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Method and sensor arrangement for load measurement on rolling element bearing

The present invention relates to load measurements on rolling element bearings,
such as ball bearings or roller bearings. More specifically, the present invention relates
to a method and sensor arrangement for determining a contact force vector acting on a
rolling element bearing in operation, the rolling element bearing comprising an inner
ring, an outer ring and a number of rolling elements between the inner and outer ring,
the method comprising the steps of receiving sensor signals from a plurality of sensors
measuring performance characteristics of the rolling element bearing, and processing
the received sensor signals to determine the contact force vector.

Such a load measuring method is e.g. known from American patent US-A-
5,140,849, which describes a rolling element bearing with a sensor unit. The sensor unit
comprises two sensor elements, in the form of strain gauges, which effectively measure
a number of performance characteristics of the bearing, including the applied load,
rotational speed and acceleration.

However, this known sensor arrangement is not capable of measuring the total
load vector applied to the bearing. Presumptions are made based on the bearing
configuration (mostly empirical) how the load on the bearing is sensed by the two
sensor elements, and thus how the load on the bearing can be determined from the
sensor element signals. Also, due to the non-linear nature of a bearing, a relative
straightforward vibration measurement method using the ball pass frequency is not
sufficient to determine the loading on the bearing in a general sense.

The present invention seeks to provide an improved method and sensor
arrangement for determining the load on a roller bearing, which is capable to determine
the complete load vector on the bearing, i.e. three orthogonal force components and
two moments (the moment around the rotation axis of the bearing being of no
importance).

According to a first aspect of the present invention, a method is provided
according to the preamble defined above, in which the plurality of sensors are arranged
to measure a bearing component deformation, and the step of processing comprises the
step of determining the contact force vector using an inverse transformation of a finite

element analysis model which describes the rolling element bearing. The bearing
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component of which a deformation is measured using the sensors, may be the inner or
outer ring, or even one of the rolling elements.

This method has the advantage that it is possible to determine the load vector in
all orthogonal dimensions on all positions of the rolling element bearing component
described by the finite element analysis model, by using measurements of the
component deformation.

In a preferred embodiment of the present method, the finite element analysis
model is simplified using at least one generalised mode shape, the at least one
generalised mode shape being a mathematical description of a natural mode
deformation of a component of the rolling element bearing, such as the inner or outer
ring. This embodiment is based on the insight that a component of a rolling element
bearing deforms according to a specific natural mode shape. A generalised mode shape
describes a natural mode deformation of the component, i.e. the static and dynamic
movements of the component, using a generalised mass, stiffness and damping matrix.
This use of at least one generalised mode shape drastically reduces the number of
equations to be solved for determining the load vector: a finite element model of a
component comprising tens of thousands of elements can be reduced to a few hundred
generalised mode shapes.

In a further embodiment, the simplified model has the form:
= = oF(6.7) 5 -
5(@)=TwK, [——(—)fc(co) ; ﬁ(w)]
op
in which
5(w) is a set of measurement points where the deformations are measured at a

frequency ®;

T is a subset of a transformation matrix ? used for the calculation of a stiffness

=T == =

matrix K p for the simplified model, the stiffness matrix K p=T KruT, ?FEM being

a stiffness matrix of a finite element analysis model of the component;

7 is the vector describing the deformation of the component;
@ is the co-ordinate in circumferential direction of the component;

@ is the co-ordinate perpendicular to the component;

Fis a set of shape functions as used for the simplified modeling of the component;
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£, is a vector comprising the contact forces working in points with co-ordinates stored
in the vectors @ and & ; and

£, is a vector comprising other forces acting on the component,

and the step of determining the contact force vector f comprises the step of solving the

simplified model equations for ]76 ,0 and o and summing the contact forces according

o T= £(7.0.3).

The specific set of equations forming the simplified model may be quickly and
accurately solved to determine the load vector 7 .

In a further embodiment of the present invention, only the sensor signals at a
rolling element pass frequency oy, are considered in the simplified model. As the
vector ]_’e , representing external forces on the component are substantially zero at the
rolling element pass frequency, this further simplifies the task of solving the set of
equations.

In an even further embodiment of the present invention, the sensors are
positioned at the same pitch as the rolling elements, and the simplified model takes the
form of

[5(@,)|=TwK, —a—F—;’%—“_—)

f.(@4,)

and the step of determining the contact force vector f comprises the step of solving the

/e

7 =f (Z, E) . By positioning the sensors at the same pitch as the rolling elements, the

simplified model equations for |f,|and & and summing the contact forces according to

effect of the phase can be eliminated in the simplified model, even further reducing the
computational task of solving the set of equations.

The number of sensors is preferably equal to the number of rolling elements. This
provides enough signal information to accurately determine the solution to the set of
equations, without obtaining an overdetermined set of equations.

In an even further embodiment, the contact angle of the force vector acting on the
rolling element bearing is equal to a predetermined value, and the number of the
plurality of sensors is equal to the number of loaded rolling elements. As the contact

angle o of the force vector is known in this situation, less information is needed (i.e.
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less sensor elements) to solve the set of equations. E.g., in the case of a radial loaded
bearing in which only three rolling elements carry the full load vector, it is sufficient to
only determine the deformation at these three locations, thus requiring only three
sensors.

In case of an angular contact ball bearing, the force vector angle o is known, and
it is sufficient to use N sensors, N being equal to the number of loaded rolling elements,
e.g. three. ‘

In a further aspect, the present invention relates to a sensor arrangement for
determining a contact force vector acting on a rolling element bearing in operation, the
rolling element bearing comprising an inner ring, an outer ring and a number of rolling
elements between the inner and outer ring, the sensor arrangement comprising
processing means and a plurality of sensors connected to processing means, and the
processing means being arranged to execute the present method steps.

Such a sensor arrangement allows to determine the complete force vector in five
degrees of freedom in a quick and accurate manner. The sensor arrangement is very
accurate, and also is independent from the temperature, mounting and interface
conditions of the rolling element bearing.

The sensors which are used may advantageously comprise strain gauges or other
types of sensors suitable to measure a deformation or displacement of a surface, such as
the outer bearing ring.

In an even further embodiment, the processing means comprise a neural network,
the neural network being trained to provide the contact force vector as an output using
mput signals from the plurality of sensors. This provides a very efficient solution for
the complex modeling of the bearing (component) mechanics.

The bearing inner ring or outer ring are, in a further embodiment, attached to a
sensor holder, a circumferential recession being provided between at least part of the
contacting surfaces of the inner ring or outer ring and the sensor holder. The
circumferential recession allows the local deformation of the inner or outer ring under
the influence of the vector force acting on the bearing and transmitted by the rolling
elements.

The present invention will now be explained in further detail using a number of

exemplary embodiments, with reference to the accompanying drawings, in which
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Fig. 1 shows a cross sectional view of a rolling element bearing provided with a
number of displacement sensors;

Fig. 2 shows a cross sectional view of the rolling element bearing of Fig. 1 across
the line IT-II; and

Fig. 3 shows a block diagram of a sensor arrangement according to an
embodiment of the present invention.

In Fig. 1 a cross sectional view is shown of a rolling element bearing 1, e.g. a ball
bearing or roller bearing. The rolling element bearing 1 comprises an outer ring 5, an
inner ring 6 and a number of rolling elements 7 (the number of rolling elements 8 being
eight in the drawing). The outer ring 5 of the rolling element bearing 1 is fixed in a
sensor holder 2, which forms the fixed world for the rolling element bearing 1. In the
sensor holder 2 eight sensors 8 are provided at locations facing the bearing outer ring 5
with (angular) spacing corresponding to the angular spacing of the rolling elements 7 of
the bearing 1. The sensors 8 may e.g. be displacement sensors or vibration sensors,
known as such to the person skilled in the art.

As shown in the cross sectional view of Fig. 2, the bearing outer ring 5 is
provided with arecession 3 at its outer periphery. The outer surfaces of the bearing
outer ring 5 are in close contact with the sensor holder 2. The sensors 8 can thus
monitor any deformation of the surface of the recession 3 of the outer ring 5 as a result
of the rolling elements 7 passing by and the force vector applied to the bearing 1.

For the person skilled in the art, it will be clear that the circumferential recession
3 may also be provided in the sensor holder 2, such that a (local) deformation of the
outer surface of the bearing outer ring 5 is possible. It will also be clear to the person
skilled in the art, that it is possible to use sensors 8 monitoring the inner surface of the
bearing inner ring 6, and that the bearing inner ring 6 (or the supporting inner ring
holder analogue to the sensor holder 2) may be provided with a circumferential
recession 3.

When it is known in advance, e.g. due to the construction in which the rolling
element bearing 1 is used, that the force vector will be directed in mainly one direction,
it is sufficient to use a smaller number of sensors 8 in the present sensor assembly. If it
is e.g. known that the force vector will be predominantly directed in a single direction,

it may be sufficient to provide only e.g. three sensors adjacent to each other in that
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direction, because that will be the only region of the outer ring 5 were deformations
will occur. This simplifies the sensor assembly, while retaining sufficient accuracy..
In Fig. 1, also an x-axis and y-axis are indicated, a z-axis being defined as being
orthogonal to both the x- and y-axis (extending perpendicular to the surface of the
drawing). Furthermore, two rotational axes may be defined, e.g. rotational axes around

the x- and y-axis, respectively. In general, the rolling element bearing 1 is in operation
subjected to a force vector 7 , comprising three force elements in the x-, y- and z-

direction, respectively, and two moment elements around the x- and y-axis,
respectively.

In Fig. 3, a schematic diagram is shown of a sensor arrangement according to an
embodiment of the present invention. The sensors 8 are connected to processing means
10, such as a general purpose computer or a dedicated signal processing system, in
order to provide the sensor signals to the processing means 10. The processing means
10 may be further connected to memory means 11 for storing parameters, data and
processing results. Also, the processing means 10 may be connected to interface means
12, e.g. for providing an output of processed results on a display or printer.

The processing means 10 are arranged to process the signals from the sensors 8,
and may comprise e.g. filters, amplifiers, etc., or digital signal processing means, such
as analog-to-digital converters, digital filters, arithmetic logic units, etc., or a
combination of both.

In a further embodiment, the processing means 10 may comprise a neural
network, which is suitably trained to provide the force vector as an output, using the
measurement signals of the sensors 8 as input signals. Training of neural networks is
not part of this invention and is thus not further detailed in this description.

The concept of the present invention is based on determining contact loads in a
roller bearing by measuring deformations or vibrations in a bearing ring 5, 6. The
magnitude of the measured signal is dominated by contact loads. A modeling technique
is used to determine the point of action (i.e. the contact angles) and the magnitude of
the contact load. Given the point of action and the magnitude of all contact loads at a
specific time, it is possible to calculate the total load on the bearing 1. The total load
may comprise a vector with three orthogonal force elements and two moment elements

(the moment element around the rotational axis of the bearing being of no importance).
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Basic to the present invention is the understanding that any mechanical object,
such as the bearing inner or outer ring 5, 6, can only be deformed according to its
natural mode shapes.

The modeling technique used is based on a so called component mode synthesis
(CMS) technique. According to this technique, the natural mode shapes can be
described using a specific set of equations, as e.g. described in J.A. Wensing, 'On the
dynamics of ball bearings', ISBN 90-36512298, which is incorporated herein by
reference. These natural mode shapes may e.g. be determined using a finite element
analysis model of the component 5, 6. The model may be further simplified using the
finite element analysis model and the component mode synthesis technique to arrive at
a simplified model describing the deformations of a component with generalised mode
shapes. This will allow to transform the finite element analysis model with tens of
thousands of elements to a few hundred mode shape descriptions, which are much
easier and faster to solve. Using the simplified model, also, the deformation can still be
calculated on all positions of the component 5, 6.

For the present invention, the deformation of the component 5, 6 due to the
rolling element 7 loads may be described using a number of these generalised mode
shape equations. The generalised mass, stiffness and damping matrix is determined,
which describe the static and dynamic movements of the component 5, 6, in terms of
mode shapes.

Then, the load vector on a bearing 1 may be reconstructed when all contact loads
that act on the component 5, 6 are known. The contact loads cause a deformation which
using the above described model, is described as a series of natural mode shapes. The
deformation is connected to the rolling contact forces by a stiffness matrix, which is
directly available from the component mode shape descriptions. The inverse of the
stiffness matrix thus describes the forces as a function of the locally observed
deformation of the component 5, 6 as detected by the sensors 8.

According to this modeling technique, the generalised force on a bearing ring due
to contact loads can be written as

- OF0,7&) -
7, =20,

in which
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7 is the vector with the generalised degree of freedom describing the deformation of
the bearing ring;

7 ,is the corresponding generalised force vector;

F is a set of functions as used for the modeling of flexible rings;

£, is a vector comprising the contact forces working in points with co-ordinates stored
in the vectors § and & ;

@ is the co-ordinate in circumferential direction of the bearing ring raceway; and

& is the co-ordinate perpendicular to the bearing ring raceway (for example the contact
angle.

The relation between the generalised degree of freedom p and the generalised
force f, , for a bearing ring (neglecting inertia properties) is:
]7 p = ?M—D—
in which K »1s a stiffness matrix. For a set of measurement points § where the
displacements (deformations) or vibrations are measured, the following equation holds:
§=Tnp

in which ?m is a subset of the transformation matrix ? used for the calculation of the

= == —_
stiffness matrix of the CMS model K, =T Kr T . K reu is the stiffness matrix of a

FEM-model of the bearing ring.

When the above equations are combined, and adding a general force representing

the other loads f,(t) on the bearing ring, yields:
_ . = =1(3F(0,&) - ,
50 =T+, (45-_—2]’ (r)+fe<r)j

7z

The unknowns in this equation are the vectors § , & and f, . Transformation of

this equation in the frequency domain yields:
_ = =1 0F(0,&) - -
S(@)=TnKp (—L—lﬂ(w)ﬂ‘e(aﬂ)
P
Due to the nature of the rolling element bearing, the contact force fc on a certain

position will vary with the ball (or roller) pass frequency ,,. Also, the magnitude of

the external load at the ball pass frequency may be considered almost zero, i.e.
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7. (@,,) ~ 0. Therefore, at the ball pass frequency the contributions of the contact loads

can be found in terms of magnitude and phase. Given the contact loads, the external
load on the bearing can be calculated by summing the contact loads:
f=r(/..0.a)

In a special embodiment, the effect of the phase can be eliminated by placing the
sensors which detect the deformation or vibration on cross sections of the bearing inner
or outer ring with a mutual distance equal to the spacing between the rolling elements

of the bearing (pitch), In this case, the equation reduces to

@)

Is(mbp)(—TmKP

| and & . The matrices T and k:p

In this equation, the unknowns are reduced to

can be directly extracted from a CMS model. The analytical shape function F (5,5) is
known by definition. Thus, by placing the sensors in pairs on a number of cross
sections equal to the number of rolling elements, one can determine the contact loads
using the above equation.

Given the contact loads, the external load on the bearing can be calculated by

summing the contact loads according to f = f (f.,60,a) .
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CLAIMS

1. Method for determining a contact force vector acting on a rolling element
bearing (1) in operation, the rolling element bearing (1) comprising an inner ring (6), an
outer ring (5) and a number of rolling elements (7) between the inner and outer ring,
the method comprising the steps of:

- receiving sensor signals from a plurality of sensors (8) measuring performance
characteristics of the rolling element bearing (1);

- processing the received sensor signals to determine the contact force vector,
characterised in that

the plurality of sensors (8) are arranged to measure a bearing component deformation;
and the step of processing comprises the step of determining the contact force vector
using an inverse transformation of a finite element analysis model which describes the

rolling element bearing (1).

2. Method according to claim 1, in which the finite element analysis model is
simplified using at least one generalised mode shape, the at least one generalised mode
shape being a mathematical description of a natural mode deformation of a component

of the rolling element bearing (1), such as the inner or outer ring (5, 6).

3. Method according to claim 2, in which the simplified model has the form:
= =1 oF(0,@
() = Tpr( FOD) 7 )+f(co)]
in which
5(w) is a set of measurement points where the deformations are measured at a
frequency ®;

Z—"m is a subset of a transformation matrix ? used for the calculation of a stiffness

=T =

matrix K p for the simplified model, the stiffness matrix K p =T Kreu T K rEy being

a stiffness matrix of a finite element analysis model of the component;

7 is the vector describing the deformation of the component;
@ is the co-ordinate in circumferential direction of the component;

@ is the co-ordinate perpendicular to the component;
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F is a set of shape functions as used for the simplified modeling of the component;

. 1is a vector comprising the contact forces working in points with co-ordinates stored
in the vectors @ and & ; and

fe is a vector comprising other forces acting on the component,

and the step of determining the contact force vector £ comprises the step of solving the

simplified model equations for f.,0 and & and summing the contact forces according

4. Method according to claim 3, in which only the sensor signals at a rolling

element pass frequency @y, are considered in the simplified model.

5. Method according to claim 3 or 4, in which the sensors (8)are positioned at the

same pitch as the rolling elements (7), and the simplified model takes the form of

[5(2,)] = TnK, 20:2) ®,,)),

and the step of determining the contact force vector f comprises the step of solving the

simplified model equations for |,

f=r(f.a).

6. Method according to one of the claims 3, 4 or 5, in which the number of

sensors (8) is equal to the number of rolling elements (7).

7. Method according to one of the claims 3, 4 or 5, in which the contact angle of
the forces acting on the rolling element bearing (1) is equal to a predetermined value,
and the number of the plurality of sensors (8) is equal to the number of loaded rolling

elements (7).

8. Sensor arrangement for determining a contact force vector acting on a rolling
element bearing (1) in operation, the rolling element bearing (1) comprising an inner
ring (6), an outer ring (5) and a number of rolling elements (7) between the inner and

outer ring,
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the sensor arrangement comprising processing means (10) and a plurality of sensors (8)
connected to processing means, and the processing means (10) being arranged to

execute the method steps according to one of the claims 1 to 7.

9. Sensor arrangement according to claim 8, in which the processing means (10)
comprise a neural network, the neural network being trained to provide the contact

force vector as an output using input signals from the plurality of sensors (8).

10. Sensor arrangement according to claim 8 or 9, in which the bearing inner ring
(6) or outer ring (5) are attached to a sensor holder (2), a circumferential recession
being provided between at least part of the contacting surfaces of the inner ring (6) or

outer ring (5) and the sensor holder (2).
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