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1 Introduction

About 95 % of the energy density of the Universe is mostly unknown. Science research tries
to find out more about this energy density with the help of astroparticle physics phenom-
ena. Among others the phenomena include the existence of dark matter as an explanation
for rotation curves of galaxies. One promising particle candidate for this dark matter is

the Weakly Interacting Massive Particle, a particle beyond the standard-model.

Searching for such invisible particles a lot of scientists have joined forces shaping our
knowledge of the Universe with new findings. One budding collaboration of scientists is
the XENON Dark Matter Project using a dual-phase time projection chamber at “Labora-
tori Nazionali del Gran Sasso” to directly search for the interaction of Weakly Interactive

Massive Particles with standard-model particles [1].

In order to detect these predicted, invisible particles, the collision with the noble gas xenon
is used. Xenon has many advantages for this venture, for example its heavy nucleus and its
high atomic number [2]. These properties result in a high self-shielding character as well
as a high interaction probability with the WIMP. Furthermore xenon has the advantages
of a high density, low chemical reactivity and few radioactive isotopes [2]. Radioactive
contaminations in xenon like krypton and radon produce a contributing background and
thus lower the sensitivity of the detector. Therefore a careful material selection of built-in
components as well as removal systems purifying the xenon are of crucial importance. One
method to reduce this intrinsic contaminations in xenon is cryogenic distillation [3]. The
previous stage of the experiment, XENONIT, thereby reaches the lowest ever achieved
krypton in xenon concentration for a dual-phase time projection chamber [3]. Thus, the
background of the next generation detector, XENONNT, is dominated by radon [4]. There-
fore, a new radon distillation column is developed for XENONnT. One component of this
distillation column is a radon free high flux compressor. Considering that the compressor
has to be radon-free a custom-made magnetically-coupled piston pump is used instead of a
commercially available pump. A prototype of this piston pump was successfully developed
and then used at XENONIT [5]. Due to the capability of in-house development the full
control of all built-in components as well as the possibility for modifications resulting in
a higher performance is given. This modified compressor for the radon removal system is
required to feature a high and stable throughput and steady pressure built-up. In contrast
to the prototype pump a one cylinder double-stroke pump can not be used by virtue of the
cyclic movement. Rather a multi cylinder pump can smooth the throughput and ensure a
higher flux. In this case a four cylinder magnetically-coupled piston pump will be used for
the experiment. In order to reach the desired steady and high xenon flow and compression

the four cylinders have to be operated in parallel with a shifted movement of the pistons.
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To ensure the steady performance over long term, the shifted piston movement of the
four cylinders have to be synchronized. This thesis aims to program a drive profile to each
cylinder drive, synchronize the movement with a shift between all cylinders and develop

an interface for a status readout of all drives.

At first, an introduction about dark matter and its detection techniques is given. Af-
terwards, the XENON Dark Matter Project will be presented in chapter |3} Subsequently
the pressure curves of a single and a four cylinder magnetically-coupled piston pump will be
discussed to motivate the needed shift. After that the implementation of the synchroniza-
tion will be explained followed by the analysis of the first tests. Next a longtime operation
of the synchronized movement ensuring the stability of the synchronization will be shown.
Lastly a conclusion as well as an outlook will sum up the results and give an overview for

future tasks.
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2 Dark matter

The current state of research about the composition of the Universe predicts that the
baryonic, visible matter is not the only existing form of matter. Only 4.9% of the whole
energy density of the Universe consists of this normal matter. The other part is made
of 68.3% so-called dark energy and of 26.8% dark matter [6]. Dark energy is largely
unknown today, while dark matter is postulated as an invisible form of matter interacting
by gravitational forces and weak interaction on a small scale. The postulation is based on
three main evidences: the cosmic microwave background (CMB) [7], gravitational lensing
[8], as well as the rotation curves of spiral galaxies [9], where the last one is the most
demonstrative evidence. Therefore, the rotation curves as an evidence for dark matter will

be shown in detail in the following.

2.1 Evidence for dark matter: rotation curves

Rotation curves of spiral galaxies can be observed by measuring the velocity of stars in
spiral galaxies. In order to measure the velocity, the Doppler effect, in particular the 21 cm
hyperfine transition line of neutral hydrogen, is used. The observed speed of stars in a
spiral galaxy as a function of the distance to the center of the galaxy differs from the
theoretical consideration. With reference to Newton’s laws the stars’ movement can be
described with

v o : (1)

where the velocity falls with increasing radius. Assuming that the central halo density pg

of the galaxy is constant [I0], its mass has a dependence on the radius r given by

m(r) = po%ﬂ'T’S. (2)

In this case the velocity behavior is similar to a rigid body rotation

(v oxr). (3)

This expected linear increase until the mass density falls down can be seen in figure[ll This
theoretical dependency of equation [3] could be observed. However, for large radii from the
center of the galaxy the observation shown in figure [I] indicates that the velocity of stars

stays constant in contrast to equation [I}
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Figure 1: Measurement of the velocity from stars in the galaxy NGC 6503 as a function
of the distance from the center [I0]. Additionally, two theoretical curves are shown. One
curve shows the velocity of the disk and the other of the gas. In addition a halo is modeled,
which can explain the difference to the observed data.

An addition of a halo can explain the observed velocities at a large distance from the
center of the galaxy. The postulation of a dark matter halo added to the ordinary matter
compensates the discrepancy. As a result of this observation many theories about new
hypothetical particles beyond the standard model were developed. One of these particles
is the Weakly Interacting Massive Particle (WIMP). It is supposed to be massive, neutral
and interacting on a scale similar to the weak interaction. The WIMP is a particle beyond
the standard model [I1]. Due to the fact that the particle interacts weakly, ambitious

detection techniques have to be developed.
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2.2 Dark matter detection techniques

The detection of WIMPs requires a coupling to baryonic matter. Figure [2] shows three

strategies to detect the dark matter particles.

Direct detection

X > X
A

Production Indirect
at colliders detection

Y
p p

Figure 2: Schematic showing the possible dark matter detection channels [12].

On one hand WIMPs can be produced at colliders. For instance at the LHC at CERN,
protons are accelerated and brought to a collision. This process is expected to pair-produce
two WIMPs as depicted in the Feynman-diagram from bottom to top. The detection is
based on missing transverse energy [I3]. On the other hand WIMPs can be hypothetically
detected by indirect detection. For example the IceCube experiment at the south pole
could observe WIMP annihilations to neutrinos [I4]. The third technique is the direct
detection searching for a scattering of WIMP with nuclei shown from left to right in figure
Such collisions deposit energy in the detector material, which can be observed by low
background detectors. This way of detection is used by the XENON Dark Matter Project.
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3 The XENON Dark Matter Project

The XENON Dark Matter Project is a collaborative experiment of about 160 scientists from
27 institutions around the world and is installed in a mountain at “Laboratori Nazionali
del Gran Sasso” (LNGS) in Italy [I]. To shield the detector from cosmic radiation, the
experiment is built into a mountain under 1400 m of rock, which leads to a reduction by
six orders of magnitude [I5]. The low background detector is a Time Projection Chamber

(TPC) filled with xenon because of its suitable characteristics.

3.1 Xenon as a detector medium

As a target medium, xenon benefits from its heavy nucleus (Z = 54). Xenon has a low
chemical reactivity and belongs to the noble gases. Natural xenon is composed of iso-
topes with atomic numbers of A = 124 to A = 136. A high A of the target material is
advantageous, since the probability of an interaction between a WIMP and a nucleus is
proportional to A2 [2]. Moreover, liquid xenon has a high density (~ 3 ﬁ), which leads
to a high stopping power that enables a self-shielding to protect the inner detector volume

from background [2].

A critical background of such dark matter detectors is intrinsic radioactive contamina-
tion. Radioactive decays within the detector cause background that can not be shielded
against. With regard to that, xenon is advantageous, considering that it consists of only
a few radioactive isotopes. Even though commercially available xenon contains two un-
stable isotopes, that is 8.87 % !36Xe and 0.09% '24Xe [2]. These isotopes constitute no
disturbing background because of their rare decays. The radioactive isotope 2%Xe can
decay via double f-decay with a half-life of T} j5 = (2.165 % 0.016,a; & 0.059,ys) x 10%! yr
[T6]. Secondly, the '24#Xe decays via double electron-capture with a half-life of T} 2 =
(1.8 & 0.55¢at = 0.155) x 10%22 yr [17]. Furthermore, commercially available xenon contains
other radioactive isotopes. Low concentrations of isotopes of krypton and radon also play a
role for the background. These background sources will be discussed after an introduction

to the construction and functionality of the TPC.
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3.2 The time projection chamber

The XENON Dark Matter Project uses a dual-phase TPC filled with liquid xenon and a

small gaseous phase above as depicted in figure

i Anode
GXe !
Eexrracn‘on
Gate
LXe
Edrff(
. v
particle
Cathode

drift time

[ — (depth) ——

>

time
Figure 3: The principle of the TPC and the representation of the two signals S1 and S2.[1§]

The detector is equipped with arrays of photomultipliertubes (PMTs) on both end caps.
Furthermore, an electric field is generated by a cathode mesh on the bottom and a grounded
gate in the middle. Moreover, an extraction field is generated by the grounded gate and
an anode mesh on the top. If a particle scatters in the liquid target with a xenon nucleus,
energy is deposited by a nuclear recoil. As a consequence of the recoil other xenon atoms

will be excited and ionized as shown in the following [2]:

X+ Xe — x + Xe*
Xe*+ Xe+ Xe — Xej + Xe (4)
Xe; — 2Xe+ hv
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X+ Xe— Xet +e +x
Xet + Xe — Xej
Xef +e = Xe™ + Xe
Xe™ — Xe* + heat
Xe*+ Xe+ Xe — Xej + Xe
Xe; — 2Xe+ hv

An excited atom in the presence of other xenon atoms can lead to the formation of an
excited dimer. Subsequently, the unstable dimer dissipates with emission of a photon
(equation . The resulting 178 nm scintillation light generates a signal called S1 at the
PMTs. Moreover, an ionized xenon nucleus can either recombine with the electron, which
creates prompt 178 nm scintillation photon (equation [5|) or the electrons can drift through
the electric field to the top of the detector. Here, the electrons are extracted as a con-
sequence of the stronger electric field between gate mesh and anode mesh. Thereby the
electrons collide with xenon atoms and deposit their energy by electrolummesence. This

generates a second signal called S2.

The time difference between these two signals, the S1 and 52, offers the possibility to
reconstruct the scattering event three-dimensionally. In order to get a good reconstruction
of each event, absorption of the scintillation light as well as electron capturing by impurities
has to be avoided. Therefore, a purification system is required, which will be discussed in

the next section.

3.3 Purification system

As described in the paragraphs above the target material contains two different types of
impurities. On one hand the radioactive contaminations by krypton and radon and on the

other hand electronegative impurities. Both of these have to be removed.

Electronegative impurities for example Oy and HsO attract and capture electrons drifting
to the top of the vessel [5]. This leads to a reduced detection of the S2. In addition,
the electronegative impurities absorb light in the wavelength range of xenon [5]. So these
impurities must be separated from the xenon. This is done by a purification system as
installed at the XENON1T experiment.

The detector material is continuously cleaned by circulating the gasous phase through
hot metal getters, where electronegative substances are removed. The concentration of
the electronegatives has to be reduced to a level such that the electron livetime 7, within

the detector is long enough for the electrons to reach the gaseous phase. Therefore, a
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system is required, which reduces these impurities to a lower concentration than 1 ppb[]

in xenon, such that the electrons can drift over lengths of 1 m and greater in the detector [5].

The other aspect of purification is related to radioactive contaminations. The two main
contributing isotopes are ®Kr and 2??2Rn. ®°Kr is intrinsically abundant in air due to at-
mospheric nuclear tests and fuel reprocessing [19]. Commercially available xenon is gained
from air and thus contains intrinsic contaminations of 8Kr. Its decays are shown in figure
Inside the xenon ®°Kr f(-decays into the ground state of ®Rb can look like WIMP
signals due to its Q value of 687 keV, which occur in 99 % of all decays.

10.756 y N
9/2+ 0 é\z&
L 85 A
36KI‘ @cg" N o
R, e s
Q, =687.0 N &F <
B_ ) ~ o’ @
Y o o
v a &
0.434% 9.5 o 9/2+ Q' N ~N 514.0083 1.015
> \\& i . us
SYESEEN
SN P
<4.7x107% »>16.73_ 1/2- vve O 280.986 4 s
> q’,\, p
3/2- YV 151.161 5 71 s
99.563% 9.41 5/2- 0 stable

Figure 4: Decay scheme of 8°Kr (adapted from [20]).

Therefore, a distillation column was developed in Miinster [3]. At XENONIT the cryogenic
distillation of krypton contributes to the lowest ever achieved background in a dark matter

experiment [3].

However the remaining background of the experiment is dominated by radon, especially
222Rn [4]. The 22Rn intrinsically is not a problem, because its a-decay has an energy in
average of MeV instead of keV, which is expected for a recoil produced by a WIMP. The
decay of ??Rn is an a-decay with a half-live of t1 = 3.8d [21I]. Therefore the radon is
homogeneously distributed in the detector since 1172 continuously emanates from detector

components. The decay chain of ??2Rn is illustrated in figure

Lppb = parts per billion
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Figure 5: A section from the nuclide card, where the decay chain from ??2Rn is shown. The
red arrows starting from blue nuclides represent S~ -decays and the green ones, starting at
yellow fields, are the a-decays. The black is a stable nucleus. [22]

Considering that the radon decay chain includes the B-emitter 2'4Pb, the ???Rn is an

important background for the experiment. The 2'“Pb decays with a probability of 9.3 %

into the ground state of the daughter isotope as seen in figure [0}
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Figure 6: Decay scheme of 2!4Pb (adapted from [20]).
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<0.10ns

0.52 ns
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However, the other decays of the chain can be better identified of the spectrum. The

B-emitter 214Bi, which also decays into the ground state of the daughter isotope, can be

easily identified by looking at the time correlation of the daughters a-decay [23]. The other

isotopes after 2'4Po are trapped on surfaces within the detector and their generated signals

can be separated [24].
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Due to the fact that the radon emanates from detector components two different types
of emanation sources have to be defined [4]: type one sources are for example components
of the detector, which cannot be removed before entering the detector; type two sources
on the other hand are sources, where the xenon can be purified, before the contamination
can reach the detector. These can be removed by a removal system with a sufficient large
reduction factor of the radon. For the type one sources, the concentration of the con-
tamination further depends on the purification flow. Therefore, a new, high throughput

distillation column is necessary.

3.4 Radon distillation column

The radon removal system is a distillation column, which lowers the concentration of radon
in xenon. The column consists of two heat exchangers positioned at the top and at the

bottom with package material in between. The basic idea of the whole column is shown in
figure [7]

LN2

LXe
input

Compressor

Heater

LXe
output

Figure 7: Scheme of the radon removal system [25].
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The input for the liquid xenon from the liquid purification loop is in the middle of the
package material. Here, the xenon drips to the reboiler, which is at the bottom of the
column. In the reboiler heaters evaporate the xenon. Radon enriched xenon remains in
the reboiler, since radon is less volatile than xenon [26] and the radon-depleted xenon goes
through the package material into the top condenser. In order to reduce the probability of
radon particles leaving the column, a part of the xenon will be condensed corresponding
to a reflux. Liquid nitrogen cooling is used, transferring its cooling power via large surface
oxygen free copper fins to the xenon. To regulate the cooling process, this heat exchanger
also contains heaters. The remaining clean gaseous xenon, which is not condensed, leaves
the condenser. With the intention to get the highly radon depleted xenon back to the
liquid purification loop, the xenon has to be liquefied again. Therefore, the principle of a
heat pump reducing the required cooling power is used. The clean xenon is forwarded to a
compressor, which has to fullfil a throughput of 200 slpm and a compression of AP > 2 bar.
The output of the compressor is further routed through a metal coil that is immersed in the
liquid xenon in the reboiler. In a second step the xenon will be condensed at the bottom
chamber of the reboiler on again large oxygen free copper surface fins before the liquid can

be put back to the liquid purification loop.

This thesis will focus on the compressor, which requires special characteristics. Thus,
its development is based on a custom-made magnetically-coupled piston pump shortly

introduced in the following.
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4 The magnetically-coupled piston pump for XENONI1T

As mentioned in section pumps are required to circulate the target material through
the purification system. For experiments like XENONIT such pumps have to fulfill re-
quirements in terms of gas containment, oil-freeness and low radon emanation. Therefore
a pump with these special characteristics has been developed, because commercially avail-
able pumps do not fulfill these aspects. So the drive with oil-based lubrication is outside
of the pump, isolated from the gas, and moves the pump piston over a magnetic coupling.

In the following chapter, the design and special magnetic configuration is described.

4.1 Design

The body of the magnetically-coupled piston pump has a length of 520 mm and an inner
diameter of 127 mm as shown in figure Moreover the body has flapper valves located
at the top and flapper valves located at the bottom. At the top as well as at the bottom
flapper valves are for the input flow (left in figure [8)) and for the output flow (right), which
results in a double-stroke design. A ring containing three cylindrical neodymium magnet
arrays with alternating polarity is attached around the body. This outer ring is driven
by an electric cylinder drive. The piston inside the pump body has a length of 155 mm
and a diameter of 125 mm. Furthermore the piston contains the inner ring of alternating
magnet arrays. These magnets are magnetically-coupled to the three magnet arrays in the
outer ring. Additionally, the piston rings and external rings have exactly opposite magnetic

orientation resulting in a strong cross coupling, which boosts the performance of the pump.
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Figure 8: Sketch of the magnetically-coupled piston pump of XENONIT: The alternating
polarity configuration of the magnets leads to a strong cross coupling.

Dependent on the inlet pressure this magnetically-coupled piston pump reaches an average
xenon flow of about 100slpm [27]. Due to the double-stroke engine combined with a linear
movement of the drive fluctuations of flow and pressure can be observed [27]. Since such
fluctuations can be problematic for a stable operation of a radon distillation column, the

pressure built-up in- and outside of the pump will be discussed below.

4.2 Pressure curve

In [27] an insight to the theoretic pressure built-up inside the pump was given by a pV-
diagram. Based on that, an estimation on the pressure behavior during operation can be
done. For clarity, only one working volume, for example the volume above the piston, is
shown. Secondly, the input pressure behavior is not considered for convenience. Assuming
an infinite xenon reservoir and no heat transfer to the environment the following pressure

behavior can be inferred.
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Figure 9: Theoretical pressure inside the pump on one side of the piston (red) and the-
oretical pressure at the outlet (green) with black points between the different changes of
state.

Dependent on the pressure inside the pump, the pressure behind the output flappers is

determined. So the different stages relating to the pressure are represented in the following:

e 1 — 2: The piston moves from its lowest position upwards: The pressure inside the
pump rises from P;, by an adiabatic compression while all flappers are closed (red).

Meanwhile the pressure behind the closed output is constant at P, (green).

e 2 — 3 If the pressure inside the pump exceeds P,yt: The output flappers open and
the pressure inside the pump increases up to Ppax due to the finite time, which is
needed to fully open the flapper (red). At the output a prompt rise of the pressure

to Poyt is expected (green).

e 3 — 4 The piston moves still upwards while the output flappers are open: Due to
the pressure difference between inside the pump (Ppax; red) and outside the pump

(Pout; green) a continuous gas flow through the flappers is expected.

e 4 — 5 The inner piston stops at its highest position for a change of the drives di-
rection: A pressure equalization takes place and the output flapper close (red). The

outlet pressure drops back to Py, (green).

e 5 — 6 The piston moves downwards: An adiabatic expansion of the gas inside the
pump ensues (red). Meanwhile the pressure at the outlet is constant at Py, (green),

because the flappers are still closed.

e 6 — 7 The pressure inside the pump falls until P;,. Then, the input flapper open such
that gas can flow into the pump (red). This has no impact on the output pressure

of the pump (green).
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e 7 — 8 The inlet flappers are fully open and a steady gas flow enters the pump volume
such that the pressure stays constant inside the pump (red). Furthermore no effect

to the output pressure is expected (green).

e 8 — 1 The piston stops again at the lowest position for the change of the movement
direction: A pressure equalization between the inlet and the working volume occurs

and the cycle restarts with an up movement.

The cycle with the different changes of state shows that the pressure built-up inside the
pump determines the output pressure. Thus the output pressure P,,; of one single-stroke
can be estimated by the adiabatic changes of state within the pump described by
PainVE

I‘Illnn max (6)

min

Pout =

As a consequence for the double-stroke engine, the resulting compressions per time at the

output are doubled compared to figure [9) which is shown in figure [T0}

t

Figure 10: Sketch of the pressure behavior at the outlet of a double-stroke magnetically-
coupled piston pump.

As mentioned in section the future radon distillation column needs a 200 slpm xenon
throughput with a steady flow and pressure output to guarantee a stable operation. There-
fore a four-cylinder pump based on the magnetically-coupled piston pump for XENONnT

is under development and thus will be explained in the following.
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5 The four cylinder magnetically-coupled piston pump

The magnetically-coupled piston pump for XENONI1T features a throughput in a range of
100 slpm of xenon. As explained in the previous section a single cylinder pump produces a
fluctuating flow and compression at the output, which has to be avoided for the pump at
a radon distillation column. In order to ensure this and reach the needed flow of 200 slpm

a four-cylinder pump is planed, which is illustrated in figure

Figure 11: CAD-drawing of the four-cylinder pump for the radon distillation column.
Drawing by C. Huhmann.

Reaching higher flows than the pump at XENONI1T the four cylinders have to be operated
in a parallel configuration. In such composition each pump has only to reach a flow of
50slpm. Furthermore, the output pressure is the same pressure as the highest pressure of
each pump. By adding a shift between the drives the fluctuations of flow and pressure can
be reduced. In order to optimize this aspect the phase shift of the drives and its effect to

the output pressure and flow will be discussed in more detail below.

5.1 Phase shift effect on the pressure and flow

The behavior of the flow ) and the pressure P behind the output flapper can be assumed
to be similar when an output flapper opens. Based on the theoretic considerations of the

last chapter, the flow of a one cylinder pump extends like shown in figure [12]
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Figure 12: Fluctuations of output flow ) and output pressure P of a double-stroke engine
pump as the magnetically-coupled piston pump.

Figure shows the theoretically assumed flow behavior in green and pressure behavior
in blue for a double-stroke pump behind the output flapper. At closed flappers a flow of
Qo = Oslpm and a pressure behind the flappers of Py = Psystem is expected. Whenever the
output flappers open, a flow of ()1 and pressure increase up to P; is reached. Moreover,

an average flow of )y, is reached over time.

Reducing these fluctuations, the low level zones have to be compensated such that Q
comes closer to Q1. The intuitive idea is to operate with two drives phase-shifted by 50 %

of the single-stroke length. This way, the fluctuations can be reduced shown in figure [T3

ol | | | | | | I [ G=20,

t

Figure 13: Output flow and output pressure by two pumps with a shift of 50 % of their
single-stoke length. The oscillations could be flatten.

Additionally the average flow @Q at the output is 2Q,, since two times the gas volume is
displaced at the same time. However, both the flow as well as the output pressure features
still high oscillations, which results from opening and closing processes of the flappers. In
order to further smooth fluctuations two more pumps will be used. This corresponds to
four pumps with a 0%, 25 %, 50 % and 75 % shift. This theoretical considerations should

result in a completely constant pressure as shown in figure
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Figure 14: Output flow and output pressure of four pumps with a shift of 25% of their
single-stoke length.

Additional to the constant pressure the resulting flow will be doubled again to 4Qy,. More-
over the doubled flow will become even smoother since the optimal phase-shift will produce
a continuous throughput. So to fulfill these aspects for a stable operation four cylinder
drives of the new pump have to be synchronized to keep the optimal phase-shift constant

during operation, which will be described in the next section.
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6 Synchronization

As mentioned in the previous section the drives have to be synchronized with an offset
of 25 % of the single-stroke length to each other. Therefore an interface is needed, which
guarantees the shift between the four drives for the whole time of operation. Further
requirements are having a full control of the speed and to be able of monitoring other pa-
rameters like a potential offset from the desired shift of each drive. At first the already used
interface of the magnetically-coupled piston pump at XENONI1T will be introduced. Af-
terwards the programming-based implementation of the drive-profiles and the slow control
will be shown, which was developed together with Denny Schulte, who will also describe

the synchronization in his upcoming PhD-thesis.

6.1 The interface

Similar to the magnetically-coupled piston pump at XENON1T commercially electric cylin-
der drives combined with frequency converters from the company SEW are used. As shown
in detail in [27] the SEW drives are suitable for such applications due to their reliability
for strong forces over longterm and the flexibility in programming of the movement and

monitoring. A test setup for the synchronization of the drives has been built as shown in

figure
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Figure 15: Synchronization test setup for the four electric cylinders drives.

Comparable to the magnetically-coupled piston pump of XENONIT the four drives will
initially operated with the SEW engineering-software called “MOVITOOLS”. After upload-
ing the programming code written in the C based SEW programming language IPOS to the

frequency converters the drives are controlled and monitored via fieldbus on a slow control.

Here only one drive, which is called master in the following, is connected over fieldbus
to the slow control. The other drives called slave communicate just with the master via
SBus. Thus the implementation to the XENONnNT slow control later on is similar to the
integration of one cylinder drive, which was already done for XENON1T, and the control of
all four cylinder drives can be kept simple for the operator. The master and slave allocation
depends only on the uploaded programming code to the related converter and the fieldbus
connection such that the drive can be changed in case of maintenance. A schematic of the

default allocation and communication structure is shown in figure
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Figure 16: A schematic drawing of the communication between the drives and the slow
control. The user interface communicates only with the master. Whereas the slaves get
their instructions only from the master drive.

As a consequence of the SBus connection between the drives a synchronization of position
and speed can be realized, which guarantees a long term operation with the optimal shift
as mentioned in section In the following the IPOS programming with the focus on the

SBus communication channel will be discussed.

6.2 Programming of the movement

The intention of this section is programming the master to drive continuously up and
down and to synchronize this movement with the slaves. Moreover the implementation
of the required shift of the slaves will be discussed. Synchronizing the drives the SEW
tool “electronic cam* [28] was used at first, which assigns each master position to a slave
position. Considering to the 25% shift the drives reach their dead centers at different
times and with a speed dependent length of stay. To change the direction of movement
the drives have to decelerate before and accelerate after this dead centers. By virtue of
this kind of synchronization the slave would accelerate and decelerate at the same time
as the master does. Thus an own synchronized drive profile will be programmed with
IPOS. Moreover, the realization of a status monitoring of each drive will be discussed. The

following description of the code refers to the commented IPOS code in the appendix [A]
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6.2.1 Master

After initialization of the IPOS program the used local and global variables are de-
fined and initialized in figure[A.1.1} [A.1.2]and [A.1.3] Subsequently a movement to the start
position (figure and the up and down driving profile of the master was programmed
similar to the code of the existing magnetically-coupled piston pump at XENONIT (fig-

ure [A.1.9[ and [A.1.10). In this section of the code several state parameters are used to

describe up or down movement. Additionally the states of acceleration and deceleration,
which begin and end 8 % of the single-stroke length before and after the change of direc-
tion, get a characteristic state parameter. Such states are sent with the masters current
position to the slaves for the synchronization. For this cyclic transfer of the parameters
a SBus communication between the drives has to be developed. With reference to this,
SEW offers the possibility to define a so called “SCOM structure” [28]. The initialization
of the “SCOM structure” is given in figure This SBus communication can trans-
fer the information over several channels defined in the “SCOM structure”. Considering
to the data transfer between the drives the master sends information over channel 1025
and receives the slave data over the channels 1060 to 1062. The received data is used to
encode the status of the three slaves for the monitoring user interface (figure and
, which will be discussed in more detail later. Moreover in the state of acceleration
and deceleration the master sends the set speed instead of the current position over this
communication channels. On one hand a change of the set speed for the master has to be
transferred to the slaves. On the other hand further synchronization of the master and
slaves during acceleration and deceleration of the master would result in a slow down and
a speed up of the slaves, while the slave do not have to accelerate and decelerate due to
the phase-shift. After the slave changes the moving direction the synchronization to the
master starts again. The deceleration and acceleration sections of the master amount to
only 8 % of the whole stroke length, which allows a long enough synchronization time over
the entire stroke length. The realization of this synchronization will be explained more in

detail in the following section about the programming code of the slaves.

6.2.2 Slave

The before discussed programming code of the master sends the position and a state pa-
rameter of the master to the slave. With this data the slaves movement should drive

with the desired shift. At first the IPOS programming code is initialized and variables are

defined similar to the masters code (figure|A.2.1land |A.2.2). In order to get the above men-

tioned parameters from the master, which are essential for the synchronization, the SBus
communication also has to be configured (figure . For safety reasons the slaves will
not move until the communication with the master can be verified by waiting for received
parameters from the master after setting them to default (figure . Afterwards the
slaves move with the first received parameters from the master to the start position (figure
|A.2.3|and |A.2.4). The code segment in figure checks if the slave is moving to send
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this information to the master for monitoring. After positioning at start position the slaves
IPOS code run into the main loop, which contains different cases shown in figure
and The cases depend on the masters movement. Thus an up and down movement
case is used. Each of this two cases are divided into two more cases: if the slave drives in
the same direction compared to the master or not. This is important for the calculation of
the desired slave position and to partly pause the synchronization due to deceleration and
acceleration sections of the slaves. If the master and slave are moving in the same direction
and both are more than 8 % of the stroke length away from the dead center, then they will
be synchronized with regard to the desired shift. So the master sends its position to the
slave which is used to calculate the desired target position of the slave (figure |17 a)). If
the master enters the 8 % interval around the dead center, the synchronization is paused
to avoid deceleration of the slave at the same time. This unsynchronized sections are used
to synchronize the set speed of the master to the set speed of the slave. Thus a change of
the speed by the user interface is transferred after one stroke to the slave (figure|17|b))

the slave is within the 8 % interval around the dead center, the synchronization will also

be partly paused and the slave uses the startposition and endposition (figure [17]c)).

Synchronous b) Master decelerates c) Both ac-/decelerate

Posntlon SPeEd (Posmon)
Slave uses Slave uses Slave uses
master- endposition startposition
position with the
0% speed
+

92% __
100%

Figure 17: A schematic overview about sending parameters of the master and which pa-
rameters are used from the slave.

This way the synchronization of the master and the slaves with its optimal phase-shift could
be realized, where the movement of the slaves regarding the phase-shift to the master is
different. The slave 1 is a special case, because the drive has not enough time to synchronize
to the master position with a 75 % shift behind. As mentioned before, the synchronization
is realized at the section of the drive profile where the synchronized drives are moving in
the same direction. With a 75 % shift of the stroke length this section is only 25 % of the
stroke length minus 8 % by acceleration and 8 % by deceleration sections. First tests show
that the remaining 9% of the stroke length does not suffice at speeds higher 1400 rpm
to successfully synchronize to the desired target position. To increase the synchronization
interval of this drive the drive profile was changed to a 25 % shift of the stroke length ahead
the master position (figure . Further slave 2 and 3 drive 25 % and 50 % behind the
master (figure . In the following the data monitored with the slow control during

operation will discussed more in detail.
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6.2.3 Monitoring of the drives

As already mentioned in the previous chapters the monitoring have to be realized via SBus
communication from the slaves to the master and via fieldbus from the master to the slow
control. Therefore several parameters of the slaves, which display its status, have to be sent
to the master. As mentioned in [27] the frequency converters of the electric cylinder drives
support a data transfer to external devices of three process data variables via modbus.
Similar to the drive at XENONI1T two of the parameters are used for the status word and
the speed of the master. Hence the status of all slaves has to be send over one parameter.
Therefore the status of each slave is encoded by the master to a number code, which is
subsequently decoded by the slow control. Thus the status code of each slave contains the

information:
e if the communication is fine
e if the slave is moving
e when moving, if the shift is correct.

To encode this information the slaves send their position and a control variable, which
signaled that the communication is fine (figure , to the master. The master encodes
with the two variables of each of the slaves the possible status to a single digit code (figure
IA.1.6{and [A.1.7)). Thus, the current status of each drive will be combined to a collective
parameter (figure . This collective parameter can be send via the third process data
variable and decoded by the slow control. In Miinster a LabVIEW-based slow control

combined with a real-time micro-controller for a secure control and monitoring is used. So
a status monitor four the four cylinder pump has been developed in LabVIEW shown in
figure In the following the shift of the four drives with this synchronization code will
be analyzed.
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Figure 18: LabVIEW-based status monitor.

6.3 The analysis of the drives shift

The TPOS code explained before, was now downloaded to the converters for a first test.
For the analysis of the shift between the drives the position of them has to be sent and
stored on a computer. As mentioned before the frequency converters supports only three
process data variables via modbus. Thus a LabVIEW-based user interface was written to
save the position of two drives, the master and one of the slaves. The LabVIEW program
generates a textfile containing position values, which can only be in the interval of [0, 65536]
by virtue of the limited digit system (16* = 65536 = 4 bit hexadecimal number system).
Nevertheless for the pump a stroke of an interval of [0,240000] increments is needed. To
solve this problem a java program was written, which corrects the data by analyzing the
overflow of the LabVIEW output.

Plenty of measurements are essential to investigate the velocity dependency of the syn-
chronized movement. Additionally, the average of the shift between the drives has to be
of appropriate significance. Therefore, a measurement was made deciding on a convenient
measuring time with both a low working effort as well as meaningful number of strokes.
The measurement was done with a speed of 1400 rpnﬂ which is about the half-range, and
a measuring interval of one and five minutes. Figure [I9)displays a cutout of the position of

master and one slave in percent of the stroke length as a function of time during operation.

2rpm £ revolutions per minute
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Figure 19: Master and slave 2 position during operation in percent of the single-stroke
length (240000 increments) for a drive speed of 1400 rpm. A cutout of a one minute mea-

surement.

As expected the slave has a similar movement as the master, in which the slave is desired

to be postponed by 25 % of the stroke length. However, in this case the slave is postponed
by 32% of the stroke length, which will be explained later in chapters to
Nonetheless, the difference between both positions seems constant, but when one drive is
at a change of direction, the difference will be changed due to acceleration and deceleration

sections. Therefore the difference between both positions as a function of time is depicted

in the following.
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Figure 20: Difference of master and slave 2 position during operation in percent of the
single-stroke length (240000 increments) for a drive speed of 1400 rpm. A cutout of a one

minute measurement.
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Figure shows a curve with periodic decreases and flat maximums at around 32%. In
this connection the decreases do not fall off to zero, because the difference describes the
distance the slave has to drive to get to the masters position instead of a simple position
subtraction. The decreases are created by the acceleration and deceleration parts of both
drives where they become closer. The flat maximums arises from sections, where the drives
move with the same speed and thus will be synchronized with the desired shift in between.
Figure [21]illustrates the histogram of the one minute measurement. In order to motivate an
expedient binning size for the spectrum three important factors play a role. The LabVIEW-
based interface readouts and saves the data every 10 ms. This can be called sampling rate.
Another limiting factor is the transfer rate. The here used transfer rate via modbus has a
transferring frequency of firans = 100 MHz [29]. This rate is faster than the sampling rate
and thus does not have to be considered. The last factor is the resolution of the absolute
encoder (AK1H) of the electric cylinder drive given in mm [30]. The conversion of mm
to increments [28] leads to a resolution of 143 increments. This interval of increments
is greater than the interval of the sampling rate by a speed of 1400 rpm. Therefore, the
accuracy of the measured position values is dominated by the absolute encoder and not
limited by the sampling and transfer rate. Under this assumption the binning is set to

143 increments.

5001

400

Counts

200+

100+

22 24 26 28
Difference (%)

Figure 21: The difference of master and slave 2 position for a drive speed of 1400 rpm
measured over one minute shown in a histogram (143 increments bins).

The histogram shows two peaks, where the one at 32 % indicates the difference between the
master and slave positions at the synchronized sections. Moreover, the one at 23 % arises
from the changes of the direction at a dead center of one drive whereas the other drive is
still moving. Since the synchronization is not given in exactly these situations, only the
large peak on the right is used to evaluate its working. When the unsynchronized parts,

which means 8 % of the stroke length before and after the dead centers, are removed from
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the spektrum, figure 20| will be change to figure In this one can see that the difference

is constant without the decreases from the unsynchronous sections of the drive profile.
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Figure 22: The difference of master and slave 2 position in percent of the single-stroke
length for a drive speed of 1400 rpm without acceleration and deceleration sections of the
drive profile. A cutout of an one minute measurement.

Based on this the average value of all measured differences between master and slave is
calculated. To decide if the measurement of one minute fulfills the conditions of providing
meaningful results this measurement is compared to a five minutes measurement. For the
five minutes measurement the same analysis has been done. Table [I] shows a comparison

of the average value and the maximum deviated values.

Table 1: Compared parameters of the two time measurements in percent of a whole stroke
length.

average difference | minimal difference | maximal difference
one minute | (32.143 +0.371) % 31.37% 33.53%
five minutes | (32.142 £ 0.365) % 31.34% 33.57%

The comparison shows that the difference of the parameters from a one minute measure-
ment is negligible compared to the five minute measurement. As a result the measuring
time of one minute was used for the analysis of the tested IPOS code at different speeds
and phase-shifts. Nevertheless to ensure no phase-shift at all a long term measurement

over weeks will be shown later on.

The analysis of the different slaves with its specific shift at different speeds shows that
the shift does not increase over time but a speed dependent offset from the desired shift
was found. For example as perceived before the desired shift of 25 % features at a speed of

1400 rpm an additional offset of (7.1 + 0.4) % since a total difference of (32.1 + 0.4) % was
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measured between master and slave position (q.v. table . In the following the analysis
for the three desired shifts at several speeds is shown and a correction function for each
slave is developed to compensate the speed dependent offset. As mentioned before the
slave 1 is a special case, which thus at first the two drives moving behind the master will

be analyzed in the following.

6.3.1 Slave 2 with 25% shift

The slave 2 drives behind the master with an offset of 25%. Since the electric cylinder
drives feature a maximum speed of 3000rpm and a slave needs a higher speed to com-
pensate offsets from the target position (in this case 100 rpm) 29 measurements from 100
to 2900 rpm master speed with 100 rpm increment were performed. After data collection
the shift between the master and slave 2 has to be analyzed. Additionally a java program
offering the possibility to load the LabVIEW generated datafile was written to handle this
amount of data. The program calculates the offset from the desired shift between the drives
while subtracting the position of the master with the position of the slave minus the shift.
This results in a velocity dependent offset and thus has to be corrected. Figure 23] shows
the mean value of this offset as a function of the velocity. The uncertainty of each value is
determined by the standard deviation:

’U,(.i') _ iLV:I (‘T — j)2
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Figure 23: Offset from the desired shift of slave 2 for several cylinder speeds. A velocity
dependent increase of the offset to the optimal shift can be seen and fitted with a square
function.

Figure demonstrates that the offset of the slave from the desired shift differs at slow

velocities by only a few percent from the stroke length. However, the difference between
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master and slave increases by rising speeds. At the speed maximum of 2900 rpm the offset
is about 25 %. This corresponds to position difference between both drives of about 50 %

at the synchronous sections of the drive profile instead of the desired 25 %.

In order to compensate this speed dependent offset from the shift a correction function
will be determined, which displaces the target position of the slave such that the desired

shift can be kept constant.

A square fit in form of f(v) = av? + bv was used to describe the offset by a correction

function. For slave 2 the correction function

fa(v) = (5.34 £ 0.05) - 10302 + (4.8 £ 0.1)v (8)

was found, where the parameters are transferred from percent of the single-stroke length
in increments such that the IPOS code can handle. The found X%ed is clearly below 1.
This can be explained by the high uncertainties produced by the large distribution of the
measuring points. To find a function, which describes the points even better, some fits
with a higher polynomial degree were used and tested on the converters as well. With
this functions the drive moves not fluently, because the converters reach the computing
power limit. In the following the correction function for slave 3 and slave 1 will be shown
and afterwards the working functionality of the implemented correction functions will be
checked.
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6.3.2 Slave 3 with 50% shift

Likewise as slave 2 slave 3 drives behind the master. The data analysis for slave 3 was
similar done compared to slave 2. Figure [24] shows the mean offset from the desired 50 %
shift of slave 3 dependent on the velocity. The uncertainties are also determined by the
standard deviation (equation .

25{ — f3(v)=av?+bv
X2y =0.034086
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Figure 24: Offset from the desired shift of slave 3 for several cylinder speeds. A velocity
dependent increase of the offset to the optimal shift can be seen.

This figure discloses a similar pass like slave 2 with a desired shift of 25 %. At slow speeds
the offset differs not much and at higher speeds the offset differs by about 25%. The
velocity dependence can be described by a square function. The square fit in increments

results in the correction function
f3(v) = (5.31 £ 0.06) - 10 30* + (5.0 + 0.1)w. (9)

6.3.3 Slave 1 with 25% shift

Finally, the data analysis of slave 1 is shown. As mentioned before, slave 1 will move 25 %
of the stroke length before the master in contrast to slave 2 and 3 moving 25 % and 50 %
behind the master. Considering that the 25 % shift with regard to the single-stroke length
has a negative sign in contrast to the shifts of slave 2 and slave 3 similar measurements and
analysis were performed. Figure 25 shows the mean of the offset from the optimal shift as

a function of the velocity of slave 1.
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Figure 25: Offset from the desired of slave 1 for several cylinder speeds. A velocity depen-
dent increase of the offset to the optimal shift can be seen.

Through the driving ahead of slave 1 and due to the fact that the movement hang back from
the TPOS code, this slave comes closer to the master. Thus figure [25|shows an approaching
of master and slave 1. At slow speeds the slave still drives 25% ahead and at higher
velocities the slave moves with a lower distance to the master. This can be described by a

square function:

fi(v) = —(5.83 4 0.06) - 10302 — (4.2 + 0.1)v. (10)

The correction functions f1, fo and f3 can now be implemented to the IPOS code from each
slave to synchronize the related slave to its optimal phase shift from the master. In the
following section the implementation and test of this correction functions will be discussed

in more detail.

6.4 Corrected IPOS programming code

As mentioned before the correction functions will displace the target position of the slaves
such that the desired shift can be kept constant. Therefore the parameter in the IPOS

code, which contains the information about the desired shift, must be readjusted (figures

30 £33

Afterwards the previous measurements were redone verifying the functionality of the shift
correction. With reference to this, the new recorded data will be analyzed in the next

subsections.
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6.4.1 Corrected 25% shift of slave 2

The analysis of the data for slave 2 synchronized with the correction function is shown in

figure
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Figure 26: Offset from the optimal shift of slave as a function of the velocity of the electric
cylinder drive (red). The implementation of the correction function can lower the offset
from the optimal shift.

The figure shows the measurement of the offset between master and slave 2 with correction
function (red) and without correction function (black) for several speeds. The correction
function can reduce the offset from the desired shift. The offset with implemented cor-
rection function differs 1% of the stroke-length in maximum from the optimal shift. At a
stroke length of 35cm, 3.5 mm offset from the desired shift is not expected to be visible
in the performance of the pump, because the desired shift results only in a continuous,
steady flow and pressure throughput. Thus the observed offset from the desired shift with
the correction function is in an acceptable range for the needed pump as long as it will not
increase over time. The long term measurement will be discussed in more detail after the

following analysis verifying the correction functions of the other slaves.
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6.4.2 Corrected 50% shift of slave 3

The results of slave 3 are shown in figure 27]
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Figure 27: Offset from the optimal shift of slave 3 as a function of the velocity of the
electric cylinder drive (red). The implementation of the correction function can lower the

offset from the optimal shift.

The figure displays again the measurements of the offset between master and slave, in this

case slave 3, with correction function (red) and without correction function (black). As

shown slave 3 behaves similar to slave 2. The measuring points also differ up to about

1% with reference to the stroke length from the zero offset. Thus also slave 3 operates as

desired. Finally the correction function of slave 1 is tested and analyzed below.
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6.4.3 Corrected 25% shift of slave 1

Comparison of measurements with slave 1 and the master for different speeds with imple-

mented correction function and without correction function.

------ Zero offset from the desired shift
—2541 ¢ Without correction function { ]
¢ With correction function

0 500 1000 1500 2000 2500 3000
Velocity (rpm)

Figure 28: Offset from the optimal shift of slave 1 as a function of the velocity the electric
cylinder drive (red). The implementation of the correction function can lower the offset
from the optimal shift.

In figure [28 the measuring points with correction function (red) and without (black) are
given. The result of the analysis from slave 1 shows that the correction function f;(v) can
compensate the offset from the desired shift similar to the correction functions at the other
slaves. The maximum offset from the desired shift again is about 1% with regard to the
stroke length. However the uncertainty at speeds higher than 2300 rpm is larger than at the
other slaves. This can be explained by the sections where the synchronization starts again.
The slaves driving after have to accelerate in this sections to be synchronous in contrast to
slave 1 driving ahead, which has to decelerate until the optimal shift is reached. The slave
1 has to decelerate by virtue of the reverse definition of its programming, which results
in a slight overcompensation of the correction function. After slave 1 reaches the optimal
shift the slave has to accelerate to drive with the same speed of the master. This small
fluctuation leads to a higher scattering of deviation. This effect occurs especially at high
velocity by virtue of the higher speed difference. The maximum uncertainty deviates by
around 4 % of the stroke length, which also can still guarantee the reliability of a continu-

ous throughput as long as its stable over time.

This way the synchronization of the slaves with their optimal shift to the masters move-
ment could be implemented. On a short timescale the stability keeping the optimal shift
constant can be guaranteed. However, similar stability is required over long term to ensure

the optimal phase shift during 24 hours per day and 7 days per week operating of the
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column minimizing the oscillations of the flow and pressure through the system. Therefore

a continuous operation of more than one week will be analyzed in the following.

6.5 Constant operation of the pump

The before mentioned longtime measurement was made with slave 3 over nine days, since
the deviations are expected to be higher due to the larger 50 % shift to the master position.
The measurement was done with a speed of 2500 rpm. On one hand this is the most likely
operation speed expected for the operation of the distillation column at XENONnT. On
the other hand higher deviations are expected for higher speeds. The analysis of the data
will be performed in several steps. At first a comparison of each day will be done to check
if the shift is constant. Therefore the average offset from the desired shift is calculated
and the maximum offsets around the desired shift will be determined. Afterwards the shift
over the measured time of day 4 to 9 will be investigated. The days 1 to 3 are excepted,
because a bad sampling rate in LabVIEW was used: If the sampling rate is faster than the
SBus communication between master and slave, the slave positions are wrongly allocated
to the master position. Finally a comparison of the first ten minutes of day 4 to the last
ten minutes of day 9 will be done to ensure no shift over time. The results of the analysis
are presented in table

Table 2: The analyzed longtime measurement.

average offset max offset before | max offset after

day 1 (0.9308 + 1.2717) % —2.0867 % 4.0696 %

day 2 (0.8983 4+ 1.2638) % —3.6521 % 4.0604 %

day 3 (0.6750 4+ 1.1704) % —3.6525 % 3.1642 %

day 4 (0.6767 4+ 1.1642) % —2.5925 % 3.1650 %

day 5 (0.6758 4+ 1.1654) % —2.5925 % 3.1654 %

day 6 (0.6767 4+ 1.1683) % —2.5917% 3.1642 %

day 7 (0.6750 + 1.1729) % —2.5917% 3.1625 %

day 8 (0.6758 +1.1671) % —2.5921 % 3.1650 %

day 9 (0.6763 + 1.1704) % —2.5921 % 3.1646 %

day 4-9 (0.6763 + 1.1679) % —2.5917% 3.1654 %

day 4 first 10min | (0.7158 £ 1.1642) % —2.5913 % 3.0950 %
day 9 last 10 min | (0.6583 4+ 1.1429) % —2.5900 % 2.9563 %

The analysis shows that the first three days differ from the other days. The data of day 1,
day 2 and day 3 feature a larger average offset compared to day 4 to day 9. Additionally
the maximum offset around the desired shift differs from the other days. This can be
explained by the bad sampling rate of LabVIEW, whereby at some point the slave position
was wrongly assigned to the master position. Furthermore, the data presents that no
change of the shift can be determined in the last six days. As well the average offset
from the desired shift of day 4 to day 9 is with around 0.68 % in the same range as the
maximum deviated day interval of it (day 6 with (0.6767 £+ 1.1683) %). Moreover, the

Philipp Schulte



6 SYNCHRONIZATION 41

long term measurement displays negligible small maximum offsets from the desired shift.
About —2.6% and 3.2% of the stroke length as maximum differences from the desired
shift corresponds to only a few millimeters of the stroke length and thus will not have
a visible effect on the pump performance. Furthermore, the comparison of the first ten
minutes of day 4 and the last ten minutes of day 9 demonstrates no differences of the offset

parameters. Finally a shift within the long term measurement can be excluded.
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7 Conclusion

The aim of this bachelor thesis was to synchronize the four cylinders of a newly developed
magnetically-coupled piston pump for the radon distillation column of XENONnNT. In or-
der to achieve the related requirements, the cylinders have to be operated in parallel with
a movement shift regarding a single stroke cycle. This includes the programming of the
driving profiles of each electric cylinder with data transfer between the drives, testing of
the programming code with the focus on the desired shift between the cylinders as well as

verifying a longtime reliability of the synchronization.

Firstly, the desired shift was motivated. Therefore several considerations for the flow and
pressure built-up were made starting with one cylinder going on to two and four cylinders
in parallel. This theoretical foundations result for four cylinders operated in parallel in a
25 % shift with regard to the stroke length. So a first driving profile based on the position
transfer between the drives was developed for each cylinder. However, the desired shift
which was programmed into the profiles, could not be kept constant for several speeds of
the movement. The first test of this version of IPOS code shows a velocity dependent
offset from the desired shift. To compensate this offset a correction function was fitted on
the recorded data to readjust the related target position within the programming code.
Additionally the found offset of the test shows that the drive with 75 % shift behind the
master (slave 1) has not enough time to synchronize to the master. To increase the syn-
chronization time of this drive the drive profile was changed to a 25 % shift of the stroke
length ahead the master position. After the appropriate adjustment of the programming
code the driving profiles were tested by several speeds with the result that the desired shift
can be kept constant. To ensure this operation over longtime a nine days measurement was
made. The comparison of the first ten minutes of day 4 and the last ten minutes of day 9
suggests no shift during steady operation. Furthermore the measurement features an av-
erage offset of (0.68 & 1.17) % of the stroke length with the a maximal deviation of —2.6 %
and 3.2% of the stroke length. Due to the fact that the average is almost zero as well
as constant over long term and that such maximum deviations are not expected to have

an influence to the performance of the pump, the synchronization was successfully realized.

Furthermore a status monitor has been developed to ensure the secure operation of the
four piston pump. This monitoring gives information about the individual status of the
slaves, which contain the information if the slave is driving, when driving if the slave has
the desired shift or if an error is triggered by transferring information. That allows fast

acting in case of an unexpected mistake of the system.
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8 Outlook

The newly developed four cylinder magnetically-coupled piston pump is planned to be
operated continuously over years. This requires a long term reliability not only from the
software-based point of view by synchronization of the drive profiles, but also from the
mechanical components. Mechanically moved systems have to be necessarily maintained
at some point. To prevent downtime of the whole radon removal system of XENONnT
due to maintenance work on one cylinder of the pump, the four cylinders should feature
the possibility to decouple one cylinder. In order to operate the remaining three cylinders
during such service work in an optimal way, the shifts have to be changed. For this option
new correction functions have to be calculated based on recorded data of the configuration
with a 33 % shift.

Besides, the monitoring slow control has to be adjusted for the operation at XENONnT.
Due to the fact that LabVIEW is used for many applications in Miinster by default the
first version of the monitoring slow control was also developed in LabVIEW. Thus the
next step is to convert the status monitoring from a LabVIEW based slow control into a
General Electric based slow control. This conversion is necessary since the status of the
slaves has to be monitored over the main slow control of XENONnT, which was developed

in General Electric.
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A.1 Program code of master

B T ISR AR C R

34
5
36

Appendix

finclude <constb.h>
finclude <ick.h>

fpragma var H128 H149
fpragma globals H200 HS9S
fpragma initials HO H127

//initialization of the IPOS-program

#define MY FBUS TYPE GS BT FBUS
//the master is connected wia fieldbus to the PC/PLC

SCREC tBusRec, tBusRec2, tBusRec3;

SCTRCYCL tBusTr;

SSPOSSPEED spesdMax, spesdThrottled;
//definition of cyclic sending and receiving paramsters betwsen master and slaves
//definition of internal speed variables to get the access changing the speed

long 1i;
long var_spesd max;

long var_speed throttled;
long var_pos_start;

long var_pos_esnd;

long var_interval;

long drive_slavel;

long drive slave2;

long drive_slave3;

long drives_slavel;

long drives_slave2;

long drives_slave3;

long guaterposl;
long guaterposz;
long guaterpos3;
//initialization

of variables used in the program

Figure A.1.1: General initialization of each IPOS program with definition of all variables.
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//configuration of system variables H

fdefine should spsed_start
fdefine should speed

H177
H1B0

//set—speed values of the master

fdefine pos
fdefine istpos slave
//actual decoded state of all

fdefine tBusData_pos_slavel
fdefine tBusData_drive_slavel
fdefine tBusData_pos_slave2
fdefine tBusData_drive_slave2
fdefine tBusData pos slave3
fdefine tBusData drive slavel

H1%0
H193

slaves send to the interface

H1E64
H1ES
H174
H175
H1B84
H185

//actual position and actual state value of the slaves:

//received parameters from the slaves

fdefine tBusData_release
fdefine tBusData position

//state and actual position of master: sent paramstsrs to the slaves

Figure A.1.2: Definition of the global variables.

H198
H199
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62 main()

62 H {

G4 /7 Just Change this Part
3 var_speesd max = 3

var_speed throttled =
var_ pos_start
var pos_end =
/7
//this part can be canged by the user for main settings

//the maximum speed, the spesd for driving to starting position
//and stroke length in increments can be set here

speedMax.CW = wvar_spesd max;
speedMax.CCW = wvar_spesd _max;
speedThrottled.CW = war_spesd_throttled;
speedThrottled.CCW = war_ speesd throttled;

//initialization of speed parameters

var_pos_snd = var_pos_end-10
var_pos_start = var_pos_start+l
//the extension of the stroke length to correct a break of the
//driving while-loop before it ends and thus the drive stops

5 var_interval=20000;

8& //=set interval of the dead centers, where the master slows and acceslesrates
87

88

89 quaterposl=(var_pos_start-var_pos_end) *1f4;

S0 quaterpos2=(var_pcs_start*var_pos_end]*2[4;

91 quaterp053=(var_pcs_start*var_pos_end]*3]4;

92 //optimal shift eith regard to the stroke length of the three slaves

93

94

as _SetSys(SS_FPIDATA,pos);

96 //configuration of main paramsters sent back to the userinterface via Prozess-Eingangs-Data
57

S8

Figure A.1.3: Initialization of used variables.

tBusTr.CbhjectNo =
tBusTr.CycleTime =
tBusTr.Cffset =
tBusTr.Format =
tBusTr.DPointer = numof (tBusData_release);
tBusTr.Result = 1111;
tBusData_release = 0;
tBusData_position = var_pos_start;
_8BusCommDef (SCD_TRCYCL, tBusTr) ;
//configuration to send data from the master via global variables on channel 1025
tBusRec.CbjectNo = 10&0;
tBusRec.Format = a;
tBusRec.DPointer = numof (tBusData pos slavel);
114 _SBusCommDef (SCD_REC, tBusRec) ;
115 //configuration to send data from slavel via global variables on chanel 1060
1lle
117
118 tBusRec2.0bjectNo = 1061;
119 tBusRecZ.Format = g;
120 tBusRec2.DPointer = numof (tBusData_pos_slavs2) ;
121 _SBusCommDef (SCD_REC, tBusRec2) ;
122 //configuration to send data from slave2 via global variables on chanel 1061
123
124
125 tBusRec3.C0bjectNo = 1062;
126 tBusRec3.Format = 8;
127 tBusRec3.DPointer = numof (EBusData pos slave3);
128 _SBusCommDef (SCD_REC, tBusRecl) ;
129 //configuration to data from slave3 via global variables on chanel 1062
130
131
132 _SBusCommOn () ;
133 //start sending and receiving
134
135

Figure A.1.4: Configuration of the SBus communication channel between master and the
slaves.
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136 _SetSys (SS_POSSPEED, speedThrottled) ;

137 //set the speed during driving to start position

138

139 i=1;

140 //the state of the master is set to driving down, because the starting point is at the top
141

142 TargetPos = var_pos start-100;

143 _Wait (20 ;

144 //driving to start position and wait 20 seconds, such that each drive
145 //has enough time moving to start position

146

147

148 _SetSys (S5 _FPOSSPEED, speedMax) ;

149 //set the maximum allowed spesed

150 //the actual set speed is given by the userinterface via fieldbus

115l

Figure A.1.5: The starting process where the master moves to the starting position at the
top.

[X]

while (1)
{
//this is the main loop

(%)

drive_slavesl=

RTINS

Ui
drive_slave2=0;
drive_slave3=0;

W oo

//initialization of the current status of the slaves

el i e el
@ L1 W1 Lnodnodnoenoen dn

Lo

if (tBusData_drive_slavel>=1)

1{

//if slavel sends a higher parameter than 1, it is moving
if ((ActPos_Mot-tBusData_pos slavel)>=(quaterposl-10000

lel
lez

00) &&
(ActPos_Mot—tBusData_pos_slavel)<=(quaterposl+10000))
= {

//if the shift of the slave is in the tolerance range
//the status variable is set to 2
drive_slavel=2;

- }
else
(=] 1
/fif the shift differs, the variable is sst to 1
drive_slavel=l;
r }
- }
else
= {
//if the slave is not moving, the variable is set to 0
drive_slavel=0;
r }
if (tBusData_drive_slave2>=1)
= 1{

//1f slave2 sends a highsr paramster than 1, it is moving
if((ActPos_Mot—tBusData_pos_slavel)>=(quaterpos2-10000) &&
(ActPos_Mot—-tBusData_pos_slavel)<=(gquaterposZ+l )

= {

//if the shift of the slave is in the tolerance range
//the status wvariable is set to 20
drive_slave2=20;

r 1]
else
=] 1
//1f the shift differs, the variable is s=t to 10
drive_slave2=10;
- }
- }
else

= {
200 //if the slave is not moving, the variable is set to O
201 drive_slaveZ:
202 - }

Figure A.1.6: Status monitoring of slavel and slave2.
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if (tBusData_drive_slave3>=1)

{

//1f slavel sends a highsr paramster than 1, it is moving

}

if((RctPos_Mot-tBusData pos slavel)>=(quaterpos3-10000) &&
0))

(ActPos_Mot—tBusData pos slave3)<=(gquaterpos3+10
1{
//if the shift of the slave is in the tolerance range
//the status variable is set to 200
drive_slave3=200;
}
else
1{
//1f the shift differs, the variable is s=t to 100
drive slave3=100;

else

{

//if the slave is not moving, the variable is set to 0O

drive_slave3=0;

Figure A.1.7: Status monitoring of slave3.

//to control if the SBus communication works:

//the mutable tBusData_drive_slave paramsters are saved and

//comparsed to the last sent variable
if (tBusData_drive_slavel=—drives_slavel)

{

//if the variable is not changing the control parameter is set to 3

}

drive_slavel=3;

if (tBusData_drive_slavel==drives_slave2)

{

//if the variable is not changing the control parameter is set to 30

}

drive slawve2=20;

if (tBusData_drive_slave3=—drives_slave3)

{

//if the variable is not changing the control parameter is set to 300

}

drive_slave3=300;

drives_slavel=tBusData_drive_slavel;
drives_slaveZ=tBusData drive_ slave2;

drives slave3=tBusData drive slave3;
//the buffer is cleand

istpos_slave = drive_slavel+drive_slaveZ+drive_slavel;

//addition of the three control variables:

//the resulting number contains the status information of the slaves
//each digit of the number gives information of one slave

//meaning of the nummbers:

//0:
fi1:
fl2:
f13:

slave 1s not moving

slave moves with a wrong shift
slave moves with a right shift
the slave does not send any data

Figure A.1.8: Monitoring if the SBus communication works and the slaves are still sending
data.
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264
265
266
2e7
268
269
270
271
272
A
274
HTE
276
277
278
279
280
281
282
283
284
285
286
287
288
289
250
251
252
293
294
295
296
297
298
299
300
301
302
303
304
303
306
307
308

if (1==1)

{

//if the master drives down
tBusData release = 1;

//sending information of down driving to the slaves

TargetPos=var_ pos_end;
//the target position of the master is set to the
//end position of the stroke length

while (TargetPos < ActPos_Mot)
{
//while driving down
_SetSys (S5 _PIDATA,pos);
//send current state valus of Prozess-Eingangs-Data back to interface

if ((var_pos_end+100)>ActPos_Mot)

{

//if the end position is reached, the while loop ends and the drive stops
//thus the while loop has to be stopped before

//by a break to avoid a delay of the movement

break;
}
if(ActPos_Mot<=(var_pca_end+lL;+var_interval]]
{
//1f the drive rsaches the decelerating sesction
tBusData release = 2;
_GetSys (should speed start, GS_PODATR);
tBusData position = should speed;
//the state of the master is set to being in acceleration/
//deceleration section and send the actual speed
}
else
{
tBusData_ position = ActPos_Mot;
//1if the mastsr is at the maximum spesd
//its position is sent to synchronize the slaves
}
}
i=2;

//after the while loop was left the state of the master is set to driving up

Figure A.1.9: The programming code while the master drives down.
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306
307
308
309
310
311
312
313
314
315
316
317
318
319
3z0
3z1
S
323
324
325
326
327
328
329
330
331
R
R
334
=S
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
5]
354

//after the while loop was left the state of the master is set to driving up

if (i==2)
=] 1{
//if the master drives up
tBusData release = 2;
//sending information of driving up to the slaves

TargetPos=var_ pos_start;
//the target position of the master is set to the
//start position of the stroke length

while (TargetPos > ActPos Mot)
= i
//while the master drives up
_SetSys(SS_PIDATA,pos);
//send current state value of Prozess-Eingangs-Data back to interface

if ((var_pos_start-1
= {

//1if the start position is reached, the while loop ends and the drive stops
//thus the while loop has to be stopped before

//by a break to avoid a delay of the movement

0)<ActPos_Mot)

break;
r }
if (ActPos_Mot>=(var_pos_start-100-var_interval))
= {

//if the drive reaches the decelerating section
tBusData_relsase = 4;
_Get8ys (should speed_start, GS_PODATR) ;
tBusData_position = should speed;
//the state of the master is set to being in acceleration/
//deceleration section and send the actual speed

o }
else

=] {

tBusData position = ActPos Mot;

//if the master is at the maximum speed

//its position is sent to synchronize the slaves
- }
o ]

i=1;

//after the while loop was left the stats of the master is sst to driving up

Figure A.1.10: The program code while the master drives up.
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A.2 Program code of slave

1 fpragma var 300 309

2 fpragma globals 200 5855

3 finclude <constb.h>

4 finclude <iob.h>

5 //initialization of the IPOS-program
6

SCREC tBusRec;

SCTRCYCL tBusTr;

SSPOSSPEED spesd, spesdMax, spesdThrottled, spsedMaster;

//definition of internal speed paramteres to get the access changing the speed
//and the definition of the cyclic sending and receiving of

(=R

//information between master and slaves

IS S

long var_spesd max;
long var_speed throttled;
long var_pos_start;

~ @ i

long var_pos_snd;

long var_guarter_pos;

long var_quarter_pos_start;

long speedChange;

long drive_control;

long slaveNumber;

//the initialization of wariables used in the program

[=RT ]

1
1
1
1
1
1
1
1
1
1
2
e
£
&
-
2

S SR

27 //configuration of system wvariables H

28

29 fdefine tBusData_pos H190

30 fdefine tBusData_drive H191

31 //actual position and status value of the slave
32

33 fdefine tBusData_release HI198

34 fdefine tBusData_position H19%

335 //state and actual position of the master

Figure A.2.1: General initialization of each TPOS program with definition of local and
global variables.
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38 main()

35 H {

40 £ Just Change this Part

41 var_speesd max =

42 var_speed throttled =

SisE var_pos_start =

44 var pos_end =

45 slaveNumber =1 2 or 3 for the number of slave
46 1

S

//this part can be canged by the user for main settings
//the maximum speed, the spesd for driving to the starting position
//and stroke length in increments can be set here

=

[= I

1 speedMax.CW = wvar_spesd _max;

2 speedMax.CCW = wvar_spesd max;

2 speedThrottled.CW = war_ speesd throttled;
4 speedThrottled.CCW = war_speed throttled;
5 //initialization of speed parameters

b

var_quarter_poa_start=((var_pos_start*var_pos_end]*slaveNumherfE];
//optimal shift of the slave

(I

tBusTr.ChjsctNo =

tBusTr.CycleTime =
tBusTr.Offset =
tBusTr.Format =

+slaveNumbsr;

i
i

=

tBusTr.DPointer = numof (tBusData_pos) ;

tBusTr.Result = 1111;

_8BusCommDef (3CD_TRCYCL, tBusTr) ;

//configuration to send data from the slave via global variables
//on chanel 1060, 106l or 1062 depending on the specific slave number

4
5
5
5
5
5
5
5
5
5
5
=
5
5
5
=
5
5
5
5
5
6
3
&
&
&
&
6

1
ek
2
4
5
6

tBusRec.CObjectNo
tBusRec.Format

tBusRec.DPFointer numof (tBusData_release) ;
_SBusCommDef (SCD_REC, tBusRec) ;

//configuration to send data from the master via global variables on chanel 1025

_8BusCommCn () ;
//start sending and receiving

Figure A.2.2: Initialization of used variables and configuration of the SBus communication
channel between master and the slaves.

=

81 tBusData_release = —1;
a2 tBusData_position = —1;
83 //set variables received from the master to default

drive control:

==
[

tBusData drive
//set sent variables to the master to default

while ( (tBusData release=—=-1) &&(tBusData_ position==-1))

S0 H {

91

92 | }

93 //wait for data from the master
54

55

Figure A.2.3: Setting of all SBus communication variables to default and waiting until
receiving data from the master.
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while (1)
{
//this is the main loop
var_quarter_pca=var_quarter_pos_atart—((var_speed_max‘var_speed_max‘EE4]fl;;
+var_spesd max*3)) ;
if(drive_contrcl!=ActP05_MDt]
{
//if the parameter drive control differs from the actual position of the slave,
//the slave is moving
//if the parameter is equal to the actual position the slave is not moving
if (tBusData_drive=—I1| |tBusData_drive<l)
1
//the if-case usss a counter, which will be sent to ths master to show that
//the SBus communication works and the slave is running
tBusData drive=100;
drive control=ActPos_ Mot;
{//after one loop the tBusData_drive is set to 100, which triggers the
//else—case in the next loop
1]
else
1
tBusData_drive=tBusData_drive—1;
}
//the tBusData_drive value is decremented
1 }
1 else
1 {
1 tBusData_drive=0;
1 //if the slave does not move, tBusData_drive is set to 0
128 - }
129
130 tBusData pos=ActPos_Mot;
131 //sending the actual position to the master
132
133
134 if (tBusData_release==0)
135 [ {
1 //1if the master sends the state of moving to the starting position
1 _BSetS8ys (S5 _POSSPEED, speedThrottled) ;
1 _Wait(20);
139 TargetPos=tBusData_position;
140 //set the throttlsd speed and drive to the start position
141 while (tBusData_position>(var_pos_start-var_guarter_pos))
142 {
143
144 | }
145 //waiting for the movement of the master
146 F 1

Figure A.2.4: The slave information is sent to the master verifying a working SBus connec-
tion and a moving slave. The slave moves to the starting position similar to the master.
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147 }
if (tBusData_releass>=1)
= 1
//1f the program of the master runs
if (tBusData_releass==1)
= 1{
//1f the master drives down
if ((tBusData_position>=var_pos_end) &&
(tBusData position<=(var pos_end+var guarter pos)))
= {
//if the slave gets slower or faster before and after dead center
_S8etSys (55 _PO3SSPEED, speedMaster) ;
TargstPos=var_pos_start;
//the slave drives unsynchronized with the maximum
//spsed of the master to the starting position
- }
= if ((tBusData_position>=(var pos end+var guarter pos)) &&
(tBusData position<=(var_pos_start-20000)))
= {
//if the master drives down and the slave also drives down
_S8etSys (55 _PO3SSPEED, speedMax]) ;
if(tBusData_poaition—var_quarter_pca(var_pos_start]
= {
TargetPo5=tBu5Data_p05ition—var_quarter_pos;
- 3
//set the maximum speed: the target position is defined
//as master position minus shift of the slave
r }
r }
if (tBusData_ release==%)
= 1
//1f the master drives up
if ((tBusData_position<=var_pos_start) &&
(tBusData_ position>=(var_pos_start-var_guarter_pos)))
= {
//if the slave gets slower or faster before and after dead center
_SetSys (33_POSSPEED, speedMaster) ;
TargetPos=v5r_pca_end;
//the slave drives unsynchronized with the maximum
//speed of the master to the starting position
- }
= if ((tBusData_position<=(var_pos_start-var_guarter_pos))&&
(tBusData_ position>=(var_pos_snd+20000)))
= {
//if the master drives up and the slave also drives up
_Set3ys(33_FO3S3PEED, speedMax) ;
if (tBusData_position+var sguartsr_pos>var_ pos_end)
= 1{
TargetPos=tBusData_position+var_ guarter_pos;
- }
//=set ths maximum speesd: the target position is desfined
//as master position plus shift of the slave
- }
203 | }

(a) Slave 1.
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if (tBusData_releass>=1)
{
//if the program of the master runs
if (tBusData_releass==1)

1
//1f the master drives down
if ((tBusData_position<=(var_pos_start-var_guarter_pos))&&
(tBusData_ position>=var_pos_end))
{

//1if the master drives down and the slave also drives down
_SetSys (33_POSSPEED, speedMax) ;
if(tBusData_poaition+var_quarter_pca(var_pos_start]
{

TargetPo5=tBu5Data_p05ition+var_quarter_pos;
3
//sst ths maximum speesd: the target position is desfined
//as master position plus shift of the slave
}
if ((tBusData_position<=var_pos_start) &&
(tBusData_position®»=(var_pos_start-var_guarter_pos)})
i

//if the master gets faster after dead center
_SetSys (SS_POSSPEED, speedMaster) ;
TargstPos=var_pos_start;

//the slave drives unsynchronized with the maximum
//speed of the master to the starting position
}
}
if (tBusData_releass==2)
1
//1f the master drives up
if((tBusData_stiticn>=(var_pos_end+var_quarter_pos]]&&
(tBusData_ position<=var_pos_start))
{

//1if the master drives up and the slave also drives up
_SetSys (S5 _FOS3SPEED, speedMax) ;
if (tBusData position-var_ gquarter pos>var_ pos_end)

{
TargetPos=tBusData_position-var_ guarter_pos;
3
//set the maximum speed: the target position is defined
//as master position minus shift of the slave
}
if ((tBusData_position>=var_pos_end) &&
(tBusData position<=(var_ pos end+var gquarter pos)))
{

//if the master gets faster after dead center
_SetSys (33_POSSPEED, speedMaster) ;
TargetPos=v5r_pca_end;

//the slave drives unsynchronized with the maximum
//speed of the master to the starting position
}
}

(b) Slave 2 and Slave 3.

Figure A.2.5: Up and down movement of the slaves: the drive profile contains sections
with unsynchronized parts and parts, which are synchronized to the masters position.

Philipp Schulte



A APPENDIX

202 é if (tBusData_releass==3)
203 [ {
204 //1f the master slows down before reaching the bottom dead center
205 //if the master gets a speed change via user interface the
2 //tBusData position variable is used to transfer the speed change
2 //to the slaves
speedChange = tBusData_position;
speedMaster.CW = speedChange*Z;
10 speedMaster.CCW = specsdChange*2;
11 var_speed max = speedChange/5;
12 speedMax.CW = speedChange*2+1000
13 speedMax.CCW = speedChange*2+1000;
14 _Set3ys (SS_POSSPEED, speedMaster) ;
15 TargetPos=var pos_end;
16 //calculation is needed since the modbus formatting of the speed
17 f/differs from the IPOS format

r }

19 if (tBusData_releass=——%)

20 [H {

21 //1f the master slows down before reaching the bottom dead center
22 //1f the mastsr gets a spesd changs via user interface the

23 //tBusData_position variable is used to transfer the spsed change
24 //to the slaves

25 speedChange = tBusData position;

26 speedMaster.CW = speedChange¥*Z;

speedMaster.CCW = speedChange¥*Z;

[ R U AU R S (U U I W U U R T C R

var_spesd max = speedChangs/5;
speedMax.CW = speedChange*2+10
230 speedMax . CCW = speedChange*2+1000;
231 _SetSys (SS_POSSPEED, speedMaster) ;
232 TargetPos=var_pos_start;
233 //calculation is needed since the modbus formatting of the speed
234 /fdiffers from the IPOS format
235 o }
236
237 o }
238
239
240 5 }
241
242 }

Figure A.2.6: Transfering of speed changes via user interface to the slaves.

A.3 Implemented correction functions

101 var_ quarter pos=var_gquarter pos_start-((var_speed max*var_ spesd max*>S
102 +var_5peed_max*€2]fl;);

Figure A.3.1: Implemented correction function of Slave 1.
100 var quarter pos=var gquarter pos start—((var_speed max*var speed max*534) /100000
101 +var speed max*43) /10) ;

Figure A.3.2: Implemented correction function of Slave 2.
100 | var_quarter pos=var quarter pos start-((var spesd max*var speed max*531) /100000
101 i +var_speed_max*5)) ;

Figure A.3.3: Implemented correction function of Slave 3.
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