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A B S T R A C T

Several standards for vibration testing of rotating machinery define limits for relative shaft displacement
during rotation. With requirements for relative shaft displacement, limits are given for combined electrical and
mechanical runout, which is the eddy probe reading error and the error caused by geometry of the measured
shaft. Some standards allow for compensation of the mechanical and electrical runout by vectorially subtracting
them from the eddy current probe values.

This paper presents a measurement procedure applying multi-probe error separation to accurately deter-
mine the roundness profile and center point motion of electric motor shafts. The roundness error and center
point movement obtained from multi-probe measurement with tactile displacement probes are compared with
eddy current sensor displacement measurements to separate the total displacement measured with an eddy
current probe into three components: center point motion, roundness error and electrical runout. Additionally,
a transform for the measured eccentric component is presented to obtain an estimate for permanent rotor bow
regardless of the rotor support arrangement during measurement.

The relevant industrial vibration testing standards were reviewed. Several issues were found in the
measurement methods required by the standards. The requirements of the standards and the used terminology
are assessed critically and improvement proposals are presented.
1. Introduction

Eddy current displacement probes are extensively used for monitor-
ing of rotor vibrations in large industrial machines. These contactless
probes enable maintenance-free long-term measurements in industrial
environments. The application of these probes requires that there are
specially machined probe tracks on the shaft surface. Ideally, these
condition monitoring surfaces are round, cylindrical and concentric
with the rotational axis. The surfaces are usually located on or close
to each bearing journal. Imperfections in the surfaces will appear
in the probe response and result in measurement error of the shaft
displacement.

An eddy current displacement sensor works by supplying a coil
with a high frequency alternating current, which causes eddy currents
in a conductive surface placed in the magnetic field of the coil. The
conductive surface will decrease the inductive reactance of the coil,
which can be measured to determine the distance [1]. The benefits of
ddy current sensors include that they are non-contacting and can thus
e mounted in sealed packages; furthermore, they require no magnetic
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material to work [1]. Eddy current probes and measurement systems
are commercially available for different ranges and applications. Usu-
ally eddy current sensors come paired with cables and interface boxes,
which convert the signals in the eddy current probe into a voltage
corresponding to the measured distance.

However, because of their working principle, eddy current probes
can be sensitive to the electrical properties of the surface being mea-
sured. Parameters affecting the readings of the eddy current displace-
ment probe include the resistivity and magnetic permeability of the
target material as well as the used supply frequency and signal condi-
tioning [2]. In literature, the eddy current probe error due to material
properties is mentioned to be larger in ferro-magnetic materials than in
non-magnetic metals [2].

Several standards for rotating machinery define limits for combined
electrical and mechanical runout [3–10]. The electrical runout is the eddy
current error caused by electrical properties of the shaft surface. Since
in a rotating machine, the sensor will see the same surface points with
each revolution of the machine, the electrical runout will repeat each
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round in the same manner. Some previous research has focused on
electrical runout in rotating machinery, but all the reviewed articles
lacked a clear distinction between the runout, roundness and center
point movement [11–13]. Determining the center point coordinates
and the roundness error is essentially a problem with three degrees
of freedom. Thus, they cannot be separated from each other without
measurement with at least three probes. Measurement with one probe
is only sufficient when the measurements are performed on a preci-
sion spindle on a roundness measuring instrument or in a coordinate
measuring machine.

The mechanical runout relates to the roundness error and center
point movement of the rotor. A well-known concept in roundness
metrology is that a displacement signal measured from a rotating
workpiece consists of the combined effect of the center point movement
and roundness error (Fig. 1) [14]. Thus, determining shaft displacement
directly with displacement measurements is problematic. With only one
or two measured displacement signals, it is not possible to determine
which part of the signal is caused by the center point movement
and which part by the roundness error. With multi-probe roundness
measurement methods, commonly used for measurements of large
flexible rotors, the center point coordinates and roundness error can
be separated from at least three measured displacement or angle probe
signals [15,16].

The aim of this study is to present a measurement procedure apply-
ing multi-probe roundness measurement to separate the total runout
components measured with an eddy current probe, regardless of the
rotor support during measurement. Radial displacement measured with
an eddy current probe is separated into three components: center point
movement, roundness error and the electrical runout. The procedure is
based on measuring runout with an eddy current sensor and multiple
tactile probes (Figs. 1). The electrical runout is obtained by subtracting
the tactile displacement signal from the displacement measured with
an eddy current probe mounted on the same surface next to the
displacement probe. Furthermore, runout signals from three additional
tactile probes were used to separate the tactile displacement signal into
components of center point motion and roundness error. The presented
measurement procedure can be used to determine the electrical and me-
chanical runout and shaft displacement as required by several industrial
standards.

Additionally, this research addresses the eccentric motion caused by
permanent rotor bow and misalignment during measurement. Several
manufacturing processes or operating conditions can yield a rotor with
cross section center points deviating from a straight line. One example
of such a manufacturing process is the shrink fitting of the rotor core on
the shaft in electrical machines. A bowed rotor will cause an eccentric
movement of the center point during rotation. A linear transform for
the first complex Fourier coefficient of the probe signals is presented
to estimate the permanent bow of the rotor regardless of the axis of
rotation during measurement. Experimental validation is presented.

The terminology used in this paper is based on the reviewed stan-
dards. However, since existing standards define runout differently, a
decision has been made not to refer to any radial displacement mea-
surements as runout in this paper, they are simply called displacement.
The electrical runout, which is actually a repeating eddy current probe
error due to material properties is referred to as the electrical runout,
since the term is used in several reviewed industrial standards.

2. Methods

2.1. Review of standards

A review to relevant standards containing specifications of vibration
testing, specifically shaft displacement with radial measurement for
rotating machinery was performed. The reviewed standards are shown
in Table 1, including standards for electrical machines, centrifugal
pumps and radial vibration measurement guidelines.
2

Most of the standards specify that the relative shaft displacement
is to be determined with displacement probes measuring from inside
of the bearing or if not possible, near the bearings. The measurements
are to be made with non-contacting displacement sensors, with API 541
and 546 specifically requiring eddy current sensors.

To determine the baseline for mechanical and electrical runout not
related to vibration, slow roll speed tests can be performed to exclude
any effects caused by rotor dynamics from the measured signals. In ISO
20816-1 it is recommended that special measurements be made in order
‘‘to determine the total non-vibration runout, which is caused by shaft
surface metallurgical non-homogeneities, local residual magnetism and
shaft mechanical runout’’ [10].

Many of the standards (details in Table 1) include limits for com-
bined electrical and mechanical runout. However, exact definitions of
electrical and mechanical runout or what comprises runout are not
included. In API 610 and ISO 13709:2009, it is mentioned that if
the vendor can demonstrate that if electrical or mechanical runout
is present, it can be vectorially subtracted from the measured runout
readings, within certain limits [7,8].

Limits for runout can be given with respect to the allowed displace-
ment, for example in API 610 it is stated that ‘‘combined electrical and
mechanical runout of the shaft should not exceed 25% of allowable
vibration displacement or 6 μm, whichever is the greater’’ [7]. Addi-
tionally, the standards for centrifugal pumps allow for compensation
of the electrical and mechanical runout.

In IEC 60034-14, the limits for allowed total combined electri-
cal and mechanical runout have slightly been tightened with revi-
sions of the standard. The given allowed runout values in IEC 60034-
14:1996 [17] are larger or as large as in the more recent version of the
same standard [3,4], where tighter limits are given for total electrical
and mechanical runout.

To summarize, several standards specify limits for relative shaft
vibration in terms of displacement measured by non-contacting probes.
These standards implicitly assume that the shaft displacement can
be directly measured with displacement sensors. Limits for combined
electrical and mechanical runout measured with an eddy current probe
are given, and it is to be determined with slow roll tests. The runout
in these standards means the measured displacement when the rotor
is rotated slowly to prevent any dynamic deformation, and the actual
vibration is assumed to show as an addition to this baseline level.

The reviewed industrial standards use terminology which differs
slightly from terminology used in ISO 1101 [18]. In the reviewed
industrial standards, runout is used to refer to the baseline of errors
in the measurement of shaft displacement, measured with a slow-roll
test. The electrical and mechanical runout are actually repeating errors
in the eddy current probe output signals caused by material properties
and combined roundness error and center point movement respectively.
Runout caused by probe reading error and minor roundness error do
not directly contribute to actual vibration, but actual vibration (which
is movement of the shaft) will always occur as movement of the shaft
center line.

2.2. Measurement setup

A rotor of an electric motor was investigated (photo in Fig. 1 b
and drawing in Fig. 2). The material of the rotor shaft was 42CrMo4
steel, and shaft had been manufactured by turning from a quenched
and tempered cylindrical billet with a diameter of 210 mm. The total
length of the rotor was 2850 mm and the total mass was 1642 kg. Five
cross section surfaces of the rotor were measured, shown in Fig. 2. The
exact measurement locations are shown in Figs. 6 and 9. The surfaces
have been numbered from left to right in the same order as they are
shown in Fig. 6.

The rotor was measured both on rollers of a rotor balancing machine
and attached to a lathe. In measurements in the lathe, the rotor was
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Fig. 1. Schematic picture (a) and photo (b) of the measurement setup. The measurement frame was equipped with four tactile probes (𝑆1 – 𝑆4) and two eddy current probes (𝐸𝑥
nd 𝐸𝑦) placed around the rotor.
Fig. 2. Simplified drawing of the measured electric motor shaft. The five measured surfaces are numbered: polished condition monitoring surface (1), two journal bearing surfaces
(2 and 5) and two support bearing surfaces (3 and 4). The dashed area depicts the laminated rotor core which was attached to the shaft with an interference fit.
Table 1
Overview of the relevant requirements for the measurement of relative shaft displacement in the reviewed standards. The standards have
been divided into three categories, from top to bottom: electrical machines, centrifugal pumps and measurement guidelines. API 610 and ISO
13709:2009 are the same standard.
Standard Requires eddy current

probes
Limits for combined
electrical and
mechanical runout

Allows compensation of
electrical and
mechanical runout

Allows separate
calibration ring

IEC 60034:14 (1996) No No N/A No
IEC 60034:14 (2003) No Yes No No
IEC 60034:14 (2018) No Yes No No
API 541 (5th ed.) Yes Yes No No
API 546 (3rd ed.) Yes Yes No No

ISO 13709 (2009) No Yes Yes Yes
API 610 (11th ed.) No Yes Yes Yes

API 670 (6th ed.) No Yes No No
ISO 20816-1 (2017) No Yesa No No
ISO 10817-1 (1998) No No No No

aRecommendation.
upported by its ends. In the laboratory, the rotor was supported on
ollers by the support bearing surfaces.
A rotary encoder was used to trigger measurements 1024 samples

ach round and data were acquired from four tactile sensors and two
ddy current probes (Fig. 1). The rotary encoder was attached to the
orkpiece and the lathe with a flexible coupling.

.2.1. Data acquisition
The data acquisition procedure is shown in Fig. 3. The shaft was

rotated slowly and a Heidenhain ROD-420 TTL pulse encoder was used
to trigger the collection of 1024 samples each round. The measurement
was started with the reference pulse of the rotary encoder. The data
from the tactile probes were obtained with a Heidenhain EIB-741
interface box, which was also used to forward the trigger to another
data acquisition device used to read the values of the eddy current
probes. The tactile runout measurements were made with Heidenhain
MT-12 differential current signaling probes with an accuracy of ±0.5 μm
stated by the manufacturer. The given maximum measuring velocity of
3

MT-12 probes is 60 m/min, which was much more than sufficient for
the relatively slow measurements made in this research.

The used eddy current sensors were Micro-Epsilon DT3010-M S1
sensors with a measuring range of 2 mm and a static repeatability of
0.1 μm stated by the manufacturer. The eddy current sensors were
paired with cables and interface boxes provided by the manufacturer,
and in the measuring range provided by the manufacturer, the voltage
output from the interface box is supposed to be linear. The eddy current
sensors were placed into their measuring range at approximately 0.3
mm from the shaft surface, as close as possible to the tactile sensors,
with a small axial offset due to physical limitations. The eddy current
sensors were calibrated against the tactile runout sensors since it was
considered more accurate than calibration by steel strips of different
thicknesses.

2.2.2. Data conditioning
The data conditioning process is shown in Fig. 4. During the data

acquisition, five rounds of 1024 samples were collected from four tac-
tile displacement sensors and two eddy current displacement sensors.
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Fig. 3. Diagram of the data acquisition and measurement procedure. The reference pulse of the rotary encoder was used to start the measurement and the 1024 pulses from the
encoder were used to trigger the sampling of measurement data points both from the tactile and eddy current sensors. The synchronized samples were collected with a PC.
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The first round of the data was removed and synchronous averaging
was applied to all of the measured displacement signals. In rotating
machinery, synchronous averaging can be used to filter non-repeating
phenomena such as noise from the measurement data and to extract
the phenomena repeating each round [19].

A four-point error separation method [16] was applied to separate
the roundness profile and center point motion from the tactile displace-
ment probe signals. The tactile runout measurements were subtracted
from the eddy current sensor measurements to obtain the electrical
unout.
Multi-probe roundness measurement methods enable separating the

oundness error and the center point movement of a rotating workpiece
rom at least three displacement signals. The methods are based on
ormulating equations for the probe signals caused by the roundness
rror and center point coordinates as a function of the rotational angle,
nd then solving the roundness profile and center point movement from
easured signals. Regardless of the center point motion during the
easurement, multi probe methods will give accurate estimate of the
oundness profile.
A limitation to the multi-probe error separation methods is that cer-

ain probe angle combinations will result in a condition called harmonic
uppression, where certain components of the Fourier series cannot
e reconstructed accurately [20]. To alleviate the suppression, more
robes can be used to obtain a more accurate estimate for the roundness
rror and center point movement [16]. The nominal probe angles used
n this research were 0◦, 38◦, 67◦ and 180◦ and are based on an
ptimization by Kato [21]. The angles were calibrated with a marker
o determine the actual probe angles after placing the measurement
rame. The determined angles used in the calculation were 0◦, 38.67◦,
8.91◦ and 187.78◦.
Due to available literature, the mathematical formulation of the
ulti-probe measurement method is not shown in this paper. It is
nough to state that the method can be used to calculate the roundness
rofile and center point movement of a rotating workpiece from at
east three measured displacement signals. Slightly differing meth-
ds to solve the roundness profile have been presented in multiple
ources [16,22–24] and their accuracy has been analyzed [24,25]. In
his research, the roundness profiles and center point movement were
alculated with the Jansen least squares method [16] from the four
actile displacement probe readings.
The displacement measured with a tactile probe was subtracted

rom the readings of the eddy current probe in the same angular po-
ition to obtain the electrical runout. Further, the displacement signals
easured with the three additional probes were used to separate the
oundness profile from the center point movement. Additionally linear
ransform is presented for the eccentric component to determine the
4

d

ccentric around a selected axis regardless of the eccentricity during
he measurement.
Spectra were calculated with the discrete Fourier transform for

he electrical runout and the roundness profile in the domain UPR
undulations per revolution). When considering the Fourier series, the
irst component corresponds to phenomena repeating one time per
evolution, the second to a two-lobed waveform etc.

.2.3. Eccentric motion due to misalignment during measurement and rotor
ermanent bow
Rotation abound an axis with an offset or permanent rotor bow

an cause an eccentric movement during measurement. This section
hows a method to determine the bow in a rotor and to computationally
liminate the eccentric motion during measurement.
In rotating machinery, physical phenomena can have a correspond-

ng frequency in the center point movement [26,27]. Lu has presented
two-dimensional approach, demonstrating that in certain conditions,
t is possible for a spindle to exhibit opposite motion of the center point
elative to the direction of rotation [27]. Further, in flexible rotors and
nder process loads, the center point motion can be arbitrary. However,
hen measuring large rotors supported on rollers or in a spindle, it can
e assumed that the first harmonic component of a measured runout
ignal is caused by eccentric mounting of the rotor and the center line
traightness error.
A circle with its center point rotating at a radial offset to the axis

f a displacement measuring probe will produce, in the probe signal,
curve called a limaçon [28]. The first complex Fourier coefficient of
his curve, when scaled with the inverse of the length of the number
f samples, has a direct physical counterpart as the eccentric offset
otion of the center of the shaft, which is the least squares center of the
imaçon produced by the rotating circular cross section. When the axis
f rotation is fixed, this movement should be equal for all directions.
hus, the eccentric component was calculated as the average of the
omplex numbers from the first Fourier series components from the
robe readings.
To eliminate the need for mounting the rotor in the same way

s it will be mounted during operation, a transform for the eccentric
omponents is presented. If it is assumed, that the permanent bow
auses a similar eccentric motion regardless of the additional bending
aused by gravity, the resulting eccentric movement will manifest as
he first component of the Fourier series of the center point movement.
To obtain an estimate for the runout caused by the bending of the

haft, eccentric components 𝑒𝑛 consisting of three coordinates 𝑥𝑛, 𝑦𝑛, 𝑧𝑛
s shown in Fig. 5 are transformed by rotation and translation in three

imensions as follows. First, two selected reference points are used to
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Fig. 4. Diagram of the data conditioning to separate the components of total runout measured with an eddy current probe. Runout signals are measured with four tactile probes
and two eddy current displacement probes (Fig. 1). The signals from the four tactile probes are used to separate the center point movement and roundness error with a multi-probe
algorithm. The electrical runout is obtained by subtracting the displacement measured by the tactile sensors from the eddy current sensor readings (Fig. 7).
solve 𝜃 and 𝜙 for a combined rotation matrix which will align the points
in the 𝑥𝑦-plane (Fig. 5):
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Where 𝐑𝐱 and 𝐑𝐲 are the rotation matrices around the 𝑥 and 𝑦 axis,
rotated by 𝜃 and 𝜙 radians respectively:
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The combined rotation matrix 𝐑𝐱 ⋅𝐑𝐲 is then applied separately for
each point. Additionally, all of the points are translated to set the points
which were selected as the reference points to the origin. The final
result of the transform is an estimate for what the eccentric components
would be when the shaft is rotating around the axis formed by the
points selected for the transform. In this research, the points selected for
the transform were the centers (complex numbers describing eccentric
motion) of the journal bearing surfaces (Fig. 9).

3. Results

3.1. Roundness profiles

As can be seen from Fig. 7, the eccentric motion contributed the
most to the runout signals. In theory, when supported on rollers, it
can be assumed that the rotor is rotating around a fixed axis and
this eccentric motion would only be caused by the rotor bow acting
at a distance between the measurement plane and the support plane.
However, as can be seen in the leftmost subfigure of Fig. 9, some ad-
ditional eccentricity was present, which can be explained, for example,
by some horizontal movement of the rotor on the rollers. However,
in both cases the yielded transformed eccentricities are of similar
magnitude. This suggests that the eccentric movement can be estimated
with the presented transform to approximate the runout when the rotor
is installed in a machine or on a different means of support.

The roundness profiles measured in the laboratory while the rotor
was supported on rollers are presented in Fig. 6, filtered to only in-
5

clude harmonic components 2, . . . ,30. Similar roundness profiles were
obtained from the measurements in the lathe. Generally, in all mea-
surements of the rotor, the observed RONt (peak-to-valley roundness
deviation in ISO 12181-1 [29]) were in the order of a few micrometers.
From the other shafts, significantly larger roundness deviations were
measured, with a total roundness of up to 7.8 μm.

3.2. Separated components of total runout measured with eddy current
probe

The results of the measurement and the separation in the horizontal
direction are presented in Fig. 7 and the harmonic content of the
electrical runout and roundness profile in 8.

Using displacement signals from the other three probes, the tactile
displacement has been separated into center point movement and the
roundness error . The electrical runout has been obtained by subtract-
ing the tactile displacement from the eddy current probe displacement.

In Fig. 7, the electrical runout has been obtained by subtracting the
tactile displacement measurement readings (𝑆1 in Fig. 1) from the eddy
current probe readings (𝐸𝑥). Further, the readings from the additional
three probes 𝑆2, 𝑆3 and 𝑆4 have been used to separate the roundness
error (also shown leftmost in Fig. 6) and center point movement from
the measured runout. The roundness profile and center point movement
were calculated with the Jansen error separation method [16], based
on a synchronous average of four rounds of data.

In the test rotor, the measured electrical runout was significantly
larger than the roundness error, with several spikes of the electrical
runout reaching up to 12 μm. Center point movement contributed
most to the measured runout signal, which was expected since the
rotor was bowed and not supported by the journal bearings during the
measurements. The electrical runout and roundness in this case do not
seem to consist of any specific harmonic components (Fig. 8), except for
the first two components of the electrical runout. A possible explanation
for the first and seconds components of the electrical runout being
larger may be temperature gradients during heat treatment of the shaft
(such as differences in temperature between the sides of the rotor).

To summarize, the results show the quantity and the nature of the
electrical runout, i.e. the repeating eddy current probe error. Most of the
deviation of eddy current runout from the center point movement was
caused by the electrical runout, with it being an order of magnitude
larger (approximately 16 μm peak-to-peak) than the measured round-
ness profile (the largest roundness deviation 1.5 μm measured from
the left support bearing). Additionally, similar estimates for eccentric
movement caused by permanent rotor bow of the shaft were obtained
with the presented transform regardless of the two different ways of
supporting the rotor during measurement. However, even though the

measured roundness profile was very small, this may not be the case
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Fig. 5. Schematic picture of the transform of the axis of rotation. Regardless of the eccentric movement during the measurement, the eccentric components caused by the rotor
bowing with a new axis of rotation can be obtained with a linear transform (Eqs. (1) and (2)).

Fig. 6. Roundness profiles of the measured rotor cross sections calculated with the Jansen error separation method [16] from the four tactile displacement probe signals measured
with the rotor supported on rollers.

Fig. 7. Horizontal direction displacement measured from the polished condition monitoring surface with an eddy current probe separated into components.

Fig. 8. Harmonic content of the roundness profile and electrical runout from Fig. 7. The electrical runout does not appear to specifically consist of certain harmonic components
except for the first two components.
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in other rotors. A multi-probe method can be applied to separate the
center point motion and roundness error from measured runout signals
regardless of center point motion.

3.3. Eccentric motion due to misalignment during measurement and rotor
permanent bow

Fig. 9 shows the eccentric components measured from different
cross sections of the rotor. On the left, the rotor was supported on
rollers by the support bearing surfaces. On the right, the rotor was
supported by its ends in a lathe. Assuming that the permanent bow
always causes a similar eccentric motion, the presented linear transform
of the complex first harmonic components can be used to obtain an
estimate for the eccentricity when the shaft is rotating around an
arbitrarily selected axis of rotation (Eqs. (1) and (2)), regardless of
he eccentricity during the measurement. The transform was applied
y selecting the points of the journal bearing eccentric components to
orm a new rotational axis.
Fig. 9 shows results of applying the transform on a rotor with two

ifferent supports. The transformed support bearing components are
lmost equal with reference to each other. The phase was lost between
he measurements, since the measurements were made in different
ocations and the orientation of the rotor relative to the rotary encoder
as not preserved between the measurements.

. Discussion

In this research, a measurement procedure for quantifying runout
omponents in rotating machines was demonstrated. A slow roll test
f a rotating shaft was performed and a four-probe error separation
ethod was applied to separate the measured displacement (so called
echanical runout ) into two components: the roundness profile and the
enter point motion. Simultaneously, measurements with eddy current
ensors were conducted and the readings were subtracted from the
actile probe readings to obtain the electrical runout. Furthermore, to
itigate the effects of eccentric center point motion during measure-
ent, this paper presented a transform of the eccentric components
ith experimental validation. This kind of transform could be especially
uitable for slow roll tests, where the runout could be estimated without
ssembling the machine. An application for the transform would be
o measure the eccentricity in a lathe during manufacturing and then
alculate the eccentric motion when the rotor is mounted as it will be
uring operation. The procedure can be used to obtain a breakdown of
he runout components to find the root cause of the runout exceeding
imits defined in relevant standards.
In the transform of the eccentric components, the permanent bow of

he rotor was assumed to cause a similar eccentric movement regardless
f how the rotor was mounted. In other words, the assumption is that
he differences in the first harmonic components are caused by the
traightness error of the center line. In reality, every rotor will bend
ue to gravity and will actually rotate around its main bending axis —
he center line deviation is actually measured relative to this axis of
otation. It is also acknowledged that in all conditions, the center point
ovement is not necessarily eccentric. In a flexible rotor, the support or
xternal loads may cause an arbitrary error motion to the center point
f any cross section of the rotor.
In the measured test rotor, the roundness profile were in the order

f a few micrometers. The researched rotor was relatively rigid and
ad been machined with an accurate lathe, but larger roundness errors
ave been observed in other shafts measured in the same manner. Based
n these measurements, the roundness profile as a component of the
unout is not negligible. Runout measurements alone are not sufficient
o determine the roundness profile, since inaccuracies in the rotation
ill degrade the accuracy of the measurement.
In some cases, the roundness error can have a connection to vibra-

ion. In bearings, roundness error will cause excitations. The limits for
7
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echanical runout are thus more important when the runout signals
re measured from inside of the bearing housings. The multi-probe
ethod used in this research is suitable for in-situ measurements of
he roundness of the bearing surfaces.
Additionally, gravity together with major two-lobed roundness er-

ors in the shaft can cause bending stiffness variation as a function of
he rotational angle, which can excite the rotor under loading, causing
ibration if the excitation frequency coincides with an eigenfrequency
resent in the system. It is also mentioned in ISO 20816-1, that in
nisotropic rotors (such as two-pole generators) "the effect gravity of
an cause a false runout signal" [10]. The presented measurement
rocedure can be used to measure this kind of motion.
In the measured rotor, the repeating eddy current probe error was

rders of magnitude larger than the roundness profile. This electrical
unout will consume a large part of the allowed tolerance zone. The
irst two harmonic components of the electrical runout were observed
o be somewhat larger than the others. A possible explanation for this
ould be temperature gradients during a heat treatment of the rotor.
Potential sources of error in the measurements include vibration of

he measurement frame. The applied synchronous averaging reduces
on-repeating phenomena and noise, but it is possible that a syn-
hronous vibration was present in the measurements, distorting the
easurement. In precision measurements, thermal expansion can also
ead to errors. When evaluating thermal drift by comparing consecutive
easured rounds it was concluded that this effect was negligible
For the transform of the first harmonic components, several sim-

lifying assumptions were made. The permanent bow of the rotor
as assumed to produce a similar eccentric movement regardless of
he support of the rotor, and the permanent bow and eccentricity
resent in the measurement setup were assumed to cause all of the
ccentric movement. Additionally, the shaft needs to approximately
otate around the axis formed by the points selected for the transform,
.e. the interaction between the journal bearings and the shaft with
oundness error is assumed to be so minor that the shaft will rotate
round the center line of the journal bearings.
The literature review revealed that different standards refer to the

ame concepts with different terms. In the industrial standards, runout
eans the errors in the approximation of shaft displacement with radial
isplacement probe measurements. The electrical runout is actually
he repeating eddy current probe error due to electrical properties of
he measured surface, but the authors view it as a descriptive term.
hatever the exact selected terms, a unification of the used termi-
ology could make the standards more comprehensible. Eddy current
robes are not required by all of the standards; some allow other
on-contacting displacement sensors such as laser triangulation probes
hich do not suffer from electrical runout, while still specifying limits
or electrical runout.
Calling the electrical runout runout may be misleading, since it is

ctually a repeating probe error caused by the material properties of the
haft, not an actual change in the measured displacement. If an error is
epeatable and known, it can be compensated for in the final reading.
n some applications, errors caused by material properties of the shaft
annot be compensated for, but in rotating machinery the same surface
oints are measured every round and compensation is possible. When
easuring with eddy current probes, it may also happen that a non-
ound shaft is measured with electrical runout completely canceling the
oundness error from the eddy current probe readings.
One observation made in the literature review is that runout is

efined in ISO 1101 [18] with reference to a fixed datum feature and
ircles or cylinders centered on this datum. This definition includes
he centering error (that is eccentric center point movement), but does
ot include any other center point movement during the measurements
which can be caused by, e.g. flexible bending of the rotor or geometry
rrors in the bearings). In most applications, this conflict between prac-
ical runout measurement with displacement probes from a rotating

orkpiece and the standardized definition of runout is not relevant.
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Fig. 9. Eccentric components of the rotor measured in a lathe attached from the ends (left) and on the rollers supported on the support bearing surfaces (right) and the transform
of the eccentric components (Fig. 5) assuming the shaft would be rotating around an axis formed by the center points of the journal bearings.
owever, multi-probe roundness measurement methods can be used to
eparate these and calculate an estimate for the center point movement
nd roundness profile regardless of random center point motion of the
orkpiece.
The measurement results of this research demonstrate the magni-

udes of the three main components of a runout signal measured with
n eddy current probe. Knowledge of the typical magnitudes of the
omponents and further, the knowledge of the components in a specific
urface are important since limits for the components or sums of the
omponents are defined in standards. The measurement procedure can
e applied in rotor manufacturing to determine when a runout problem
ppears and what is the root cause of it.
Additionally, the authors want to highlight several aspects to con-

ider in future revisions of the standards:

1. A situation where electrical and mechanical runout completely
cancel out each other is possible.

2. Since eddy current probes are sensitive to material properties
especially in ferromagnetic materials, measurement with other
types of non-contacting displacement probes should be allowed.
When eddy current sensors are not specifically required, limits
for the electrical runout should not be given. Electrical runout
is not present in all types of non-contacting probes, for example,
laser triangulation sensors are not sensitive to the electromag-
netic properties of the material.

3. The electrical runout is an eddy current probe reading error
caused by electromagnetic properties of the surface and is not
directly related to the form or the movement of the shaft. In
rotating machinery, the electrical runout is repeating and can
be compensated for.

. Conclusion

In this research, the four-point error separation method was applied
o separate the data from a slow roll test into the mechanical runout,
oundness profile and center point motion. Simultaneously, measure-
ents with eddy current sensors were conducted to obtain the electrical
unout. The measurement method enables finding the root cause of a
unout problem in the production of rotors. Additionally, the methods
llows estimating the runout level when the rotor is mounted in the
achine.
Considering the limits for runout in the standards, the roundness er-

or and electrical runout were observed to be significant relative to lim-
ts defined in the standards. The electrical runout is purely a measure-
ent error, which could be avoided with proper calibration or using
ifferent sensor technologies suitable for long-term condition monitor-
ng. Moreover, further research could be directed in the requirements of
he industrial standards, considering practical economical viewpoints.
8
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