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DESCRIPTION

[0001] The present invention relates methods and systems for the identification and determination of loads by inverse analysis.

Technical Background

[0002] Load identification constitutes an important type of engineering problem. When dealing with the mechanics of deformable
objects such as vehicles, machinery, ships, aircraft, installations etc. the knowledge of the actual loads is essential for design and
for diagnosis of potential problems. The mechanical load acting on a complex body cannot be measured directly without
introducing measuring devices into the test-object into the load-path. The introduction of such devices can change the properties
of the test-object, and of the loads working on or within the test-object, and can even be a source of weakness thus rendering
such modified test-object unsafe.

[0003] In order to overcome this difficulty, inverse analysis in the frequency domain, which estimates dynamic oscillating loads
from measured effects resulting from the loads have been studied extensively during the last two decades. Inverse analysis in the
frequency domain uses the transfer function matrix between potential loads and the result of these loads; the indicator signals..
The transfer function matrix is inverted and multiplied with the spectra of the measured indicator signals. For dynamic loads, an
elastic test-object will exhibit characteristic modes or "eigenmodes”. These eigenmodes will have characteristic frequencies.
Hence, the response of the test-object will differ depending upon the frequency and the location and direction of the applied
loads. This allows the identification of combinations of multiple loads (in direction and in location on the test-object) to be
identified.

[0004] In practice it is not possible to measure a transfer-function (or transfer-function matrix) from static or 0 Hz upwards.
Excitation and sensing needed for transfer-function measurements normally have limitations at lower frequencies, they become
excessively expensive and/or in-accurate. Inverse force identification based on transfer functions is therefore limited to highly
variable, dynamic and oscillating loads, whose static component is not of interest.

[0005] Another well known technique to determine loads is the mount deformation method, where the deformation of flexible
element in or on the test-object is measured. The same flexible element can be removed from the test-object, placed on test-
bench, and the stiffness matrix can be measured. The combined stiffness and operational deformation will yield the loads in
operation; in the frequency domain, or in the time domain including the static load.

[0006] Unfortunately there are not always flexible elements at the interface where the loads must be determined, or there are
flexible elements but they do not deform enough for a measureable signal, or the deforming part of the test-object cannot be
separated from the test-object. So the mount deformation method to determine the static and/or dynamic loads is limited to some
special situations.

[0007] Another known approach is the inverse strain impulse response method, in which strains are measured on the test-object
in operation. Then in a separate test, or analysis, the unaltered test-object in unaltered boundary conditions, is subjected to
known or measureable static and possibly also dynamic loads. The strains resulting from these artificial loads are measured as
impulse responses. The inverse or reciprocal of these impulse responses is calculated.

[0008] The convolution of the impulse responses with the operational strains will yield the loads including the static part of the
load.

[0009] But the natural boundary conditions will cause reaction forces on the test-object when subjected to the artificial loads.
(Objects adrift in space excluded) And these boundary reaction loads can cause the matrix of impulse responses to become
singular for the static part (and possibly also at lower frequencies) when multiple loads in natural operating conditions are partially
working in the same direction.

[0010] In other words, this method will only work when only a few external loads in different directions need to be identified. And,
the identification cannot separate the loads and reaction loads from the environment. Multiple loads at multiple locations which

are not orthogonal cannot be separated.

[0011] The above three methods sometimes also make use of a model of the test-object (analytical or numerical model) instead
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of measurements to determine the relation between the loads and the indicator signals. This is mostly applicable to test-objects
with geometry and materials that can be modelled in a predictable and reliable way. For test-objects that cannot be modelled
reliably, an optimization based approach is possible where the model and the loads are updated until a best fit between calculated
signals and measured signals is obtained.

[0012] The document US 2002/198669A1 - Lusted et al. "Method and apparatus for generator stator bar wedge pressure
testing" shows a method for force or pressure measuring. In this method the vibration response of a member is measured in
operation condition. The vibration response depends on the force or pressure applied to the probe. A comparison of measured
vibration response in operation condition with previously recorded test results leads to a result for the applied force or pressure.

[0013] In US 6 363 789 8 1 -Rassaian et al. "Acoustic pressure load conversion method to vibration spectra” discloses a method
for calculating a virbration spectrum for a shaker table which corresponds to a acoustic pressure load, thus linking the an acoustic
to a vibration environment. The method employs modal analysis of the acoustic load.

[0014] The disclosure of EP 0 477 948 A 2 - Gunsallus "Real time load monitoring system with remote sensing" employes a
Jones orthoganization process for correlating measured force signals with desired parameters of components, wherin the
components and the points of measurement are disjunct.

[0015] The document DE 10 2005 053325A 1 -Mattluas et al. "Verfahren und Vorrichtung zur Simulation von physikalischen
Belastungsgrossen einer Realstruktur auf eine Uber wenigstens einen Flgebereich mit der Realstruktur verbindbaren
Prifkorperstruktur" shows the use of a shaker aktor for testing car bodies. the feeding signal for the shaker is adapted for
shorting testing time.

[0016] US 5 477 453 A - Harashima "Virtual elastic component simulator” shows the simulation of a vehicle's suspension by
means of changing the vibrations signals for a shaker unit according to different suspension properties. The different vibration
signals are calculated by means of inverse Fourier transformation.

[0017] Today, in practice, for complex test-objects with multiple loads working on, or within, the test-object in operational
conditions, the described state of the art techniques are unsatisfactory for the identification of loads which have an essential
static or very low frequency part. The invention provides a solution which allows identification of multiple loads at multiple
interfaces, even when these loads are largely or entirely along the same direction. The time signals of these multiple loads, or the
spectre can be identified, including the very low frequency or static part.

Summary of the invention

[0018] The present invention provides a method and system for determining loads on a test object as defined in claims 1 and 11.

[0019] The method can comprise the steps of:

1. 1. During a first time interval, when the test-object is in natural operating condition, indicator signals are measured on the
test object.

2. 2. The test-object is taken away from its natural environment. All or the part of the test-object, which.is outside the
interfaces where the loads are to be identified, is removed. The remaining test-object is placed on supports, preferably very
compliant supports, to stabilize its position.

3. 3. During a second time interval in which the test-object is in calibration condition, the test-object is subjected to artificial
dynamic loads for each possible external or interface load individually and the indicator signals in response to the artificial
loads are measured. Alternatively, combined artificial loads can also be used, as long as the load-indicator relations are still
quantified as frequency domain transfer functions. Excitation devices are used which do not exert static loads, but dynamic
or oscillating loads. The excitation therefore does not cover the lowest frequencies or static part of the natural loads which
are to be identified.

4. 4. The effect of modes of the test-object on its suspension, supports, or other constraints can be identified using modal
analysis. These modes are subtracted from the load-to-indicator transfer functions. The remaining transfer functions cover
the behavior of the test-object when freed from its constraints.

5. 5. If the load-indicator transfer functions show test-object internal modal behavior, then it is preferred to use the identified
test-object modes to re-synthesize the load-indicator transfer functions from static upwards in frequency, covering the
frequency range of the operational loads.

6. 6. After the previous operations, the transfer functions will approximate be constant (frequency independent) at the lowest
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frequencies. The transfer functions can then be completed downwards in frequency and even to static to cover the
operational frequency range, using the constant value.

7. 7. The transfer function matrix between the loads and the indicators is inverted, and if desired the indicator to load transfer
functions are transformed to impulse responses.

8. 8. The loads are then obtained by multiplication of the transfer functions with the spectra of the indicator signals, or by
convolution of the time signals from the indicators with the impulse responses.

[0020] The methods of the present invention include multiple loads and/or loads in multiple directions applied to an object. The
calibration (second time interval) is dynamic. The method also involves load identification. Load identification is different from
loads measured directly. The type loading and the boundary conditions are changed from operational situation (first time interval)
to the test-bed situation (second time interval). The change in boundary conditions is from constrained to free-free. The
suspension in the test-bed situation provides a softly suspended condition, which can be realized by soft metal or rubber springs
or magnetic suspensions or electrostatic fields, etc. The loads are identified and there is an extrapolation of frequency from the
second time interval to the first time interval.

[0021] This process yields identified loads over a frequency range which exceeds the frequency range of the calibration
measurements between the loads and the indicators in the second time interval. This procedure can therefore also yield static
load information, by the much more feasible dynamic calibration in the second time interval. And the identification of loads with an
essential static part can now also cover multiple loads at multiple interfaces. And using the dynamic calibration, multiple loads in
the same direction can be separated, which would not be possible using static calibration because of the reaction loads during a
static calibration.

[0022] Accordingly, the present invention provides a method of determining loads on a system, the system comprising a test-
object or structure operating in a first mode of operation, the method comprising:

measuring indicators representing results of first loads exerted on at least one element of the test-object or structure during a first
time interval when the system or structure is operating in the first mode of operation, and

deriving by measurement a relation between the first loads and the indicators valid for the first mode of operation in a controlled
way during a second time interval,

wherein during the second time interval the test-object or structure is operated in a second mode of operation in which the test
object or structure is conditioned to allow measurement of responses to applied second loads, the environment of the test-object
or structure and/or the way the test-object or structure is supported, is/are changed compared to the first mode of operation, the
relation being determined by applying second loads as dynamic excitations and measuring responses thereto at frequencies
which are higher, or partially higher, then the frequencies of the first loads applied in the first mode of operation,

extrapolating, or completing down in frequency the relation, optionally down to static to provide the relation over the frequency
range relevant for the first mode of operation, the extrapolation being made either by assuming a frequency independent relation
below the measured frequency range or based on the modal properties of the test-object or structure, and being applied in an
inverse analysis in order to calculate the first loads at other frequencies in the time domain or in the frequency domain.

[0023] During, the second time interval, the measurement can be done on a partially disassembled test-object or structure, when
loads at certain interfaces within the test-object or structure are to be identified.

[0024] During the second time interval, the changed environment can be that the measurement is done with the test-object in
modified boundary conditions.

[0025] For example, during the second time interval, the measurement can be done with the test-object or structure in a softly
suspended condition, whereby the test-object or structure is suspended on supports such that the test-object or structure is free

of constraints above a certain frequency.

[0026] In an embodiment of the present invention the extrapolation includes a determination from measurements of a relation
matrix between first loads and indicators for the inverse analysis.

[0027] In the method what are called "indicators" are results of application of the loads and can be strains for example.
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[0028] In a preferred application of the present invention the test-object or structure to be tested is a vehicle such as a land
vehicle such as an automobile, bus or truck, a flying oject such as an aircraft or a water craft such as a boat or ship.

[0029] The second loads, as used during the second time interval, can be spatially transformed to other locations and directions
location on the test-object or structure.

[0030] The measured relation between the excitations and the responses thereto carried out during the second time interval are
preferably modified to eliminate the effect of the supports, suspension, or any other boundary condition determined modes to be
able to extrapolate down to lower frequencies and/or static.

[0031] The measured relation between the excitations and the responses thereto carried out during the second time interval, can
be synthesized using identified modes and upper and lower residual terms, optionally in combination with integration or
differentiation in the frequency domain, to extrapolate down to lower frequencies and/or static.

[0032] The present invention also provides a system for the determination of loads on system, the system including at least a
test-object or structure, first loads being exerted on at least one element of the test-object or structure during a first time interval,
the system comprising:

first means for measuring indicators being the results of application of the first loads exerted on at least one element of the test-
object or structure during the first time interval of operating in a first mode of operation,

means for exerting second loads in a controlled way on at least one element of the test-object or structure during a second time
interval of operating in a second mode of operation,

second means for measuring responses to the application of the second loads,

means for deriving the relation between the first loads and the indicators, the means for deriving using outputs of the second
means for measuring,

whereby during the second time interval the test-object or structure is conditioned to allow measurement of the responses, the
environment of the test-object and/or the way to support the test-object being changed compared to the first mode of operation,
the second means for measuring being adapted to measure the responses at frequencies which are higher, or partially higher,
then the frequencies of the loads in the first mode of operation, the means for deriving being adapted to extrapolate the
responses, or complete down in frequency, optionally down to static to thereby cover the frequency range of the first mode of
operation and to extrapolate either by assuming a frequency independent relation below the measured frequency range or based
on modal properties of the test-object or structure, and being adapted to apply an inverse analysis to calculate the first loads in
the time domain or in the frequency domain. The system is preferably a computer based system.

[0033] The system of the present invention is adapted for multiple loads and/or loads in multiple directions applied to an object.
The calibration (second time interval) is dynamic. The system is also adapted for load identification. Load identification is different
from loads measured directly. The type loading and the boundary conditions are changed from operational situation (first time
interval) to the test-bed situation (second time interval). The change in boundary conditions is from constrained to free-free. The
suspension in the test-bed situation provides a softly suspended condition, which can be realized by soft metal or rubber springs
or magnetic suspensions or electrostatic fields, etc. The loads are identified and there is an extrapolation of frequency from the
second time interval to the first time interval.

[0034] The first or second means for measuring can comprise strain gauges.
[0035] Preferably the means for deriving is adapted to determine from measurements a relation matrix for the inverse analysis.

[0036] The load-indicator relationships are meausred in the frequency domain. This is also deviating from the normal procedure
because measuring the almost static relation in the frequency domain requires extremely long measurement times and no
oscillating loads such as sinusoidal or random loads are used in the frequency domain as is done in the present invention.

[0037] One aspect of the present invention is to remove parts of the object under test before commencing with the second
calibration phase, e.g. on a road vehicle the tires would be removed, or other clamping, and replace this with a very compliant
suspension. This is not the normal way because it makeq static calibration loads impossible. But, this is perfectly possible with
dynamic calibration at suitable higher frequencies. This is also not the normal way because indicator signals will respond in a
different way to the loads because the environment boundary conditions are changed.
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[0038] Any effect of rigid body modes (e.g. resonances of the vehicle on the soft suspension of the calibration phase) is
eliminated from the load indicator relationships by using a modal model and mode elimination. This is not the normal way because
normally the natural boundary conditions are used. In the calibration phase a very compliant suspension is used. This is not the
normal way because statically this will constrain the object under test, and it will add rigid body modes. But, this is perfectly
possible with dynamic calibration at suitable higher frequencies. This is also not the normal way because indicator signals will
respond in a different way to the loads because the environment boundary conditions are changed.

[0039] The effect of the rigid body modes (e.g. resonances of the object under test such as the fuselage or whole aircraft on the
suspension) are eliminated from the load indicator relationships by using a modal model and mode elimination. This is not the
normal way because normally the natural boundary conditions are used.

[0040] With respect to dynamic load identification used dynamic loads, methods and systems of the present invention do not use
the same frequency range in the first and second modes, but use higher frequencies. This is not the normal way a skilled person
would operate because of risk of exciting higher frequency eigenmodes of the test structure that will perturb the desired
relationship.

[0041] The suspension used in the calibration phase may add rigid body modes in the frequency range of identification, but this
will allow a modal analysis. This is not the normal way because the load-indicator relationships are strongly influenced by the rigid
body modes. The effect of the higher frequency modes is eliminated from the load indicator relationships by using a modal model
and mode elimination to be able to construct the part below the measured frequency range. Normally a skilled person would retain
the modes in the measured frequency range because they provide the essential information in the frequency of analysis.
Methods of the present invention recombine the extrapolated frequency range with the measured frequency range.

Brief Description of the Drawings

[0042]

Figure 1. Example test-object in two parts, during the first interval, in operating condition. The test-object structure is subject to
distributed loads and concentrated loads from its environment, e.g. loads like concentrated forces and pressure, etc. from its
environment. The environment could be supportive, or in motion, or having distributed effects like flow or magnetic fields etc.
These external loads can also cause loads at internal interfaces of the test-object, for example between the main part 1 and part
2.

Figure 2. Test-object part 1, during the second time interval, in calibration condition. The test-object part 1, on which loads are to
be identified, is suspended or otherwise constrained to prevent it to move without limits. In this way the boundary conditions for
part 1 are different from the first time interval. Artificial loads are applied in a controlled way by devices that have an internal
measurement of the applied load. This calibration measurement is done on by one, or for several in parallel, for all potential
loads.

Figure 3 a. Simple object in operating condition. Under influence of the natural loads F10 and F20 the object is moving in space.
Figure 3b. Simple object during unbalanced static calibration condition. Under influence of actuator force F11 the object is moving
in space.

Figure 3c. Simple object in balanced static calibration condition, with actuator force F11 being compensated by reaction force
F21. The object does not move.

Figure 4a. Simple object in operating condition. Under influence of the natural loads F10 and F20 the object is moving in space.
Figure 4b. Simple object in dynamic calibration condition. The object is oscillating around a fixed position in space, under the
influence of the dynamic actuator force F11. Figure 4c. Simple object in dynamic calibration condition. The object is oscillating
around a fixed position in space, under the influence of the dynamic actuator force F21.

Figure 5a. Example of the amplitude graph of a typical measured force to strain transfer in the frequency domain. Figure 5b.
Example of the amplitude graph of a measured load to indicator transfer in the frequency domain, where the measurement
frequency range is well above the rigid body modes on the test-object on its suspensions, and well below the lowest deformation
mode. Figure 5c. Example of the amplitude graph of a measured force to strain transfer in the frequency domain, where the
measurement frequency range covers several modes. The effect of the individual modes is also indicated.
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Figure 6. Schematic example of the extension of a load to indicator transfer function to 0 Hz, using the average transfer function
in the frequency range between f1 and f2.

Figure 7. Schematic representation of a test-object part 1, during the second time interval, in calibration condition. The excitation
devices apply loads in various directions at location A. The loads are transformed spatially to an equivalent set of loads in other
directions and/or working at another location B.

Figure 8 is a schematic representation of a computer-based system according to an embodiment of the present invention.
Figure 9. Flow diagram of the entire process of load identification.

Figure 10. Schematic representation of a computing system which can be utilized with the methods and in a system according to
the present invention.

Definitions

[0043] "Load" should be interpreted broadly and can be any suitable load exerted on the system such as external force, internal
interface force, internal or external pressure, etc. "Test-object" should be interpreted broadly and can include structure,
assembly, component, assembly, system, vehicle, machine, etc. building, etc, which is subject to loads and is an object of the load
identification.

[0044] ‘"Indicator" refers to a measured signal resulting from the application of one or more loads. An indicator can be, for
example, a relative displacement, a pressure, a flux, a strain or any other signal that indicates the result of application of a load.

[0045] "Excitation" refers to controlled artificial application of a load by a device with allows accurate measurement of the load
direction and time signal.

[0046] "Boundary condition" refers to conditions that provide contact of the test-object with other objects, or supports, or the
environment. It is possible that the boundary conditions constrain the test-object.

[0047] "First time interval" is the time interval in which the test-object is for example operating in a natural way or the way that the
object is intended to be operated. For a road vehicle this includes driving the vehicle under normal driving conditions that can
include on or off-road diving. For other vehicles like aircraft or ships this would be flying or saliling, respectively. During the first
time interval the test-object is operated in a first operating mode which is the situation in which the first loads are to be identified.
In this condition the test-object is complete and in its natural boundary conditions.

[0048] "Second time interval" is the time interval in which the test-object or a part of the test-object is subject to second loads,
especially dynamic loads and responses to these loads are measured. A relation matrix between the loads and the indicators is
measured. Hence in this time interval the test-object is in a second operating mode or calibration condition. In this mode the test-
object is completely or partially disconnected from its natural boundary conditions.

Detailed description of the illustrative embodiments

[0049] The present invention relates methods and systems for the identification and determination of loads by inverse analysis.
The present invention provides a new combination of instrumentation and measurements which allows accurate
identification/measurement of static and/or dynamic loads, working on arbitrary structures or systems (i.e. test-objects), during
their natural working conditions through measurements of the results of the loads on the test object, e.g. signals like pressures,
acceleration, stress, electrical potential, magnet flux, strain, etc. For example, the measurement of indicators which are the results
of application of loads allows a large freedom in the location and direction of the sensors used. This procedure allows the
measurement/identification of arbitrary single or multiple loads, in arbitrary combinations, and multiple directions. The procedure
also allows the measurement/identification of loads with arbitrary evolution in time, including static and dynamic loads.

[0050] In a first aspect a method of determining low frequency or static loads on a system is described, the system comprising a
test-object or structure operating in a first mode of operation, the method comprising:
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measuring indicators representing results of first loads exerted on at least one element of the test-object or structure during a first
time interval when the system or structure is operating in the first mode of operation, and

deriving by measurement a relation between the first loads and the indicators valid for the first mode of operation in a controlled
way during a second time interval,

wherein during the second time interval the test-object or structure is operated in a second mode of operation in which the test
object or structure is conditioned to allow measurement of responses to applied known, or measureable, second loads, the
environment of the test-object or structure and/or the way the test-object or structure is supported, is/are changed compared to
the first mode of operation, the relation being determined by applying second loads as dynamic excitations and measuring
responses thereto at frequencies which are higher then the frequencies of the first loads applied in the first mode of operation,

extrapolating, or completing down in frequency the relation to cover the frequency range relevant for the first mode of operation,
the extrapolation being made either by assuming a frequency independent relation below the measured frequency range or
based on a modal model of the test-object or structure, and being applied in an inverse analysis in order to calculate the first
loads at other frequencies in the time domain or in the frequency domain. A part of the frequency range can be overlapping in
frequency of the first and the second time intervals. During, the second time interval, the measurement can be done on a partially
disassembled test-object or structure, when loads at certain interfaces within the test-object or structure are to be identified,
and/or during, the second time interval, the measurement is done on the test-object or structure, or remaining part of, in
boundary conditions which provide negligible constraining dynamic forces from the environment, or supports, in the frequency
range used in the second time interval, this boundary condition limiting a range of static displacement.

[0051] The dynamic constraining forces from the environment can be not negligible, causing additional suspension modes in the
frequency range of the second time interval, and wherein a modal model is used to extract the unconstrained behavior from the
measured relations between the loads and the indicator signals.

[0052] The extrapolation can include a determination from measurements of a relation matrix between first loads and indicators
for the inverse analysis.

[0053] In particular embodiments the indicators being results of the loads are strains.
[0054] In other embodiments the test-object or structure to be tested is a vehicle.

[0055] The second loads, as used during the second time interval, need not be in the same direction, or same location, as the
loads in the first time interval, and geometrical transformation is used to derive the required relations for the identification of the
loads in the first time interval. The measured relation between the loads and indicators thereto carried out during the second time
interval, can be synthesized using identified modes and upper and lower residual terms, optionally in combination with integration
or differentiation in the frequency domain.

[0056] An advantage of the present invention is that its methods can be combined with known matrix inversion methods for
dynamic force identification, both in the time domain as well as in the frequency domain. A further advantage is that the
determination of the relationship between the results of the loads on the test object and the loads to be determined, e.g. between
the indicator signals and the forces to be identified/measured, does not require the environment or boundary conditions of the
operating condition during the first time interval, neither does it require static calibration or calibration in the frequency range or in
the complete frequency range of the operating condition of the first time interval, nor does it require a finite element model of the
test-object. A dynamic calibration process in the frequency domain can provide the relations between the potential loads and the
indicator signals. A further advantage is that arbitrary dynamic signals can be used, and that excitation devices for dynamic
excitation can be used for the calibration. The determination of the relationships between results of the application of loads and
the loads themselves, e.g. between strain measurements and forces, is preferably, but not necessarily, done on the test-object or
system in softly suspended condition. This suspended calibration condition means that from a certain frequency upwards the
support loadings working on the test-object or system are small compared to the excitation load and their resulting inertial forces
or modal forces in the test-object. The determination of the relationships between results of the application of loads (indicator
signals) and the loads themselves, e.g. between strain measurements and forces, can be combined with a modal analysis, in
which the effect of modes in the frequency range of the calibration measurement are subtracted from the measured relations
followed by an extrapolation of the measured relations down in frequency, or even down to static. This procedure can be
combined with matrix inversion techniques like over-determination, regularisation etc.

[0057] The present invention also includes a system, a computer based system, for the determination of low frequency or static
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loads on system, the system including at least a test-object or structure, first loads being exerted on at least one element of the
test-object or structure during a first time interval,
the system comprising:

first means for measuring indicators being the results of application of the first loads exerted on at least one element of the test-
object or structure during the first time interval of operating in a first mode of operation,

means for exerting second loads in a controlled way on at least one element of the test-object or structure during a second time
interval of operating in a second mode of operation,

second means for measuring responses to the application of the second loads,

means for deriving the relation between the first loads and the indicators, the means for deriving using outputs of the second
means for measuring,

whereby during the second time interval the test-object or structure is conditioned to allow measurement of the responses, the
environment of the test-object and/or the way to support the test-object being changed compared to the first mode of operation to
allow measurement of responses to applied known, or measureable, second loads, the second means for measuring being
adapted to measure the responses at frequencies which are higher then the frequencies of the loads in the first mode of
operation,

the means for deriving being adapted to extrapolate the responses, or complete down in frequency, optionally down to static to
thereby cover the frequency range of the first mode of operation and to extrapolate either by assuming a frequency independent
relation below the measured frequency range or based on a modal model of the test-object or structure, and being adapted to
apply an inverse analysis to calculate the first loads in the time domain or in the frequency domain. A part of the frequency range
can be overlapping in frequency of the first and the second time intervals.

[0058] In particular embodiments the first or second means for measuring can comprise strain gauges.
[0059] The means for deriving can be adapted to determine from measurements a relation matrix for the inverse analysis.

[0060] During the second time interval the test-object or structure can be a partially disassembled test-object or structure, when
loads at certain interfaces within the test-object or structure are to be identified, and/or during, the second time interval, the
measurement is done on the test-object or structure, or remaining part of, in boundary conditions which provide negligible
constraining dynamic forces in the frequency range used in the second time interval, but wherein the boundary condition limits the
range of static displacement.

[0061] The dynamic constraining forces from the environment can be non-negligible, causing additional suspension modes in the
frequency range of the second time interval, and wherein the system is adapted to utilize a modal model to extract the
unconstrained behavior from the measured relations between the loads and the indicator signals.

[0062] In particular embodiments the test-object to be tested is a vehicle.

[0063] The excitation forces during the second time interval need not be in the same direction, or same location, of the loads in
the first time interval, and geometrical transformation is used to derive the required relations for the identification of the loads in
the first time interval.

[0064] The system can be adapted so that a measured relation between the loads and indicators thereto carried out during the
second time interval, is synthesized using identified modes and upper and lower residual terms, optionally in combination with
integration or differentiation in the frequency domain.

[0065] An important aspect of the methods and systems of the present invention lies in the fact that the calibration of the
indicator signals, or determination of the relations between the loads and indicator signals is not necessarily performed under the
boundary conditions in operation, nor in static condition, but under altered boundary conditions, like suspended condition, and it
can be measured in a frequency range above the frequency range of the normal operational condition. The advantage of this is
that in a first time interval loads are measured under normal operating conditions without significant limitation. Thus, the "natural
behavior" of test object is determined without modifying the structure of the test-object in a way which alters its mechanical
behavior. For example strain gauges may be applied to the test-object but the structure is not mechanically affected by such
attachment. In order to determine the relationship between the loads and the indicators, the test-object is subject to
measurements in a second time interval which can be under better controlled conditions, e.g. laboratory conditions. By the use of
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dynamic, especially oscillating loads applied during the second time interval, gross bodily movement of the test-object in one or
more directions can be prevented. This avoids the need for extensive facilities allowing free movement of the test-object. Hence
even very large vehicles can be calibrated in a reasonable space.

[0066] Fig. 1 is a schematic representation of a complete test-object to be measured in its natural working condition. Various
loads from the environment and the loads at the interface of part 1 and part 2 are to be identified. The details of the complete
test-object are not shown for clarity reasons. Applied to the test-object part 1 are a plurality of sensors that are able to capture
the results of the application of loads. Application of loads can occur because of the way the test-object is operated, e.g. driving
around curves, over bumps etc. Hence the term "application of loads" should be construed broadly to mean more than just loads
applied by human intervention. Such loads may be wind loads, gravitational loads, centrifugal loads, wave loads, loads exerted by
the environment efc.

[0067] Figure 2 shows the test-object which can be a partial test-object, part 1, in a calibration condition. Preferably, all indicator
signals are measured, both in time interval 1 and in time interval 2, on part 1 of the test-object. As an example, the results of
application of loads can be strains in the test-object to be tested and the sensors S1 to S10 can be strain gauges. The number of
indicator signals can be less or more then ten. The applied loads can be concentrated external loads or internal loads, or
distributed loads like pressures or field induced loads like gravity, etc.

[0068] In accordance with an embodiment of the present invention there are two distinct measurement steps in a method for
determining the loads on a test-object during operational conditions:

Step 1. In the first time interval with natural operational conditions, a complex test object (see Fig. 1) is subject to dynamic and/or
static loads, or forces. These can be external or internal forces, distributed loads, field effects, e.g. wind, impact, magnetic, etc.

It is an aim of the present invention to determine the loads. In embodiments of the present invention an indirect approach is taken
whereby the results of the loads, the indicator signals are measured on the test-object. Hence the test-object is provided with
sensors S1-S10 which provide indicator signals, which are measures of the results of the application of the loads. These are
made at selected points on the test-object. Different kinds of signals; pressure, relative position, flux, strain, etc. which capture an
effect due to the loads can be used.

The position of the indicator sensors, may be selected by engineering judgment. Alternatively and especially for complex test-
objects the position of the sensors may be selected based on a mechanical model of the test-object.

Step 2. In the second time interval, under controlled, e.g. non-operational, conditions loads are applied artificially, using excitation
devices, (see Fig. 2) to all or a main part of the same test-object which has been tested to thereby determine via measurement
the relationship between the interface forces and the results of the loads, e.g. strains, i.e. to achieve a calibration of the sensors.
This procedure then allows an inverse analysis to be performed. In this situation all or the main part of the complex test-object is
separated from the environment and other parts at the interface where the forces are to be identified. Then the test-object part is
supported in a way which is practical for the calibration. The supports are preferably soft. Figure 2 indicates the sensors S1-S10.
And, dynamic forces are applied to the test-object part 1 by at least one actuator A37. The dynamic forces applied are preferably
forces whose time average is zero. The dynamic forces may be oscillations, impulsive, random, etc.

Because of the changed boundary conditions and typically higher frequency range of the excitation loads in the second time
interval compared to the first time interval, a correction and extension in the frequency range of load to indicator signal relation-
matrix downwards in frequency, or even to static, is required.

[0069] If the boundary conditions during the second time interval were such that the eigen-frequencies of the rigid body modes
of the test object on its supports were well below the excitation frequency range, then the loads from the supports will be much
smaller then the excitation loads, and the effect of the loads at the supports on the indicator signals can be neglected. In that
case the artificial excitation loads are balanced by inertia and/or deformation modes within the test-object. The eigen-frequencies
of the rigid body modes on the supports are preferably a factor three or alternatively a factor ten lower then the lowest frequency
used in the artificial excitation to meet this condition. The shape of the transfer function between loads and indicator signals in
these conditions is indicated in figure 5a and figure 5b.

[0070] If the boundary conditions and the frequency range of artificial excitation do not meet the above condition, then the
modes of the test-object can be measured, and the effect of the test-object on support modes can be subtracted from the load-
indicator signal relations, as indicated in figure 5c.

[0071] After the elimination of the effect of the supports or other constraints, it may be necessary to identify modes within the
test-object, like for example deformation modes. If the frequency range used in the second time interval is much lower then the



DKI/EP 2390644 T3

lowest eigen-frequencies of the test-object internal modes, preferably a factor three or alternatively a factor ten lower in
frequency, then this step is not needed. In that case the load to indicator signals is almost independent of the frequency, and can
thus be extended downwards, even to static. This is indicated in figure 5b.

[0072] However, if the test-object internal modes are within the frequency range of the artificial excitation in the second time
interval, then the eigen-modes and upper residuals can be used to extend the frequency range of the load-indicator transfer
functions downwards in frequency to a frequency range where a constant, frequency independent, transfer is found.

[0073] The low frequency part of the transfer function is extended downwards in frequency using the average value of the
transfer, as indicated in figure 6. In this embodiment, the relation between the loads and the loads is assumed to be time
independent.

[0074] In this embodiment, the operational loads are preferably calculated by means of inversion of a matrix of the load to
indicator signal relations:
L=[Hil]"*1 Eg. 1

Where L is the vector of combined loads Li
Where | is the vector of combined indicators li
Where Hil is a matrix containing elements of the amount of the result of the load, e.g. the indicator signal per unit of the load.

[0075] To determine the relation between all results of loads and all interface forces, in the conditions of the second time
interval, there are at least two possibilities, each of which is a separate embodiment of the present invention:

1. 1. Interface loads (forces) are imposed one by one with a known level, and the results of the loads, e.g. the strains, are
measured.

2. 2. Or different combinations of interface forces are applied and the results of the combined loads, e.g. strains are
measured. The combinations are preferably such that the results of the loads, e.g. the strains due to individual forces can
be calculated by means of inverse analysis.

[0076] All possible loads, forces, moments, surface pressures and distributed or concentrated internal forces in the volume on-
and in- an object, including gravitation, are always in balance. This means the sum of each individual load or alternatively each
combination of loads is zero when integrated over time:

Summ (Fx)= 0

Summ (Fy)=0

Summ (Fz)=0

Summ (Mx)=0 Eq.2

Summ (My)=0

Summ (Mz)=0

[0077] If one were to apply a single static, load, or an unbalanced combination of loads to this test-object in its supported
condition, then the test-object will move in space in reaction to this single load. In laboratory conditions it is often not sufficient
space to allow large excursions of the test-object or such excursions are impractical. If, to avoid this problem, multiple loads are
applied in a balanced way, then the test-object does not start to move but the equilibrium of the forces will lead to a singular
matrix of force-strain relations, which does not allow inversion. Or, in other words, when several loads, possibly overlapping in
direction, are to be identified, it is not possible to apply sufficiently different combinations of static loads, such that the individual
loads can be calculated.

[0078] To illustrate this with a simple case with two external loads F10, F20, the structure is placed under two axal loads at two of
its ends (see Fig. 3a) in the operational condition (operational phase). There are external loads F10, F20, in this case
concentrated forces, at both ends and there is motion, all only in one degree of freedom. The test-object is in this case
instrumented with multiple strain sensors, which provide indicator signals, around the interface locations. The external forces are
to be measured and therefore the interface force to strain relations have to be determined. Next, in the quasi free suspension
(calibration phase), a single static force F11 is applied at the left end of the unconstrained object (Fig. 3b). Then the object will
accelerate balanced by an inertial force. The resulting strains are a combination of the external and the internal inertial force. The
movement of the object during testing makes measurement more complex, e.g. it may be necessary to use wireless sensors to be

10
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able to track the strains or an unwieldy umbilical cable will have to be applied to the test-object that will affect the effect of applied
forces on the test-object.

[0079] If a combination of balanced static forces F11, F21 is applied (Fig. 3c), there is no motion but there exists only one
combination which is balanced, making inversion of the force/strain matrix impossible.

[0080] To solve these problems, in accordance with the present embodiment of the invention, use is made of dynamic excitation
(see Figs. 4a, b, c

[0081] ). The advantage of this is that an oscillating force about zero has a time average of zero - hence the object does not
move significantly. A disadvantage is that static forces cannot be measured or identified directly in this way.

[0082] To solve this problem, in accordance with the present embodiment of the invention, first of all in an operational phase
(Fig. 4a), the test-object is subjected to its operational test in which internal and external forces may be present. Then during the
calibration phase at least one dynamic oscillating force F11 is applied. The dynamic force is balanced by inertial forces M (Fig.
4b, 4c). These forces are the result of rigid body motion and deformation eigenmodes of the object.

[0083] The responses to the loads, e.g. the indicator signal response of the test-object in the frequency domain are recorded by
the sensors (Fig. 5a). The indicator signal per unit load is therefore, in general, a frequency-dependant complex number. In a
next step the lower frequency or static response is extracted from the measured responses. The dynamic excitation test covers a
certain frequency range between a minimum and maximum frequency. (fig 5.) The measured frequency range will result from
practical limitations of the actuator and suspension system.

[0084] The static part in the response to the loads, e.g. the indicator signal responses needs to be determined. Preferably, as
indicated in figure 5b, in one embodiment of the present invention the frequency range is below the lowest deformation mode. In
that case the measured amplitude approximates the desired static part.

[0085] If the measured frequency range is within the range of the modes of the test-object on its supports or other constraints,
then these modes are identified and the modal response is subtracted from the total measured load-indicator transfer-functions,
which is also indicated in Fig. 5¢

[0086] The general equation for the Matrix of the Frequency Response Functions [H] is (Eq. 3):

[#]= Z{yf, p {w.}7+{w,} . {WI}H Eq.3

Where {¥j} is the it modal vector, (w is the angular frequency and Aj is the ith pole. The superscript T, * and H are used

respectively for the transpose matrix, the complex conjugate and the complex transpose conjugate matrix.

[0087] A specific scaling for the modes (unity a) has been assumed. If this is not the case, a scaling factor can be introduced for
the modal vector. In general, the modal vector can be built from nodal displacements of the test-object but it can as well contain
other signals which can function as indicator signals.

[0088] In order to remove the contribution of the first n modes, the following is used:

o e 2 B

Hence in accordance with embodiments of the present invention, the frequency range where the test-object does not exhibit
significant modal behavior is used to extrapolate down in frequency.

[0089] If the load-indicator transfer functions of the test-object shows internal modes, then the internal modes and the upper and
lower residual modes are identified using modal analysis. The identified modes can then be used in to synthesize the transfer
functions from static upwards in frequency. The formulation for the synthesis depends on the character of the load and indicator
signal. For a load to displacement (or to strain) transfer function the lower frequency behavior below the lowest mode is
asymptotic to a constant, and the higher frequency behavior is asymptotic to the second power of the frequency. In such a case
the equation 5 is used

(@)= Z[ o 1" p L ] [UR]—%)—’SJ Eq.5

jo—- 4,

11



DKI/EP 2390644 T3

[0090] In the general, non-reciprocal case the residue matrix can be decomposed in modes shapes and participation factors:

[A;; ]= {Wl; }{Lk }l' Eq. 6

[0091] In the reciprocal case the residue matrix can be decomposed in modes shapes and the complex scale factor:

[Ak]sz{Wk}{Wk}l Eq.7
where:
[Ha (W] :

transfer matrix with responses
[Ax:

residue matrix of mode k
Ak

pole value of mode k
Qk:

complex scale factor of mode k
{Wid

un-scaled mode shape vector of mode k
{Li}:

participation factor of mode k
[UR] :

upper residual term matrix
[LR]:

lower residual term matrix

A =0+ jo

A= (“;- +.ivl—éfbk

Q, =&} +07

é: = __L

0, =,

where:

O k : damping factor

w  : damped natural frequency

¢ i . critical damping ratio (quality- or Q-factor: 1/2§)
Q , : un-damped natural frequency (rad/s)

Eq.8
Eq. 9

Eq. 10

Eq. 11

[0092] Depending on the type of load and on the type of indicator signal the lower frequencies tend to constant, or tend to be
proportional to frequency or inverse proportional to frequency or proportional to any discrete power of the frequency. In any case
it is possible to integrate or differentiate the three main elements in equation 5 to a formulation which describes the behaviour. In
the example below, equation 13, the modes are scaled proportional to frequency. The higher frequencies, as determined by the
upper residuals, are also scaled proportional to frequency. The lower frequencies, as mostly determined by the lower residuals,

are inverse proportional to frequency.

[H‘.(a))]=ja)-2[ 4] , AT ]+ja)<[UR]—j'-[Z—R]

jo—A  jo-i
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[0093] The character of the transfer function between a type of load and a type of indicator is either theoretically known, or it is
determined on the basis of measured transfer functions.

[0094] The present invention also relates to a load identification system. The system may be made include hardware or may also
include software, in the latter case being suitable for operating on a computing device. By way of illustration, the present invention
not being limited thereto, an example of a characterization system according to an embodiment of the present invention is shown
in figure 8, showing standard and optional components. The characterization system 300 comprises an input means 310 adapted
for receiving in-situ input data and/or response data regarding the physical system. The latter may comprise an input port 312 for
receiving data from a stored position, e.g. from a memory, which may for example be a data port, or an input unit 314 for putting
in the data manually by a user. The input means 310 alternatively or in addition thereto may comprise a measurement means 316
for measuring the input data and/or response date regarding the physical system directly or indirectly from the physical system
and test-object 100. The input means 310 may also be adapted for receiving system response function data. Such system
response function may be representative of the transfer of load to indicator signals between at least one input point and at least
one response point. The characterization system furthermore may comprise a processing means 320 adapted for applying signal
transformation from time to frequency domain to time domain, and vice-versa, for the load identification from the stored
operational signals and transfer functions. The system furthermore may comprise of further a processing means 330 for
processing and inversion of the load-indicator relations.

[0095] The system optionally also may comprise a processing means 340 for or the above processing means also may be
adapted for determining the loads. The processing means 320, 330 and/or 340 may be any suitable processor such as for
example a microprocessor, a digital signal processing device, a programmable digital logic device such as a Programmable Array
Logic (PAL), a Programmable Logic Array, a Programmable Gate Array or a Field Programmable Gate Array (FPGA), etc. One or
more of the different processing steps may for example be based on a predetermined algorithm, based on predetermined rules,
based on neural networking, based on a predetermined mathematical method, etc. The characterization system 300 furthermore
may be adapted to provide one, some or all functionalities of the method steps as described in embodiments of the
abovedescribed aspects of the present invention. The system furthermore may comprise an output means 350 for outputting the
obtained transfer path related data. Such an output means 350 may be a visualisation means for visualising the obtained results,
or it may be a data port for providing output to an external component. Such information may be adapted to be provided as input
data for a simulation system.

[0096] Figure 9 illustrates the flow of operations and data involved in the load identification. The present invention also includes
software for carrying out any of the methods of the present invention. The software modules will perform a combination the
various operations like:

1. 1. Pre-processing of the operational measurement data. This includes standard signal processing steps to remove, for
example, the drift and filter the measurement signals.
2. 2. Atransform into the frequency domain, e.g. application of an FFT of the operational measurement data to obtain the
corresponding frequency spectra.
3. 3. Integration or differentiation of the measured time signals or of the calculated spectra and frequency response functions.
4. 4. Spatial transformation, and/or averaging, of the measured excitation to indicator transfer functions to other locations of
excitation and/or direction of excitation.
5. 5. Optional modal analysis on the load-indicator transfer-function matrix. This results in a set of modes and residual terms.
6. 6. Optional, subtraction of the modes of the test-object on its supports, or other constraints, from the measured transfer
functions in the measured frequency band.
7. 7. Synthesis of the load-indicator transfer functions using the identified test-object internal modes from static upwards in
frequency,
8. 8. The estimation of the static load to indicator relation from the measured transfer functions potentially corrected when
required. This is based on the estimation of the average load to indicator transfer function in the frequency range showing
a nearly constant behavior.
9. 9. Completion of the transfer functions downwards in frequency, possibly to DC, on the basis of the estimated static load to
indicator relation.
10. 10. The inversion of the measured and modified load to indicator transfer function matrix to a indicator to load transfer
function matrix.
11. 11. The transformation of the response to load transfer functions to impulse responses in the time domain.
12. 12. Convolution of the measured response signals in the first time interval with the impulse responses to obtain the force
time signals.
13. 13. Multiplication of the measured response spectra with the response to force transfer functions to obtain the force
spectra.
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14. 14. Inverse FFT of the force spectra to calculate the force time signals.
15. 15. The post-processing of the results. This can include the combination of the estimated forces with transfer, or impulse
responses, to determine output time signals, or spectra, and contributions of individual loads to outputs.

[0097] Fig. 10 is a schematic representation of a computing system which can be utilized with the methods and in a system
according to the present invention. A computer 10 is depicted which may include a video display terminal 14, a data input means
such as a keyboard 16, and a graphic user interface indicating means such as a mouse 18. Computer 10 may be implemented as
a general purpose computer, e.g. a UNIX workstation or a personal computer. Computer 10 includes a Central Processing Unit
("CPU") 15, such as a conventional microprocessor of which a Pentium processor supplied by Intel Corp. USA is only an example.
A number of other units are interconnected via system bus 22. The computer 10 includes at least one memory. Memory may
include any of a variety of data storage devices known to the skilled person such as random-access memory ("RAM"), read-only
memory ("ROM"), non-volatile read/write memory such as a hard disc as known to the skilled person. For example, computer 10
may further include random-access memory ("RAM") 24, read-only memory ("ROM") 26, as well as an optional display adapter 27
for connecting system bus 22 to an optional video display terminal 14, and an optional input/output (I/O) adapter 29 for
connecting peripheral devices (e.g., disk and tape drives 23) to system bus 22. Video display terminal 14 can be the visual output
of computer 10, which can be any suitable display device such as a CRT-based video display well-known in the art of computer
hardware. However, with a portable or notebook-based computer, video display terminal 14 can be replaced with a LCD-based or
a gas plasma-based flat-panel display. Computer 10 further includes user interface adapter 19 for connecting a keyboard 16,
mouse 18, optional speaker 36, as well as allowing optional physical value inputs from indicator sensors 40 of an external
calibration system 20. In the calibration system the test-object to be tested is subjected to forces by actuators 37. The test-object
can be a vehicle such as an automobile, e.g. car or truck, an aircraft, a helicopter, a train, a locomotive, a carriage, a ship, a
missile, a rocket, wind turbine, water turbine, steam turbine, etc. The sensors 40 may be any suitable sensors for capturing
physical parameters of the test-object under test in system 20. These sensors 40 may include any sensor for capturing relevant
physical values that are the results of applied loads to the test-object under test. Additional sensors 41, for capturing physical
parameters of a test-object tested in its operating condition 21 may also connected to bus 22 via a communication adapter 39
connecting computer 10 to a data network such as the Internet, an Intranet a Local or Wide Area network (LAN or WAN) or a
CAN. These systems allow transmission of physical values over a telecommunications network such as indicator signal
measurements and forces and loads as well as a description of the test-object under test.

[0098] The term "sensor" includes physical value capture device such devices which provide values of parameters of a physical
system such as a test-object to be tested. Similarly, sensors may include devices for transmitting details of time dependent
values, e.g. dynamic values. The present invention also includes within its scope that the relevant physical values are input
directly into the computer using the keyboard 16 or from storage devices such as 23, e.g. when the results of measurements
during the calibration phase or during the operational test phase have been recorded on a suitable signal storage medium, e.g. a
machine readable signal storage medium of which a CD-ROM or a DVD-ROM, a USB stick, a solid-state memory are only
examples.

[0099] The actuators 37 for system 20 may also be connected via a communications adapter 38 for control purposes. The
actuators 37 may receive an output value from computer 10 running a computer program for determining a dynamic load value,
e.g. amplitude, phase or frequency to be applied to the test-object under test in system 20 and in response to receipt of the
output value from computer 10, the actuators 37 apply the relevant load.

[0100] Computer 10 can also include a graphical user interface that resides within machine-readable media to direct the
operation of computer 10. Any suitable machine-readable media may retain the program for the graphical user interface, such as
a random access memory (RAM) 24, a read-only memory (ROM) 26, a magnetic diskette, magnetic tape, or optical disk (the last
three being located in disk and tape drives 23). Any suitable operating system and associated graphical user interface (e.g.,
Microsoft Windows) may direct CPU 15. In addition, computer 10 can include a control program 51 which resides within computer
memory storage 52. Control program 51 contains instructions that when executed on CPU 15 carry out the operations described
with respect to any of the methods of the present invention.

[0101] Those skilled in the art will appreciate that the hardware represented in FIG. 10 may vary for specific applications. For
example, other peripheral devices such as optical disk media, audio adapters, or chip programming devices, such as PAL or
EPROM programming devices well-known in the art of computer hardware, and the like may be utilized in addition to or in place of

the hardware already described.

[0102] In the example depicted in Fig. 10, the computer program product (i.e. control program 51) can reside in computer
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storage 52. However, it is important that while the present invention has been, and will continue to be, that those skilled in the art
will appreciate that the mechanisms of the present invention are capable of being distributed as a program product in a variety of
forms, and that the present invention applies equally regardless of the particular type of signal bearing media used to actually
carry out the distribution. Examples of computer readable signal bearing media include: recordable type media such as floppy
disks and CD ROMs and transmission type media such as digital and analogue communication links.
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Patentkrav

1. Fremgangsmade til bestemmelse af lav frekvens eller statiske belastninger
pa et system, hvilket system omfatter et forsegsobjekt eller en struktur, der
virker i en farste driftsmodus, hvilken fremgangsmade omfatter:

maling af indikatorer, der repraesenterer resultater af farste belastninger, der
udoves pa mindst et element af forsogsobjektet eller strukturen i et forste
tidsinterval, nar systemet eller strukturen virker i den farste driftsmodus, hvor
den fgrste driftsmodus er en almindelig driftstilstand, og

udledning af et forhold mellem de farste belastninger og indikatorerne, som
geelder for den farste driftsmodus, ved méling pa en styret made i et andet
tidsinterval,

kendetegnet ved

at, i det mindste delen af forsggsobjektet, som befinder sig uden for greense-
fladerne, hvor belastningerne skal identificeres, fjernes,

hvor forsggsobjektet eller strukturen i det andet tidsinterval virker i en anden
driftsmodus, hvor forsggsobjektet eller strukturen er tilpasset til at tillade ma-
ling af reaktioner pa anvendte, kendte eller mélbare andre belastninger, om-
givelserne af forsggsobjektet eller strukturen og maden, hvorpéa forsggsob-
jektet eller strukturen baeres, aendres sammenlignet med den fgrste driftsmo-
dus, hvilket forhold bestemmes ved, at der anvendes kunstige andre belast-
ninger som dynamiske eksitationer, og der méles reaktioner herpéa ved fre-
kvenser, som er hgjere end frekvenserne af de forste belastninger, der an-
vendes i den fgrste driftsmodus, hvor den anden driftsmodus er en kalibre-
ringstilstand,

ekstrapolering eller nedkomplettering af forholdet i frekvens for at afdsekke
frekvensomradet, som er relevant for den forste driftsmodus, hvilken ekstra-
polering udfgres enten ved at forudsaette et frekvensafhaengigt forhold under
det mélte frekvensomrade eller baseret p4 en modusmodel af forsggsobjek-
tet eller strukturen; og

hvilket forhold anvendes i en invers analyse ved anvendelse af de mélte indi-
katorer for at beregne de forste belastninger ved andre frekvenser i tidsdo-
meenet eller i frekvensdomaenet.
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2. Fremgangsmade ifglge krav 1, hvorved forholdet er en overfarselsfunktion
eller en impulsreaktion.

3. Fremgangsmaéade ifglge krav 1 eller 2, hvorved de forste belastninger og de
andre belastninger er mekaniske belastninger.

4. Fremgangsmade ifolge krav 1, hvorved en del af frekvensomrédet over-
lapper med frekvensen af det fgrste og andet tidsinterval.

5. Fremgangsmade ifolge krav 1 eller 2, hvorved malingen i det andet tidsin-
terval foretages pa et delvist adskilt forsggsobjekt eller en struktur, nar be-
lastninger ved bestemte graenseflader inden i forsggsobjektet eller strukturen
skal identificeres, og/eller malingen i det andet tidsinterval foretages pa for-
sggsobjektet eller strukturen eller en resterende del deraf med randbetingel-
ser, som tilvejebringer ubetydelige begreensende dynamiske kraefter fra om-
givelserne eller baerere i frekvensomréadet anvendt i det andet tidsinterval,
hvorved denne randbetingelse begraenser et spillerum for statisk forskydning.

6. Fremgangsmade ifglge et af de foregaende krav, hvorved de dynamiske
begraensende kraefter fra omgivelserne ikke er ubetydelige, hvilket medfarer
yderligere ophasngningsmodi i frekvensomradet af det andet tidsinterval, og
hvorved der anvendes en modusmodel til at treekke den ubegreensede ad-
feerd ud af de malte forhold mellem belastningerne og indikatorsignalerne.

7. Fremgangsmade ifglge et af de foregadende krav, hvorved ekstrapolationen
indbefatter en bestemmelse ud fra malinger af en forholdsmatrix mellem for-
ste belastninger og indikatorer for den inverse analyse.

8. Fremgangsméade ifolge et af de foregéende krav, hvorved indikatorerne,
som er resultaterne af belastningerne, er deformationer, og forsggsobjektet
eller strukturen, der skal testes, eventuelt er et koretg|.

9. Fremgangsmade ifolge et af de foregaende krav, hvorved de andre be-
lastninger, der anvendes i det andet tidsinterval, ikke er i samme retning eller
samme sted som belastningerne i det fgrste tidsinterval, og en geometrisk
transformation anvendes til at udlede de ngdvendige forhold med henblik pa
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identificeringen af belastningerne i det forste tidsinterval.

10. Fremgangsmade ifalge et af de foregadende krav, hvorved det malte for-
hold mellem belastningerne og indikatorerne dertil, som udferes i det andet
tidsinterval, syntetiseres ved anvendelse af identificerede modi og gvre og
nedre resterende termer, eventuelt i kombination med integration eller diffe-
rentiering i frekvensdomaenet.

11. System til bestemmelse af lav frekvens eller statiske belastninger pa et
system, hvilket system indbefatter mindst et forsggsobjekt eller en struktur,
hvilke forste belastninger udeves pa mindst et element af forsggsobjektet
eller strukturen sdsom et koretoj i et forste tidsinterval, hvilket system omfat-
ter:

farste midler, som er tilpasset til at male indikatorer, som er resultaterne af
anvendelsen af de forste belastninger, der udeves pa mindst et element af
forsogsobjektet eller strukturen i det fgrste tidsinterval for driften i en forste
driftsmodus, hvor den forste driftsmodus er en almindelig driftstilstand,
midler, som er tilpasset til at udgve kunstige andre belastninger pa en styret
made pa mindst et element af forsggsobjektet eller strukturen i et andet tids-
interval for drift i en anden driftsmodus, hvor den anden driftsmodus er en
kalibreringstilstand,

kendetegnet ved

at, i det mindste delen af forsggsobjektet, som befinder sig uden for greense-
fladerne, hvor belastningerne skal identificeres, fjernes,

andre midler, som er tilpasset til at male reaktioner pa anvendelsen af de
andre belastninger,

midler til at udlede forholdet mellem de fgrste belastninger og indikatorerne,
hvilke midler til at udlede anvender outputs af de andre midler til maling,

hvor forsggsobjektet eller strukturen i det andet tidsinterval er tilpasset til at
tillade maling af reaktionerne, hvilke omgivelser for forsegsobjektet og ma-
den, hvorpa forsggsobjektet bzeres, aendres sammenlignet med den forste
driftsmodus for at tillade maling af reaktioner p&a anvendte kendte eller malba-
re andre belastninger, hvilke andre midler til maling er tilpasset til at méle
reaktionerne ved frekvenser, som er hgjere end frekvenserne af belastnin-
gerne i den fgrste driftsmodus,
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hvilke midler, som er tilpasset til udledning, er tilpasset til at ekstrapolere re-
aktionerne eller komplettere ned i frekvens, eventuelt ned til statisk for der-
ved at afdaekke frekvensomradet af den farste driftsmodus og til at ekstrapo-
lere enten ved at forudseette et frekvensafhaengigt forhold under det malte
frekvensomréade eller baseret pd en modusmodel af forsegsobjektet eller
strukturen og er tilpasset til bruge en invers analyse ved anvendelse af for-
holdet og de malte indikatorer til beregning af de farste belastninger i tidsdo-
meenet eller i frekvensdomaenet.

12. System ifelge krav 11, hvor forholdet er en overfgrelsesfunktion eller im-
pulsreaktion.

13. System ifglge krav 11 eller 12, hvor de forste belastninger og andre be-
lastninger er mekaniske belastninger.

14. Fremgangsmade ifolge krav 11, hvorved en del af frekvensomrédet over-
lapper med frekvensen af det forste og andet tidsinterval.

15. System ifalge krav 11 eller 12, hvilket system er et computerbaseret sy-
stem.

16. System ifolge et af kravene 11 til 13, hvor de forste eller andre midler,
som er tilpasset til maling, omfatter forleengelsesmalere.

17. System ifolge et af kravene 11 til 14, hvor midlerne, som er tilpasset il
udledning, er tilpasset til at bestemme ud fra malinger en forholdsmatrix for
den inverse analyse.

18. System ifglge et af kravene 11 til 15, hvilket system er tilpasset pa en
sadan made, at i det andet tidsinterval forsogsobjektet eller strukturen er et
delvist adskilt forsogsobjekt eller struktur, nar belastninger ved bestemte
greenseflader inden i forsggsobjektet eller strukturen skal identificeres,
og/eller malingen i det andet tidsinterval foretages pa forsogsobjektet eller
strukturen eller en resterende del deraf med randbetingelser, som tilvejebrin-
ger ubetydelige begreensende dynamiske kreefter i frekvensomradet anvendt
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i det andet tidsinterval, men hvor randbetingelsen begraenser spillerummet
for statisk forskydning.

19. System ifolge et af kravene 11 til 16, hvor de dynamiske begraensende
kreefter fra omgivelserne er ikke-ubetydelige, hvilket medfgrer yderligere op-
haengningsmodi i frekvensomradet af det andet tidsinterval, og hvor systemet
er tilpasset til at anvende en modusmodel til at treekke den ubegraensede
adfeerd ud af de malte forhold mellem belastningerne og indikatorsignalerne.

20. System ifalge et af kravene 11 til 17, hvor eksitationskraefterne i det an-
det tidsinterval ikke er i samme retning eller samme sted af belastningerne i
det forste tidsinterval, hvilket system er tilpasset til at anvende geometrisk
transformation for at udlede de ngdvendige forhold med henblik pa identifice-
ringen af belastningerne i det forste tidsinterval.

21. System ifglge et af kravene 11 til 18, hvor systemet er tilpasset saledes,
at et malt forhold mellem belastningerne og indikatorerne dertil, udfgrt i det
andet tidsinterval, syntetiseres ved anvendelse af identificerede modi og gvre
0g nedre resterende termer, eventuelt i kombination med integrering eller
differentiering i frekvensdomeaenet.

22. Computerprogramprodukt, der er lagret i et ikke-midlertidigt maskinlaes-
bart lagringsmedie til implementering af et af kravene 1 til 10 eller 11 til 22.
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