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Abstract: Capacitive displacement sensors are a valuable choice for high accuracy geometric spindle
measurements. Although these sensors show the specified performance in electromagnetic friendly
environments, the performance may degrade drastically in machine tool environments due to
electromagnetic disturbances. An in-situ testing procedure based on a cap test setup is proposed,
which enables a simplified error diagnosis and verification of sensor performance. The functionality of
the device and the application to different practical cases are presented. The results of these tests suggest
that a decisive part of disturbances may couple into the measurement system via electrical conduction at
interfaces between the machine tool and measurement device parts. Disturbances originate in the power
electronics of the machine tool and are passed on to the safety ground of the machine tool, which is
connected to all structural components of the machine tool. The proposed counter measure targets a
complete galvanic separation of the measurement system from machine tool parts. The effectiveness
of this counter measure was verified in different tests on two different machine tools. It is shown that
the application of the galvanic separation leads to a comparable sensor performance in machine tool
environments as achieved by the manufacturer under calibration conditions.

Keywords: capacitive displacement measurement; electromagnetic disturbance; robustness; calibration

1. Introduction

Machine tool testing is an essential task to enable improvements of machine tools, either in the field
of scientific research or in the industrial development process. Further, acceptance tests are carried out
to clear a machine tool for shipment. Finally, specifications of machine tools and corresponding testing
procedures need to be defined, in order to choose a suitable machine tool for a desired manufacturing
process [1].

ISO 230 series defines procedures for testing the accuracy of machine tools, regarding thermal,
vibrational and contouring behavior. The geometric testing of machine tools incorporates the determination
of error motions and errors regarding location and orientation of linear and rotary axes. Machine tool
spindles play a central role for accurate machining. The tool or workpiece spindle is directly neighboring
the material removal process. Thus, spindle error motions have a significant impact on the quality of the
workpiece surface.
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1.1. Spindle Error Motion

A spindle has to fulfill two major tasks. First, the spindle shall rotate the workpiece or the tool in
space along a specified orientation and location of a rotation axis. Second, the spindle is responsible for
transmitting the energy necessary for material removal to the cutting zone [2]. In addition to the desired
pure rotation of the spindle rotor around the desired axis of rotation, undesired superposed error motions
are present [3]. The determination of these errors is the task of testing procedures for geometric accuracy
of axes of rotation. ISO 230-7 [4] defines the error motions of axis of rotation, namely radial, axial and tilt
error motion. The direction of each error motion is defined in accordance with the machine tool coordinate
system. In the case of a vertical spindle C, this yields to the following five error motions: two radial
error motions in X- and Y-direction, two tilt error motions around the X- and Y-axis and one axial error
motion (Figure 1a).

The basic measurement setup for geometric testing of tool spindles in accordance with ISO 230-7 [4] is
depicted in Figure 1b. On the tool side, a test mandrel with a specified and calibrated geometry is mounted
in the spindle. On the workpiece side, five contactless displacement sensors are installed in a sensor fixture,
which is mounted on the machine tool table. These sensors measure against the test mandrel surface and
determine, based on the gathered data, the location and orientation of the test mandrel in the coordinate

encoder —— @

spindle

system of the sensor fixture.

tool holder

test mandrel

Error motions sensor fixture

Exc: radial error motion of C in X-axis direction
Eyc: radial error motion of C in Y-axis direction
Ezc: axial error motion of C

Eac: tilt error motion of C around X-axis

Egc: tilt error motion of C around Y-axis

(@) (b)
Figure 1. In accordance with ISO 230-7 [4]: (a) error motions of a vertical spindle C being nominally parallel
to the vertical Z-axis; and (b) spindle measurement setup.

The increasing demand for higher geometric spindle accuracy requires a commensurate degree of
measurement uncertainty, in order to enable the potential acceptance of specified error motion tolerances.
The achievable accuracy is influenced by the design of the spindle. Especially, the type of bearing
pre-determines the tolerances for error motions. Typical tolerances for three types of spindles are indicated
in Table 1.
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Table 1. Typical radial error motion tolerances for tool spindles depending on bearing type [5].

Spindle Type Tolerance for Radial Error Motion Exc
air bearing spindle Inm < Exc < 100 nm
precision ball bearing 0lum < Exc < 1 um

standard machine tool spindle lum < Exc

1.2. Capacitive Sensing in Spindle Metrology

Capacitive displacement sensors are a potential option as displacement sensors for spindle
measurements. The underlying fundamental principle of this kind of displacement measurement is
the determination of changes of capacitance between two electrodes due to changes in gap width [6].
In spindle measurements, the measuring electrode of the transducer and the test mandrel surface form the
capacitor with variable gap width. An appropriate grounding of the test mandrel on the reference ground
is essential. For this purpose, a grounding brush can be used [5]. Potential differences between grounded
target surface and transducer need to be avoided [7].

A driver excites the measuring circuit with a specific carrier frequency and detects, filters and
amplifies changes in the carrier signal. In a typical spindle measurement setup, sensor driver, sensor,
evaluation circuit, and target are not encapsulated in one box. They are locally separated. This kind of
configuration can be described as a distributed system [7]. Some parts of this distributed system are
mechanically and electrically integrated into the machine tool environment. At the resulting interfaces,
machine tool and measuring system interact. Thus, electromagnetic disturbances may couple into the
measuring system and corrupt the measuring signal [5,7,8].

1.3. Electromagnetic Interference in Machine Tool Environments

The term electromagnetic interference (EMI) comprises the “degradation of the performance of an
equipment, transmission channel or system caused by an electromagnetic disturbance” [9].
Three prerequisites are necessary for electromagnetic interference:

1. A disturbance source acting as disturbance sender is located at effective distance to the
susceptible device.

2. To allow disturbances to travel from the sender to the receiver, links between both need to be
established. Physical mechanisms such as electrical conduction and electromagnetic radiation
potentially provide the mentioned coupling. Radiation as coupling mechanism may be further
divided into mechanisms based on inductive and capacitive effects, which occur in the near field,
whereas in the far field electromagnetic waves are significant [10].

3. The device has to be accessible for disturbances with respect to frequency range and disturbance
power [11].

On the one hand, disturbance sources may be located within the measurement device and are thus an
inherent characteristic of the measurement device itself. Depending on the circuit design of the evaluation
electronics, different effects such as shot noise, excess noise in semiconductor junctions, and thermal
noise in resistors may occur [8]. On the other hand, disturbance sources located in the environment of
the measurement device are defined as external sources. Figure 2 shows a schematic categorization of
disturbance source and sink interaction.
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Figure 2. Categorization of electromagnetic interference mechanisms for capacitive displacement
measurements in machine tool environments.

1.3.1. Disturbed Spindle Measurements in Machine Tool Environments

Figure 3 shows the schematic electrical arrangement of a spindle measurement. Capacitance changes
of the impedance Zy; due to the displacement u(t) of the spherical target are evaluated. The measuring
impedance Zy; may be approximated as a combination of a measuring capacitance Cyy, a loss resistance Ry,
and the resistance Ry iso, representing the isolating behavior of the air gap [6].

The test mandrel is mechanically mounted in the spindle. Thus, it is electrically coupled to the spindle
rotor via a contact impedance Zy, consisting of an ohmic resistance R;s, and a resulting capacity Cig,.

The grounding of the target on reference ground is accomplished via a grounding brush. The sliding
contact between fibers and test mandrel surface is approximated by the impedance Zggr based on a
time-varying ohmic resistance Rsgr and a capacity Csgr.

Parasitic currents can occur in an inverter driven spindle unit. The inverter might generate steep
voltage edges, which are propagated into a system of capacities between stator windings of the electrical
motor, spindle rotor, spindle housing and bearings. This system is represented by impedances Zw, Zwr,
Zry, and Zg (Figure 3). Currents are circulating in the loop of housing and spindle rotor, which are known
as circular currents. In the case the rotor is connected to the reference ground, rotor shaft currents leak
towards this ground [12].

(DE 5 u(t): mechanical displacement

§ = — R: reference ground

5 ZwH I PE: safety ground (earthing system)

E yAYH measuring impedance

o | Zwr[] [|ZrH Zwn: stator winding - motor housing impedance

rotor shaft =) Zwr: stator winding - rotor impedance
current Zru: housing - rotor impedance
circular current| Zg: bearing impedance
R Zrm: test mandrel - spindle interface impedance
2] Zsor: shaft grounding ring impedance
Zg Zs
I
driver
PE L

Figure 3. Schematic of interconnection between tool spindle and capacitive measurement device.
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The interaction between measuring circuit and the machine tool circuit depends on the electrical
properties of the interface between the test mandrel and the tool holder as well as the spindle rotor. Thus,
the disturbances from the machine tool circuit may couple into the measurement system.

1.4. Potential Handling Strategies for Electromagnetically Disturbed Measurements

The disturbing influence of the machine tool on the capacitive displacement measurement can be
reduced either by elimination of the disturbance source or by breaking the coupling path at the interfaces
between machine tool and measurement device. If neither is possible, signal filtering approaches can be
applied. In the following, the different methods are briefly discussed.

1.4.1. Temporary Elimination of Disturbance Sources

Sheridan [7] reported on the disturbing effects on spindle measurements induced by a DC motor in
combination with a silicon controlled rectifier (SCR) type controller and pulse width modulation (PWM)
type drives. The disturbances are visible as spikes in the measurement signal. Two recommendations
for handling these effects in spindle measurements are given: First, an adaptation of the measurement
procedure is proposed, which consists of a speed run up, then a drive power switch-off and finally
measuring during run down. Second, in the process of signal analysis and after identifying the origin of
the peak as being electrical and not mechanical based, the spikes in question are simply ignored.

The proposed methods are applicable, but have their shortcomings regarding the definition of the
testing condition, flexibility of testing routines and repeatability or reproducibility of measurements.
Further, the disturbance effects might not only result in a spiky signal, but also may result in distorted and
noisy signals. Thus, excluding distorted parts of the signal is not easily possible any more.

1.4.2. Signal Filtering

Low-pass and notch filtering approaches seem promising in the case the error motion frequencies
of interest are distinct from disturbance frequencies, in order to cut off or cut out spectral power of
disturbance effects. The following example illustrates the limitations of this approach.

A high-frequency ball bearing spindle with a maximum speed of 40,000 rpm shall be tested.
The current controller clock cycle is 500 us and the pulse frequency is 2 kHz with corresponding harmonics.
The angular contact bearings consist of 16 balls. It has a pitch-circle diameter of 48.5 mm, a ball diameter
of 7.9 mm, and a contact angle of 15°. Damages may potentially occur on the outer and inner ring, the balls
as well as on the cage. Estimations for corresponding frequencies are given by Dresig [13]. The roundness
deviation of the target is calibrated applying a roundness filter up to 15 undulations per revolution (UPR).
In summary, frequency components of three sources contribute to the signal content. The influence of the
pulse frequency of the pulse width modulated drive system is a machine tool disturbance, whereas the
target roundness deviation is a disturbing influence of the test mandrel. The objective of the measurement
is the detection of damages in the bearing system. Hence, the roundness deviation of the test mandrel
needs to be corrected and power electronic effects shall be filtered.

The displacement sensor is assumed to have a low-pass characteristic (Figure 4a). The resulting
frequencies due to the three introduced sources in dependency of the spindle speed # are depicted in
Figure 4b. At Point P and speed 1t the pulse frequency line and the 15th UPR-line cross each other.
Thus, the application of either a notch filter at pulse frequency and associated harmonics or a low-pass
filter with cut-off frequency below the pulse frequency is only possible for rotational speeds reasonably
below nyj. Otherwise, signal contents associated with the bearing system and the test mandrel are
erroneously attenuated. Thus, test programs are constrained by a maximum permissible spindle speed.
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Figure 4. (a) Approximated frequency response of capacitive sensor; and (b) exemplary frequencies
occurring in spindle measurements due to influences of power electronics, ball bearings, and target

form deviation.
1.4.3. Disturbance Attenuation

The electromagnetic disturbance attenuation approach proposed in this work and according to [14] is
based on a galvanic separation of the measurement setup from the machine tool. The principle behind this
idea is exemplarily discussed in the following.

The interface between spindle and target is approximated by the impedance Zr); (Figure 3).
The implementation of appropriate electrical isolating elements at the interface hinders electrical
conduction. Additionally, the resulting capacitive coupling needs to be attenuated.

In Figure 5a, a simplified equivalent circuit is illustrated. A full capacity bridge [15] is used as primary
evaluation circuit with measuring capacity Cy; := C;. The circuit is driven by an alternating voltage Us.
The output voltage U, is further processed in additional downstream electronics. The measuring
circuit is integrated into a second circuit, which is driven by a disturbing voltage Uy. The isolation
capacity Cjso represents the capacity of the isolating element between spindle and test mandrel. In this
circuit configuration, the disturbance voltage is superposed to the measuring excitation voltage and has
direct impact on the output voltage U,.

The attenuation of the capacitive coupling demands the choice of the isolator such that, ideally,
no voltage drop at the bridge occurs. The circuit depicted in Figure 5b is the equivalent circuit of the
discussed disturbed measuring circuit, but taking only the disturbance source into account. The measuring
bridge can be reduced to one capacity Cysp,, which is in series with the isolator capacity Cis,. The voltage,
which drops at Cy,, is regarded as the output of the disturbance source circuit, driven by the disturbing
voltage Uy. Hence, the transfer function from disturbance source to measuring circuit is

c_ Ump _ (%> )
Yo (&)1

M,b
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The influence of the disturbance voltage source on the measuring circuit is in this case dependent
on the ratio of the isolating capacity and the bridge capacity. Disturbances are attenuated for cases in
which (Cyip/Ciso) > 1 holds (Figure 5c¢). If the isolating capacity is chosen to be larger than the equivalent
bridge capacity, the measuring circuit is disturbed significantly.

(a) (b) ()
measuring circuit 100 ¢
equivalent capacity
G, Cs of bridge
+ - 1071 L
Us (~ Cvp == | Uwmp 5
2 S
- 21077}
C1 (o Ua | Ud (’\D Ua C’\D =
Il
o + G103t
Ciso —— Ciso —— Uiso
- 1074
1075 10° 10°
+ + Ciso/ Crtp [+]
Us: measuring voltage excitation Uwmp: voltage at equivalent bridge capacity Cwmp: equivalent bridge capacity
Ua: output voltage Uiso: voltage at isolator Ci:  bridge capacities
Uq: disturbing voltage Ciso: capacity of isolator (€1 as measuring capacity Cu)

Figure 5. Schematic representation of a capacitive measuring circuit, interconnected to the electrical system
of a machine tool: (a) capacitive displacement setup with primary evaluation based on a capacitive bridge;
(b) equivalent circuit with condensed bridge capacity Cy;p; and (c) transfer function G in dependence of
capacity ratio Ciso / Cpip-

1.5. Objective of this Work

Electric power converters and controls are assumed to have a major disturbing impact on capacitive
displacement measurement devices in machine tool environments [7]. Electromagnetic radiation is
typically suspected as the responsible disturbance coupling mechanism.

However, electrical conduction is typically not considered. In this paper, the impact of electrical
conduction as transmitting mechanism for disturbances is analyzed. This coupling mechanism plays an
important role for spindle metrology. Typically, sensor fixtures, tool holder and test mandrels are made
of uncoated steel. This also holds usually for the spindle rotor and the machine tool table. Hence, the
installation of the measurement setup yields metallic bright interfaces between machine tool components
and measurement setup components. These promote conduction as coupling mechanism. In contrast, a
galvanic separation is assumed to attenuate the disturbance influence.

2. Materials and Methods

In the following sections, the spindle measurement device under test and the machine tool
environments are specified. Subsequently, the novel testing device is discussed and the developed
testing procedure is presented.

2.1. Measurement Device under Test

The capacitive measurement device for geometric spindle measurements used in this work is a Spindle
Error Analyzer (SEA) made by LION PRECISION. The device has five displacement measurement channels,
each constituted by a capacitive sensor (C7-C) and a corresponding driver (DMT20). The sensor was
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operated in single-ended mode and the cylindrical sensor housing was directly connected to the reference
ground of the device. Table 2 indicates further technical specifications and calibration data. The analog
signal was digitized with a NATIONAL INSTRUMEN TS™ analog-to-digital converter (NI USB-6251) with
16 bit resolution.

The test mandrel grounding was accomplished via a shaft grounding ring (AEGIS SGR®).
The recommended silver paint was applied to the test mandrel to support conduction of the interface.

Table 2. Technical and calibration data of capacitive displacement measurement device.

Channel
Parameter Unit
2 3 4 5
peak-to-peak value (pp) [nm] 589 49.7 529 753 403

root-mean-square value (yys) [nm] 6.6 5.2 5.5 6.1 5.0

output voltage +10V  sensitivity 80mV/um
Specifications: ~ measuring range 250 um  near gap 125 um
bandwidth 15 kHz

2.2. Machine Tool Environments

Experiments were carried out in the laboratory of the Institute of Machine Tools and
Manufacturing (IWF) on two different machine tools:

e Machine tool FEHLMANN Picomax® Versa 825 equipped with a HEIDENHAIN iTNC 530 control
and a main computer MC 422C.

e Machine tool Prizoplan®, which is equipped with a SIEMENS SINUMERIK 840D SL CNC.
Linear drives and the spindle are controlled by SINAMICS S120 modules.

The machine tools are indicated as Machine Tool A and Machine Tool B in the following discussion.

Although both machines differ in nominal power of the drive and spindle system, this class of machine
is typically measured with the spindle measurement device described above. The power electronics and
controls disturb the measurement device differently. Thus, the performance of the attenuation method can
be tested in two contrary environments.

2.3. Determination of Sensor Behavior under Disturbance Influence

In general, a sufficient clearance between distortion and desired signal is necessary for a reliable
extraction of the desired information content. To estimate this clearance, the signal-to-noise ratio (SNR)
and the signal-to-interference ratio including noise and distortion (SINAD) are commonly used [16].
These measures set the signal power in relation to the power of noise and distortion. The effective number
of bits (ENOB) gives an indication about the resolution of distorted signals gathered by analogous sensors,
which are digitized using an analog-to-digital converter [17].

The input-output behavior of an unknown displacement sensor can be determined via dynamic
calibration procedures. Breitenbach [16] analyzed the response of an analog sensor to a mechanical
displacement excitation. Harmonic excitations with known amplitudes and frequencies are used in this
calibration procedure. The transfer function from the input, with input signal u(t) as well as disturbance
input v(t), to the output y(t) characterizes the sensor process (Figure 6a,b—top row). In the output,
disturbances are superposed to the signal. The performance indicator determined with these kinds of
dynamic calibration procedures is the SNR.

A method to determine the inherent characteristics of a sensor and its behavior under disturbance
influence is the so-called cap test [5,18]. A jig holds the sensor as well as the target rigidly, which results



J. Manuf. Mater. Process. 2019, 3, 76 9 of 23

in a tiny structural loop (Figure 6a,b—bottom row). Thus, the mechanical displacement input due to a
relative target motion is suppressed. Therefore, the signal output of the capped sensor contains mainly
effects due to external disturbances and the inherent sensor noise characteristics.

An adapted design of the cap test enables the analysis of different environmental influences.
ISO 230-3 A.5 [18] describes a typical cap test setup for temperature stability tests. For an individual
thermal disturbance response characterization of displacement sensors, a jig made of a material with low
or almost zero thermal expansion coefficient can be used [19]. The jig design, which is presented in the
following sections, targets the electromagnetic interference behavior.

In a cap test, the signal input is nominally set to zero, which means that the SNR equals zero.
Thus, the performance measurand based on testing capped sensors is the signal power due to noise
and distortion.

u(t) u(®

>

v(t)

NN ;
L u) YO zz ALY
y(® )
v(®) t v(t) sensor process — - = +
—
I M L e / x© 7% y(®
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u(®) Y u(t): displacement input x(t): state variable mechamsm: sensor
v(t): disturbance input  y(t): output (indicated value) u(t):=c v(t)
a'
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N\ u(d / / / / /
’ y(®
v(®) v(t) | sensor proc,eil— —
I A b / 0 t
V" displacement
t target  cap sensor

(@)

(b)

Figure 6. Determination of displacement sensor behavior with respect to mechanical displacement and
disturbance input (top: mechanical harmonic excitation; bottom: capped sensor): (a) schematic signal
diagram representation; and (b) realization of calibration procedure.

2.4. Assessment of Signal Quality

The measurement chain has an inherent noise behavior with a characteristic noise power.
Environmental disturbances superpose this inherent noise characteristic. Since this noise power dictates
the lower limit of detectable signal amplitudes, the resulting requirement is to limit the total noise power
of the measurement device under harmful environmental conditions to the measurement device inherent
noise power. The term signal quality is here defined as the degree of fulfilment of this requirement.

The signal power Py of a continuous signal y(t) in the time duration T can be calculated either in
frequency or in time domain [20]. Its unit is the square of the physical unit of the signal, e.g., [y(t)] = m
and [Py] = m?. Hence, signal power cannot be interpreted in terms of physical power (unit watt).

Given the spectrum Y (f) of a signal in frequency domain, the power of the signal is either determined
directly by using the spectrum Y (f) or the auto-power spectral density Syy (f),

=g [ I(Pdf= [ su(df. @
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Parseval’s identity [20], which states that the energy of a signal is independent of the domain of
representation, relates time and frequency domain,

| Awa= [Py ©

The power of the signal y(t) in time domain is defined as

T
%=%Aﬁmw:w. (4)

Hence, the power Py is equal to the square of the root-mean-square value ymms (:= \/yiz).
The characteristics of the signal y(t) can additionally be characterized in terms of a statistical
description in the amplitude domain via probability density functions (PDF) or cumulative distribution
functions (CDF) [21]. The distribution function is described by statistical moments, which are closely
related to the mean value, the variance, the skewness and the kurtosis. The root-mean-square value ;ms,
the mean value 7,

= L [y ar 5
=7 [ v, 5)
and the standard deviation oy,
1 T B 2
=7 (v-7)a, ©)

are related among each other, according to the displacement law for variances [22],
V=7 +05 )

Equation (7) can be interpreted as the power of a signal in the evaluated time interval T being
composed of an average signal power and a signal power associated to fluctuations. In the case of cap
testing, after the removal of drift effects, an appropriate offset shift sets the mean value of the signal to zero.
Thus, the variance of the signal is equal to the signal power. The variance describes the dispersion of the
disturbed signal. By definition, the output signal of a capped sensor contains only signal information due
to disturbance effects violating the measurement process. Therefore, the standard deviation is interpreted
as a standard uncertainty uy due to signal distortion [23,24].

The mathematical description of noise characteristics and the definition of terminology, which are
used in the following sections, are based on Buttkus [25].

2.5. EMI Testing Device

The novel testing device targets the in-situ testing of capacitive displacement sensors in machine tool
environments. It reproduces potential electrical settings of the spindle measurement setup.

The basis of the testing device is an electrically isolating polycarbonate frame, which is mounted on
the machine tool table with ceramic elements in between (Figure 7). On top of the frame, a split shaft
grounding ring is mounted. The two ring segments are placed on different heights, in order to prohibit
a direct contact of fibers of the two different grounding shaft segments. The split shaft grounding ring
electrically contacts a rotating test mandrel.
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Figure 7. EMI testing device: (a) schematic; and (b) experimental setup on machine tool.

A metallic jig holds five capacitive displacement sensors. A brass collet in combination with a steel
set screw fix the axial position of each sensor. The sensor housings are earthed on the reference ground
of the measurement device. Thus, the sensor fixture and the sensor housing have the same potential.
The sensors measure against a flat steel target. Target and sensor fixture are separated by a polycarbonate
spacer. Four polyamide screws hold the fixture, spacer and target in place. This setup enables the galvanic
separation of the sensor housing and the reference ground from the target.

The influence of the interface between spindle rotor and test mandrel is tested via two types of
test mandrels: First, a standard steel test mandrel for geometric spindle testing establishes an electrical
conducting interface to the spindle. Second, an electrically isolating cylinder, made of cotton fabric-base
laminate with a phenolic resin matrix (EN PF CC 201, resofil) establishes a galvanic separation at the
spindle interface. Both the conducting and isolating test mandrels are coated with conducting silver
paint on the running surface for the fibers. Thus, an electrically conducting connection between the ring
segments of the shaft grounding ring via the silver paint area on the test mandrels is ensured. In the case
of the utilized cylindrical steel test mandrel (diameter 20 mm, length 160 mm), the mass ratio of silver
paint to test mandrel was estimated to be below 1:100. Hence, the disturbing influence of the silver paint
on the static loading of the tested spindle was negligible. If target and silver coating are balanced together,
disturbing dynamic effects are minimized.

The different components of the testing device are wired to a switchboard-like device. This enables a
convenient and fast switching between different electrical configurations. The switches T-{;, ii, iii} and K
allow the state simulation of a floating ground, a direct coupling to the reference ground R or a grounding
path via a rotating test mandrel. The switching of M is accomplished by the exchange of the steel test
mandrel with the resofil cylinder. The switch G in combination with switch M enables the electrical
interconnection of machine tool interfaces with the reference ground R.

2.6. EMI Testing Procedure

The testing procedure aims at a quantitative characterization of the capacitive displacement sensor
behavior in machine tool environments and is based on three sub-processes. Figure 8 shows the procedure
in detail. The EMI testing device was utilized in corresponding experiments.
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Figure 8. Flow chart of EMI testing procedure.

In the first sub-process, the sensor is characterized under shop floor conditions. The output signal
is analyzed in frequency, time and amplitude domain. The shape of the spectral density function Syy ¢
characterizes the sensor behavior under these conditions. Further, specific frequency contents might appear,
which are inherent characteristics of the tested sensor. For a quantification of the sensor signal characteristic,
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the signal power Py o and the standard deviation oy g are determined. Additionally, the available data of
the manufacturer sensor calibration are incorporated and fused with the experimental data. Thus, a finger
print of each individual displacement sensor under nominally undisturbed environmental conditions
is created.

In the second sub-process, the specific spindle measurement setup for the intended test has to be
defined. Based on this definition, interfaces between measurement setup and machine tool can be identified.
The located interfaces determine the kind and number of electrical configurations of the EMI testing device.

Each testing device configuration is experimentally tested under appropriate machine tool operating
modes. The evaluated standard deviations oy, are set in relation to the standard deviation oy under
benchmark environmental conditions. Based on information on the targeted measurement uncertainty,
which has to be achieved, a threshold value C is defined. This value limits the acceptable ratio of oy ; /0y 0.
This sub-sequence enables the identification of the electrical spindle measurement setup configuration
with least achievable disturbance impact. Further, the effectiveness of appropriate attenuating mechanisms
can be tested and verified.

In the third sub-process, after having identified a potential optimum electrical connection
configuration, the behavior of the capped sensors under different machine tool operating modes is
evaluated. These operating conditions are defined by the status of the numerical control (NC). Additionally,
the influence of the rotating spindle at different speeds 7; needs to be analyzed. The following definitions
of machine tool operating conditions are used:

o  The measurement device behavior under shop floor conditions is tested on a currentless machine tool.
This status is defined as MT OFF.

o  The status NC OFF is defined by the circumstance that the machine tool is powered, but position
control is not active.

e  The activation of the position control of axes and drives to force the axes to maintain their current
position is defined by NC ON. Depending on the type of control, either individual axes or the entire
axis system is set in mode NC ON.

o  The geometric testing of spindles is carried out under operational speeds n; and the position control
of the linear axis is set active. These operating modes are described by the term SPEED.

The sensors are tested under the defined operating modes and the standard deviations of the output
signals are evaluated. The speed-dependent standard deviations oy ;(1;) are interpreted as standard
uncertainties uy ;(n;). They reflect disturbing influences due to environmental influence and noise for
individual operating points during the geometric spindle measurement.

Depending on the prior knowledge of the disturbing influence of a specific machine tool on the
measurement device, the procedure can be adapted. For instance, if the measurement device was
already tested and characterized and from experience a reasonable electromagnetic compatible spindle
measurement setup had already been found, only conducting the assessment of the signal quality for the
upcoming spindle measurement would be necessary.

3. Results

In the beginning of this section, the inherent characteristics of a sensor are discussed. Afterwards,
the sensor characteristics under disturbing environments are evaluated. Subsequently, the effects of the
experimentally applied attenuation method are presented. Finally, the effectiveness of the proposed
attenuation method is verified in different machine tool environments and in repeated tests. The switching
configurations, which are discussed in the following, are indicated in Table 3.
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Table 3. Exemplary testing device configurations according to Figure 7a.

Switchboard Configuration

No Test Case ' T G K M Description
idi il
1 V1 01 0 1 0 0 target coupled to machine tool table
2 D1 0 1 0 0 O 0 fully decoupled cap test
3 D2 1 0 0 0 1 1 target coupled to spindle
4 D3 1 0 0 0 1 0 decoupled spindle measurement setup
5 D4 0 1 0 1 0 0 target coupled to machine tool table

3.1. Sensor Characterization

The testing device was installed on the powerless Machine Tool A in Configuration D1 (Table 3).
The observed sensor behavior under shop floor conditions represents mainly its inherent characteristics.

Hence, this experimental case was defined as the benchmark case. Figure 9a shows the spectral
density Syy =: Syy for the frequencies f € [0 kHz, 60 kHz]. The power of the signal over the whole
frequency range is Py =: Py g = 59.5 nm? (oy =: 0y,0 = 7.7 nm). The shape of the spectral density can be

decomposed into five major effects. The noise floor, the red noise at low frequencies, wide and narrow
band coloured noise accumulate almost 90% of the total signal power. The remaining power is accounted
to narrowband noise lines. The probability density function of the signal y(t) is symmetric (Figure 9b).
The distribution is shaped like a normal distribution and has a kurtosis of 3.

b
10° ¢ red noise (&) (b)
(<100 Hz) colored noise (wide band) signal y
colored noise (narrow band) normal distribution
L0t 0.06 1
narrowband noise line
. 10.8
N
s
o
g 10.6 —
. o
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104 ©
10.2
1079 . . . . . | 0 A 0
0 10 20 30 40 50 60 -50 0 50
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Figure 9. Cap test under shop floor conditions (MT OFF): (a) spectral density Syy (:= Syy,0) of output

signal y(t) with qualitative indication of noise effects; and (b) histogram and cumulative distribution

function of signal y(t) and for normally distributed values with N (7, (7}%) for comparison.

Machine Tool A was next powered and set into Operating Mode NC ON. The testing device switching
Configuration D2 was applied, which means that the target was electrically coupled to the spindle rotor.
Figure 10 shows the results of the benchmark Case D1 in comparison to Case D2. The time records as well
as the spectral densities show clear differences, regarding signal amplitudes, frequency content and signal
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power. The disturbing influence of the spindle increases the output signal power by the factor of 300 in
Case D2 compared to the benchmark Case D1. The electrical coupling of the spindle to the target leads
to a marked increase in the spectral density for frequencies up to 35 kHz. Additionally, frequency lines
at a fundamental frequency f; = 4 kHz and corresponding harmonic frequencies f, ; with surrounding
noise are visible. The distribution of the signal becomes positive skew (skewness of 0.8) and leptokurtic
(kurtosis of 3.7), which is the result of an increased occurrence of peaks.
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El o =
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i : :
. 0.02 04
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-400 Test D1 /
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-600 - - - - - 0 L= - o
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t[s] f [kHz] y [nm]

Figure 10. Comparison of cap tests in test device Configurations D1 (benchmark, fully decoupled cap test)
and D2 (target coupled to spindle): (a) time domain; (b) spectral density; and (c) probability density and
cumulative distribution function.

3.2. Electromagnetic Disturbance Impact Analysis

The experiments discussed in the following sections were carried out on Machine Tool A. The machine
was fully powered. Configurations V1, D2, D3 and D4, indicated in Table 3, were tested. The sampling
frequency was f; = 250 kHz. The signal y(t) was evaluated in terms of the RMS value yms, the mean
value 7 and the standard deviation oy. Throughout this section, the results of the same sensor are presented.
The following sequence of machine tool operating modes was applied and each sub-sequence was held for
T=09s:

1.  The machine tool was turned ON, but position control was switched OFF (Operating Mode NC OFF).

2. The position control for spindle unit and linear axes were switched ON (Operating Mode NC ON).

3. The disturbance influence at different spindle speeds, in the range of 100 rpm-24, 000 rpm, was tested
(Operating Mode SPEED).

4. After the spindle had run down and stopped completely, the position control remained active
(Operating Mode NC ON).

5. Finally, the position control was turned off (Operating Mode NC OFF). Thus, nominally, the same
status as at the beginning of the test sequence was reached.



J. Manuf. Mater. Process. 2019, 3, 76

16 of 23

The results of the tests in Configurations D2 and D3 are depicted in Figure 11.
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Figure 11. Comparison of electrical configurations with target coupled to spindle (Test D2) and

electrically decoupled spindle measurement setup (Test D3): (a) signal y(t) in time domain (sub-sequence:
time duration T = 9s and sampling frequency fs = 250 kHz); (b) root-mean-square value yrms; (c) mean
value 7; and (d) standard deviation oy.

In Case D2 and Operating Mode NC OFF, the signal standard deviation amounts to 9.5 nm. Switching
to NC ON results in a significant increase of the signal amplitude. During the spindle speed testing,
the signal standard deviation remains between 105 nm and 135 nm. Switching back to NC OFF leads to a
decrease of signal amplitudes and to comparable standard deviations as in the beginning of the experiment.
The changes of the mean value are in the range of Aj = 60 nm.

In Configuration D3, the cap test is integrated into the electrical system of the machine tool, but
electrically isolated at all machine tool interfaces. This configuration represents the attenuation proposal
of Section 1.4.3 by galvanic separation at the spindle interface.

The recorded signal in each sub-sequence is symmetric with respect to the corresponding mean value.
The range of changes in the mean value is bounded to Aj = 12.7 nm. The signal standard deviation stays
below oy < 10.3 nm over all operating conditions.

In test Configurations V1 and D4, the target was electrically conductively coupled to the machine tool
table. In Test D4, the indicated displacement was evaluated, whereas, in Test V1, the voltage U between
machine tool table and reference ground was determined.
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The recorded data of the sub-sequences under machine tool Operating Modes NC ON and SPEED
were evaluated in frequency domain. The resulting data were graphically presented as a frequency map
with the frequency f on the abscissa, the spindle speeds #n on the ordinate and the magnitudes of the
color-coded frequency components |U(f)| and |Y(f)| (Figure 12).
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Figure 12. Frequency map: Test V1, voltage measurement in configuration target coupled to machine
tool table; Test D4, displacement measurement in configuration target coupled to machine tool table; and
Test D3, displacement measurement in configuration measurement device galvanically separated from

machine tool.

Comparing the frequency maps for Tests V1 and D4, three vertical distinguished lines are clearly
visible at the frequencies 8 kHz, 12 kHz and 16 kHz. The galvanic separation of the measurement setup in
Configuration D3 results in a marked reduction of amplitudes. Comparing the scales of the frequency
maps for Test D4 in micrometers and for Test D3 in nanometers, the maximum amplitude occurring in
Case D3 is approximately three orders of magnitude smaller than in Case D4.

3.3. Performance Testing of Attenuation Approach

The results of the experimental application of the proposed attenuation approach in Section 1.4.3 are
presented in the following paragraphs. These experiments were considered to verify the performance of
the proposed approach.

3.3.1. Performance Evaluation in Different Machine Tool Environments

The sensor behavior was evaluated in two different machine tool environments. The influence of a
conducting spindle interface (Configuration D2) was compared to the behavior of a galvanically separated
measurement device (Configuration D3). Typical output signals y(t) of experiments on Machine Tools A
and B in Operating Modes NC OFF and NC ON are shown in Figure 13.
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Figure 13. Output signal y(t) for Configurations D2 (target coupled to spindle) and D3 (decoupled spindle
measurement setup) in different machine tool environments and operating modes.

It is noticeable that the disturbance impacts on the measurement device differ in the environments of
Machine Tools A and B in the case of the electromagnetically disturbed measurement setup. However,
the signal characteristics of the output signal y(¢) in both machine tool environments are dependent on
the state of the numerical control. On the contrary, in the case of the galvanically separated measurement
setup, the signal characteristics are hardly affected by the choice of operating conditions.

Figure 14 shows the corresponding standard deviations and peak-to-peak values.

(a) (b)
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Figure 14. Evaluated parameters, standard deviation oy (a) and peak-to-peak value pp (b), of output
signal y(t) in testing device Configurations D2 (target coupled to spindle/“disturbed”) and D3 (decoupled
spindle measurement setup/“isolated”) in different machine tool environments and under different
operating modes.

In the environment of Machine Tool A the attenuation of the conductive coupling mechanism reduces
the signal standard deviation and peak-to-peak values markedly. Particularly, these reductions are visible
for the sensor behavior under machine tool Operating Mode NC ON. The standard deviation stays below
10 nm and the peak-to-peak value below 100 nm.

In the case of Machine Tool B, the signal power of the disturbed signal is comparatively small.
Interestingly, switching from machine tool Operating Mode NC OFF to NC ON slightly decreases the
signal standard deviation. On the contrary, the peak-to-peak value increases.

Nevertheless, applying the attenuation approach, namely the galvanic separation, results in a
limitation of signal standard deviation, oy, < 6.8 nm, and peak-to-peak values, pp < 69 nm. Especially,
in the case of the peak-to-peak value, the achieved reductions in both machine tool environments
are significant.
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3.3.2. Repeatability of Attenuation Approach

The galvanically decoupled spindle measurement setup (Configuration D3) is repeatedly tested on
Machine Tool A applying the previously described test sequence.

For each machine tool operating condition j and each measurement run i, the standard
deviation oy ;; was evaluated. The mean standard deviation 0y ; corresponding to the jth operating
condition was then determined. Figure 15 depicts the corresponding results. The estimated
measurement uncertainty U(k = 2) includes contributors due to the resolution of the analog-to-digital
converter (ursp ~ 1nm) and variation in standard deviations s ;. An upper limit for the signal
standard deviation of 0y,max(k = 2) = 10.5nm & 2.2 nm, considering all machine tool operating modes,
was identified.

galvanically separated
[ NC NC SPEED NC NC measurement device
OFF ON ON OFF in machine tool

STy <

LTI

15

=l 1 )
=S T i — environment
& (oy0 £ U(k =2))
5L
calibration report
(0y.cal)
0 Il Il Il Il Il Il Il Il Il Il Il Il

1 1 1 1
0 0 2 4 6 8 10 12 14 16 18 20 22 24 0 O
n [krpm]
Figure 15. Repeatability test of galvanically separated measurement device tested in the environments of
Machine Tool A and under different machine tool operating modes.

Compared to the standard deviation oy(k =2) = 7.7 nm 4+ 2.2nm of the benchmark Case D1,
the signal standard deviation achieved in Configuration D3 is slightly higher, but comparable. Additionally,
the measurement device shows a comparable performance in Configuration D3 as determined under
laboratory calibration conditions by the manufacturer.

4. Discussion

The mechanical structure, axes, spindles, rotary axes and power electronics of a machine tool build an
electrical network. The structural and electrical components are earthed on the safety ground. Electrical
drives and controls may introduce disturbance voltages. In capacitive spindle measurements, the target,
which is connected to the reference ground of the measurement device, and the capacitive transducer form
a measuring circuit. Hence, the measurement system also constitutes an electrical network. Both networks,
measurement system and machine tool, interact, which results in disturbed measurements.

The output signal of a disturbed sensor is distorted and noisy. Further, shifts in the mean value of
such a signal are detectable. The impact of electromagnetic disturbances is superposed to the detected
mechanical displacement of the target and might be erroneously interpreted as a mechanical displacement.
Due to the electromagnetic origin of the signal disturbance, it can be interpreted as a pseudo motion.

In the previous section, describing experiments on Machine Tool A, the experimental detection of
disturbing voltages between machine tool table and the reference ground of the measurement device
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is presented. The disturbed output signal contains components with frequencies of 8 kHz, 12 kHz and
16 kHz. These are suspected to be harmonics of the fundamental frequency of 4 kHz, which corresponds
to the pulse frequency of the axis drives. The voltage signal is strongly correlated with the disturbances
occurring in displacement signals of the tested capped sensors. The ratio of magnitudes of voltage and
displacement signal at the harmonic frequencies corresponds approximately to the sensitivity of the
capacitive sensor. The implementation of electrically isolating elements and thus the galvanic separation
of measuring circuit and machine tool results in significant attenuation of disturbances.

First, the results support the assumption that the machine tool acts as a disturbance source on
capacitive measurements. Second, a non-negligible coupling mechanism between disturbing source
and measurement device is conductive coupling. If the disturbances were only transferred by radiation,
an isolator implemented at machine tool interfaces would have little impact on the transfer path and
impact of disturbances. Nevertheless, the implemented isolator has to be chosen carefully, in order to keep
the residual capacitive coupling below acceptable limits.

The tested capacitive measurement systems behaves differently in different machine tool
environments. The measuring device may be highly prone or may respond rather robust to different
machine tool environments. The proposed attenuation method, targeting electromagnetic disturbances
coupling into the measurement system via conduction, enables a sensor performance, which is almost
independent of the machine tool environment and machine tool operating conditions. The achieved
repeatable sensor performance in machine tool environments and under different machine tool operating
conditions is comparable to the calibrated and by the manufacturer specified performance.

Although the proposed disturbance attenuation method yields acceptable results, residual distortion
is still present in the output signal of the tested capped sensors. Disturbance sources in the environment of
the measurement device still may interact with the measurement system.

The remaining distortion effects potentially result from electromagnetic radiation, inductive and
capacitive coupling effects. A valid option to reduce these coupling mechanisms is the reduction of the
distributed characteristic of the measurement system. If the sensor, test mandrel and evaluation electronics
were centralized in one shielded box, the mentioned coupling mechanisms could be further attenuated.

Other potential disturbances, which couple into the measurement system, may come from the power
line of the measurement device or be generated in the power supply unit. These disturbance influences
can be addressed by the utilization of line filters.

The shaft grounding ring, which ensures grounding of the rotating test mandrel, may also introduce
disturbances or signal fluctuations. Insufficient contact pressure of fibers or varying contact pressure due
to misalignment and radial throw of the test mandrel, may disturb the measurement signal. The electrical
characteristics of the sliding contact are assumed to depend on spindle speed. In addition, the electrical
properties of the sliding contact between fibers and test mandrel may change over time due to fiber
and silver coating changes. The analysis of the assumed disturbing shaft grounding influences and a
corresponding dynamic characterization has to be targeted in future work.

The proposed choice of the standard deviation as a quality parameter does not always adequately
represent signal quality. The behavior of the capped sensor in the environment of Machine Tool B represents
such a situation. Additionally, radio technology devices can generate temporary shifts of the signal offset.
Insufficiencies in the grounding system of the spindle measurement setup, tend to generate asymmetric
signals. The shape of the signal histogram is sensitive to these disturbance effects. Therefore, skewness and
kurtosis are potential parameters to capture these effects. The additional use of these parameters together
with the mean value and standard deviation seems promising and is also subject to future work.

The design of a novel electromagnetic compatible spindle measurement setup, which is based on the
results of this study, is in process.
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For the disturbance attenuation at the spindle interface, a test mandrel with a shaft made of silicon
nitride SizgNy is intended. This material is an electrical insulator. A steel precision sphere as target is
attached to one end of the shaft in order to provide an appropriate measuring surface. On the one hand,
this arrangement ensures a galvanic separation of the spherical target from the spindle. On the other hand,
the small capacity of the shaft restricts capacitive coupling between measuring circuit and machine tool.

Silicon nitride offers electrical isolating properties, the necessary flexural strength and a low coefficient
of thermal expansion (Table 4). Compared to steel, especially 440C, a material typically used for test
mandrels, silicon nitride has a higher Young’s modulus and lower density. Thus, bending and deflection of
the shaft due to dynamic effects and inertial forces are reduced. In comparison to, e.g., aluminium oxide,
silicon nitride offers higher flexural strength and thus higher mechanical safety.

At the machine tool table interface, ceramic spacers with appropriate width are inserted, in order to
provide an electrically non-conducting interface with low capacity.

Table 4. Physical properties of potential test mandrel materials.

Material Stainless Silicon Aluminium
Steel Nitride Oxide
T X105CrMo17 Si3N4 A1203
ype 1.4125/440C [26] CS45[27] €S20 [27]
Density p [g/cm?] 7.70 3.24 3.9
Yield Strength Rp, 0.2 [MPa] 450 - -
Flexural Strength o at 20 °C [MPa] - 900 350
Weibull module m [-1 - 25 12
Young’s module E [GPa] 220 320 380
Poisson’s ratio v [-1 0.3 0.28 0.20
Thermal conductivity A at 20 °C [W/(m K)] 15 25 30
Thermal expansion coefficient ay, for 20-100 °C [10_6 /K] 10.4 2 6.5
Electrical resistivity pg) at 20 °C [cm] ~1076 ~101? ~10™
Permittivity e at 1 MHz [-1 - 7 10

5. Conclusions

Electromagnetically induced disturbances can extensively corrupt capacitive machine tool spindle
measurements. Responsible for such disturbances are electrical controls and power electronics of the
machine tool. The resulting signal distortion leads to reduced signal-to-noise ratios and increased
measurement uncertainties. Electromagnetic radiation is generally suspected as the transmitting
mechanism for disturbances. However, it is shown in this paper that disturbances also couple into
the measurement system via electrical conduction.

Electrical isolators offer an effective attenuation of this coupling mechanism without violating the
signal. The isolators decouple the measuring circuit from the machine tool circuit. To suppress the
remaining capacitive coupling, the isolator capacities shall be much smaller than the capacity of the
measuring circuit. The results of the validation experiments show that the impact of machine tool
disturbances can be reduced significantly. Signal power, peak-to-peak values and the spectral density of
the sensor output signal, which were recorded under machine tool operating, modes are comparable to the
sensor performance achieved under laboratory calibration conditions. The robustness of the attenuation
method was verified in different machine tool environments.

The proposed EMI testing device targeting at electromagnetic interference enables the in-situ testing of
displacement sensors in machine tool environments. The presented methods for signal quality assessment
as well as the developed EMI testing procedure allow a quick evaluation of sensor performance in machine
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tool environments. Finally, the information gathered during the testing procedure can be directly used for
the measurement uncertainty budget of the spindle measurement on the corresponding machine tool.
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Abbreviations

The following abbreviations are used in this manuscript:

CDF Cumulative Density Function
EMC Electromagnetic Compatibility
EMI Electromagnetic Interference

ENOB  Effective Number of Bits
ETH Swiss Federal Institute of Technology

IWE Institute of Machine Tools and Manufacturing
MT Machine Tool

NC Numerical Control

PDF Probability Density Function

PP Peak-to-Peak

PWM Pulse Width Modulation

RMS Root-Mean-Square

SCR Silicon Controlled Rectifier

SGR Shaft Grounding Ring

SINAD  Signal-to-Interference ratio including Noise And Distortion
SNR Signal-to-Noise Ratio

UPR Undulations Per Revolution
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