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VIBRATION-BASED ELEVATOR TENSION MEMBER WEAR AND LIFE
MONITORING SYSTEM

BACKGROUND OF THE INVENTION

[0001] Embodiments of the invention relate to elevators, and in particular to the
vibration-based wear and life monitoring of elevator tension members.

[0002] Elevator systems typically utilize tension members, such as ropes, belts,
bands, or cables, to propel an elevator car along a hoistway. One type of tension member is a
coated steel belt which may be made up of multiple wires located within a jacket material.
During normal elevator operation, tension members are subjected to a large number of
bending cycles as the tension member travels over drive sheaves and deflector sheaves of the
elevator system. In addition, over time, the weight of the elevator car on the tension member
may result in stretching of the tension member, which may result in fatigue, such as the
creation of micro-cracks in the tension member. Such fatigue is a major contributor to
reduction in service life of the tension member. While the service life of tension members can
be estimated through calculation, a more accurate estimation of remaining life of the coated
steel tension member is often obtained by utilizing a life- monitoring system.

[0003] One such system is called resistance-based inspection (RBI). An RBI system
monitors an electrical resistance of each cord in the tension member. Some cord
configurations, however, do not exhibit a significant, measurable change in resistance which
can be correlated to a number of bending cycles or cord degradation. In such cases,
assessment of tension member condition based upon changes in electrical resistance of the
cords is difficult due to the small magnitude of change in electrical resistance of the cords as

the cords wear.

BRIEF DESCRIPTION OF THE INVENTION

[0004] Embodiments of the present invention include an elevator system. The system
may include an elevator drive system including a tension member supporting an elevator car
under tension and a wear and life monitoring system. The wear and life monitoring system
may include a vibration sensor for detecting vibration of at least one of the tension members
and the elevator car and a wear and life analysis unit for determining a level of wear and life
of the tension member based on the vibration of the tension member detected by the vibration

sensor.
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[0005] In one embodiment, the vibration sensor may detect a vibration of the elevator
car, and the wear and life analysis unit may determine the level of wear and life of the tension
member based on the vibration of the elevator car.

[0006] In the above embodiments, or in the alternative, the vibration sensor may
detect a vibration of the tension member directly, and the wear and life analysis unit may
determine the level of wear and life of the tension member based on the vibration of the
tension member.

[0007] In the above embodiments, or in the alternative, the vibration sensor may
detect a vibration of the tension member by detecting a vibration of one or more tension
member guiding elements, and the wear and life analysis unit may determine the level of
wear and life of the tension member based on the vibration of the tension member guiding
elements.

[0008] In the above embodiments, or in the alternative, the vibration sensor may
include an accelerometer connected to one of the elevator car and a tension member-guiding
element for detecting the vibration of the elevator car and the tension member-guiding
element, respectively.

[0009] In the above embodiments, or in the alternative, the vibration sensor may be
configured to detect a longitudinal vibration of the tension member.

[0010] In the above embodiments, or in the alternative, the wear and life analysis unit
may be configured to determine the level of wear and life of the tension member by
performing a spectral analysis of the vibration detected and measuring a level of frequency
shift of the detected vibration relative to a reference frequency spectrum.

[0011] In the above embodiments, or in the alternative, the wear and life analysis unit
may be configured to determine the level of wear and life of the tension member by
determining an elastic modulus of the tension member.

[0012] In the above embodiments, or in the alternative, a vibration inducing element
creates the vibration of at least one of the tension member and the elevator car.

[0013] According to another embodiment of the invention, a method of determining a
level of wear and life of a tension member supporting a load includes detecting a vibration of
one of an elevator car and a tension member supporting the elevator car and determining a
level of wear and life of the tension member based on the detected vibration.

[0014] In the above embodiment, determining the level of wear and life of the tension
member may include determining the modulus of elasticity of the tension member based on

the detected vibration.
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[0015] In the above embodiments, or in the alternative, detecting the vibration of one
of the elevator car and the tension member supporting the elevator car may include detecting
the vibration of the elevator car, and determining the level of wear and life of the tension
member based on the detected vibration may include determining the level of wear and life of
the tension member based on the vibration of the elevator car.

[0016] In the above embodiments, or in the alternative, detecting the vibration of one
of the elevator car and the tension member supporting the elevator car may include detecting
the vibration of the tension member directly, and determining the level of wear and life of the
tension member based on the detected vibration may include determining the level of wear
and life of the tension member based on the vibration of the tension member.

[0017] In the above embodiments, or in the alternative, detecting the vibration of one
of the elevator car and the tension member supporting the elevator car may include detecting
the vibration of one or more tension member guiding elements, and determining the level of
wear and life of the tension member based on the detected vibration may include determining
the level of wear and life of the tension member based on the vibration of the one or more
tension member guiding elements.

[0018] In the above embodiments, or in the alternative, detecting the vibration of one
of the elevator car and the tension member supporting the elevator car may include detecting
a longitudinal vibration of the tension member.

[0019] In the above embodiments, or in the alternative, determining the level of wear
and life of the tension member based on the detected vibration may include performing a
spectral analysis of the vibration detected and measuring a level of frequency shift of the
detected vibration relative to a reference frequency spectrum.

[0020] According to another embodiment of the invention, a tension member wear
and life detection system includes one or more sensors to detect a vibration of at least one of
an elevator car and a tension member supporting the elevator car and a wear and life analysis
unit for determining a level of wear and life of the tension member based on the vibration of
the tension member detected by the one or more sensors.

[0021] In the above embodiment, the one or more sensors may be configured to detect
a longitudinal vibration of the tension member.

[0022] In the above embodiments, or in the alternative, the one or more sensors may

be configured to detect a car vibration of the elevator car.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The subject matter which is regarded as the invention is particularly pointed
out and distinctly claimed in the claims at the conclusion of the specification. The foregoing
and other features, and advantages of the invention are apparent from the following detailed
description taken in conjunction with the accompanying drawings in which:

[0024] FIG. 1 illustrates an elevator system according to an embodiment of the
invention;

[0025] FIG. 2 is a flow diagram of a method according to an embodiment of the
invention;

[0026] FIG. 3 illustrates an elevator system according to another embodiment of the
invention;

[0027] FIG. 4A illustrates a detected vibration according to an embodiment of the
invention;

[0028] FIG. 4B illustrates a spectrum analysis of the detected vibration according to
an embodiment of the invention;

[0029] FIG. 5A illustrates another spectrum analysis according to an embodiment of
the invention; and

[0030] FIG. 5B depicts a phase shift according to an embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0031] Tension members in elevator systems are subject to wear, and high levels of
wear may result in accidents or other breakdowns in the system. Embodiments of the
invention relate to determining the wear and life of a tension member in an elevator system
by measuring a vibration of the tension member or of an elevator car supported by the tension
member. Embodiments include a system that offers wear and life prediction capability by
using a vibration-based system that can be applied on a large variety of elevator tension
members.

[0032] FIG. 1 illustrates an elevator system 100 according to an embodiment of the
invention. FIG. 2 is a flow diagram of a method according to an embodiment of the
invention. The system 100 includes elevator drive system 101 and a tension member wear
and life detection system 102. The elevator drive system 101 includes a tension member 103,
which may also be referred to as a cable, band, belt, or rope. The tension member 103
supports the weight of an elevator car 106. The tension member 103 may be made of any

material sufficiently strong to support a predetermined weight, including the weight of the



WO 2016/040452 PCT/US2015/049143

elevator car 106. Examples of materials that may make up the tension member 103 include
steel cables and carbon fibers, but embodiments are not limited to these materials.

[0033] The elevator drive system 101 further includes tension member guiding
elements 104 and a counterweight 105. Tension member guiding elements 104 include any
elements that affect a path of the tension member 103 and may include drive elements that
drive the tension member 103 and passive elements that change or manage a path of the
tension member 103. Examples of tension member guiding elements 104 include shafts,
rollers, gears, drive sheaves, deflector sheaves or any other elements that vibrate or have
other characteristics that are changed based on a vibration of the tension member 103. For
example, the tension member guiding element pointed to by the reference numeral 104 may
vibrate based on the vibration of the tension member 103.

[0034] The wear and life detection system 102 includes a vibration sensor 111 and a
tension member wear and life analysis unit 112. While one vibration sensor 111 is illustrated,
any number of vibration sensors 111 may be included in the system 100. In one embodiment,
the vibration sensor 111 measures a vibration of the tension member guiding element 104, as
indicated by the dashed arrow extending from the tension member guiding element 104. In
another embodiment, the sensor 111 measures the vibration of the tension member 103
directly. Such a sensor may be an optical sensor or position sensor, for example. Such a
sensor is indicated by the dashed line extending directly from the tension member 103. In yet
another embodiment, the sensor 111 measures the vibration of the elevator car 106, as
indicated by the dashed line extending from the elevator car 111. In other words,
embodiments of the invention encompass both embodiments in which the vibration of the
tension member 103 are measured indirectly, via the tension member guiding element 104 or
the elevator car 106, and embodiments in which the vibration of the tension member 103 is
measured directly. Embodiments encompass sensors located directly on the elevator car 106,
tension member 103, and tension member guiding element 104, as well as sensors located
remotely from the elevator car 106, tension member 103, and tension member guiding
element 104. Examples of sensors include accelerometers, velocity sensors, optical sensors,
magnetic sensors, and any other sensor capable of measuring vibration, whether directly or
remotely. For example, an optical sensor may be positioned remotely from the tension
member 103 to measure the vibration of the tension member 103, while an accelerometer
may be positioned directly on the elevator car 106 to measure the vibration of the elevator car

106.
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[0035] The wear and life analysis unit 112 includes a spectral analysis unit 113, a
frequency shift detection unit 114, and a threshold signal monitoring unit 115.

[0036] Referring to FIGS. 1 and 2, in block 201 of FIG. 2, a load on the tension
member 103 is determined. In one embodiment, the vibration of the tension member 103 or
elevator car 106 is measured when the elevator car 106 is known to be empty, and the load
corresponds to the weight of the empty elevator car 106. In another embodiment, the elevator
car 106 may have passengers or cargo, and the weight of the passengers or cargo may be
measured to calculate the load. In block 202 of FIG. 2, the vibration sensor 111 detects the
vibration of one or both of the tension member 103 and the elevator car 106. The vibration
sensor 111 may detect the vibration of the tension member 103 directly via a sensor directed
at the tension member 103 or located on the tension member 103, or the sensor may measure
the vibration of the tension member 103 indirectly via on or more band guiding elements 104.
Likewise, the sensor 111 may measure the vibration of the elevator car 106 directly via a
sensor located on or directed at the elevator car 106, or indirectly via an element connected to
the elevator car 106.

[0037] Measurements may be taken by the vibration sensor 111 during normal
operation of the elevator system 100, or during controlled tests of the elevator system 100.
For example, if passengers or cargo are being ferried by the elevator car 106, the weight of
the passengers or cargo may affect the vibration frequency of the tension member 103.
Accordingly, any analysis of the vibration of the tension member 103 or elevator car 106 by
the wear and life analysis unit 112 would take into account the weight of the passengers or
cargo in the elevator car 106. In one embodiment, measurement of the vibration of the
tension member 103 or elevator car 106 includes running the elevator system 100 with no
passengers in the elevator car 106 and measuring vibration. In one embodiment, a vibration is
generated in the system by stopping the elevator car 106, then measuring the resulting
vibration.

[0038] In an alternate embodiment illustrated in FIG. 3, a vibration inducing element
116 may be applied to the tension member 103 or the elevator car 106 to produce a stimulus
to the system which would produce car or tension member vibration responses. For example,
this vibration inducing event could be a pre-programmed brake stop of the car at the lower
landings during off-hour operation with no one in the car.

[0039] FIG. 4A illustrates an example of a waveform 401 of measured vibration of a
tension member 103 according to one embodiment of the invention, where the horizontal axis

corresponds to time and the vertical axis corresponds to magnitude. The vibration of the
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tension member 103 may be a relatively high-frequency vibration, such as in the range of
hundreds of hertz or in the kilohertz range, while the vibration of the elevator car 106 may be
in a low frequency range, such as in the single digits of hertz, or the tens of hertz.

[0040] Referring again to FIGS. 1 and 2, in block 205, a spectral analysis unit 113
may perform a spectral analysis 113 of the vibration measurement to determine the
frequencies at which the tension member 103 or elevator car 106 are vibrating. The spectral
analysis unit 113 includes any memory, processor, logic, and software for controlling the
processor, capable of receiving signals having particular frequency information, and
generating a spectrum based on the received signals to represent frequency information of the
received signals. FIG. 4B illustrates an example of a spectrum 402 resulting from a spectral
analysis of the waveform 401 of FIG. 4A. In FIG. 4B, the horizontal axis corresponds to
frequency, and the vertical axis corresponds to magnitude.

[0041] In block 206 of FIG. 2, the frequency shift detection unit 114 may analyze the
spectrum generated by the spectral analysis, and may determine a shift in frequency relative
to a reference spectrum, such as a spectrum obtained from previous vibration measurements,
or any other predefined spectrum. The frequency shift detection unit 114 may include any
memory for storing predefined, or previously measured spectra from spectral analyses, and
any other processor, logic and other circuitry for detecting a frequency shift in the spectra.
FIG. 5A illustrates a reference spectrum 501 generated by a spectral analysis at a first time,
and FIG. 5B illustrates a frequency shift to a second spectrum 502. Such a frequency shift
may indicate wear and life of the tension member 103, for example.

[0042] In block 203 of FIG. 2, the wear and life of the tension member 103 is
determined based on the vibration detected in block 202. For example, the wear and life of
the tension member 103 may be determined based on the frequency shift detected by the
frequency shift detection unit 114 in block 206 of FIG. 2.

[0043] In an embodiment in which the primary vibration of the elevator car 106 is
measured, the frequency of the measured vibration corresponds to the properties of the
tension member 103 according to the following equations:

[0044] Kiension member = NEA/L , and (1)

[0045] fear = (%2 1) * V( Kiension member /M) (2)

[0046] In the above equation (1), K represents a frequency shift of the tension
member 103, n represents the number of tension members that make up the elevator system
100 (the tension member 103 may include only one tension member or multiple tension

members), E represents the elastic modulus of the tension member 103, A represents the
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cross-sectional area of the tension member 103, and L represents the tension member length.
In equation (2), ., is a vibration frequency of the elevator car 106 and M is the mass of the
elevator car 106. According to the above equations (1) and (2), a shift in the frequency at
which the elevator car 106 vibrates is related to the modulus of elasticity E of the tension
member 103, the length of the tension members, and the mass of the elevator car with its
contained payload. This information can be used to predict the changes in the tension
member’s modulus of elasticity which can be further correlated to the effective level of wear
and life of the tension member 103.

[0047] In an embodiment in which the vibration of the tension member 103 is
measured, the relationship between the measured longitudinal vibration frequency of the
tension member 103 and the properties of the tension member 103 are represented by the
following equations:

[0048] V =E/rho (3)

[0049] fiong = V/L 4

[0050] In the above equation (3), V is a wave speed and rho is the tension member
density. In the above equation 4, fione is a primary longitudinal frequency along the tension
member 103. There can be tension member frequencies that are higher order harmonics of the
primary longitudinal frequency. According to the above equations (3) and (4), a shift in the
frequency at which the tension member 103 vibrates is related to the modulus of elasticity E
of the tension member 103, which can be used to measure the level of wear and life of the
tension member 103.

[0051] Referring again to FIGS. 1 and 2, if it is determined by a threshold signal
monitoring unit 115 that a tension member 103 is worn beyond a predetermined threshold,
such as by determining that a detected frequency shift exceeds a predetermined frequency
shift, corrective action may be taken. For example, the wear and life monitoring system 102
may generate a notice or warning regarding wear and life levels, a notice to replace a tension
member 103 may be generated, and the tension member 103 may be replaced or additional
inspection of the tension member 103 may be performed.

[0052] Technical effects of embodiments of the invention include the detection of
wear and life of a tension member, rope, or cable bearing a load. Such detection may be
performed without manual inspection by vibration sensors. Such detection may further be
performed during operation of an elevator system, or during a time period in which the
system is not in normal use, without interrupting normal service by the elevator system

during peak use hours.
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[0053] While the invention has been described in detail in connection with only a
limited number of embodiments, it should be readily understood that the invention is not
limited to such disclosed embodiments. Rather, the invention can be modified to incorporate
any number of variations, alterations, substitutions or equivalent arrangements not heretofore
described, but which are commensurate with the spirit and scope of the invention.
Additionally, while various embodiments of the invention have been described, it is to be
understood that aspects of the invention may include only some of the described
embodiments. Accordingly, the invention is not to be seen as limited by the foregoing

description, but is only limited by the scope of the appended claims.
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CLAIMS:

1. An elevator system, comprising:

an elevator drive system including a tension member supporting an elevator car under
tension; and

a wear and life monitoring system comprising a vibration sensor for detecting
vibration of at least one of the tension member and the elevator car, and a wear and life
analysis unit for determining a level of wear and life of the tension member based on the
vibration of the tension member detected by the vibration sensor.

2. The elevator system of claim 1, wherein the vibration sensor detects a vibration of
the elevator car, and the wear and life analysis unit determines the level of wear and life of
the tension member based on the vibration of the elevator car.

3. The elevator system of claim 1, wherein the vibration sensor detects a vibration of
the tension member directly, and the wear and life analysis unit determines the level of wear
and life of the tension member based on the vibration of the tension member.

4. The elevator system of claim 1, wherein the vibration sensor detects a vibration of
the tension member by detecting a vibration of one or more tension member guiding
elements, and the wear and life analysis unit determines the level of wear and life of the
tension member based on the vibration of the tension member guiding elements.

5. The elevator system of claim 1, wherein the vibration sensor includes an
accelerometer connected to one of the elevator car and a tension member-guiding element for
detecting the vibration of the elevator car and the tension member-guiding element,
respectively.

6. The elevator system of claim 1, wherein the vibration sensor is configured to
detect a longitudinal vibration of the tension member.

7. The elevator system of claim 1, wherein the wear and life analysis unit is
configured to determine the level of wear and life of the tension member by performing a
spectral analysis of the vibration detected and measuring a level of frequency shift of the
detected vibration relative to a reference frequency spectrum.

8. The elevator system of claim 1, wherein the wear and life analysis unit is
configured to determine the level of wear and life of the tension member by determining an
elastic modulus of the tension member.

9. The elevator system of claim 1, further comprising a vibration inducing element to

create the vibration of at least one of the tension member and the elevator car.

10
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10. A method of determining a level of wear and life of a tension member supporting
a load, the method comprising:

detecting a vibration of one of an elevator car and a tension member supporting the
elevator car; and

determining a level of wear and life of the tension member based on the detected
vibration.

11. The method of claim 10, wherein determining the level of wear and life of the
tension member includes determining the modulus of elasticity of the tension member based
on the detected vibration.

12. The method of claim 10, wherein detecting the vibration of one of the elevator car
and the tension member supporting the elevator car includes detecting the vibration of the
elevator car, and determining the level of wear and life of the tension member based on the
detected vibration includes determining the level of wear and life of the tension member
based on the vibration of the elevator car.

13. The method of claim 10, wherein detecting the vibration of one of the elevator car
and the tension member supporting the elevator car includes detecting the vibration of the
tension member directly, and determining the level of wear and life of the tension member
based on the detected vibration includes determining the level of wear and life of the tension
member based on the vibration of the tension member.

14. The method of claim 10, wherein detecting the vibration of one of the elevator car
and the tension member supporting the elevator car includes detecting the vibration of one or
more tension member guiding elements, and determining the level of wear and life of the
tension member based on the detected vibration includes determining the level of wear and
life of the tension member based on the vibration of the one or more tension member guiding
elements.

15. The method of claim 10, wherein detecting the vibration of one of the elevator car
and the tension member supporting the elevator car includes detecting a longitudinal
vibration of the tension member.

16. The method of claim 10, determining the level of wear and life of the tension
member based on the detected vibration includes performing a spectral analysis of the
vibration detected and measuring a level of frequency shift of the detected vibration relative
to a reference frequency spectrum.

17. A tension member wear and life monitoring system, comprising:

11
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one or more sensors to detect a vibration of at least one of an elevator car and a
tension member supporting the elevator car; and

a wear and life analysis unit for determining a level of wear and life of the tension
member based on the vibration of the tension member detected by the one or more sensors.

18. The tension member wear and life detection system of claim 17, wherein the wear
and life analysis unit is configured to determine the level of wear and life of the tension
member by determining an elastic modulus of the tension member.

19. The tension member wear and life detection system of claim 17, wherein the one
or more sensors are configured to detect a longitudinal vibration of the tension member.

20. The tension member wear and life detection system of claim 17, wherein the one

or more sensors are configured to detect a car vibration of the elevator car.

12
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