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FOREWORD

It is with great pleasure that we present the proceedings of the 11" Symposium on Lift and
Escalator Technologies, 23-25 September 2020, organised by The Lift and Escalator Symposium
Educational Trust. The Covid 19 pandemic necessitates this year’s Symposium to take place on-
line, but we have strived to retain many characteristics of the traditional meeting. We hope to meet
next year, face to face.

The objective of The Lift and Escalator Symposium Educational Trust is to advance education in
lifts, escalators and related technologies. The Trust is a Registered Charity No: 1170947 and is
supported by The University of Northampton, The Chartered Institution of Building Services
Engineers (CIBSE) and The Lift and Escalator Industry Association (LEIA).

Proceedings from the full conference series (since 2011) are available to download from
www.liftsymposium.org. The proceedings are indexed in Scopus as “Symposium on Lift and
Escalator Technologies”, starting from the 2015 Symposium. Scopus is the world’s largest abstract
and citation database of peer-reviewed literature (scientific journals, books and conference
proceedings), see https://blog.scopus.com/about.

The Lift Engineering programme offered at The University of Northampton includes postgraduate
courses at MSc/ MPhil/ PhD levels that involves study of the advanced principles and philosophy
underlying lift and escalator technologies. The programme aims to provide a detailed, academic
study of engineering and related management issues for persons employed in lift making and allied
industries.

The CIBSE Lifts Group is a specialist forum for members who have an interest in vertical
transportation. The group meets regularly to promote technical standards, training and education,
publications and various aspects of the vertical transportation industry. The CIBSE Lifts Group
directs the development of CIBSE Guide D: Transportation systems in buildings, the de facto
reference on vertical transportation.

LEIA is the UK trade association and advisory body for the lift and escalator industry with a
membership covering some 95% of the lift and escalator industry. LEIA members supply
passenger and goods/service lifts, stairlifts, homelifts, lifting platforms, escalators, passenger
conveyors and a range of component parts for such products. LEIA members undertake the
maintenance and modernisation of more than 250,000 products falling within the scope of the
Association. LEIA provides advice on health, safety and standards matters, promotes education and
training especially through its distinctive distance learning programme.

The Symposium brings together experts from the field of vertical transportation, offering an
opportunity for speakers to present peer reviewed papers on the subject of their research. Speakers
include industry experts, academics and post graduate students.

The papers are listed alphabetically by title. The requirement was to prepare an extended abstract,
but full papers were accepted from the invited speakers where they preferred to offer them. The
submissions are reproduced as they were submitted, with minor changes in formatting, and
correction of obvious language errors where there was no risk of changing meaning.

Professor Stefan Kaczmarczyk, and Dr Richard Peters
Co-Chairs and Proceeding Editors
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A Design Methodology of Rope Tension Meter Used for Lift
Automatic Door Assembly

Anup Balharpure! and Rohit Nehe?
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Abstract. The present work demonstrates a low-cost open-source design of a rope tension meter
specifically designed for measuring rope tension of lift door assembly. The potential use of such an
easy to use, economical and handy unit could be in a door operator production plant and on
installation site for measuring rope tension.

The rope tension meter consists of a sensor unit and the embedded system equipped with a signal
conditioning circuit, digitization circuit, microcontroller, and interactive display. The sensor unit is
designed such that the load cell is mounted on a custom-designed mechanical structure. The sensor
unit can clip onto a rope using an attached hand screw. While measuring the rope tension, the
sensor unit clipped on the rope gives an analog output signal proportional to the load applied on the
load cell. The analog output signal of the load cell is fed to the microcontroller through the signal
conditioning and digitization circuit, and the corresponding load value is displayed on a screen as
per the desired units of the load. To evaluate whether the rope tension meter was working, tests
were performed on an automatic door operator setup. In this test, the rope tension meter showed a
proportional response for any changes in the tension and high repeatability in its results. To
calibrate the rope tension meter signal against the rope tension in units of Newton [N], calibration
tests were performed.

The study described in this document tries to fill in the gap in the literature in regards to the
development of rope tension meters used for measuring rope tension of lift automatic door
assemblies. The design and the procedure discussed could be utilized by lift manufacturing and
service companies for developing a portable and low-cost rope tension meter tool for factory or on-
site use.

1. INTRODUCTION

The lift automatic door assembly is one of the important components of the lift. A typical lift
automatic door mechanism consists of car door assembly and landing door assembly. In the lift door
mechanism, the car door assembly is an active driving component while landing door assembly is a
passive driven component i.e. car doors are power operated through drive and motor while landing
doors simply follow the car door motion through a mechanical linkage. This mechanical tie consists
of a vertical vane also called as coupler skate (or a pair of vanes, depending on the type of doors)
mounted on the car door assembly (see Figure 1(A)) and pair of rollers mounted on the landing door
interlock. During the door opening and closing operation, the vanes are engaged with the landing
door lock rollers resulting in a simultaneous movement of car and landing doors [1].
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Coupler
Skate

Main roller Car frame

Pulley Rope Hanger Upthrust roller Supporting track
Figure 1(A) Car door operator assembly

Figure 1(B) shows the side view of door operator assembly excluding the interlocking mechanism
which is typically used to interlock car and landing doors. In general door operator mechanism
includes door hangers, door panels, pulleys, rope, hanger track,

— sill groove, and door gibs, etc. Each panel of horizontal sliding
: doors is hanged on hangers also called a carriage and guided on a
hanger track at the top and by a sill groove at the bottom as

4_

Hanger shown in Figure 1(B) [1]. During the door operation (opening
supporting track @Nd closing motion), the door panels move in the opposite
upthrustroller ~ dIFECtION in the case of centre opening mechanisms (further
details about the types of door and roping system can be referred
Door panel from reference [1]). The linkage between the door panels is
established through a simple roping system of two pulleys. The

smooth movement of the door panels can be obtained by

maintaining the required tension in the rope. Over time, due to

wear and tear during normal usage, the rope tension needs to be

Door gibs re-adjusted. To reduce the breakdown due to door panel related
Sill groove

problems, periodic maintenance of its components and rope
Figure 1(B) Door hanger tension adjustment of the lift door mechanism is important.
assembly

Car frame—Y

Various types of analog and digital rope tension meters are
available in the market, but these measurement tools are not specifically designed for lift door
operator ropes. To adjust a rope tension, on-site or in a production plant many engineers-estimate
rope tension by hand/feel. Determination of rope tension by feel (pushing/pulling the rope by hand)
is more of an art form than a learned skill [2] and is not an accurate method, due to which rope
tension will vary from person to person. To address this issue, present work demonstrates a low-
cost open-source design of a rope tension meter specifically designed to measure rope tension of lift
automatic door assembly.

In the present work, we are using off the shelf components such as, low-cost open-source Arduino
Uno board as processing unit, HX711 module as a signal conditioning unit, Nextion 4.3 inch
display and customized sensor unit which consist of mechanical structure and load cell. Further
details about the rope tension meter calibration and its demonstration to measure the rope tension of
door operator mechanism is discussed in detail in section 2 and section 3 respectively.
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2.  ROPE TENSION METER DESIGN AND EXPERIMENTAL SET UP

The rope tension meter discussed in this paper is designed such that it can be used as a portable and
easy to operate service tool on site as well as during the door operator manufacturing process. In
this section, details about rope tension meter design, load cell calibration setup, sensor unit
calibration and lift automatic door operator test jig are discussed.

2.1 Rope tension meter design and its working principle

Sensor Signal Conditioning Processin Touch
—> & —> 9>

Unit Digitization Unit Unit Screen

Figure 2 Block diagram of rope tension meter

Figure 2 shows the block diagram of the rope tension meter discussed in this paper. It consists of a
sensor unit, signal conditioning and digitization unit, processing unit, and a touch screen.

2.1.1 Sensor unit

The sensor unit consists of an LFT-25 Miniature Compression and Tension 50Kg Load Cell housed
within the mechanical structure assembly. LFT-25 Miniature Compression and Tension 50Kg Load
Cell utilizes bridge type sensors with strain gauge technology [3].

= The sensor unit is designed such that the load cell is
i) < Hand Screw fitted within a custom design mechanical structure. The
A main purpose of the mechanical structure is to provide

lU Groove
Block

) housing for load cell and to transform the tension from

Stopper > \Y : rope to the load cell. The mechanical structure consists of

Linkage N ' two wheels, U-grove block, V-holder, linkage clamp,
Clame stopper, and hand screw. Figure 3 shows the CAD image

Load Cel of the rope tension meter designed and discussed in this

paper. The 1st and the 2nd wheel discussed in Figure 3
Figure 3 Customized sensor unit with acts as a guiding wheel, ensuring the correct placement

rope of the rope within the sensor unit. The U-groove block
works as a traversing clamping element. By using a hand screw, the U-grove block can be moved
such that it can clamp the rope until the movement of the U-groove block is stopped by the stopper.
The sub-assembly of U-groove block, stopper and hand screw is mounted on the linkage clamp,
wherein the linkage clamp facilitates the transfer of the rope tension to load cell.

Following is the procedure which describes the working of the sensor unit i.e. the working
of mechanical structure assembly and the load cell to measure the tension of the rope:

1. Adjust the rope and the sensor unit such that rope is placed within the groove of the 1st and 2nd
wheel.
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2. Once the rope is placed in the sensor unit, the U-groove clamp is moved through hand screw
such that U-groove clamps the rope tightly until the movement of the U-groove clamp is
stopped by the stopper.

3. Due to the clamping of the rope by U-groove clamp, the tension of the rope is transferred to the
load cell through a linkage clamp.

4. The resultant analog output voltage given by the load cell proportional to rope tension is fed to
the electronic circuitry to process and provide the output data in the required format.

2.1.2 Signal conditioning unit

HX711 amplifier and 24-bit analog to digital converter (ADC) module is used as a signal
conditioning unit for the rope tension meter. It is based on Avia Semiconductor’s patented
technology, specially designed for weighing scale and industrial control applications to interface
directly with a bridge sensor. It has two channels A and B with an inbuilt low-noise programmable
gain amplifier (PGA) with a selectable gain of 64 and 128 for channel-A and constant gain of 32 for
channel-B [4]. It is low cost and easily available in the open market. This module gives output in a
serial format with two-wire serial communication.

2.1.3 Processing unit

Arduino Uno is an open-source and easily available development board. It is used as a processing
unit in the presented work. For further details of the board see the reference [5].

2.1.4 Touch Screen

Nextion make model-NX4827K043_011R of size 4.3-inch resistive touch screen [6] is used as the
human-machine touch-based interface for the rope tension meter described in this paper.
NX4827K043 011R display is a very easy to use display available in the market and it is serially
interfaced with the processing unit of the rope tension meter. The output data processed by the
processing unit is displayed on the custom made GUI of the Nextion 4.3-inch display.

2.2 Load cell calibration setup

Figure 4 depicts the load cell calibration set up used to study the characteristics of the load cell. The
set up consists of a four-legged aluminium extrusion structure with a level screw, built in such a
way that the load cell is fixed on one of the top members of the structure. The load cell is fitted with
a holder which can hold multiple calibrated weights.

To calibrate the response of the load cell against
various known weights, calibration experiments
are performed. The dead weights used for

Four legged aluminium

extrusion structure calibration experiments are of F1 precision class

and are calibrated inthe NABL (National

o \L\?;[glhfilllolder Accreditation Board for Testing and Calibration
| | Dead Weight Laboratories, India) accredited laboratory.

During the calibration experiments, the load cell
is provided by ~ 5-volt excitation voltage from
= Level Screw

Figure 4 Load cell calibration setup
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the HX711 module. To calibrate the load cell, the load cell holder is fixed with a known weight and
the proportional response in terms of the analog output voltage is measured and processed by the
processing unit. The calibration experiment is performed such that the load cell response is
measured for various weights resulting in a look-up table data of load cell output (analog voltage
signal) versus weights in desired units (N) or (kgf). The results of load cell calibration experiments
are discussed in section 3.1.

2.3 Sensor unit calibration setup

A sensor unit as described in section 2.1, consists of a load cell mounted within a mechanical
structure assembly. The construction of the sensor unit is designed such that the tension or the load
to be measured is transferred to the load cell via a linkage clamp; unlike the loading of load cell
described in section 2.2 wherein the load cell is directly loaded with weights without any
intermediate member attenuating the loading force. To calibrate the sensor unit analog output data
against the weight in the desired unit (N) or (kgf), the sensor unit calibration experiments are
performed using set up highlighted in Figure 5.

Sensor unit calibration set up consists of the

Sensor Unit four-legged mounting table made from
aluminium extrusion members, rope holding
Sope Holding stand with a rope guiding pulley at one end,

{ weight holder to hang the dead weights, rope and
Ff < Pourlegged aluminium — calibrated dead weights. The rope used for the
calibration setup is the same as the rope used for
Rope lift automatic door operator assembly (rope
material: SS wire rope, material grade: SS304,
OD: 3mm, construction: crossley pattern with 7
cores, minimum braking force: 1570 (N/mm?)).
< Dead Weight The dead weights used in calibrations setup are
the same as the dead weights used in section 2.2.

JJ = J UJJJ

= We = To calibrate the sensor unit on calibration setup,

Level Screw . . .
rope is fixed at one end of the rope holding stand
and another end is connected to the weight
holder, as shown in Figure 5. The sensor unit is clipped on a rope by using the hand screw as
explained in section 2.1.1. The rope tension is varied by adding various calibrated dead weights on
the weight holder. The raw ADC count to be recorded is sent to the PC using the Arduino board.
The detailed results and discussion in regards to the sensor unit calibration experiment are
highlighted in section 3.2.

A

Weight Holder

Figure 5 Sensor unit calibration setup

2.4 Lift automatic door operator test jig

Figure 6 highlights a particular type of lift automatic door operator mechanism used in the
experimental set up described in this paper to demonstrate the working of rope tension meter
(sensor unit and electronic circuitry). This mechanism involves door panel hangers, ropes, pulleys
and tracks for the movement of door panel hangers. To adjust the rope tension, a rope tension
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adjustment nut is provided. By turning the nut clockwise or anticlockwise, rope tension can be
increased or decreased.

Door panel hanger

Rope tension
adjustment nut

Sensor Unit—— P
ensor Unit——-> “g’.,/

Rope
Rope holding
clamp

Figure 6 CAD design of lift automatic door operator test jig along with the rope tension meter
unit clipped on rope

The rope tension meter described in section 2.1 is calibrated for various nut positions i.e. for various
rope tension settings of door operator mechanism. This experiment provides a lookup table of rope
tension meter analog output data versus multiple rope tension nut positions. By utilizing the data
sets obtained from experimental set-ups shown in Figure 4 and Figure 5, the rope tension meter is
calibrated in the desired units (N) or (kgf) for multiple rope tension nut settings. The detailed data
analysis and discussion of the data is explained in section 3.3.

(Note: Figure 6 depicts the lift automatic car door operator assembly. For simplicity some parts of
assembly like motor, belt, coupler skate, etc. are not showing in figure)

3. RESULTS AND DISCUSSION

In this section results of the load cell calibration setup, sensor unit calibration setup and rope
tension meter testing on lift automatic door test jig are discussed.

3.1. Load cell calibration results

Load cell calibration experiments are performed using the set up described in section 2.2 and the
results are highlighted in Figure 7. To calibrate the load cell, calibrated weights of ~9.81 (N) are
gradually added and corresponding results in terms of ADC counts are recorded. The readings are
recorded for the weights in the range of 50 (N) to 180 (N). To obtain a statistically averaged data,
each data point highlighted in Figure 7 is calculated by averaging the data over the sampling
window of 50 data points.

In Figure 7, the x-axis represents the weights (N) and the y-axis represents ADC counts. The plot
shows two data sets, one is the load cell output ADC count recorded from the experimental work
which is shown by black colour marker and the other data set is the load cell output data obtained
from the datasheet [3] supplied by the manufacturer (shown in red colour). This experiment is
carried out to verify the linearity of the load cell as mentioned in the datasheet. As seen in the plot



A Design Methodology of Rope Tension Meter Used for Lift Automatic Door Assembly 1-7

highlighted in Figure 7, the experimental readings follow the expected linear behaviour with the
highest deviation of less than 1.5 % compare to the data set provided by the manufacturer.

1.6x10°
\V/ Output ADC counts 4
[ ) ADC counts(Manufacturer Datasheet) g
1.2x10° s
z s
o
3 ™4
g v
<
]
6
0.8x10
o
o
|
@
6
0.4x10
50 75 100 125 150 175
Weight [N]

Figure 7 Load cell calibrations results (Weights (N) vs ADC counts)
3.2. Sensor unit calibration results

Figure 8 shows the experimental calibration data of the sensor unit as discussed in section 2.3. The
load cell used in the sensor unit is not directly loaded with the rope tension, instead, it is loaded
with the help of a linkage clamp. The design of the sensor unit (mechanical structure and linkage
clamp) happens to be such that it transfers the attenuated rope tension to the load cell. In the case of
a sensor unit, the load cell needs to be re-calibrated to account for the attenuated loading effect
induced by mechanical structure on a load cell.

In Figure 8, the x-axis represents the rope tension (N) and the y-axis represents output ADC count.
To obtain a statistically averaged data, each data point highlighted in Figure 8 is calculated by
averaging the data over the sampling window of 50 data points. The plot shows the sensor output in
terms of ADC counts in red circles corresponding to calibrated weights in the range of 120 (N) to
320 (N).
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8x10°

[ ] ADC counts
y = +1723x" +1.51E5,max dev:1.09E4,r°=0.998

7x10° |

6x10° |

ADC Count

5x10° |

4x10° |

3x10° - - - -
100 150 200 250 300 350

Rope Tension [N]

Figure 8 Sensor unit calibration result (Rope tension (N) vs ADC count)

The data highlighted in Figure 8 shows the linear response of the sensor unit similar to the linear
response trend seen in Figure 7. However as expected, due to attenuation affect the response of the
sensor unit compared to the bare load cell response (see Figure 7) corresponding to the same load is
of lower value. For example, when the load cell is directly loaded with 150 (N) then the output is
~13 x 10° (1321328) ADC counts and when the load cell is indirectly loaded with the help of
linkage clamp and mechanical structure in the sensor unit, the output decreases such that ADC
counts recorded are ~ 4x10° (408777). Such lower bound values of the sensor unit highlights the
mechanical structure caused attenuation effect on a load cell.

3.3. Demonstration of rope tension meter

To evaluate and demonstrate the rope tension meter working (sensor unit and electronic circuitry),
tests were performed on a lift automatic door operator setup (see section 2.4). As discussed in
section 2.4, one of the sub-assemblies of the automatic door operator set up consists of a roping
system (roping and pulley system) to drive both the door panels (see section 1). During the
experiments, the rope tension of the roping system was varied by adjusting the tension nut at
various positions. Note, the tension adjustment nut position is the distance between the rope holding
clamp and the nut itself. To vary the rope tension, the rope tension adjustment nut is rotated
manually and its position from the rope holding clamp is measured using a vernier scale.

Figure 9 shows the results of the experiments discussed in this section. In Figure 9, rope tension
meter output in the units of ADC count is represented on the y-axis while the tension adjustment nut
position is shown on the x-axis. The experiment wherein the rope adjustment nut position was
varied in the range 39 (mm) to 36.5 (mm) and the corresponding rope tension meter response is
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measured and is defined as test 1. To test the repeatability of results, such experiments were
conducted 5 times and the corresponding data sets are labelled as TEST 1 to TEST 5(see Figure 9).

7x10°
Rope tension meter
5 shows higher values as 8 e
6x10° s the rope is made tight v TEST3
TEST 4
TEST 5
2 5x10°|
=]
o
O
a
< 4x10° | 8
B o 5
o
. M N
3x10° | !
M
2x10°
36 37 38 39

Nut Position [mm]

Figure 9 Plot between nut positions (mm) and ADC count to demonstrate the working of rope
tension meter

From Figure 9 it is observed that for the same nut position, the rope tension meter always showed
repeatable results when the multiple tests were performed i.e. TEST 1 to TEST 5. The repeatability
result of the rope tension meter is seen for all the nut positions i.e. from 39 (mm) to 36.5 (mm).
Thus, this result confirms the repeatable behaviour of the rope tension meter discussed in this paper.

Another observation from Figure 9 to be discussed is the trend of increasing ADC counts as we
change the nut position from 39 (mm) to 36.5 (mm). The rope tension meter shows a higher tension
value as we tightened the rope using a rope tension adjustment nut. This trend of results
demonstrates the correct working of the rope tension meter designed in this paper.

Figure 9 shows the rope tension meter output in the units of ADC counts. To convert the rope
tension meter output from the units of ADC count to Newton (N), the calibration data set highlighted
in Figure 8 is utilized (the linear fit equation is utilized). The resultant data set of rope tension meter
output in the units of Newton (N) against the nut position is highlighted in Figure 10. Thus, this
demonstrates the basic working and data reduction procedure of the rope tension meter designed
and discussed in this paper.
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Rope tension meter @) TEST 1
0] . 0 TEST 2
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Figure 10 Plot between nut positions (mm) and Rope tension (N) to demonstrate the working
and outcome of rope tension meter

4.  CONCLUSION

A rope tension meter design methodology was explored in the paper. The rope tension meter
discussed in the paper is specifically designed for the ropes used in the lift automatic door
mechanisms. The load cell used in the rope tension meter sensor unit design is based on strain
gauge technology. To calibrate the load cell and the sensor unit, the calibration experiments were
performed. The calibration experiments result highlighted the linear and repeatable response of the
load cell used in the rope tension meter. To demonstrate the working of the rope tension meter,
experiments were conducted on lift automatic door mechanism set up. The results from these
experiments exhibit and confirm the repeatability and easy to use operation of rope tension meter
for checking the rope tension of door mechanism roping system. The instrument also exhibits
robustness in measuring data such that repeatable results were obtained at multiple position of door
operator roping system.
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Abstract. A number of different approaches have been used in order to calculate the energy
consumption of lifts. Such approaches have ranged from simple rules of thumb, to lookup tables,
more detailed equation-based models and simulation-based models. This paper presents an approach
based on the use of MATLAB/Simulink to model the various components used in a lift in order to
calculate the power drawn during the lift journey as well as the total energy consumption. The model
comprises a number of modular blocks, such as the variable speed drive, the induction motor, the
gearbox, the ropes, the lift car, the counterweight as well as the passenger load.

The main advantage of this model is that it models the energy accurately based on the mechanical
and electrical design of the system, as well as the kinematic parameters Moreover, the model is open
source, transparent and intuitive (as it is based on the dragging and dropping of modules). The model
offers a platform for any lift system designer to calculate the energy consumption of the system based
on the electrical and mechanical components of the system.

1. INTRODUCTION

Much work has been carried on the topic of lift energy consumption. The basis for these pieces of
work can be categorised into three categories: simple rules of thumb, lookup tables, equation-based
models and simulation-based models. Some of these use analytical equations developed from first
principles [1], others employ measurements of real systems [2], and there are models that use the
measurements of real systems to calibrate the analytical equation based models [3, 4]. A general
overview of the different energy consumption models and research can be found in ([5], [6], [7]). An
example of using the energy measurement in order to find the parameters of the lift system can be
found in [8]. An analysis that analyses the payback period that could result from adding a variable
frequency drive to a lift system can be found in [9]. Energy consumption has also been suggested as
a performance parameter to be compared between different systems [10].

The motivation for modelling energy consumption in lifts is to allow the user of such a model to
predict the instantaneous, daily or annual energy consumption of the lift without the need to carry out
actual measurements on the lift, for the following reasons [2]:

1. Convenience: It is much easier and more convenient to be able to calculate the expected
energy consumption under different scenarios without the need for measurement.

2. Restriction or difficulty of access and the requirement for resources: access to assets is often
restricted due to operational requirements. Carrying out measurements requires specialised
equipment and much care during the process of measurement (e.g., measuring at the correct
incoming point of the supply; distinguishing between the main asset and the ancillary
equipment; using three-phase equipment in cases where the load on the three phases is not
balanced). Moreover, the results from the measurement are only applicable to the specific
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conditions prevalent at the time of the measurement (e.g., number of passengers on that
specific day; mechanical condition of the asset at the time of measurement).

3. The lift might not have been built yet: this is especially true for product designers who need
to assess the effect that their design decisions will have on the expected future energy
consumption of the product. An example of a study looking at the effects of mechanical
design on power consumption can be found in [11]. A good example of such a system is a
hypothetical two-dimensional lift system in a large building [21, 22].

4. The proposed modification or operational change has not been implemented on the asset yet:
this is especially true where a client is offered a design modification or an operational change
on the asset and he/she needs to determine the expected effect that such a change will have on
the energy consumption. The expected energy saving can be weighed against the cost and
risk of the proposed design modification or the operational change (e.qg., the effect of lift traffic
is analysed in [12], the effect of the group control algorithm can be found in [24, 25], the
effect of passenger traffic on escalator energy consumption can be found in [13]; and the effect
of lift velocity can be found in [14]). Another good example is for a system that attempts to
feed electrical power from one lift to another in order to avoid passenger entrapments in case
of a power failure [4].

As with all other means of transport, the energy consumption of lifts does not solely depend on the
asset itself (mainly defined by its electrical and mechanical design). The energy consumption of any
means of transportation asset depends on the following four important factors:

1. The electrical and mechanical design of the asset (e.g., the effect of the mechanical design on
escalator energy consumption [15]).

2. The quality of asset maintenance: maintenance has an important effect on the efficiency of a
mechanical asset and associated frictional losses.

3. The methods of control and operation: this factor has great importance in lift systems. It is
well known that the energy consumption of a group of lifts depends on the method of
allocation of the landing calls to the lifts [24, 25].

4. The characteristics of the passengers using the asset (e.g., number of daily passengers, their
arrival pattern, and their behaviour) [12]. For this reason, any lift energy consumption tool
would need to be intricately linked to a lift traffic simulator. Research has been carried out to
link the energy consumption to passenger demand response [23].

It is thus meaningless to talk about the energy consumption of an asset solely based on its electrical
and mechanical design, without taking into consideration the level of maintenance, the method of
operation and control as well as the characteristics and behaviour of the passengers using it.

This paper used MATLAB/Simulink for lift energy modelling and simulation. The blocks can be
adapted to suit the actual components used within the lift being analysed. Simulink has been widely
used to model and simulate electrical machines in general ([16], [17]). It was also used to
Mechatronic system education by modelling the operation of a DC motor operated lift [18].

Section 2 provides a high-level overview of the model and the rationale for using it. Section 3
describes the components of the model in detail. Section 4 provides some representative results.
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2. OVERVIEW OF THE MODEL

This paper develops a Simulink based model for the evaluation of the energy consumption of a
traction lift system. It is mainly based on the model that can be found in [19]. A similar approach
was used in [20] but with a different set of equations. The model in [20] calculates the required value
of the torque, while the model described here divides the net torque by the second moment of mass
and then feeds back the resultant rotational speed. The model uses a widely available installation of
lifts on the market that assumes the following:

1. The lift system uses a squirrel cage induction motor.

2. The induction motor is driven by a variable frequency drive system. The variable frequency
drive system employs an uncontrolled six pulse rectifier, followed by a capacitor and then a
six pulse IGBT inverter. The inverter employs flux-vector control. It is acknowledged that
lift variable speed drive systems employ different types of inverters, such as flux vector
control, direct torque control (DTC) and scalar control. By changing the block used, it is
possible to simulate the different types of drives as well as their effect on the energy
consumption.

3. The system runs under closed loop control and it is assumed that some form of feedback for
the motor speed is provided to the controller (e.g., using an incremental shaft encoder).

4. The ropes have been modelled within the system. Only the suspension ropes have been
modelled. It is possible in a future version to include the compensation ropes as well.

5. It has been assumed that the system employs a gearbox to match the speed and torque from
the motor to the load.

6. The car mass has been assumed to be equal to the passenger rated load, and the counterweight
ratio can be changed by the user. The user can easily change the assumption about the mass
of the car and the rated load being equal. This is just a simplification.

7. Other mechanical aspects are incorporated into the model, such as the viscous friction and the
gearbox efficiency.

In order to initialise all the parameters, a MATLAB script file is used that will be run at the beginning
and assign all the parameters their intended value.

Some of the blocks have been used without any change from Simulink, but other models have been
built from scratch. This feature from Simulink allows any user to adapt the model to his/her
application. The following are two of the limitations of this model:

= |t only provides the energy consumed for one journey. So, it would need too be linked to a
traffic simulator in order to aggregate the energy consumed over a day or a year.

= The parameters of the mechanical model are embedded inside the blocks, rather than being
modelled as mechanical components.

The model is effectively open source, and this gives it a great educational advantage. A link is given
at the end of this paper for those interested in downloading it. The next section provides a detailed
description of the blocks of the model.
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3. DESCRIPTION OF THE BLOCKS IN THE SIMULINK MODEL

This section describes the simulation model used in detail. A block diagram of the whole model is
shown in Figure 1. It shows a modular approach to building the model. The main advantage of this
method of energy modelling is that it takes into consideration the dynamic characteristics of the
system. This offers the advantage of being able to alter the control algorithm in order to optimise the
energy consumption. The model comprises the following eight modules:

1. The speed time profile generator: this block generates the speed time profile for the lift
journey. It uses four parameters, namely: the journey distance, the rated speed, the rated
acceleration, and the rated jerk. This forms the basis of the operation of the model, as the
system uses the speed-time profile curve as the set value for the closed loop speed control
system. This block specifically mirrors a similar block that is available in all variable speed
drive systems in modern lift speed controllers.

2. The Flux Vector Control: this block contains the Pl parameters. It forms the controller for
the closed loop control system that controls the motor in order to produce the required torque
and speed. Although PID (proportional-integral-differential) controllers are widely used in
many industrial control systems, lift controllers usually only use PI (proportional-integral)
due to the slowly changing nature of the reference signal generated by the speed time profile.

3. The rectifier block: this block contains the six-pulse uncontrolled rectifier that converts the
supply from the three phase source into dc. It also contains the components necessary for the
regenerative feature.

4. The Inverter Block (IGBT inverter): this unit contains the six IGBT’s the control the squirrel
cage induction motor (SCIM). The firing pulses for the six-IGBT’s are received from the
Flux Vector Control unit.

5. The motor block which contains the model of squirrel cage induction motor (SCIM) used as
the hoisting motor and the processing necessary to extract the torque from the motor and feed
the actual speed.

6. The Mechanical System block which contains the details of the system inertia (second
moment of mass) referred to the low speed shaft (LSS), the passenger mass, the frictional
model and the implementation of the rotational equivalent of Newton’s second law applied
on the low speed shaft (LSS). Even though MATLAB/Simulink contains some advanced
dedicated mechanical component blocks (in SimMechanics), these have not been used in this
model due to their drastic impact on the running time of the simulation.

7. The power supply: This comprises the three-phase source and contains components that
enable the regenerative feature.

8. The Power Meter: This unit measures the real power flowing from the power source to the
lift system.

It is worth mentioning that the model allows for full regeneration back into the power supply when
the lift is over-hauling. The voltage of the dc link (i.e., the voltage on the capacitor of the dc bus) is
continuously monitored and compared to a pre-set value of 725 V. It is assumed that rated three
phase supply voltage is 400 V rms (line to line), based on a phase voltage of 230 V rms. This gives
an average dc link voltage from the output of the six-pulse uncontrolled rectifier of 538 V dc. Thus,
the threshold for the dc link has been set higher than this value assuming that the voltage rating of the
dc link capacitor is 1000 V dc.
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Whenever the voltage on the dc link exceeds this pre-set value, the regenerative unit starts operating.
An inverter starts producing a three phase AC voltage from the dc bus and feeding the three phase
AC voltage back to the supply. A low pass filter comprising a series inductor and a shunt capacitor
is used to filter the voltage. A controlled current source is then used to feed the energy back into the
supply. This feature can be used to show the effect of selecting a fully regenerative drive system.

4. SOME REPRESENTATIVE RESULTS

The model was setup for a typical small size lift installation. It was run for one single journey of 4.5
m. Some results are shown below to illustrate the possible outputs that can be extracted from the
model.

The system is set up to log the following: three phase currents drawn by the motor, the power drawn
by the system from the three phase source, the motor speed, the torque from the motor, the
displacement against time, the speed against time, the acceleration against time and the jerk against
time, the voltage on the dc bus (i.e., on the capacitor), whether the system requires braking or driving
at one point.

Figure 2 shows the instantaneous values of the three-current drawn by the motor during the full lift
journey. It is obvious how the frequency of the current is low at the beginning, high in the middle of
the journey and then low again at the end of the journey, corresponding to the speed of the motor
during the journey. It can also be seen how the magnitude of the current is large at the beginning due
the large toque required at the beginning to accelerate the translational and rotational masses.

Figure 3 shows the plot against time of the active (real) power drawn by the system from the source.
It is worth noting that for most of the time the power is drawn from the supply, but for a short period
of time no power is drawn. This is the period of braking. Figure 4 shows the speed-time profile
(reference speed and actual speed) against time. It shows how close the two values are similar to
each other, showing how effective the closed loop control system is in keeping the speed equal to the
reference value
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Figure 1: Block Diagram of the Energy Model from Simulink.
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Figure 2: The three phase currents drawn during the journey.
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Figure 4: Reference motor speed and actual motor speed in rad/s.

5. CONCLUSIONS

A component-based energy lift model has been designed and tested in Simulink. The main
components were explicitly represented in the model including the squirrel cage induction motor, the
variable frequency drive (including the rectifier, the capacitor on the dc bus and the inverter), the
regenerative unit (that is used to feed power back into the mains), the closed loop feedback controller
(PI controller in this case), the viscous friction, the inertia of the rotating and translating masses, the
ropes, the mass of the car, passengers and counterweight. The model simulates the full system in real
time, timeslice by timeslice, thus providing a micro-scale view of the flow of energy, as well as
faithfully representing the dynamic response of the system.

The model contains a speed time profile generator, that produces the exact speed profile that the
system should follow. The output from this block becomes the reference value and is used in the
closed loop control system to drive the speed of the motor and thus the lift. Such a system captures
the dynamics of the system very accurately.

One of the main advantages of a component-based-model is that it clearly segregates each component
of the model mathematically and even graphically, which makes it easy and transparent for the user
to change the parameter of each component or even change the complete component. Although in
real life systems, a time-lag exists between the consecutive blocks, this has not been simulated in this
model. It is possible in the future to use one or more timeslice delay blocks (z1) between the
consecutive models.

A numerical example of a lift system was run and samples of results were shown in the paper,
including the reference and actual speed time profiles against time, the power drawn from the supply
and the instantaneous three phase currents drawn by the motor.

Further work will be carried out in carrying out detailed comparisons between the model results and
logging data from real lift sites.
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Source Code: The following is the link to the Simulink file and the associated script file: DOI:
10.13140/RG.2.2.33365.65762
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Abstract. In a Destination Control System (DCS), passengers use specific terminals in lift lobbies to
give their calls. Often, a building security system is integrated with the lift control system: after having
granted access at a security gate, passenger’s home floor is automatically sent to the lift control system
as a passenger call. Immediately after registering the call, the lift control system allocates a lift to the
call and announces it on a display attached to the terminal or the gate. So far, passenger interaction
with these call-giving devices has been overlooked in lift traffic simulation, which typically assumes
an infinite-capacity queue for the devices and does not model passenger walking from the devices to
the lifts. Standard passenger service quality parameters such as waiting time are defined from when
a passenger either registers a call on a landing or joins a queue. Thus, in the case of the DCS, service
quality measures include queueing, interaction and walking time. This paper introduces a queue-
theoretic model for call-giving devices based on average interaction time and verifies it by
simulations. The model predicts queue saturation, which allows to define handling capacity of call-
giving devices with 80% utilization factor. The effect of walking distance on passenger service quality
is studied by gradually increasing the distance from zero up to a remote location corresponding to
security gates. Usage data of call-giving devices from operational lift groups with the DCS is analysed
and compared to the current practices of lift traffic design.

1 INTRODUCTION

A Destination Control System (DCS) was introduced to the market in the 1990s and is nowadays
provided by all major lift manufacturers. In the original concept, lift lobbies were equipped with
passenger terminals with a keypad and display, which passengers used to input their destination floors
[1]. The terminals have evolved into touchscreen displays with customizable user interfaces. Often,
the building security system and security gates are integrated with the lift control system and act as
call-giving devices. Also new call-giving and guidance concepts different from the original ones have
been developed [2,3]. Given that the DCS is in use in numerous high-rise buildings and the de facto
standard for new offices, it is surprising to find that practically nothing has been published about call-
giving devices and passengers’ interaction with them [4].

Passenger’s interaction with call-giving devices starts before operating them by choosing a device,
approaching it and preparing to use it. The passenger may need to swipe an access card to unlock the
device. When using a typical terminal, the passenger first reads and interprets instructions to use it
and, then, inputs the destination floor. The interaction is simplified if the security system
automatically sends the destination floor to the lift control system after granting access to the
passenger at a gate. The lift control system allocates a lift to the passenger and immediately shows it
on the display attached to the call-giving device. After correctly interpreting the shown information,
the passenger walks to the allocated lift and waits for its arrival. The display may still show the
allocated lift for some time, the duration of which may be required by accessibility standards [5]. The
shown information may delay the next passenger to start the interaction.
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Current practice in lift traffic design neglects passenger interaction with call-giving devices.
However, more realistic assessment of lift group performance could be obtained if lift lobbies and
passenger interaction with the devices were considered properly in lift traffic simulations. Building
Traffic Simulator (KONE BTS™) is capable of modelling call-giving device queues and lobby
layout, which makes it a unique tool to study the effect of interaction and walking on lift group
performance [6]. Standard measures for passenger service quality include walking time to the
allocated lift and standing time in front of it [7,8]. Fig. 1 adds queueing time and interaction time to
the beginning of a passenger journey from the moment when a passenger joins a call-giving device
queue until registering a call. While lift traffic simulations can be conducted without considering the
time spent before standing in front of a lift, it is always present in DCS installations. Therefore, this
paper aims at bridging the gap between simulation and real-world installations as well as establishing
guidelines about how call-giving devices should be considered in lift traffic design.

Journey Time

Time to Destination

Waiting Time | Transit Time

Queueing Time | Interaction Time | Walking Time | Standing Time :
Moorngy O Oprmeermmee Opremeermmee Oereermmee Oprmeermmee Oemeermmee O
JOURNEY
A passenger The passenger The passenger The passenger The responding The responding The passenger
joins a call- stands first in registers a call stands lift begins to lift begins to alights at the
giving device the call-giving on the call- stationary in open its doors open its doors destination floor
queue device queue giving device front of the at the boarding at the
allocated lift floor destination floor

Figure 1 A passenger journey in a lift group with a destination control system

The rest of this paper is organized as follows. Section 2 presents a queue-theoretic model of call-
giving devices and numerically shows queue saturation. Section 3 aims at validating the saturation in
lift traffic simulation. In Section 4, the effect of passenger walking time on lift group performance is
studied systematically. Section 5 utilizes lift monitoring system data to derive real-world evidence on
passenger interaction with call-giving devices. Section 6 concludes the paper.

2 CALL-GIVING DEVICE QUEUES

Call-giving devices in a lift lobby can be considered as a multi-server queueing system. Lift
passengers first arrive at the queue and then interact with the devices for some time. In office
buildings, passenger arrivals have been found to follow a Poisson process during morning uppeak
[9,10]. For simplicity, an M/M/c queue model is adopted for call-giving devices, where passengers
arrive according to a Poisson process and are served by a single queue on ¢ servers with exponentially
distributed service times [11]. In practice, lift passengers form separate queues in front of each device,
i.e., ¢ single-server M/M/1 queues, and, upon arrival at the lobby, choose one based on queue length,
for example. On the other hand, a passenger standing in a queue may jockey to another queue [12].
Thus, passenger behaviour may differ from the model assumptions in practice.

Utilization factor p in an M/M/c queue is related to arrival rate A passengers per five minutes, service
rate u passengers per five minutes and the number of servers,

p = 2/(cp), (1)

where service rate  is the inverse of average interaction time T given in seconds, u = 300/T. The
queue is stable if utilization factor p is less than one. Mean queue length L, is given by [11],
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where P, is the probability of no passengers in the system, i.e., a passenger can be served immediately,

o= 1|5 2 + L2 @

The mean queue length can be expressed as a function of the utilization factor and the number of
servers if the relationship of arrival and service rate in Eq. 2 is substituted by cp according to Eq. 1.
Table 1 illustrates mean queue lengths for up to six servers with varying utilization factors. The mean
queue lengths start to increase uncontrollably when utilization factor exceeds 80%, which can then
be used as the definition of a saturation point.

Table 1 Mean queue lengths for M/M/c queues

Utilization Mean queue length L, for c servers [persons]
factor p [%] 1 2 3 4 5 6

20 0.05 0.02 0.01 0.00 0.00 | 0.00

40 0.27 0.15 | 0.09 0.06 0.04 | 0.03

60 0.90 0.68 | 0.53 0.43 0.35 0.29

80 3.20 2.84 2.59 2.39 2.22 2.07

90 8.10 7.67 7.35 7.09 6.86 6.66

95 18.05 | 17.59 | 17.23 | 16.94 | 16.68 | 16.45

Mean queue waiting time W, in seconds can be derived from the mean queue length by Little’s rule,
W, =300 X Lg/A. (5)

Table 2 shows mean queue waiting times for M/M/c queues, which increase when varying interaction
times from 0.001 to 5.0 seconds and utilization factors from 80% to 95%. The results clearly
demonstrate exponentially increasing mean queue waiting times for utilization factors higher than
80%, which indicates queue saturation. Interaction time 0.001 seconds is impossible in practice but
is included here to demonstrate how a queue with infinite capacity results in zero mean queue waiting
time as currently assumed in lift traffic simulations.

The saturation point can be used to define handling capacity for a set of call-giving devices as a
maximum sustainable number of passengers that can use the devices in five minutes,

HC5=08X%Xcxu=08x300xc/T. (4)

The 80% saturation point is typically not considered in security gate handling capacities [e.g. 13].

3 CALL-GIVING DEVICE QUEUES IN LIFT TRAFFIC SIMULATION

Building Traffic Simulator models passenger journeys in a multi-storey building of any complexity
by a network of building hotspots, through which virtual agents navigate from their origins to their
destinations [6,14]. In the case of the DCS, each call-giving device in a lift lobby is associated with
a hotspot having three-dimensional coordinates. An agent first chooses the starting point of her
journey from the available call-giving devices. Device interaction time T is modelled as a constant
delay, after which the agent registers the call, lift control system allocates a lift to it and the agent
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walks to the allocated lift. Walking times from the devices to the lifts constrain call allocation for
subsequent passenger arrivals on a particular floor. A new passenger can be allocated to a lift if her
estimated time of boarding occurs before a specified maximum stopping time has elapsed since the
first passenger on the same floor boarded the lift. Thus, maximum stopping time sets the limit to how
long a lift may wait for new passengers before closing its doors and departing. In the simulations that
follow, maximum stopping time is set at 15 seconds.

Table 2 Mean queue waiting times with varying interaction time and utilization factor

Interaction | Utilization Mean queue waiting time W, for ¢ servers [seconds]
time T [s] | factor p[%0] 1 2 3 4 5 6

80 0.004 0.002 0.001 0.001 0.000 0.000
0.001 90 0.009 0.004 0.003 0.002 0.002 0.001
95 0.019 0.009 0.006 0.005 0.004 0.003

80 4.0 1.8 1.1 0.7 0.6 0.4

1.0 90 9.0 4.3 2.7 2.0 1.5 1.2

95 19.0 9.3 6.0 4.5 3.5 2.9

80 8.0 3.6 2.2 1.5 1.1 0.49

2.0 90 18.0 8.5 5.4 3.9 3.1 2.5

95 38.0 18.5 12.1 8.9 7.0 5.8

80 12.0 5.3 3.2 2.2 1.7 1.3

3.0 90 27.0 12.8 8.2 5.9 4.6 3.7

95 57.0 27.8 18.1 13.4 10.5 8.7

80 16.0 7.1 4.3 3.0 2.2 1.7

4.0 90 36.0 17.1 10.9 7.9 6.1 4.9

95 76.0 37.0 24.2 17.8 14.0 11.5

80 20.0 8.9 5.4 3.7 2.8 2.2

5.0 90 45.0 21.3 13.6 9.8 7.6 6.2

95 95.0 46.3 30.2 22.3 17.6 14.4

Call-giving device queues are studied for a five-car group that has a handling capacity of 14% of
population per five minutes with the DCS (detailed building and lift parameters can be found in [15]).
The number of call-giving devices and interaction times with a device are varied. With an interaction
time of five seconds, a call-giving device can handle 48 passengers in five minutes. Passenger walking
times are kept at zero by positioning all call-giving devices and lifts at the same coordinates. Pure
uppeak traffic is simulated with increasing passenger demands from 10% to 16% of population per
five minutes. Each passenger demand is simulated for 240 minutes, from which quantities occurring
in the first 15 minutes and the last five minutes are excluded to avoid the statistical effects of initial
and end transients [16]. Simulations are repeated 20 times to improve the accuracy of the results. For
each simulated passenger demand, Table 3 shows queue utilization factors (p) calculated using Eqg.
1, average number of passengers in the car at departure from the main entrance floor (P), average
roundtrip time (RTT), average queueing time (QT), average standing time (ST), average waiting time
(WT) and average time to destination (TTD).
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In the cases, where passenger interaction time with call-giving devices are set at zero seconds, call-
giving device queues do not show any sign of saturation as can be expected. Average queueing time
increases uncontrollably only if passenger demand exceeds handling capacity and the lift group itself
saturates. Passenger demand 15% provides interesting insights when studying the repeated
simulations in detail. Due to the timing of random passenger arrivals, the lift group saturated in three
out of the 20 simulations, resulting in very long average queueing and standing times . The remaining
17 simulations experienced no queueing at call-giving devices and average standing time was only
about 35 seconds. Thus, depending on the random sequence of passengers, the lift group may be able
to handle passenger demands above handling capacity without showing any alarming values in
passenger service quality measures.

Table 3 Lift group performance in uppeak traffic with varying interaction times

TIs] . Passenger demand [% / 5 min]
10 11 12 13 14 15 16
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0 6 0.0 0.0 0.0 0.0 0.0 0.0 0.0
PI%l 3 72.2 79.4 86.7 93.9 | 101.1 | 108.3 | 115.6
> 6 36.1 39.7 43.3 46.9 50.6 54.2 57.8
3 9.7 11.1 12.6 14.2 16.1 18.1 19.9
P [N] 0 6 9.7 11.2 12.6 14.3 15.9 18.1 19.9
5 3 9.7 11.2 12.7 14.3 15.6 15.7 15.6
6 9.7 11.2 12.6 14.3 16.0 17.9 19.9
3 112.2 | 116.9 | 121.7 | 126.5 | 132.3 | 140.1 | 159.8
RTT [5] 0 6 112.0 | 117.0 | 121.7 | 126.9 | 131.4 | 140.2 158.8
5 3 112.1 | 117.7 | 122.3 | 127.4 | 130.8 | 131.7 130.9
6 112.0 | 117.1 | 121.8 | 127.0 | 131.8 | 137.7 | 155.2
3 0.0 0.0 0.0 0.0 0.0 29.4 529.3
oT [s] 0 6 0.0 0.0 0.0 0.0 0.0 325 459.5
c 3 2.5 3.8 6.2 15.7 | 167.3 | 630.0 | 1047.5
6 0.2 0.2 0.3 0.5 0.6 9.4 393.8
3 20.9 22.3 23.7 25.7 28.8 47.6 120.1
ST 5] 0 6 21.1 22.3 23.8 25.7 29.0 | 47.2 119.4
c 3 21.2 22.3 23.8 25.3 26.6 26.6 26.9
6 21.0 22.2 23.8 25.5 28.5 39.0 101.8
0 3 20.9 22.4 23.7 25.7 28.8 81.0 678.1
WT [s] 6 21.1 22.4 23.8 25.7 29.0 87.7 637.3
c 3 28.7 31.1 35.0 46.0 | 198.9 | 661.7 | 1079.4
6 26.2 27.5 29.2 31.0 34.1 54.9 526.5
0 3 71.2 75.0 78.6 83.0 88.9 | 1455 | 753.2
TTD [s] 6 714 75.0 78.7 83.1 88.9 152.3 711.6
. 3 78.9 83.8 89.8 | 103.5 | 257.9 | 721.0 | 1138.5
6 76.5 80.2 84.0 88.5 94.0 | 118.2 | 598.7
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Lift group performance with six call-giving devices and five-second interaction time closely follow
the results with zero-second interaction time, which follows from the fact that six call-giving devices
even with a five-second interaction time have much higher handling capacity than the lift group, 22%
of population per five minutes. Furthermore, average waiting time and time to destination are slightly
more than five seconds longer than in the cases with zero interaction time. Thus, the modelling of
passenger interaction with call-giving devices adds a constant delay almost equal to the parameter
value to both passenger service quality measures.

Three call-giving devices with an interaction time of five seconds have a handling capacity of only
11% of population per five minutes. The results show the saturation of device queues in many ways.
First, queue utilization factor for 11% passenger demand is about 80%, which indicates approaching
saturation. Second, average queueing time for call-giving devices is already on a higher level for 12%
passenger demand but clearly saturated for 13% passenger demand. Third, with high passenger
demands from 14% to 16% per five minutes, lift group performance measures and passenger standing
time stop increasing but remain at the level reached by 14% passenger demand. In this case,
congestion at call-giving devices makes lift group performance look better since call registration stalls
and lift control system cannot allocate the lifts to their capacities. Thus, in the case of too few call-
giving devices, lift group saturation may go unnoticed.

4 PASSENGER WALKING TIME IN LIFT TRAFFIC SIMULATION

The impact of walking distances between call-giving devices and lifts on lift group performance and
passenger service quality is studied by the same simulation setup as in the previous section. In all
cases, interaction time T is kept at zero seconds and the number of call-giving devices at six. The
walking distance is varied from 0 to 60 meters in 5-meter steps, and it is translated to a walking time
by assuming a constant walking speed of 1.0 m/s. Simulation results are shown in Table 4.

Average number of passengers in the car at departure from the main entrance floor (P) and average
roundtrip time (RTT) indicate that lift group handling capacity remains at 14% of population per five
minutes up to a walking distance of 20 meters. Both measures are about the same for distances
between 0 and 20 meters while, for the distances of 40 and 60 meters, they become clearly higher.
Based on average roundtrip time with 14% passenger demand, a walking distance of 40 meters
reduces handling capacity by 8.4 % and 60 meters by 16.3 %. The results indicate that the lift control
system starts to lose its ability of allocating passengers going to the same destination to the same
elevator due to walking time and maximum stopping time constraints in call allocation.

For passenger demands up to lift group handling capacity, 14% of population per five minutes, and
for walking distances between 0 and 20 meters, average standing time (ST) remains about the same
and average waiting time (WT) increases about as much as average walking time. In addition, average
standing time decreases with walking distances longer than 20 meters. This indicates that the earlier
the call is given to the lift system, the better for user experience, regardless of the loss in handling
capacity. Average time to destination (TTD), on the other hand, increases slightly more than the
distance grows for walking distances longer than 20 meters, which results from longer roundtrips.

The situation changes when passenger demand exceeds handling capacity: average waiting time
increases much faster than the distance grows as lift group saturates and passengers start to queue for
a call-giving device. The saturation can be seen in dramatically increasing average queueing times
(QT) on call-giving devices especially for 40-meter and 60-meter walking distances.

As a short summary, call-giving devices can safely be located at distances up to 20 meters from lifts,
and it may not be necessary to take the distances into account in simulations to correctly evaluate the
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performance of a lift group with a destination control system. Nevertheless, walking distances longer
than 20 meters should be considered in simulations since they influence handling capacity.

Table 4 Passenger service quality in uppeak with different walking distances

Walking Passenger demand [% / 5 min]
distance [m] | 10 11 12 13 14 15 16
0 9.6 11.0 | 124 | 140 | 158 | 177 19.9
5 9.3 10.7 | 121 | 137 | 155 | 175 19.9
P [N] 10 9.4 10.8 12.3 13.8 15.6 18.3 19.9
20 9.6 11.0 12.4 14.0 15.7 18.7 20.0
40 10.1 | 116 | 13.2 | 150 | 174 | 19.9 20.0
60 11.7 13.3 15.0 16.7 19.0 20.0 20.0
0 112.0 | 117.0 | 121.7 | 126.9 | 131.4 | 140.2 158.8
5 1075 | 1123 | 116.6 | 1214 | 127.3 | 135.3 160.0
RTT[5] 10 1085 | 1129 | 1181 | 1228 | 128.6 | 143.2 160.7
20 110.4 | 1148 | 119.4 | 123.8 | 129.7 | 147.4 | 161.2
40 116.8 | 122.0 | 127.3 | 133.3 | 1435 | 160.8 161.7
60 135.2 | 139.2 | 1440 | 148.7 | 157.0 | 161.6 162.4
0.0 0.0 0.0 0.0 0.0 32.5 459.5
5 0.0 0.0 0.0 0.0 0.0 14.2 467.3
oOT [s] 10 0.0 0.0 0.0 0.0 0.0 56.0 543.2
20 0.0 0.0 0.0 0.0 0.0 57.3 582.0
40 0.0 0.0 0.0 0.0 0.2 215.2 646.0
60 0.0 0.0 0.0 0.0 2.7 2785 | 710.8
0 21.1 22.4 23.8 25.7 29.0 47.2 119.4
5 215 23.1 25.1 27.1 30.2 41.8 1175
ST [5] 10 215 23.7 25.3 27.8 31.1 62.8 117.3
20 19.3 21.3 23.0 25.1 28.8 67.7 109.2
40 17.6 19.7 22.1 25.8 36.7 87.5 92.2
60 13.2 15.0 17.9 22.7 42.1 71.6 73.4
21.1 22.4 23.8 25.7 29.0 87.7 637.3
5 25.6 27.1 29.2 314 34.6 63.8 649.9
WT 5] 10 30.2 32.4 34.1 36.8 40.3 146.1 735.4
20 37.1 39.2 41.0 43.3 47.4 167.8 778.5
40 54.2 56.6 59.4 63.8 76.7 | 402.4 | 850.3
60 66.4 | 689 | 727 | 79.0 | 1113 | 477.4 | 9188
713 | 750 | 787 | 831 | 88.9 | 1523 | 7116
5 74.1 77.8 82.0 86.7 92.9 126.4 725.0
TTD [s]
10 78.9 83.4 87.6 93.0 99.5- | 212.9 811.0
20 87.0 91.2 95.2 100.0 | 107.2 | 236.9 854.4
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40 107.7 | 112.7 | 118.2 | 125.9 | 144.0 | 478.3 | 926.8
60 128.9 | 133.0 | 139.0 | 147.6 | 184.7 | 554.0 | 995.8

) CALL-GIVING DEVICE USAGE BASED ON LIFT MONITORING SYSTEM DATA

Call-giving usage patterns and passenger interaction time at a device are derived from lift monitoring
system data of two lift groups. Group 1 has automatic call-giving at four parallel security gates that
lead to the lift lobby. Gate 1 is the nearest and Gate 4 the furthest from the main building entrance.
Group 2 has six touchscreen passenger terminals, where users manually select the desired destination
floor from a list. The terminals are located around the lift lobby. Terminal 1 and 6 are the closest to
the main entrance while Terminal 4 and 5 are the furthest. Table 5 shows walking distances between
each call-giving device and lift for both lift groups.

Table 5 Walking distances between call giving devices and lifts

Group / Walking distance from a call giving device to a lift [m]
Device | Lift1 | Lift2 | Lift3 | Lift4 | Lift5 | Lift6 | Lift7 | Lift8
1/1 6 8 11 13 6 8 11 13
112 6 8 11 13 6 8 11 13
1/3 6 8 11 13 6 8 11 13
1/4 6 8 11 13 6 8 11 13
2/1 7 9 10 18 20 22 N/A N/A
2/2 10 7 13 N/A N/A
2/3 13 9 7 5 8 11 N/A N/A
214 22 20 18 10 9 7 N/A N/A
2/5 18 15 12 7 7 7 N/A N/A
2/6 8 7 7 13 16 19 N/A N/A

Samples of more than 2000 calls placed at the main lobby were gathered from both lift groups for the
period of one working week during the most intense period of morning uppeak traffic. Call-giving
interval and time difference between two consecutive calls at the same device closely corresponds to
passenger interaction time at a device if one passenger immediately follows another to the device and
gives a call. Thus, an exceptionally long call-giving interval does not necessarily mean that a
passenger was somehow troubled with the call-giving. More likely, the device was unused for a
moment before the next passenger approached it or, in the case of security gates, the counter-flow of
outgoing passengers blocked the incoming flow for a while.

Fig. 2 shows the distributions of call-giving intervals for each device in both lift groups, which clearly
resemble gamma distributions with long tails extending greatly above 16 seconds. However, the least
used devices have almost flat distributions probably arising from long periods, during which they are
not used. Most frequently, call-giving intervals fall around 4.5 and 5.0 seconds for security gates and
terminals, respectively. Some of the distributions have slightly raised peaks around 10 seconds, which
may correspond to passengers whose first attempts to use a device failed.

Table 6 summarizes passenger call statistics for each device. Calls are not distributed evenly to the
available devices but clearly chosen by the proximity of the device along passengers’ paths from the
entrance to the lift lobby. This behaviour should be considered already in the design stage when
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positioning devices to maximize their usage, to ensure enough devices and to enable efficient use of
lift groups.

Lift group 1 - Call-giving interval distribution Lift group 2 - Call-giving interval distribution
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Figure 2 Call-giving interval distributions for each device

Call-giving intervals indicate possible interaction times with devices for design purposes. Mean call-
giving intervals are high due to the long tails. Median values are lower than means but still too high
to represent typical interaction times except possibly in the case of Gate 1 in Group 1. The shortest
call-giving intervals are about two seconds for almost all devices, which indicates that experienced
users can, at least in theory, use the devices quickly. However, such short intervals were rare
exceptions in the data and cannot be considered typical interaction times. For design purposes, four
seconds can be assumed for security gate interaction time and five seconds for touchscreen passenger
terminals based on the observed statistics. With these interaction times, handling capacity of a
security gate becomes 60 passengers in five minutes and, respectively, 48 passengers in five minutes
for touchscreen passenger terminals by using Eqg. 4.

Table 6 Call statistics for the call giving devices at the main lobby

Group/ | Number | % of | Call-giving interval [s] | walking | Standing | Waiting
Device of calls calls Mean | Median | Min | time[s] | time[s] | time [s]
1/1 939 36.8 8.0 4.9 2.1 9.4 14.4 22.7
1/2 698 27.3 10.9 6.3 1.8 9.4 15.2 23.5
1/3 507 19.9 14.9 8.2 2.1 9.3 13.9 21.9
1/4 409 16.0 18.5 11.6 2.9 9.3 14.7 22.8
2/1 570 24.9 13.2 9.4 1.5 13.7 11.5 22.8
2/2 319 14.0 28.4 18.1 2.6 8.5 11.0 17.4
2/3 334 14.6 25.7 15.4 2.2 8.5 12.2 19.0
2/4 211 9.2 37.2 26.4 3.0 12.2 12.3 22.8
2/5 168 7.3 50.0 30.3 2.3 9.7 12.9 20.7
2/6 684 29.9 13.7 8.3 2.2 11.2 11.1 20.0

Finally, passenger service quality statistics demonstrate the effect of walking time. First, walking
time seems to mostly explain the differences between the devices with respect to average waiting
times. Average standing times are rather constant and independent on device locations, 14-15 seconds
for Group 1 and 11-12 seconds for Group 2, which indicates that walking distances do not affect call
allocation. Second, in these lift groups, average passenger waiting times are excellent, below 25
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seconds, but, average standing times are even better, less than 15 seconds. Since standing times can
be taken as a measure of user experience, waiting times reported by a lift monitoring system may lead
to incorrect conclusions about lift group performance.

6 CONCLUSIONS

This paper studied the effect of call-giving devices on the destination control system by explicitly
modelling passenger interaction with a device and walking between the devices and lifts. A queueing-
theoretic model and lift traffic simulations showed that a call-giving device queue saturates when
utilization factor exceeds 80%, which can be used to define call-giving device handling capacity. The
simulations showed an important result that time to interact with a device and walking to the allocated
lift do not negatively affect lift group handling capacity and passenger service quality if walking
distances between the devices and the lifts remain below a practical limit of 20 meters. However, if
walking distances are increased beyond 20 meters, the lift control system starts to lose its ability of
allocating passengers traveling to the same destinations to the same lifts, which reduces lift group
handling capacity. Finally, call-giving intervals, i.e., times between consecutive passenger calls, were
derived from lift monitoring system data for the most intense morning uppeak traffic to determine
typical passenger interaction times for call-giving devices. In lift traffic design, interaction times of
four seconds for a security gate and five seconds for a touchscreen passenger terminal could be
assumed as realistic design parameters.

Based on the results, lifts with a destination control system could be designed and commissioned in
three steps, which would evaluate lift group performance independent of call-giving device locations
and actual passenger demands:

1) Carry out lift traffic design according to the current practice and design criteria, if walking
distances between the lifts and call-giving devices does not exceed 20 meters. Otherwise,
account for the distances in design criteria or simulate vertical transportation along with
detailed lobby layouts and passenger walking paths.

2) Select the number of call-giving devices by assuming realistic interaction time to match
passenger demand and position them in attractive locations with respect to building entrances.

3) Verify lift group performance by simulating the same traffic patterns as in the design stage
with a real-time simulator, where virtual passengers travel in the actual lift system.

The results of this paper directly apply to the studied destination control system. Nevertheless, also
other destination control systems need to cope with call-giving device locations and passenger
interaction with them, although practical control system implementations most likely vary and affect
options available to fine-tune lift group performance. As the effect of call-giving devices on lift group
performance is largely unknown, they should also be incorporated into other simulation models and
design standards.
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Abstract. In high wind conditions, tall buildings are subjected to sway, which creates a challenge in
maintaining passenger comfort and safety. The lift performance may need to be reduced or the lift
service may even need to be suspended in severe conditions; however, since the lifts are a key service
of a building, any reduction in their performance may cause substantial loss of revenue. Therefore,
there is a strong demand on the one hand to maximize the lift service availability as long as it is safe,
and on the other hand, to demonstrate the impact of sway countermeasures on the performance of the
lift system in advance. This article explains how a computational environment that models a lift
system in building sway conditions is built based on a segmented approach. The first part consists of
the main lift model, which utilises the building and lift data and is able to run the lift, based on
recorded or simulated lift calls. It also implements the operational mode it receives from the real-time
rope sway calculator. This model forms the second part of the environment and it calculates rope
amplitudes based on recorded or simulated building motion and car position from the main model
and determines the appropriate operational model. The third part consists of the rope sway analysis
tool, which provides precalculated amplification data for the real-time calculation model, the full-
scale rope sway simulation tool, which acts as a reference for result validation, and the building
motion calculator. All simulations are based on the modelling of the physical events. This
environment can be used to predict lift system performance on future buildings and to test the
efficiency of different sway control strategies, and the visualisation of results allows effective
communication between different parties in high rise building projects.

1 INTRODUCTION

The trend of building taller has been combined with a trend of creating super-slender buildings. This
later trend is driven by high city-centre land value, its scarce availability, development in engineering
techniques and aesthetic trends [1]. The trend for tall and slender buildings creates unique challenges
in maintaining a good lift service while also preserving high passenger comfort and safety. The
problem is particularly challenging because it involves multiple disciplines; e.g. mechanical,
electrical and control system design of the lift, lift traffic planning, wind engineering and building
structural engineering.

Caporale described in his dissertation in 2000 the challenges of traditional approaches by lift
engineers to tackle rope sway [2]; either the rope sway in lift ropes is dampened by hardware, or the
speed of the lifts is reduced by software. The drawback of the hardware solution is that effective
dampening of suspension and compensation ropes on both the car and counterweight side requires
complex arrangements, which are costly to produce, install and maintain. Whereas, the speed
reduction by software, and ultimately the cessation of lift service in severe conditions, can lead to
loss of revenue and make areas of the building less desirable and less valuable to building owners.
As a conclusion, Caporale anticipated that the hardware dampening strategy would become the
preferred option, but the experience of the Authors suggests that the software solutions have become
the industry standard.
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Since then, different ways of simulating the dynamic response of high rise lift systems have been
published e.g. by Crespo et al. [3] and the work to reduce the impacts of the software-based solution
has continued to this day. For instance, an approach which aims to optimise between passenger ride
comfort, traffic and building and rope sway has been presented [4], as well as an approach where rope
sway is estimated in real-time based on car location to minimize impact on lift system performance
[5]. But a way is needed to test and demonstrate the effectiveness of different sway control strategies
and to help the communication of experts in different fields.

This paper describes how a computational environment is built from segments to achieve these
targets. Building motion data can be reproduced using a mathematical model and rope amplification
data is generated based on the physical properties of the ropes, the lift system and the building. The
lift and building properties are also used to populate lift running information. The rope sway
amplitudes are then calculated based on these variables. As a final step, the processed data can be
exported into various output formats.

While different aspects of this computational environment have been studied elsewhere, combining
the different elements together is what provides the means to simulate different kinds of configuration
changes quickly and to visually assess their impact on the performance of the lift system. The
accuracy of the simulation may also be improved by substituting some of the computational elements
with actual recorded data, if such information is available.

2 THE COMPUTATIONAL ENVIRONMENT

The computational environment is a context that combines several calculation elements together and
enables to create visualisations that illustrate the impact of changes of input parameters or boundary
conditions.

2.1 Dynamically Changing Lift Operation

One of the main reasons why a new computational environment was built was the fact that the lift
operation changes dynamically based on building motion, calculated rope sway and selected
operation mode. For instance, decreasing lift speed is one common way to alleviate rope sway
problems, and the decision of reducing lift speed can be made based on calculated rope amplitudes.
The speed reduction in turn affects the sequence of calls that can be served and subsequently how the
rope sway evolves.

Furthermore, even if there were different kinds of tools available for assessing lift traffic, the traffic
analysis focuses traditionally on peak traffic and on the handling capacity of the lifts [6]. Therefore,
these tools are targeted for estimating the required speed and quantity of the lifts in normal operational
mode and are, as such, unsuitable for simulating the lift operation in building sway conditions. Also,
traffic analysis normally ignores service lifts. Service lifts are more likely to serve the floors where
rope resonance is present, and may be assigned as firefighting and evacuation lifts, in which case
basic safety must be ensured even in extreme sway conditions.

2.2 Structure of the Environment

The structure of the computational environment is presented in Fig.l. The inputs for the
computational sway environment are the Building Motion Data (2), which consist of acceleration and
amplitude levels of the building, Lift Data (3), which consist e.g. of masses and lengths of lift
components, Building Data (4), which consist of building characteristics such as natural frequencies
and information such as quantity and positions of served floors and Lift Call Data (5), which is a log
of calls assigned to the lift. Alternatively, building motion can be artificially populated using Building
Motion Calculator (1) and the call data using Main Lift Model (8) within the computational
environment.

The Building Motion Data and Building Data is typically received from the wind engineering
consultant of the builder. Preliminary lift data is received form the lift engineering team. A simplified
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summary of these data sets is shown in table 1. Lift call data can be extracted from a lift monitoring
system such as KONE E-Link.

Tablel. A sample summary of Building Motion Data, Building Data and Lift Data

Data from wind engineer Data from lift engineer
Highest occupied floor [m] 220.0 Counterweight location (Rear / Side) Rear
Natural freg. x-direction| [HZz] 0.21231 Travel [m] 200
Natural freq. y-direction| [Hz] 0.24938 Roping 1:1
Peak to RMS factor 3.82415 Height of lowest landing [m] 5.0
Pit [m] 5.0
Max amplitude X- y- Headroom (SH) [m] 115
Return period direction direction | Sling height (E) [m] 3.6
[years] [mm] [mm] Rated speed [m/s] 8.0
1 21.9 58.1 Rated acceleration [m/s?] 1
5 30.4 80.6 Total Car Weight KTQ [kg] [ka] 6400
10 36.5 96.9 Rated Load Q [kg] [ka] 2000
50 52 138 CWT Total weight [ka] 5600
100 59.8 158.7 Rope compensator mass [ka] 1100
Overspeed governor tension weight [ka] 250
Deflection shape X- y- Hoisting roping 8xd16 PAWO F3
Height direction  direction Total suspension rope weight | [kg/m] 7.87
0 0.000 0.000 Compensation ropes 7xd16 PAWO F3
1/4 0.125 0.125 Total compensation rope weight | [kg/m] 6.89
172 0.354 0.354 OSG-rope d10 PAWO F3
3/4 0.650 0.650 [kg/m] 0.38
11 1.000 1.000 Travelling cables [kg/m] 3.29

The lift data, floor information and natural frequencies of the building are fed to the Building Sway
Analysis Tool (6), which generates the rope amplification data (7) needed by the real-time sway
calculator (9).

Building Building Lift Call

Motion Data Data Data

Floor levels, natural frequencies, lift data

Floor characteristics, Ext_er_nal

call information building

______________________________________________ sway reports
1

LIFT COMPUTATIONAL

0 BUILDING ENVIRONMENT
MOTION

CALCULATOR

Lift running

AL (MAINLIFT MODEL data

SWAY SIMULATOR L2 LIFT CALL Lift operational e
For validation only GENERATOR mode Amplification

Data
L s M e e e I e e s i
Rope sway vs. Rope sway vs.
car position car position
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Figure 1. Structure of the computational environment.
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The main model (8) is in charge of the lift operation. It utilises the building (4) and call data (5) to
calculate the lift running data (i.e. speed and position of the lift). The main model feeds the lift running
data to the real-time sway calculator (9), which returns the lift operational mode according to the
predefined sway amplitude thresholds. The main model changes the operational mode at the next
possible time step and feeds the new speed and position information back to the real-time sway
calculator, consequently starting the loop again.

The log of lift running data can also be sent to the Full-Scale Rope Sway Simulator (10) for validation.
In theory, the full rope sway simulator provides exactly the same information as the computational
environment depicted above, but it requires a lot of processor capacity. The computational
environment has been optimised for performance, thus offering a possibility to carry out extensive
simulations in a reasonable amount of time.

3 ELEMENTS OF THE COMPUTATIONAL ENVIRONMENT

3.1 Main Model and Lift Call Generator

The purpose of the main lift model is to replicate the functions of the actual lift controller. It controls
the acceleration and the target speed of the lift, assigns different drive profiles and calculates the
position of the car at each time step. Furthermore, the main model is the entity responsible for
implementing the operational modes — as requested by the sway controller — at the next possible time
step according to their priority. For example, the lift controller can actuate the lift parking mode only
after it has ended serving the current call.

The main model simulates the running of the lift by utilising the floor characteristics (type and
position) of the building and stored lift call data, which can be either actual data from an existing
building or data for a future building generated by a traffic simulation software. Alternatively, the lift
call generator within the main model can populate random calls based on given probability
distribution (e.g. half of the calls to or from the main floor), or call data from a previous simulation
can be reutilised for comparison purposes.

Based on the lift calls, the main model calculates car speed and position, which are governed by the
rated acceleration and the applicable operational mode of the lift. Other parameters, such as loading
time to calculate the total waiting time between calls, are also utilised. The time step length for car
position calculation has to be shorter by an order of magnitude compared to the real-time sway
calculation.

3.2 Sway Controller Model and Real-Time Sway Calculator

The sway controller model collects the needed inputs (e.g. building acceleration, car position),
determines the suitable operational mode and maintains the timers, which define how long a given
mode must be maintained. The objective of the lift operational mode selection is to maximize the
service rate without sacrificing ride comfort or safety of the passengers. The correlation between
speed profile selection and ride comfort has been demonstrated earlier by Roivainen et al. [4], and
here the focus is to limit the rope amplitudes without quantifying the lateral vibrations in the car in
order to maintain high performance level.

3.2.1 Operational Modes

At each given time, the sway controller determines the most suitable operational mode to the lift. The
basic operational mode alternatives, in a prioritised order from lowest to highest, are normal, variable
speed (VAS), performance selection (PES) and park (PARK). VAS drive profile assigns reduced
speed to top or bottom part of the shaft. PES profile adjusts the maximum driving speed to a lower
level for a set period of time. PARK parks the car to a pre-defined park position for a set period of
time. Only one mode can be active at a time. VAS and PES drive profiles are illustrated in Fig.2.
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Figure 2. Velocity as a function of time when lift travels from the bottommost floor to the

topmost floor. Left side: VAS versus normal drive. Right side: PES versus normal drive.

3.2.2 Real-Time Rope Sway Calculation

The real-time rope sway calculation occurs within the sway controller model. Rope amplitudes are
estimated using lift car position information, building acceleration amplitudes and rope-specific data
tables for each period of building acceleration. The method has been inspired by the paper by Arai et
al. [5].

The advantage of calculating rope amplitudes based on predefined tables is that the calculation is
light and fast. This means that in actual lift installation this kind of calculation can be executed by lift
group controller in real-time without overburdening its resources, while taking into consideration that
the calculation has to be done for both primary building modes (x- and y- directions) and for each lift
separately. In the case of simulation, the efficient calculation makes it possible to calculate long
periods in a short amount of time.

3.2.3 Building Acceleration Amplitudes

Building acceleration amplitudes are determined from periodic acceleration data. The effective
amplitude & is calculated from the peak-to-peak amplitude. That is, the effective amplitude & is
defined as half the difference between the highest and the lowest value in the acceleration period. See
Fig.3 and Fig.4.

Figure 3. Acceleration amplitude & for acceleration data with period T.
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Figure 4. Acceleration amplitude for building acceleration data. Acceleration period T =
4.71s.

3.2.4 Rope Amplification Table

Rope amplification table is a two-dimensional array, denoted hereafter as A, where each row
represents a floor level and each column an acceleration period, see Fig.5 for illustration. Table values
are precalculated by solving a second-order damped wave equation, with constant acceleration
amplitude. When the rope tension is assumed to not change due to rope displacement, the resulting
equation is linear. Thus, the rope amplitudes u are directly proportional to acceleration amplitude, i.e.
u ~ aA. Consequently, once the table has been generated for a single acceleration amplitude, it can be
used for any acceleration amplitude by employing scaling. Table cell value Ajj is the amplification
factor in the considered rope after j acceleration periods when lift car is at rest at i"" floor level.

Hereafter, it is assumed that the rope amplification data tables are generated using unit acceleration
amplitude. It should be noted that calculation floor levels do not need to coincide with car landing
levels. A data table is visualised in Fig.6.

Acceleration period

T 2T NT
Fuo| A1 Az oo ... Ain
Fo| A1 A2z -+ - A2n
Floor level : . . : :
Fu AI.Wl A;wz A/.w/v
Figure 5. Rope amplification table illustration. Fi is the position of it floor level and T is

the acceleration time period.
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Figure 6. Data table visualisation. Rope amplitude as a function of time and car position.

Rope amplitudes are updated at discrete time steps to, t1, tz, . . . such that t, — t,-; = T. Suppose that at
time tn the nearest floor to lift car, in direction of travel, is the i" floor. Furthermore, let &(t)Ajj be the
amplitude value in row i which is closest to previously calculated amplitude u(t,-;). Then amplitude
at time tn is calculated as

u(tn) = u(tn—l) + du, (1)

where the amplitude increment is given by

du = a(t,)(Aij1 — Aij), (2)

where 4(tn) is the acceleration amplitude of the n™ acceleration period. However, if the previous
amplitude is higher or equal to the maximum table value in row i, the amplitude decays exponentially
or stays the same:

u(ty) = max(u(t,-e ™€, at) Aiy), (3)

where pi is the precalculated ratio between building period and rope period when car is at the floor
position Fi and { is the damping ratio value.

3.3 Building Motion Time-series Calculator

The time series data for building motion is calculated by the means of a narrow-band process [7], [8]
shown in Fig.7. The building motion wo(t) is calculated from Gaussian white noise &(#) by a two-step
filter. The filter consists of a low-pass filter and a band-pass filter.

(1) a X(t) 1 wo(t)
iw+a —w? +2{:Qiw + 0°
Figure 7. Narrow-band process.

The filter parameters are chosen such, that the building motion wo(t) has the desired statistical
properties. The filter parameter « is calculated as

( Zf \/Zf nS:f?f;;Az)’ (4)

where Q is equivalent to the building natural frequency and corresponds to band-pass filter center
frequency, ¢ is the band width of the band-pass filter, Ao is the amplitude of a harmonic sinusoidal
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time series that has the same RMS value as the building motion wo(t) and So is the constant level of
the power spectrum of white noise &(z).

The building motion time-series is created with pre-defined RMS value, peak-to-RMS ratio and
building natural frequency. The value for peak-to-RMS ratio is estimated as [9]

Peak 0.5772
as = ¥ 21In(QT0p5) + e, (5)

where Tobs corresponds to observation time period, typically 600 s or 3600 s in wind engineering
practice. It should be noted that obtaining a pre-defined value of peak-to-RMS ratio for building
motion wo(t) time series is not guaranteed by the narrow-band process described above. However, it
can be easily obtained for typical peak-to-RMS values by running the process with new random
Gaussian white noise &(z) time-series until the desired value is obtained.

3.4 Full-scale Simulation Model

The full-scale model is based on second-order damped wave-equation and the governing PDE-
equation is solved numerically by the means of finite-difference method. The simulation model used
in the computational environment is a KONE in-house developed code. A very similar approach to
solve the rope sway for a moving lift system with finite-difference method has been presented in [10].
In the full-scale model, more complex events can be easily considered, e.g. ropes hitting shaft
equipment or shaft wall or the application of the hardware solutions mentioned in Chapter 1.

The full-scale model is a collection of scripts, which offers high degree of freedom, but also requires
an experienced user with in-depth knowledge of the problem that is being studied. In the case of the
computational environment under discussion, the full-scale model is used as a reference model to
make sure that the rope amplitude calculation logic using the amplification data tables is producing
accurate results.

3.5 Rope Amplification Data Table Calculation

Rope amplification data tables described in Chapter 3.2 are generated using the rope sway analysis
tool. This tool applies the same finite difference approach as the full-scale model, but it uses a
dedicated input file and runs only limited scripts to produce specific output files. This tool is also
used to generate calculation results for external rope sway analysis reports.

In the beginning of the simulation, the rope displacement is set to zero and the building starts to sway
with given period T and with unit acceleration amplitude of 1 milli-g. The unit acceleration amplitude
of the building is set to building height, where the lift specific building accelerometer is located, i.e.
typically the machine room height. The lift car remains stationary at given shaft location Fi during
one simulation run. The maximum absolute displacements of the different rope segments are recorded
as a function of time and stored with building period T interval as a row in the corresponding rope
amplification data tables. When the above mentioned simulation is repeated for all lift car positions
Fi for the studied lift, the rope amplification data tables are obtained. The simulation time for each
lift car location Fi needs to be long enough, so that converged maximum amplitudes are found for
each rope segments.

4 OUTPUTS

The computational environment can be configured to generate various outputs. This chapter presents
the three basic outputs and their usages.

4.1 Model Comparison

For validation purposes, the lift running data, building data and building motion data can be fed to
the full-scale rope simulator, which calculates the “accurate” amplitudes that can then be compared
to the “estimated” results provided by the real-time sway calculator. Fig.8 shows the results of one of
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such validations. As noted, it is possible to achieve good correlation between the results based on the
predefined tables (Real-time model) and the finite-difference method (Full-scale model).

Car hoisting ropes
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Figure 8. Sample validation between Real-time and full-scale models

4.2  Numerical data for analysis

The numerical data produced by the computational environment is demonstrated using a sample lift
with a travel of 200 m, a rated speed of 8 m/s and with 34 landings. The minimum times the lift
spends in PES or PARK are 10 and 15 minutes correspondingly. Two scenarios were analysed, one
where the lift is running as a shuttle service between the lowest and the highest floor, and the other
where there are also intermediate floors and the lift serves random calls. Both scenarios are further
assessed with the assumption that the total waiting time is 180 s or 10 s at the landings where the lift
stops. The results are presented with three conditions: “Ideal” represents the situation where no sway
control features are present, “Old” represents the situation where sway control is based on building
acceleration only and “New” represent the situation where sway control is based on real-time rope
amplitude calculation. The results are presented in Table 2.

Table 2. Simulation results of sample case from the computational environment.

Shuttle Random
Waiting time 180s | Waiting time 10s | Waiting time 180s | Waiting time 10s
Ideal | Old | New | Ideal | Old | New | Ideal | Old | New ]ldeal| Old | New

Run info Calls 402 | 382 | 395 | 1908 | 1595|1865 | 440 | 431 | 434 |3230| 2985 | 3177
Utilisation [%0] 100.0 | 95.0 | 98.3 1100.0| 83.6 | 97.7 |100.0| 98.0 | 98.6 |100.0| 92.4 | 98.4
Normal time [%] |100.0| 50.3 | 90.2 |100.0| 50.0 | 94.9 |100.0| 50.4 | 86.7 |100.0| 50.3 | 94.1
PES time [%] 00 (486 | 88 | 0.0 {490 41 | 0.0 | 485|123 | 0.0 | 48.7 | 4.8
PARK time [%] 00 |10|10}| 00|10 |210)] 00|10 |10 ]00]| 10|10

4.3 Animation

The main model can directly create animations to visualise the numerical data from the computational
environment. Fig.9 shows a simple and effective way to demonstrate the correlation between different
aspects of the rope sway problem. The upper left corner shows the relative position of the car and
counterweight at each time step, the upper right corner shows the building acceleration and the bottom
part shows the calculated rope amplitudes of each rope segment.
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Real-time rope sway estimation system

Elevator movement . Building acceleration

—-= PARK limit

Run mode: revee PES limit
PES 204
150

15

]

10 N
1M

»( N ,1. \
-ﬁ%‘)ﬂ u "" ‘H 'Y" hy ‘fii'-éi ‘f'*

0 10 20 30 40
Rope amplitudes time [min]

position [m]
5]
=1
amplitude [mg]

w

0

=+ PES limit —— Hoisting car
—-= VAS limit —— Compensation car
0.6 Hoisting cwt
— Compensation cwt

time [min]

Figure 9. Visualisation generated using the computational environment.

5 DISCUSSION

In his dissertation, Caporale predicted that mechanical countermeasures would prevail over software
solutions, because the customers would outweigh the higher initial expense over the reduction in lift
system performance. Based on the experience of the Authors, the development has not proceeded as
Caporale anticipated. There are a number of reasons for this — the most obvious being the quick
advancements in software based control systems. In addition, the advancements in building
technology have made buildings less sensitive to sway. One of the less apparent reasons has been the
lack of tools that could be used to easily demonstrate the effectiveness of different sway control
strategies — whether software or hardware based — to the customer. This deficiency has left customers
without proper justification in making the decision between short-term investment cost and long-term
profitability.

The introduction of the computational environment for simulating the impact of building sway on
high rise lifts eliminates this short-coming and gives the customers the possibility to make educated
decisions. The visualisation of results also allows effective communication between different parties
in high rise building projects, who may not have in-depth knowledge of the intricacies of lift
engineering. For lift engineers, the computational environment enables the testing and refining of
different sway control strategies in different kinds of buildings and in varying weather conditions.

These types of tools are needed to answer the ever-tightening expectations of the super tall and super
slender buildings.
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Abstract. The paper presents Computer-Aided Analysis (CAA) model of a lift car - frame system.
Structural analysis is carried out by the application of the Finite Element Method (FEM) to predict
the responses and stresses arising in the system arising under the emergency conditions. The
emergency scenario presented in the paper involves a buffer strike event which occurs during the car
overtravel. The model can then be used to optimise the design to ensure safe operation of the system.

1 INTRODUCTION

Vertical transportation systems (VTS) such as lifts (elevators) are key elements in the built
environment, especially in the high-rise building environment. It is important that the design of VTS
provides efficient and safe service to building occupants and users [1].

Various dynamic loads act upon components of the lift system during the normal operation and the
emergency conditions. High levels of dynamic stresses in the lift car-frame structure might then
occur. In order to satisfy the requirements of safety standards and to meet the criteria for acceptable
service, thorough understanding of engineering principles and models applied is of paramount
importance in conducting the system calculations [2].

The aim of this work is to demonstrate a computer aided solution and analysis of the dynamic
responses that arise during an emergency scenario. The emergency arrest is initiated when the car
overtravels the designated terminal floor at the bottom of the hoistway. The dynamic loads that arise
during the event are determined and applied in the FEM structural analysis of the car frame structural
components.

2  CAR OVERTRAVEL AND EMERGENCY ARREST

The overtravel arrest mechanism consists of buffers beneath the car (and often beneath the
counterweight) [2]. Three types of buffer are permitted by safety codes [3]: linear, energy
accumulation type buffers, non-linear energy accumulation buffers, and energy dissipation buffers.
Consider a scenario when the car is striking an energy dissipation buffer (see Fig. 1).

The equation of motion describing the dynamics of the system when the car travelling at speed } has
engaged an energy dissipation buffer (buffering event) is given as

M5+ ex + kx = Mg (1)

where g is the acceleration of gravity, x is the displacement, M is the mass of the car-frame assembly,
¢ represents the coefficient of damping and & denotes the coefficient of stiffness of the buffer. The
buffer acting at the buffer striking plate is determined as
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%
Figure 1 Descending car striking a buffer of energy dissipation type.

F, =ci+kx )

In this model of the car-frame — buffer dynamics is represented by the fundamental mode with the
car-frame treated as a rigid body. By solving the equation of motion (1) the buffer force can then be
readily evaluated from equation (2).

3 STRUCTURAL ANALYSIS OF THE CAR-FRAME ASSEMBLY

To determine the dynamic deformations and stress levels of the car-frame assembly, the system can
be analyzed by the application of Finite Element Method (FEM). The behaviour of the structure is
then represented by the following equation [4]

[M]x+[C]x+[K]x=F (3)

where [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix, F is the load
vector and X denotes the displacement vector.

3.1 CAD model

The lift car-frame assembly is a combination of three distinct components: car bodywork (enclosure),
sling (frame) and car platform. A CAD model used in the study is shown in Fig. 3.



car enclosure

platform
buffer channels

Buffer'plate

Figure 2 CAD model of the car-frame assembly

3.2 Fundamental mode analysis of the car-frame - buffer system

Equation (1) can be re-formulated in terms of the fundamental mode parameters as
¥+2lox+w’x=g 4)

where ¢ is the damping ratio and @ represents the fundamental frequency of the car-frame - buffer
system.

Equation (4) is then solved by considering the car speed of 2 m/s, the damping ratio = 0.25, 0.75,
and the fundamental frequency assumed as 1.63 Hz, respectively. The results are shown in Fig. 3.

0.25 Displacements V =2 m/s 18 «10% Buffer forces V = 2m/s
— (=075 16 (=075 | |
(a) (b)
021 1 |
0.15 |
= z
x w®
0.1 /\ —
NS
0.05
0 . . | | | 0 | \ . . |
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
time s time s

Figure 3 Fundamental mode displacements and the corresponding buffer forces

The dynamic deflections are shown in Fig. 3(a) and the buffer forces are illustrated in Fig. 3(b),
respectively.
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The rating of buffers is based on arresting the car from 115% rated speed (the overspeed governor
electrical trip speed). Safety codes [4] stipulate that the total possible stroke of energy dissipation
buffers shall be at least equal to the gravity stopping. Considering that the car strikes the buffer at
rated speed and the gravity stopping distance, for the rated speed of V' = 2 m/s, is calculated as

(1.15xV )’

2g
minimum buffer stroke.

=(0.2696 m it is evident that the maximum deflections of the buffer are smaller than the

3.3 FEM Simulation and results

In the FEM simulation of the car-frame assembly the buffer channel beam structure is selected. The
bending stresses (see Fig. 4) and the deflection levels (see Fig. 5) are determined under the maximum
load conditions as illustrated in Fig. 3b.
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Figure 4 FEM simulation results: bending stresses
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Figure 5 FEM simulation results: bending deflections

Maximum permissible stresses in car frame buffer plank under buffering conditions specified in
ASME A17.1 are given as 189.6 MPa (27,500 psi). It is evident that under the loading conditions
considered the maximum stress levels (determined as 142.4 MPa and 112.9 MPa, respectively) do
not exceed the permissible value. Normal practice for dealing with loads that act at the buffer channel

beam (safety plank) structure is to ensure that the deflections shall be no more than 5 th of the

channels’ span. Considering the span length of 2350.7 mm the maximum deflections (determined as
0.9687 mm and 0.7679 mm, respectively) are within the acceptable range.

4 CONCLUSIONS

The analysis and results presented in this paper demonstrate that large deformations and stress levels
may occur in a lift system during an emergency arrest event triggered by car overtravel. The stresses
and deflections in the buffer channels need to be assessed for the worst case of operation. This should
be carried out for the buffering events, as demonstrated in the paper.
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Abstract. The latest progress in Fuel Cell (FC) technologies have led to rapid developments in
ground vehicle transportation. These technologies could also be considered for deployment in
vertical transportation (VT) systems. This paper presents a feasibility study concerning the
application of a reversible fuel cell power supply for a solar panel powered lift system operating in
a high-rise building. It is assumed that all energy needed to power the elevator system will originate
from the solar panels. Energy needed for operation at the low-irradiation periods will be generated
from the Hydrogen stored in medium-pressure tanks. The Hydrogen will be produced in a Unitized
Reversible Fuel Cell (URFC). When the Grid access is possible the grid will provide emergency
power for peak operations or for longer periods of low solar panels output. The URFC unit shall
operate in a tandem with a lithium-ion battery, while the size of URFC and battery shall be
optimized for overall system minimum cost. The overall conclusion is that the grid-independent lift
energy supply system is possible, however the cost and space requirements are major limitations in
the seasonal energy storage in Hydrogen form.

1 INTRODUCTION

In the modern high-rise built environment electric motor driven traction elevators are applied for
efficient Vertical Transportation (VT) of people and goods. In the traditional system the power to
the electric motor is provided by the public mains supply (grid). When the system is raising the out
of balance load in the car or in the counterweight the power is taken from the grid. Part of the
supplied energy is then stored in the mechanical system as potential energy. On the other hand,
when the system is lowering the out of balance in the car or the out of balance of the counterweight
the potential energy is being returned to the drive system. This returned energy is referred to as
‘regenerated'. Thus, the elevator drive is capable of transferring energy in both directions and is
termed as ‘reversible’ [1].

The recent progress in Fuel Cell (FC) technologies have led to rapid developments in ground
vehicle transportation. This paper presents the results of a study concerning the feasibility of a
reversible fuel cell power supply system for solar panel powered lift operating in a high-rise
building. It is assumed that all energy needed to power the elevator system will originate from the
solar panels. Two geographic locations are considered: the best possible solar irradiation in
Kampala (Equator) and mid-Europe 52° N parallel (London). The solar irradiation [W/m?] curves
have been derived from available data [2] and are shown in Fig. 1.

In both cases the lift daily energy needs are balanced with the energy stored in a buffer battery set,
which has to satisfy two main requirements: store enough energy for daily operations (with
reasonable margin for the cloudy weather) and the capability of charge/discharge current at peak
power periods (e.g. motor start power, break energy accumulation).



6-2 11*h Symposium on Lift & Escalator Technologies

Solar Panel Output [W/m2] at Equator, PV Effi=37%

700

—— PV-W/m2-max [22Mar; 225ep)

500 —8—PV-W/m2-min (22Jun; 22Dec)

500

400

W/m2

200

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hrs

Solar Panel Output
[W/m2], ( 52° N - London), PV Effic = 37%

700

—e—PV-W/m2-max (22Jun)
0 —8—PV-W/m2-mid (22Mar, 225ep)
PV-W/m2-min{22Dec)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Hours

Figure 1 Solar power seasonal fluctuations

2 ENERGY REQUIREMENTS

A simplified model of high-rise lift installation has been considered to generate the lift power
requirements and energy consumption. The corresponding building data and the lift installation
parameters are shown in Table 1. The lift energy simulation model implemented in a commercial
simulation software package Elevate™ [3] has been used to determine the lift power requirements
and energy consumption. Siikonen full day office template was used to generate the passenger
demand data [4] (see Fig. 2).

Fig. 3 illustrates the simulated cumulative energy consumption data and Fig. 4 shows the averaged
power requirements. The lift energy requirements over time is then derived from the cumulative
energy data and the corresponding curve is shown in Fig. 5.

The available Sun energy depends on the daily and seasonal irradiation fluctuations. Different
energy storage strategies have been adopted to adapt the lift operation scenarios to these cases.
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Table 1 Main model data

25

30

PARAMETERS | UNIT | VALUE
Building:
Total building height [m] 112.4
Average floor height [m] 3.75
Number of floors 30
Total resident population 300
Average population/floor 10
Lift installation:
Number of lifts 1
Rated load [kg] 1600
Car area [m?] 2.84
Door open time [s] 1.8
Door close time [s] 2.9
Rated speed [m/s] 5.0
Acceleration [m/s?] 1.0
Jerk [m/s?] 1.4
1 No. 1600 kg elevators @ 5.00 m/s
Average of all uns Passenger Demand
20 Total Up/Dow n Traffic - solid green/red line above/below "
% s | time hrs:min %ﬂfwﬂﬂm FWHPHWMHJPH ) E%
2 huﬂ °

10

Figure 2 Siikonen full day office passenger demand curves
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Figure 4 Averaged power requirements

These scenarios are outlined as follows.

A) The energy required is balanced with the energy stored in a daily buffer battery sized for the
available Sun energy on:
a. 22 June at the Equator location
b. 22Sep at the 52°N location.
It is considered that the seasonal energy imbalances/ fluctuations can be covered in the following
ways.
B) The Grid access is possible
a. The Sun excess energy is stored in the grid at times when the excess energy occurs
b. The Lift energy deficits are covered from the grid at times when the Sun energy is
inadequate
C) The Grid access is not possible
a. The Sun excess energy is stored in the seasonal battery bank when the excess energy
occurs, while the energy deficits are covered from the battery bank when the Sun energy
is not adequate
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b. The Sun Excess energy is stored in the Hydrogen gas generated (Water Electrolysis)
when the excess energy occurs, while the energy deficits are covered from the Fuel Cell

operations through Hydrogen conversion into electricity.

Lift Energy Usage
(Lift Power averaged at 0.5 hr intervals)

Total daily lift energy requirement: 117 kWh

I

kWh
“.\
e
—

| ISMR

time hrs

Leodeses

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Figure 5 Lift energy consumption

3 POWER SUPPLY SYSTEMS FOR ENERGY STORAGE STRATEGIES

Considering the seasonal energy imbalance/ fluctuations the following lift power supply systems are
considered. The diagrams in Fig. 6 and Fig. 7 illustrate the power supply system for scenario B and
scenario C, respectively. It should be noted that the diagram in Fig. 7 covers two cases: C)a and

C)b, respectively.
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Inverter

Grid Power/
Mains Supply

DC Link DC Link
Choke Contactor
DC Link
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Transistor Drive S?nds
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Figure 6 Energy Flow Block Diagram — Scenario B
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Scenario B
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Figure 7 Energy Flow Block Diagram — Scenario C

The Case C)a can be realized when the Fuel Cell/Electrolyser loop is omitted and when the Buffer
Battery Bank size is increased to cover the seasonal Sun power fluctuations.

4 BUFFER BATTERY SIZE - DAILY ENERGY FLUCTUATIONS
4.1 Battery Size for Daily Lift Operations

Considering that the lift power requirements don’t correspond to the available Sun energy periods
(e.g. day-night) the buffering battery bank is proposed. In this scenario the battery is sized for
charging from photovoltaics (PV) solar panels to cover the daily lift energy requirement. The
minimum required battery size for daily operations is estimated at 79 [KWh] based on the data
shown in Fig. 8 (assuming 100% capacity margin for a “cloudy” day). It should be noted that the lift
power requirement is related to the unit area (1m?) of PV panels.

The diagram in Fig. 8 presents the comparison of the Sun’s available energy on the minimum
energy day (area below the red line) with the lift’s daily energy requirement (area below the purple
line) for locations near the Equator. Sizing PV panels for the minimum energy day is likely to result
in a cheaper solution than sizing the PV panels between the blue and red lines and installing any
seasonal energy fluctuation compensation device.

For locations near the 52°N parallel the situation is dramatically different. By comparing the graphs
in Fig. 1 it becomes clear that the PV panel surface would need to be very large in order to cover the
daily lift power requirement on the minimum Sun energy day (22 Dec) —green line, bottom graph.
In this case a seasonal energy fluctuations compensation device will likely be required, while the
PV panels would be sized to match the annual energy requirement need.



Feasibility of An Energy Efficient Fuel Cell Hybrid Lift: the Main Concept and Design 6-7

Solar Panel Output compared with Lift Power
[W/m2] at Equator, PV Effi=37%
700
== PV-W/m2-max (22Mar; 22Sep EQ, or 22
Jun, 51N)
@~ PV-W/m2-min (22Jun; 22Dec, EQ)

EL-W/m2
600

500

400

w/m2

300

.
T

Figure 8 Lift daily energy requirement balanced with PV daily energy on 22 Jun at equator

4.2 Battery Size for Lift Maximum Power Operations

The battery size is also linked to the load power and charge current limitation. A typical 3C Li-lon
battery’s current limitation is 300 [A]. For the selected 100 [Ah], 12 V battery and 165 [kW] peak
lift power the minimum buffer battery size is 55 [ KWh].

Comparing the battery sizes from cases 4.1 and 4.2, the 79 [kKWh] battery bank size is suitable to
cover both the daily Sun power fluctuations and the battery charge current requirements.

5 PV PANELS SIZE AND BUFFER BATTERY SIZE
5.1 PV panels size for operations near the equator

The required PV panels surface area for operations near the Equator is determined to be 51 m?
assuming the PV conversion efficiency at 37%. The comparison of major component costs is
provided in Table 2. There will be no need for the seasonal energy storage — see the maximum
(blue) and minimum (red) irradiation curves in Fig. 8.

5.2 Buffer battery size — seasonal energy fluctuations (52°N)

One of the seasonal energy storage options is to use the battery bank. The required battery capacity
calculations that have been carried out indicate that this option is not a plausible solution — the
energy storage would require 9,906 batteries of 100 Ah each, while the PV Panel surface area
would be 50 m?. The cost of batteries would then be of about USD 2,000,000.

6 H2 STORAGE AND FUEL CELL SIZE - SEASONAL ENERGY FLUCTUATIONS
(52°N)

Some other seasonal energy storage option is the Electrolyser-H2 Storage-Fuel Cell Power System.
The main system components are presented in Fig. 7. The operating strategy involves harvesting the
Sun energy during high-irradiation periods, converting it into Hydrogen through water Electrolysis,
storing Hydrogen in pressurized tanks and converting the Hydrogen back to electricity in the Fuel
Cell at the low-irradiation periods. The Electrolysis/Fuel Cell round trip efficiency is around 45 %
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which impacts on the required PV panel size/ surface area during the high-irradiation energy
harvesting. In this case the needed PV panel surface area is determined as 80 m?.

Solar Panel Output compared with Lift Power
[W/m2], ( 52° N - London), PV Effic = 37%
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Figure 9 PV Panel Output compared with daily lift power need (PV Panels sized for energy
harvesting between 22 March and 22 September)

It should be noted that the lift power requirement is per the unit area (Im?) of PV panels. The
required Hydrogen amount for energy storage is 7,925 [Nm?®]. The maximum H2 storage pressure is
130 [barg] due to the Electrolysis process limitations [5]. However, at this point only prototypes of
such Electrolysers are available. But bearing in mind the rapid progress in FC technology it can be
assumed that the commercial 130 [barg] electrolysers will be available soon and that the high-
pressure H2 compressors will not have to be used due to their high cost.

The required H2 tanks volume (to store water) is 66 m3, which might be not practical for installation
in the high-rise building. The cost of tanks would exceed USD100,000. The cost of 4 [Nm3/hr], 30
[barg] PEM Electrolyser is around USD200,000. The cost of Fuel Cell for H2 conversion is
comparable to the PEM Electrolyser cost.

The Unitized Reversible Fuel Cell technology, which combines Electrolyser and Fuel Cell in one
device, is in the prototyping stage and once developed it might cut the H2 conversion hardware cost
by 50%.

Assuming that the required advanced technology is commercially available today, the cost of H2
production infrastructure would exceed USD 300,000.

7 CONCLUSION

A comparison of the scenarios considered in this study is presented in Table 2. Two geographic
locations have been considered in the analysis: near the Equator and at 51°N, which corresponds to
London location.

The analysis carried out shows that there is no need for the seasonal energy storage in the areas
close to the Equator due to the high solar power availability through the entire year. The daily
energy balancing can be covered with a battery pack which is much cheaper than the Electrolyser-
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Fuel Cell system of the comparable energy storage capacity (USD 25,000 vs USD 200,000), refer to
the cases A)a; B)-C), respectively. The need for seasonal energy storage arises at the locations away
from the Equator. The simplest and most cost-effective way to deal with the seasonal energy storage
in these locations is the Grid energy storage (see the case A)b; B, respectively).

When the Grid energy storage is not available (case A)b; C)a and C)b.), the cheaper solution is
Energy Storage in Hydrogen rather than in Li-hydrate Battery, however, the size of H2 storage
tanks (66 m3) might result in safety concerns if located near a high rise building. Considering 2 m
diameter tanks the total length of tanks would be about 21 m.

A careful layout planning will be required if such solution is adopted, assuming that the high cost is
not an issue. Seasonal energy storage in a Battery Pack is the most expensive of all considered
scenarios. It is relatively safe, but still requires considerable amount of real estate space to house the
batteries. The expected battery mass is 214 tons while the battery storage volume would be around
200 m3, including the space for connections and cooling.

The overall conclusion is that the grid-independent lift energy supply system is possible, however
the cost and space requirements are major limitations in the seasonal energy storage in Hydrogen
form.

It should also be noted that there are hazards associated with the application of fuel cell technology
in the built environment. The main hazards involved are related to the hazardous properties of
hydrogen and its storage [6]. The hazards include fire and explosion as well as electrical hazards.
Therefore, controlling the risks involved need to be considered.

Table 2 Comparison of Scenarios

Scenarios
A)-a. Equator Locations A)-b. 52°N Locations
. . C) Grid Storage Not
Category Unit B)-C) No Grid Storage B) Grid ) Possiblg
Required Storgge
Possible -
a. Energy in | b. Energy
Battery in H2
Technical Data
Lift Peak Power [kwW] 165 165 165 165
Buffer Battery Size [kWh] 79 79 10698 79
PV Panels Total Surface [m2] 51 63 63 80
H2 Storage Size (130 bar) [m3] NA NA NA 66
H2 Production/Conversion Hardware
(Reversible Fuel Cell - projection ) [kwW] NA NA NA 24
Cost Estimate
Buffer Battery Cost [USD] 14,103 14,103 > 2 min 14,103
PV Panels Cost (@ $0.65/W) [USD] 10,988 13,556 13,556 17,220
H2 Storage Cost [USD] NA NA NA > 100,000
H2 Production/Conversion Hardware Cos| [USD] NA NA NA >200,000
Total Cost Estimate| [USD] 25,091 27,659 >2min | > 300,000
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Abstract. This work presents a proof-of-concept study of the encoder system developed for
monitoring the health of coupler skate assembly used in automatic door header system of lifts. The
motivation of developing a coupler skate encoder system is to provide real-time information on
coupler skate status and its performance which could be further used for developing a preventive
maintenance program of door header system.

The coupler skate encoder system consists of a Hall effect-based sensor, microcontroller board, and
power supply unit. The Hall effect sensor measures the real-time angular rotation of coupler skate
assembly. The microcontroller is flashed with the firmware which evaluates the time series data, and
as a result, it sends a digital signal in case of any deviation in expected performance of coupler skate
assembly. A benchtop sensor calibration set up is constructed to prepare a look-up table for
calibrating analog voltage signal against angle in degrees.

The coupler skate encoder system is tested on automatic lift door test jig for evaluating its various
parameters like accuracy and repeatability of sensor and real-time data analysis by the
microcontroller. The results obtained from the experiments are found to be encouraging such that the
coupler skate encoder system resolves the smallest angular rotation which is required to detect an
erroneous condition of coupler skate assembly operation.

The proof of concept study highlighted in this document introduces a new concept of real-time
monitoring of sub-assembly of door header system, which could be a guiding document in developing
preventive maintenance technologies specially designed for lift automatic doors. The preventive
maintenance technologies of such kind as discussed in this paper would be a significant development
for smooth and error-free operations of lift doors.

1 INTRODUCTION
1.1 Background

A lift is sometimes described as the driverless vehicle, transporting passengers on a fixed route i.e.
along the fixed trajectory. To perform such an autonomous driving function, typically, a
microprocessor based lift controller uses multiple electro-mechanical subsystems (assemblies) with
real-time monitoring of safety sensors. In the case of a lift, one of the important “electro-mechanical”
subsystems is an automatic door assembly. The automatic door assembly involves large numbers of
linkages and parts (i.e. mechanical and electrical parts) which work in a synergic manner. For a lift to
make a successful ride from one floor to the other floor, it is of paramount importance to have robust
and well maintained automatic door assembly.

The automatic door assembly of a lift can be considered to be made up of two parts i.e. car door
assembly and landing door assembly. The car door assembly is a power-operated mechanism while
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the landing door assembly is driven by car door assembly. Simultaneous movement of car door and
landing door is made possible by the mechanical interlocking mechanism. The mechanical
interlocking consists of pair of fins (also known as coupler skates) fixed on a car door assembly (See
figure 1-1) and a pair of rollers fixed on a landing door lock assembly (See figure 1-2). The main role
of the interlocking mechanism is to act as a link between car and landing doors. When the car door
arrives in the unlocking zone, during the lift door operation (i.e. opening and closing of doors)
coupler skates located on a car door spread out such that landing lock rollers are pressed causing the
landing lock to open. As soon as the car door is power operated through door drive for a door opening
or closing command, landing door mechanism follows the car door movement i.e. the car door
horizontal movement is transmitted to the landing door through interlocked coupler skates and
landing lock rollers. The opening and closing of car and landing door mechanisms are monitored
through electrical safety switches.

Coupler
skates

Landing

lock rollers

Figure 1-2 Picture of landing door lock assembly
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The working principle of automatic door assembly discussed in this article is the most commonly
used design by elevator companies. In general, most of the door assemblies will have a similar
working principle but they might be different in terms of material specification, size, duty cycle and
many other functional parameters which depend upon the application for which it is to be used.
Readers are also referred to three articles published in the book “Educational Focus” by Elevator
World magazine [1,2,3]. These articles provide a comprehensive introduction about the basics of
elevator automatic doors.

One interesting point to be highlighted about the working principle of automatic door assemblies
discussed in this article is the “driver” role played by car door mechanism and the “driven” role of
multiple landing door mechanisms installed at various stops. For a lift to successfully open the doors,
the car door mechanism should always be healthy and in a perfect operating condition such that it can
align itself correctly at every floor for the mechanical interlocking to take place; followed by
simultaneous movement of car and landing door. It is imperative to always maintain door assemblies
and operator wear and tear-free and also in a healthy condition for the error-free operation of
automatic doors which will lead to minimum lift breakdowns. Indeed, it has been a challenge for
many elevator companies as the maximum number of breakdowns in a lift are typically encountered
in the door assemblies. Some of the principal reasons for door related break downs are highlighted in
the reference [1] such as dirt, grease and oil accumulation on rollers, pulleys, cables, switches and
other sub-assemblies. Also, change in the adjustment of mechanical components and assemblies due
to wear and tear over the time of normal usage can cause a breakdown.

Considering the intricacy of the door assembly, the elevator companies need to have a preventive
maintenance program. A proof of concept is presented in this article, wherein a sensor is used to
monitor the functional accuracy of one of the door sub-assembly which would aid in taking
preventive actions rather than reactive maintenance efforts. The function of the sensor described in
this document is to monitor the correct working of coupler skate assembly, its wear and tear and the
change in dimensional settings during opening and closing operation of the car door assembly. The
idea here is to keep monitoring the health of a car door sub-assembly and whenever the data shows a
deviation from a threshold value, a flag is raised by the onboard firmware to indicate the need for
initiation of preventive action. Note that, the preventive maintenance idea described in this article is a
“proof of concept” study, so the experiments and its scope is limited to only coupler skate pre-failure
detection scheme. But, for the preventive maintenance program of a complete door assembly to be
effective, a comprehensive system should be developed with multiple sensors for monitoring various
sub-assemblies of a door.

1.2 Objectives:

The main focus of the work mentioned in this article is to provide a proof of concept of a car door
mounted coupler skate pre-failure diagnostic system. In this regard, following are some of the
questions that are addressed through this paper:

1. What type of sensor would monitor the health of coupler skate assembly?
2. What is the working principle of proposed “Coupler skate encoder system™?

3. Is the coupler skate encoder system sensitive enough to diagnose the deviation in the working of
coupler skate assembly?
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4. What are the results from the proof of concept experiments of “coupler skate encoder system” in
regards to its application to detect coupler skate assembly pre-failure condition?

The paper is organized such that the details about the coupler skate sensor design, experimental
set-up, results and conclusions are described in sections 2, 3, 4 and 5 respectively.

2 DESIGN OF COUPLER SKATE ENCODER

The coupler skate studied in this document is shown in figure 2-1 (a, b). As discussed in the
introduction section, during the opening of the door, coupler skates (vanes) spreads out to open the
landing lock and close-in at the end of the door closing motion. The assembly of coupler skate is
designed in such a way that if we connect a linkage connecting both the skates of a coupler, the
linkage will be seen making rotational movement about a fixed point. By tracking the rotational
motion of the linkage connecting the skates using a sensor, we can monitor the degree of movement
of the coupler skates. This concept is the basic working principle of the “Coupler skate encoder”
system demonstrated in this document.

(@) (b)

Figure 2-1 Picture of the coupler skate assembly ; (a) Coupler skate open condition (b) Coupler
skate close condition

Figure 2-2 shows the CAD drawing of the angle position sensor installed on a coupler skate assembly.
The angle position sensor (Asahi Kasei, make EM-3242 IC) uses the Hall effect principle to measure
the angle. The sensor and the magnet are assembled such that sensor IC PCB is fixed on the coupler
skate assembly base plate while the magnet is fixed on the linkage connecting both of the coupler
skates. The magnet is oriented and placed in such a way that the rotating magnetic vector from the
magnet is in the parallel plane to the sensor IC which is the essential condition for the sensor to
measure the degree of rotational motion. During the door operation, as the coupler skates spread out,
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a proportional rotation is made by linkage which is measured in real-time by the angle position
sensor. The analog voltage data measured by the sensor is fed to a microcontroller board (Arduino
Uno) which is powered by a DC power supply (Meanwell, Model PSC-60-R4) module. The
microcontroller board performs the signal conditioning process to amplify the signal as well as to
filter out the noise. The lookup table i.e. analog voltage signal against angle is utilized by a
microcontroller to convert the measured sensor signal into the units of “degrees”.

Upper lever
Coupler skates I : N Pivot joint (Hinged on car door)
‘“&\QB —— Rotating magnet
) \/ (Attached on magnet mounting plate)
Linkage between skates s 49@:
(Hinged on coupler skates) @ Stationary sensor pch
(Attached on coupler skate base plate)
Electrical landing door m P Landing lock
safety feedback " 7 anding lock
(Attached on landing door) ol ﬁ/ ] (Hinged on landing door)
_72 Dead weight
-‘_‘—__'_'*—-——_
Pivot joint (Hinged on landing door) ﬁ: a |§ Landing coupler rollers
-“‘“———___—
Lower lever \ Pivot joint (Hinged on car door)

Figure 2-2 CAD drawing of coupler skate encoder system installed on coupler skate assembly

To detect any deviation in coupler skate assembly desired performance level, an algorithm is
embedded in the microcontroller to signal the preventive maintenance flag. The desired performance
of the coupler skate assembly is defined such that coupler skate assembly should spread out during
door open command and the distance between the skates (vanes) should be observed in the range
W_o =87.5 to 90 mm. Similarly, during the door close operation, the coupler skate assembly should
close the skates wherein the distance between the vanes should be in the range W_c = 63 mm to 65
mm. Based on these threshold values of W_o and W_c, corresponding angles ( 6., 6:) are calibrated
and saved in the microcontroller memory. The preventive maintenance algorithm is designed in such
a way that whenever the threshold angles ( 6., 6:) are not achieved by the coupler skate assembly
during the door operation, a flag is raised by the microcontroller signaling a need for preventive
maintenance of the coupler skate assembly.

Note, that the optimum working range of W_o = 87.5 mm to 90 mm and W_c = 63 to 65 mm is
defined through an independent characteristic study of coupler skate assembly and landing lock
assembly wherein the said threshold values of W_o and W_c ensures smooth opening and closing of
landing locks. If the threshold values are not met, the landing lock unlocking and locking operation is
not smooth and also sometimes it's unsuccessful.
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3 EXPERIMENTAL SET UP
3.1 Sensor calibration set up

The sensor EM-3242 is a non-contact angle positioning IC used in the coupler skate encoder system
to detect instantaneous angle. The EM-3242 provides an absolute position in the units of “voltage”.
To convert the angle data from the units of “voltage” to the units of “degree”, a calibration set up is
constructed. Figure 3-1 and 3-2 highlights the calibration set up. The calibration set up is constructed
such that a rotating magnet is placed in parallel plane of the IC so that a rotating magnetic field is
generated above the sensor IC. Whenever a known rotation of magnet is made in degrees, a
corresponding voltage is measured as an output from the IC. This forms the basic idea for creating a
calibration lookup table for the sensor IC.

The construction of a calibration unit is such that the angle measurement scale is fixed on the
mounting table (see figure 3-1 and 3-2). The sensor PCB is fixed on top of the angle scale supported
by studs. A magnet is held above the sensor IC using a lever which can be freely rotated in the
clockwise and anticlockwise direction. Any rotation made by the lever or say magnet is measured by
eyeballing the angle pointer fixed on the lever. The angle pointer rotates above the angle scale
through which degrees of magnet rotation can be easily measured. The analog voltage signal of the
sensor IC for the calibration experiments is measured by an oscilloscope (Tektronix, Model -
TBS1000B, Vertical resolution 8 bits). The results of the sensor calibration and its characteristics are
discussed in section 4.

Magnet
attached to
lever rotating
above sensor I1C Sensor
mounting
tahle
Figure 3-1 Sensor IC EM-3242 calibration set-up
Sensor IC
PCB Angle pointer

Angle calibration

scale

Figure 3-2 Sensor 1C EM-3242 calibration set-up (close-up view)
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3.2 Elevator automatic door test jig

An automatic lift door test jig is used to evaluate the working of the coupler skate encoder system. On
this test jig, landing header and car header are mounted with their respective door panels attached
through hangers. Car door header assembly is operated through a door drive unit and the coupler
skate system of the car door assembly drives the landing door assembly, simulating the closest
possible automatic door operation typically seen for elevators.

To simulate the erroneous operation of the coupler skate assembly, an adjustable screw-based
obstruction is provided on the coupler skate assembly. Through the obstruction screw, the spread-out
distance between the skates (W_o) is restricted which simulates the faulty operation of the coupler
skate assembly during the door opening cycle. The proof of concept of coupler skate encoder system
and the fault detection algorithm is verified by performing experiments using obstruction screw
attached to an above-mentioned test jig. The results of the experiments are discussed in section 4.

4 RESULTS AND DISCUSSION

The results and discussion section describes the outcome from the calibration experiments and the
proof of concept experiments performed on the test jig.

Figure 4-1 depicts the sensor (coupler skate encoder) calibration data which is obtained using a
calibration set up described in section 3.1. The figure 4-1 shows the degree of rotation of the magnet
on the x-axis while the sensor output analog voltage signal is highlighted on the y-axis. The
calibration experiment was performed such that the sensor is calibrated for the angle in the range 0 to
100 degrees. The magnet angle was incremented in the step of 2 degrees. To minimize the random
error and to get statistically accurate reading, the calibration for each angle increment was repeated 10
times. Thus, each data highlighted in figure 4-1 through the red colour symbol is an average of 10
experiments.

3.0
y= +0.0137x" +0.583, max dev:0.0373

O Calibration data

2.5

Sensor output (volts)

0 10 20 30 40 50 60 70 80 90 100

Angle (degrees)

Figure 4-1 Calibration curve of coupler skate sensor ( angle against analog voltage signal)
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A linear response of the sensor output is observed for rotation of magnet in the range 0 to 100 degrees
(see figure 4-1). This result concurs with the behaviour described in the data-sheet of the sensor (EM
- 3242). As the sensor shows the linear behaviour a linear equation based data fitting line is also
highlighted in figure 4-1. The linear equation obtained through the fitting line enables the conversion
of sensor output voltage signal to the units of angle in degrees.

The AKM sensor EM-3242 is a very accurate sensor such that its accuracy is defined in the datasheet
as 0.36 deg [4]. For the experiments described in this document, the accuracy is limited by the least
count of the calibration angle scale. Thus, considering the least count of the calibration scale as 1 deg,
the accuracy of the coupler skate encoder system for the experiments described here is £0.5 deg.

Figure 4-2 highlights the coupler skate width against the angle measured by the coupler skate encoder
system during door opening and closing operation. Here, the angle refers to the angle of rotation made
by the linkage which connects the coupler skates (see section 2). The data depicted in figure 4-2 was
obtained by performing experiments on the automatic lift door test jig wherein the coupler skate
encoder system was installed on the coupler skate assembly. For the case wherein doors are fully
closed such that the coupler skate width is W_c = 65 mm, the angle measured by the coupler skate
encoder system is 32.20+0.5 deg. When the doors are fully opened and the coupler skate width is
W_o =90 mm, the angle measured by the coupler skate encoder system is 0£0.5 deg. The doors fully
open condition i.e. coupler skate width W_o = 90 mm is the reference condition, thus the sensor angle
0 deg is set at W_o = 90 mm. From figure 4-2, it is observed that the coupler skate encoder system
measures the angle of the linkage in the span of 0 deg to 32.20 deg for doors being in fully open and
fully closed conditions. Figure 4-2 demonstrates the basic working of the coupler skate encoder
system to measure the angle of rotation of coupler linkage during door opening and closing operation.
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Figure 4-2 Coupler skate encoder system data for doors fully opened and closed condition
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Figure 4-3 depicts the coupler skate encoder data for various configurations of coupler skate opening
width during door opening operation. The coupler skate opening width was adjusted through a
screw-based restriction mechanism such that W_o was varied in the range 90 mm to 87 mm. For
every unique W_o value, the door open command was given and the corresponding coupler skate
linkage angle was measured using a coupler skate encoder system. A specific range suchas W_0 =90
mm to 87 mm was selected for these experiments since it is known from an independent study that
coupler skate assembly operates successfully at W_o = 90 mm (healthy condition) while it fails to
operate the landing lock at W_o = 87 mm (unhealthy condition). At W_o = 87.5 mm, the coupler
skate assembly operates intermittently and it becomes unpredictable; it means that W_o = 87.5 mm
can be considered as the flag-raising condition i.e. a threshold condition or an indication at which
preventive maintenance should be performed.

As highlighted in figure 4-3, the angle measured by the coupler skate encoder for W_0 =90 mm is 0
deg while the angle measured for W_o = 87.5 mm is 5.05 deg and for W_o = 87 mm it is 5.9 deg. It
can be observed that the span of a rotation angle of coupler linkage for the coupler skate assembly to
transform from being healthy to unhealthy is 5.05 deg. Considering the accuracy of the coupler skate
encoder system as £0.5 deg, it can be concluded that the coupler skate encoder system developed and
discussed in this article is capable enough to detect any deviation in the performance of the coupler
skate assembly even before the complete breakdown kind of situation occurs. In other words, in-case
any situation arises wherein the coupler skate width decreases to W_o = 87.5 mm (instead of W_o0 =
90 mm), the coupler skate encoder system can easily detect the deviation to help the microcontroller
system raise the flag for the need of preventive maintenance even before the breakdown occurs.
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Figure 4-3 Coupler skate encoder angle measurement data versus various coupler skate
opening widths
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Figure 4-4 and 4-5 demonstrates the proof of concept experiment results (refer section 3.2 for
information about experimental set up). Figure 4-4 and 4-5 highlights the coupler skate encoder data
against the time in seconds. These experimental data were obtained during door open and door close
operation. Also, depicted in the figure 4-4 and 4-5 is the status of flag signal from the microcontroller
during door open and close operation. The microcontroller was embedded with an algorithm such that
for healthy coupler skate condition the flag signal will remain low (value ~ O volts) while for
unhealthy coupler skate condition the flag signal value would be high (value ~ 5 volts). Note that, for
the demonstration purpose, the unhealthy and healthy condition of the coupler skate assembly was
evaluated based on the look-up table fed to the memory of the microcontroller for the door open
condition only.
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Figure 4-4 Coupler skate encoder angle measurement and microcontroller flag signal data for
door opening and closing operation (Coupler skate assembly in healthy condition)

Figure 4-4 data corresponds to the experiment wherein the coupler skate assembly was maintained
healthy i.e. (W_o =90 mm, O deg). Here, the coupler skate encoder data measured during the door
open condition had no deviation from the target value saved in the microcontroller memory, hence no
flag signal was indicated by the microcontroller i.e. the output of the microcontroller flag signal
remained low.

Figure 4-5 data depicts the experimental results wherein the coupler skate assembly opening width
was reduced to W_o = 87.5 mm to simulate an unhealthy condition. Due to reduced coupler skate
opening width, the coupler angle measured by coupler skate encoder was 4.37 deg while the expected
angle for a healthy coupler skate assembly is 0 deg. Due to the deviation in angle measured by the
coupler skate encoder; a high signal (value ~ 5) is flagged by the microcontroller indicating an
erroneous operation of the coupler skate assembly. Thus, the results highlighted in figure 4-4 and 4-5
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demonstrates the possibility of using coupler skate encoder (sensor) to detect abnormal functioning of
the coupler skate assembly in real-time.
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Figure 4-5 Coupler skate encoder angle measurement and microcontroller flag signal data for
door opening and closing operation (Coupler skate assembly in unhealthy condition such that
W_0=287.5mm)

5 CONCLUSION

A proof-of-concept study of the coupler skate encoder system for monitoring the health of coupler
skate assembly (used in automatic door header system of lift) was investigated. In this study, a
Hall-effect based sensor was utilized to measure the degree of rotation of coupler skate assembly. The
data obtained from the sensor was fed to the microcontroller board to make a necessary decision (i.e.
to raise a flag) in the event of any deviation against the known expected value. To evaluate the
working principle of the coupler skate encoder system, experiments were performed on an automatic
lift door test jig. The results obtained from the experiments are encouraging such that the coupler
skate encoder system designed is accurate enough to resolve and detect the smallest degree of
deviation in the performance of coupler skate assembly.
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Abstract. Through slick videos, magazines, and advertisements, 10T, ML, Al, and M2M have been
promoted as a wonderful solution for the lift and escalator industry. This paper reviews the
available 10T product offerings by capabilities, and evaluates their efficacy based upon current
technology.

The review includes what is now possible, what is not now possible, and what might be possible
soon.

Solutions available to the multi-national lift companies and those available to regional and local lift
enterprises are also reviewed.

1 INTRODUCTION

10T, the Internet of Things has been promoted as the next big for thing for the lift industry. Articles
about 10T appear in many types of publications. Advertising commercials appear on television
touting the wonders of Cloud computing and Machine Learning (ML).

The November 2019 edition of Elevator World included an article titled The IOEE: Connecting
Equipment, Customers and Passengers. In addition to explaining Schindler’s IOT product, it also
describes the many benefits that 10T, Machine Learning (ML), and digitalization will bring to the
lift industry.

There is even a magazine, 10T & Elevators, published by Nayar Systems, an 10T company. The
magazine is filled with interesting articles on Artificial Intelligence (Al), ML, Smart Cities and
connected cities.

The claims in these documents and commercials are not hype, they are true. However,
implementing these concepts is not simple.

Because of all the enthusiasm associated with 10T, many product offerings now exist in the lift
industry. What these products can and cannot do will be explored.

2 I0T AND MAINTENANCE TYPES
loT

The Internet of things (IoT) is defined in Wikipedia as “a system of interrelated computing
devices, mechanical and digital machines, objects, animals or people that are provided with unique
identifiers (UIDs) and the ability to transfer data over a network without requiring human-to-human
or human-to-computer interaction” [1].

An example of an 10T device would be a temperature sensor located in a lift machine room. The
machine room temperature could be viewed on a PC or smart phone

Maintenance Types

There are several types of lift maintenance where 10T devices can be applied. They are as follows:
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« Breakdown maintenance. This type of lift maintenance involves returning a lift to
service after it has broken down. Breakdown maintenance is often referred to as
Reactive Maintenance.

» Preventive maintenance (PM). This type of maintenance is regularly performed on a lift
or piece of equipment to reduce the likelihood of a breakdown [2].

« Usage based maintenance. This is a maintenance strategy based on how much use an
asset has experienced. For example, change the oil of a car engine after every 10,000
kilometers of use.

« Condition based maintenance (CBM) is a maintenance method that monitors the
condition of critical components or the entire asset in order to determine what
maintenance is to be performed and when it should be performed [2].

» Task based maintenance (TBM). TBM is an analysis method that reviews existing PM
plans and weeds out duplications and identifies missing tasks. At the conclusion of the
analysis a list of tasks is developed that is then used for future maintenance visits [3].

» Predictive maintenance. Predictive maintenance uses ML to issue a recommendation to
replace a part or perform a service on a lift or escalator before a breakdown occurs.[4].

» Prescriptive maintenance. This method is a totally automated form of Predictive
Maintenance where service tickets are computer generated for every service visit using
ML [4].

3 IOT GOALS AND OBJECTIVES

There are two perspectives on the goals and objectives of 10T products: those of the building owner
or manager, and those of the lift and escalator maintenance provider.

Building Owner/manager’s perspective

Individuals who have had extensive contact with building owners and managers have found that the
owners and managers want three things [5,6]:

« The ability to know which lifts are in operation.
» To be notified when a lift breakdown occurs.
« If alift has broken down, to know if it is occupied.

Whether 10T devices are installed or not, building operators want all their vertical transportation
equipment to run trouble free.

Lift maintenance provider’s perspective
Maintenance providers have two objectives [7]:

» Customer satisfaction. If up time can be increased, lifts and escalators run smoothly, and
entrapments are reduced, then the customers will be more satisfied.

» Operational efficiency. If the right maintenance tasks are performed at the right time,
then efficiency will be increased. The reduction of callbacks also reduces costs.

Accomplishing these objectives will permit maintenance providers to compete based on value and
quality rather than on price.
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4 IOT PRODUCTS

There are many IOT products available in the market. Some products are available to all buyers.
The products available from the multinationals are typically available to their present and future
clients and are not available to competitors.

The products reviewed represent a cross sectional sample of the products available. The products
are neither named nor referenced. In each case the review is based on the product manufacturer’s
published literature. This review will try to be objective and should not be viewed as either a
positive or negative endorsement.

Product A, Industrial Router

Product A is an industrial router that connects to its Virtual Private Network (VPN). The router is
available in two versions, wired and wireless. It is described as an Industrial Internet of Things
(I1OT) gateway. It is a Machine to Machine (M2M) device.

The product can push data to cloud services such as Microsoft Azure or Amazon Web Services.
However, once the data is in the cloud is must be converted to meaningful information by Data
Scientists and Domain Experts.

Product B, Remote Monitoring System

Product B is a remote monitoring system that graphicly displays the position, motion and door
status of the lifts in a building. The graphic data can be viewed on a PC or smart phone.
Additionally, this product can issue alerts via email or text messages if there is a problem with the
lifts.

This product appears to be designed for building management professionals. It meets the three
requirements wanted by building managers described above in Section 3.1. This product can also
provide reports that can be used for usage-based maintenance.

A read only interface with the lift controller is required.
Product C, Condition Based Monitoring

Product C uses an accelerometer to monitor the following: travel, ride quality, door operation, car
load, leveling, shaft efficiency, number of trips, duty cycles and the condition of traction sheaves.

Both usage-based and condition-based maintenance are possible with this product.

The product is connected to a cloud and does some processing there. The data sent to the cloud
makes the use of ML possible.

The product appears to be designed for lift maintenance providers. It is not connected electrically
to the lift making it totally secure.

Product D, Modular Remote Monitoring with Command and Control
This product is a modular remote monitoring system that has several optional components.

The base module consists of a cellular modem located in the machine room and a car top module
with an accelerometer. The cat top module is connected to two of the car call buttons in the car
operating panel.

The accelerometer can monitor car and door movements. Movement levels are recorded. If there is
a lower level of car movement than normal, the car top unit will send the lift on a test run using the
connections to the car call buttons. If the test run is not successful, an alert is sent.
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This product can also be connected to compatible light curtains and emergency telephones. The
light curtain and phone data are also collected and make the unit more powerful.

An optional 1/0 board can be connected to the lift controller. This can be used to reset the
controller CPU and report such things as “car out of service”.

Both usage-based and condition-based maintenance are possible with this product.

The product is connected to a cloud and does some processing there. The data sent to the cloud
makes the use of ML possible.

The product appears to be designed for lift maintenance providers.

Any unit with command and control features is inherently more vulnerable to hacking than read
only of isolated systems.

Products of the Western Multinational Lift Companies

Otis, thyssenkrupp Elevator, Schindler and KONE have all announced 10T products. They have
also partnered with major ML companies such as Microsoft, GE Predix and IBM Watson.

Their products consist of routers or cellular modems connected to controllers, sensor packages or
both. These connections allow them to gather large quantities of data. Their partners can help then
to develop the data acquisition, processing and storage architecture as well as providing the cloud
processing and ML software to process the collected data.

However, these companies must develop ML algorithms needed for predictive and prescriptive
maintenance. These algorithms must be developed by teams made up of Data Scientists and
Domain Experts [8]. The efficacy of these products will depend upon the outputs from these teams.

These products appear to be components of premium service offerings.

5 CONCLUSIONS

None of the products reviewed deliver all the potential benefits of Machine Learning, Artificial
Intelligence, and 10T. However, all the products deliver some of these benefits.

Each of the products delivers different benefits at different price levels. None of these products is
right for everyone. All are most likely ideal for someone.

All the reviewed products are works in progress. All should improve in time. Machine Learning
and all learning should lead to improvement.

Because there are so many impressive articles, books and PowerPoints touting the benefits of IoT,
one must be cautious when selecting an 10T product.

One must first decide which IoT features are needed. Then, one should ask for live demonstrations
of the proposed solution. Anything, no matter how bad, can be made to look fantastic using a
PowerPoint.

A live demonstration of a product should usually be closer to reality than a presentation.

When IoT reaches its full potential, it will seem like Magic. It is in the process of forever changing
the lift industry.
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Abstract. An escalator is a safe related, heavy-duty special equipment. It is a big challenge for
escalator manufacturers to detect a dangerous state or the behaviour of passengers on an escalator by
using real-time video monitoring thereby helping the administrators in a security monitoring room to
control the escalator remotely at the emergent moment. This hasn’t been solved effectively since the
escalator was invented 120 years ago. This paper presents some practical methods to overcome the
difficulties, which includes following two aspects:

1) Detect a dangerous state or the behaviour of passengers, such as accidental falling down, walking
in the reversal direction, based on real-time video analysis. To improve the accuracy of detection, this
article introduces the method of real-time video analysis which combines optical flow algorithm and
image deep learning algorithm.

2) Based on functional safety technology, use only one emergency stop button in the security
monitoring room to control any of the escalators on which the dangerous state or behaviour of
passengers is detected remotely.

The actual run of the system in metro stations demonstrates it can detect a dangerous state or the
behaviour of passengers accurately and stably and administrators in security monitoring room can
stop the escalator in a safer and more convenient manner. The application result shows that the
proposed system has a significant value in lift industry.

1. INTRODUCTION

An escalator is a safe related, heavy-duty special equipment, which is widely used in the vertical
transportation of subway, light rail, station, airport, wharf, and shopping mall.

In China, with the rapid development of urban subways, the use of escalators for subways has
increased rapidly. Taking Shanghai Metro, the largest urban rail transit network in China, as an
example, at the end of 2018, the total length of the whole network operation line of Shanghai urban
rail transit reached 705km, ranking first in the world, with 2.038 billion passenger trips in the whole
year, ranking third in the world!!l. The Shanghai Metro has more than 4,000 escalators, which carry
more than 30 million passengers a day and bear more than 50% of Shanghai's public transport
capacity %!,

Due to the inevitable contact of moving parts with passengers, passenger injuries on escalators
account for more than 60% of the total number of rail transit passenger injuries, up to 70 to 80 per
month Bl According to statistics, falls account for about 75% of all types of escalator passenger
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injuries . Therefore, how to detect the fall on the escalator as it happens and stop the escalator
remotely and safely by the staff of the control room to prevent major personal injury occurring
because of continuous rolling of the fallen passengers is an urgent problem to be solved in the daily
operation management of the escalator.

2.  METHODS

2.1 Real-time video analysis

The existing escalator detection system can only detect the operation of traditional machinery, and
the monitoring of passenger behaviour mainly depends by way of video surveillance and manual real-
time viewing. Due to the wide distribution of escalators, the large number of monitoring, the lack of
a large number of human resources to implement real-time monitoring, video surveillance systems
can usually only play the role of passive tracing after the accident.

With the development of artificial intelligence image recognition technology, the real-time video
analysis related research of escalator passenger behaviour is booming. For example, based on the
Openposel®! key point detection algorithm to obtain the human body structure, and the use of the
SVM (the Support Vector Machine) classifier to realize the detection and alarm of the pedestrian fall
phenomenon in the picture [, the defect of the algorithm is that it is necessary to detect the key point
of the human body, which is easily blocked by the rear passenger or object, and when classifying the
human body posture by the SVM, it is difficult to complete the accurate discrimination. The algorithm
is based on the human skeleton sequence of the escalator abnormal behavior recognition algorithm.
The algorithm firstly detects the passenger face by using the support vector machine which combines
the features of the deformable component model and tracks the passenger's motion in the escalator
with the improved kernel correlation filter. Then, the human skeleton sequence of the passenger is
extracted by using the convolution neural network, and the abnormal behaviour sequence is detected
from the passenger skeleton sequence by template matching. Finally, the algorithm uses the dynamic
time-regularization to identify the abnormal behaviour sequence based on the five-nearest neighbour
method. The optical flow tracking algorithm, and the human object is tracked to define the related
abnormal behaviour, and the abnormal behaviour detection is carried out [!. This algorithm only
determines the fall through the optical flow tracking, and the misjudgment rate is high.

To achieve a high accuracy, low misjudgment rate, and low cost real-time video method to detect
passenger falls on the escalator, this paper proposes a method to first extract the direction of passenger
motion based on the dense optical flow method, then group the information eigenvalues of each sub-
block motion direction, speed, acceleration and so on in the block which accords with the pixel points
in the direction of motion, and then use the SVM classifier to classify the eigenvalues of the matrix
in the continuous 1-2 seconds to determine whether the pedestrian in the picture is normal, reverse
walking or falling.

The calculation process is as follows:
1. Opbtain the first frame image detected by optical flow method
2. Get the second frame image as the current frame image detected by optical flow method

3. The motion direction and displacement of each pixel in the image are calculated by dense
optical flow method.
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4. Calculate the area of the moving block and the speed of the moving block with the escalator
in the third step optical flow diagram displacement distance, mean velocity and variance.

5. Cache the calculated results of step 4 as the feature vector of this frame.
6. Repeat 2,3,4,5 steps using the current frame as the first frame for detection

7. To judge the number of frames with the current pre-frame N frame motion block area >
MIN_S, when the number of frames > K, the preliminary judgment is suspected to fall or
reverse walking.

8. The feature matrix composed of n frames was input into the SVM classifier for classification
to determine whether it was fall, reverse walking or false alarm.

Feature generation and training specific algorithms:
1) Single frame feature generation:

1. According to the optical flow calculation, the displacement maps of the x-direction and y-
direction of the image are obtained respectively:

_Xoo Xoo X2 Xo,'_ _yoo Yor Yoz - ij_
Xo X1 X oo X5 | Yo Y Yoo o Yy
Xoo X1 Xpoo oo X || Yoo Yar Yoo o Yy

M M M M M| M M M M M
| XKoo Xu Xz Xy [ Yo Yoo Y2 o VY|

The downward displacement should be greater than the left and right displacement according to the
retrograde and fall movement characteristics of the escalator. Obtain the motion block mask image
from the above displacement map:

mOO mOl m02 mOj
m, m,; m, mlj
Mask = m,, my m,, ... my,
M M M M M
m. m, m e M. - <0 m. =0 >0 X < V.
Lo 1 12 i I When Yi =" When M ; when Yi ; when YiIn

which ™ =9 Otherwise M =

2. Area extraction of moving blocks

. . ) . m. =1
Open operation of mask image; calculate mask image in mask " =, calculate the area of the

connected domain as S;
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3.  CALCULATION OF AVERAGE VERTICAL DISPLACEMENT VELOCITY

Calculate the average velocity of the moving block according to the motion block mask map Mask,
displacement map in the y direction.

3. Velocity variance calculation, based on the average velocity calculated in step 3 to obtain
velocity variance:

i<H;j<H
Z(yij -V)?
2 i=0; j=0;m; =0
i<H;j<H
> m
i=0;j=0

ij

2) Combination of 25 frame single frame features:

4. The feature vector of 25 consecutive frames is 25%3=75 eigenvalues
2 Q2 2
F =[Sy, 1y Ve Y L [52, 821 821]

5. The elements in the three groups of vectors in F are arranged in ascending order respectively

to get F';

6. Collect feature vectors F'in each case for SVM classifier training.

7. Save the classifier's training results for subsequent classification use.
3.2 Stop Escalator Remotely

Since it was invented more than 120 years ago, the operation mode of escalators are all local operation,
and the practice of attempting remote operation by subway companies all over the world has not been
successful for many years. When there is an emergency at the scene (passenger falls on the escalator,
congestion at the escalator exit, etc.), it can only rely on the scene personnel to happen to find, on-
site emergency operation. In order to ensure the safety of operation, some subway operation
companies send more personnel on duty during the peak period and emergency intervention.

® [n Moscow Subway, at the side of the escalators, a guard box and an operator on duty is set
up. The operator observes the escalators and pushes the emergency stop switch immediately
in case of an emergency. The following figure shows:
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® Domestic portion MTR Corporation In the peak hour of danger Temporary to be on duty
Occurs Emergency Immediate in case of situation Emergency Stop the intervention.

Sl

Figure 1 Moscow Silbway, long-term duty personnel

Figure 2 Temporary personnel watching escalators at the peak time in China

If we can realize remote control of escalators in the security monitoring room, especially intelligent
awareness and safe and remote control of emergency events, which will greatly accelerate emergency
response, and reduce personal injury. But as a specialty equipment, remote control of escalators must
be strictly compliant to security standards and regulations, otherwise, if there is a software defect,
component failure or EMC defect, it will fail to implement an emergency stop correctly or cause an
incorrect emergency stop, which will lead to a more dangerous situation. The emergency stop device
shall be an electrical safety device (electric safety device) compliant with EN115-1:2008+A1:2010
5.12.1.2, i.e.: may consist of A) either one or more safety switches, or B) safety circuit (fail-safe
circuit), or C) programmable electronic safety related system (PESSRAE).

Currently the world's response strategy is like type A, with a physical emergency stop button for each
escalator that conforms to the electrical safety device (EN115-1:2008+A1:2010 5.12.1.2). Operators



9-6 11th Symposium on Lift & Escalator Technologies

manually press the corresponding physical emergency stop button to stop the escalator remotely in
the event of a passenger fall occuring, as shown in Figure 3:

Figure 3 One actual stop button for each escalator

This approach has the following disadvantages:
® [t's not easy to find accurate buttons when an emergency occurs;

® When the operation error causes further injury, the operator should bear the corresponding
safety responsibility, so the operator is not willing to use it, nor dare to use it [*].

This paper proposes a safe and convenient way to stop escalators remotely (i.e. mode C), Operators
press only one actual stop button to cut off the safety circuit to stop the escalator on which the
dangerous event occurs, through the control of video analysis server and remote control components
(which Pass PESSRAE safety certification and obtain type test certificate). As shown in Figure 4:
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Figure 4. Monitor screen and the actual stop button
The operating procedures are as follows:

1. Video analysis server and remote control components preserves the escalator information
when detecting that a passenger is in a dangerous condition on an escalator;

2. Monitor in the security monitoring room display corresponding real-time video according to
the information preserved in video analysis server and remote control components;

3. The operator manually confirms that the escalator information is consistent and presses the
actual stop button if there are dangerous conditions on the escalator in the video;

4. Video analysis server and remote control device components cut off the corresponding safety
circuit of the escalator to stop the escalator.

4. RESULTS

The system which includes a total of 8 cameras corresponding to 19 escalators, runs from August
2018 to October 2019 In Shanghai Metro Hanzhong Road Station.

1) Successfully capture:
* 32 passenger falls (all passenger falls were successfully captured);
e 738 passenger reverse walking events;

2) Realize safely remote control:

The further personal injury of the passenger is effectively prevented, and the safety is greatly
improved.

Take the case that happened at 15:20 on August 17, 2018 as an example, on an up running
escalator in Shanghai Metro Hanzhong Road Station, an old lady falls down because of not grasping
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the handrail, the operator in the security monitoring room is informed by the monitor, then he presses
the actual emergency button to stop the escalator immediately, as shown in figure 5 and figure 6.The
time is 14 seconds since the fall happened until the escalator stopped, the time is 26 seconds since the
fall happened until the counsel in the station arrived at the escalator.

Figure 5 Passenger fall detection and remote stop of escalator

Figure 6 The counsel in the station arrived at the escalator

The results show that the system has high accuracy and low misjudgment rate, and the remote
stopping escalator is safe and convenient. It has a wide application prospect in the lift industry all
over the world.
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Abstract. Lift roller guides require time and effort for maintenance and replacement, so if they can
be extended in life, advantages such as reduced maintenance frequency, cost reduction, and improved
reliability can be obtained. In this research, authors propose roller guides that achieve long life by
changing the material of the roller and have both ride comfort and durability. To decrease the
vibration of lift cabin, an analytical model for calculating the time history response of the lift cabin
will be constructed, and the vibration control effect will be verified by simulation incorporating spring
and damping elements based on the experimental results. Through analytical and experimental
approach, a design way for a roller guide that has optimal riding comfort and durability within the
range of safety regulations is proposed.

1 INTRODUCTION

In recent years, the number of lifts has been increasing, as facility investment for the new construction
of high-rise buildings by redevelopment in urban areas, barrier-free and renewal of old age has
become active. Demand for lifts is expected to increase further in the future due to the impact of
emerging countries and redevelopment. Roller guides form a part of the car-frame guiding system,
the elastic- damping properties of the roller guide shoe (wheel tire), and if included, of additional
spring-damper elements provide passive vibration control mechanism installed between the rail in the
lift shaft and the cabin on which the person rides, and plays the role of smoothly moving up and down
while suppressing vibration. However, with the spread of lifts, there is a shortage of human resources
responsible for maintenance. In particular, since roller guides require maintenance and replacement,
it is considered meaningful to extend their service life (durability) to reduce maintenance frequency,
cost, and reliability. If the rollers are hardened to increase durability, the problem occurs that
comfortability and noise will deteriorate. In this study, the problem of vibration and abrasion in the
roller guides is focused, and aimed to examine the specification conditions of the roller guides to
achieve both comfortability and durability. Specifically, some experiments to investigate the
mechanical properties and durability of the roller guides are conducted.

2  ROLLER GUIDES

Much of the vibration in the moving cabin of the lift is attributed to the distortion of the guide rail
installed in the lift shaft. Figure 1 shows the structure of lift cabin. The main cause of distortion is
low accuracy during installation [1], or distortion due to age [2], and existing lifts require drastic
renovation for improvement. The distortion of the guide rail propagates inside the cabin along the
roller guides, the frame and the rubber mounts. Figure 2 shows the actual roller guides used for the
experimental and analytical investigations.

The roller guides handled here are composed of a coil spring, a control arm and a circular roller. The
material of the roller part is natural rubber, but it cracks due to wear and eventually peels off. As a
countermeasure, it is common to thoroughly implement preventive replacement to increase hardness
and durability.
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In this research, vibration and durability problems in the roller guides are focused on, and after
replacing the material of the roller part to secure the durability, the specification conditions of the
roller guide that is compatible with the riding comfort is aimed to examine. Through the analytical
and experimental process, the roller guide that achieves both optimum riding comfort and durability
within the range that meets safety regulations is designed. Active roller guides are effective in
suppressing vibration significantly, and manufacturers are working on development, but there are
problems such as high cost and difficulty in adjustment [3].

In this study, the roller guide system that prioritizes compatibility and improves existing passive roller
guides to reduce vibration levels at low cost is developed. In the research, the vibration level at which
passengers do not feel uncomfortable sets to rms Acc. 0.1 m/s? [4] and sets a displacement as small
as possible that does not make contact with other structures as an allowable limit. The roller guides
used in this study have a low flatness as shown in Fig. 2. Since a change in mechanical characteristics
due to displacement is expected, loading test using a hydraulic servo actuator is conducted.
Furthermore, the roller made by urethane elastomer with hardness of JIS-A standard 95 degrees,
which has excellent wear resistance, is prototyped and the same experiment is performed. This
material is also used in roller guides for railroad track of public transportation system and play
facilities, such as Automated Guideway Transit, roller coaster and so on.

@ Guides @

Cabin

Rubber
mounts

Figure 2 Roller Guides
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3 ANALYSIS OF LIFT CAR VIBRATION
3.1 Analytical Model

In order to calculate the lateral vibration of the running lift, an analytical model [5] that imitates an
actual 6 person ride machine was constructed. In this model, the vibration transmitted from the rail
roughness to the cabin via the roller guide, the coil spring, the frame, and the rubber mounts [6] are
calculated. An eight-degree-of-freedom analytical model was constructed to calculate the horizontal
movement of the four rollers and the horizontal movement and rotation of the frame and cabin. The
centre of rotation is same for the frame and the cabin. Waves of the same waveform are input to the
upper and lower rollers with a time difference. Acceleration/deceleration of the lift was not included.
Figure 3 shows the 8-DOF analytical model. MATLAB2020a was used for the analysis. Figure 4
shows the overview of model.

Xt X3

ket ks XE ks K3
Uy k X , Us A
| 7 |_> ki %
Cri Cs EE B Cs Cr3
ci Jr - |Hi . (3}
Al
W, Wy h=3.0m
Hz| hz
kz kz
ko2 % Ks m ks X Kea v
4 o St 3 @ A
Crz Cs kz: ¢z kz: ¢z Cs Cra
Figure 3 Analytical model Figure 4 Overview of model

Eq.1 to 8 shows the Equation of Motion (EOM) in this model. In here,

Un: input displacement,

km: stiffness of roller, c¢m: damping coefficient of roller, m:: mass of roller, xm: displacement of roller,
“n” represents each number from 1 to 4.

ks: stiffness of coil spring, cs: damping coefficient attaching to coil spring,

ki: stiffness of upper rubber mount, c1: damping coefficient of upper rubber mount,

k2 stiffness of lower rubber mount, c2: damping coefficient of lower rubber mount,

m: mass of frame, xf: displacement of frame, 6r: rotation of frame, Jr: Moment of inertia in frame,
wi: width of frame, wz: width of frame, 41: height of frame, 42: height of frame,

M: mass of cabin, x: displacement of cabin, 8: rotation of cabin, J: Moment of inertia in cabin,

Wi: width of cabin, W2: width of cabin, Hi: height of cabin, H>: height of cabin

In the actual response analysis, the following variables are substituted for the above variables.
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m=1200kg, wi =09 m, w2=09m, hi=1.5m,h2=15m,
M=1000 kg, W1=0.75m, W>=0.75m, H1 =125 m, H2=1.25m

ki = 400 N/mm, k2 = 400 N/mm k2, = 2000 N/mm , ¢1 = 400 N+ s/mm , c2 = 400 N-s/mm
oy =k (5, = U ) = Gy =U, )~k (3, = (x, =10, )) = ¢, (5, = (i, — 6, )) (1)
M,y =~k (%, = U, ) =0, = U, ) =k, (%, = (x, + 10, )) =, (xrz ~(%, +h,0, )) ©)
m 5, =k (%, —U) =y (5, —U,,) — k, (x,3 ~(x,~ho f.)) —c, (x3 (&, ~hé, )) 3)
Mm%y =k, (%0 = U,y ) =€y Gy = U ) =k, (35 = (x, + 1,0, ) =, (4 = (%, + 6, ) ()

mx, ==k, (4xf X T X2 T _'xr4)_cs (4xf X X, X, _5%)
+2k, (b —h,)0, +2¢,(h, —h,)0,
=2k, +ky)(x, —x)=2(c, +¢,) (%, — %)
+2(kH, —k,H,) (0, - 0)+2(c,H, —c,H, ) (6, - 6)

)

Jféf =k.h (2xf - X, — X, ) —kh, (2xf -X,—X, )

ey (2%, %, — %5 ) -, hy (2%, - %, - %, )

2k, (W +h,)0, —2¢,(h* +1,)6,

+2(kH, -k, H, ) (x, —x)+2(c,H, - ¢,H, (%, - %)
“2(kH +k,H,)(0,-0)-2(c,H +c,H,)(6,-6)
ke (W7 +17)(6, =)=, (W +1.7)(6, -9)

(6)

M)'c'=—2(k1 +k2)(x—xf)—2(cl +cz)()'c—)'cf)

+2(kH, —k,H,)(0-06,)+2(c,H,—c,H,)(0-6,) @)

J6 =2(kH, —szz)(x—xf)+2(clHl —c2H2)(x—xf)

2(kHy + k7 ) (0-6,)=2(cH’ +02H22)(9_éf) ®)
ko (W2 +W,)(0-0, )=, 02 +W,)(0-6, )

3.2 Modeling on mechanical characteristics for the roller guides

The response displacement of the commonly used rubber roller (hereinafter called “rubber roller”)
and the prototyped urethane roller (hereinafter called “urethane roller”) with increased hardness, the
stiffness and the damping coefficient dependence on the vibration frequency and displacement, are
investigated. In these experiments, mechanical characteristics for the roller guides in a loading
experiment [7,8] using a hydraulic servo actuator is investigated, and an operation test using a
miniature test apparatus is evaluated. Figures 5 and 6 shows the experimental results. The hardness
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and damping coefficient of the urethane roller are about 3 times that of the rubber roller. In addition,
the amplitude dependence, which is a characteristic of urethane elastomer with hardness of JIS-A
standard 95 degrees, was confirmed.

The dependency functions for mechanical characteristic of roller guide in amplitude-dependency and
frequency-dependency are obtained from the experimental results. Eq.9 to 12 shows the mechanical
characteristics for the roller guides. These formulas are derived from the amplitude dependency and
frequency dependency obtained from the loading test of the roller guide. Therefore, in this formula,
if the arbitrary frequency and amplitude are substituted as variables, the stiffness and damping
coefficient under arbitrary condition are calculated.
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Figure 6 Comparison between damping coefficient of rubber roller and urethane roller

In here, xi: displacement of input wave [mm)], fi: vibration frequency [Hz]

Rubber roller
k,=(9.76 f, +377)x, +7.43 f, + 148 N/ mm] )
¢, =9.96 £ x, +6.54 £ [N-s/mm| (10)

Urethane roller

k,=(68.1f,+1060)x, +19.2 f, + 637N/ mm|] (11)
¢, =39.2f*x, +16.2 £ **” [N s/mm] (12)

3.3 Analytical Result

The vibration reduction effect of the lift cabin is verified using the analytical model introduced in 3.1.
Although the running speed set to be arbitrarily in the analytical model, this time it was set to
105m/min as a medium speed. The running speed affects rail bends and interval of gap. Figure 7
shows the input waveform. It is difficult to measure the actual roughness of the rail. Instead of this,
the artificial synthetic wave was used to simulate various irregularities of roughness on the rail. Since
the main component of the waveform is SHz on the left side figure and 2Hz on the right side figure,
the parameter fi that affects the stiffness and damping of the roller is adjusted to these dominant
frequencies. The parameter xi changes moment by moment according to the displacement of input.
The max displacement of rail roughness is 0.lmm. The wave inputs to the upper, lower, left and right
rollers. Furthermore, a sinusoidal wave simulating a maximum rail distortion of 3 mm was
synthesized on one side, and the 0.5mm gap was synthesized on both sides. Acceleration on the cabin
floor: i+ H, -8, Displacement: x, and Rotation: # of the cabin part are obtained by response analysis.

Figure 8 shows the vibration waveform when a rubber roller and a urethane roller are installed. The
installation of urethane guide rollers improves the strength more than rubber rollers, but the riding
comfort may deteriorate, so it is necessary to consider the concept of damping of the entire system.
The periodic fluctuations of displacement and rotation are the effects of rail distortion. In the next
step, a coil spring is installed between the roller and the cabin to reduce response vibration. Figures
9 and 10 shows the verification of the optimum mechanical characteristics and the vibration
waveform at that time. The maximum response of the coil spring stiffness was set to be smaller than
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the roller stiffness. Under the condition, the stiffness that satisfies the rms Acc. of 0.1 m/s? is in the
range of 800 N/mm. It was attempted to reduce vibration by substantially adding damping to the coil
spring. As a result, reduction of rms Acc. was confirmed with a damping ratio of 7.5%. Table 1
compares rms Acc. and Max Acc. under each condition. The rms Acc. when using the rubber roller
was set to 100% and expressed as the vibration reduction level. As a result, the rms Acc. was reduced
by up to 60% by adding the coil spring under the analysis conditions of this time.

Left input Disp.

Disp. [mm]
o

0 2 4 6 8 10
Time[s]
Right input Disp.

Disp. [mm]

0 2 4 6 8 10
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Figure 7 Input waveform
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Figure 8 Comparison between rubber roller and urethane roller
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Figure 10 State of optimizing stiffness of damper

Table 1 Response of lift cabin in each situation

level [%]

Rubber Urethane Urethal.le Urethal.le rol'ler
roller with with coil spring
roller roller . .
coil spring and damper
Max Acc. [m/s?] 0.400 1.26 0.0682 0.0840
rms Acc. [m/s?] 0.0645 0.150 0.0205 0.0183
Vibration 100 233 31.8 28.4




Study on a Vibration Reduction System for Lift Roller Guides 10-9

4 DRIVING EXPERIMENT USING THE MINIATURE TEST SYSTEM FOR ROLLER
GUIDES

The experiment using the actual lift is expensive and time-consuming, and it is not realistic to repeat
the durability test. In this study, the reduction tester for roller guides was made, and conducted a
running test. The experiment equipment consists of a disk that imitates the rail roughness and an iron
plate that imitates the cabin. The size of this equipment is 1129 x 930 x 710 mm. By attaching a roller
guide to a disk and running it, the horizontal vibration of the cabin and the durability of the roller are
verified. Figure 12 shows the overview of the experiment equipment. Shim tape with a width of 10
mm is attached to the disk, and by running in this state, the vibration transmission when overcoming
the projection is simulated. The thickness of one shim tape is 0.1mm, and any number of these can
be stacked. The cabin can rotate freely in the horizontal and rotational directions by means of linear
guides and bearings. An accelerometer (KYOWA AS2GB accelerometer and TEAC es8 data
recorder) was attached to the centre of the cabin, and recording was performed at a sampling
frequency of 1000Hz. The analytical model is a combination of the frame and cabin of the model
introduced in 3.1. Equations (1) to (4) are the same as the model introduced in 3.1, but the equation
of the mass part is different. Figure 11 shows the 6-DOF analytical model. Equation (13), (14) shows
the equation of motion in mass part.

Xt Xe3

l'(rf l\'s Xt
17 I? Us

m: | ﬂU

Cri Cs Cs Cr3

hi

% wz

hz

ke [* ke ke [ ke

Figure 11 6-DOF analytical model

mx, =—k, (4xf TX T Xy T Xy T xr4)—cs (4xf T T T Hs T x,4)

. (13)
2k, (b~ 1) 0, +2¢, (b —h,)0,

Jféf =k h, (2xf -X, —x,ﬁ)—ksh2 (2xf -X, —xr4)+cslq (2)'cf —-X, —xr3)—csh2 <2xf ~X,, _)'CM)

2k, (B> +h))0, =2¢,(h’ +17)0, (19

Parameter used in the model: m = 15 kg, w; =0.125 m, w2=0.125m, ;= 0.115m, A2=0.115m

Figure 13 shows the input waveform and analysis and test results. The waveform that reproduced the
protrusion was input to the analysis program for the actual machine and compared with the test results.
When comparing the experiment results and the analysis results, the peak waveform periods are
shifted. This is probably because the rotation of the disk is unstable due to insufficient torque of the
induction motor on the equipment. Although there are other differences in acceleration levels that are
thought to be due to the shim mounting method, the reproducibility is generally good, and it can be
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used to develop elements such as rollers and springs. In the future, conducting a verification
experiment to verify the optimum value calculated using the analysis model and conducting a
durability test of roller guides made of different materials are considered.
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Figure 13 Experiment and Analysis result

S CONCLUSION

In this study, in order to improve the durability of the roller guides and enhance the vibration reduction
effect, a simulation analysis was performed using an 8-DOF analysis model. As a result, it was
confirmed that the vibration can be sufficiently reduced to 87.7% at maximum by using the coil spring
and the damping even if the roller hardened to enhance the durability is used. The Acc. at this time is
much lower than 0.1m/s?, and it is thought that a comfortable ride for passengers can be realized.

This time, the stiffness of the coil spring was calculated within the range of less than 800 N/mm. In
general, the weight of the cabin is lighter and the response tends to be larger when the number of
passengers is smaller than when the passengers are full. The rms Acc. is less than the standard 0.1
m/s? even when there is no load. The key point for vibration reduction when using a urethane roller
with enhanced durability is the setting of coil spring. Also, by adding damping, it is possible to further
suppress rms Acc. while maintaining the same Max Acc. In the actual lift, the stroke of the coil spring
is limited because the frame does not come into contact with other structures. In consideration of the
deviation of the riding position and the disturbance such as earthquake, the stiffness is set to be larger
than the value that can suppress the vibration in the analysis to the greatest extent. In addition, the
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waveform used in the simulation is a little worse than that expected in the actual machine, but it can
satisfy the ride comfort sufficiently.

Also, a reduction test device for roller guides was manufactured for the durability test. Here, a rail
roughness including protrusions was reproduced by placing shims on the surface of the device.
Comparing the operation test results with the analytical model simulation results, the reproducibility
is generally good despite some problems, and it is considered that it can be used for the element
development of rollers and springs.

In the future, a durability experiment of the roller guide using a reduction tester and verifying the
vibration reduction effect of the coil spring with damping will be performed. By installing the spring,
it can be expected to greatly reduce both acceleration and displacement. Particularly effective in
situations where the rail roughness is bad (rough) as verified by simulation. Also, the response in a
driving process from start-up to stop will be investigated including increase/decrease of
load/eccentricity.
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Abstract. Fall accidents of escalators occurred in 2011, in an earthquake off the Pacific coast of
Tohoku. The escalators where the accidents occurred was connecting the second floor to the third
floor in commercial facilities of a steel frame building. In general, escalators are set on beams of
buildings. Furthermore, one side or both sides of the support are not fixed to prevent damage to the
escalator from the interlaminar deformation of the building. However, interlaminar deformation of
the building occurred more than expected due to the earthquake. In consequence, the fall accidents
occurred because the escalators came off from the beams in the buildings. After the escalator
accidents, the seismic standard was revised in Japan. The interlayer displacement angle of buildings
is now considered more than before. From this, the overlap allowance is longer, so the possibility of
the fall accidents decreases. However, an unfixed part of the escalator may collide with a building
beam due to an earthquake. Furthermore, the escalator may transform by the collision and affect their
safety. In this study, the dynamic behavior of escalators with building beams during earthquakes are
investigated, furthermore, the safety against the revised earthquake resistance standards are
confirmed. In this paper, the analysis methods for the safety evaluation is investigated in a three meter
lift escalator, which has fallen due to an earthquake. The 3/10 scale model is based on the three meter
lift escalator which a top that is not fixed was created. Further, the vibration experiment with the 3/10
scale escalator model was carried out. The behavior of the 3/10 scale escalator model was confirmed
during the earthquakes. Moreover the seismic response analysis was carried out with the lumped mass
models. The restoring force characteristics of the escalator were modeled in two different methods.
The validity of the analysis model was confirmed by comparing the analysis results with the
experimental results.

1 INTRODUCTION

An escalator is one of the transport equipments that moves people vertically. The escalator is installed
in the building and connects floors to other floors. In general, escalators are not fixed to building
beams on one or both sides to prevent damage from deformation. However, in the 2011 earhquake
off the Pacific coast of Tohoku, four escalator fall accidents occurred [3]. These fall accidents
occurred in an escalator installed in a commercial facility of a steel frame building that connected the
third floor and the second floor. The fall accident was caused when the escalator was removed from
the beam of the building more than expected due the large earthquake. After the escalator accidents,
the quake resistance standard was revised in Japan. According to this standard, the layer displacement
of buildings to be expected during earthquake is more than before. The layer deformation design
angle before the revision of the quake resistance standard had been less than 1/100 [rad]. However,
the layer deformation design angle after the revision of the quake resistance standard was 1/40 [rad]
in principle. It was 1/24 [rad] when the structural calculation was not done. As a result, the length
required for falling accidents was improved. However, the building may be greatly deformed.
Furthermore, the escalator may collide with the supporting part of the building due to the increase of
the design interlayer deformation angle. In this study, the dynamic behavior of escalators including
the collision phenomenon during earthquakes is comprehended. In this paper, a dynamic experiment
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is performed with a 3/10 scale escalator truss. Further, a dynamic analysis is performed with two
different methods, which are the bilinear model and the differential equation model.

2 ESCALATOR DESIGN POLICY

The diagrammatic view of the escalator is shown in Figure 1. The escalator consists of steps, handrails,
transport equipment parts and a truss which supports these transportation parts [4]. The overlap
between the escalator truss and the building prevents the damage of the escalator by the interlayer
deformation. As shown in equation (1), (2) and (3), the length of the overlap allowance is determined
by an escalator technology standard in Japan. C is the gap between the beam of the building and the
escalator, H is the height, vy is the layer deformation angle of building and 20 [mm] is margin of the
overlap allowance.

B > IyH + 20 (ZyH —C <0) 1)
B > IyH + 20 (0 < ZyH — C < 20) ()
B>2syH-C (20 < TyH — C) ©)

Truss support angle

Step Clearance C Overlap allowance B

Truss
Truss support angle

Non-fixed =
Beams of

building Beam of building

Figure 1 Escalator system and the non-fixed side of the escalator

3 VIBRATION EXPERIMENT

A vibration experiment with a 3/10 scale model was conducted. In this experiment, the escalator
collides with the building model with the seismic waves. The behavior of the escalator including the
collision phenomenon is confirmed.

3.1 Specimen

The specimen of the vibration experiment is shown in Figure 2. This specimen is composed of an
escalator model and buildings model. This model is a 3/10 scale model of a 3 meter lift escalator
where a fall accident occurred. The 3/10 scale model of the escalator uses the similarity rules in Table
1. In Table 1, the subscript f indicates the full scale, further the subscript m indicates after the
similarity law. The characteristic of the escalator model and the building model is shown in Table 2.
The natural frequency of the escalator period is 0.049 sec. The natural frequency of the building
model is 0.223 [s].
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Collision

Figure 2 Schematic of specimen

Table 1 Parameter of 0.3 scale models

Length Mass

Lm:0.3|_f Mm:O.sst

Table 2 Parameter of 0.3 scale models

Escalator Building
Mass | 1st stiffness 2nd Yield disp. Mass 1st stiffness Natural
stiffness period
me[kg] | ket [N/m] ke2 [N/m] Xy [M] ms [kg] ks1 [N/m] Ts [s]
400 6.67X10° | -2.4x10° 0.0075 2000 1.59 % 10° 0.223

3.2 Input seismic wave

The input seismic wave is shown in Figure 3 [5]. The input seismic waves, which are used in vibration
experiments, are scaled by a similarity law with a constant velocity. Accordingly, the acceleration, it
is 3.3 times the observed seismic wave moreover 0.3 times the time. In this paper, 0.3 scale of the
JMA Kobe NS 25 [kine] and 50 [kine] was used. ([kine] = [cm/s])

| [Input]Kobe 3/10 (25kine)| [ [Input]Kobe 3/10 (50kine)|
10 Max. acc. = 7.74 [m;’szl 20 Max. acc. = 1549 [mf‘szl
Yo 5 - % 10
g =
=0 ¢ . = 0 i .Iﬂn
[#] 2
[+ ¥
< -5 in < -10 i
10 -20
5 10 15 0 5 10 15
Time [s] Time [s]

Figure 3 Time history wave the JMA Kobe NS 25 kine and 50 kine
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3.3 Results of seismic experiments

In the experiment, the acceleration of the shaking table was measured as the input acceleration. The
building displacement was measured. Furthermore, the relative displacement between the building
and the escalator was measured. In addition, the internal stress of the escalator was measured. The
escalator displacement is calculated from the building displacement and the relative displacement.
The seismic response in the experiment is shown in Figure 4. The figure shows the experimental
results of the non-collision case, the collision case and the buckling case. Additionally, the figure
shows the input acceleration, the displacement and the restoring force. In non-collision case, the
maximum relative displacement is approximately 23 [mm]. The maximum relative displacement and
the maximum building displacement are almost the same. The maximum escalator displacement is
less than 1 mm. The escalator displacement is negligible in relative displacement. The relative
displacement is mainly the building displacement. Similarly, when a collision occurs, the relative
displacement and the building displacement are almost the same. The maximum escalator
displacement is approximately 2.5 [mm]. The escalator displacement of the collision case increased
than that of the non-collision case. On the other hand, the relative displacement is approximately 25
mm. Regardless of the collision, the relative displacement is mainly the building displacement. In the
restoring force characteristics, the deformation does not reach the secondary stiffness. When buckling
occurred, the relative displacement exceeded the measurement range. The input wave is more than
twice the other two conditions. The building displacement is approximately twice that of the non-
collision case. The ratchet deformation occurred in the compression direction on the escalator.
Accordingly, the ratchet displacement occurred on the relative displacement. When buckling occurs,
the relative displacement is a combination of the building displacement and the escalator
displacement. The buckling of the escalator is important in assessing relative displacement. The
restoring force characteristic reaches the range of secondary stiffness.
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Figure 4 Seismic response experiment result

4 DYNAMIC ANALYSIS
4.1 Motion equation

4.1.1 Bilinear model

In this analysis, the escalator and the building are each one mass models. In order to reproduce the displacement
after buckling, the restoring force of the escalator is modeled by a bilinear model. The analytical model is
shown in Figure 5. The characteristics of the escalator trusses and the building is shown in Table 2. In this
analysis model, the collision is reproduced by the collision stiffness between the escalator model and the
building model. The motion equations are classified into two cases. One is the non-collision case, another is
the collision case. In the non-collision case, the motion equations of the escalator model and the building model
are the equations (4) and (5). In the collision case, the motion equations are the equations (6) and (7). The
transition condition is equation (8). The restoring force of the escalator model is equation (9) and (10). When
the escalator displacement exceeded the yield displacement, the stiffness switches. Here, m is the mass, c is
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the damping, k is the stiffness, and F is restoring force. Moreover, the subscript e is the escalator, the subscript
s is the building, and the subscript c is the collision stiffness.

Collision Building model Spring

Escalator truss ke

I c
Gap

Z Escalator model Z Building model

Vibration Vibration

Figure 5 Analytical model image

Non collision case

Escalator : Mme(X, +7) +coXe +F, =0 4)
Building : mg(¥s + 2) + ceXs + ksxs =0 (5)
Collision case

Escalator : my(X, +2) + coxo + E, + ko (x, — x5 — xg) + c.((p —¥%5) =0 (6)
Building : mg(Xg + Z)+cexs + kgxs — k(X — x5 — x5) — (¥ — %) =0 @)

Transition condition case

Xg > Xe — Xs (8)
Restoring force : Foy = ko1X, 9)
After yield restoring force : Fop = koyx, (10)

4.1.2 Differential equation model

In this analysis, as in Chapter 4, the escalator and the building are used as mass models. In order to
reproduce the displacement after buckling, the restoring force of the escalator is modeled by a
differential equation [7]. The characteristics of the escalator trusses and buildings are shown in Table
2. The motion equations are classified into two cases. One is the non-collision case, another is the
collision case. In the non-collision case, the motion equations of the escalator model and the building
model are the equations (11) and (12). In the collision case, the motion equations are the equations
(13) and (14). The restoring force of the escalator model is equation (15). Here, m is the mass, c is
the damping, K is the stiffness, and F is restoring force. Moreover, the subscript e is the escalator, the
subscript s is the building, and the subscript c is the collision stiffness. T(x), G(x) and n are determined
by the resilience properties obtained in the experiment. The values are shown in Table 3.

Non collision case
Escalator : my(X, +2) + c.x, +F, =0 (11)

Building : mg(Xs + Z) + csxg + ksxs =0 (12)



Study on Behavior of Escalator During Earthquake 11-7

Collision case
Escalator : Me(Xp +2) +coXe + F, + k(X — x5 — xg) + (¥, — %) =0 (13)
Building : mg(Xs + Z2)+cgxy + kexs — ko (xp —xg — xg) —c. (¥, —¥5) =0 (14)
F, = {5‘” -0 0 } S 2 (15)
€ dG(x)) 1—sgn(r)| ~°
l+{5d2-1<b+(1—5d2)- - } > |
T E, T E, %
Sa1 = sgn <T(x(J)C)——G(ex)> : (2 : % ) (16)
F—G(x) F—G(x) G
S42 = sgn <W—;(x)> . <2 . WGx(x) > 17)
Table 3 Differential equation parameter
T(x) G(x) n
102188 X exp(—108.8 X x) —102188 x exp(108.8 X x) 100

4.2 Results of seismic response analysis

4.2.1 Results of seismic response analysis with bilinear

The result of the seismic response analysis is shown in Figure 6. The figure shows the analysis results
of the non-collision case, the collision case and the buckling case. In the non-collision case, the
maximum relative displacement is approximately 25 mm. The maximum building displacement is
approximately 25 mm. The maximum escalator displacement is less than 1 mm. In this analysis result,
the escalator displacement is negligible in relative displacement. The maximum response value and
the waveform trend of the experiment can be reproduced with this analysis. However, convergence
after the main motion is slow. When collision occurs, the maximum building displacement is
approximately 24 mm. The maximum escalator displacement is approximately 3 mm. As in the
experiment, the escalator displacement increases than that of the non-collision case. The maximum
response value and the waveform trend of the experiment can be reproduced with analysis. In
addition, this analysis reproduces the restoring force. In the buckling case, the maximum building
displacement is approximately 38 mm. The relative displacement of this analysis is slightly smaller
than that of the experimental. However, the waveform trend can be reproduced. The residual
displacement of the escalator is 27 mm. The residual displacement of the relative displacement is 27
mm. This analysis results are the same as the experimental results. In addition, the waveform trend
of the analysis can replicate the experiment. The maximum relative displacement in this analysis is
approximately 59 mm. The restoring force of this analysis reproduces the tendency of the restoring
force of the experiment. Accordingly, the behavior of the building and the escalator during
earthquakes can be reproduced with a lumped mass model. The behavior of the escalator after
buckling can be reproduced with a bilinear model.
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Figure 6 Seismic response analysis result

4.2.2 Results of seismic response analysis with differential equations

The result of the seismic response analysis is shown in Figure 7. The figure shows the analysis results
of the non-collision case, the collision case and the buckling case. In the non-collision case, the
maximum relative displacement is approximately 24 mm. the maximum building displacement is
approximately 24 mm. The maximum escalator displacement is less than 1 mm. In this analysis result,
the escalator displacement is negligible in relative displacement. The maximum response value and
the waveform trend of the experiment can be reproduced with this analysis. When collision occurs,
the maximum building displacement is approximately 38 mm. The maximum escalator displacement
is approximately 3 mm. As in the experiment, the escalator displacement increases than that of the
non-collision case. The maximum response value and the waveform trend of the experiment can be
reproduced with this analysis. In addition, the analysis reproduces the restoring force. In the buckling
case, the maximum building displacement is approximately 23 mm. The relative displacement of this
analysis is slightly smaller than that of the experimental. However, the waveform trend can be
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reproduced. The residual displacement of the escalator is 27 mm. The residual displacement of the
relative displacement is 27 mm. These analysis results are the same as the experimental results. In
addition, the waveform trend of the analysis can replicate the experiment. The maximum relative
displacement in the analysis is approximately 60 mm. The restoring force of this analysis reproduces
the tendency of the restoring force of the experiment. Accordingly, the behavior of the building and
the escalator during earthquakes can be reproduced with a lumped mass model. The behavior of the
escalator after buckling can be reproduced with a differential model.

Non collison Collision Bucking
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Figure 7 Seismic response analysis result

4.3 Comparison of response result at two models

The analytical models were compared. In the non-collision case, the displacement of the building and
the displacement of the escalator were the same. Also, in the collision case, the building displacement
and the escalator displacement were the same. In the buckling case, the relative displacement is the
same, furthermore the maximum value of the response displacement and the tendency of the
waveform can be reproduced. Accordingly, both methods are effective for analysis.
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5 CONCLUTION

In this study, the behavior of the building and the escalator during the earthquake was confirmed with
the vibration experiment with the 3/10 scale model. In addition, an analytical model of the escalator
including the collision was constructed. The analytical model was studied by modeling the resilience
in two different ways. The behavior of the vibration experiment could be reproduced with these
analysis models. Furthermore, the restoring force characteristics could be reproduced in the same
method. Therefore, the lumped mass model is effective to confirm the behavior of the building and
the escalator during earthquakes. The difference of the results with two analytical models are
negligible. In addition, a bilinear model and differential equation model is effective to reproducing
the behavior of an escalator after buckling.
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Abstract. To improve the evacuation safety of multi-story buildings by escalator, escalator fragility
curves were calculated using a probabilistic risk assessment. In order to calculate the damage
probability of the escalator and mechanical structure in each story, the time history response analysis
of the three storey building model was calculated. A floor model was constructed from graph theory,
and a simulation to find a safe evacuation route. The change in the possibility of using the escalator
during evacuation due to the revision of the seismic code of the escalator was compared with the old
Japanese code in each floor of the building.

1 INTRODUCTION

In the earthquake disaster, many industrial facilities suffered frequent equipment damage and their
functions stopped. It also led to secondary damage such as breaking of the evacuation route due to
falling or scattering of equipment. The seismic code for escalators was revised because of the fall
accident of the escalator body in the Great East Japan Earthquake on March 11, 2011. Since the
standard was set to make the interstorey drift angle of buildings in the event of an earthquake larger
than before, the shortage of the length of the escalator, which is considered to be the main cause of
the fall accident, has been improved.

However, the evacuation plan at the time of a disaster is still in accordance with the old seismic
standard, and the use of escalators is not stipulated, and it is recommended to avoid using it during
evacuation [1]. In many commercial facilities, there is only an escalator in the center of the floor, and
the evacuation exit is located far from the center. In such a structure, using an escalator for evacuation
can greatly improve safety and efficiency. Therefore, the feasibility of an evacuation plan including
an escalator will be examined as a new proposal based on the new standard.

In this research, the durability and the risk (or safety) on the evacuation route were examined by
applying the probabilistic risk assessment to the design parameters of escalator and mechanical
structures related to evacuation route. The safety of the escalator will be examined by simulating the
search for a safe evacuation route in a multi-story building in consideration of the danger of
mechanical structures.

2 RISK ASSESSMENT
2.1 Escalator structure

As shown in Fig.1, the escalator mainly consists of transportation equipment such as steps and
handrails, and an escalator truss that supports the transportation equipment. L-shaped support
members are attached to both ends of the escalator, and the support members are hung on the building
beam and one or both ends are not fixed. Therefore, a supporting method is adopted in which the non-
fixed part of the escalator slips during an earthquake and the forced displacement due to the
interstorey drift of the building is released [2][3].
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In this research, the escalator with fixed lower end and non-fixed upper end, which has the same
support method as the escalator in which a fall accident occurs, is targeted. The escalator with fixed
lower end and non-fixed upper end is an escalator installed with the supporting member at the lower
end of the escalator truss fixed to the building beam and the supporting member at the upper end
sliding on the building beam. The part where the support member attached to the escalator truss and
the building beam overlap is called the Overlap allowance.

A new standard defines a structure with a low risk of the escalator falling off due to an earthquake or
other vibration after the escalator fall accident (Japan Building Equipment/Elevator Center, Japan
Elevator Association, 2016). As shown in Table 1, the standard value of the interstorey drift angle
before design was 1/100 [rad] or less before revision, whereas the revised standard value was 1/40
[rad], When structural calculation is not performed, it is over 1/24 [rad] [4]. Three standards,
1/100[rad], 1/40[rad], 1/24[rad], are set as Old standard, New standardl, New standard2 in the table.
Since the interstorey drift angle is greatly increased, the overlap allowance of escalator increases, and
there is a margin for the slide displacement to escape the forced displacement due to the building.

Overlap
llowance

-]

Clearance

Non-fixed Angle

Beams of
building

I

Fixed

Truss

Figure 1 Escalator system and the non-fixed side of the escalator

Table 1 Interstorey drift angle and overlap allowance of the escalator

Design for the Interstorey | Clearance | Overlap allowance
drift angle [rad] [m] [m]
Old standard 1/100 0.080
New standard 1 1/40 0.03 0.245
New standard 2 1/24 0.428

2.2 Escalator Fragility curve

In this research, damage evaluation of mechanical structures is performed by a method based on
realistic proof strength and realistic response. Model an object to be evaluated, select damage
evaluation index, and create a fragility curve that represents the damage probability [5]. The fragility
curve is obtained by using the probability density function of proof stress and response. The
probability density function is a normal distribution that includes variations in consideration of
uncertainty. Letting the average of the data be p and the standard deviation be . From these
parameters, the probability density function of realistic strength and realistic response is calculated
by the following equation (1) (2).
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The fragility for an arbitrary value H according to the evaluation index is a cumulative distribution
function representing the conditional damage probability, in which the probability density function
f-(x) of the realistic strength exceeds the probability density function fz,(xz) of the realistic
response. It is calculated from equation (3).

Fa)=] fRa(H,xR)( [ fc(x)dx)de 3)

The cause of the escalator's fall is considered to be that the escalator fell off the building beam because
the non-fixed part of the building slipped a lot due to the unexpected interstorey drift of the building
caused by the earthquake motion. Therefore, the three Design for the interstorey drift angle in Table
1 are used as evaluation indices as standard for the possibility of escalator falling. As shown in Fig.2,
assuming an escalator with each as a standard for evacuation safety, the probability density
distribution is calculated from the statistics based on the slide allowance and the drift angle.

The fragility curve is calculated as shown in Fig.3 from the probability density distribution. The
fragility curve that can determine the damage probability of each mechanical structure during
vibration is a weight that represents the traffic risk on the evacuation route. If it exceeds the standard
value, it is judged that there is a risk for lifting and lowering, so 80-90% is given as a weight. In
addition, the 50% reliability curve is applied in consideration of aging deterioration and uncertainty

of the structure.
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2.3 Other Mechanical structure Fragility curves

At commercial facilities and terminal stations, there are plate glasses, suspended information boards,
electronic bulletin boards, and piping. In this research, damage evaluation is shown as these
mechanical structures that can be obstacles on the evacuation route.

In plate glass, many small cracks exist on the surface, and stress concentration due to external force
is thought to occur at the crack tip. When stress is continuously applied, the crack grows deep and
leads to fracture. Destruction occurs at the practical strength of plate glass of about 49 to 98 [N/mm?]
[6]. Therefore, the calculation was performed when the horizontal axis of the fragility curve in Fig.4
(a) was stress. In a ceiling-mounted structure, it plays the role of holding the hanging bolt (pole) so
that it will not fall. Suspension bolt damage is caused by cracks gradually progressing and cross-
sectional areas decreasing due to repeated vibration and load [7]. Therefore, as shown in Fig.4 (b),
calculation was performed with the horizontal axis of the fragility curve as the stress. As for piping,
the structural integrity of the piping used in nuclear facilities has been confirmed [8]. In this research,
it is assumed that the structure is used for general building structures, Fig.4 (c) shows the results of
piping examination.
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3 SIMULATION MODEL
3.1 Response analysis using Building model

A time history response analysis of a multi-story building is performed to select the damage state,
damage probability, and search conditions for mechanical structures for evacuation route search. The
analytical model of the building is assumed to be a steel-framed three-story commercial facility in
which the escalator falls. Fig. 5 shows the analytical model of the building model. In Fig.5, m,; is the

mass, c,; is the damping coefficient, k, is the initial stiffness, and Z, is the ground acceleration.

The input ground motion was the K-NET Sendai NS Original wave observed in Sendai City, Miyagi
Prefecture during the Tohoku-Pacific Ocean Earthquake [9].

The maximum values of each response are shown in Fig.6. From the maximum interstorey drift angle
results, the design interstorey drift angle 1/100 [rad] used in the old standard for calculating the
margin is exceeded in the first layer. In the second layer, it can be confirmed that the value is close
to 1/40 [rad] of the new standard.

= =
Figure 5 Analytical model of building
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Figure 6 Response values of each layer

3.2 Evacuation route search Simulation model

The evacuation route is evaluated by modeling the floor in the facility using graph theory. This is a
method of modeling a phenomenon using points (nodes) dividing a route and line segments (edges)
connecting the points, and analyzing its properties and structure.
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As a weight, the impassability rate (damage probability x influence coefficient) is given to the edge,
and the Dijkstra method is applied in which the route with the lowest total probability is the shortest
[10]. The floor model has a simple structure with a staircase and an escalator in the center as an
evacuation exit. Figure 7 shows a floor model of the inside of the facility, and Fig.8 shows a network
model showing the floor with nodes and edges. It can be confirmed that the escalator located in the
center can handle evacuation from both directions toward the center.

The evacuation route is searched from the shortest route. The damage probability is calculated by
applying each maximum response value of the 3rd floor building due to the input seismic wave to the
fragility curve of the mechanical structure. The impassable rate is calculated from the damage
probability and the degree of influence on the passage. In order to compare the evacuation safety of
the escalator according to the old standard and the new standard, search between 2F-1F and between
2F-3F with large response values.

Stairs(Exit)

/
. (1]

11

Figure 7 Floor model

Figure 8 Network model of floor
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4 EVACUTION ROUTE
4.1 Evacuation route focusing on Escalator

The safety of the escalator will be examined according to each standard in order to use it as the exit
of the evacuation route. By using the inside of a facility with no obstacles as a model, the performance
as an exit is evaluated from the evacuation distance and the risk of escalator. Since there are no
obstacles, the safe evacuation route in this model is the shortest route.

Table 2 shows the damage probability of the escalator based on the maximum response value of each
layer. At each node, the evacuation probability is calculated by simulating four routes leading to the
exit. Probability of evacuation is the probability that the route will reach the exit, and specifies a
passable level of 70% or higher. Table 3 shows the maximum evacuation probability for each level
when using the escalator for each standard. In the old standard, all are about 20%, so there is a great
risk and it is considered impossible to pass. Focusing on New standard 1, the evacuation probability
was improved compared with the Old standard, 3F-2F was 33.6%, and 2F-1F was significantly
improved at 76.0%. 2F-1F is a value exceeding 70% of the passable level. In New standard 2, the
evacuation probability is significantly improved compared to other standards, 92.0% for 3F-2F and
97.6% for 2F-1F. This is a value far exceeding 70% of the passable level in both cases.

Figure 9 shows the evacuation probability of the shortest route from the escalator of New standard 2
to the exit. It can be seen that the central area (green) has the highest evacuation probability compared
to other exits. Even at points away from the center, there are many areas (orange) that show the second
highest evacuation probability. Due to the presence of mechanical structures, the second highest route
may result in the safest route. In this way, even considering the danger of the escalator, it can be seen
that the New standard 2 can function sufficiently as an exit. Especially in the central part of the floor
where the stairway exit is not near, the escalator is considered to be effective in the efficiency and
safety of evacuation behavior.

Table 2 Damage probability of escalator

Mechanical structure 3F-2F . 2F-1F -
Damage Probability [%] | Damage Probability [%0]
Old standard 99 99
Escalator | New standardl 83 30
New standard?2 10 3

Table 3 Escalator maximum evacuation probability

3F-2F 2F-1F
Probability of evacuation [%] Probability of evacuation [%]
Old standard 20.8 20.8
New standardl 33.6 76.0
New standard2 92.0 97.6
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Figure 9 Nodes with higher escalator probability than other exits

4.2 Evacuation route including mechanical structures

Search for safe evacuation routes under more realistic conditions with mechanical structures inside
the facility. A safe route is a route with the highest probability of passage. As shown in Fig.10, the
floor model has mechanical structures related to the evacuation route and stairs and escalators.

The search results of the route from node 9 to each exit node are shown below. Figure 11 shows the
result of illustrating the evacuation route on the floor. Node 9 is close to both the escalator and E1.
This is the place where the escalator can be used as the exit with the second highest evacuation
probability depending on the conditions. Table 5 shows each Route wi