeoff 
between effort and accuracy is not relevant. By fitting techniques an experimental model can 
be turned into a parametric model. This makes it more convenient for further study. From 
dedicated measurements all system parameters could be determined. This is often not the 
case for theory based models. Exact values for some parameters are difficult or even 
impossible to obtain. Then a range of possible va lues could be tried to gain insight. 
The purpose of all models stays the same. They should mimic the real process. Often there 
are bounds set for which conditions the model is valid. When knowledge beyond these 
bounds is desired, extrapolation of the model could be an option. Theoretica! models tend 
to do better than experimental when these regions are looked at. For this project, emphasis 
is on the theoretica! way of obtaining a model. Though information collected from 
experimental measurements is used to fill up spots where the theoretica! way falls short. 
This chapter will describe the modeling of the ECRH launcher step by step. First a single DOF 
is treated which is the poloidal rotation of the mirror. Starting from chapter 4.6 the two DOF 
are combined together. The toroidal direction is quite straight forward because there is a 
linear relation between toroidal motor position and toroidal mirror angle. For the poloidal 
direction, as was mentioned in chapter 3.2, this is not the case. 
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4.2. B/ue Prints: Extracting Data 
The theoretica! model is based on information from the blue prints of the mock-up parts, 
manufacturing information and information from literature. The original design of the 
launcher has been adjusted by TNO to make it ready for manufacturing of the mock-up. 
These adjustments are incorporated in the model. 
For several parts the mass moment of inertia (tensor) had to be found. From the knowledge 
of the material and the sizes this can be calculated [19]. lf rotation is only possible around 
one axis, a single value is sufficient and no full tensor has to be calculated. For example 
when a cylinder is rotating around its centra! axis the equation becomes: 

1 
J=-mr 2 

2 
with 
J = Mass moment of inertia 
m = Mass 
r = Cylinder radius 

(4.1) 

[kgm 2
] 

[kg] 
[m] 

When the cylinder is hollow the imaginary mass moment of inertia of the gap should be 
subtracted to get the actual value. The same applies when an additional geometry is present. 
Then the mass moment of inertia the supplementary piece should be added. The reference 
axis of rotation should be the same for all pieces. lf not the formula of Huygens-Steiner 
should be used to take the shift into account. 
The blue prints do not include the worm wheel which drives the toroidal angle. A worm 
wheel transition has one gear ratio which is dependant to the angle of the teeth. An 
approximation of in and outgoing radius has been used as gear ratio. The toroidal gear ratio 
is set to be 3.4 [-]. 

4.3. Rigid Body 
Given the fact the whole drive line from motor to mirror has no spring elements and mostly 
consists of steel bodies and solid contacts, the stiffness is kept high. Keep in mind that 
roller hearings have direct contact and theirs stiffness's are in the order of le8 [N/m], which 
is high. So when body stiffness is ignored as welt and assumed to be infinite like rigid 
bodies, then the first model can be made. By adding all the masses the model simplifies to a 
single mass model. The spindle ratio must be implemented right by the following equation: 

min 
mout =-.-2 

I 

with 
mout = Outgoing equivalent mass 
min = lngoing mass 
i = Gear ratio (outgoing divided by ingoing) 

(4.2) 

[kg] 
[kg] 
[-] 

The square for the gear ratio originates from the fact that the force and the arm are both 
reducing the effective mass (or inertia). This basic model gives an indication of the dynamics 
between the excitation force/torque and the mirror movement. 
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4.4. Finite Stiffness 
All real systems incorporate eigenfrequencies. This gives a possible limit to the bandwidth 
that can be achieved by a regular controller design. For the rigid body this limitation is not 
apparent. Thus the bandwidth is unbounded as welt. This is a critica! flaw of rigid body 
models. The model can be improved by undoing the infinite stiffness assumptions. The 
method elaborated by Koster (20, 21] is a way to include the stiffness from the parts into the 
model. Using the elasticity of the materials, the stiffness can be calculated i.e. fora pushrod 
the stiffness is 

EA 
C=2-

with 
C 

E 
A 
I 

/ 

= Stiffness 
= Young's modulus 
= Cross-sectional area 
= length 

(4.3) 

[N/m] 
[N/m 2

] 

[m2] 
[ml 

Notice the factor two in the formula. The reason is that the representative concentrated 
mass is not situated on the end of the rod but in the middle. See figure (4.1 A). When two in 
series connected spring elements are replaced by one equivalent spring element, the factor 
two will drop again. In some cases the rod is not used for pushing, but as a rotating torsion 
beam. Fora cylinder shaped beam the following equation must be used: 

Gtrd 4 

k=--
321 

with 
k = Rotational stiffness 
G = Shear Modulus 
d = Diameter 

(4.4) 

[Nm/rad] 
[N/m 2

] 

[ml 

For a slim torsion beam the inertia contribution can be ignored. The part is modeled as in 
figure (4.1 B). 

A) B) 
C 

C 

Figure 4.1: Dynamic representation of A) pushrod and B) torsion beam 
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The geometry of the mirror has been simplified toa 150><30><340 (lxhxb) [mm3
] cuboid. The 

mirror is modeled as a lever with a center pivot point. See figure (4.2). Therefore the mirror 
has its mass and stiffness divided in two parts. Furthermore the weight that is effective is 
only one third of the actual mass because of the rotational movement. The mirror is modeled 
as having two parts of 0.459 [kg]. In reality the mirror weighs about 2.40 [kg]. The mirror is 
modeled as being symmetrie around the axis of rotation. The properties sheet for the mirror 
high grade graphite can be found in appendix B. The equations to find the mirror parameters 
for both ingoing and outgoing arms are given by 

1 
m=-bhlp 

3 
3EI 

C=-
/3 

where 

l=_]__bh 3 

12 
with 
m 
I 
b 
h 
I 
p 

=Mass 
= Length (from pivot to end/link) 
= Width 
= Height 
= Second moment of area 
= Mass density 

= 0.170 
= 0.150 
= 0.030 

(4.5) 

(4.6) 

(4.7) 

[kg] 
[m] 
[m] 
[m] 
[m4] 
[kg/m3

] 

Figure 4.2: dynamic representation of the mirror, mode/ed as a lever. 
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Figure (4.3) gives the whole system far the phi rotational degree of freedom. Table (4.1) is an 
overview of the part list and va lues of the model components. The model can be reduced by 
determining the equivalent mass moment of inertia and rotational stiffness far each part by 
incorporate transmission ratios and consecutive springs. The fallowing values can be faund 
far lnertia /[kgm 2

] and rotational stiffness k[Nm/rad]: 

J = [1.30e-5, 
k = [O, 

4.84e-7, 
59.17, 

3.42e-7, 
23.69, 

1.87e-7, 
26.97, 

2.91e-7, 
32.23, 

2.91e-7 ]; 
0.6433 ]; 

Notice that the first element of k is zero, because the system is not modeled to be grounded. 
This gives a rigid body mode. The motor can rotate freely around its own axis, so that is 
deliberately modeled as such. The result of the consecutive spring mass model of the 
driveline from poloidal motor to mirror gives 99.5 [Hz] as the lowest eigenfrequency. The 
biggest contribution to this frequency is the relative flexible mirror. The lowest 
eigenfrequency is relatively high. With a driveline that mostly consists of stiff elements, the 
value is realistic. 
This value can be set as upper boundary far the control bandwidth. Because actuation at and 
also beyond the eigenfrequency usually gives an undesired response. Though there can still 
be some limiting factors which give a negative contribution to this bandwidth. This model 
presumes that the supports are designed stiff enough. Thus assuming it wilt not influence 
the driveline. Also the transmission of farces is only exerted in the direction the driveline 
actuation from motor to mirror. lt is possible that the same farces can trigger 
eigenfrequencies that are not in this line, i.e. originating from a weak support or a sideways 
movement of a driveline part. 
Notice that the vacuum bridge is not included in this analysis. This is due to the fact this part 
was not included with the blue prints. lt was intended to be delivered as a finished part far 
the mock-up. The consequence to this result would be a slight decrease of the faund 
eigenfrequency. 
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Ti. bt D a e 4.1: ,vnam,c svstem parameter. 

ffis2 /motor Motor inertia 

1.3 e-5 [kgm 2
] 

k1 Sensor spindle stiffness 

1.01 e3 [Nm/rad] 

Cs1 k2 Spindle stiffness 

8.67 e2 [Nm/rad] 

Ïspindle Spindle feed 

2n/0.005 [rad/m] 

C3 Inner pushrod stiffness 

1.07e8 [N/m] 

ffl3 Inner pushrod mass 

0.764 [kg] 

C4 Slim Pushrod stiffness 

2.61e8 [N/m] 

ffl4 Slim pushrod mass 

0.540[kg] 

C5 Bent pushrod stiffness 

1.64e8 [N/m] 

ms Bent pushrod mass 

0.295 [kg] 

Ïpushrod Rod transmission ratio 

~ 1 [-] (average) 

ms1 Mirror mass (upper/ lower) 
ms2 0.459 [kg] 

Îsplndle Cs1 Mirror stiffness 

1/ 

Cs2 2.06e6 [N/m] 

Ïmirror Mirror ratio upper/lower 

1 [-] 

Jmotor 
Figure 4.3: launcher dynamica/ system 
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The stiffness of the supports and parts can be investigated. With the finite elements method 
(FEM) the structural integrity of these components can be determined. Because most parts 
have complex geometry, this study has been done numerically. The software package used 
during this project is NXS. This package is primarily a 3D CADCAM software. Add-ons such 
as motion animation and FEM analysis from NX Nastran make it a very versatile design 
package. Only drawback is that the motion and FEM analysis is not compatible together for 
this version to do full driveline studies. Maybe future versions of NX wilt incorporate this. 
Before the modal analysis can commence the parts must be drawn in the 3D environment of 
NXS. This is done using the blue prints. After that, the part must be transformed into a FEM 
model, by selecting the right element size and boundaries. NX Nastran is the solver which 
wilt perform the dynamica! modal analysis of the components and returns the results. 
A close-up of the mirror shows the following results. The lowest eigenfrequency of this part 
is found to be 172 [Hz]. The mode which it is linked with is the flapping motion of the lower 
half of the mirror. See figure (4.4). A comparison can be done with the preceding method. 
For the mirror as single part, it results in an eigenfrequency of 237 [Hz] for the same mode. 
The mass and stiffness vector for the mirror is 

m 
k 

= [0.459, 
= [O, 

0.459 ]; 
1.03e6 ]; 

Because the geometry is simplified in this analysis, the analysis by the FEM method should 
be more accurate. 
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Figure 4.4 (colored): Finite elements method applied on the mirror. The display shows the 
displacement of the first mirror mode at 172 [Hz]. This is the flapping motion of the lower mirror 
half. 
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Further analysis of the slim push rod, the bent push rod and an 'arm' of the fork has been 
done. See figure (3.1) to check their position in the driveline. Making the right choice of 
boundary conditions is imperative. Wrongly placed conditions alter the results. lt can be off 
a factor two for the eigenfrequency. The lowest frequency found by the FEM analysis is 
situated in the arm of the fork. See figure (4.5). The part can oscillate sideways with a 
frequency of 53 [Hz]. However the mirror is supported with two fork arms and the bent 
pushrod. So the whole wilt be stiffer and thus wilt provide a higher frequency then the one 
found for a single fork arm. This movement is not inherent to the poloidal or toroidal 
driveline. So the degree of coupling of this sideways movement with actuation force should 
be incorporated. Simply said no coupling from the excitation also means that the vibration is 
not active. Experimental measurements should be done to get a value of the coupling. 
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(fJ Mode 3, 2.837e--002 Hz 

Mode 4, 3.◄99e+002 Hz 

@ Mode 5, 8.833e..-002 Hz 

~rtedResuls 

V.ewports 

■ FmgePlots 

r...,,.,.. 

1 309• 

1 01Be+OOO 

B. 729e-001 

7 274e - oo, 

5 . 819•-001 

4 J64e - 001 

2.910e-00 1 

1 45iz~, 
> 

6 . 91 06 
X 

Figure 4.5 (colored}: FEM analysis of a fork arm. The lowest eigenmode is found to be at 53 [Hz] 
and belongs toa sideways movement. 

Apart from the fact the FEM method generates more accurate results, a full driveline modal 
analysis is not possible with NX5. So the best approximation of the driveline lowest 
eigenfrequency is 99.5 [Hz] which is found in the first analysis. 
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4.5. State Space Model 
The state space model wilt be a concrete model which can be used for simulation and also 
wilt support the controller design. Preceding models are primarily made to identify model 
parameters and are not suited for control design. The state space model consists of an input 
being the motor torque and an output being the sensor spindle position. Figure (4.6) shows 
the dynamica! model of the launcher. The left model has the spindle gear ratio modeled as a 
lever. This links the rotational movement of the motor with the translational movement of 
the push rods which actuate the mirror. The right model is equivalent, but the gear ratio has 
been implemented into the model parameters. The parameters c and b2 represent the finite 
stiffness and damping of the driveline. d1 embodies the system damping/friction of the 
whole system. 

A) •111 B) 
k:.!.... T <11 4> = j X 

1 -2 2 2 1 

~ 
11 T 

m2 

~ 
11 12=--2 

1 

x2 
d1 

b2 
Figure 4.6: A) Spring damper model of the launcher. B) Transmission ratio eliminated by 
calculating equivalent parameters. 

Notice that the model retains its rigid body mode for the fact that it lacks a spring to the 
earth. The deduction of the state space model can be found in appendix D. The states are 
chosen to be 

<fl1 

U= 
'P1 
X2 

X2 
with 
u 
(f)1 

X2 

= State vector 
= Radial position of motor (and derivatives) 
= position of spin die nut (and derivatives) 
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[rad] 
[m] 



From Newton's second law of motion the following vector equation can be found 

Ü=Au+BT= 

with 

0 
C 

//2 
0 
C 

m/ 

A = State Matrix 
B = Input Matrix 
T = Motor torque 

m/ 

0 
C 

// 
0 
C 

0 
b 0 

1 
J/ J T 
1 

u+ 1 

b 0 
0 

/ 1 = Sum of mass moments of inertia of motor to spindle 
d1 = External rotational dam ping coefficient 
b = Structural translational damping coefficient 
i = Spindle gear ratio 
c = Structural translational spring coefficient 

(4.9) 

[Nm] 
[kgm2

] 

[Nms/rad] 
[Ns/m] 
[rad/ml 
[N/m] 

The output is measured with the spindle sensor which has a spindle gear ratio of 0.002 [m] 
per revolution. The output equation equals 

y=Cu=[ 1 o o o]u 
1000Jl' 

(4.10) 

with 
y = Output vector 
C = Output matrix 

In Simulink there is a 'state space' block where the system can be filled in direcUy. lt is 
possible to build the system equations with basic blocks. This way the amid lying va lues can 
be monitored more easily. 
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4.6. Two DOF Mirror Dynamics 
The analysis up to now mostly consisted of only the poloidal DOF. For the following model 
the toroidal DOF is included. The deduction of the dynamica! model [19] can be found in 
appendix E. The describing equations for the mirror are given below. The differential 
equation for the poloidal direction is: 

ip= ;u (0.087sin(q,)-0.053cos(q,))+ /J~-/lzz (v,2 cos(q,)sin(q,)cos(VJ")) 
cfn cfn 

Mu + u lzz -;/ n Xvrsin(Vf )sin(q, )+ 'P Xvrcos(Vf )sin(q,)) vr<iJsin(q,Xsin(Vf )sin(q,)) 
-------------------+---~~---

; J w cos( q,) cos[q,] 

-v,2 cos(Vf )sin(q, )-v,<iJsin(Vf )cos(q,) 

The equation for the toroidal direction is: 

.. Mu + (; lzz -;/ n Xvrsin(Vf )sin(q, )+ 'P Xvrcos(Vf )sin(q, ))+ ;/ yy1/F'ÏJSin(q,) 
Vf=-------------c--,----------

; J w cos(q,) 
with 
lfl = Toroidal angle for ECCD (and derivatives) 
<p = Poloidal angle for ECRH (and derivatives) 
J = lnertia 
F = Force 
M = Moment 

(4.11) 

[rad] 
[rad] 
[kgm 2

] 

[N] 
[Nm] 

(4.12) 

The equations are clearly nonlinear. The poloidal movement is also affected by a moment on 
the toroidal direction. This includes centrifugal forces. lt makes the mirror towards aligning 
perpendicular to the toroidal axis of rotation. 
lt turns out that an analytica! model for the full driveline would be very laborious. Therefore 
Simulink SimMechanics was used to model the whole driveline. This will be discusses in the 
next paragraph. 
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4.7. SimMechanics 
As seen in the last chapter of the mirror model, it can get laborious very fast to get to a 
dynamica! model of even a single body. The non-linearity of a two axis rotation is not simply 
linearizable. lnstead of linearizing and simplifying the model, it is possible to let an 
algorithm do the math. MATLAB Simulink SimMechanics is a potent software package to 
deal with multi-body models effectively [22). The real power is that it is not any longer 
required to write everything in the same axis frame anymore. Take the one which is the 
easiest to define and let MATLAB calculate the relations. Another big advantage is that 
SimMechanics is part of Simulink. (ontrol schemes and other Simulink block models can be 
coupled onto the model. 
In SimMechanics there are two mayor types of model blocks. One can be categorized as 
bodies and the other as links. Next to these two, there are several other types like sensor 
blocks, but these are not necessary for building the model itself. Ground blocks (fixed to the 
earth) are considered to be body blocks. A body block must always be connected with a link 
block i.e. a revo/ute block. lf there is a fixed link between two bodies, still a link block must 
be used. The weid link block must be inserted. The same holds for two link blocks, they are 
not allowed to be connected with each other, which should be obvious. Links with no bodies 
on one side, a dangling bond is not accepted as welt. Another rule is that there can be many 
ground blocks, but there must be always only one ground block with an environment block. 
The environment block determines the gravity force and direction. Vet if none of the bodies 
is linked to the ground i.e. an airplane, then the way to link it correctly is by using the 
six DOF link block. Practically speaking, the environment ground block can be connected 
anywhere. lt is not necessary to define the origin with a ground block, though it is 
referenced by other block if absolute coordinates (world) is used. 
What information is required to build a SimMechanics model? For each body block you need 
the mass, the inertia, the position of center of gravity and the corresponding position of the 
links. For the inertia it is best to use the principle axis of the body as reference and turn it in 
the initia! position (orientation). To calculate the inertia of a real part analytically is quite 
burdensome, so simplification of the geometry is essential. But there is another solution. 
Because the parts are already drawn in NXS it is very easy to obtain the exact values for 
inertia as welt as mass. By placing a reference axis for the part in NXS, you can also obtain 
the center of gravity. This synergy of SimMechanics and NXS is most welcome. 
Links are very straightforward to implement into the model. Select the right type of link from 
the library list. For revolute and prismatic links you have to fill in the movement direction 
whether it is a rotation or translation. You must connect the link block with two body blocks. 
Verify that the link positions set for both bodies are fitting. lf more links are present on one 
body, then an extra connection port can be opened in the body block. Just tick the square 
next to the line to activate the extra port. A spindle block is a special link. lt connects a 
translating body with a rotating body. You can also fill in the transmission ratio as the feed . 
The value is already to be per revolute, so no factor 2n is needed. For the sensor spindle this 
is 0.002 [m/rev] and 0.005 [m/rev] for the actuation spindle. 
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Within SimMechanics there is a very useful model drawing tool. This can visually represent 
the model set-up and the simulation movements. Because the model does not include 
geometry directly, it can only give a simplified visual representation. There are two ways the 
model can be represented. The first is by connecting the various positions of the links and 
center of gravity. To enhance the visualization you can add more coordinates in the body 
block. There are four edge positions added for the mirror. Now with all other positions the 
mirror has become a 3D figure in the visual representation. The other way is by ellipsoid 
representation. From the mass and inertia tensor, an equivalent 3D ellipsoid can be drawn. 

4.8. Flexible Bodies within SimMechanics 
SimMechanics is a software package which does not support modeling of flexible bodies. 
There is a spring link block, but this is a vibrating link and nota vibrating body. But because 
Simulink is above all a mathematica! package, there is a way to implement flexible bodies 
after all [23]. The transcript describes a way to make a body flexible by using a governing 
state space model. lt actually describes two ways of modeling flexibility. But one is only 
suited for simple beams. The state space model functions as a black box model which gives 
the desired vibration from a given input. An auxiliary experiment or finite elements analysis 
should provide the input data of the vibration. The data are the mode eigenfrequency, the 
coupling with the input and mode damping. From these data the theory calculates the A 
matrix and the B, C and D vectors for the state space vibration model. The values of the state 
space model are not physically meaningful. lt only links the input with the right output. 
The transcript also gives a road map to implement the theory. When all steps are successful, 
there should be a body subsystem as given in figure (4.8). 

Flexible-8ody MASSLESS 
Co nne 1ion BODY 

Rigid-Body 
Connecuon 

Reacrion Reacrion 
Force~- -► STATE-SPACE ·· · ··- Force 

: MODEL 

' ' ' ' ' 

' . . . . 
DEFLECTION 

JOINT Deflecrion 
Motion 

RIGI0 BODY 

DEFLECTION 
JOINT 

Figure 4.8: F/exib/e mode representation. Picture is taken from [23] 

38 

7 

MASSLESS Flexible-Body 
BODY Connection 

Rigid-Body 
Connection 



The model retains the possibility to switch from rigid body to flexible body without problems. 
The links should be connected with the Rigid-Body Connection ports to do a rigid body 
simulation or with the Flexible-Body Connection to do a flexible body simulation. The 
Massless Bodyblocks are added for the sole facta dangling bond is not allowed. They have 
(near) zero mass as zero size and will not influence the calculations. The simultaneous data 
stream toward and from the state space model can cause problems to solve the simulation. 
Algebraic loops are causing the problems. The loops can be broken by using filters for the 
outputs of y. For each output state being the position, the velocity and also the acceleration 
a low pass filter must be added. The cut off frequency must be chosen high enough to not 
influence the overall dynamics. 

4.9. Friction 
For the design of the launcher, the friction has been reduced as much as possible. Almost all 
moving parts are supported by rolling bearing or bearing busses. Rolling friction is typically 
much less than face to face friction. The mirror and front part of the driveline is located in 
vacuum. There, the bearings have no lubrication and are supported with dry rolling bearings. 
Hertzian contact stress is higher in this situation, but by using high stiffness ceramic 
bearings this should not pose any problem. The bearings are also highly tolerant to 
temperature. 
lt is assumed that friction will have only a limited contribution and wilt not be dominant to 
the launcher dynamics. Friction models range from the simpte Coulomb friction model to the 
very comprehensive Leuven friction model [24, 25]. The choice is to use a relatively simpte 
model and more particular the Coulomb with viscous friction model. See figure (4.9). The 
main reason for choosing a basic model is that the comprehensive models need a lot of 
experimental data. The specialized friction models will give futile enhancements to the 
dynamics of the launcher system. These minor contributions can simply be modeled as 
disturbances. 
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Figure 4.9: Graphical representation of the friction model. The graph shows a friction model lor a 
rotary system. 
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The friction model wilt be used as a simulation module and also a prediction reference for 
feed forward control. The simulation model is effectively modeled to reduce the motor 
torque as a function of the speed. Ata zero motor torque and nonzero velocity the model still 
generates a friction force and decelerates the system to a stop. The discontinuous step in 
the Coulomb friction at zero velocity has been modeled with an arctangent to make the step 
into a steep slope. The following equation has been used: 

Fcoulomb = Foffset 3.. a rcta n[~J 
1[ vref 

with 
Fcoutomb = Coulomb friction force 
foffset = Friction step offset 
v = Velocity 
Vret = Slope coefficient 

(4.13) 

[N] 
[N] 
[m/s] 
[m/s] 

The factor 2/n: is to force the plateau of the function at a nonzero velocity to one. The 
denominator of the arctangent function Vret is chosen small to get the steep slope. The 
function is thus made continuous, which makes it more suitable for simulation. In reality 
there exists a physical phenomenon which is called micro-slip. The small adaptation by the 
steep slope is actually more resembling reality then a step is. 
The viscous friction is simply modeled as a function of the velocity. lt is identical to the 
damping force in a common mass, spring and damper system. The equation is given as 
follows 

Fviscous = fgainV 

with 
Fviscous = Viscous friction force 
fcain = Friction coefficient 

(4.14) 

[N] 
[Ns/m] 

Adding the two friction forces completes the Coulomb with viscous friction model: 

Ffriction = Fcoulomb + Fviscous 

with 
Frriction = Friction force 

(4.15) 

[N] 

By looping the velocity, an algebra ic loop is introduced in Simulink. This can be broken by a 
low pass filter as described in paragraph 4.8 Flexible Bodies within SimMechanics. The 
friction force calculated by the friction module within Simulink is designed to be always in 
opposite direction as the velocity. Thus the friction force is decreasing acceleration or 
increasing the braking force. 

4.10. Motor Model 
The base for the motor model is the Ohm law [18]. This relates the voltage with the 
resistance times the current. The magnetic force originates from the current in the coil 
windings. The coils are modeled with an inductive term. An electric motor also experiences 
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an opposing force. lt is known as back electromotive force (EMF). lt is the resistance to flux 
changes and is also adopted in the model. The governing equation for an electric motor in 
the frequency domain is 

V = Rl+Lls+E 
where 

E = kTkE I 
/s 

with 
V = Supply voltage 
R = Motor resistance 
I = Circuit current 
L = Motor inductance 
E = Back EMF 
s = La place transform constant 
kr = Torque constant 
kE = Voltage constant 
J = Mass moment of inertia of motor and load 

(4.16) 

(4.17) 

[V] 
[Q] 

[Al 
[Hl 
[V] 
[-] 
[Nm/Al 
[Vs/rad] 
[kgm 2

] 

EMF is dependent on the load that is coupled to the motor. So the dynamics of the motor 
itself will change whenever the load is changed! In common literature this term is usually 
disregarded. The mass moment of inertia is inversely dependant and assumed to be large 
enough for Eto be neglected. But for the launcher the mass moment of inertia is relatively 
small and by doing the calculations given below, a clear interaction of the back-EMF is 
present up toa frequency of 120 [Hz]. So 'electrical damping' is a factor to be acknowledged. 
The open loop block diagram of the motor is depicted in figure (4.10). 
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Figure 4.10: A) Open loop b/ock diagram of motor and mass model B) Equivalent model, where E 
is integrated info the motor model 

41 



Rewriting the equations toa motor current open loop transfer function M(s) results in 

M(s)=_!__= /s 
V Jls 2 + /Rs+ k,kE 

(4.18) 

By expanding the model with the launcher mass dynamics, the OL transfer model becomes 

with 
0 
C(.s) 

T,.ef 

= Angular shaft position 
= Controller 
= Reference torque 

(4.19) 

[rad] 
[V/A] 
[Nm] 

The controller C(.s) contains the dynamics of the PWM controller and current controller. To 
make the dynamics of the motor apparent, the controller has been set to be a basic gain 
controller of magnitude 1 or O [dB]. The mechanica! system is simply represented as a mass 
system and other dynamics are not considered for clarity of the motor transfer function. The 
open loop Bode diagrams of M(s) and H(.s) are given in figure (4.11) and (4.12) respectively. 
The motor characteristics can be found in appendix A. 
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Figure 4.11: Bode diagram of the motor, M(s). The top is situated at about 750 [rad/sf or 120 [Hz] 
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Figure 4.12: Bode diagram of the open loop system, H(s). 

As can be seen in the motor Bode plot, the back EMF is very clearly present by the +1 (20 [dB] 
rise per decade) slope at low frequencies. Together with the launcher mechanica! dynamics 
the slope changes to a -1 slope for frequencies below 120 [Hz] and a total of -3 at higher 
frequencies. 
A suitable controller design for the current controller could be a PI controller with a double 
integrator action. One integrator is present to level the +1 EMF slope and the other to take 
care of the steady state error. Assuming the current controller is well designed by the 
manufacturer, it is possible to ignore all dynamics of the motor current loop and assume an 
ideal transfer function of O [dB] for all frequencies within the bandwidth of the current 
controller. 
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5. Launcher Characterization Experiments 

5.1. Mirror Mechanica/ Modal Ana/ysis 
These set of experiments were carried out on the front mechanica! part of the launcher. lt 
consists of the parts behind the actuation spindle and reaching from inner pushrod to the 
mirror. The outer torsion beam and other parts for the toroidal DOF have been fixed and are 
only used for supporting the poloidal rotation DOF. The mock-up is put on a triangular 
horizontal base plate with two oblique downward side plates. These three plates form a 
three point fixation on the vertical vacuum vessel wall. During these experiments the 
vacuum vessel is no part of the system. So each angle of the horizontal base plate is 
alternatively supported loosely on three relative flexible polymer poles. 

5.2. Experimental Set-up 
The data processing is done on a PC with Siglab software installed. See figure (5.1). The 
Siglab data acquisition device is connected to the PC and also fed with sensor voltage 
signals. The impact hammer PCB086B03 has been used as excitation source. This gives a 
putse signa! when excited. An internal piezo element undergoes the impact force and 
returns a voltage. The hammer is calibrated at 2.10 [mV /N]. The first sensor Ki stier TAP 8696 
is an analogue acceleration sensor which can be set to rotational movement or translational 
movement. A transducer is complementary to the sensor and it interchanges the sensor 
charge [C] output to an equivalent voltage M. The corresponding calibration value of this 
particular sensor was not present. Calibration charts of sensors of the same type have been 

Siglab computer 

hammer 

ECRH launcher 

transducer 

Figure 5.1: Schema tic view of the hammer impact experiment set-up 
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used to determine its probable calibration value (see appendix F). The average va lues of four 
sensors with about 2% spread are for rotational acceleration, 0.479 [mV /(rad/s2

)] and for 
translational acceleration 1012 [mV / g]. By replacing the gravitational factor gby 9.81 [m/s2

] 

this turns to 1.012/9.81 = 0.103 [V/(m/s2
)]. Another two translational accelerometers type 

4367 from Brüel & Kj~r have been used. The calibration value of the sensor with serial 
numbers 805972 and 1074096 are 2.00 and 2.45 [pC/(m/s2

)] respectively. The transducers 
for the B&K sensor are Charge Amplifiers type 2635 from the same manufacturer. On these 
transducers the calibration value can be set and also an amplifier factor can be included. 
This way a straightforward factor of 100 is applied to the experiments signals to change the 
value from voltage to acceleration. 
For the measurements which are done to characterize the mirror driveline, the mirror has 
been turned 90 degrees in toroidal direction. The reason is that the mirror is not balanced 
for its center of gravity is slightly above the center of rotation. This tends the mirror to drift 
away from its initia! position. By turning the mirror, this does not happen anymore. lt is 
because the gravity is now pulling in the toroidal direction which has been fixed. 
To get better results from the hammer impact experiments, some practical techniques have 
been used [26]. A possible problem is leakage of the sensor signals. The response might be 
not fully damped out at the end of an experiment time span. lnequality of the first and the 
last sample of a measurement causes leakage. By using a window, (most) leakage can be 
removed. But this wilt distort the signa! because of Gaussian-like weighting. The first part of 
an impact signa! is the most important, but most windows minimize this part of the signa!. A 
better choice is using a virtual damping type of windowing. This window is equal to one at 
the first part of the signa!, for example a fifth of the time span. After that, it is exponentially 
decreasing the signa! to approximately zero or another value at the end of a measurement. 
One must be cautious when determining a damping ratio of the system. The virtual dam ping 
must be included. But this should not be a problem because the damping is known in 
contrast to other windows where the signa! distortion is not apparent. For these 
measurements a time span of 3.2 [s] is used. The exponential decay has been set to 10% 
end value. See figure (5.2). 
The impact signa! is non zero only at the first part which is the impulse. After this, usually 
only noise of the input is present for the rest of the measurement time span. lt is also 
possible that hammer handling after the hit wilt influence the signa! as welt. All these wilt 
affect the signa! undesirably. Using a partial boxcar window which is one at the impulse and 
zero everywhere else is the best choice. All side effects beyond the impulse are fully 
suppressed. 
Another nice tool is triggering. Siglab supports a trigger mechanism for the hammer input 
signa! that rejects double hits and hits below threshold [27]. The threshold can be set from 
0% to 72%, with quantized steps of 9%, of the preset maximum signa! value. Setting the 
threshold on 0% is meaningless, because even noise wilt causes a trigger. The trigger can 
also recall some samples from before the impact. This ensures the whole impulse signa! is 
taken into account. The main purpose of triggering is to make averaging of measurements of 
impulse tests meaningful and comparable. 
To suppress noise influence each measurement has been averaged five times. For unbiased 
measurements, noise effects will reduce toward zero when the number of averages 
increases. lt is good to adjust the transducer factor to maximize the signa! strength, though 
keeping it within the limit of ±10 M of the Siglab acquisition device. This improves the 
signa! to noise ratio and a lower number of averaging is needed to get the same results. 
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Figure 5.2: Top) weighting function for the accelerometer. Bottom) weighting function for the 
impact hammer. 

A hammer impact experiment will theoretically excite all frequencies. But the autospectrum 
of an impact signa! shows a decline of power with rising frequency. This means there is a 
maximum frequency where the results are meaningful, beyond where effects as noise could 
overwhelm the real signa!. The signa! minimum power level is set on a difference of -40 [dB] 
(or factor 100 smaller) in signa! strength compared to the highest amplitude at the low 
frequencies. With this criterion the upper limit is about 200 [Hz]. 
A manual impact experiment does not provide the possibility to do friction measurements. A 
ramped force input would be needed to find the statie friction. lt was proposed to do these 
experiments after the completion of the mock-up and therefore this is put out of the scope of 
this report. 

5.3. launcher Dynamics and Eigen modes 
From the hammer impact experiments some useful properties of the launcher system have 
surfaced. The most important result is that the driveline from inner pushrod to mirror has no 
limiting dynamic behavior within the range of 200 [Hz]. See figure (5.3). Only minor dynamic 
variation occurs. This good behavior of the system is promising for obtaining a good overall 
controlled system, although not the whole mechanica! driveline is included for this test. 
Note that a transition of a gear ratio does not influence the (undamped) natura! frequency of 
a system. This is because the equivalent stiffness and equivalent mass are changed with the 
same factor and through the division the factor vanishes. 
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Figure 5.3: Top: lnertance (or accelerance) of the front part mechanica/ mirror system averaged of 
five measurements. Unit is [(rad/s1)/NJ Middle: phase plot. Bottom: Coherence plot. The dip in 
coherence at 50 [Hz] is due to the electrical grid on which all measurement tools are connected. 

Furthermore several experiments have been done to examine the supporting mounts of the 
launcher mirror. See figure (5.4) and (5.6). lt turns out that the support fork shows some 
peaks in the transfer function . This could jeopardize the mirror dynamics. Figure (5.5) shows 
the measurement results and reveals an eigenfrequency as low as 23 [Hz]. Also others can 
be found at about 33 [Hz], 42 [Hz] and higher. Because the system is temporarily supported 
on three relative weak polymer poles during these experiments, it is assumed that at least 
one of these lowest eigenfrequencies is due to the po les. The eventual system wilt be more 
rigidly constructed as the polymer poles take no part in it. So if an eigenfrequency can be 
linked to the polymer poles it can be neglected as a whole. 
The technique called quadrature picking [28) uses the imaginary part of the force to 
acceleration transfer function to reconstruct the eigenmode. See figure (5.5) and (5.7). A 
condition for this method to be applicable is that the system is weakly damped. As most 
steel mechanism this is also the case for the launcher. lt uses the imaginary part of the 
transfer function to indicate the mode shape. The peaks occur at eigenfrequencies of the 
imaginary part and can be linked to the vibration mode positions at the sensor positions. For 
this method, at least two sensors with different positions are needed. Mind that sensor 
orientation is important for this analysis. lt determines the positive and negative reference 
direction. When two sensors have the same orientation then the same direction of imaginary 
peaks given by the two sensor positions signifies that they are vibrating in phase. Opposite 
peaks signify they are vibrating out of phase between the two points. 
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Figure 5.4 (colored): Mounting experiment. Hammer impact done on a fork arm. Two 
perpendicularly placed accelerometers-are located close to the impact position. 
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Figure 5.5: Vertical impact on a fork arm experiment. legend: The full line represents the 
movement in the vertical direction. The dashed line represents horizontal sideways movement. 
The frequency range has been reduced to 50 [Hz/. Top: lnertance averaged of five measurements. 
Unit is [(m/s2)/N/ Middle: Plot of the imaginary part. Bottom: Coherence plot. 
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When examining the vertical experiment shown in figure (5.6 and 5.7) it can be clearly seen 
that the sensor placed on the mirror does vibrate at 23, 33 and 42 [Hz]. White the base plate 
sensor only picks up the 23 [Hz] vibration. 

Figure 5. 6 (colored): Mounting experiment. Hammer impact done on a lork arm. One sensor 
positioned close to impact and the second is placed at the front supporting pole . 
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Figure 5.7: Vertical impact on a lork arm experiment. legend: The lul/ line represents the lork arm 
movement in the vertical direction. The dashed line represents the vertical base plate movement 
atapole. 
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The imaginary peaks at 23 [Hz] are in phase. The bottom side of the polymer is placed on the 
ground. The floor is assumed to be rigid and to display no vibration. Therefore there ought to 
be elastic movement between the floor and the sensor position on top of the pole. A rigid 
connection would, as the floor, be staying in place. This does not teil yet whether there is 
also elastic deformation within the launcher system bodies between the two sensor 
positions. lt is an unlikely coincidence, if the launcher had internally the same 
eigenfrequency as the polymer pole. lt is thus assumed that the vibration at 23 [Hz] is solely 
due to elastic deformation in the polymer pole. 
The mode at 33 [Hz] both vertical and sideways horizontal fork movement is present. See 
figure (5.5). This suggests that it is a diagonal movement or else a rotation. When the 
sensors are placed each on one fork arm, the imaginary part of the signa! showed a counter 
phased mode. See figure (5.8). Concluding that the mode belonging to 33 [Hz] is a rotation 
of the fork arm. But the origin of the mode is not yet certain. The two options are flexibility in 
the fork and torsion beam or the flexibility of the two rear polymer poles. The vertical base 
plate sensor does not pick it up because it might be positioned on the axis of rotation. A 
similar experiment as of figure (5.5) has been done but this time for the horizontal 
movement. See figure (5.9) and (5.10). lt clearly shows that the imaginary parts at 33 [Hz] is 
out of phase. Concluding the vibration is not origination from the rear polymer poles, 
because the imaginary peaks should then be in phase. 
The eigenmode at 42 [Hz] is a clear example of elastic launcher dynamics. This is a vertical 
translating mode of the mirror resting on the supporting fork arms. 
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Figure 5.8: Sideways horizontal impact on top right side of mirror. Sensors are p/aced on both 
fork arms and measuring the vertica/ translation. 
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Figure 5.9: Sideways horizontal impact experiment. Sensors are measuring the sideways 
horizontal translation. 
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Figure 5.1 O: Sideways horizon tal impact on bearing block. legend: The full line represents the 
fork arm movement in the horizontal direction. The dashed line represents the base plate 
horizontal movement. 
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ldentification of the eigenfrequencies has pointed out that the 23 [Hz] is most probably the 
vertical rigid body movement of the system as it oscillates up and down on the polymer 
poles. lt is thus assumed that the lowest eigenfrequency can be excluded from further 
calculations. The next two frequencies are part of the launcher dynamics. The 
eigenfrequency on 33 [Hz] represents a torsion mode of the fork and toroidal beams and the 
eigenfrequency of 42 [Hz] is a vertical translation mode of the fork moving up and down. This 
wilt have an impact on the accuracy of the electron wave deposition into the plasma as 33 
[Hz] is the same movement as the toroidal mirror angle actuation. As the transfer of the 
poloidal driveline shows, the mirror angle has no perceptible coupling with the dynamics of 
the fork support either 34 or 42 [Hz]. lt is unlikely the poloidal actuation of the driveline also 
triggers one of these mounting vibrations. 

5.4. Position Dependant Response 
The front drive line includes the nonlinear transition from inner push rod to mirror. Some 
experiments have been done to look at the mirror angle dependent response due to this 
nonlinearity. Three mirror positions have been put to the test: O [0

], 45 [0
] and 80 [0

]. lf no 
dependency is present the three transfer function should overlap each other. But as can be 
seen in figure (5.11) this is not the case. 
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Figure 5.11: lnertance of the front driveline of the launcher. Unit is [(rad/s')/NJ. Angular 
acce/erometer is placed on the mirror axis. The impact is done on the inner push rod. legend: full 
line represents a mirror angle of 80 ["], the dashed line represents an angle of 45 [ 0

] and the point 
dashed line represents an angle of o ["/. The crash at 165 [Hz] for the O [°] angle is due to 
numerical errors. 
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The following analysis uses the SimMechanics model as given in chapter 4.6. Friction and 
elastic body movement have been turned off to have a more clear view on the angle 
dependent dynamics. The full driveline from motor to mirror is included. A force to 
acceleration transfer function of a mass model is in a Bode graph a horizontal line. For each 
simulation with changing mirror angles a graph can be drawn which is parallel with each 
other. So the multitude of graphs can be combined into one graph with a single point for 
each mirror angle without loss of information. Impact simulations with a motor torque are 
done for several angles. Because the model has no delay, the acceleration response of the 
mirror is instantaneous after the torque impulse. When the instantaneous mirror angular 
acceleration is chosen as output, the following result can obtained. See figure (5.12). By 
dividing the moment with the acceleration, the apparent mass can be found. 
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Figure 5.12: Dependency of mirror angle to the drive/ine dynamics. Results obtained from the 
impact simulation. The relation is between motor torque and mirror angle. There are two lines 
because the direction of the torque gives different responses. The center of mass is not positioned 
on the axis of rotation and is slightly on the back side of the mirror. This gives an extra 
gravitational force which is added by or subtracted off the input torque impu/se. The dotted line is 
a third order approximation of the average mass moment of inertia. Between 10 ["] and 80 ["] 
there is a 30% spread between minimum and maximum. 

lt turns out that the motor does experience a whole different dynamics from the nonlinear 
transition of the mirror. This is partly because the spindle gear diminishes the contribution 
of the dynamics of the front driveline. Of course the nonlinear dependency is the other 
governing factor. Remarkably it even turns over the relation profile from an u-form to an 
n-form for the accelerations plot and vice versa for the mass moment of inertia plot. See 
figure (5.13). 
The poloidal angle dependency will also influence the performance of the controller. The 
next chapter will describe the control design and the impact on this design due to the mirror 
poloidal angle. 
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impulse simulation with 0.1 Nm moment x 10·5 
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Figure 5.13: Dependency of the motor dynamics to the mirror angle. The difference of turning 
clockwise or turning counterclockwise resu/ts in two lines. The dotted line is a third order 
approximation of the average of the mass moment of inertia. The spread is 7%. 
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6. Launcher Simulation and (ontrol Design 

6.1. Control Design Outline 
A controller has the purpose to manipulate the systems dynamics towards the engineer's 
preferences. The preferences are usually fast response and low tracking error. But limits· of 
the system will give boundaries to the achievable performance. lt is often a good scheme to 
solve the control problem from the requirements point of view and choose a slower 
controller which just meets these requirements. This way a lower input effort is needed and 
the impact of high frequency disturbances can be further reduced. 
The motor of the launcher is a servomotor thus there is a servo drive present, being the 
ServoStar. This will generate the currents for the motor which induce the fundamental 
magnetic fields needed to actuate the rotor. lnternally inside ServoStar a framework is 
available to design a cascaded PID controller with feed forward. This way, no additional 
computer has to be connected for calculating the control signal. Only a position reference 
signal should be provided externally. Processing the feedback variables and other 
calculations are fully integrated in ServoStar. Drawback is that no other type of controller is 
supported. This actually should not be posing a problem. lt is also possible to use an 
external controller. This way there are no limitations to the choice of controller type. An 
external controller uses the servo drive power amplifier to actuate the motor. The current 
space vector pulse width modulation control is needed. lt is not recommended to omit the 
use of the ServoStar and to provide this modulation externally as well. lt will generate extra 
problems and require effort without the assurance of any improvement over the ServoStar 
set-up. Eventually whether the choice is to design a controller internally or externally is 
either a good choice. The controller which will be elaborated in this report will be an extern al 
controller. A study about interchanging internal and external control designs can be found in 
appendix G. 
The external controller designed for the launcher is also a cascaded controller. This is a 
controller with multiple feedback loops which are superimposed to one another. The current 
loop is the inner loop and fastest of the three loops. Then there is the velocity loop and 
finally the position loop which has the lowest bandwidth of the three feedback loops. The 
manufacturer settings for the current controller will not be altered and the current transfer is 
assumed ideal (0 [dB]) for the whole bandwidth of the velocity loop. Notice that the double 
integration for going from acceleration to position is separated as two single integrator 
systems. There is one for going from force to velocity and one for going from velocity to 
position. This remarkably results that a control design consisting of a proportional (P) 
position controller combined with a proportional and integral (PI) velocity controller can be 
perfectly stable. While a PI controller fora double integral system is bound to be unstable. 
This is possible because there is an additional velocity feedback, which results in an entirely 
different dynamic response. This is proven with the following analysis. For the closed loop 
transfer function of the double integrator system is 

p5+I _I_ 
5 5 2 P5+PI 

Ha= 5+/ 1 = 5 3 +P5+PI 
1+P---

5 5 2 

(6.1) 
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The necessary condition for Routh stability states that all coefficients of the closed loop 
poles must be positive definite to meet the possibility of having all negative roots and thus 
to be stable [29]. Because the coefficient of s2 is zero the criterion does not hold and the 
system is unstable. The closed loop transfer function of the cascaded controller with a PI 
controller for the velocity loop is 

K5+/ _! 
K5+KI H = 5 5 = 

Clv 5+11 5 2 +K5+KI 
1+K---

(6.2) 

5 5 

By closing also the position loop with a P controller the transfer function becomes 

p K5+KI 1 
H _ 5 2 +K5+KI 5 = PK5+PKI 

Clx - K5+KI 1 5 3 +K52 +(Kl+PK)5+KI 
l+P----

52 +K5+KI 5 

(6.3) 

For this case the necessary condition for Routh stability is passed and so it should be 
possible to design a stable controller out of a Pand PI controller. 
The choice of feedback variable for the poloidal mirror angle actuation appears to be far 
from trivia!. The parameter to be actuated is the mirror angle and is expressed in [rad] or [0

]. 

The feedback signa! is the sensor spindle and expressed in [m]. And the input is the motor 
torque expressed in [Nm]. lf a linear factor separated these variables, this would not be of 
any consequence, though the mirror position is nonlinearly dependent to the sensor and 
motor position. The sensor and motor positions are linear dependent with a spindle gear 
ratio of 0.002/(2n') [m/rad] . Because the mirror angle is not measured, it cannot be used as 
feedback signa!. So the spindle sensor and/or motor resolver are used as feedback 
variables for the position and velocity loop. This wil! result in a fairly linear dynamica! 
response of the launcher with a non linear mirror movement. 

6.2. Cascaded Control Design 
For commercial use, it is common practice to control an electromechanical system with a 
cascaded control design [18]. A cascaded control design is a control strategy which tackles 
the loop variables current (or torque), velocity and position separately. See figure (6.1). The 
loops are superimposed on each other with the current loop in the center and the position 
loop on the most outside. lt is required to have a feedback signa! for each of the loop 
variables. The control design of the loops proceeds by closing the loops from inner loop and 
then outwards. A welt designed closed loop response is set to (approximately) 0 [dB] for the 
entire control bandwidth of the next loop. Fora model based control design, the inner closed 
loop is reduced to a gain of one. This way, it is more apprehensible to design the next 
control loop. A requirement is that the inner loop has a bandwidth which is a factor 10 
higher as the next loop. lt is only then that the simplification of the inner loop toa gain of 0 
[dB] holds. Physically this implies that the inner loop variable has enough time to settle to 
the reference input value before a new reference is given. A consequence is that the position 
loop control bandwidth has to be a factor 100 lower than the current loop. The high 
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Figure 6.1: Schematic block diagram of the external cascaded control design with leed forward. 
The friction model is implemented in twofold as a simu/ation and as a friction compensation. Note 
that the mechanica/ system is rewritten to a transfer function of acceleration to velocity. lf the 
SimMechanics model is used, then the velocity and position can be extracted /rom the model 
upon direct/y. 

bandwidth request of the current is usually no problem, which can have a typical control 
bandwidth of 1000 [Hz]. As well as the bandwidth of the velocity is in many cases also not of 
an issue. lt is the order of magnitude decrease from velocity to the position loop which is 
unfortunate. The potential is exactly decreased with this factor. A resulting 10 [hz] 
bandwidth for the position loop is sufficient for many cases. But when a higher bandwidth is 
desired, then the velocity loop wilt pose problems because it often is already on its limits. 
Each hertz increase of position loop bandwidth requires ten hertz increase of velocity. This 
is why a cascaded control design usually reacts relatively sluggish. Consequently a feed 
forward is added, which is no luxury but rather a necessity for having a good response. The 
main advantage of a cascaded controller is the fact that all loop variables are apparent. 
Hardware limits can be easily incorporated into the cascaded control loops. Out of bounds 
reference values for velocity or current wilt not be provided to the system. Calculations show 
that it only takes 0.012 [s] (or 0.016 [s] for 6000 [rpm]) to reach maximum motor velocity. 
For the launcher system it is very valuable to have a velocity loop. 
For the loop shaping of the velocity loop, the whole current loop has been replaced by a gain 
of one and a simplified mass damper model has been used. The model has to be 
differentiated to transform the equation from 'torque to angular position' into 'torque to 
angular velocity'. In the frequency domain this is simply done by multiplying the equation 
with the Laplace transform constant s. The Bode plot of the equation shows a 20 [dB] drop 
per decade and a flat line for low frequencies, which depends on the damping. For the 
poloidal angle this is represented with the dashed line in figure (6.2). The choice of the 
controller is set to be a PI controller with a low pass filter. The intention is to increase the 
angle of the slope for low and high frequencies and keep the -20 [dB] near the bandwidth 
frequency. The integrator action provides this slope increase for the lower frequencies and 
the low pass filter for the higher frequencies. The target bandwidth of the poloidal angular 
velocity is put on 100 [Hz] and for the toroidal angular velocity is set to be 30 [Hz] . The 
resulting velocity controller parameters can be found in table (6.1). The closed loop velocity 
transfer function is represented in figure (6.2) with the full line. 

59 



Ta e 6.1: Ve oaty oop contro er parameters or 2 bi Il fi. DOF. 
Parameter Poloidal Toroidal 
Bandwidth 103 [Hz] 30 [Hz] 

Modulus margin 5.5 [dB] 5.5 [dB] 
Phase margin 30.9 [0

] 30.7 [0
] 

Gain 0.009 [-] 1.75 [-] 
Integrator 120 [Hz] 37 [Hz] 
Low pass 600 [Hz] 200 [Hz] 

Bode Diagram 
150 

- 100 
m 
~ -., 50 
~ 
::, 
~ 0 = IIO 
Il 
~ -50 

-100 
0 

'ia -45 ., 
~ - -90 ., 

111 
Il 

.c 
-135 Q.. 

-180 
10° 10 104 

Frequency (rad/ sec) 

Figure 6.2: Bode diagram of the poloidal velocity loop. The dashed line represents the velocity 
transfer function and the full line represents the c/osed loop transfer function. The dash-dotted 
line is set on the velocity loop bandwidth which is 100 [Hz]. The dotted line is the position loop 
bandwidth which is set on 10 [Hz]. The c/osed loop velocity transfer function is {practically) equal 
to 0 [dB] within the position loop bandwidth. 

Again the closed loop response below a tenth of the bandwidth frequency is for a welt 
designed closed loop equal to 0 [dB]. The last and most exterior loop to be shaped is the 
position loop. The dynamica! model to go from velocity to position is merely an integrator 
1/s. A basic gain controller would be sufficient for the loop to be stable at the chosen 
bandwidth. Nevertheless an integrator is added to omit the (minor) steady state error and to 
manipulate the position loop dynamics. See figure (6.3). The controller parameters for the 
position controller are given in table (6.2). 
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a e . : os, 10n oop con ro er parame ers or Ti. bi, 6 2 Pi ·c t, t //, t fi. 2D0F. 
Parameter Poloidal Toroidal 
Bandwidth 10.6 [Hz] 3,05 [Hz] 

Modulus margin 5.6 [dB] 5.3 [dB] 
Phase margin 30.6 [0

] 31.4 [0
] 

Gain 34 [-] 10 [-] 
Integrator 18 [Hz] 5 [Hz] 

Bode Diagram 
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Figure 6.3: Bode diagram of the position loop. The dashed line represents the plant which is the 
same as 1/s. The full line represents the c/osed loop transfer function. The dash dotted line and 
the dotted line are the plant and c/osed loop transfer respectively when the simplification of the 
velocity loop is not done. 

Stability can be demonstrated with the Nyquist diagram. See figure (6.4). lt depicts the 
Nyquist diagram for all four loops. They resemble much because the design criteria of 
having a modulus margin of 6 [dB] and phase margin of 30 [0

], are the same for each loop. 
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Figure 6.4: Nyquist diagrams of each loop of the cascaded con trol design lor the /auncher. 

6.3. Anti-windup Compensation 
Anti-windup is a mechanism fora controller to reduce the resulting negative effect of having 
insufficient actuator capacity as desired [29). This is due to limitations that all real physical 
actuators (in some degree) have. Because an infinite actuator output effort is only 
theoretically feasible. 
The back lying theory is that the control integrator will continually increase the control effort 
desired whenever there is an error between the controlled variable and the reference. 
Normally this will work fine, but not if the actuator is saturated. After a change of sign of the 
error, the buildup of the integrator action will be so big that a corresponding high overshoot 
will occur. Also an unexpected spring-like behavior is a possible consequence, when 
overshoot happens in both directions. 
The easiest way to overcome this is by lowering the integrator variable sufficiently. But this 
will influence the response in negative sense even when there is no actuator saturation. 
Another option is the implementation of an anti-windup compensation. This works by 
suppressing the integrator action only when the actuator is saturated. So on regular 
functioning of the system, the anti-wind up compensation will not be active. 
The designed controller is made up of a sequence of multiplications of the several 
components. For the compensation to work, it must only influence the integrator action. For 
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such a serial controller the integrator action is imbedded along the other control structures 
i.e. low pass filter and proportional gain. The integrator must be deducted to an addition 
from where the pure integrator action is separated from the rest. This is simply done with 
the following equation: 

UI out = S + :Jt<f}I Ulin = (; + 
2:f/)/ )ulin = ( 1 + 

2:f/)/ )ul in 

with 
U1;n = ingoing signa! to the integral 
U1out = outgoing signa! from the integral 
s = complex number after the Laplace transform 
<p 1 = integrator control variable 

(6.4) 

[Hz] 

lt can be expressed with block diagrams in Simulink. When implementing this, the structure 
wil! change as is shown in figure (6.5) where situation A changes to situation B. Situation A 
and B are by definition equal to each other. When the anti-windup compensation is added to 
the block diagram, it wil! become as in situation C. Here the anti-windup gain must be 
chosen high enough to suppress the integrator action. A tuning procedure should provide a 
proper compensator gain. 
The saturation compensation of the velocity limit has to be integrated in the position control 
loop. The torque limit has to be implemented in the velocity loop. The saturation suppresses 
the outgoing reference signa! to be within the limits. 

A) ~ ►I ~ ~--1 1 ~---~. ~ _ ► 1/(T"pi-tl}s+l 
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Outl 
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1 /(2*pi*fl)s+ 1 
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Anti--windup ga in 

Figure 6.5: lmplementation info Simulink of the anti-windup compensation inside the controller 
subsystem. A) A regular seria/ product wise controller setup. B) ldentical controller as in A, where 
the integral has been made parallel. Note that the integra/ transfer function b/ock has been 
changed. C) The controller with saturation and anti-windup compensation 
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Figure (6.6) gives an example of the effect of saturation and anti-windup compensation. The 
dotted line shows the system without limitations of the actuator. There the input effort can 
rise above the actual maximum motor angular velocity of 4500 [rpm] or 471 [rad/s]. The 
second line shows the effect of a saturated motor. Note that the overshoot is much higher 
and also settling is slower. The full line gives the saturated actuator with anti-windup 
compensation. 
Another possibility of overcoming the saturation is by selecting a different motor which can 
provide a greater torque and a higher velocity. But it is much more cost effective to 
implement the anti-windup. This way the motor is utilized more efficiently and the 
performance is also satisfactory. 
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Figure 6.6: Example of the effect of velocity saturation within the position loop triggered by a 
step response. The dotted line shows a simulation when saturation is not inc/uded in the 
calculations. This is not representative for the real system because it requires the system to 
have a beyond maximum velocity. The dashed line represents the real system with saturation 
and no action has been taken to compensate it. lt typically increases the overshoot and 
prolongs the settling. Side note: the ripple is due to saturation of the torque within the velocity 
loop. The full line represents the system with anti-windup where the saturation is properly 
compensated. 
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6.4. Control Simulation and Results 
The controlled launcher driveline has to meet the design requirements as stated in chapter 
3.4. The toroidal rotation is not designed to be as fast as the poloidal rotation. The 
mechanica! design as it now is, wilt unlikely meet the requirements. Thus it is put out of 
consideration. The two requirements for the poloidal rotation are 10 degree mirror rotation 
within 100 [ms] and an accuracy of 1 degree. Figure (6.7) gives the response of the mirror 
with a cascaded controller supported with feed forward. The picture shows a response with 
supplementary feed forward friction compensation. A Coulomb with viscous friction model 
has been used. As the model is exactly known the feed forward gains are the mass moment 
of inertia for the torque feed forward and exactly one for the velocity feed forward. These 
match with the inverse of the velocity loop transfer function and the inverse of the position 
transfer function, being 1/ Js and 1/ s respectively. The dam ping is tackled by means of the 
friction compensation. Figure (6.8) shows a corresponding input torque. An (exaggerated) 
Coulomb friction of 0.2 [Nm] out of the maximum motor torque of 0.8 [Nm] does not pose a 
problem. The requirements are both met. 

80 

75 
-- mirror angle 

----- reference angle 

70 

~ 65 ., ... 
: 60 
~ 

~ 55 
IIO 
C 
Il 

50 ... 
0 ... ... 
E 45 

40 

35 

30 
0 0.5 1 1.5 2 

time [s] 

Figure 6.7: Controlled response of the poloidal mirror angle. The dashed line is the reference 
angle and the full line is the response. For the given figure scale the lines coincides. 

An additional question is whether it is possible to meet the requirements without the use of 
feed forward. This is not strictly part of the project goal. But it is interesting to investigate 
this after all. Because of the 10 [Hz] bandwidth of the position loop with the cascaded 
control design, it is by definition impossible to obtain a settled response before 100 [ms]. A 
solution could be found when the velocity control loop and the position control loop are 
combined or with other words a regular controller is used. This way the position can have 
the same bandwidth as the velocity loop. lt turns out that the saturation of the motor torque 
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as welt as the motor velocity are solid limits to be considered with. Figure (6.9) gives a result 
of this search. A controller with a limited overshoot is chosen. lt proves that a controller can 
be designed which meets the requirement without using feed forward. 
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Figure 6.8: Corresponding motor torque of the poloidal mirror angle response performance test of 
figure (6.7). The solid line is the torque reference signa/ before leed forward is added. The dash
dotted line represents the torque leed forward. The dashed line is the combined reference torque 
adding controller reference, leed forward and friction compensation. 
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Figure 6.9: Simulation of a step response. A position to torque controller consisting of a PI with 
lead and low pass filter has been used. The target modulus and phase margins have been made 
broader to obtain a reduced overshoot. 
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The table (6.3) gives the parameters of the controller used in this analysis. 

a e . : arame ers o T. bl 6 3 P. t fth t Il epos, ion o orque con ro er. 
Bandwidth [Hz] 57 

Modulus margin [dB] 1.5 
Phase margin [0

] 72.3 

Gain [-] 0.2 
Integrator [Hz] 0.3 
Lead zero [Hz] 4 
Lead pole [Hz] 525 
Low pass [Hz] 450 

Anti-windup gain [-] 0.2 

6.5. Adaptive launcher Con trol 
The experimental measurements showed a mirror poloidal angle dependant transfer 
function of the launcher. This is due to the nonlinear relation between the actuation spindle 
translation and the mirror rotation. The consequence is that the controlled system is 
undergoing these fluctuations and the mirror tends to react slower at the 10 degree angle 
then at the 50 degree angle. lt all comes down to the fact that the apparent mass is 
changing. A possibility is to counteract this mass change by changing the force accordingly. 
This results in a mirror angle dependant force input but a constant mirror movement 
independent of the mirror angle. 
A change of mass wilt shift the transfer function of a system vertically. lt turns out that a 
change of the gain of the controller is sufficient to overcome the effects of the mass change. 
When a product wise serial controller structure is applied, all other control parameters of the 
controller can be left unchanged. Also note that the launcher mechanica! dynamics is 
handled solely on the velocity loop. The velocity controller gets an extra input variable being 
the poloidal mirror angle. The gain is multiplied with a so called adaptive factor which is 
dependant of this mirror angle. Note that the position loop always has an integrator 1/ sas 
transfer system. So this loop does not have to be changed. The class of this controller is 
called adaptive controller because the controller itself alternates or adapts during operation. 
The subgroup which the controller is part of is known as LPV or linear parameter-varying 
controller. Figure (6.10) shows the adaptive factor as function of the mirror angle. lt is equal 
to averaged mass moment of inertia line of figure (5.12) except that the function has been 
normalized to one at 10 [0 ], which has the lowest value. 
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The controller will make one part of the system behave linearly, but in turns makes others 
nonlinear. There are three distinct 'parts' for the controlled launcher system. They are 
divided as the controller, the motor and the mirror. The regular controller has a linear 
controller, white the launcher system is not. When the sensitivity of the controller is good, it 
should be able to cope with these nonlinearities as being disturbances. The choice to use an 
adaptive controller makes the controller nonlinear, but makes the motor dynamics or the 
mirror dynamics behave linearly. Note that for this launcher system it is not possible to 
make the motor as welt as the mirror dynamics to behave linearly, but only one of the two. 
The advantage to make the motor independent of the mirror angle is that the motor and 
spindles move regularly and that most of the control setup can be kept the same. But 
eventually it does not provide anything that is of interest for the launcher system. lt is the 
mirror that needs to have a good response independent of its position. The consequence is 
that the whole control setup needs to be changed. The cause lies with the feedback 
parameter change. lnstead of the spindle sensor position, the mirror angle is used as 
feedback. For the simulation it is possible to extract the mirror angle directly of the model, 
but in reality this is not possible. Only the motor and sensor spindle is fed back and can be 
used. So the mirror angle must be reconstructed with these variables. This is done with 
equation (3.1). The cascaded control design demands also the velocity to be fed back. This 
can be simply done with the 'derivative' block inside Simulink. Although this gives a signa! 
with pikes due to steep steps of the position and resulting numerical errors. lt is better to 
derive the velocity analytically and implement that into the model. With the chain rule the 
derivative of the mirror angle can be found. 

drp drp dx 
-=-·-
dt dx dt 

(6.5) 
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From the equation the time derivative of x is known as it is related to spin die and motor. The 
position derivative of phi must be calculated from (3.1) and equals 

d<p 

dx 

1 -A2 +82 +x2 

8 28x2 

(- A2 + 92 + x2 )2 
1----- - - -

482x2 

(6.6) 

See figure (3.2) for the definition of the parameters. The implementation into Simulink is 
shown in figure (6.11). Table (6.4) gives the velocity controller parameters. The dynamica[ 
system for the position loop did not change so the controller is unchanged as welt. 

Tab/e 6 Vi t · t .4: e oc,ty oop contro er parameters ort e a apt,ve m,rror ee Il fi. h d. fi. dback. 
Parameter 

Bandwidth 
Modulus margin 

Phase margin 

Gain 
Integrator 
Low pass 

Adaptive factor 

motor to spindle 
relation 

spindle_sensor . 
position sensor to splndle 

relation .-------, 

0.2762 

calibration 
x pos initia! 

Poloidal 

100 [Hz] 
5.6 [dB] 
30.4 [0

] 

0.37 [-] 
120 [Hz] 
600 [Hz] 

1 to 1.3 [-] 

dphi/ dx 

Figure 6.11: Simulink implementation of the mirror angular ve/ocity ca/culation. The spindle 
position and the motor angular velocity are used to ca/culate the mirror angu/ar ve/ocity 
ana/ytically. A 'look-up table' has been used to implement equation (6.3). The ca/ibration lor x is 
needed because the sensor on/y senses absolute positions, whi/e the initia/ mirror angle is not 
zero but about 37 degrees. 

The analytica[ correlation between mirror with spindle and motor assumes that the bodies 
are rigid. From the experiments of the poloidal angle, it can be seen that up to 200 [Hz] no 
elastic body mode was present for the front part of the launcher. Together with the fact the 
bandwidth is set to be less at 100 [Hz] and a low pass filter is used, it is assumed that the 
possible disrupting dynamics of higher frequencies is enough suppressed and can be 
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disregarded. As a result, the rigid body approximation holds for the poloidal mirror angle. 
The adaptive factor which alters the gain of the controller does not dictate the torque that 
has to be put on the mirror directly. But it rather provides the relation between mirror 
movement and motor torque. This way an extra torque transformation from motor to mirror 
can be omitted. Also the torque saturation limits has not to be recalculated, because they 
stay 0.8 [Nm]. This does not hold for the velocity limits. The mirror itself has no velocity limit, 
but the motor does. With a motor velocity limit of 4500 [rpm] or 6000 [rpm] the velocity 
limits for the mirror is given in figure (6.12). For the simulation, the minimum value is taken 
as velocity limit for simplicity. lt is possible to implement the actual velocity limit function by 
linking the mirror angle with the saturation, but the benefits are small. Keep in mind that the 
mirror is supposed to stay within 10 and 80 [0

]. Here the profile of the velocity limit is 
relative flat. 
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Figure 6.12: Mirror maximum angular velocity. The maximum is dependent of the mirror angle. 
The maximum is originated from the motor velocity limit which is 4500 [rpm] when the motor is 
operated at 230 Mor 6000 [rpm] when it is operated at 400 M The dotted vertical lines mark 
the bounds of practical mirror angles. 

From all these complications due to the change to the mirror as feedback parameter, there is 
one aspect which does simplify. That is the fact that the mirror angle reference can now be 
inserted directly without the conversion to the motor or spindle parameter. 
Figure (6.13) and figure (6.14) show the result of the implementation of the adaptive 
controller. The mirror angular acceleration of several step responses is shown. The figure 
shows both the response with (full line) and without (dashed line) the adaptive controller. lt 
is clear that the response without the adaptive controller, also the controller bandwidth 
fluctuates, due to the nonlinear launcher system. But with the adaptive controller the mirror 
acceleration at different mirror initia! angles are more or less identical as the responses 
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overlap each other. The ongin of the minor flaws is due to averaging of the difference 
between clockwise and counter clockwise rotation of the mirror. Notice that the motor 
torque is 'consistently not' the same. For this example no feed forward is present to 
highlight the differences. 
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Figure 6.13 (colored): Angular acce/eration of the mirror from a step response. The solid /ines 
represent simulations of a mirror angle feedback controller with adaptive gain. The dashed lines 
represent the same controller without adaptive gain. The simulation done is a 1 degree step 
response simulation with varying initia/ mirror ang/es. The initia/ angle is for the b/ue line 10 
degrees, the red line 50 degrees and the green line 75 degrees. The so/id and dashed b/ue /ines 
coincide because the 1 o degrees mirror angle is taken for normalization. 
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Figure 6.14(co/ored): Torque signa/ of the step response simulation. The full lines are simulation 
with an adaptive controller and the dashed lines are simu/ations without an adaptive controller. 
The lines correspond to figure (6.13). 
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lt can be concluded that a controller has been proposed which gives the mirror a smooth 
movement which is not dependent anymore of its own position. The mirror response is now 
identical whether it is actuated at i.e. 15 [0

] or 55 [0
] . The price paid is that the motor and 

driveline has to be adapted such a way their dynamics became nonlinear and dependant to 
the mirror angle. 

6.6. Stability of the launcher System with an Adaptive Controller 
Determining the stability of the closed loop system is not straight forward anymore. First of 
all the controller is not fixed anymore. That is also because a single Nyquist diagram wil! 
now only show the stability of the controlled system around one particular mirror angle with 
its respective controller. But another and possibly more important problem is the fact that 
the controller is not linear anymore. So the question arises whether these methods also 
hold for this case. The system is non linear, but still time invariant. This property already 
cancels a great deal of the complexity about non linear systems. Furthermore it is 
continuous for the whole range of possible mirror angles. By doing tests and also 
simulations on the SimMechanics non linear model, it turned out that the analysis of the 
Routh's stability criterion very much corresponds with one another. See figure (6.15) and 
(6.16). lt is strongly suggested that the linear methods for stability determination does hold 
for this case, although no hard guarantee can be given at this moment of time. 
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Figure 6.15: Graphical representation of the roots of denominator /rom the angle dependant 
velodty c/osed loop transfer function. Given plots use a damping factor of 1 [Nms/rad]. 
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Figure 6.16: Simu/ation of a consecutive step response with the SimMechanics model with the 
adaptive cascaded controller. Feed forward and friction is not included in this simulation. 

The dynamica! system for the velocity loop is the rigid mass damper model and is defined as 
follows: 

H =T = 1 
v v J(rp)s+d 

(6.7) 
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The dynamica! system is always stable for all positive values of/. For the exceptional case 
when the damping is zero, the system is marginally stable. The velocity controller consisting 
of an adaptive proportional gain, an integral action and a low pass filter is defined as 

C =Px 5 +/ x-L-
v 5 5+L 

where 
I = 21tf; 

L= 27"' 
P= A(rp)k 

= lntegral cut-off frequency 

= Low pass cut-off frequency 

= Adaptive proportional gain 

(6.8) 

Combining the equations together into the closed loop transfer function the denominator 
becomes 

/5 3 +(d +L/)5 2 +(dl+PL)5+PLI (6.9) 

The result of the Routh's stability criterion is given in the Routh's array as 

53: 1 
dl+PL 

J 

52: d+LJ PLI 
-- -

J J (6.10) 
dl+PL PLI 

51: ---
J d+LJ 

50: 
PLI 
-

J 

For the system to be sta bie, it is required that the first column of the Routh's array consists 
of only positive values. Because all the variables are positive only the third element of the 
array could become negative. When taking a closer look at the third element the next 
equation should hold. 

dl+PL _ PLI >O 
J d+LJ 

dl+PL PLI 
--->--

/ d+LJ 
(6.11) 

d 2 +Pd+Jld+PLJ>PIJ 
For a special case where dis very small the equation simplifies to the notion that the low 
pass frequency f;has to be higher as the integral frequency f;for stability to hold. 
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7. Conclusions and Recommendations 

Energy from nuclear fusion is as potent as nuclear fission, though the waste product wilt not 
be radioactive. Fusion has the benefit of nuclear power but without its main drawback. This 
makes nuclear fusion a durable and an environmental safe energy source. Though some 
hurdles has to be taken before fusion can be applied for commercial use. One of those 
hurdles is to deal with instabilities as the magnetic island formation within a fusion plasma. 
The islands can be tackled by well aimed electron waves. The aiming is done by a device 
called an electron cyclotron resonance heating launcher. The launcher is essentially a 2 
degrees of freedom electron wave reflective mirror. lt has to move fast at a speed of 10 [0

] 

within 100 [ms] and above that it has to be accurate at a maximum margin of 1 [0
], to be able 

to track the magnetic islands. 
To achieve that goal an analytica! model has been made of the launcher. The purpose is to 
do simulations and to use the model as a stepping stone to design a controller. A multibody 
model of the whole driveline together with a friction simulator has been built. The model 
incorporates the spindle gear ratio and the nonlinear dependency of the mirror and motor 
with driveline. Furthermore a set-up has been made to implement the elasticity of bodies 
within the multibody model. This all has been implemented into Simulink for ease of use. 
Hammer impact experiments has been carried out. These measurements only consist of the 
front part of the launcher driveline. lt showed that one degree of freedom, the mirror 
poloidal angle, has no noteworthy dynamica! behavior up to a frequency of 200 [Hz] . The 
other degree of freedom, being the toroidal angle, has its first eigenmode at 34 [Hz]. This 
mode is imbedded into the toroidal angle itself. The mode is originating from the elastic 
deformation along the axis of rotation within the toroidal driveline. The experiments also 
revealed a poloidal mirror angle position dependant transfer function. The apparent mass 
moment of inertia of the launcher is alternating. This dependency is all due to nonlinear 
transition of the actuation spindle translation to the mirror rotation. 
There are in total three controllers proposed. Each controller has a different point of view 
concerning the control design. The first one is a cascaded controller which tackles the 
current, velocity and position of the launcher system separately. The mayor benefit of such a 
controller is that it easily handles the system limits as in maximum motor velocity and 
maximum torque. lt turns out that for this launcher system it is crucial because when the 
motor is providing maximum torque, the maximum motor velocity of 6000 [rpm] is reached 
in a mere 0.016 [s]. This would otherwise give high inconsistencies between simulation and 
reality, when these limits are neglected. Because of control design features bound with 
cascaded control, the resulting controller has a lower bandwidth than a typical non 
cascaded (or regular) controller. lt absolutely requires feed forward to have a decent 
response. 
The second controller presented looks whether it would be possible to have such a regular 
controller, which has a fast response without the use of feed forward. lt proves that it is 
possible. Proper measures should be taken so the velocity and torque limits wilt not be 
violated. In particular the velocity limit is important, because this is not perceptible by this 
controller. 
The third controller has the intention to overcome the nonlinear mirror behavior as revealed 
by the experiments. The previous controllers use the sensor feedback which is connected to 
the motor linearly. Within this loop from sensor to motor the nonlinearities are much less 
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pronounced compared to the loop between mirror and motor. But to make a smooth mirror 
movement which does not depend on the angle itself, it is needed to have the mirror angle 
as the feedback parameter. And so the challenge is stated. Many changes have to be 
implemented to the simulation model to make this happen. First of all an adaptive controller 
from which the gain alters during operation, is implemented on top of the cascaded 
controller. A varying apparent mass can be effectively counteracted by a complementary 
changing gain. This is done on the velocity loop because here the system dynamics is 
tackled. The next difficulty is that the mirror angle cannot be directly called upon, because 
this in not physically measured by a sensor. The spindle sensor and motor resolver must be 
used to reconstruct the mirror angular position and velocity. Finally the motor velocity limit 
has to be translated as a mirror maximum angular velocity and implemented in the model. 
Keep in mind that this all is nonlinear. Simulations and linearized stability analysis state 
that the controlled system is stable, but a proper non linear stability study has to be done to 
give absolute certainty. 
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Appendix A: AC Servomotor Properties Sheet 

The data can have a tolerance of+/- 10%. 
Technica! data 

/ iam / Symbol /ll1/ 
[Unit] ~ 

Electrical data 

Standstill torque Mo [Nml 0,8 

Standstill current l0rms (A] 1,51 

. .. Mains voltage .. UNNAC] 230400 

Rated soeed nn rmïn•11 4500 

UN = Rated torque Mn rNml 0,72 
. ... 

230V Rated current In [A] 1,45 

Rated power Pn [kW} 0,34 

Rated speed "" [min•1] 6000 

UN = Rated torque Mn [Nm) 0,69 
400V Rated current In [A} 1,4 

Rated oower Pn lkWl 043 

Peak current l0nax [Al 6,7 

Torque constant Kr nns [Nm/Al 0,53 

Voltage constant KEnns [mVmin) 32 

Winding resistance Ph-Ph R20 [Q] 14,6 

Winding inductance Ph-Ph L [mH] 14,4 

Mechanica! data 
Rotor moment of inertia J [kgcm21 0,13 

Statie friction torque MR [Nm) 0,02 

Thermal time constant trH rminl 22 
Welght standard G [kgl 1,36 

Radial load permitted at 
FR [N) 115 

shaft end tal 3000 min•1 

Axial load max. oermitted FA rNl 81 

Motor number 00772R 
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Appendix B: R 6810 Graphite Properties Table 

RINGSDORFF " Specialty Graphite Grades for 
Electronic Applications 

Physical Properties CZ3 . . CZ 5 . . . . 
R6300 R6340 16500 16510 R6650 16710 16&10 R6a30 

Densily g/cm3 1.73 1.72 1.77 1.83 1.114 1.88 1.80 1.82 

Poro$ily lopen) Vol .-% 15 15 13 JO 10 10 I l 9.5 

Grain Size µm 20 15 10 10 7 3 20 20 

Rockwell Hordnes$ 80 80 70 95 95 110 95 95 

HR 10/100 HR 5/100 HRS/ 100 HR 5/1 00 HRS/100 HRS/100 HR 5/100 HR 5/100 

Yaung's Modulus GPa 10,0 10,5 10,5 11 .5 12,5 13,5 10,0 10,0 

Flexurol Strength MPa 40 45 50 60 65 85 45 50 

Compressive ~ Nl'a 90 90 120 125 150 170 100 100 

Specilic Electr icol Resislivily .,Om 17 12 14 13 1.4 13 JO 10 

Thermal Expansion 120 • 1,000 •q x 10-K·' 3.8 4.0 5.0 5.1 5.0 5.8 5.2 5.0 

Thermo! Conductivity Wnr' IC·' 65 90 80 90 90 100 130 130 

Awroge volues. 
Il nol sloted olherwi$8, oD va~ are meosured with o test piece the oxis of which is cut with groin. 

Purity Level (Typical Values) 

Code Ash volue Element Concenlratian 

Al 8 Co Co Cr Cu Fe K 

P30 c 15 ppm• c0.1 1 1 c0.1 cO.I 0.2 0.5 cl 

PS 2 ppm•• 0.01 0.02 0.01 0.01 0.01 0.01 

Volue$ ore nol be u~ os $f>8Cilkotion limib (volues in ppm) 

• SpeciRcotion limit, < 30 ppm 
• • Specilicofion limit, c 5 ppm 

~ r09l"-<I llodomori< of SGl Corbon G,oup componi-. 

0.02 

Thi> dcc...,.nt ho• been f'"pcna occo«lirg lo lhe betl curtont ~ one! 1, 
inlotided 1o prOYiclo goMral inlmnation about ou- pn,ducn and !heir.,.._ In view of 

<0.02 

.,_ wide -fefy of poHible applicalion1, !he abcwe dala should be regorded a, ganerol 
inlotmatlo,, and en no g-lOO d eertofn i.a- ol our p,oclucl, in o g1-
c....,. lf ya, lavour w wilh yovr crcler, plooM a,k for irJm.olion ..gording the l.aturo, 
11.ded lor the p,opooed applicallon. Our Tochnloal Serw:e wdl lumi,h o looMe 
proHe lor ..,cl, oppl~ wlll,ou ..,du. dtlay. 

06 2006/1 E • Prinltd In Ger,-,y 
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~ Mn 

0.15 c0.1 

0.01 0.01 

No Ni p s Si Ti V 

cl cO.I c0.3 <2.0 c2.0 0.5 0.2 

0.02 0.02 <0.03 0.5 0.8 0.01 0.02 

0 SGL CARBON GROUP 

Graphite Specialtin 

Electronic Appllcatlons 

SGL CAIION GmbH 

Dr.achenburg 1ra6e 1 
S3170 Bonn / Germaoy 
Phonc +49 228 841-39'1 
Fox +49 228 841-168 
scm.iconductor®sgle:a.rbon.com 
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Appendix C: Derivation of Spindle to Mirror Mechanics. 

The picture below shows the mirror, bent push rod and fork at a side view. See figure C.1. 
The bold lines are drawn on the picture to depict geometrical distances and are referred with 
letters. Also key angles are given a symbol. 

Figure C.1: Side view of mirror. Additional geometrica/ indications have been drawn. 

The distances which are indicated with a capita! letter are constant as well as ö. The values 
are given in table C.1. All other are varia bie. 

Table C.1: List of constants 
Symbol A B C 0 ö 

Value o.289 [ml o.087 [ml o.os3 [ml o.069 [ml 0.92 [rad) 

The derivation of the relation between x and cp given here is one of several equivalent ones. 
This is because there is an abundance of known variables to find their relation. The base 
formula for x(cp)the law of si nes has been taken. lt reads 

A X 

sin(a)- sin(r) 

When the equation is rewritten to xit becomes 

x=A sin(r) 
sin(a) 

Ais known but the angles a and y are unknown. 

81 

(C.1) 

(C.2) 



The sum of a triangle is always 1r. So the equation for y becomes 

a+ /3 + r=1r ~ r=1r-a-/3 (C.3) 

The sine law has been used again to find /3. 

~( )= . 
8
(/3) ~ /J=arcsin(

8 
sin(a)) 

sm a sin A 
(C.4) 

The angle a. can be related to <p because they form a complementary angle with J 

tp+ a+ ö=Jr ~ a=Jr-tp-ö 

Now equation (C.2) can be rewritten with all known variables. This becomes 

x=Asin(1r-a-/3) 
sin(a) 

= A sin(a + /3) 
sin(a) 

si{ a + arcsi{ ~ sin(a l) J 
=A----~~---'--

sin(a) 

-A si{ ,r-q,-0 +arcsi{1sin(..--q,-O)) J 
sin(1r-tp-8) 

Finally the equation becomes 

si{ tp+ 8-arcsi{ ~ sin(tp+ 8)) J 
x=A------,-----,,----

sin(tp+ 8) 

The backward relation <p(x)can be found with the law of cosines 

x2 A2 +82 
A2 =x2 +82 -2x8cos(a)~cos(a)=------

(
x2 -A2 +82] a=arccos -----

2x8 

2x8 

82 

(C.5) 

(C.6) 

(C.7) 

(C.8) 

(C.9) 

(C.10) 

(C.11) 

(C.12) 



Using equation (C.5) this becomes 

(
x2 -A2 +82 J 

<p=tr-arccos ----- -ö 
2x8 

(C.13) 

The slope of a sinus between a minimum and a maximum at roughly zero is approximately 
straight. The same goes for this case. The range which phi takes possible values (between 
10° and 80°) can be approximated by the following linear equation: 

(
x2 -A2 +82] 

<p=tr-arccos ---- -ö:::::11.61x-2.5630 (C.14) 
2x8 

si{ ,p + ó - arcsi{ ! sin(,p + ó)) J 
X=A . ( ) :::::0.08334,p+0.2234 (C.15) 

sm rp+ ö 

phi(x) x(phi) 
0.34 

1.2 0.32 

1 

1 0.3 
_0.8 'e' 
l: >e 0.28 
i::i. 0.6 

0.4 0.26 

0.2 0.24 
0.24 0.26 0.28 0.3 0.32 0.34 0.2 0.4 0.6 0.8 1 1.2 

x[m] phi [rad) 

Figure C.2: Graphica/ representation of the dependency of x and <p. A first order polynomial fit is 
also drawn as the dashed line. 

83 



84 



Appendix D: Derivation of the State Space Model with a Spindle 
Gear Transmission 

In figure D.1 a model of the launcher system is depicted. The Model on the left side is 
equivalent to that on the right side. The spindle gear ratio is converted into the model at the 
right side by altering parameters to equivalent values. The constant i symbolizes the gear 
ratio. For the following equations, the gear ratio is taken to be going from the mirror side to 
the motor side and thus it equals 21t/0.00S [rad/m]. <p 1 is the motor angular position. x2 is 
the actuation spindle nut position. 

A) (111 B) 
•11 k=..S.. (11 = ix T 1 -2 2 2 1 

~1 

11 T 
m2 

~ 
11 12=-·2 

1 

x2 
d1 

b2 
Figure 0.1: A) Spring damper model of the launcher. B) Transmission ratio eliminated by 
ca/culating equivalent parameters. 

When you cut down the model to free body diagrams, it becomes as shown in figure D.2. 
Now the equations for both the free body diagrams can be extracted. 

A) B) 
K 

Figure 0.2: A) Free body diagram of the first mass. 8) Free body diagram of the second mass. 

Newton's second law of motion states that force equals mass times acceleration. K and D2 

are the forces exerted from internal elastic stiffness and damping respectively. D1 is the 
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overall damping of the system. The external torque applied is T. The equation for the first 
mass should be 

T = //Pi + d2 (<iJ1 - <iJ2 )+ k(q,1 - q,2 )+ dl <iJ1 
with 
T = Motor torque 

= Sum of mass moments of inertia of motor to spindle 
= Radial position of motor, spindle nut (and derivatives) 
= External rotational dam ping coefficient 
= Structural rotational damping coefficient 
= Structural rotational spring coefficient 

(D.1) 

[Nm] 
[kgm 2

] 

[rad] 
[Nms/rad] 
[Nms/rad] 
[Nm/rad] 

Rewriting the formula for the acceleration and replacing the rotational spring and damper 
parameters to translational parameters, the equation turns into 

with 
= position of spindle nut 
= Structural translational damping coefficient 
= Spindle gear ratio 
= Structural translational spring coefficient 

(D.2) 

[ml 
[Ns/m] 
[rad/ml 
[N/m] 

The equation is rewritten to the physical variables, being the position and the velocity of the 
motor and the actuation spindle. The motor torque is the input and the sensor spindle is the 
output of the model. The actuation spindle nut position is the control objective. This spindle 
nut position can be equated to the mirror position with equation (3.8). The equation for the 
second mass is 

O=liP2 -d(<iJ1 -<iJ2)-k(q,1 -q,2) 
with 
h = Sum of mass moments of inertia of spindle nut to mirror 

When the equation is reordered for the acceleration this becomes 

(D.3) 

(D.4) 

lf all parameters of the second mass are replaced by their translational counterpart, then the 
equation becomes 

.. b . b . C C 
X2 =--. q,1 --X2 +--. q,1 --X2 

m21 m2 m21 m2 
(D.5) 

with 
= Sum of mass of spindle nut to mirror [kg] 
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From equation (D.2) and (D.5) the state space model can be constructed. The variables are 
captured into u. 

X2 

X2 
with 
u = State vector 

Taking the derivative of u gives 

Ü= 

0 
C 

/ 
•2 1' 

0 
C 

m/ m/ 

0 
C 

// 
0 
C 

0 
b 0 

1 
// / T 
1 

u+ 1 

b 0 
0 

(D.6) 

(D.7) 

The system matrix is the 4x4 matrix. The input matrix is the 4x1 vector in front of the torque 
T. Now also the output equation must be derived. This being the sensor spindle and the 
relation states 

0.002 
y=--<p 

27l 
with 
y = output vector 

Rewriting it in state space form gives 

y=[ 1 o o o]u 
10007l 

(D.8) 

(D.9) 

The 1 x4 vector is the output vector. For simulation purposes the output vector can be 
enlarged toa Sx4 matrix to extract all states. This is done by extending it with a 4x4 identity 
matrix. 
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Appendix E: 2DOF Mirror Dynamics: Rigid Body Model 

The first step for the model deduction is to position the frames of reference. See figure (E.1). 

The earth reference frame {o,~0
} is placed on the mirror turning point. The next two frames 

are rotating around the same point with angles respectively the toroidal angle 1/f and 
poloidal angle <p. 

Figure E 1: Depiction of the reference frame in relation with the rotated frames 

The relation between frames is given by the direction eosine matrix g-0 

(E.1) 

The next step is to set up the kinematics of the mirror. The angular velocity is given by the 
following equation: 
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lyi"sin(q,}sin(VJ" }+ ,pl 
= yi"cos(q,) 

yi"sin(q, }cos(VJ"} 
(E.2) 

By differentiating the velocity matrix this becomes the angular acceleration matrix 

iil = Vi'cos(q,)-yi",psin(q,} (E.3) 

. [Visin(q,}sin(VJ"}+ yi" 2 sin(q,}cos(VJ"}+ yi",pcos(q,)sin(VJ"}+ ip] 
Visin(q, )cos(VJ" )-yi"2 sin(q, )sin(VJ") + yi",pcos(q, )cos(VJ") 

Together with the acceleration of the mirror this can describe the whole mirror movement in 
space. By introducing mass and forces the kinematic model expands into a dynamic model. 
The inertia tensor of the mirror is given by 

2
/ =~m1w 2 +h2

) (E.4) 
C XX 12 ~ 

2 / = ~ m(/2 + h2 ) 
C yy 12 (E.5) 

2/ =~m{w2+/2) C zz 12 
(E.6) 

[ il~ 0 
0 ] 

1J=ë
2 

~ ;Jyy 0 ë 2 (E.7) 

0 /Jzz 

The inertia tensor has been simplified by the fact that the principle axes of inertia are 

coinciding with frame ë 2
• This sets the off diagonal terms to zero. Because they coincide, 

the Euler equation can also be used to find the dynamica! equations of the mirror. This 
results in the following equations: 

M rp =; J xx {Visin(q, )sin(VJ") + yi" 2 sin(q, }cos(VJ" }+ yi"rpcos(q, )sin(VJ" }+ ip) 
-(; J w-/lzz XVi"2 cos(q,)sin(q, }cos(VJ" )) (E.8) 

MV'=;J w(Vicos(q,)-yi",psin(q,}}-{; lzz -;/ xx Xyi"sin(q,)cos(VJ" )Xyi"sin(q,}sin(VJ" }+ rp) 
(E.9) 

with 
D = Toroidal angle for ECCD [rad] 
D = Poloidal angle for ECRH [rad] 
D = Angular velocity [rad/s] 

J = lnertia [kg m2
] 

m = Mirror mass = 2.4 [kg] 
w = Mirror width = 0.030 [m] 
h = Mirror height = 0.340 [m] 
I = Mirror length = 0.150 [m] 
M = Moment [Nm] 
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ldentification of the moments acting on the mirror is given by the following equations 

Mrp = fa X fu = (-0.087ê} + 0.053ê{ )x Fuê2° 
= {-0.087ë2

2 + 0.053ë;}x (Fu cos(q,)ë2
2 -Fu sin(q,)ë;) 

Mrp = FJ0.087 sin(q,)-0.053cos(q,))ë1
2 

M.,, =Mu 

The equation can be written in the base form given by 

(E.10) 

(E.11) 

(E.12) 

M~~ + H~.~)= s~k (E.13) 

M(q)=[ )lwcos(q,) 0] (E.14) 
- - )lxxsin(vr)sin(q,) )lxx 

( . ) [ -)I wlfr<psin(q,)-{) I xx -)lzz Xlfrsin(q,)cos(vr )Xif/sin(q,)sin(vr )+ <p) l 
H <J.,<J. = ) I xx (lfr2 sin(q,)cos(vr)+ if/<pcos(q,)sin(vr ))-{) I w -)lzz Xif/2 cos(q,)sin(q,)cos(vr ))J 

s~)= [(0.087 sin{q, )~ 0.0 53 cos(q, )) ~] 

r=[~ MJ 
Eventually the dynamica! equations describing the mirror become 

.. Mu + () lzz -)I XX Xlfrsin(vr )sin(q,)+ <p Xlfrcos(vr )sin(q,))+ )I wlfr<psin(q,) 
vr=------------------

)lw cos(q,) 

(E.15) 

(E.16) 

(E.17) 

(E.18) 

.. Fu (0.087 sin(q,)-0.053cos(q,))+ (; I w-f lzz Xif/2 cos(q,)sin(q,)cos(vr)) 
q,= 21 

C XX 

-)I xx (vJsin(vr )sin(q, )+ if/2 cos(vr )sin(q, )+ if/<psin(vr )cos(q, )) 
)lxx 

lp= ;u (0.087sin(q,)-0.053cos(q,)) 
cl xx 

+ ) I ~ -)lzz (if/2 cos(q,)sin(q,)cos(vr )) 
cl xx 

Mu + () lzz -;I XX Xlfrsin(vr )sin(q,)+ <p Xlfrcos(vr )sin(q, )) 
)I w cos(q,) 

if/<psin(q, Xsin(vr )sin(q, )) +-'----'--"'--'-'-~-___;,,;_-'--'-
cos[q,] 

-if/2 cos(vr)sin(q,)-if/<psin(vr )cos(q,) 
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Appendix F: Calibration Certificate: Kistler TAP 8696 

Chart taken from 
J.E. Schmidt; Vibration Measurements on the Pha/anx Electro-optica/ Stabilization Systenr, 
Master Thesis: Naval Postgraduate School; 09-1996 

Calibration Certiflcate 

TAP"" 

TRANSLATIONAL 
SYSTEl't 

ANGULAR PIEZOSEAl't 
NODEL 8B32 

Acce l ero•tter l'lodtl ett,ó .................. .•. , .•.. , ..• SII Ct03694 
Coupl•r Nodtl 5130 .••.•••• • ••••••••• , • ••••• • .••• •••••• Sli C40l8!i 

Ano1:1lar Stn,;1tivl1y at 2:50 Hz, 13(" rali / s 1 

Linear S1fi1 l t lvi ty at 100 Hz , 3ira, 
0.480 1f>llfr ad/9,t 
100'1 -~ , 9 

Linea.- Range · •••••••••••••••••••••• ±10 g 
An9ul•.- Range ••••••••••••••••••••• ~18,00<· riid/'5 2 

Mounted R~~onant F"r-equ~nc y (n om. f • 9 l<H;: 
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Appendix G: lnternal versus External (ontrol Design 

The ServoStar Drive has an internal structure to apply a P, PI or PID, without the use of an 
external PC to manage the control of the motor. The drive software for the ServoStar is 
simply called 'Drive'. lt has a cascaded control structure with three control loops for current, 
velocity and position. The help documentation provided inside Drive gives an outline for 
setting up the control parameters for PID. From the data disk provided together with the 
motor, it should be possible to load all motor variables concerning the DBL servo motor. So 
the motor characteristics should be correct. By exploring in the Drive software program, one 
can see fill-in values that are black or red. The meaning of the colors is that red ones are 
meant only to be altered if one is familiar with the topic. Otherwise it is recommended to 
leave the initia! value. Black values have no restrictions. In the help documentation a 
controller design procedure is described. The fill-in values are 'KV' which is the position gain, 
'Tn' is the period of oscillation determining the integration action and 'PID-T2' is the period 
determining the derivative action. The described method is by finding the stability boundary 
by up-sealing the gain tilt oscillations or noise occurs and then drop the gain again to 
remove this undesired effect. The integration action can be kept on the preset value. The 
derivative period value can be changed to damp some disturbances and should be 
approximately a third of 'Tn'. 
Deducting from the flit-in values and the method described, one can conclude that the 
tuning principle is based on the Ziegler-Nichols tuning using the Ultimate Sensitivity Method. 
In the book "feedback (ontrol of Dynamic Systems" by G.F. Franklin et al., the controller is 
formulated as follows: 

with 
De 
kp 
7i 
To 

= Controller transfer function 
= Proportional gain 
= Period of oscillation for integrative action 
= Period of oscillation for derivative action 

(G.1) 

[-] 
[s] 
[si 

From experimental measurements the values of the ultimate gain Ku and ultimate period Pu 
must be found. As described above, the gain must be increased until the system become 
marginally stable. There should be a continuous oscillation. The Ku should be this found 
gain and the Pu is the period of the oscillation. The tuned values for a P, a PI or a PID 
controller can be found using the equations given in table (G.1) 

Tab Ie G.1: Contra/ desi n va lues for the Zie ler-Nicho/s tunin 
Controller k 

0.5 Ku 

0.45Ku 

0.6Ku 0.5Pu 
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There are also options to set boundaries for current, velocity and position, so only allowed 
values can be present. Otherwise one can choose that an error message will appear or that 
the system comes toa safety stop when a limit is breached. 

Apart from the fact that the controller is identified as it is used for the motor. We can derive 
an equivalent controller which is more practical for frequency analysis. lnstead of a parallel 
controller description we can rewrite it into a serial controller description. For a PID the 
serial controller equation is as follows 

Serial 

( ) s + 2Jtf ( ) D, s =Gx---x Ds+P 
s 

GP21tf 
D, = GP + G21tfD +--+ GDs 

s 

<> 

<> 

<> 

For equality to hold, each corresponding factor must be equal, thus 

kP =GP+G21tfD 

kp P+21tfD T- = 1 
- GP21tf P21tf 

T =GD = D 
0 

kP P+21tfD 

(G.2) 

(G.3) 

(G.4) 

Reversing the equations takes a bit more effort. The following equations hold if Pis taken to 
be 1: 

(G.5) 

0 ± ✓02 
- 40To 

~ D=-----
2 

(G.6) 

(G.7) 

From the equations two solutions result for each variable. lt turns out that a combination of 
using Dand /with the same sign in the equations and for Gthe opposite sign the results fits 
together. That is why the plus-minus sign for G has been switched to a minus-plus sign. lf 
the exact values from the table are taken, then there is a linear dependency between T, and 
T0 as follows: 

(G.8) 
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lnserting this relation into the previous equations, the square root becomes zero and the 
result simplifies dramatically to: 

21lf = 2/T, ~ f = 1/(llT,) 
D=2T0 

G=kp/2 

(G.9) 

(G .10) 

(G .11) 

The interchanging from a PI controller is much easier and for a P controller should be 
obvious. No deduction will be given here. 

For the physical implementation of an external controller, the servo drive is also 
indispensible. To link the external cascaded controller to the ServoStar, there are some 
connection ports available. The X6 connector has a position reference input port. Further the 
ports X3-4 and X3-5 are used to provide a reference velocity and the ports X3-6 and X3-7 are 
used for the current reference. By setting the internal controller to a proportional controller 
with a gain of one and also by putting the internal feedback to zero, a pass through is made 
of the internal controller. The external reference provided externally should actually be the 
control signa! for that varia bie and not the reference signa!. lf the internal current controller 
is used then this should be implemented normally and be provided with a reference current. 
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