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Abstract

Purpose The comfort of lift passengers has a significant effect on their general health condition as well as stress levels during
travel. This study reports the results of vibration measurements taken during travel in a passenger lift.

Methods Vibration signals were analyzed by the empirical mode decomposition method and the Hilbert transform.
Results Selected modes from the Hilbert spectral analysis were compared with the resonance frequencies of human body
organs (range 20-90 Hz) as well as with the resonance frequencies of lift components.

Conclusion The use of Hilbert spectral analysis enables the isolation of individual signal components and the determina-
tion of the dominant frequency in the signal. This, in turn, allows for the isolation of raw vibration frequencies from the
signal that are particularly significant for passenger comfort assessment (resonance frequencies of human body organs) and

analysis of their occurrence.
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Introduction

Lifts are vertical transport devices that are widely used in
almost all new multifamily residential and downtown office
buildings. In recent years, the number of high-rise buildings
provided with high-speed lifts has greatly increased.

Despite a wide variety of lifting devices, they can be clas-
sified according to several criteria. Depending on the drive
system, we can distinguish lifts with the following drive
types [1]:

— electric (work is done by the machine),
— hydraulic (hydraulic pump and actuator work),
— other (screw).
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In electric drive lifts, the drive system can be installed
in a special technical room (engine or machine room) or
designed directly in the shaft so that the operation of the
drive does not affect the acoustic and vibration comfort of
passengers and/or residents of the building. A typical pas-
senger lift is shown in Fig. 1. The drive system consists of
gears installed in the machine room and in the cabin.

The passenger cabin is installed in the cabin frame equipped
with guides along which the guiding system moves (guide ele-
ments). The frame-cabin system is connected by ropes with a
balancing mass (counterweight) which also moves along the
guides using its own guide system equipped with counterweight
guides. The driving system is a machine with a traction sheave
and a diverter pulley enabling appropriate descent of the ropes.
The main structural elements of a passenger lift significantly
affecting the level of generated vibration and noise include:

— tie rods (ropes, belts) and rope pulleys which, depend-
ing on the construction, emit sounds during cooperation
with the machine and the output wheel, and additionally
may be a carrier of vibrations from the spring suspension
system of the counterweight,

— counterweight slide guides—depending on the material
used, the inserts can emit sound during contact with the
counterweight guide (this phenomenon is particularly
intensified in the case of improper lubrication of guides),
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Fig. 1 Simplified cross-section of a passenger lift shaft: a layout with
engine (machine) room, b layout without machine room, where D
shaft bottom depth, H lifting height, E shaft top height, F total height
of lift shaft

— machine—the main reason for intensified sounds of
the machine is its improper isolation from the ground,
which leads to the creation of vibrations that are trans-
ferred to other elements of the structure,

— roller guides (cabins)—their wear caused by wiped
polymeric material or rolling bearing damage is one of
the most common reasons for excessive noise.

Regardless of the solution type, every lifting device
should be designed such that travel comfort, defined as
physiological and psychophysical states in which a trave-
ling person feels good and safe [2], is as high as possible.
Acceptable sound levels in the passenger cabin and in the
lift machine room as well as general requirements regard-
ing noise and vibration prevention are normalized [3-5].
Additionally, the available standards [6] contain a meth-
odology for measuring vibrations in X, Y, Z directions.
Selected aspects of vibroacoustic phenomena occurring
in lifting devices were discussed in the literature of the
subject. These studies focused on:

— vibration and noise generated by various lift compo-
nents such as slide rollers [7-12];

— vibration isolation methods for the lift door power drive
and the selection of vibration isolation materials [13,
14];
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— measuring methods and reduction of acoustic emission
in the passenger lift cabin [15-17].

A survey of the literature reveals a lack of publications
regarding methods that would use vibroacoustic phenom-
ena to evaluate the technical condition of lifting devices. In
this study, the technical condition is recognized as a set of
parameters of the lift structure that affect passenger comfort.

The primary objective of tests undertaken in this study
was to determine vibroacoustic phenomena occurring in
lifting devices. Moreover, the tests aimed to investigate the
above phenomena in terms of decreasing the structure’s
noise levels as well as of using them in a diagnostic process
focused on monitoring passenger comfort [12, 18].

In this paper, we follow previous studies on passenger
comfort assessment in terms of lift acceleration [18-20].
We take advantage of the Hilbert—-Huang transform that was
designed specifically for analyzing data from nonstationary
signals.

Research Object

The research object is a passenger lift for nine people with a
driving system installed in a reinforced concrete shaft. The
detail specification is as follows: installation year—2014;
capacity Q=750 kg; speed V=1 m/s; engine speed on the
drive shaft 168 rpm; length of guides 6 x 5000 mm; lifting
height H=25,000 mm; number of stops N=9; depth and width
of the cab A = 1400 mm and B = 1300 mm; balance of the sys-
tem—48% (Mk. 771, M.pw). The lift is equipped with a one-
speed machine adjustable with an encoder and sliding guides.
The engine is located in the shaft. The walls of the cabin are
made of steel panels covered with HPL laminate (thermoset
laminate) with a thickness of 1 mm. While in operation, the
drive system generates vibration which—via the foundation
and guideways—passes through the guides and the cabin
frame to the inside of the cabin. The location of the drive in
the shaft causes higher-level vibration and noise in the panels
compared to other types of lifting devices. As a consequence,
higher levels of vibration and noise also occur inside the cabin.

Measuring Equipment and Test
Methodology

The sound level measurements were carried out using the
Center 390 device in accordance with the IEC 61672-1 class
2, ANSI S1.4 type 2 standard, equipped with a capacitive elec-
tret microphone. This class of device is recommended by ISO
18738-1: 2012 [6]. The measuring range of the device is from
30 to 130 dB, with the frequency of the measured signal in
the band ranging from 20 Hz to 8 kHz. The accuracy of the
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measurement is + 1.4 dB at reference conditions, i.e., when the
sound power level is 94 dB, and the frequency of this signal is
equal to 1 kHz. The recorded signal was pre-processed. The
processing consisted of averaging the raw signal in one-second
periods. The measurements were made using the weighted A
curve, which most accurately reflects specific properties of the
human ear. The volume difference between the quietest and
loudest sound (dynamic range) was 85 dB at 10 Hz.
Measurements of cabin acceleration (vibration) were made
with the Sequoia FastTracer accelerometer. The measuring
range of the apparatus was +5 g and the maximum impact
was 1000 g. The apparatus has a 12-bit converter providing a
resolution of 1 mg at 10 Hz and sampling of 18,432 Hz. The
lift operation monitoring was carried out during cabin travel
from the highest stop to stop 2 and back (Fig. 2). This sequence
was repeated three times. During the tests, the lift was made
unavailable to residents of the building. Signal was recorded
with the help of measuring instruments placed both on the
cabin (in the pane) and inside it. The location of the instru-
ments on the cabin floor and in the upper part of the cabin
frame is shown in Fig. 3. Parameters such as cabin acceleration
in the X, Y, Z axes and sound level inside the cabin and outside
the cabin in the shaft were measured. The orientation of the
axes as measured relative to the cabin layout is shown in Fig. 4.

Results Analysis

Examples of waveforms of acceleration signals in the X, Y, Z
directions and sound volume inside and outside the lift cabin
during travel are shown in.

The analysis of received signals was performed by the
empirical decomposition method of the Hilbert—-Huang
transform. This method enables the determination of instan-
taneous values of the frequencies and amplitudes of decom-
posed signal components. The use of Hilbert spectral analy-
sis allows for the isolation of individual signal components
and the determination of the dominant frequency in a signal.

Each of the measured accelerations a,(¢) (Fig. 5) can
be decoupled into the modal components al-l(t), aiz(t),...,
al'(r) [21, 22]:

3X

braking
a determined movement
speeding up
speeding up
a determined movement
braking

Fig.2 Sequence of lift travel during the tests

Fig.3 Location of the accelerometer: a in the middle of the cabin
floor in the axis of the guides, b on the upper beam of the cabin frame
in the lift shaft

a® =Y dm+r, (1)
J=1

In this way, we obtain information about the instantane-
ous amplitude, A, phase, 8, and frequency, f. Defining the
complex function z(¢):

z(1) = g(@) + i8(), (2)
L
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Fig.4 The orientation of the measuring axes in relative to the cabin
layout
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Fig.5 Waveforms of signals from vibration sensors (accelerations in
the X, Y, Z directions, charts in lines 1-3) and volume (charts in row
4) recorded inside the lift cabin (charts in the left column) and out-
side the cabin (charts in the right column)
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Fig.6 Acceleration signals in the X, Y, Z directions recorded outside
the lift cabin after the Hilbert—-Huang transform (15-s initial period
of lift running, 2 kHz sampling, Hilbert window width = 1000 points)
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Figures 6 and 7 compare the courses of vibration recorded
inside and outside the cabin after the Hilbert—Huang
transform. The signals were sampled at 2 kHz. The Hil-
bert—-Huang transform was performed in windows with a
width of 1000 samples. Figure 6 shows an example of a
15-s fragment of the accelerations on the outside of the
elevator during the start of driving. It can be noticed that
the concentration of vibrations around lower frequencies
below 100 Hz is unfavorable for human body limbs (period

@ Springer
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Fig.7 Acceleration signals in the X, Y, Z directions recorded inside
the lift cabin after the Hilbert—-Huang transform (15-s initial period
of lift running, 2 kHz sampling, Hilbert window width= 1000 points)
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Fig.8 XY module outside the cabin (15-s initial period of lift run-
ning, 2 kHz sampling, Hilbert window width= 1000 points)

500 -

Frequency [Hz]

000 L4 f i > : ey o e £id > 2"
12:01:32  12:01:34 12:01:36  12:01:38 12:01:40 12:01:42
Time [hh:mm:ss]

12:01:44  12:01:46
Nov 30, 2017

Frequency [Hz]

Fig.9 XY module inside the cabin (15-s initial period of lift running,
2 kHz sampling, Hilbert window width =1000 points)

12:01:35-12:01:36), while in the other fragments of the fre-
quency distribution is wider, and lower frequencies are not
so exposed.

Vibration amplitudes of the signals recorded inside the
cabin are similar to those of the signals recorded outside
the cabin in a plane perpendicular to the direction of travel
(Figs. 5, 7). In addition, any roughness of the guides and
inequivalence of guide elements generates undesired accel-
erations in the X and Y directions. Therefore, the module
of signals registered in the X and Y directions is subjected
to further analysis (Figs. 5, 8, 9). During investigating the
causes of elevator vibration, which have an impact on the
user’s driving comfort, the authors analyze vibrations due
to the direction of accelerations (X, Y, Z). The mechanical
causes of vibrations, such as the occurrence of obstacles in
the cabin guides, cause different signals in the X, Y, Z direc-
tions. Because passengers are positioned at different angles
in the XY plane, to assess their driving comfort by means
of the presented methods the authors decided to use the XY
module calculated on the basis of signals from sensors set in
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the X and Y directions. The analysis of X and Y modules is
additionally justified due to structural features of the system,
in particular those of the running gear (consisting of guides
and guide elements), because they help determine lateral
accelerations that affect the cabin frame, the cabin and pas-
sengers. The use of perfectly aligned guides with perfect
joints invisible to passengers is rare in the case of passenger
lifts. In new buildings, the condition of guides often deterio-
rates as a result of building settlement (causing a different
spacing of the guides in different parts of the shaft), while
modernized passenger lifts are usually equipped with guides
that already show signs of wear, which also leads to vibra-
tion during lift operation.

Further analysis consisted of specifying representative
frequencies of component signals (highlighted in the empiri-
cal decomposition method) and interpreting the sources
of vibration in a horizontal plane and in a vertical direc-
tion. Figure 10 shows the cabin vibrations in the XY plane
recorded inside (a) and outside (b) the lift cabin. Raw vibra-
tion patterns (XY module) are shown in the charts on the

Fig. 10 Cabin vibrations in the
XY plane recorded inside (a)
and outside (b) the cabin—
period: 58 s. Charts on the
left—raw waveforms, position
0, items 1 to 6—Huang modes.
Charts on the right—FFT
spectra of raw signal and Huang
modes, respectively (2 kHz
sampling, Hilbert window
width=1000 points)

left—-position 0, items 1 through 6 (Huang modes). The
charts on the right show the FFT spectra of raw signal and
the Huang modes, respectively.

The frequencies of the Huang modes are listed in a table
below, and their positions are marked on the spectral charts
given in Fig. 10. For the first Huang mode (m#1), a series
of six most frequent frequencies was recorded. In the case
of the XY module recorded inside the cabin, they range
from 600 to 926 Hz (Fig. 12a, Spectrum#1). However, for
the XY module recorded outside the cabin, the frequen-
cies are within a narrow range of 779-788 Hz (Fig. 12b,
Spectrum#1). The difference in these frequency values may
result either from different sources of cabin vibration at the
measurement points or from the way in which the vibra-
tion is transferred by the cabin and structural elements of
the lift. When the measurements were taken outside the
cabin, the accelerometer was mounted on a rigid beam of
the cabin frame. Here, the recorded vibrations were primar-
ily caused by excitation of the cabin frame by the chassis.
The measurements inside the cabin were made by mounting
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the accelerometer on the cabin floor and connecting it to the
frame with four rubber shock absorbers that were 70 mm
in diameter and 30 mm in height. The upper part of the
cabin was blocked by a rubber-insulated handle with a thick-
ness of 20 mm. The walls of the cabin were made of sheet
metal with a thickness of 1.2 mm, and they could generate
additional vibration induced by the cabin frame. It can be
observed that in subsequent mode modes the periodograms
are centered around individual dominant frequencies. Values
comprising a range of frequencies listed in Fig. 11 can be
observed in the modes (m#4-m#6) (Table 1).

Given the above analysis for passenger comfort assess-
ment, it is worth drawing attention to the modes m#4, m#5
and m#6. The dominant frequencies in these modes may
be particularly undesired for lift passengers due to the fact
that they correspond to the resonance frequencies of many
human body organs, as shown in Fig. 11.

An organ in the human body which is particularly exposed
to the frequencies highlighted in modes m#4, m#5 and m#6
is the human head for which the resonance frequencies
range from 20 to 30 Hz (for the eyeball—the frequency is
20-90 Hz). This can significantly affect the passenger’s com-
fort and health (in the case of a longer exposure). Every indi-
vidual has a different sensitivity to vibration acting on their
body. Therefore, a sense of comfort or discomfort caused
by vibration may differ. However, due to the unfavorable
influence of low frequencies on the human body, one should
strive to eliminate them. The vibrations (accelerations)
occurring in the passenger lift cabin and their impact on
the human body are additionally intensified by noise (sound
intensity level) that often comes from excited thin-walled

Eyeball Head
(20-90Hz) (20-30Hz)
Schoulder Chest
ring (4-5Hz) (10-50Hz)
Arm
Forearm (5-10Hz)
(16-30Hz)
i Hand
Spine (30-50Hz)
(10-12Hz)
Stomach
Legs (4-8Hz)
(2-20Hz)
Y
e X

Fig. 11 Biomechanical human body model showing the resonance
frequencies of individual organs [5]
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Table 1 Frequencies distinguished in Huang modes analysis of vibra-
tion modules in the X and Y directions inside and outside the cabin
during travel (up/down)

No. of Huang mode/ Module of the frequency of acceleration X, Y
peak No. [Hz]

Inside of the cabin Outside of the cabin

m#l 413 316
m#2 232 227
m#3 162 129
m#4 83 97

m#5 47 52

m#6 27 30

m#7 14 19

m#8 7.9 12

m#9 4.6 7.6
m#10 3.1 3.7,7.48
m#l11 1.6,5.5 2.7,5.68
m#12 4.42 2.96
m#13 0.48, 0.9 1.26
m#14 0.38, 0.88 1.74
m#15 0.16 0.44
m#16 0.2 0.38
m#17 0.22 0.26
m#18 0.14 0.18

structural elements (e.g. cabin walls). The average noise in
the cabin amounts to 53.5 dB (A) [maximum peak value
is 70 dB (A)], which means that the nuisance—according
to the scale of the National Institute of Hygiene (PZH)—is
average [23]. However, the peak noise, which occurs during
cabin excitation or when the counterweight passes through
the guide rail connections spaced every 5 m, may become a
greater nuisance that—according to the above scale—is of
the range 63 <LAeq <70 dB. The accuracy of combining
the cabin guides has a significant impact on driving comfort.
The maximum length of 5 m is limited by the possibility of
bringing them in and installing them in the elevator shaft.
Guide rails with 2.5 m are often used, which further affected
the amount of vibrations generated and induced by the cabin.
The solution to reduce the amount of generated vibrations
is to grind the place where the guides are connected after
assembly. However, this process is often neglected in the
assembly process due to lower costs and longer assembly
time. The frequency of lift excitation at the average cabin
speed of 1 m/s is about 0.2 Hz, as demonstrated by the sound
signal recorded inside the cabin (Fig. 12b, #3). Figure 12
shows the results of frequency analysis of the components
of the sound signals recorded inside (a, b) and outside (c, d)
of the cabin. The frequencies of the components obtained
with the Huang mode decomposition method differ depend-
ing on the place where they were recorded (inside or outside
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the cabin). As for the signals recorded inside the cabin, one
can distinguish components with the frequencies 0.22, 0.55,
4.7 and 12.99 Hz. Since these frequencies describe different
components obtained with the empirical mode decomposi-
tion method, they have different amplitudes, which may indi-
cate their different origin. In contrast, in the signal recorded
outside the cabin only one component was distinguished,
and its periodogram is characterized by follows dominant
frequencies: 0.5, 0.93, 2.06, 6.39 and 24.54 Hz.

An in-depth analysis of the vibration signal was per-
formed in the low-frequency range. Raw signal was ana-
lyzed (8192 Hz sampling). The analysis consisted of
determining higher components and comparing them (the
distinguished components) with the values calculated on
the basis of the geometrical dimensions of the structure.
During this analysis, vibrations were observed caused by
the elevator elements like: 0.2 Hz (in the acceleration sig-
nal recorded outside cabin above mode #17 and in mode
#16 recorded inside the cabin) associated with passing

12:02:30.000

12:03:00.000 0 5 10 15 20 25

(@)

guide rail connections located every 5 m and 1.3 Hz
(mod #13 in the ACC signal recorded on outside the
cabin) probably related to the diameter of the rope guide
wheels (wheel diameter 240 mm, diameter of the rope sec-
tion 6.5 mm, number of ropes 10 pcs). These frequencies
have values below the lower thresholds of harmful ranges
for parts of the human body (minimum value is 2 Hz in
Fig. 11). However, the disclosed relations may be used for
changes in the elevator construction and elevator control
system. Additional it may also indicate elements requiring
additional inspection, such as guide wheels, to detect any
irregularities early.

Conclusions

The use of Hilbert spectral analysis enables the isolation of
individual signal components and the determination of the
dominant frequency in the signal. This, in turn, allows for
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the isolation of raw vibration frequencies from the signal
that are particularly significant for passenger comfort assess-
ment (resonance frequencies of human body organs) and
analysis of their occurrence.

The Hilbert—Huang transform can be used to analyze
vibration and noise signals to isolate the frequencies that
can negatively affect the human body (long-term exposure)
and reduce travel comfort (short-term exposure).

The average noise level in the cabin was 53.5 dB (A),
with a maximum peak of 70 dB (A). Based on the results
of noise in the cabin, the nuisance—according to the scale
of the National Institute of Hygiene (PZH)—was found to
be medium [24]. However, the peak values of noise can
cause a greater nuisance that is included—according to the
above scale—in a range of 63 <LAeq <70 dB. The lift cabin
reaches the peak values of noise due to cabin excitation and
the passing of the counterweight through the guide rails
every 5 m.
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