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DESCRIPTION

[0001] In one aspect, the present disclosure relates to a method of determining spatial
configurations of a plurality of transducers, in particular accelerometers, relative to a target
object, the plurality of transducers being attached to the target object.

BACKGROUND

[0002] In many applications, such as structural analysis, vibration measurement, etc. multiple
transducers, such as accelerometers, are typically attached to a target object, e.g. using an
adhesive or a suitable mounting device. The position and spatial orientation, of the individual
transducers relative to the target object typically need to be established with a reasonable
accuracy In order to facilitate useful measurement results. In particular, it may be desirable to
establish the spatial configuration of the transducers relative to a digital model e.g. a CAD
model, a FE model, or the like, of the target object.

[0003] For the purpose of the present description the term "spatial configuration” of a body, In
particular of a transducer, refers to the position and the orientation of the body relative to a
suitable reference coordinate system.

[0004] The checking and verification of the spatial configurations, I1.e. positions and
orientations, of multiple transducers of large measurement set-ups remain a considerable
challenge In numerous types of applications, such as In structural analysis, vibration
measurement, etc. As dimensions of the target objects grow, the number of measurement
locations on the target object grows. This is typically followed by a corresponding growth in the
number of transducers contained in the measurement set-up. Moreover, many target objects
have a complicated geometry including complicated surface structures which render the
determination of the spatial configurations of the transducers difficult.

[0005] Consequently, opportunities for mistakes or errors in the measurement set-up such as
Incorrectly placed transducers, erroneous spatial configuration, etc. may grow even faster.
There have recently been advances In so-called "smart sensors” that comprise non-volatile
semiconductor memory. The semiconductor memory is capable of electronically storing various
types of useful transducer information such as serial number, calibration value, and location In
a standardized format defined within the |[EEE-P1451.4 standard. The latter format I1s now
designated Transducer Electronic Data Sheet (TEDS). Each TEDS compliant transducer is
capable of transmitting its stored transducer information to a remote measurement system or
equipment via a standardized communication protocol. The remote measurement system may
automatically load the transducer information directly into a set-up description or file of the
measurement system. This feature may therefore reduce human errors associated with
manually entering the transducer data into the measurement system.
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[0006] However, the checking and verification of the position and/or spatial orientation of each
transducer In such measurement set-ups remain a significant challenge. The appropriate
spatial configurations of the transducers are important in numerous types of vibration
measurements to ensure the intended or at least known component of e.g. acceleration Is
measured by the transducer at the intended or at least known position.

[0007] WO 2016/135198 discloses a method of detecting a spatial orientation of a transducer
by a handheld optical scanning device. To this end, this prior art method uses a spatial
orientation feature on an outer housing surface of the transducer.

[0008] The article "Self-Calibration of Accelerometer Arrays” by Patrick Schopp et al., |EEE
Transactions on Instrumentation and Measurement, I[EEE Service Center, Piscataway, NJ, US,
vol. 65, no. 8, 1 August 2016, pages 1913-1925, presents a method to estimate transducer
poses using only their own measurements without depending on reference motion data. It is
based on an iterative graph optimization that considers both the sensor poses and the motion
as target variables. Initially, this results Iin infinitely many solutions. The authers of the above
article reduce the solutions to only one global optimum by explicitly modeling the used triple-
axis accelerometers as sensor triads and furthermore taking the temporal dependence of the
acceleration samples into account.

[0009] WO 02/059627 discloses a system and method for calibrating an accelerometer
assembly.

[0010] VWhile the above prior art method considerably reduces the time and effort required to
determine the spatial orientation of transducers, the method still requires a manual
determination of the individual transducers. Moreover, 1t I1s often desirable to obtain both
position and orientation coordinates. Yet further, it may be desirable to position transducers at
positions on a target subject that are difficult to reach, e.g. in small orifices, where it is difficult
to scan a spatial orientation feature.

[0011] Hence, there remains a need for an improved method that allows the determination of
spatial configurations, 1.e. positions and orientations, of even large sets of transducers relative
to a target object to which the transducers are attached in a time and cost efficient manner and
with a sufficiently high accuracy.

SUMMARY OF THE INVENTION

[0012] According to a first aspect, disclosed herein are embodiments of a computer-
Implemented method of determining respective spatial configurations, indicative of respective
positions and orientations, of a plurality of transducers attached to a target object, as defined In
appended claim 1. The method comprises:

e recelving sensor signals from each of the plurality of transducers, the sensor signals
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being Indicative of respective movements of the respective transducers during an
iInduced movement of the target object;

o determining the spatial configurations of the plurality of transducers; wherein the spatial
configurations, indicative of the positions and orientations relative to the target object, of
at least a subset of the transducers are determined based on the received sensor
signals.

[0013] The Inventors have realized that the spatial configurations of multiple transducers,
Including their positions and orientations relative to a target object to which they are attached,
may efficiently be determined at a sufficiently high accuracy based on the sensor signals from
the multiple of transducers and possibly other transducers attached to the target object.
Accordingly, the need for manually measuring the positions and orientations of all transducers
attached to a body iIs eliminated or at least greatly reduced. Consequently, the time and effort
needed to establish the spatial configurations of all transducers Is greatly reduced, In
particularly when the subset of transducers includes a large number of transducers.

[0014] The method receives information representing only a part of the spatial configurations
of the plurality of transducers as an input. Hence, the process only needs to determine a
remaining part of the spatial configurations In order to establish the complete spatial
configurations of all transducers of the plurality of transducers. Said information includes the
spatial configurations of a first subset of transducers, in particular information defining both the
positions and the orientations of the transducers of a first subset. To this end the information
may Include Information representing coordinates along six degrees of freedom (three
positions and three rotational degrees of freedom) for each transducer of the first subset of the
transducers. Alternatively or additionally, the information may Iinclude spatial relationships
between at least a first subset of transducers. The spatial relationships may be relative
distances between pairs of transducers, partial information about the orientation of the
transducers, e.g. a direction of one axis of a measurement coordinate system of the
transducer, or other partial spatial configurations representing coordinates along fewer than six
degrees of freedom, e.g. coordinates along one or two or three degrees of freedom. Hence,
the received information representing only a part of the spatial configurations of the plurality of
transducers may represent complete spatial configurations of only a first subset of the
transducers and/or partial spatial configurations of at least a first subset of the transducers.

[0015] Accordingly, the plurality of transducers is divided Into a first subset and a second
subset of transducers, the second subset being different from the first subset; in particular, the
subsets may be non-overlapping. Determining the spatial configurations of the plurality of
transducers comprises:

e oObtaining spatial configurations of the transducers of the first subset; and

o determining the spatial configurations of the transducers of the second subset from the
received sensor signals and from the obtained spatial configurations of the transducers
of the first subset.
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[0016] Accordingly, once the spatial configurations of the first subset of transducers are known,
the spatial configurations of the second subset of transducers may be automatically
determined from their respective sensor signals and from the known spatial configurations of
the first subset. Consequently, the time and effort needed to establish the spatial configurations
of all transducers Is greatly reduced, Iin particular since the first subset of transducers may be
much smaller than the second subset of transducers. For example, If one hundred or more
transducers are attached to a target object it may be sufficient to include only few of them, e.g.
only three transducers, into the first subset. Once the spatial configurations of these have been
established, e.g. manually in a conventional manner or computed from known spatial
relationships of the transducers of the first subset and from received sensor signals, the spatial
configurations of all remaining transducers may be automatically determined. For the purpose
of the present description, the transducers of the first subset will also be referred to as
reference transducers. Generally, the spatial configuration of a transducer attached to a target
object may be expressed as a transformation between a measurement coordinate system of
the transducer and a local coordinate system of the target object. Alternatively, the spatial
configuration of a transducer attached to a target object may be expressed as a transformation
between a measurement coordinate system of the transducer and a global coordinate system.
The measurement coordinate system of the transducer may define the axes along which
accelerations are measured by the transducer.

[0017] Each transducer may be or comprise a single-axis or multi-axis, e.g. triaxial,
accelerometer. The sensor signals from a transducer may represent one or more series of
measurements by said transducer. For example, each measurement may be Iindicative of
accelerations along one or more directions, e.g. In three directions. A triaxial accelerometer
may provide a time series of measurements, where each measurement represents an
acceleration vector relative to a measurement coordinate system of the accelerometer. Other
examples of transducers Include strain gauges, proximity probes and inclinometers or other
measurement devices operable to measure movements, accelerations, forces or other
guantities from which movements of the target object can be derived.

[0018] The spatial configurations of the transducers of the first subset may be obtained in any
suitable manner, e.g. determined and entered manually. For example, the transducers of the
first subset may be mounted to the target object at easily identifiable positions on the surface
of the target object, e.g. at some distinct features of the target object's geometry that may be
used as "anchor points” to place the transducers. The transducers may be mounted at said
positions using spirit levels and/or swivel bases so as to align the transducers relative to the
direction of gravity. The thus identified positions and orientations may manually be entered into
a suitable measurement system, e.g. using a suitable digital 3D model, e.g. a CAD model, of
the target object. Hence In some embodiments, obtaining the spatial configurations of the
transducers of the first subset comprises receiving the spatial configurations of the transducers
of the first subset as an input. In other embodiments, the process does not receive the precise
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spatial configurations of the transducers of the first subset but merely information indicative of
a set of spatial relationships between the transducers of the first subset. The process then
computes, from the received information and from the received sensor signals, the spatial
configuration of the transducers of the first subset.

[0019] Preferably, the first subset comprises a number of transducers sufficient to measure
movement of the target object along all its degrees of freedom. For a target object that Is
supported such that it can perform translatory movement along three orthogonal directions and
rotational movement around three around orthogonal axes, the number of transducers may be
selected sufficient to measure movement of the target object along six degrees of freedom,
namely three translatory degrees of freedom and three rotational degrees of freedom. The
exact number of transducers required depends on the capabillities of the transducers and of
their relative positions relative to the target object and of the number of degrees of freedom of
movement of the target object. For example, when the transducers are triaxial accelerometers,
three transducers are sufficient for forming the first subset when the three transducers are not
positioned along a straight line. Preferably, the three transducers should also be positioned
sufficiently far from each other or at least as far from each other as the geometry of the target
object permits.

[0020] In some embodiments, the method comprises verifying whether the first subset includes
a sufficient number of transducers and/or whether the transducers are adequately positioned.
For example, In some embodiments where each transducer comprises a triaxial
accelerometer, each transducer may be associated with a transducer transmissibility matrix
representing a transformation between accelerations, in particular translational and rotational
accelerations, of the transducer relative to a local coordinate system of the target object to
accelerations measured by said transducer along the axes of a measurement coordinate
system of the transducer. Generally, the transducer transmissibility matrix of a transducer
attached to a target object represents the position and orientation of a measurement
coordinate system of the transducer relative to a local coordinate system of the target object.
Accordingly, for known positions and orientations of the transducers relative to the target
object, the transducer transmissibility matrix may be determined from said known positions and
orientations. Verifying whether the first subset includes a sufficient number of transducers may
then comprise verifying whether a transformation matrix constructed from the transducer
transformation matrices of the transducers of the first subset has full rank. If the transformation
matrix has full rank, the process may determine that the first subset includes a sufficient
number of transducers.

[0021] In some embodiments, the process comprises determining whether the induced
movement Is sufficient for determining the spatial configuration of the transducers, e.g. the
transducers of the second subset of transducers. To this end, In some embodiments where
each transducer comprises a triaxial accelerometer, determining whether the caused
movement Is sufficient for determining the spatial configuration of the transducers of the
second subset of transducers comprises:
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e recelving sensor signals indicative of measured accelerations of the transducers during
the iInduced movement;

o optionally performing a low-pass filtering of the sensor signals;

e determining whether a local acceleration matrix representing the measured
accelerations has a predetermined number of dominant singular values, e.g. six
dominant singular values corresponding to unrestricted movement. This determination
may be made by comparing the largest singular values (e.g. the largest six dominant
values) with the largest one of the remaining singular values.

If the local acceleration matrix comprises a sufficient number of (e.g. six) dominant singular
values, determining that the caused movement Is sufficient for determining the spatial
configuration of the transducers of the second subset of transducers.

[0022] Generally, In some embodiments, in particular in certain embodiments where the target
object may move along all six degrees of freedom, the method comprises filtering the recorded
signals so as to supress frequencies associated with flexural modes of the Induced
movements. In particular, in some embodiments, the method comprises low-pass filtering of
the sensor signals. To this end, the process may comprise detecting a natural frequency of a
lowest flexural mode and a natural frequency of the highest rigid-body mode; selecting a cut-
off frequency of the low-pass filter so as to suppress at least a majority of the flexural modes
and to maintain at least a majority of the rigid body modes. To this end the cut-off frequency
may be selected larger than the detected natural frequency of the highest rigid body mode and
smaller than the detected natural frequency of a lowest flexural mode. Determining the spatial
configurations of the transducers of the second subset of transducers comprises:

e computing, from the received sensor signals of the transducers of the first subset and
the obtained spatial configurations of the transducers of the first subset, object
accelerations indicative of accelerations of the target object relative to a reference
coordinate system;

e computing, from the computed object accelerations and from the received sensor
signals of respective transducers of the second subset, said spatial configurations of the
transducers of the second subset.

In particular, the object accelerations may represent the spatial configuration, differentiated
twice with respect to time, of a local coordinate system of the target object relative to an inertial
reference coordinate system.

[0023] Computing the object accelerations may comprise computing a least-squares solution
to a system of linear equations, each linear equation representing a transformation between
measured accelerations, measured by one of the reference accelerometers, and unknown
object accelerations.

[0024] As mentioned above, In some embodiments, the process receives information indicative

of a set of spatial relationships between the transducers of the first subset; and the process
computes, from the received information and from the received sensor signals, the spatial
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configuration of the transducers of the first subset. The Iinformation about the spatial
relationship between the transducers of the first subset may include the distances between
respective pairs of transducers of the first subset. Alternatively or additionally, the information
about the spatial relationship between the transducers of the first subset may include a

combination of relative distances and orientations or another combination of spatial
parameters.

[0025] Computing the spatial configurations of the transducers of the first subset may
comprise:

e defining a first set of sensor signals from the received sensor signals from the first
subset of transducers and a second set of sensor signals from said received sensor
signals from the first subset of transducers;

e computing estimates of the sensor signals of the second set of sensor signals from the
sensor signals of the first of sensor signals and from the received information indicative If
the spatial relationships between the transducers of the first subset, the estimates of the
sensor signals depending on estimated spatial configurations of the transducers of the
first subset; and

o adjusting the estimated spatial configurations so as to reduce, Iin particular minimize, an
error between the computed estimates and the first set of sensor signals.

Accordingly, the spatial configurations of the transducers of the first set may be computed from
a minimization problem indicative of how well the computed spatial configurations account for a
second set of the received sensor signals, given a first set of the received sensor signals. In
some embodiments, the computation of the spatial configurations of the transducers of the first
subset may be further improved by mounting the transducers of the first subset with one axis
pointing along a known direction, e.g. along the direction of gravity.

[0026] Generally, some embodiments of the method described herein may be performed In

respect of a target object that is suspended or otherwise supported so as to allow movement of
the target object in all six degrees of freedom.

[0027] Other embodiments of the method disclosed herein may be performed in respect of a
deformable target object whose motion Is restricted (e.g. along one or more degrees of
freedom) by an object support. To this end, some embodiments of the method comprise:

e computing time-dependent acceleration coefficients of the target object from the spatial
configurations of the transducers of the first subset and from the received sensor
signals.

e computing, from the computed time-dependent acceleration coefficients and from the
received sensor signals, the spatial configuration of the transducers of the second
subset, e.g. by minimizing a fit error indicative of a difference between estimated sensor
signals and the received sensor signals.
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[0028] The time-dependent acceleration coefficients may be coefficients associated with modal
coordinates of the target objects. In this case, the procedure for computing the coefficients
may be similar to e.g. obtaining modal coordinates in modal decomposition. Alternatively, the
time-dependent acceleration coefficients may be coefficients of another expansion based on a
suitable set of basis functions. A suitable set of basis functions should preferably satisfy a set
of boundary conditions, e.g. so-called essential boundary conditions, and be mutually
orthogonal.

[0029] It Is noted that features of the computer-implemented methods described above and In
the following may be implemented at least in part in software or firmware and carried out on a
data processing system or other processing means caused by the execution of program code
means such as computer-executable instructions. Here and In the following, the term
processing means comprises any circuit and/or device suitably adapted to perform the above
functions. In particular, the above term comprises general- or special-purpose programmable
microprocessors, Digital Signal Processors (DSP), Application Specific Integrated Circuits
(ASIC), Programmable Logic Arrays (PLA), Field Programmable Gate Arrays (FPGA),
Graphical Processing Units (GPU), special purpose electronic circuits, etc., or a combination
thereof.

[0030] The present disclosure relates to different aspects, including the method described
above and In the following, further methods, systems, devices and product means, each
yielding one or more of the benefits and advantages described in connection with one or more
of the other aspects, and each having one or more embodiments corresponding to the
embodiments described Iin connection with one or more of the other aspects described herein
and/or as disclosed in the appended claims.

[0031] In particular, another aspect disclosed herein relates to embodiments of a computer-
Implemented measurement process comprising:

e determining spatial configurations of a plurality of transducers attached to a target object
by performing the steps of the method according to the first aspect described above and
In the following;

e recelving further sensor signals from the plurality of transducers, the received further
sensor signals being indicative of respective movements of the respective transducers
during an induced movement of the target object;

e performing structural analysis calculations based on the received further sensor signals.

[0032] The further sensor signals may be obtained based on movements suitable for
performing the intended structural analysis calculations. Generally, the further sensor signals
may be Indicative of movements of the respective transducers during a further induced
movement of the target object different from the induced movement from which the spatial
configurations of the transducers has been determined. The further induced movement may
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Include flexural movements in addition or alternative to rigid body movements. Depending on
the Iintended structural analysis to be performed the further induced movement may or may not
Include rigid-body movements along all six degrees of freedom.

[0033] Yet another aspect disclosed herein relates to embodiments of a method of determining
spatial configurations of a plurality of transducers attached to a target object; the plurality of
transducers comprising a first subset of transducers and a second subset of transducers; the
method comprising:

e Inducing movement of the target object;

e recelving sensor signals from the first and the second subset of transducers, the
received sensor signals being Indicative of respective movements of the respective
transducers;

e obtaining spatial configurations of the transducers of the first subset;

e determining spatial configurations of the transducers of the second subset from the
received sensor signals and the obtained spatial configurations of the transducers of the
first subset.

[0034] In some embodiments, the spatial configurations of the transducers of the first subset
may be obtained prior to inducing the movement of the target object and/or prior to receiving
the sensor signals. However, it will be appreciated that, in embodiments where the spatial
configurations of the transducers of the first subset are determined based on the received
sensor signals, the spatial configurations of the transducers of the first subset are obtained
after receipt of said sensor signals. Inducing movement of the target object may comprise
exerting one or more forces onto the target object, e.g. by manually swinging the target object
and/or by impacting the target object with an excitation hammer. In some embodiments, the
movement should include components along all available degrees of freedom. For a target
object that can move along all six degrees of freedom, the induced movement should include
components along three orthogonal directions and rotational components around three linearly
Independent axes. To this end, the target object may be suspended from elastic bands,
supported on air cushions or otherwise supported such that the object may perform at least
small movements along three orthogonal directions and at least small rotations around three
linearly independent axes. In other embodiments, the target object may be supported such that
its movement is constrained along one or more degrees of freedom, as will be described In
greater detail below.

[0035] Yet another aspect disclosed herein relates to embodiments of a measurement process
comprising:

e determining spatial configurations of a plurality of transducers attached to a target object
by performing the steps of the method of determining spatial configurations of a plurality
of transducers attached to a target object described above and in the following.

e Inducing further movement of the target object;
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e recelving further sensor signals from the first and the second subset of transducers, the
received further sensor signals being indicative of respective movements of the
respective transducers during said induced further movement;

o performing structural analysis calculations based on the received further sensor signals.

[0036] In particular, while It may be advantageous to avoid or at least suppress flexural modes
for the purpose of determining the spatial configurations of the transducers, the induced further
movement based on which the structural analysis 1s performed may also include significant
flexural movements which do not need to be suppressed but which may, in fact, be of interest
for the purpose of the structural analysis.

[0037] Yet another aspect disclosed herein relates to embodiments of a computer program
configured to cause a data processing system to perform the steps of the computer-
Implemented method described above and in the following. A computer program may comprise
program code means adapted to cause a data processing system to perform the steps of the
computer-implemented method disclosed above and in the following when the program code
means are executed on the data processing system. The computer program may be stored on
a computer-readable storage medium or embodied as a data signal. The storage medium may
comprise any suitable circuitry or device for storing data, such as a RAM, a ROM, an EPROM,
EEPROM, flash memory, magnetic or optical storage device, such as a CD ROM, a DVD, a
hard disk, and/or the like.

[0038] Yet another aspect disclosed herein relates to embodiments of a measurement system
comprising a data processing system configured to perform the steps of the computer-
Implemented method described herein. The measurement system further comprises:

e a plurality of input channels configured to be coupled, via respective wireless or wired
signal connections, to respective transducer output signals of a plurality of transducers
attached to a target object;

» a data input interface configured for receipt of respective spatial coordinate data of the
transducers of the first subset or at least of information about spatial relationships
between the transducers of the first subset, e.g. by manual data entry or from another
device via a wireless or wired data communication link.

[0039] The measurement system may comprise a display showing the determined spatial
configurations of the plurality of transducers coupled to the plurality of signal input channels.

[0040] Yet another aspect disclosed herein relates to embodiments of a measurement
assembly comprising a plurality of transducers mountable at a plurality of predetermined
measurement locations distributed across a target object. The measurement assembly further
comprises a measurement system as described above and in the following.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0041] The above and other aspects will be apparent and elucidated from the embodiments
described in the following with reference to the drawing in which:

FIGs. 1A-C schematically illustrate an example of a measurement assembly as disclosed
herein. In particular, FIG. 1A shows a schematic block diagram of a measurement assembly,
FIG. 1B shows a schematic view of a transducer of the measurement assembly and FIG. 1C
llustrates examples of coordinate systems as used for the purpose of the present description.

FIG. 2 illustrates a flow diagram of an example of a measurement process disclosed herein.

FIG. 3 Illustrates a flow diagram of an example of a computer-implemented process for
determining the spatial configurations of transducers as disclosed herein.

FIGs. 4A-B show measured frequency response functions of am example target object.

FIG. 5 shows examples of normalized singular values determined for an example movement of
a target object.

FIGs. 6A-B schematically illustrate a displayed 3D digital model of a target object indicating the
determined spatial configurations of respective accelerometers.

FIG. 7 Illustrates a flow diagram of an example of a computer-implemented process for
determining the spatial configurations of a transducer of the second subset, In particular of
triaxial accelerometers, as disclosed herein.

FIG. 8 illustrates an example of a deformable target object whose motion is constrained.
FIG. 9 shows a view of an example of a target object having transducers mounted thereon.

FIGs. 10A-B lillustrate position and orientation errors of the determined spatial configurations
as determined by an example of the process disclosed herein.

DETAILED DESCRIPTION

[0042] FIGs. 1A-C schematically illustrate an example of a measurement assembly as
disclosed herein. In particular, FIG. 1A shows a schematic block diagram of a measurement
assembly, FIG. 1B shows a schematic view of a transducer of the measurement assembly and
FIG. 1C lllustrates examples of coordinate systems as used for the purpose of the present
description.
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[0043] The measurement assembly comprises a measurement system 110 and a plurality of
triaxial accelerometers 100 attached to a target object 120 and communicatively coupled to the
measurement system 110.

[0044] The triaxial accelerometers 100 may for example comprise a triaxial piezoelectric
accelerometer of types 4524, 4524-B or 4504 all manufactured by Briuel and Kjaer Sound and
Vibration Measurement, Neerum, Denmark. The skilled person will understand that other types
of transducers, e.g. other types of accelerometers, may be used In alternative embodiments.
For example, other types of single-axis or multiple-axis accelerometers from numerous other
manufacturers may of course In the alternative be used to implement the present invention.
Depending on certain constructional details of the accelerometer, one or more piezoelectric
transducer elements 101 may be mounted inside the transducer housing 107, the one or more
transducer elements responding to acceleration in a particular direction of three orthogonal
spatial directions relative to the accelerometer, (for the purpose of the present description
designated / j k directions), by producing a sensor signal, e.g. a voltage or current
proportional to the acceleration in that particular direction. The directions 7 j k thus define a
measurement coordinate system of the accelerometer. Various types of electronic signal
conditioning circuitry and/or memory devices may likewise be mounted inside the transducer
housing 107 on a suitable carrier such as low-noise preamplifiers, filters, A/D converters,
power supplies etc. The electronic signal conditioning circuitry may be coupled to respective
output terminals of the one more piezoelectric transducer elements to provide a low-
Impedance and possibly frequency shaped output signal of the accelerometer 100 for each
sensitivity direction. The accelerometer housing 107/ may comprise a metallic composition or
material such as titanium to protect the transducer element(s) against various harmful
environmental pollutants e.g. humidity, mechanical shock, dust, light and heat etc. The metallic
accelerometer housing 107 may also be useful for EMI shielding purposes. The accelerometer
housing 107 comprises a number of optional slots 109a, 109b which support mounting clips for
attachment or fitting of the accelerometer 100 to a number of different target objects. A lower
substantially plane outer housing surface (hidden from view - arranged oppositely to the outer
housing surface 101) of the accelerometer housing 107 Is brought directly or indirectly (for
example via a suitable adhesive agent or adhesive layer) in physical contact with the target
object. The lower substantially plane outer housing surface of the accelerometer housing 107
therefore acts a joining or coupling surface to the target object.

[0045] The triaxial accelerometer 100 further comprises an electrical connector 102 which may
comprise a 4-pin connector comprising a common ground terminal and three separate output
signal terminals carrying the accelerometer /, j, kK component output signals, respectively,
representing the corresponding first, second and third orthogonal axes of sensitivity of the
transducer element(s) of the triaxial accelerometer 100.

[0046] The / component output signal indicates the acceleration of the accelerometer 100 In
the predefined i direction of the accelerometer protruding orthogonally through the first plane
outer housing surface 101. The same applies for the ;j and k component output signals
Indicating acceleration along the j-axis and k-axis, respectively, to provide a true tri-axial
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acceleration measurement of vibration of the relevant target object. The target object 120 may,
for example, comprise an automotive body, an aircraft structure, a train structure, a wind
turbine blade, a satellite structure, an engine, a transmission, etc. or parts thereof. The
electrical connector 102 may be used for coupling the 7, j and kK component output signals to
the measurement system 110 via a suitable cable, e.g. low-noise shielded cable. The skilled
person will understand that a practical measurement set-up may include numerous, e.g. more
than 20, or even more than 100, individual triaxial accelerometers 100 coupled to the
measurement system via suitable electrical cabling.

[0047] The measurement system 110 may comprise a suitable accelerometer instrumentation
system In combination with various types of data acquisition software executed on a personal
computer or other computing hardware platform. In particular, the measurement system may
comprise data acquisition interface 113, a data processing unit 111, a memory 112 or other
data storage device and a user interface 114.

[0048] The data acquisition interface 113 may Include connectors to allow each of the
numerous triaxial accelerometers to be coupled to a particular measurement channel of the
measurement system.

[0049] The data processing unit 111 may e.g. be a suitably programmed central processing
unit of a computer or other data processing system. The data processing unit 111 may further
be configured to execute a structural analysis software application that performs structural
analysis calculations with respect to the target object and based on sensor signals received
from the accelerometers 100.

[0050] The user interface 114 may include a display configured for graphically depicting status
and identifiers of each of the measurement channels as well as identification and status
Information of each accelerometer for example by serial number. The display may further allow
display of a digital 3D model of the target object indicating the determined positions and
orientations of the accelerometers.

[0051] The measurement system associates or links the determined spatial 6-dimensional
position and orientation data of each of the triaxial accelerometers 100 and, optionally, their
serial numbers and or other information pertaining to the respective accelerometers with the
particular measurement channels connected to respective ones of the /7, j, k output signals of
the respective accelerometers (through the 4 pin connectors 102) representing the 1 j k
components, respectively, of acceleration of the tri-axial accelerometers 100 on the target
object. It will be appreciated that the measurement system may include multiple separate
components. The components may be communicatively coupled with each other so as to allow
data transfer. For example, the measurement system may include a data acquisition system
configured to record sensor signals from the transducers and a data processing system
configured to analyse the recorded sensor signals.

[0052] For the purpose of the following description of some embodiments of a process for
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determining the spatial configurations of the transducers relative to the target object, the target
object 120 may be considered as a rigid body Q that can move unrestrictedly in a 3D space.
The position and the orientation of the body Is defined in the inertial global coordinate system
(GCS). Let us define a local coordinate system (LCS) fixed on the body. Let us consider N tri-
axial accelerometers 100 that are attached to the body at points P, and their coordinates In

the LCS are

T
{Tn,x.J Py Tn,z} r — {Tn}l.
For ease of illustration, in FIG. 1C only a single accelerometer is shown explicitly; it will be

appreciated that the number N of accelerometers will typically be larger than 1, in particular
larger than 3 and often larger than 10 or even larger than 100.

[0053] Each accelerometer 100 measures the proper acceleration relative to the (inertial)
GCS; the acceleration vector i1s provided via its three scalar components measured along the
measurement axes of the accelerometer. Let us then define N measurement coordinate
systems (MCS), associated with the measurement axes of each accelerometer. The position
and orientation of the MCSs are fixed in LCS.

[0054] As the LCS Is fixed on the target object, the position and orientation of the LCS fully
characterize the position and the orientation of the target object when the target object

behaves as a rigid body. At any time t, vector {C(f)}s € R®*" given in GCS,

{C(O} = Hro(OYE; 8,(£); 05(0); 03 (D)}5 (1)
completely describes the position and the orientation of the LCS In GCS, I.e. this vector

describes the spatial configuration of the local coordinate system associated with the target
object. Here

{ro(O)}e = {x0 (), yo(8), 20 (D) }5
IS the radius vector of LCS's origin and 84(f); 6x(f); 63(f) are three Euler angles, defining the
consecutive rotations that bring the GCS to the LCS.

[0055] Different formulations of Euler angles do exist, in the document we use Tait-Bryan z-y'-
X' convention (also known as nautical or Cardan angles: yaw, pitch and roll). Let the
coordinates of a point P in GCS are {r}g and in LCS are {r;}, and the GCS and LCS origins

coincide. Then the coordinates {r}; can be obtained as three consecutive rotations, first around

z axis of GCS by @4, then about the new y axis by 8, and finally about the new x axis by &x:

1 0 0 qcos8, 0 —sinb,][cosh; sinB; 0]
{r}, = [0 cos 8, sin O l 0 1 0 } —sinf, cosf, 0‘ {ric
0 —sinf; cosfyllsinf, (0 cos6Os 0 0 1 (2)

= [R(63)][Ry (82)|[R,(6:)](r}¢ = [R1.(61,6,,0)]{r)¢
where each rotation 1s represented by a pre-multiplication of the radius vector by the rotation
matrix. The three rotation matrices combined yield a single rotation matrix [Rg;]. The backward

coordinate conversion from LCS to GCS can be presented as {r}g = [R; glir};, where
[RLG] — [RGL]_1 — [RGL]T (3)
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[0056] The second equality here 1s because rotation matrices are orthogonal matrices. Utilizing
the rotation matrix, the coordinates of the accelerometer located in point P, iIn GCS can be

presented as a sum of its translation

{TO’(t)}G — '{xO (t)r yO (t)r ZO (t)}g
and rotation in GCS, both time dependent,

{r (e = {ro(t)}s + [Rig(On), (4)
The acceleration vector measured in this point will be
(. ()} = {T(O)}¢ + [RLG (f)]{rn}z; (9)

The triaxial accelerometer attached to point P, provides three signals a, i(f), ap () and ap k(1)

which correspond to the acceleration vector (5) projected to the axes of the MCS associated
with the accelerometer:

an,i(t) = {in(O)}s ()6,

an,j (€) = {jn ()} (e, (6)

an i (t) = {kn (O} Fa(Ole.

where {I,(D}a (D)} g and {k,(f)}s are the orts of the MCS presented in GCS. Orts' coordinates
INn GCS can be obtained as a series of consecutive rotations of the MCS first to LCS and then

to GCS:

{1, (O}e = [Rua(O][Ru1,0){1,0,037,

(n(©}e = [R16 (®)]|Rap,n|{0,1,0)7, (7)

{Uen ()} = [Ric(O)]|Run](0,0,1},

where [Rynl = [F\’I_M’r,]'1 = [R,_M’n]T, and [R;mn] 1s @ matrix that represents the rotation of the

LCS to MCS associated with the accelerometer mounted at point P,.

[0057] It can be constructed in similar way as (2), using a set of the Euler angles ¢, 1, ¢,2 and

Pn 3-

(8)

CinC2n Condin —Soq
[RLM,'n] =| —C3nS1n T C1nS2nS3n  C1nlsn T S1nS2nS3n C2nS3n
| Cl,ﬂ.-CB,nS?,n + 51,1153,1‘1 CB,-n.Sl,nSZZ,n o Cl,nSB.,n Czi,nC‘;B-,n

where ¢;p=Cos @ pand s;p=sin @;p/=1..3.

Substituting (5) and (7) into (6) and rewriting in matrix form,

Ap,i (t) |
{and(t)} = [RML;H]T[RLG(t)]T({fO (t)}e + [tiém (t)]{?”n}L) (9)
A i (E)

Without loss of generality, we can assume that initially, when the body is at rest, LCS coincides

with GCS (otherwise it I1s possible to apply an extra translation and rotation to move the GCS to
the Initial location of the LCS and then apply to backward transformation to the results):
[R; c(0)] = [E]. Now let us assume that the body's movements w.r.t. its initial position are small:
Xo(t) = € xo(t), Yo(t) = € yo(8), zo(t) =€ z,(2);

0,(t) = € 0,(t), 6,(t) = € 05(t), O5(t) = € 05(¢).

Here € Is used as a book-keeping device to indicate the order of magnitude of the attached

terms.
Substituting (2) to (9) and differentiating twice, the result can be expanded to Taylor series,

resulting In

(ani(£)) E®Y [ 0 —01()) 62D | (T

(10)
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ian,j(t)j = [RML,n]I kiyo (t)j + { NG 0 6, (t)‘ ir")yi) +0(e®) (1)
| , g 1° .

k() OV B AGENANG "z

Omitting the terms with the order of magnitude greater than or equal to €2, and rearranging

an,i (t)
{and(t)} ~
A1 (£)

(12)
T 1 0 0 "y Tn.’z 0 . | . ST
[RM;L,R] 0 1 0 M 0 T,z {jéo(t):yo (t),ﬁo(t), 91-(01 92 (t)'93 (t)}
0 0 1 0 Iy Ty
. 1 0 O _T’:‘Ly Tﬂ,-z 0
= [RML,TP’I:]_ 0 1 0 Thx 0 ~Tnz [ {C (1)}
0 0 1 0 —Tn,x T,y

[0058] The two matrices In (12) can be combined Into a time-invariant 3x6 matrix [8,] =
[Br(nx Ty "z Pn1:9n2Pn3)], whose elements are nonlinear functions of the coordinates of
the point P, given In the LCS, and the orientation of the accelerometer, presented using three

Euler angles providing the rotation from the LCS to MCS.
[ﬁn (rn,;xf Ty In,z gbn;lr qbn-,Z! (pn,B)] —

1 0 0 Ty "z 0 (1 3)
| ' | T | 5
lRML,n (¢?I,1 ) ¢n,'2 ) ¢’n,3 )] 0 1 0 rn,x Tn}z .

00 1 0 —Thx Ty

Note, none of these parameters are assumed to be small. Summarizing, in the case of small
motion, the signals measured by the n-th triaxial accelerometer can be approximated as a
product of the matrix [8,]] and vector {C(f)}, differentiated twice w.r.t. time:

i (£)
{an,j (t)} — [ﬁn (Tn,-xr Tn,yr'rn,zr ¢n,1» (f)n,z.'- ¢n3)] {C(t)} (1 4)

a.n,-k, (t)

For shorter representation, let us Introduce vector {a,(f)} = {an,,-(t),an,j(t),an,k(t)}T, thus

expression (14) compacts to:

{a,(0)} = B J(C (D) (15)

[0059] Hence, generally, the measured acceleration by an accelerator may be computed from
the transducer transmissibility matrix associated with said transducer and from the spatial
configuration, differentiated twice with respect to time, of a local coordinate system of the
target object. The transducer transmissibility matrix represents the spatial configuration of the
measurement coordinate system of said accelerometer relative to the local coordinate system
of the target object.

[0060] FIG. 2 illustrates a flow diagram of an example of a measurement process disclosed
herein. The measurement process may e.g. be performed using an assembly as described In
connection with FIGs. 1A-C.
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[0061] In Intial step S10, the target object on which structural analysis Is to be performed, e.g.
object 120 shown In FIGs. 1A and 1C, Is mounted at a test site. It will be appreciated that the
type of mounting may depend on the characteristics of the target object, such as its volume,
mass and structural integrity and on the objectives of the measurements to be taken, e.g. the
type of structural analysis to be performed. For example, when the target object is mounted on
rubber bungees and/or air pillows, its rigid body motion In any direction remains substantially
unrestricted. It will be appreciated, however, that in some embodiments, a mounting that partly
restricts the rigid body motion of the target object may be desirable.

[0062] In subsequent step S20, a plurality of transducers, such as accelerometers, e.g. triaxial
accelerometers as shown Iin FIG. 1B, are mounted to the target object such that they can
record movements of the target object. For example, the transducers may be distributed
across and attached to the surface of the target object, e.g. by suitable mounting elements, an
adhesive or the like. The transducers are mounted such that the spatial configurations, 1.e. the
positions and orientations, of a first subset of the transducers relative to the target object are
known or manually determined, e.g. measured. For example, the transducers of the first
subset may be positioned at easily recognisable positions of the target object and aligned with
easlily recognisable directional features of the target objects, e.g. at respective edges, corners,
or similar surface features. The positions of the reference transducers may be provided as
their coordinates w.r.t. the LCS. The orientations of the reference transducers relative to the
LCS may be provided using any suitable convention for defining orientations. For example,
they may be provided as three Tait-Bryan angles following z-y'-x" convention. The angles
correspond to consecutive rotations from LCS to MCSs of the reference transducers.
Generally, it may be preferable to position the reference transducers such that the area
surrounded by the reference transducers covers most of the target object. As will be described
In greater detail below, iIn some embodiments, only information about spatial relationships
between the reference transducers (e.g. their mutual distances from each other) may need to
be entered rather than their complete spatial configurations.

[0063] When the transducers comprise triaxial accelerometers, the first subset preferably
comprises at least three triaxal accelerometers which are not positioned along a straight line.

For the purpose of the present description, the accelerometers of the first subset will also be
referred to as reference accelerometers.

[0064] In step S30 the measurement system, e.g. measurement system 110 of the
embodiment of FIG. 1, i1s Initialised. To this end the transducers are communicatively
connected to the data acquisition interface of the measurement system. Moreover, the known
spatial configurations of the reference transducers (or at least information about their spatial
relationships) may be entered into the measurement system. Also, a digital model of the target
object, e.g. a CAD model and FE model or the like, may be loaded into a memory of the
measurement system. Finally, one or more operational parameters of the signal processing to
be performed by the measurement system may be set, e.g. adjustable attenuations, filter
parameters and/or the like. For example a value of a high-pass filter to be applied to the
acquired sensor signals may initially be set to a small value, e.g. less than 1 Hz, such as 0.7Hz.
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It will be appreciated that suitable values may depend on the specific data acquisition system
and/or the characteristics of the target object to be tested.

[0065] In some embodiments, some of the parameters may be set based on initial
measurements. In particular, for the purpose of determining the spatial configurations of the
transducers - other than the reference transducers - it may be desirable to filter the sensor
signals so as to suppress frequencies associated to flexural modes of movement of the target

object while maintaining the frequencies associated with rigid body modes of the movement of
the target object.

[0066] To this end, the target object may be excited, e.g. using a modal hammer, a hammer-
ike object, or in another suitable manner. The measurement system may acquire sensor
signals from the transducers responsive to the excitation, e.g. in response to the impact of the
modal hammer or hammer-like object. This step may be repeated for multiple excitations, e.qg.
at respective excitation points. The process may compute a frequency spectrum or frequency
response function for all transducers and estimate the natural frequency of the lowest flexural
mode and the natural frequency of the highest rigid body mode. The process may then
estimate the cut-off frequency of a low-pass-filter to be applied to the subsequent sensor
signals for the purpose of determining the spatial configurations of the transducers. In
particular, the cut-off frequency may be selected such that the low-pass-filer will keep the
Information regarding rigid body motion but exclude the flexural motion of the target object.
Moreover, the data acquisition part of the measurement system may then be configured to
conduct recordings with a sampling frequency that is greater than a predetermined threshold.

The threshold may be selected depending on the determined cut-off frequency of the low-pass
filter, e.g. 2.56 times the cut-off frequency of the low-pass filter.

[0067] In step S40, the process acquires sensor signals from the transducers. To this end,
movement of the target object, in particular rigid body movement, may be induced and sensor
signals responsive to the induced movement may be acquired.

[0068] In particular, the data acquisition may be Initiated and the target object may be caused
to swing In such a manner that it experiences all 6 degrees of freedom (3 translatory and 3
rotational degrees of freedom). This may be done manually, e.g. by swinging the suspended
object by hand or by using a heavy hammer with very soft tip. As the resonant frequency of the
rigid body modes is typically very low, it might be difficult to excite the rigid body modes to have
sufficient signal to noise ratio in the acceleration signals. Therefore, it may be advantageous to
record sufficient data based on multiple swings in each of the 6 degrees of freedom, e.g.
based on at least 20-40 swings In each of the 6 directions. The acquired sensor signals may
be represented as a time series of measurements. In some embodiments, where only spatial
relationships of the transducers of the first subset have Initially been entered, this step may be
followed by a computation of the complete spatial configurations of the transducers of the first
set.

[0069] In subsequent step S50, the process computes the spatial configurations of the
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transducers other than the reference transducers from the known spatial configurations of the
reference transducers and from the acquired sensor signals. An example of a computational
process for computing the spatial configurations of the transducers will be described in detall
below with reference to FIG. 3. As will become apparent from the below description, as part of
the computation, the process may detect to what extent the acquired data is suitable or
sufficient to compute the spatial configurations of all transducers with a desired accuracy. The
process may alert the user iIf such computation is not possible. The user may then repeat the
data acquisition, e.g. by acquiring more data so as to improve the signal-to-noise ratio, by re-
adjusting some of the parameters, e.g. the cut-off frequency of the low-pass filter, or by moving
the accelerometers to other locations (keeping the reference accelerometers in place) and
repeating the measurements.

[0070] Once the spatial configurations of all transducers are determined, the process can
proceed with the actual data acquisition for the intended structural analysis. To this end
additional data may be acquired in step S60. In particular, the target object may be moved so
as to excite both flexural and rigid body modes and further sensor signals from all transducers
may be acquired. During this step, the previous low-pass filtering to suppress flexural modes
may be omitted.

[0071] In step S70, the process may perform the desired structural analysis computations
based on the acquired additional data and based on the known and determined spatial
configurations of all transducers. Generally, the term structural analysis Is Intended to
encompass any computational method based on the recorded transducer signal that results In
Information about the behaviour of the target object when subjected to force and, in particular
subject to dynamic loading. Examples of structural analysis may include an analysis of dynamic
displacements, time history, and modal analysis, vibrational analysis, etc. In some
embodiments the structural analysis may include a finite element analysis, e.g. so as to
calculate mode shapes and frequencies.

[0072] FIG. 3 illustrates a flow diagram of an example of a computer-implemented process for
determining the spatial configurations of transducers, In particular of triaxial accelerometers, as
disclosed herein. The process may e.g. be performed by the measurement system 110 as
described in connection with FIG. 1A.

[0073] In Inttial step S51, the process receives the input data. In particular, the process
receives the positions and orientations of the respective reference accelerometers. For
example, the positions may be received as the coordinates of the reference accelerometers
w.r.t. the LCS. The orientation of each reference accelerometer may be received as three Tait-
Bryan angles following z-y'-x" convention. The angles correspond to consecutive rotations from
LCS to MCSs of the reference accelerometers. The positions and orientations may have been
entered manually, determined by another automated procedure or computed based on
entered information of spatial relationships between the reference transducers and based on
the sensor signals.
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[0074] The process further receives the sensor signals of all accelerometers that have been
recorded In response to an induced motion of the target object, e.g. the recordings acquired In
step 5S40 of the process of FIG. 2. The process may further receive a channel table of the data
acquisition interface to which the accelerometers are connected during measurement, and an
Indication as to which channels correspond to the reference accelerometers, i1.e. which
channels correspond to the accelerometers of the first subset and which channels correspond
to the accelerometers of the second subset.

[0075] The process may further receive additional information, such as the cut-off frequency of
the low-pass filter as described in connection with step S30 of the process of FIG. 2.

[0076] In the subsequent step, the process computes the spatial configurations of the
accelerometers of the second subset. Before discussing the individual steps, the overall
methodology of the calculation of the position and orientation of the accelerometers of the
second subset will be described In more detail: Let us assume that the first subset of
transducers comprises R reference accelerometers from a set

R

, which we call a reference set. The positions and orientations of all accelerometers of the
reference set are known. Stacking expressions (15) for all accelerometers in the set

{CH (t)} 1[181]
ax(®)  LiBe]

where the matrices [B/], r = 1.. R will also be referred to as transducer transmissibility matrix;

(C©} = Bal{C ()} (16)

The transducer transmissibility matrices for the reference accelerometers are known from (13).
Each transducer transmissibility matrix associates the sensor signal of the corresponding
transducer to the vector of second derivatives of positions and orientations (i.e. of
accelerations) of a rigid body representing the target object (i.e. of the local coordinates
system LCS associated with the target object). The accelerometer signals {a/f)} are available

for the reference accelerometers. Then vector {C(f)} can be estimated as a least squared
average of the measured accelerations:

aq(t)
{C(D)} = [BRF{ }
ap(t)

here symbol T denotes matrix pseudo-inverse.

(17)

[0077] Matrix |
Br

| Is constructed from the transducer transmissibility matrices of the reference accelerometers; it
has 3R rows and 6 columns. In order for equation (17) to be solvable, the matrix |

Br

| should be of a full rank, thus it should have at least 6 rows. However, two triaxial reference

accelerometers (R = 2) are not enough to construct a full rank |

Br

| matrix, and at least three reference accelerometers (R = 3) are required (and they shall not
be placed on straight line).
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[0078] Let us assume that the abovementioned condition is fulfilled, and {C(f)} can be obtained

using (17). Let us consider another set of accelerometers

Q
, attached to the same body and measuring synchronously with those from the set

R
. The accelerometers readings are avallable; however, their positions and orientation are
unknown. For each accelerometer

q€Q,
its readings are linearly dependent to {C(D)}, cf. (15):
{ag (0} = [B]C ) 18

[0079] It follows from (12) that matrix [Bg] I1s a function of rgx.rgy.rq2,9q1,9g2Pg3 and the

analytical (nonlinear) expressions are available for each element of this 3x6 matrix. By solving
(18) for unknown rg x.7q y./q2,9q 1. 9q2:Pq 3 ON€ can obtain the position and orientation of any

accelerometer from the set
Q

Different ways of solving this (nonlinear) problem are possible. In the following two examples of
methodologies for solving the non-linear problem are disclosed:

Approach 1:

[0080] As mentioned above, matrix [Gg] In (18) can be considered as a transmissibility matrix; it
can be estimated from measured {aq(f)} and estimated {C(f)} using one of the estimators
known from multiple input multiple output (MIMO) modal analysis, namely Hq, H, or Hs (see

e.g. J. S. Bendat, A. G. Piersol, "Engineering applications of correlation and spectral analysis”,
John Wiley & Sons, Inc., 1980). For signals sampled at ¢, 1 = 1 ..M, Let us present the

accelerometer readings and {C(f)} as matrices:

Ax(t1) o Ax(tu)
{aq (t)}. — lay(tl) ay(tM)l — [aq(tg)] € R3<M
az(ttl) az(?tM)'

(19)
(C(} -

Xo(t) o Folty)

I__ s . ] = [C(t;)] € R&M
0;(t1) ... O3(ty)

thus (17) becomes

[a,(t)] = [Ba ][] (20)

[0081] Following the simplest H4 estimator,
8] = [aq@][C )] (21)

[0082] Equating element-wise
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[5q (rqx Ta.y Ta,2 Pt ‘75@,2-’%,3)] = [Bq] (22)

one can solve 18 nonlinear equations for 6 unknowns. Since the accelerometer readings are
contaminated by noise, this may be formulated as an optimization problem of finding such
raxgyrqz:9q1.9q2:Pg3 that produce the best fit of the elements in matrix equation (22),

minimizing the elements of [¢]:

le] = [3Q'1(fq,X.» Tay Tq.20 Pg.1r Pa,2 ¢q,3)] ~ [562] (23)

or some of it norms.

Approach 2:

[0083] Instead of fitting the 18 elements of the transmissibility matrix, one can fit the measured
time histories. Let us consider

[ (tir {va D1 = [, ({w DI (24)
where [aq(f;{v}] Is the estimated readings of the accelerometer g computed for a vector of

variables

Vgt = {rq,x,rq’y,rq,z,goqj,goq,z,goq,g}T. The discrepancy between the measured signals and the
estimate Is

(e (i w )}

(e (ti fwa))} | = [q (81 {wa})] = [aq(2)] (25)

tez(ts [”q])}T

and the rows of the left-hand-side matrix can be considered as prediction errors for x-, y- and z
measurement axes of the accelerometer. The scalar fit error for each measurement axis can
be characterized as a mean squared:

B ({va})” = ~{e(ti (wa})} {ex(ti va])):
E,({va))” = {e, (tu {va )} {5 (e {wa])): (26)
B, ({"'q})z = %{gz(ti» {Vq})}T {EZ(ti» tva})}:

where the left-hand-side of expressions (26) are positive scalar functions of the vector of
variables {v}, which can be combined into a positive scalar function

E({vq})z = Ex({vq})z + By ({Vq})z T Ez({vq})'z- (27)

[0084] Then the minimization problem can be formulated as:
min (E({v})")
subject to (28)

{.v}ﬁnin < {qu} < {U}max

[0085] The latter presents the possible constraints, for example the position of the
accelerometer shall not be outside the target object, and the Euler angles are typically

subjected to
0 i: d)n'l S 27[.
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0= @q2 =T, (29)

[0086] Each of the above two approaches may be employed individually as a stand-alone
approach. Alternatively, both approaches may be employed in combination. While approach 1
above may converge faster, approach 2 may result in more accurate estimates. Accordingly, In
some embodiments approach 1 may be used to compute an initial estimate while approach 2
may be used to refine the approach 1 output.

[0087] Generally, the above methodology makes a number of assumptions. In particular, the
above methodology assumes that the target object moves as a rigid body, that the
displacements of the induced movement are small, and that the target object moves in all six
degrees of freedom.

[0088] The accuracy of embodiments of the method disclosed herein depends on the degree
to which the above assumptions are fulfilled in a real measurement situation.

[0089] In the following this will be discussed in more detall.

[0090] In a typical measurement situation, the target object does not move as an ideal
unrestricted rigid body. However, there are many measurement scenarios when a target object
IS supported by e.g. soft bungees and/or air pillows In order to model the object's dynamics In
free-free conditions. This I1s a typical scenario for experimental modal analysis (EMA),
conducted for validation / tuning object's FE model. The choice of the supports’ stiffness may
be based on the best separation of the rigid body modes’ frequencies (defined by the Inertia
properties of the objects and the stiffness of the supports) and the flexible mode resonances
(which depend on the stiffness of the object); a sample frequency response function (FRF) or
accelerometer autospectra can be used to check this, e.g. as illustrated by FIGs. 4A-B. FIG. 4A
shows the FRF of a target object in the frequency range between 0 - 900Hz while FIG. 4B
shows an enlarged view of the FRF In the frequency range 0 - 50 Hz. As can be seen from
FIGs 4A-B, the lowest flexural modes occur at about 462 HZ while the highest rigid body
modes occur at around 6.5 HZ. Hence a good separation between the flexural modes and the
rigid modes i1s indeed possible. Accordingly, by applying a low-pass filter and setting its cut-off
frequency above the highest rigid body mode and below the lowest flexible mode, one can
significantly attenuate the flexible components of the response and fulfil the assumption for
rigid-body motion.

[0091] As regards movement of the target object Iin all six degrees of freedom, to find all six
unknowns solving (18), the matrix [C(¢;)] should be full-rank (i.e. its rank should be equal to

sixX). Expression (17) rewritten for sampled accelerometers' signals, like (19):

[C(¢)] = [Ba]'[ar(t:)]- (30)
According to Sylvester's inequality (ref. to Matrix Cookbook)

VAN L'{I—f'ff'\-l\ < ™Min (oﬂn'wlz(rﬂ--_-|+\ 'r'n'nb’(rn_(f'.'\ﬂ\\l —
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min(rank([Bg]), rank([ag(t)])).

The rank of |

Br

| has been already discussed: by locating the reference accelerometers in a proper way, the
full rank of this matrix i1s easily achievable (to recall, it should be three or more reference

accelerometers, not mounted along a straight line). And If |
Br

| I1s full rank, its pseudoinverse is also full rank:

rank([Bg]) =

(31)

rank([Br]T) = 6.

Thus,

rank([ag(¢;)]) = 6

is a necessary condition for full rank of [C(¢)]. To achieve this, the target object should
experience the motion In all six degrees of freedom, and a special attention should be paid to
exciting the target object in such a way that it experiences motion In all six directions, during
the data acquisition.

It 1Is possible to check how this assumption is fulfilled by checking the singular values of

lag (¢;)]

after applying the low pass filter, which will be discussed below.

[0092] To obtain expression (11), we assumed that the translational and rotational
displacements are small. In practice it has been found, that this assumption is fulfilled when the
rotational displacements @ are small enough to satisfy sin 8 = 8, cos € = 1; up to two decimals,
this 1s satisfled If |8] < 10°. In order to have the same magnitude, the translational
displacements d should be In the range that |d//| < 0.17, where /1s some characteristic length
of the target object.

On the other hand, it should be noted that some reasonable displacements should be excited
that ensure good signal-to-noise ratio of the accelerometer signals, which might be difficult to
achieve at very low frequencies.

[0093] The inventors have found it sufficient in order to excite the target object when the target
object Is moved by hand in all six directions or excite it with a relatively heavy hammer with a
soft tip. VWWhen using a hammer, it has been found helpful to impact the object at many points in
random directions. In this way, the structure will experience oscillations about its initial position,
which is believed to be a very useful way to fulfil this assumption.

[0094] Again referring to FIG. 3, In step S52, the process performs low pass filtering of the
received sensor signals using the determined cut-off frequency.

[0095] In step S53, the process verifies whether the induced movements of the target object
may be represented as rigid body motions and whether motion occurs In all six degrees of

freedom. To this end, the process may compute the singular values of [a({;)] In respect of all

accelerometers signals and determine whether the difference and/or ratio between singular



DK/EP 3572819 T3

values #6 and #/ Is larger than a predetermined threshold. FIG. 5 shows examples of
normalized singular values determined for an example movement of a target object. The gap
between singular values #6 and #7/ iIs indicated by arrow 551.

[0096] If the Induced movement fulfils the above criteria, the process proceeds at step S54.
Otherwise the process returns with a suitable error message, e.g. instructing the user to repeat
the step of iInducing a movement (e.g. to return to step S40 of the process of FIG. 2).

[0097] At step S54, the process removes the data corresponding to singular values greater
than 6 (e.g. by performing a singular value decomposition followed by a truncation), scales the

coordinates such that the biggest distance between references is 1 and computes the matrix |
BR
] using expression (16).

[0098] At step S595, the process compares the condition number of the computed matrix |

BRr

| with a predetermined threshold. If the condition number is larger than the threshold, the
process returns with a suitable message instructing the user to select a different placement of
the reference accelerometers, namely a placement more displaced from a straight line (e.g. to
return to step S20 of the process of FIG. 2), and to repeat the data acquisition. Otherwise, the

process proceeds at step S56.

[0099] At step S56, the process computes the accelerations of the local coordinate system of
the target object using expression (17), i.e. the process computes [C(f)]. As mentioned above
this step may include computing a least-squares solution of a system of linear equations.

[0100] At step S57, the process computes the spatial configuration of each of the
accelerometers of the second subset I.e. the position and orientation of each non-reference

accelerometer. An example of a methodology for computing the spatial configuration of an
accelerometer of the second subset will be described In more detaill below with reference to

FIG. 7.

[0101] VWhen the spatial configurations of all reference accelerations have been computed, the
process proceeds at step S58 where all coordinates are re-scaled back to the original scaling.

[0102] At step S59, the process stores the determined spatial configurations for use during
subseqgquent measurements. The process may also present the results to the user, for example
via a graphical user interface, e.g. as illustrated in FIGs. 6A-B. FIG. 6A schematically illustrates
a displayed 3D digital model of a target object indicating the determined spatial configurations
of respective accelerometers. FIG. 6B shows an enlarged view of a part of the displayed 3D
digital model.

[0103] FIG. 7 lllustrates a flow diagram of an example of a computer-implemented process for
determining the spatial configurations of a transducer of the second subset, In particular of
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triaxial accelerometers, as disclosed herein. The process may e.g. be performed by the
measurement system 110 as described in connection with FIG. 1A

[0104] In initial step S571, the process computes the transmissibility matrix [Sg] using

expression (21).

[0105] In step S572, the process computes a starting point, e.g. as the average of the
positions of the reference accelerometers.

[0106] In step S573, the process computes an initial estimate of the unknown position and
orientation, e.g. using Newton's method.

[0107] If the Newton method converges, the process proceeds at step S575; otherwise, If the
method does not converge, the process proceeds to step S574 where the process adds a
random displacement to the starting point and returns to step $S573. If the algorithm does not
converge after a predetermined number of attempts (e.g. after 5-10 attempts), the process
marks the current accelerator with an error and proceeds to the next accelerometer. The
accelerometers marked with an error may have to be repositioned or their positions may have

to be determined manually.

[0108] At step S5795, the process stores the computed position and orientation for the current
accelerometer.

[0109] Optionally, it has been found that the precision of the results may be further improved,
when the process performs an additional minimization step S576. In particular, the additional
minimization step may use the result of the Newton's method as a starting point, generate a
set of constraints, e.g. using expression (29), and run a minimization algorithm minimizing a
suitable objective function, e.g. as defined in expression (28). The optimization problem (28)

tries to minimize function E({vq})2, which Is a strongly nonlinear function of 6 variables {vg} =

{rq’x,rq,y,rq’z,qoqj,qoq,z,qoq,g}T and periodic on the latter three variables. The minimization iIs

subject to linear constraints. The minimization may be performed by any suitable routine, e.qg.
using MATLAB's FMINCON. This routine automatically selects the optimization method,
depending on the type of the function and the constraints. For this particular optimization
problem, there I1s no need to provide the Jacobian and Hessian (the first and the second
derivative w.r.t. variables). But in case of using another optimization algorithm that requires the
sensitivities, they can be readily obtained. If the value of the objective function becomes
smaller after minimization, the process may store the optimization result as a final estimate of
the position and orientation. The process may further store a quality indicator of the result, e.g.
the relative error of the fit.

[0110] It will be appreciated that numerous variations to the above methodology are possible.
In the following, an alternative embodiment of a process for determining the spatial
configurations of the transducers will be discussed. The above embodiment relied upon the
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knowledge of the position and orientation of the reference accelerometers: at least three
accelerometers must be mounted at the positions with known coordinates and carefully aligned
e.g. to the GCS. The precision in location / orientation of the reference accelerometers directly
affects the resulting positions / orientation of the other accelerometers. In the embodiment of
the process presented below, the requirements for determining the positions and orientations
of the reference accelerometers are significantly relaxed, replacing the need of exact reference
accelerometers’ position and orientation by the distances between them. Hence, In this
embodiment, In step S20 of the process of FIG. 2, only the relative distances between the
reference accelerometers that are mounted on the target object are determined. This
embodiment will also be referred to as the reference-free embodiment. It will be appreciated
that, alternative to the relative distances, other spatial relationships between the transducers
may be used as an input to other reference-free embodiments.

[0111] Provided the distances between the three reference accelerometers, the method
outputs their positions and orientations in the LCS attached to one of them. The output of the
method can be considered as the input to the previously described method, thus the position
and orientation of all other accelerometers can be obtained, based on the same dataset.

[0112] To this end, consider three triaxial accelerometers mounted on an un-deformable target
object which can move unrestrictedly in 3D space. Let us assume that the target object
experiences small displacements in all six degrees of freedom.

Let us further mark the accelerometers by letters
all

]

Is)
and
C

. Using same convention as before, let us define the position and orientation of each

accelerometer using its coordinates in LCS and three Tait-Bryan angles (using the z-y'-x"
convention), which rotate the LCS to MCS of the accelerometer. For convenience, let us use
vector

{v;} = i Ty T Di Di2, Bia }I
where

-

IS either

2|

b
or

C
. Let us now select the initial position of accelerometer

Al
as the origin of LCS and let us select the MCS of accelerometer

&l
In its initial orientation as the orientation of the LCS, thus

{Van} — {O}L
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The accelerometers' readings are available: {a(f)} € R¥*!, and we can split this set of nine
signals into two sets:

o ({a,(t)}
{a(t)} = {{aq (t)}}’

where {a.(f)} € R°*! and {ay(t)} € R**"; for the purpose of the present description, we will refer

(32)

to the first set as a reference set and the second set as a test set. According to (29), the
accelerations in both sets can be estimated from the {C(f)} vector:

{a,®} = [BJ{C®} and {a, ()} = [BUHC®)} (33)
Isolating {C(f)} from the second equation and substituting to the first one yields
1)} = |Bql18:] Ha, @)} (34)

The elements of matrices [5;] and [By] depend on the positions and orientations of the

accelerometers (13), and can be written as
18,1 = 15, ({vp}, {ve DI
and [B] =
|8y (v, {ve]))-
For arbitrary {

P

}and {

17@
1, the test set signals can be estimated from the reference set signals as

(84(t, (wp}, {0 D} = [Bo (vp}, v D]IB, (v}, (ve DI Har (0} =
[T q (v}, fve D {a (O],
where the matrix
[T q (v, {ve D] = [Ba({wp, {ve D] [B- {vn ), {ve DI (36)
can be Iinterpreted as a transmissibility matrix between the signals from the reference set and
the signals from the test set.

The difference between the predicted j-th signal from the test set and the corresponding
measured signal Is

gt {vp}, {ve D) = {dq(t, {m}, e D}, — {aq (O} | (37)

(35)

[0113] In the sampled form,
Ej(t; {vb}r'{v@ }) — {Ej(tl, {.U]h)}r {v(c })}1 |
where time samples {; = (1 - 1)At, 1 = 1..M. Then the difference can be characterized by its

mean squared:

E;({vp}, {ve D° = ;11 Le; (1, {vp ), (v })}T Le; (6, {vp}, v D} (30)
and for all three test channels,

E({vy}, {ve D? = X1 E;({vp) {ve D2 (39)
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[0114] Now one can formulate a minimization problem as

min (E({vy}, {ve D%

{vb}!{vc}

subject to (40)

Vb min < {Vb) < {Vbmax

{U(c}min S {v(c} < {Uc}‘max-

[0115] The constraints In (40) are geometrical constraints - not allowing the accelerometers
positions to be sought outside the target object dimensions and the constraints on Euler
angles, (29).

[0116] The Iinventors believe that the product
Ba({vp {ve DB {vp), {ve D]

IS Invariant to the linear scale, i.e. If all linear dimensions in {
Ul

yand {

1?(L:

1 are multiplied by a same scalar, the resulting matrix product is the same. Intuitively, 1t could
be understood as using different linear units when measuring the linear distances, e.g. inches
or millimeters. This means that the solution will contain distances up to a multiplier; in case of
using minimization, the minimization routine will have difficulties in convergence. One way to
avold this Is to introduce extra constraints, for example providing the optimization routine with

the distances between the three accelerometers,
dal,lb;

]

dan,.(t.

and
dlha,(c

. These the constraints will be:

daw({vp), (V) —dap| < &,

e (v (ve)) — duye| < &1, (41)
dp,({vp}, (ve}) — dpe| < &

where

dﬁ,ﬂ ({vw), {ve))

IS the estimated distance between the accelerometers
I

and

J

, computed for {

Vp

}and {

Ve

} and & Is an allowed linear tolerance.

Note that the reference set consists of a combination of six signals from all the three
accelerometers. A convenient (but not obligatory) way is to compose it from all three signals of
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the accelerometer
A

, one or two signals from
oy

and the rest from
C.

, for example, a possible reference set could be
R ={ay,ay, dz by, by, Cy},

where the subscript indicates the measurement direction of the given accelerometer. Then the
test set should include the remaining signals, namely

Q' = {Ibiz!. Cyr CZ}
The strategy for selecting the optimal signals will be discussed later.
It 1Is convenient to construct the [5,] and [B5] matrices as follows: first construct the full 9x6

matrix

[Ba]]  [[B({va])] [BHOD]
Banel = |[Bu]| = |[BUwmD]] = [[B{vp D] (42)
[ﬁ«: [B({v})] [BUv P

and then extract the rows correspondlng to the reference and test sets:
[‘BT] — [_Bal,lb,tc]_Rv

Ba] = [Bane
The same holds for the time histories. If {

Gab,c(l)
1 1S a collection of all time histories from the three accelerometers, then

{a, (O} = {upc (O],
{aq (t)} — {aal,lb,'a:(t;)}q'

As the expression (35) Involves the Inverse of [5/], it may be preferable that the six time

(43)

(44)

histories In {a{f)} are as independent as possible. If written In sampled form, {a{f)} — [aA{)], |

=1..M, it may be preferable to select the content of the set R In such a way that the condition
value of matrix [aA{f;)] Is the smallest. As the number of possible combinations of the signals In

R 1s 6!/(3! (6 - 3)!) = 20, and the SVD operation is very fast, it is possible to iterate all possible
combinations and pick the one giving the smallest condition number.
Summarizing, solving the minimization problem (40) with the constraints set extended by (41),

will provide the position and orientation of the accelerometers
[y

and

C

]

T
{vlb)} {nh)wnb)yrnhjzrqblbﬂr(plb) 2!¢lb) 3}
and
T
{vcc} {(cx’ rch ¢2!¢c1!¢c2!¢@?}

In the LCS defined by the MCS of the accelerometer
2
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[0117] The objective function
E({U[tp}: {Um; })2
In (40) 1s a strongly nonlinear function of its 12 parameters, with the optimization problem

subjected to nonlinear constraints (41). In some situations, the convergence of the optimization
problem may be sensitive to the selection of a good starting point.

[0118] To solve this problem, it may be beneficial to seek for a relaxed formulation of the
optimization problem. It iIs important to note that such a relaxed formulation should still be

practical.

[0119] Below, we suggest one of the possible relaxed formulation where the number of the
variables is reduced from 12 to 8. This may be achieved by defining the LCS In such a way that

its XOY plane is horizontal. As the LCS Is defined by the MCS of the accelerometer
al,
, In practice it means that its Z-axis should be vertical. The same should be required from the

accelerometers

b

and

c

. If this requirement Is satisfied, the rotations from the LCS to the MCSs of the two latter
accelerometers consist of only one rotation, namely the rotation about LCS's Z-axis by angles
Pb,1

and

D1

and setting other four angles to O:

¢b,2 = ¢ih,3 = ¢(c;2 — ¢-(C,3 = ().

[0120] The practical implementation of this requirement is not particularly difficult to fulfill:
Using a spirit level, it is relatively easy to align the three accelerometers such that their X0Y
planes (or another plane of the MCS) are horizontal. Note, there Is no special requirement
regarding the orientation of the accelerometers in the X0Y plane (i.e. their heading,

Pp1

and

¢<c,-1_.
angles) but In practice it I1s advantageous to know the approximate heading of the

accelerometers, to use these values as the starting point of the minimization routine.
In practice, the non-relaxed optimization can follow the relaxed one, as described below:

1.1. The three reference accelerometers are mounted according to the relaxed
formulation

2.2. The relaxed optimization I1s performed, using the approximate position of the
reference accelerometers and their heading

P,1
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and

¢@,1

as a starting point.

3. 3. After the convergence of the relaxed formulation, the resulting values can be used as
a starting point for the non-relaxed optimization to obtain the refined position and
orientation.

4. 4. Finally, the coordinates and orientation of the reference accelerometers are used to
obtain the coordinates and orientation of all other accelerometers, based on the same
dataset.

[0121] In this way the accuracy of the results may be increased, e.g. In situations where the
accelerometers are not perfectly aligned with the direction of gravity.

[0122] The optimization problem (40) seeks a minimum of a real scalar positive objective
function

E({ve)}, {vc D*

, which 1s a strongly nonlinear function of 12 variables (8 variables for the relaxed case), and
periodic on some of them. The minimization is subjected to a set of nonlinear constraints (41).

[0123] MATLAB's FMINCON, which 1s a part of MATLAB's Optimization Toolbox, Is a
convenient routine to solve the minimization problem. In this particular formulation, FMINCON
requires providing the sensitivity of the objective function and the constraints w.r.t. the
variables. It requires both first order derivative (Jacobian) and the second order sensitivities
(Hesslian) of the objective function and the constraints. FMINCON can compute the derivatives
automatically, using finite difference. However, It may be preferable to provide analytic (exact)
sensitivities whenever possible. The derivation of sensitivities I1s explained in the following.

[0124] The objective function (39) Is a function of either 8 or 12 variables, depending on If the
relaxed or not-relaxed formulation is considered. If all variables are combined into a single
vector

(v} = [{vpli {ve 1

the Jacobian of the objective function 1s a vector {

J({Ub,c})
} whose -th element is
{j ({vb,’ic})}i = P {”?b).«:},; E({vb]@})z (45)

From the definition of the objective function (39),

a{l:lah\,}l E({Ubﬁ})z = ?rla{vLME} ({v[bj,c})z. (46)
Utilizing (35)-(38),
5 (o)’ = {65 ea fou)} (o6 fond)) (7)
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where the difference between the predicted and measured signal

e (ti fvuch)} €

R.lXM'
IS
& (6 e}t = [Trg (W.ef)] lar (6] = {aq (85 (49)

using the sampled representation of signals: {a/{f)} — [a/t)], and [aAt)] € R®*M. Note, the

subscript | after {} or [] brackets denotes the j-th element of the vector or the j-th row of the
matrix, respectively. Here the difference between the predicted and measured signal

& (ti{vn.ch)y € RV

Differentiating,

j ({Ulb) c})

a{vbc}

1 {

1 I B CICTCN ) T

(ot} gy e e
substituting (48),

d , |
ZIE) (5 (o (b))} = a{% R) ([Tr (1vp «:})] [ar (8] - taq ()] )
(50)
= a{vm} ([70(fvu.D] ) o]

and making use of (36), we obtain

a{vi,,@}i([an({w)i) o (I )
(3 {vlh) @} ([:861 ({vb (c})]) [ﬁr({vb,-@})]_l T [ﬁq ({Ub@})] (151):
a{ ?M} ([ﬂr({%«:})] )

Whilst the derivative of the |

Bq ({Uibnc})

| matrix is rather straightforward, the derivative of the inverse i1s more involving:

(I8 (o))

8{vb¢}
(52)

= bt g (B ) < ()]

Combining all the above-mentioned and substituting into (45), one can get analytical
expression for the Jacobian (except the matrix inverse, which is more convenient to compute
using numerical methods).

The Hessian Is a square matrix whose elements are

AZ . .
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(e, = 5oy (B ) 53

-vb;@}ia{vb,@}j:

[0125] The elements of Hessian can be computed using the same considerations as for
Jacobian.

Sensitivities of the constraints:

[0126] Following standard constraints representation for optimization problems, the constraints
(41) can be reformulated as

A 2 o \2 |
Cab = (da,b({v[b),c}) - dé,b) — & <0,

~ 2 2 S
Cae = (dae({vne})” —dZc) —ef =0, (54)

- - 2
Che = (dlb,a:({vb,(c}) — dlﬁ,c) — EEL =< 0.
where the estimates of the squared distances for the given variables values {

Ube
} are
5 E 2 2 2
d&u,b:({vb,@}) =Thx T Thy T Thz
‘&al,c({vb,c})z = r(cz,_x T r(f’:‘?y + rgza (99)

~ . 2 2 2. 2

Apc({Vbe}) = (bx = Tex) T (Toy —7ey) + (Thz —7e2) s
and the gradients of the constraints (54) are quite straightforward. The constraints gradients is
a 3x8 or 3x12 matrix; as an example, few elements are provided below.

dc. A | -
. a.b = 4 (da,b({l?b,@})‘? — d(azl,lb)) "b,x

a'rlb),x
(56)

The derivatives w.r.t. Euler angles are zeros.

[0127] The embodiments of the method described above assume that the target object is rigid
and its motion is unconstrained. In the following an embodiment will be described which can be
applied to flexible target objects whose motion can be constrained. In many applications, such
objects represent a significant fraction of target objects, where the presented methodology can
be helpful. Examples include a wind turbine blade mounted on a test rig, civil structures like
bridges, towers, chimneys, and alike.

[0128] FIG. 8 Illustrates an example of a deformable target object whose motion Is
constrained, the latter being described by some boundary conditions. In the non-deformed
state of the target object 810, each point P of the target object has coordinates described by
the radius vector, which In GCS Is {r}g € Q, where Q Is the domain where the target object is

defined. At any time t, the displacement of the point P is defined by the vector {d({r}g,0)}cs.
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Then its acceleration 1s

{a(fr}, 0} = {d({r), 0} (57)

Here and further in the text the subscripts denoting GCS are omitted.

[0129] Consider the target object in the non-deformed state 810. A triaxial accelerometer 811
IS mounted on the object at point P, with coordinates in GCS {r,} € Q, and its orientation Is

such that its MCS can be obtained from the GCS by the rotation matrix [Rgpy pnl-

When the target object vibrates, the three (scalar) signals sensed by the accelerometer are
ani(t) = {i, (O} {a({r.}, )},
an](t) — {]n(t)}T {a({rn}r £)}, (58)

ani(t) = ka(OY {a({r), 00},
where {i,(0)}, Uy,(H)} and {k,(f)} are the orts of the MCS presented in the GCS. The orts

coordinates in GCS can be obtained as:

{in'(f) b= [R-M'G,n(t)]{LO,-O}Ts

(O} = [Rue (0]{0,1,0)7, (59)
{k, ()} = [Rye . ()]{0,0,1},

where ‘

[Rugn®] = [Remn®] = [Remn(®] (60)

IS a rotation matrix from MCS to GCS. Making use of (59), (60) and combining the scalars In

(58) Into the vector {a,(f)} = {an,,'(t),an,j(t),an,k(t)}T, one obtains

{a, ()} = [Remn®)] {aln}, O} (61)

Using Galerkin method, one can expand

(@A), 0) = ) DO D) (62)
k

where {W,({r})}, k=1.. < Is a set of time-independent vectors that satisfy boundary conditions
(so-called, essential boundary conditions) and are mutually-orthogonal. D, (f) are time-
dependent scalars. One of the convenient (but not necessary) choises of {¥,({r})} are the

mode shapes of the object, then D,(f) are so-called modal coordinates.

[0130] At any given limited frequency range, (62) can be presented as

KERK KER

(@0} = ) DUOWED} + ) DO (i) (63)
i k

where the first sum significantly contributes to the overall displacement of the target object and
the latter does not, and can be neglected. Differentiating twice w.r.t. time,

kkelk

@0}~ ) O (64)
k

where Ag(f) = Dy(f).
Substituting (64) into (61) yields

kel

(an®} = ) 4lO) [Rown ] (Wi} (65)
K
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The time dependent rotation matrix [Rgpy p(f)] can be presented as a combination of the
rotation matrix in non-deformed state [Rgyp and the rotation matrix [Rypen(f)], where

subscript M' denotes the MCS In the deformed state of the object:

[R GMn (5)] = [R GM’n] [R. e (E) ] (66)

The latter depends on the three Euler angles 64(f), 8>(f) and 85(f) that define the sequence of
rotations from the MCS Iin non-deformed state to MCS in deformed state.

Let us assume the vibration magnitude is small and utilize € as a bookkeeper to mark small

terms in the equations,
AI{ (t) — EA?]'{ (t), (67)
and 84(f) = € 84(f), 8-(f) = € 6,(t) and 63(f) = € 63(f). The construction of the rotation matrix is

similar to (8); for small Euler angles cos(€6(f)) = 1 + 0(€?) and sin(e8(f)) = 0(€), the matrix
becomes

[Rynn (O] = [E]+ [0(e)]. (68)

Substituting (68) into (66), and then, together with (67), into (695), yields

kel

@) = ) (Ar(®) [Remn] (P (0]} +0(e?)). (69)

i

Omitting the terms of order €4 and higher and removing the bookkeeper, we obtain

kel kelk

(@)~ Y Ae(®) [Rorun] (B} = [Ron] D A (W@} (70)
k I

The latter sum can be re-written as a product

= A (L)
> Ak (9@} = {9 (1) (92D - (PN {Az__(_t)}
k=1

A (£).
AL (t)
= [V ({r D] {:‘2@) },
k()

where kIS an index In the set
K
~and K is Its size. Thus,

(71)

(Aq(8)
{a, ()} = [Romn| [P ({7 )] {A%_(_t)}- (72)

\Ay (t)
Let us now assume that the positions and orientations of R accelerometers from a set

R
are known, which we call a reference set. Thus the |

Yk ({rm})

| and [Rgp nl for

nekR

are known. Stacking together the expressions for all accelerometers from the reference set,

' {a; ()} '_[RGM,'1][‘P|K({T1 DI 4,0
{{az..(.t)}} ~ [R-Gm,zl[lpuﬁ({rz})] {Az__(_t)}- (73)

{ar(t)} [Reu R.]:'[{PK ({re D] \Ax (£)/
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Let us also assume that the readings (time histories) of these accelerometers are available at
any time t. Therefore, the time-dependent coefficients in the right-hand side of (/3) can be
estimated as

A©Y  [[Renma] W]

{a; (O

: /‘Tz(t) = [RGM,Z][WK({TZ}): {{ag.(-t)}}_ (74)
A (t) [RGM,R][WK({TR})] \tag(t);

The necessary condition for solvability of (74) is the matrix in (73) Is square or vertical, 1.e. Its

number of rows Is greater or equal the number of columns, or K < 3R.
The described procedure for obtaining coefficients Ayx(f) resembles the procedure of calculating

modal coordinates, which are given In details in e.g. (D. J. Ewins, "Modal testing: Theory,
practice and applications”, Research Studies Press Ltd., 2000). In this case, the vectors
{Vi({r})} are the mode shapes of the target objects.

[0131] From the computed coefficients Ag(f), the positions and orientations of the

accelerometers which are not Iin the reference set (i.e. the accelerometers of the second
subset) can now be determined as follows:

Expression (72), which i1s re-written below for convenience, states that at some frequency
range, the readings of the n-th accelerometer, located at point {r,} and oriented such way that

its rotation matrix is [Rgy ], can be estimated as

Ay (1)
{an()} = [Ropn] [Pk (T ])) {Az__(_f)}. (75)
A (t)
Here we consider that the accelerometer reading {a,(f)} (the three time-histories) are available,

vectors {¥,.({r})} are known (or can be approximated) at any point {r} € Q, and the time-

dependent weightings Ax(f) can be found as described in the previous section.

For signals sampled at ¢, i = 1... M, the accelerometer readings {a.(f)} and {A(?), ...,Ax(D)}’

can be presented as matrices:
Unx (t1) - Unx (Lar)
-{an(t)} = |ny(t1) - Ay (ty) | = ay ()] € R¥M,

Opz(L1) o Ay (L) 76)
{Al(t)} A () .. A (ty) . '
PRGN S ]= AGt)] € RO
A (t) Ar(t) .. Ag(ty)
thus (75) becomes
[an (6] = | R | [Pk ({ra DITAED]. (77)

Expression (77) resembles (20), which was formulated for the unconstrained rigid body case,
and shows the similarity between the two cases.
There are six unknowns: the accelerometer coordinates {r,} and its orientation, described by

the three Euler angles ¢, 1, ©n2, ®n3, as the rotation matrix is a function of the Euler angles,

[Remnl = [Rem(®n 1.9n2,9n3)]. It Is convenient to combine all six unknowns into a single vector

WVt = ny'nz Pn1,.Pn2:9n 3! I
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At a trial position / orientation characterized by vector {vg}, the estimated accelerations are

g (t: (v))] = [Ren(bq,1, Da,2 43)] | ¥ ({1 Ty 72} )| 1ACGD] (78)
and at each time sample, the error between the measured and estimated accelerations Is
. {:gx.(ti* {vq.})}T

e, (6 {va )} | = [aa(ti{vg])] = [antO]. (79)

{e(t [va])}

The error for each measurement axis can be characterized by the mean squared:
Ex({va))” = 5 (e (i {a))} (et {wa})),

B, ({va})” = 5 (e (60 (v })} o560 (o)) (80)

e, ({va))” = (et (o)) (et (0}

where the left-hand-sides of the expressions (80) are positive scalar functions of the vector of
variables {vq}, which can be combined into a positive scalar function

E({vg})” = Ex({ve})” + Ey ({vg))” + Ex({w})” (81)
Then the minimization problem can be formulated as:
. N2
i (EC{ra))*)
subject to (82)
{V}inin < {.vq} < {Y}nax
The latter presents the possible constraints, for example the position of the accelerometer shall

not be outside the target object ({rn,x,rn,y,rn,z}T € ), and the Euler angles are typically

subjected to
0 < (i)q;[_.S' 27'[',
0 < (ﬁ(bg < T, (83)

[0132] The embodiment presented above demonstrates how the methodology for finding
positions / orientations of accelerometers can be applied to deformable target objects, whose
motion Is constrained by some (sufficiently rigid) supports. Examples of such target objects are
Include many objects tested "in situ”, which are typically big civil structures, e.g. wind turbines,
towers, bridges, etc.

The method assumes that one can find a set of spatial functions {¥,({r})}, r € Q which ()

satisfy essential boundary conditions of the target object and (i) mutually orthogonal. The best
set of such functions I1s a set mode shapes, known e.g. from FE analysis of the target object.

Any other set satisfying the abovementioned conditions 1s valid, however they may require

more shapes to be taken Into account, and consequentlyy, need more reference
accelerometers.

[0133] The method comprises:

« Computing time dependent coefficients A,(f), Kk = 1.. K. This procedure Is similar to e.g.

obtaining modal coordinates in modal decomposition.
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e Calculating the position and orientation of the accelerometers by minimizing the fit error.

Example:

[0134] FIG. 9 shows different views of an example of a target object having transducers
mounted thereon. A transmission housing 901 was supported by rubber bands 902 as shown
N FIG. 9. Three accelerometers 903 type 4506 B availlable from Bruel & Kjager Sound &
Vibration Measurement A/S, Naerum, Denmark were selected as reference accelerometers and
mounted as shown In FIG. 9. Using spirit level UA-140 and swivel bases UA-1473, both
avallable from Bruel & Kjeer Sound & Vibration Measurement A/S, Naerum, Denmark, the
accelerometers were aligned so their Y axes were vertical and pointing upwards. The
coordinates of the reference accelerometers were measured using BIG FP53500 3D Creator,
avallable from Boulder Innovation Group, Inc., Boulder, CO, USA, with a sub-millimeter
precision:

e Reference
o
(red): 227.7; 248.5; 665.8 mm

e Reference
b

(blue): 179.2; 380.6; 22.9 mm
e Reference

-

(green): 376.9; 86.4; 59.8 mm

The coordinates are given in GCS, measured when the transmission was standing vertically,
with GCS's Z axis pointing upward. The eight corners of each sensor were digitized, and the
provided coordinates correspond to the geometrical center of the eight corners.

[0135] The main features of the structure (most distinct edges and ribs) were digitized point by
point by BIG FP5500 3D Creator using an ATC software that provided highly precise wireframe
model. To improve visualization, the transmission housing was also digitized using the Sony 3D
Creator app running on a Sony Xperia XZ1 mobile phone, which was exported to MATLAB via
a Wavefront OBJ file. The latter representation consists of nodes and triangular faces.

[0136] More specifically, the following process was employed:

1. 1. Reference accelerometers were mounted and aligned as described above.

2. 2. The structure was digitized using BIG FP5500
1. a. The coordinates of the centers of the reference accelerometers (based on their

corners) were obtained
2. b. 31 points were selected on the structure, noted by crosses, numbered, and the
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coordinates of the crosses, obtained by BIG FP5500, were denoted.

3.¢. 12 of the 31 points were chosen for checking orientation precision: namely,
placed next to the features of the structure (like corners) to allow visual aligning of
the accelerometers to the structure.

3. 3. Measurements for six setups were done (named Setup[1,2,4,5,6,7])

1. a. Each setup includes three reference accelerometers and

2.b. Five more accelerometers 904, which were attached to the transmission
housing at known locations.

3. C. Setups ##4,5,6 were specially designed for measuring orientation precision

4. 4. For each setup,

1. a. Positions and orientations of all 8 accelerometers were computed using the
"reference-free” embodiment described herein.

2. b. The obtained positions of the accelerometers were compared to their known
coordinates. This was done "projecting” the center of the accelerometer to the
surface of the structure, using a denoted measurement axis, normal to the
surface.

3. . For the setups ##4,5,6, the orts of MCS were obtained, and the angle between
the orts were computed. This allowed making statistics regarding orts' scatter,
thus allowing to conclude about the orientation error.

5. 5. Based on 35 estimations, the average positioning erroris 11.2 mm (c=4.8)

[0137] FIG. 10A shows a histogram of positioning errors. The histogram is based on the non-
reference accelerometers. As the reference accelerometers can also be considered as
belonging to test accelerometers, their position can also be compared to the known position,
but they result iIn much smaller error. Thus, they were not included to the statistics. An example
of sensor localizations 1s shown In FIGs 6A-B. In particular, FIG. 6A shows a view of the
digitized 3D model of the transmission housing 901 where the determined positions and
orientations of the accelerometers are shown for example setup #2. FIG. 6B, an enlarged
portion of the transmission housing an two accelerometer positions are shown including the
known locations of the accelerometers which are indicated by black dots. The localization error
IS estimated as the distance between the black dot (obtained with 3D Creator) and a second
dot, which is the projection of the estimated accelerometer centre to the mounting surface, as
Indicated in FIG. 6B by red arrows.

[0138] FIG. 10B shows a histogram of orientation errors. For each setup, there were 5 test
accelerometers, thus 5 orts per direction. For each pair of orts, the angle between them was
computed (as arccos of orts’' scalar product); this resulted in 10 angles per direction, 1.e. 30
angles for three directions. For the three Setups (#4,5,6), the statistics Is:

1. 1. Setup#4. mean 4.3°, 0=2.3".
2. 1. Setup#5: mean 4.4°, 0=2.0".
3. lil. Setup#6: mean 6.0°, 0=2.5".
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[0139] For Setup#4, the histogram is shown in FIG. 10B.

[0140] Based on the above, it may thus be concluded that the method disclosed herein
provides a reasonable quality of estimates, comparable with what Is achievable with current
techniques and sufficient for typical applications.

[0141] Embodiments of the method described herein may be employed during a test setup, In
particular for the determination of the positions and orientations of transducers on a target

object.

[0142] Embodiments of the method described herein may also be employed in order to verify
the mounting of accelerometers, e.g. so as to verify that the position / orientation of the
accelerometers has not changed during the test.

[0143] Similarly, embodiments of the method described herein may also be employed in order
to create a digital representation, e.g. a digital 3D model, of a simplified geometry of the target
object. In some measurement scenarios, It iIs convenient to make a simplified geometry of the
target object, e.g. so as to visualize the obtained frequency response functions or mode
shapes. As the suggested technique allows a determination of the accelerometers’ positions it
can be used for a quick and rough "digitizing” of the target object, by connecting obtained
nodes, where the accelerometers are placed, with lines.

[0144] Embodiments of the method described herein can be implemented by means of
hardware comprising several distinct elements, and/or at least in part by means of a suitably
programmed microprocessor. In the apparatus claims enumerating several means, several of
these means can be embodied by one and the same element, component or item of hardware.
The mere fact that certain measures are recited in mutually different dependent claims or
described In different embodiments does not indicate that a combination of these measures
cannot be used to advantage.

[0145] It should be emphasized that the term "comprises/comprising” when used In this
specification Is taken to specify the presence of stated features, elements, steps or
components but does not preclude the presence or addition of one or more other features,
elements, steps, components or groups thereof.
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FREMGANGSMADE TIL BESTEMMELSE AF RUMLIGE KONFIGURATIONER
AF EN FLERHED AF TRANSDUCERE | FORHOLD TIL EN MALGENSTAND

PATENTKRAV

1. Computerimplementeret fremgangsmade til bestemmelse af respektive
rumlige konfigurationer, der indikerer respektive positioner og orienteringer, af en
flerhed af transducere (100, 903, 904), som er fastgjort til en malgenstand (120,

901); hvilken fremgangsmade omfatter:

— modtagelse (S40) af sensorsignaler fra hver af flerneden af transducere,

idet sensorsignalerne indikerer respektive beveegelser af de respektive

transducere under en induceret beveaegelse af malgenstanden;

— bestemmelse (S30, S50) af de rumlige konfigurationer af flerheden af
transducere; hvor de rumlige konfigurationer, der indikerer positionerne og
orienteringerne i forhold til malgenstanden, af mindst en delmaengde af

transducerne bestemmes baseret pa de modtagne sensorsignaler;

hvor flerneden af transducere omfatter en farste delmeengde af

transducere (903) og en anden delmaengde af transducere (904); hvor

pbestemmelse af de rumlige konfigurationer af flerneden af transducere omfatter:

— opnaelse (S30) af rumlige konfigurationer af transducerne af den farste

delmeengde; og

— bestemmelse (S50) af de rumlige konfigurationer af transducerne af den

anden delmeangde ud fra de modtagne sensorsignaler og ud fra de opnaede

rumlige konfigurationer af transducerne af den farste delmaengde;

og hvor bestemmelse af rumlige konfigurationer af transducerne af den

anden delmeengde omfatter:

— beregning (S56), ud fra de modtagne sensorsignaler fra transducerne af
den ferste delmaengde og de modtagne rumlige konfigurationer, af
genstandsaccelerationer, der indikerer malgenstandens accelerationer i forhold

til et referencekoordinatsystem;
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— beregning (S57), ud fra de beregnede genstandsaccelerationer og ud fra de
modtagne sensorsignaler fra de respektive transducere af den anden delmaengde,

af de rumlige konfigurationer af transducerne af den anden delmasngde.

2. Fremgangsmade ifalge krav 1; hvor transducerne omfatter respektive

accelerometre, 1saer triaksiale accelerometre.

3. Fremgangsmade ifalge et hvilket som helst af de foregaende krav; der
omfatter modtagelse af informationer, som kun gengiver en del af de rumlige
konfigurationer af flerheden af transducere som et input; og hvor bestemmelse af de
rumlige konfigurationer af flerneden af transducere omfatter bestemmelse af en
tilbageveerende del af de rumlige konfigurationer med henblik pa at etablere de

fuldsteendige rumlige konfigurationer af alle transducere af flerheden af transducere.

4 Fremgangsmade ifalge et hvilket som helst af de foregaende krav; hvor

den farste delmaengde omfatter tre triaksiale accelerometre.

S, Fremgangsmade ifalge et hvilket som helst af kravene 1 til 4, hvor den farste
delmaengde omfatter et antal transducere, der er tilstraekkeligt til at male

malgenstandens translationsbevaegelse langs tre ortogonale retninger og

rotationsbevaegelse omkring tre omkring ortogonale akser.

o. Fremgangsmade ifalge krav 5; der omfatter verificering af, hvorvidt den

forste delmeaengde indbefatter et tilstraekkeligt antal transducere.

/. Fremgangsmade ifalge krav 6; hvor transducerne omfatter respektive
triaksiale accelerometre, og hvor verificering omfatter verificering af, hvorvidt en
transformationsmatrix, der er konstrueret ud fra respektive
transducertransformationsmatricer af transducerne af den f@rste delmasngde, har
fuld rang; hvor hver transducertransformationsmatrix angiver en transformation
mellem den tilsvarende transducers accelerationer | forhold til et lokalt
koordinatsystem for malgenstanden til accelerationer malt ved hjeelp af

transduceren langs akserne af et malekoordinatsystem for transduceren.

8. Fremgangsmade ifalge et hvilket som helst af kravene 1 til 7; der

omfatter bestemmelse (S53) af, hvorvidt den inducerede beveegelse er
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tilstreekkelig til at bestemme de rumlige konfigurationer af transducerne af den

anden delmangde af transducere.

9. Fremgangsmade ifalge krav 8; hvor transducerne omfatter respektive
triaksiale accelerometre; hvor de modtagne sensorsignaler indikerer transducernes
malte accelerationer under den inducerede bevaegelse; og hvor bestemmelse af,
hvorvidt den forarsagede beveegelse er tilstreekkelig til at bestemme de rumlige

konfigurationer af transducerne af den anden delmaengde, omfatter:

— valgfri udferelse af en lavpasfiltrering af sensorsignalerne;

— bestemmelse af, hvorvidt en lokal accelerationsmatrix, der angiver de

malte accelerationer, har et forudbestemt antal dominante singuleerveaerdier.

10. Fremgangsmade ifalge et hvilket som helst af kravene 1 til 9; hvor opnaelse

af de rumlige konfigurationer af transducerne af den ferste delmaengde omfatter:

— modtagelse af informationer, der indikerer et saet af rumlige forhold

mellem transducerne af den farste delmaengde;

— beregning, ud fra de modtagne informationer og ud fra de modtagne

sensorsignaler, af de rumlige konfigurationer af transducerne af den farste

delmaengde.

11. Fremgangsmade ifalge et hvilket som helst af kravene 1 til 10; hvor
malgenstanden er en deformerbar genstand (810), hvis beveegelse er begreenset

af en genstandsunderstatning; og hvor fremgangsmaden omfatter:

— beregning af tidsafhaengige accelerationskoefficienter for malgenstanden

ud fra de rumlige konfigurationer af transducerne af den ferste delmeengde og ud

fra de modtagne sensorsignaler.

— beregning, ud fra de beregnede tidsafhaengige accelerationskoefficienter
0og ud fra de modtagne sensorsignaler, af den rumlige konfiguration af

transducerne af den anden delmeengde.
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12. Fremgangsmade ifalge et hvilket som helst af de foregaende krav; der

omfatter filtrering af de registrerede signaler med henblik pa at undertrykke

frekvenser, som er forbundet med bajningsmodi for de inducerede beveaegelser.

13. Fremgangsmade ifalge et hvilket som helst af de foregaende krav; hvor

5 beregning af genstandsaccelerationerne omfatter beregning af en lasning med
mindste kvadrater for et system af linezere ligninger, idet hver lineaer ligning angiver
en transformation mellem malte accelerationer, malt ved hjeelp af ét af

referenceaccelerometrene, og ukendte genstandsaccelerationer.

14. Computerimplementeret malefremgangsmade, der omfatter:

10 — pbestemmelse af rumlige konfigurationer af en flerhed af transducere, der
er fastgjort til en malgenstand, ved udfagrelse af trinnene i fremgangsmaden

Ifelge et hvilket som helst af kravene 1 til 13;

— modtagelse (S60) af yderligere sensorsignaler fra flerheden af transducere,
iIdet de modtagne yderligere sensorsignaler indikerer respektive beveegelser af de

15 respektive transducere under en induceret beveegelse af malgenstanden;

— udferelse (S70) af strukturanalyseberegninger baseret pa de modtagne

yderligere sensorsignaler.

15. Databehandlingssystem, der er konfigureret til at udfere trinnene |

fremgangsmaden ifalge et hvilket som helst af kravene 1 til 13.

20 16. Computerprogram, der er konfigureret til at fa et databehandlingssystem

til at udfere trinnene | fremgangsmaden ifalge et hvilket som helst af kravene 1 til

13, nar computerprogrammet afvikles af databehandlingssystemet.
17. Malesystem (110), der omfatter:
— et databehandlingssystem ifalge krav 15:

25 - en flerhed af inputkanaler, som er konfigureret til, via respektive tradl@ase eller
kablede signalforbindelser, at blive koblet til respektive transduceroutputsignaler fra

en flerhed af transducere, der er fastgjort til en malgenstand.
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— en datainputgreenseflade, som er konfigureret til at modtage respektive
rumlige koordinatdata fra transducerne af den farste delmaengde, f.eks. ved manuel
dataindtastning eller fra en anden indretning via en tradlas eller kablet

datakommunikationsforbindelse.
18. Transducersamling, der omfatter:
— et malesystem (110) ifelge krav 17; og

— en flerhed af transducere (100), som kan monteres pa en flerhed af

forudbestemte malelokaliteter, der er fordelt over en malgenstand.
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