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FOREWORD

It is with great pleasure that we present the dirgys of the 8 Symposium on Lift and Escalator
Technologies, September 2015, organised jointlytuy Lift Engineering Section of the School of
Science and Technology and The CIBSE Lift Group.

The Lift Engineering programme offered at The Unsiy of Northampton includes postgraduate
courses at MSc/ MPhil/ PhD levels that involvewdgtof the advanced principles and philosophy
underlying lift and escalator technologies. Thegpamme aims to provide a detailed, academic
study of engineering and related management igsu@grsons employed in lift making and allied
industries.

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

The Symposium brings together experts from thel félvertical transportation, offering an
opportunity for speakers to present peer revievagzers on the subject of their research. Speakers
include industry experts, academics and post gtaditadents.

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

We are grateful to organisations that have supgdhis venture, as highlighted by their logos
below.

Professor Stefan Kaczmarczyk, The University of Northampton and
Dr Richard Peters, The CIBSE Lifts Group
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Extracting the Value of the Round Trip Time under Up Peak Traffic
Conditions from Simulation
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arrival process; system loading; calculation; simulation; Monte Carlo simulation.

Abstract. The round trip time has been traditionally foumyg using calculation methods, either
analytically by the use of equations or numerichiythe use of Monte Carlo simulation or Markov
chains. This paper explores the use of simulatoextract the value of the round trip time. The
main reasons for the difference between the vafuthe round trip time under calculation and
simulation are the three random effects: the ranis® of passenger destinations (thus making the
value of the round trip time a random variableg tandomness of the passenger arrival (driven by
a Poisson passenger arrival model) and the effdmirching (thus making the value of the interval
a random variable). The value of the round tripetihas been plotted against the system loading
level for the case of a single entrance and incgrraffic only. The system loading level has been
varied from values as low as 0.05 (i.e., 5%) u@nooverloaded system level of 3 (i.e., 300%).
Different conditions have been simulated includiogstant and random passenger arrivals, as well
as queues allowed and queues not allowed conditioviarying these conditions provides an
essential insight into the variation of the roungd time and the reasons for it.

Nomenclature and Acronyms

AR%is the passenger arrival rate expressed as thdrgupopulation in five minutes

CCis the rated car capacity in passengers

FIFO first in first out (of a queue)

A the passenger arrival rate in passengers pergecon

Ass the design passenger arrival rate in passengersepend according to which the system was
originally designed

A, the actual passenger arrival rate in passengegepend to which the system is exposed

L is the number of the elevators in the group

p the system loading (where 1 denotes 100% systadarig)

RTT or Tis the average value of the round trip time in selsoduring the total simulation time and
averaged over a large number of trials

7 the value of the round trip time in seconds (aar@lom variable varying from each round trip to
the next)

WSis the nominal simulation time referred to aswekspace in seconds

1 INTRODUCTION

The round trip time has been, and still is, thadml for designing elevator traffic systems.h#ts
been customary to evaluate the value of the rotpdime using calculation or the Monte Carlo
simulation method.

A previous paper has outlined six methods for diegivthe round trip time [1]. The first five of
these are analytical ([2]-[9]) and numerical ([1[]1], [12] and [23]). Numerical methods have
also been used to calculate the value of the agerayelling time (e.g., using the Monte Carlo
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simulation method to evaluate the value of the ayertravelling time [13]). The sixth presented
method was based on simulation, although few detedre given. This paper outlines a possible
methodology for extracting the round trip time froime simulation data.

Queuing theory has been used in order to try teerstdnd the performance of the elevator traffic
systems under simulation [14]. Classical queulrepty can be used to estimate the value of some
critical parameters such as the average waiting &nd the average queue length.

Section 2 presents a qualitative explanation ferrdasons of the discrepancy between the values of
the round trip time under calculation and simulatioSection 3 provides an overview of the
MATLAB code used to run the simulation. Sectiodidcusses results for a 12 floor building and
shows the variation of the round trip time undecréasing system loading. The results from
section 4 are discussed in section 5. Conclusiomslrawn in section 6.

2 THE CAUSE OF THE DISCREPANCY

In theory, the value of the round trip time foungl dalculation should be identical to the value
found in simulation. However, it is generally aokredged that the value of the round trip time
under simulation is smaller than that resultingrfroalculation. Differences between calculation
and simulation are discussed in [15].

The main reason for this discrepancy is the faat tite number of passengers boarding the elevator
car on average is smaller than that assumed umdrlation. It is in fact the random effects that
arise under simulation that lead to a smaller nunob@assengers boarding the elevator car under
simulation and thus causing a difference betweenwio values of the round trip time.

The combination of the restriction in the car ssbepled with random effects (detailed later in this
section) are the reason why the average numbeassemgers boarding the elevator car is smaller
than that expected under calculation. This is@Rrpd as follows:

1. In cases where the number of passengers waitibgaaod the elevator is larger than the car
capacity CC), only CC passengers can board the elevator car (assumitg tlr loading
is possible). The remaining passengers remainiligoe added to the queue in order to
board a future elevator car under real life simafator discarded under the hypothetioal
gueuingsimulation introduced later in this paper).

2. In cases where the number of passengers waitihganl the elevator is smaller than the car
capacity, the elevator car will collect them andbate (and will not wait for further
passengers to arrive in order to fill the elevatar up). This point is what leads to the
smaller car loading on average, and thus to a teguin the value of the round trip time.

The net effect of these two last points is that dfffiective number of passengers boarding the
elevator car in each round trip is smaller than ¢he capacity €C). There are five sources of
randomness, listed below:

1. The randomness of the passenger destinationsackm und trip the passengers boarding
the elevator car will select different destinationghese random destinations depend on the
relative floor populations. The fact that they a@iéferent in each round trip results in
different values of the round trip time in eaclptriThe consequences of this variability in
the value of the round trip time are that the e@vaar will spend different times away from
the main entrance. When the elevator car retwngidk up passengers from the main
entrance, the number of passenger waiting to biberelevator car will be proportional to
the value of the last round trip time.

2. The randomness of the passenger arrival processiasl been shown that the passenger
arrival process in elevators is a random procebgyeby the number of passengers arriving
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in a specified period of time follows a Poisson hability density function. The
consequences of these random passenger arrivalsadra different number of passengers
will be waiting to board the elevator when it retsito the main entrance (regardless of the
variability in the value of the round trip timeet§).

3. The variability in the value of the interval (caddgy the phenomenon of bunching): Even
if it were possible to prevent the variability imetvalue of the round trip time, the value of
the actual interval could vary. This is due to fifteenomenon of bunching ([16], [17]),
whereby the elevators are not equally spaced iir thevements. Bunching leads to
variability in the actual value of the intervalh& interval is in effect the time during which
the passengers that will board the next elevatoacaumulate. If the interval is longer than
the average value, more passengers will arriviejgfshorter, fewer passengers will arrive.

4. Edge effects: When the workspa®®g of the simulation is relatively short (e.g., 3®Qthe
effect of the first and last journeys can be sigaifit. The elevator car for the last journey
of the simulation would usually be carrying the eaning passengers, the number of which
would be smaller tha®€C. The first journey could also involve a largearthnormal or
smaller than normal number of passengers and endeé distort the overall results.

5. The initial conditions: The initial position ofél. elevator cars can also have a significant
effect on the value of the round trip time.

It is relatively easy to overcome the last two segrof randomness. Edge effects can be overcome
by removing the first and last journey and incregsihe value of the workspace. The initial
conditions are overcome, by carefully locating fguesition of the elevator cars in the round trip
cycle such that they are perfectly spaced.

It is worth noting that the effect of the group troh algorithm is beyond the scope of this paper.
Work has been done in order to amend the formwaéhe round trip time to take the effect of the
elevator group controller into consideration in][&9] and [20].

3 MATERIAL AND METHODOLOGY

In order to extract the value of the round tripdifnrom simulation, a simple MATLAB code was
written that can simulate a group of elevator aamgler incoming traffic conditions and single
entrance. Various software switches can be usadrtolate different conditions in order to better
understand the effect of different conditions, agstions and settings. The software runs the
simulation for the workspace tim&/Q.

It is based on incoming traffic only from a singletrance. The software contains two parts: a
calculation part that carries out the design of elevator traffic system using thé¢ARint Plane
methodology ([21], [22]); and a simulation partttiheceives the parameters of the elevator traffic
system design from the calculation part and camgsthe simulation for a specified period of
workspace V. The simulation produces graphical outputs all ase spreadsheet data for the
following parameters:

Average passenger waiting time.
Average passenger travelling time.
Average passenger queue length.
Average value of the round trip time.
Average car loading.

agrwnE

The following rules are followed in running the adire:

1. The set of passengers are generated at the stae simulation for the whole period of the
workspace (assuming constant passenger arrivédeisson passenger arrivals).
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2. The car capacity is set to exactly the number ggpagers stipulated by the calculation (an
integer value is used). Hence, 100% car loadiradjasvable.

3. When the elevator car returns to the main entraihgacks up as many passengers as are
present, but no more than the maximum number cfgragers.

4. The elevator will not wait for more passengersitoulp with the maximum number of
passengers.

5. Any passengers arriving while the existing passengee boarding are also allowed to
board.

6. Any passengers arriving after the doors start sgpsannot board the elevator and will have
to wait for the next elevator to arrive (thus joigithe queue).

7. No door re-openings are allowed.

8. Any passengers that cannot board the elevator resflain in the lobby in a queue (or
discarded if the switch for no-queuing allowedadsi\ee).

9. If there are no passengers present in the lobby e elevator arrives then the elevator
will not leave and will stay at the lobby with deors open.

10. For the purposes of extracting the round trip tfroen the simulation, the idle time has to be
removed. So if there are no passengers in the Jdhis/time does not count as part of the
round trip time.

11.In order to remove edge effects, the first and lasind trips are excluded from the
calculations of the round trip and the average remal passengers boarding the car. The
software automatically finds the start and end tgoai each round trip (e.g., by looking for
the door-start-of-closing-point in time and usih@s a reference). Once all the round trips
have been identified, the values of the first aast trip are excluded from calculating the
average value.

4 SAMPLE RESULTS

A numerical example is presented in this sectitinllustrates the points introduced earlier insthi
paper. A sample building is used in order to piha value of the round trip time against system
loading. The system loading is varied in increraenft 0.05 starting from the value of 0.05 (i.e.,
5%) loading up to 300%.

System loading is varied by varying the actual gabdi the arrival rate (in passenger per second)
(lact) against the design arrival rate (in passengerss@eond) denoted asqf). Thus a system
loading of 100% is represented by passengers agrati the rate that was anticipated in the original
design; an under-loaded system will experiencequaggss arriving at a rate smaller than the design
arrival rate; and an overloaded system will expeepassengers arriving at a rate larger than the
design arrival rate. This is summarised in Tabiebw.

Table 1: Summary of the three loading conditions.

A
Under-loaded system Aat <Ages OF p=—24<1 (1)
des
—_ —_ Aact —_
100% loaded system Asct = Ages OF P = ==l (2)
des
—_ Aact
Over-loaded system A > Ages O p=—24>1 (3)
des

Effectively, varying the value ofl_is a change in the value of the arrival raiR%

act
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Numerical Example

A building has 12 floors above the main entran@ée total building population is 1000 persons.
The floor by floor population and the floor heighie shown in Table 2.

Table2: Thefloor populationsand thefloor heights of the building.

Floor Floor population (persons) Floor height (m) yp# of floor (Ent, Occ)
120 25 N/A Occupant

11 25 4 Occupant
10" 25 4 Occupant

gh 25 4 Occupant

gh 50 6 Occupant

70 75 6 Occupant

6" 100 6 Occupant

5th 100 6 Occupant

4t 125 6 Occupant

3 125 8 Occupant

2n¢ 150 8 Occupant

1% 175 8 Occupant
Ground N/A 10 Entrance/exit

Other parameters are shown below:

Kinematic parameters.

Rated speed: 3.15 m/s.
Rated acceleration: 1 m/s
Rated jerk: 1 mAs

Passenger data

Passenger transfer into the elevator car: 1.2 s
Passenger transfer out of the elevator car: 1.2’ s

Door timing data

Door opening time: 2's
Door closing time: 3's

The user requirements are:

Arrival rate: 12% of the building population aiirig in five minutes.
Target interval: 30 s

A design for the elevator traffic system for theilting is carried out using the Monte Carlo
simulation method for finding the value of the rdutmip time and HARInt plane for the design
methodology ([21], [22]). The resulting value bketnumber of passengers boarding the car is not
an integer in this design. It is not possible empare this calculation with simulation. It is hu
necessary to round up the number of passengergetmédarest integer, which is equal to 12
passengers in this case. The user requirements toawe revised to suit this such that 12
passengers boarding the car represents a systdmdaz 100%.
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The final design that has been used (which is basedn integer value for the number of
passengers) is listed below:

* Number of elevators in the group (L): 5 elevators

* Number of passengers: 12 passengers (thus thet igssthe car capacity with 100% car
loading allowable).

* Speed: 3.15 m/s.

* Round trip time: 143.381 s

e Actual interval: 28.68 s

* Nominal arrival rate in passengers per secaiid Q.4 passengers/second

» Adjusted arrival rate in passengers per secontb{folg the adjustment of the number of
passengers to an integer numbex): (0.418 passengers/second

The value of the round trip time has been plotigairsst the system loading in Figure 1, for a value
of workspace equal to 300 seconds. The valueeotdhind trip time has been normalised in the
figure by dividing the absolute values by the maximvalue of the round trip time (143.381 s) that
attains this maximum value when 12 passengers hbibarctlevator car (which is the maximum

allowable car capacity).

It is worth noting that the round trip time doeg arceed the nominal calculated value of the round
trip time that is attained when the car is full ewmder high system loading conditions. This can b
seen in thesaturation effect Figure 1 and can be explained as follows. As the systesdihg
increases, more passengers arrive that can be bgkitve available elevators. The passengers who
cannot board the elevators will join a queue. e gystem loading increases, the queue becomes
even longer. The number of passengers who camnl lea&h elevator is limited to the rated capacity
(CC) (assuming that 100% loading is allowed andsids). As the queue becomes excessively
long, each elevator car becomes very likely to Arglfficient number of passengers to board it and
to fill it up as soon as it arrives in the lobbyhus the round trip time attains its maximum pdssib
value expected in the design stage, but no more.

The round trip time has been plotted for a numbedifierent conditions listed below. 1t is
accepted that under these conditions the valukeofdund trip time has become a random variable

(1), and it is in fact the average value of this @ndvariable that is quoted | denoted aRTT or
T.

1. Queuing allowed under constant arrival conditiond Roisson passenger arrival conditions:
Under these conditions, passengers who arrivegdirst-in-first-out queue (FIFO). When
the car is available for boarding, passengers lda¥eueue one at a time and board the car.
Once the car is full, passengers who have not ledareimain in the FIFO queue. As can be
seen from the figure there is little differencevibe¢n the constant arrival process and the
Poisson arrival process. The reason is that qgeuais been allowed, and this effectively
decouples the average number of passengers bodttenglevator car from the arrival
process. It is also worth noting that the valuehef round trip time at a system loading of
100% (i.e.p=1) denoted as point C1, C2 is smaller than theimmam possible value for the
round trip.

2. Queuing not allowed under constant arrival condgio In this case, passengers who are
prevented from boarding the car because it is @yréall are not added to the FIFO queue,
but are discarded (this is an example of the hygiatal conditions that are used in this
paper). This is referred to as the case of “nautgeallowed”. It is acknowledged that this
condition will not take place in real life. It ghown here as it is easy to calculate using
analytical equations or the Monte Carlo simulatimethod, and can provide a lower
analytical bound on the actual value of the roumgttme. It is denoted as point E in the
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Figure 1, where its value is smaller than the valtiehe round trip time under queuing
conditions at a system loading of 100%.

Queuing not allowed under Poisson arrival condgiorin this case, passengers who are
prevented from boarding the car because it is @yréally are discarded. Passengers arrive
under Poisson arrival conditions and this introduaenew source of randomness further
reducing the effective car load and thus the valti¢he round trip time. At a system
loading of 100% ¢=1), the value of the round trip time under theseditions is denoted by
the point F in Figure 1.

Normalised round trip time from simulation

1.2

0.8 -

0.6

0.4

0.2

Max. value of RTT i
(calculated by classical |/ " =~ ] . . . -
. Poisson arrival process, queuing allowed :
equation) |
—Poisson arrival process, queuing not allowed '
—~Constant arrival process, queuing allowed
i P A ________________________________________ —Constantarrival process, no queuing allowed 4
100% system loading
0 0.5 1 1.5 2 2.5 3
System loading (%)

Figurel: Thenormalised value of theround trip time against system loading under different

conditions (the value of the wor kspace is 300 seconds).

The effect of the value of the workspace has beeestigated and the results are shown in Figure
2. The round trip time under simulation conditidres been plotted against system loading for
three values of workspace: 300 s, 600 s and 90Khs. passenger arrival model has been assumed
to follow a Poisson process. From the figure tiloiving two conclusions can be drawn:

1. Under the condition of queuing allowed the valu¢hef workspace has virtually no effect.
2. Under the condition of “no queuing allowed” the nease in the value of the workspace

forces the values of the round trip time to sedtin to the lower bound. The explanation
for this is that the larger the workspace, the m@edom edge effects and transient
behaviour are diminished and become less pronounced
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1.2

0.8

0.4

0.2

Normalised round trip time from simulation (ratioto maximum
value)
(=]
[=)]

o el T-mTTTTTTTTTomooooo e e == mTTTToTTTomooooe |ttt 1
' ' ' ' ' '

queuingéllcwed

—=—3005WS, queing allowed

queuing not allowed .
' 300 sWS, queuing not allowed

_____________________________________________________

600 sWS, queuing allowed

——600 s WS, queuing not allowed

—-900 s WS, queuing allowed

100% system loading

—————————————————————————————————————————

—=-900 5 WS, queuing not allowed

————————

The normalised values of the Round Trip Time against System Loading
for Different Value of the Workspace under Poisson Arrival Conditions

0 0.5 1

1.5 2 2.5 3
System Loading (%)

Figure2: Thenormalised values of theround trip time against system loading for different

wor kspaces.

5 DISCUSSION

As seen in the last section and in Figure 1 theievadf the round trip is different between
calculation and simulation at a system loading@¥% (@=1). There are a number of factors that
affect this final value of the round trip time. i$t possible to think of the value of the roung tri
time as starting from the value found in calculatemd then being transformed by a number of

effects into the final value under simulation, akofvs:

1. The round trip time value under calculation is lbh®m the value of the number of

passengers boarding the elevator car in eachridpvece versa (point B in Figure 1). Itis
worth noting that this value is based on a numbassumptions:
a. The value of the round trip time is a constantr@her than a random variable.
b. The passenger arrival process is constant, withimatant inter-arrival time.
c. The value of the round trip time is constant an@sdoot vary as the passenger
destinations vary.
d. There is no bunching.
e. With the ideal conditions above, no queues willredevelop and hence queuing in
effect is irrelevant.
When the random effects of bunching and the ran@ssiof the passenger destinations are
taken into consideration and no queuing is alloviled value of the round trip time drops to
the value shown on point E in Figure 1. In thisesgpassengers who are unable to board the
full elevator cars are discarded. Bunching is eduby the random destinations of
passengers, as these lead to variations in thewvalthe round trip times of the different
elevators.
When the random effects of the passenger arrivadgss (Poisson process) are added, this
leads to further randomness in the value of theadonip time, which in turn leads to a
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reduction in the number of passengers boardingldneator car in each trip, and thus to a
reduction in the value of the round trip time (simoas point F in Figure 1). As in the
previous point, the value of the round trip timeaigandom variable and no queuing is
allowed.

4. Finally, once the effect of queuing is added, thkie of the round trip time rises back to a
value shown as point C1/C2 in Figure 1 which is #lceual value of the round trip time
expected under simulation. This value is still Bemathan that given by the initial
calculation shown as point B in Figure 1.

This discussion has elucidated how the differefécts under simulation gradually change the
value the round trip time from that found in caltidn to that achieved under simulation at a
system loading of 100%%1).

6 CONCLUSIONS

There has long been an acceptance among vertiaakportation system designers that a
discrepancy exists between the value of the rouwipdtime evaluated by calculation and that

extracted from simulation. The main reason fos tiscrepancy is the lower average value of the
number of passengers boarding the elevator caach &ip in simulation compared to the value

assumed in calculation.

It suggested that the reason for this lower valuth® number of passengers than expected is the
combination of the restricted car size and the oameffects. There are five random effects: the
randomness of the passenger destinations (thatdeaariable values of the round trip times); the
randomness of the passenger arrival process (adstonllow a Poisson probability density
function for the number of passengers arriving ipeaiod of time); the variability of the value of
the interval caused by the bunching phenomenonedge effects (at the start and the end of the
simulation); and the assumed initial conditionsareling the phases of the elevators in the group.
In addition, the presence of a FIFO queue of thiziag passengers and those who are unable to
board full elevator cars has a very strong effecthe final value of the round trip time (as it can
potentially lead to a plentiful supply of passersgier the lobby and completely decouple the value
of the round trip time from the passenger arrivakpss).

Hypothetical scenarios have been run in simulaf@g., no-queuing allowed scenario). While it is
acknowledged that such scenarios will not take eplec real life, they are very insightful in
presenting a qualitative explanation and aidinguhderstanding of the underlying mechanics of
the elevator traffic system during simulation.

The value of the round trip time has been plottgdirasst system loading under simulation for
different conditions. The effect of queuing is lgsad by plotting the value of the round trip when
gueuing is allowed for passengers unable to bodwndl elevator, and when queuing is not allowed
(where passenger unable to board a full elevaterdsscarded). A comparison is also made
between constant arrival conditions (where theriatdval time between successive passengers is
constant) and random arrival conditions (whereititer-arrival time between successive passenger
arrivals is random) following a Poisson arrival ggss. The values of the round trip time extracted
from simulation at a system loading of 100% arentbto be smaller than the maximum value of
the round trip time evaluated by calculation assiga full car. It is also shown that the value of
the round trip time under constant arrival condis@nd no queuing allowed is larger than the value
of the round trip time under Poisson arrival coiotié and assuming that no queuing is allowed.

Finally, the effect of the workspace has been ingated. It is shown that under queuing allowed
conditions, the workspace length has no effect len value of the round trip time. Under no
gueuing conditions, the increase in the value efwlorkspace allows the value of the round trip
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time to settle to its steady state value, due ®f#tt that edge effects and transient effects are
diminished by the longer workspace.

The results shown above are insightful in undeditanthe random nature of simulation and can
have practical effects in the process of designiagical transportation system and sizing its
components.
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Abstract. Improper operation of the traction machine of faihstallation causes energy waste,
vibrations and noise. The design of the machinet ine®ptimum if energy efficiency and comfort
specifications have to be satisfied. The vibratiand noise frequency spectra of electrical machines
present manifest peaks at certain frequenciesjptadtof the fundamental electrical frequency, that
depend on the machine topology and its rotatioroogl. Changes in its topology or in its
mechanical properties (geometry, size, materialswugt be done in order to reduce the magnitude
of peaks at certain excitation frequencies or taie the excitation frequencies far from the natura
frequencies of the structure or the lift instatbati Machine designers need tools to calculate their
vibroacoustic response once a certain design has pmposed, so they can modify it before a
prototype is built in case the response is not @etde. Numerical and analytical models to
calculate the vibroacoustic response of electritathines have been developed and experimentally
validated. In this paper, the authors summarisestag of the art in modelling the vibroacoustic
performance of electrical machines and show sontkeeofesults obtained in their research work.

1 INTRODUCTION

The traction machine of a lift installation is auste of vibrations and noise that cause discontéort
the lift passengers and of the neighbours livintiedis close to the lift well. Therefore, the mawahi
design must be optimised (power, size, cost, vitmatand noise...) in order to conform to the
riding comfort standards. Furthermore, the mackimauld not be designed without considering the
lift installation, the whole assembly, because afions generated at the machine are born through
the structure to the cabin. Consequently, the mmachiesign is also conditioned by the lift
installation in which it will be placed.

Tools to predict the vibroacoustic performance ofedectrical traction machine in a certain lift
installation are necessary to achieve an optimusigdeand to avoid, as much as possible, the
prototyping stage. The first step is to predictpgsformance on a test bench but the final goalt mus
be to predict it in the installation.

This document reviews the state of the art cormedipg to that first step and describes the
procedure to be carried out to compute the vibrosiio performance of an electrical machine.

2  VIBROACOUSTIC PERFORMANCE OF AN ELECTRICAL MACHINE

Vibrations and noise of an electrical machine camhginated by the electromagnetic forces at the
air-gap, by mechanical defects associated to ttagimg parts (bearings, shaft), or by the air flux,

when the machine has a fan for cooling purposesKgg 1). Below 1000 Hz and in low to medium

speed rated machines, electromagnetic forces arm#éin sources of vibrations and noise [1]. The
frequency spectra of electromagnetic vibrations amide are very tonal and particularly annoying
for lift passengers and neighbours close to théalilasion. This paper reviews the procedure
followed to calculate the vibroacoustic response etdctrical machines due to the radial

electromagnetic forces generated at the air-gap.
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Figure 1: Noise generation and transmission in electrical machines[2].

The procedure consists of three parts (see FigFi®t: calculating the radial electromagnetic
forces. Second: applying them to the machine stratimodel to obtain the vibratory response of
its outer surface. Finally, computing the acougtiwer it radiates [2].
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Figure 2: Procedurefor predicting acoustic power from an electric machine[2].

Hs

2.1 Computing the Maxwell Forces

According to Le Besnerais, Maxwell forces [3], natno the front surface of the stator teeth, are
the main contributors to the machine vibrations, [particularly in Permanent Magnets
Synchronous Motors (PMSM) [5], very common in lifstallations. If the rotor is not skewed and
the end effects are neglected, the pressure distibis independent of the motor axial direction.
The electromagnetic field at the air-gap is cal@daeither by Finite Element Models (FEM) or
analytical ones, and a reasonable agreement betiveenis achieved [6]. Next to be calculated is
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the pressure applied on the surfaces at the ajrelygpto the electromagnetic field. The pressue, b
the two-dimensional Fourier transformation, is cened into separate rotating force waves, defined
by frequency, spatial harmonic number on the cifememce, amplitude, phase angle, and rotation
direction [7].

2.2 Structural Mode

The electrical machine is composed of static (statodings) and rotating parts (shaft-rotor). The
transversal section of the stator is constant énakial direction and has a particular shape with a
number of teeth and slots, where the windingsraserted.

Regarding the mechanical behaviour of electricalchires, it is worth mentioning some
particularities.

The stator and rotor consist of a stack of lammagdectrically isolated, and consequently they
show an orthotropic behaviour. Because of thisatrtipic nature, there is uncertainty in the values
of some mechanical properties. Axial stiffness loé stator increases if the clamping pressure
applied when joining them is increased [8]; highahstiffness implies high values of the natural

frequencies associated to the axial modes; howeatural frequencies of the radial modes hardly
vary [9].

In addition, there is no elastic connection betwadjacent stator sheets and some slip is allowed
between them. The slip is the main contributoramging, not only in the case of the axial modes
but also in that of the whole structure [10]. Dangpis another key parameter, uncertain as well,
that is expected to affect the amplitude of vilmadgi.

Some authors [8, 9] provide approximate valueshoké uncertain parameters of the machine;
otherwise, the model of the structure can be updbssed on the results obtained from common
modal analysis [9, 11], which provides the natimedjuencies and mode shapes of the structure (see
Fig. 3).

Figure 3: Modal shapes of the structure[11]

When the windings are added to the stator, theega@f the natural frequencies of the assembly
decrease, but they increase again when the assenivigregnated with the isolation varnish [8].

With respect to modelling the mechanical structerther finite element (FE) or analytical models

have been proposed. FE models are closer to thestregture, but they require much bigger

computation effort than analytical models. In cansnce, analytical models could be convenient
for machine design optimisation purposes, althdaghk accurate.

A number of analytical models have been proposedhe literature to calculate the natural
frequencies of electrical machines. The stator-wmigsl assembly is commonly modelled as a
lumped parameter model, with two circular cylindeatached to each other, one of them
corresponding to the stator and the other one @aedhth-windings part [2]. For the case of short
machines (the machine length to diameter ratiotleess or equal to one) [2], the axial dimension is
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negligible and a two-dimensional ring model canused. If the machine is not short enough,
instead of as a double ring, it is modelled as @btiocylinder, either of infinite [2] or finite lgth
[12, 13].

Mechanical properties are commonly assumed to dieofsc. The values assigned to the material
of the outer ring are those of the steel, but tressegned to the inner ring are estimated. A more
accurate model should consider that the comporaeterthotropic and assign different values to
the radial and axial elasticity moduli. For a laated structure, the elasticity modulus in the axial
direction is much smaller than that in the circurafdial direction [15].

Two-dimensional models neglect several aspects hase-dimensional mode shapes, axial
vibrations and rotor vibrations, and, consequegtie inaccurate results in the case of machines
with significant axial and rotor vibrations [14]oFthese cases FE models can be more appropriate,
as they allow considering other components as biedds [15], the rotor [16], the frame or the
support, and provide the possibility to assign atribpic properties to the materials (see Fig. 4).

Figure 4: a FE model of the whole machine.

Once the structural model has been developed, quslyi computed forces are applied on the
surfaces of the teeth and poles, and the vibratsgonse of the outer surface of the machine is
obtained. The modal superposition theorem [17]sisduto compute the global displacement of a
certain point of the outer surface. This theoremsubte mode shapes as a vector basis to calculate
the response of the system to a harmonic forciag lector. The method allows computing the
global displacement of a given point by summing displacements caused by individual modes
[18].

2.3 Acoustical Modd

If the vibratory response of the outer surfacehef machine is known, the acoustic power radiated
by it can be obtained. The key parameter to deterrthie acoustic power is the sound radiation
efficiency, defined as the ratio between the adoysiwer and the radiation power of the surface
[19].

If the geometry of the machine is idealised, amedytexpressions to obtain the sound radiation
efficiency are available. If the length of the miaehis similar to its circular section diameter, an
acoustic spherical model can be assumed (the eadsdund waves approximate to the spherical
waves radiated by a vibrating sphere) [20]. If ldr@gth to diameter ratio is much bigger than one,
an infinitely long cylindrical model can be used.]J2If it is not so big, the finite length circutar
section cylindrical shell model [22] is usually etter approach.

To deal with complex topologies and to take endeslaand other details into account, numerical
methods have to be used to calculate the soundti@diefficiency and radiated acoustic power
[23].
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3 ACCURACY OF SSIMULATION RESULTSAND CURRENT RESEARCH

From a quantitative point of view, there are usualifferences between the computed and
measured acoustic power spectrum, at least atircehiad-octave bands, due to the assumptions
considered at the modelling phase. There is unngrtaegarding the electromagnetic forces
applied; validation tests reported in the literatare commonly based on vibration measurements
but not on measurements of the forces themseluesel structural model, there is uncertainty too
regarding certain mechanical parameters (elastimiodulus, damping...) and in the boundary
conditions assumed. Nevertheless, the developésl poovide interesting results regarding relative
analysis, that is to say, to compare different giesi to make sensitivity analysis, to understand
which modes are excited by which forces, to chabedest slot pole combination...

Let us show some results for the sake of illusttatihe previous paragraph. Fig. 5 shows an
experimental set up to test vibrations of the maehn operation. Fig. 6 shows the comparison
between the power spectral densities (PSD) of teasored (blue line) and calculated (green line)
accelerations (by a FE model) at the top surfack@imachine. We have orders in the horizontal
axis instead of frequency. One order correspondshéo rotation frequency of the machine
multiplied by the number of pole pairs. Only viboais of electromagnetic origin are calculated but
all vibrations are measured, including those of maadccal origin.
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Figure5: Experimental set up.
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Fig. 6: Comparison between measured (blue) andledéée (green) accelerations.

The model identifies the vibration frequency comgrats with the highest amplitudes (orders 6 and
12), although there are considerable differenceéseramplitudes of most of the peaks. Close to the
two highest orders smaller peaks can be observesly @re due to certain eccentricity of the axis.
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Eccentricity always causes the increase of the iumdpl of the peaks, particularly at the main
orders. As the measurement includes all vibratimot Enly that of electromagnetic origin), its
spectrum was expected to be over that one of tleilated vibration at all intervals between
orders.

With respect to the results provided by the anedytmodels compared to those provided by the
FEM (displacement vs. orders), see Fig. 7, wheee vibration responses provided by several
models of only the stator-windings assembly ofrtrechine are compared. The continuous red line
corresponds to the FEM. Three analytical modelsHaeen used: a double ring of circular shape
(ring means that axial modes are not consideredingle cylinder (including stator and windings
whose properties have been assigned average vaodsa double cylinder. All properties are
assumed to be isotropic.

6
10 rrrrrrrrrrrrrrrrrorrrrrrorr10 1o o1 A1 1T 1T T T T [ T T T T T [ T T T T

. + Stator and windings neglecting axial direction
107 ® = Stator and windings (double cylinder)
O Stator core (single cylinder)
10° * * —FEM

s
107 -+ §+ |

®

Displacements (m)

i
o,

|
|| ) |
LY { "
10" f‘w W i

E:

j
‘ M§

w “\ H |
/' ‘ ‘ \
Ll L1t 111l 1W\ “J“ “rw WYWM \ \H W“N W

N
012345678 91011121314151617151920212223242526272529303132333435363735394041424344454647454950

\M
re

10"

Frequency component order
Figure 7: Comparison between analytical and FEM models.

There are considerable differences in the amplguafethe peaks, but it can be observed that the
results of the models considering axial modes lsec to the FEM.

To conclude, it seems difficult to obtain accuratedels from a quantitative point of view, but
interesting conclusions can be obtained from aitgti?e one (main frequencies, shape of the
response, comparison between different designs...).

The final question is how the machine will operatee it has been installed, because a discarded
machine, based on tests carried out on a test peoald behave properly in a certain installation.
Thus, any tool developed to compute the machinawetr should consider the whole assembly it
belongs to.

Consequently, nowadays, there are two main areaseérch: improvement of the machine models
regarding all uncertainty aspects previously memtand behaviour of the whole installation due
to electromagnetic excitations generated at thgagrof the machine.
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Abstract. Lift systems consist of many components that masehigh strength and a high factor
of safety. Rail brackets and steel clips are usediting guide rails to shaft walls, sustainingth
loads and providing linearity for the guide railepy are essential elements of the complete rail
fastening system.

In this study, in order to determine the loadshi® Ibolts and clips complete rail fastening systems
were designed. Stresses and deformations occunrthg guide rails, brackets, steel clips, andsolt

are examined by experiments carried out. Resuétsraerpreted with respect to the complete ralil
fastening system. The experimental results forscapd bolts and their impact on the complete
system are interpreted separately.

1 INTRODUCTION

With the increase of urbanization and high-risddings, the importance of lifts has increased in
our daily lives and lifts have become an essemtiath are used for vertical transportation. In term
of providing safe and comfortable travel guide saéind their fastening systems used in lift
installations. Rail brackets and steel clips ardu®r fixing guide rails to shaft walls, and proei

the linearity of the guide rails. These are thenr&ements of the complete rail fastening system.
The basic functions of the guide rails and raitdasrs are to guide the car and counterweight
during their vertical travel, and to minimize therizontal movement of the car as much as possible,
and to prevent tilting of the car due to eccernvad. Besides they provide safe stance and to stop
the car by means of safety gear which is activatezse of emergency. Forces occur during the lift
car travel and in the event of activation of safgtgr on the guide rails and rail fasteners.

Previous studies are generally stress and deffediwalysis of guide rails [1]. Studies about
brackets and steel clips were limited in the litera [1-7]. In this study, stresses and deformation
occurring on the guide rails, brackets, bolts aedllips, are examined by experiments carried out
in the laboratory and the results are interpreted.

2 GUIDE RAILS, AND RELATED EQUIPMENT

The guide rail is one of the important componerftshe lift installation. It must have strong
structure, because it bears all the loads and dastdift. Guide rails are used to guide the vetic
movement of the car and counterweight separataly,nainimize their horizontal movement [1-3].
In this study T 90 B type of guide rail were used.

Brackets are used as auxiliary elements in termzr@fide linearity of guide rails which connect
the guide rail to the wall. These brackets mustehamough strength to prevent horizontal
movement of the rails. Metric bolts used on thekets are as important as others. They sustain the
same forces and loads as the guide rails bradketghis reason, bolts occupy an important place,
because these small parts bear all the loads acekfof the lift.

Clips are used for fastening guide rails and breck@&hey have a different structure and
dimensions, compared to the bolts. They are matwiedt with aid of the casting, because of their
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structure. In this study T3 type of clips were usBdtish Standard BS A305 taken for bolt about
tensile and shear testing system, and then it iesebt for clips. Figure 1 shows how to ancher th
guide rails and brackets to a wall [1-3].

WA
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Figure 1. Assembly of guiderail, bracketswith fasteners

3 TEST PROCEDURE OF FASTENERS

In this study, bolts and clips are used as fasteridre equipment for the tensile test is modelked a
cylindrical shape, taking into account the machgngmocess. Besides this, heads of equipment are
designed according to the grips of the machine. Jlbe part where bolts and clips are fixed is
formed in a channel-shape. The tensile test apparidr bolts and clips is shown in Figure 2a. The
load speed of the experiment is taken from stanB8&dA305. To perform tensile tests for a bolt
and clips sample with 12 mm in diameter, the rétead should be 80kN/min [4].

In order to perform shear test for bolts and clips,test apparatus are proposed with three separat
parts. These tests are made with pressing andchi@sged the structure. For this test, thicker

materials are used for the bottom part and upperach are connected to the test machine. The
third parts as known connector, related to melmniedt is modelled and machined separately. Figure
2.b shows the complete shear test apparatus. Aogaim BS A305 to perform double shear test for

bolts and clips 12 mm in diameter, the rate of Ishduld be 160kN/min [4].

a) Tensile test apparatus b) Shear test apparatus

Figure 2: Test apparatus|[5]
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4 TEST PROCEDURE OF COMPLETE RAIL FASTENING SYSTEM

Throughout the service life of the structural sgstelesigned not to break down under estimated
load has critical importance complete rail fastgngystem analysis is fairly complex, but it is
valuable design and design of modern structurdkesys. In the literature on this issue, particularly
with respect to the complete rail fastening systexperimental studies are not in sufficient number
and scope.

The brand new convenient test machine as showmgurd-3 consists of four main groups which
are carrier block that made by St37 materials anglas formed by welding construction. (1), a
hydraulic actuator that provides applying varialolads (2), control units were used to perform to
provide desired load combination to the systems@enwere used to arrange, measure and record
to loads and displacements. This test machineishatipported by Turkish Lift Industrialists is
under development. After developing PLC codes élsestwill be conducted.

Experimental studies will be performed in Lift Tedhogies Laboratory (ITU). When setting up the
experimental set up, the idea in comprehensive rpap®r. Merz from HILTI Company was
examined and adapted for the test rig [6,7].

Model §740

&

Model LTH 350

Figure 3: Experimental setup for completerail system with vertical and horizontal
installation [2]

In this test machine metric bolts and clips willused for variety of guide rails. There are twoetyp
of sensor used in the experiment load measurersaesbess and displacement sensors.

Fasteners can make displacement or relative metrater load. In order to prevent from these
movements bracket’s bolts are assembled with pidelamely, by applying the force (Fdpreload
friction forces between the parts occur. Theoréfeanciple of fasteners is provided for making
effective mechanical connections.

Fs= UFpreload> F/i or Upreload= G F /i (1)

where Ipreioad IS preload force, Fs is friction forces, i1 is ren of bolts, i; ¢ = 1,1 — 1,5 is safety
factor against to shear. From this equation theéecton force can be calculated.

Fpreload = C:_f (2
Additionally fasteners used in the guiding systererevtested on the indoor test tower. The
experimental set up was designed and establishedder to examine the behaviour of different
load cases. Designed experimental set up are gfiveopportunity to examine variety of guide rails
and brackets more extensively in the future. Witis design it is possible to apply tensile and
compressive forces. Sensors and data collectors assembled on guide rails fasteners. Real time
data was obtained by examining the situation ifedéht loads of the test car. Figure 4 shows the
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properties of test tower. Under different loadiranditions of the lift car, the forces affecting the
guide rails bracket and fasteners were examinedthdse experiments, a test tower which is 7.3
meter in height was used.

Orvservation
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Figure 4: Indoor lift test tower [2]

USB data acquisition device (sensor interface), wsesl for transfer data from sensors (load cells)
to computer. DigiVision software was utilized fdret processing the data. This system has 16 bit
resolution and it allows up to 2500 measurements@eond (See Figure 5).

Computer USB sensor interface Position of load cells

Figure5: Data acquisition and signal processing [2]

In this study, stress and compression load celisdamut shape load cells were connected to the
fasteners (See Figure 6). Donut shape load celle w&ed in order to investigate the compression
load on the bolts.
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Figure 6: Donut shape load cellsinstallation [2]

In this test car for 8 people, empty and loaded(Q@ofLll) cases were investigated. Steel casting
weights (each 17.3 kg) were used to ensure thatahfame empty and loaded cases. Each of them
17.3 kg steel casting weights were used for progdaiar empty and loaded cases (See Figure 7).

= )
- T . -
T .

Empty case: 10 pieces of steel casting weights

Loaded case: 46 pieces of steel casting weights
Figure 7: Different load condition of lift car

T90 / B type standard guide rail was used for gugdhe test cars. Guide rails assembled from 4
points and the distance between brackets on thaegails was 2000 mm. Different test condition
and configuration can be seen from Figure 8.

In Figure 8 the donut shape load cells are depiaiédl C1 and C2. In the Test 1 condition, load
cells are placed on the same bracket. In the Tesin@ition C1 and C2 load cells are placed
separately on a lower bracket and upper bracket.
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Figure 8: Two different test configurations

In this study, bolts and clips which are used adefgers for anchoring the guiding system are
examined under certain loads experimentally. Theeemental set up can be seen from Figure 2. It
is observed from experiments result, that the stesavalue is negligible compared with the tensile
tests. Each experiment was performed 5 times d&s#reed each experiment has given close
values. Tensile test results for bolts and clipstoa seen from Table 1 and Table 2 respectively.

Table 1: Test result for bolts12 mmiin Table2: Test result for dips 12 mmin

diameter diameter
Test Yield Test Yield
number| point kN number| point kN
1 46.1898 1 32.8684

47.4258

47.1053

34.1044

35.5922

2 2
3 3
4 45.4344 4 37.0342
5 5

47,8149 36.8053

The bolts are tightened with three different prdleanditions: 2000, 2500, and 3000 N. The zero
point was calibrated in accordance with these pagdoThe forces under the preload were negative,
the above values were positive.

The following forces on guide rails shall be takeraccount for the case of safety gear operation
with different load distributions:

The horizontal forces from the guide shoes due &sses of the car and its rated load, travelling
cables, etc. taking into consideration their suspmen points and dynamic impact factors. The
vertical forces are from the braking forces of Hadety gears; weight of guide rail, angush
through forces of rail clips. The vertical loacceried by the rail itself and partially by the tkats
whenever the guide rail is not fixed at the pit.

The first set of tests was performed for emptyowardition for Test 1 and Test 2 load cell positions
The results from Test 1 and Test 2 load cell caomttare shown in Figure 9. In the graphs the red
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bars and blue bars depict the maximum and minindata that are collected from C1 and C2
sensors respectively. X axis shows the preloaditond 2000, 2500, and 3000 N.
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Figure 9: Forceson bolts empty car [N]

Test 1

The second set of tests was performed for fullgéobcar condition for Test 1 and Test 2 load cell
positions. The results from Test 1 and Test 2 lm@bconditions are shown in Figure 10.

200

100

Forceson bolt (N)
N e
8 8 o

o
S
o

-400

5 CONCLUSION AND DISCUSSION

-332

78.6 72.2

103.2

168,
L55,3 55.4
0 0 0

Preload (N)

Test 1

Forceson bolt (N)

-100

-200

-300

-400

200

100

0

1271 1273 |50 g 151.2
9...
P B -
lo 0 0
-135.1 -116.8
-179.2 -186
3306 -292.7
Preload (N)
Test 2

Figure 10: Forceson boltsloaded car [N]

In this study, T90/B guide rail and its fasteningneents are examined experimentalifre forces
exposed to the clips and brackets during operatias measured and recorded. According to the
test results maximum force is in (C1 sensor, 30@d&oad) for fully loaded car condition, was
measured as -328,9 N. According to individual téstdolts the yield point was measured around
47 kN and for clips it was measured around 36 kNMeWas the tests conducted on the complete
fastening system allowed for the performance of ¢héire system under various preload and
assembly conditions to be assessaAdditionally, on unique test machine for bracketl dasteners

designed and built. After adapting hydraulic driyind operation codes via PLC test results will be
reported.



28 5th Symposium on Lift & Escalator Technologies

REFERENCES

[1] M. Altuntas, “Elevator Guide Rail Anchor ElentsnExperimental Stress Analysis” MSc.
Thesis, Istanbul Technical University, Turkey, 2012

[2] S. Atay, “Experimental Stress Analysis of Coetpl Rail Fastening Systems” MSc. Thesis,
Istanbul Technical University, Turkey, 2013.

[3] S. Atay, E. Kayaoglu, A. Candas, C. E. Imrak;T&rgit, Y.Z. Kocabal “Determination of Loads
Acting on Guide Rail Fixing under Certain Loading@r@ition” ELEVCON 20th International
Congress on Vertical Transportation Technologies, pp.85-92 (2014).

[4] BS A 305, 1994. Bolt Testing Method, BritishaStard Institute, London.

[5] M. Altuntas, O. Salman, C. E. Imrak “Experimahtstress analysis of elevator guiding
equipment” Key Engineering Materials, Vol.572, pp. 177-180 (2014).

[6] M. Merz, “Practical stress behaviour of compleail fastening systemseLEVATION Vol. 68,
p56-62 (2010).

[7] M. Merz, “Practical stress detection on railchars”. Hilti Corporation, ELEVCON The 17"
International Congress on Vertical Transportation Technologies, Thessaloniki, 268-277 (2008).

BIOGRAPHICAL DETAILS

Suhan Atay Mr. Atay received the BSc degree in Mechanical Bagring from ITU in 1995 and
MSc degree in Mechanical Design from ITU in 2018.i8lworking as a Design Engineer.

Ozlem Salman has been employed as a research assistant inii€&) 2009. Mrs. Salman received
the BSc degree in Mechanical Education from Faafitfechnical Education Marmara University
in 2008 and MSc degree in Mechanical EngineeriafiTU in 2010. She has carried out research
into PhD thesis.

C. Erdem Imrak has been employed as a fulltime Professor in Hidf. Imrak received the BSc,
MSc, and PhD degrees in Mechanical Engineering fifbchin 1990, 1992, and 1996 respectively.
He has carried out research into materials handind especially lift systems. Currently his
activities include: a Member of the IAEE; a Memlnérthe OIPEEC; a Member of Chamber of
Mechanical Engineers in Turkey; a Member of Stepré Consulting Committee of Asansor
Dunyasi Magazine and a Member of International Cdtem of Elevatori and Rapporteur from
Turkey.



The Trouble with Mobility Scooters
Michael S Bottomley

MovveO Ltd, Dean Clough, Halifax HX3 5AX, West Yorkshire, UK,
michael.bottomley@movveo.com

Keywords: Mobility Scooters, Invalid Carriages, Electric Wheelchairs, EN81-20, EN81-71.

Abstract. A fatal accident in South Korea in August 2010hwatmobility scooter user was the first
known mobility scooter fatality involving lifts. Bducts already exist which are said to be designed
to withstand the forces exerted by mobility scamteFhis paper examines the possible forces
involved using actual measurements and video ev&leaind compares the likely forces with the
requirements for the strength of landing doors aimieid in EN81-2050 and 71. The conclusions of
the paper include implications for designers, dpgsiand owners of lifts.

1 INTRODUCTION

Mobility Scooters are the commonly used term faissl2 and 3 Invalid Carriages as defined by the
Use of Invalid Carriages on Highways Regulation88L8s amended 2015 [1]. The regulations
consider that mobility vehicles are divided intoetl main categories. These include:-

» “Class 1 invalid carriage” which means an invalkdiriage which is not mechanically

» propelled i.e. a wheelchair.

* “Class 2 invalid carriage” which means a mechahjigatopelled invalid carriage which is
SO constructed or adapted as to be incapable ekékuy a speed of 4 miles per hour on the
level under its own power;

» “Class 3 invalid carriage” which means a mechahjigatopelled invalid carriage which is
so constructed or adapted as to be capable of dingea speed of 5 miles per hour but
incapable of exceeding a speed of 8 miles per touhe level under its own power;”

Research carried out by the Research Institut€bmsumer Affairs (Rica) [8] found that:-

Use of mobility scooters has increased signifigaver the last 15 years and today there are
thought to be over 350,000 units in the UK. Therease can be explained by the reduction in
manufacturing costs making the retail prices maeegally affordable as well as the emergence of
a second hand market, and a growth of overall ddnthue to increased obesity and an aging
population. The market is expected to continuertavgand we can expect more than 500,000 units
by 2016.

Other key findings of the Rica research were:-

a) fewer than 10% of scooter users were aged under 45
b) 88% of users used the scooters within buildings.
c) Class 3 scooters made up only 35% of the surveyplgam

Although incidents involving electric wheelchairavie been known for many years on lifts in
hospitals and residential nursing homes mostlyftlsas has been on the damage to the lift rather
than to the passenger.

There were fatalities involving the failure of liinding doors in Shirley Towers Southampton in
2001[11]. In that incident two men fighting in & lobby fell against the landing door with enough
force to push the landing door shoes out of thenitg slot in the sill or bottom track. This bea@am
commonly known as a “cat flap” incident. In a resig prosecution the route cause was attributed
by the Court to poor maintenance and the mainteneampany was fined £400,000.
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Soon after this incident pr EN81-71 appeared andtlie first time a test procedure for the
resilience of lift doors to impact by deliberatesmge was outlined in a European Standard. The full
standard was published in 2005.

In Berlin in May 2010[10] Elzie G, a 66 year oldadetic amputee drove her mobility scooter at full
speed into the landing doors of the lift in her raapant block. She had become unwell and was
trying to get home to her medication. The landingrd broke free of the door shoes and she and
the scooter fell in to the shaft falling about 5tres. She was rescued by the fire service and
survived the incident albeit with severe injuries.

In August 2010 in a South Korean shopping centte [dr. Lee, a 40 year old Mobility Scooter
user, tried to enter a scenic lift car whilst theos were closing. At the time of impact the doors
had fully closed and the impact could not have brothe landing door electrical interlock as the
lift set off in the down direction. Mr. Lee placadcall on the landing call not realising that ttie |
was already in transit. Mr. Lee then reversed alic2itmetres and accelerated his scooter into the
doors. The landing doors were two panel centre iogesf the stainless steel framed glass type and
on the second impact the left hand door panel bir@eeof the landing sill and swung into the shaft.
Not deterred by this Mr. Lee reversed about 1.5@sdbefore accelerating in to the landing door for
a third time. On this occasion the left hand doangd also broke free of the landing sill and the
momentum of the scooter pushed up both door pamesMr. Lee, still aboard the scooter, fell
about 6 metres down the lift shaft to his deatre Klorean Police investigation held that Mr. Lee’s
anger was the main cause of the incident.

2 LAWS AND CODES

2.1 S.I. 2015 No. 59 The Use of Invalid Carriages on glhways (Amendment)(England and
Scotland) Regulations 2015.

In March 2015 the limit on the maximum unladen yeigf a Class iii invalid carriage was
increased to 200kg to allow for the additional vrtigf medical equipment. The basic machine
however is still limited to 150kg. Class i andnwvalid carriages are limited to unladen weight of
113.5kg

Class 2 mobility vehicles are designed to be usepgavements and class 3 vehicles are equipped to
be used on the road as well as the pavement.

2.2 BS EN 12184:2014 Electrically powered wheelchairgcooters and their chargers —
Requirements and test methods(5)

This standard allows for a single passenger wegghip to 300kg (48 stones) but allows the
designer to define the limit for each design argjestt it to a suitable test.

Wheelchairs and scooter are classified in one orenod the following three classes, dependent
upon their intended use: —

Class A: compact, manoeuvrable wheelchairs not ssecdy capable of negotiating outdoor
obstacles;

Class B: wheelchairs sufficiently compact and mancable for some indoor environments and
capable of negotiating some outdoor obstacles;

Class C: wheelchairs, usually large in size, naessarily intended for indoor use but capable of
travelling over longer distances and negotiatingdoar obstacles. NOTE Scooters are included
within the classes above.

The maximum speed allowed is 15km/hr (9.32mph)



The Trouble with Mobility Scooters 31

It is therefore clear that there is little consmete between the constraints of UK law and the &hiti
and European Standard for these products. UK usknsobility scooters may be operating
machines which do not satisfy the legal requiresémt invalid carriages and may be breaking the
law by using them.

3 FORCE AND ENERGY

Before considering the forces and energy appliechblgility scooters and the forces and energy lift
doors are designed to resist under the EN81sefistmndards let us consider the requirements of
other standards controlling the design of builddagriers.

BS EN 1991-1-1 2002 [12] requires that balustraatesind atria and building perimeters are tested
by both pendulum shock tests and applied forces. rEélquirement for a balustrade is that it can
withstand a force of 1.5kn per metre at a height dIOmm and 1.5kn as a point load on an infill
panel. BS 6180:2011 [13] also considers the effegthicle impact on barriers.

3.1 A worst case scenario

The worst case scenario is for a 200kg Mobility @eo carrying a 300kg passenger hitting a
landing door at 15km/hr (4.166 m/sec) energy onaichp1/2MV = 0.5*500* 4.166 = 4.39KJ

E=1/2 mvV formula (1)
Where:-
m = the mass of scooter and passenger
v = the rated speed of the scooter assumed toebeethcity of the scooter at the point of impact.

Under BS EN 1991-1-1:2002 barriers in car parksregeired to resist the horizontal characteristic
force F (in KN), normal to and uniformly distribat@ver any length of 1,5 m of a barrier for a car
park, required to withstand the impact of a vehislgiven by:

F=0,5mV¥/ (c +b) formula (2)

Where:-

m is the gross mass of the vehicle in (Kg)

v is the velocity of the vehicle (in m/s) normaltke barrier
c is the deformations of the vehicle (in mm)

b is the deformations of the barrier (in mm)

If we apply this method to the mobility scooterfapgact on a landing door and for example we
assume it is a multi-panel door:-

The deformation of the door is limited by designiteoclearance from an adjacent panel (usually
5mm).

The deformation of the scooter bumper itself candm®red as it is a rigid component in most
cases.

Then using formula (2) this mitigates the force0td * 500* 4.166/5 = 867N acting at 250mm
above sill level.
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From test results carried out by Thomas Lernet &lynof Meiller and currently head of R&D for
door systems at Wittur [6] and the Author it isacl¢hat the maximum acceleration is developed by
the motor from start and peaks at 3.33nflséicthe batteries were able to supply the necgssar
current this would be a worst case scenario of FAM*500*3.333 = 1.66kN.

F=m*a formula (3)

Where:-

m= the mass of scooter and passenger

a= the maximum acceleration of the scooter at atfdiimpact

The impact of the bumper on a mobility scootergpraximately 250mm above the door sill over
an area of approximately 400m2.

In theory these are the worst conditions thattalbbr could face from a mobility scooter impact.

3.2 The Requirements of the EN81series of standards

Standard Force (N) =m*a formula (3) Energy (J) frependulum
test =m*g*h formula (4)
Where: m= mass
g=acceleration due to
gravity
h= height at release aboye
bottom dead centre

=N

EN81-20 without glass| Static force of 300 N, beegenly| 45*9.81*0.8 =353J applie
distributed over an area of 5 cm?|ih metre from sill level.

round or square section, is
applied at right angles to the
panel/frame at any point on either
face they shall resist without:
1) permanent deformation greater
than 1 mm,;
2) elastic deformation greater than (15
mm;
After such a test the safety functipn
of the door shall not be affected.

Static force of 1000 N, being evenly
distributed over an area of 100 cm?in
round or square
section, is applied at right angles|at
any point of the panel or frame from
the landing side for landing
doors or from the inside of the car
for car doors they shall resist withqut
significant permanent
deformation affecting functionality
and safety (See 5.3.1.4 [max.
clearance 10 mm]

EN81-20 doors with As above Hard pendulum m.g.h |=
glass 49.05J
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EN81-71 As above Category 1 309J
Category 2 442J
Retaining force 618J

EN81 does not address or consider the scale oé$aapplied by mobility scooters or other causes
of heavy impact in the way that BS EN 1991doess Tintans that the balustrade adjacent to a lift in
a shopping mall will be more likely to resist matyilscooter impact than the lift doors themselves.

3.3 Reasonably anticipated forces and energy

To be pragmatic in the evaluation of likely forcasd energy applied to lift doors by mobility
scooter impact the following assumptions could lzelen

Many lifts are installed in buildings where it willot be possible to accelerate from rest to
maximum speed. Therefore if it is unlikely that #teaight line acceleration distance is more than 2
metres, the maximum speed is unlikely to excee/kdc. This assumption is based on research
carried out by Thomas Lernet using high speed vidgneras to measure the distance covered by a
loaded mobility scooter in fixed time intervals. erfindings were corroborated by measurements
taken by the author using a Henning tri-axial asa@heter. If a landing door is so placed to be at
risk of a high speed collision other measures nesdrio be considered by either the lift designer or
the building designer.

Most Class 3 mobility scooters currently sold ie K have a maximum weight of 120kg and a
maximum passenger load set by the designer of 2g@kag a total load of 340Kg.

The maximum likely force using formula (3) is thieme 340 * 3.333 = 1132N. This is only slightly
greater than the static force required in EN81-Q00N over 100ct

The maximum energy is therefore 0.5*340%1:4333J which is only slightly more than the force
required under EN81-71 category 1 and less tharetaeing force 618J.

Wittur have patented a system for testing lift dofor mobility scooter impact which assumes a
combined scooter and passenger weight of 220kthdnUK as previously stated many mobility
scooter users weigh in excess of 75-100kg andestetit weight may not be adequate. However the
test methodology used by Wittur is appropriate emuald be easily adapted as it allows a single test
rig to verify that both force and energy appliedmobility scooter collisions are adequately dealt
with by the door design.

4 |IMPLICATIONS FOR DESIGNERS
4.1 Risk Assessment.

To follow the methodology of BS EN ISO 14798 [7¢tbonsequence of an accidental impact of a
mobility scooter at high speed (like the Elzie @Gident cited earlier) is foreseeable in a residnti
building for the elderly. It has a level of probiyi somewhere between remote and highly
improbable (level D and level E). The level of haswundoubtedly high (level 1). This means that
some form of protective action is required. In peiblccess buildings particularly those which allow
a longer acceleration distance in long corridoshsas shopping centres (like the Mr Lee incident)
and hospitals there is a greater probability ofastgncidents with forces and energy greater than
allowed for by EN81-20.

In the case of Mr Lee there were two simultaneats af imprudence:-

a) repeated attempts to ram the lift doors
b) repeatedly running the scooter on high speed iresiolglding.
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Under the assumptions of EN81-20

“0.4.9 A user may, in certain cases, make one iggmtact. The possibility of two simultaneous
acts of imprudence and/or the abuse of instructionase is not considered.”

A point for further consideration may be (takingsthase in mind): has a designer done enough by
complying with EN81 to satisfy his or her duty afre? Indeed building owners should consider
whether mobility scooters can be used within adiog that contains lifts

4.2 Implications for lift door design

Lift doors and lift cars have improved impact rémice under EN81-20 but as has been shown this
is not quite enough to protect against low speediliypscooter impact. Sematic, Meiller, Wittur,
and Fermator, all have existing products develdpedEN81-71 Category 2 applications. Meiller
has developed these products further to resistlityobtooter impact and this was demonstrated at
Interlift 2013 and there are testing devices tleatehbeen developed to verify door performance.

There are some simple changes all manufacturersntaike which can improve the impact
resistance:-

a) Use of stainless steel or cast iron door sills.
b) Improved strength of door shoes and fixingsdordshoes.
¢) Retaining plates located in between the dooesho prevent the door panel from cat flapping.

d) Use of 2 panel side opening door arrangementshwtrovide greater impact resistance at the
centre of the door entrance.

e) Use of spring fixings to allow temporary deflent of top tracks and sills to dissipate impact
energy.

NB The rear walls of single and adjacent entrydéts will also need to be suitably strengthened.

4.3 Implications for mobility scooter design

Mobility scooters main braking is by the retardatgrovided by the motor when disconnected from
the battery. Operator error and unintended operadiocontrols (by shopping baskets etc.) are
common and predictable events. It would be inexpenand would greatly improve safety if
proximity sensors were fitted as standard to alsSliii scooters and as an option on Class i
scooters.

The spirit of the UK legislation which requires evete to limit a Class iii scooter to 4 mph except
when on the road is being flouted. All that is natly supplied by manufacturers is a separate
switch for high speed operation which many scopéssengers use as their default speed. A greater
safeguard is required if further accidents inclgdimose not related to lifts are to be avoided.

4.4 Implications for Building Designers, Managers and @Qvners.

Can the building reasonably refuse access for ntplstooters? If so this is a simple building
management solution.

If not is the lay out of the lift such that it i®gsible to have a straight line journey greaten tha
metres and impact the landing door panel at anging?® This is likely to apply to most hospitals,
shopping centres, supermarkets, large retail @ thatports etc. In these cases consideration shoul
be given to either:-

a) Creating a lift lobby to reduce the risk of fullegd impact or
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b) Improving the resilience of any applicable landohgprs to the parameters suggested in 3.1
above.

NB in the buildings cited above other vehicles sasHuggage carts, food trolleys, portable X ray
machines, pallet trucks etc. may also present iskse same environment.

5 CONCLUSIONS

With the growth of mobility scooter usage insideldings the risk of accidents increases, albeit
from a very low base.

Usage of mobility scooters is not currently reséricin the UK by capability or improved by
training and the registration system for Classaéiboters is ineffective. The UK government is not
minded to tighten laws but to the contrary hasmdgeelaxed them.

The UK has an aging population and one which ioimag increasingly obese. All of this means
that the frequency of risk is increasing and in direumstances identified appropriate control
measures are required for all lifts.

Laws and Standards do not address the issue stoit $pecifiers, designers and building managers
to assess the risks on a site specific basis amot aésigns appropriately.

In buildings where space does not permit mobilttycters to accelerate to an impact speed of more
than 1.4m/sec (have more than a 2metre run upsduoanufactured to EN81-71 category 2 should
be sufficiently robust to prevent door failure.

In buildings where space permits mobility scootersaccelerate to an impact speed of more than
1.4m/sec additional measures are required to ptéugher fatalities.

REFERENCES

[1] S.I. 2015 No. 59 The Use of Invalid Carriages dighways (Amendment) (England and
Scotland) Regulations 2015.

[2] BS EN81-20 Safety rules for the construction amstallation of lifts - Lifts for the transport o
persons and goods: Passenger and Goods Pass#éager li

[3] BS EN81-50 Safety rules for the constructiom amstallation of lifts - Examinations and tests.
Design rules, calculations, examinations and &S components.

[4] BS EN81-71 Safety rules for the constructaom installation of lifts. Particular applicatiotts
passenger lifts and goods passenger lifts. Vardatant lifts.

[5] BS EN 12184:2014 Electrically powered wheelehaiscooters and their chargers —
Requirements and test methods

[6] Unpublished product data from Scooter testsiias Lernet Wittur Gmbh 22.06.2015

[7] BS EN ISO 14798 Lifts (elevators), escalatarsd moving walks- Risk assessment and
reduction methodology.

[8] Research Institute for Consumer Affairs MolyiliScooters a Market study May 2014
https://www.gov.uk/government/uploads/system/upsdatiachment data/file/362989/Rica Mobili
ty scooter market study final.pdf




36 5" Symposium on Lift & Escalator Technologies

[9] Daily Mall 8" October 2010.  http://www.dailymail.co.uk/news/article-1318802/Kain-
man-wheelchair-falls-death-missing-lift.html

[10] http://www.bz-berlin.de/artikel-archiv/rentnerinistzt-in-leeren-liftschacht

[11] http://www.hse.gov.uk/press/2006/e06045.htm

[12] BS EN 1991-1-12002 Eurocode 1: Actions omicdires Part 1-1: General actions, Densities,
self-weight, imposed loads for buildings.

[13] BS 6180:2011 Barriers in and about buildingSede of practice.

See alsohttp://www.gainesville.com/article/20080607/NEWSA8D0487 details of an earlier
incident in the USA in 2008.

BIOGRAPHICAL DETAILS

Michael Bottomley joined MovveO Ltd. formerly LerdBates Ltd. in 2002 after working for
Gregson & Bell Lifts for 21 years. He holds a degreith honours, in Engineering and Marketing
from the University of Huddersfield, and has ovédry&ars’ experience in lift engineering and lift
design. In 1999 he was the second lift designénenUK to achieve Notified Body approval under
the Lifts Regulations. He is a member of the Irdéional Association of Elevator Engineers and a
Past Chairman of the CIBSE lifts group.



Impact of Design Methods and Maintenance Policies on the
Dynamic Behaviour of Escalators

Helene Buet?, David Courteille2

RATP, Station Maintenance Engineering, France
1Escalator Maintenance Engineer, helene.buet@ratp.fr
2Electromechanics Division Manager, david.courteille@ratp.fr

Keywords: Escalators; Multi-body Dynamics (MBD); Design Of Experiments (DOE); ANalysis Of
VAriance (ANOVA)

Abstract: Throughout their service life, escalators undergamand tear that disrupt their dynamic
behaviour and lead to faster deterioration or silli between components. Therefore, balancing
the dynamic behaviour of escalators is one of #sko longer life expectancy and safety. This
requires thorough adjustments and regular paracephents. This paper assesses the impacts of
internal and external parameters on the dynamiawebr of escalators in order to enhance
maintenance policies and design methd@s/en the wide range of maintenance, design and
environmental variables, this paper solely focusesstudying the most common parameters, the
step chain lubrication and tension, the step dediuym guide rail lubrication and the number of
passengers carried on each step. For this purpasedel is created using a multi-body dynamics’
(MBD) system. Conducting Taguchi-designed experisiethe main effects of these factors and
their interactions on the stress distribution arspldcement of each moving parts of the model are
studied. The results are then compared using AN@YAetermine the significant effects for each
responseHeavy passenger flows greatly alter force distrduthroughout the system, leading to
reduced fatigue life of the steps, rollers and gurdils. Poor step chain lubrication and a
maladjusted tensioning station have a significargdct on the step chain tension, yielding a higher
collision risk between the steps and the combplaBasde rail lubrication does not seem to
significantly affect the system dynamics. No sigmaht interaction between the studied parameters
has been found and the responses are for the radstinear. This study showcases the major
impact of passenger flows on the stresses appheth® moving parts and calls for an improved
assessment of effective passenger flows in therdiaring of escalators.

1 INTRODUCTION

Escalators undergo wear and tear throughout tleeuice life, which inevitably leads to broken
components, endangering users and reducing equi@avaitability. In addition, they are composed
of thousands of moving parts connected to one anotbonsequently, wear and tear not only
damages the components but also modifies the thstebution through the entire system, altering
its dynamic behaviour [1]. This can cause fastéent@ation and collisions between components.

Balancing the dynamic behaviour of escalators tinout their service life is therefore one of the
keys to longer life expectancy and safety [2].

This process requires thorough adjustments, tleetafeness of which when combined with design
or environmental factors is not yet known.

This paper assesses the impact of design methadism@mtenance policies on the dynamic
behaviour of escalators under normal conditionsset
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2 METHOD
2.1 Selection of the study parameters

Design and maintenance parameters vary from onefaemrer to another but also throughout the
escalator’s service life. As a first approach, athly factors impacting the maintenance costs of the
equipment were studied in this paper. Common enment configurations were also taken into
account in order to study the impact of these patara on escalators under normal conditions of
use. The environment parameters were selecteddaegdp their occurrence.

Thus, the factors selected for this study are:

- The friction between the plates (which reflects #féectiveness of the step chains
lubrication) is modelled as a viscous rotationaindang moment in the link joints, as
shown in the simplified model in Figure 1 :

Link Stiffness /\Q§ \
et e

. a Q

[ AN 0/4 \ s /
\\7- T Link Damper

(b) Lumped mass

Figure 1. Simplified modéd of the chain link stiffness and damper

- The rolling friction of the polyurethane rollers tire steel step tracks (which depends on
the step track lubrication),

- The steps weight,

- The tensioning station adjustment,

- The number of passengers carried and their postidine steps.

2.2 Creation of the dynamic model

To perform dynamic analyses, a model was creatied) asmulti-body dynamics software enabling
the modelling of fully functional chain driven sgsts.

This model represents a 4.8 meter rise escalatbramnominal step width of 1 meter. It operates in
the upward direction at a speed of 0.6 m/s. Thesewrently the most common characteristics of
the RATP fleet.

Given the high number of moving components in egoes, only the essential parts enabling
transportation of passengers from the lower toupper landings were modelled. This enabled
simulation cost savings. Thus, the model is comgppase

- Two independent step chain systems (210 chain,lifteg sprockets, four chain guides)
connected to each other by the use of two shafts,

- Two independent damping systems used as a tengistation to pre-charge the step chain
systems,

- Seventy steps and their rollers,

- One rail assembly.

Figure 2 shows the bottom part of the chain systémesbottom shaft and the dampers.



Impact of Design Methods and Maintenance Policies on the Dynamic Behaviour of Escalators 39

Chain guide

Damper . ‘\‘/
Shaft /“ / Step chain

Sprocket

Figure 2: View of thetensioning station

The passengers loading, transport and unloading wedelled by applying a uniform distributed
load on each step located between the lower andgber combplates. The passengers’ position on
the steps was also taken into account by enalbtegadssibility to apply the distributed loads oe th
right half of the steps.

Figure 3 shows the complete model fully loaded. @heen arrows represent the distributed loads
applied to the steps, the red ones the reacti@e$oof the sprockets on the step chains.

I'[||||IJI|

SEINLERENES

Figure 3: Fully loaded model

2.3 Validation of the simulation modél

Part of the study was dedicated to ensure the aitonlmodel was sufficiently accurate for the set
of parameters previously identified.

The validation approach focused on comparing thiiputs of the dynamic model described earlier
to the outputs of a theoretical model speciallyitbfor the validation process [3]. This theoretical

model was established using the manufacturerscstad dynamic design equations enabling the
calculation of:

- The nominal motor torque required to run the esoalap to a speed of 0.6m/s,
- The steps chain links maximum dynamic tension,
- The normal contact forces of the steps and stegis cbllers on the rails.

These equations mainly depend on the followingaldeis:

- The number of passengers,

- The step weight,

- The tensioning station adjustment,

- The rolling friction of the rollers on the rails.
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Given that the design equations available do nie the step chains lubrication efficiency into
account, the input-output transformation could Ipetvalidated for this particular parameter using
this method and additional trials had to be rurdéermine the step chains rotational damping
characteristics.

A Design Of Experiments (DOE) was conducted to rojte¢ the simulation process [4, 5].
Considering that a first full factorial multilevdesign had shown no significant interaction between
the study parameters [6], a Taguchi method was bssgéd on a L16 {9 orthogonal array,
allowing the study of four parameters on two levafsl taking into account all their possible
interactions (up to the second order). This tabtpiires 16 experimental runs.

The values assigned to each factor are the mostnoaily used by manufacturers in their design
equations. They are given in Table 1.

Table 1: Factor levelsdefined for the validation runs

Number of . . )

ors Tensioning Stens weight Rolling resistance

L evel passeng station & 9 coefficient of the

carried . [kq]
I ger s/step] adjustment [mm] rollerson thetracks
1 0 Min Aluminium Lubricated

169 15 0.04

5 5 Max Steel Non-lubricated
171 35 0.05

Table 2 gives the column assigned to each facttivarselected orthogonal array.

Table 2: Column of the L 16 (2%°) array assigned to each factor

Number of Tensioning Rolling resistance
Parameter passengers station Steps weight | coefficient of the rollers
carried adjustment on the tracks
Column 1 4 7 8

Figure 4 gives the linear graph selected of theradtions for the L16 array.

® ®) The dots are labelled with the corresponding ao@ymn number for
v factors and the connecting lines are labeled vghcorresponding arra
g " 3 column number used for the interaction. These arag determined
A@ using the Taguchi interaction table for the L2¥Y8&rthogonal array.
L 15 T

Figure4: Linear graph for the Taguchi design matrix

Results show a mean disparity of 10% between timamdic model and the analytical model. This
disparity principally impacts the nominal torquetmut: the 3D model takes into account
coefficients of friction in the joints connectings whereas the theoretical model only considers
the rolling friction between the roller and thelsaiTherefore, the rolling friction variations have
more impact on the analytical model than on theadyiec model.

This validates that the simulation model correctproduces the system behaviour (i.e. within
acceptable bounds).

No significant interaction between the studied peaters has been found.
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2.4 Impact evaluation of the study parameters

The same DOE process was conducted to assessyhetiof the five study parameters but using a
Taguchi method in order to optimize the numberimiugations.

Since the passenger’s position on the steps isndimear factor, it was important that our table
provided for the study of the linearity of the syt At the same time, given that no significant
interaction between the studied parameters hasfoeed during the validation process, it was not
necessary that the Taguchi table selected enahkedtudy of all the interactions between the
parameters.

Thus, a L27 (%) orthogonal array was selected, enabling the stidive factors on three levels
and the study of four interactions. This requirésnulation runs.

Table 3 summarizes the values assigned to eaabr f&ihce our simulation model is not used for
design purposes, the rolling resistance coeffiorat set to its theoretical literature values [7].

Table 3: Factor levelsdefined for the Taguchi design matrix

Number of Tensioning Stens Rollingresistance | Step chains
Levd passengers station weiepht coefficient of the rotational
carried adjustment [kg] rollerson the damping®
[passenger /step] [mm] tracks [N.mm.s/rad]
: . : : Highly
Min Aluminium Highly lubricated >
1 0 169 15 0.015 Iubrlfated
L Heav
5 Standing on the Mean Aluminia’m Lubricated Lubricated
right side of the 170 o5 0.0225 2000
steps
3 5 Max Steel Non-lubricated Sllgygrz(;rrgzlon
171 35 0.03 4008

The step chain lubrication effectiveness and thasfactor levels are determined by increasing the
step chain rotational damping up to the point wharéiscontinuity appears in the rotational
oscillation of the step chain links.

Table 4 gives the column assigned to each studynpeter in the L27 ¢3) orthogonal array.

Table 4: Column of the L 27 (3'3) orthogonal array assigned to each factor

Rolling
Number of Tensioning resistance | Step chaing
Parameter passengers station Steps weight coefficient of | rotational
carried adjustment the rollers on| damping
the tracks
Column 1 4 6 8 9

Figure 5 gives the linear graph selected of therautions for the Taguchi design matrix. The
confounding scheme chosen is considered accepmatde the previous validation array revealed
that there was no significant interaction betwdenrhain study parameters.
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Figure5: Linear graph for the Taguchi design matrix

3 RESULTS
3.1 Selection of the study outputs

Studying the system's dynamics involves going thhothe forces and displacements of each
component all the way along the escalator. Givenhigh number of outputs, this study mainly

focuses on covering the following aspects, seleammbrding to their impact on the maintenance
costs:

- The life expectancies of the steps chains, chaihegy steps, rollers and tracks,
- The risk of collision between the steps and thelquates,
- The nominal torque required to operate the system.

The following table lists the effects analysed dgrthis study and briefly explains how they were
used.

Table 5: Studied effects and examples of use

Studied effects [Unit] Example of use

Evaluation of the motor power required to move the
Nominal torque applied on the shaft [N.mlscalator in the upward direction at a nominal dp¥e
0.6m/s

Determination of the step chain fatigue life : the

Step chain links tension [N] tension is used as an input to determine the opobss

Evaluation of the risk of collision between thepste
Normal contact forces of the step rollers|{aand the combplates : the steps have a higher pstpen

the rails [N] to raise and hit the combplates when the contace$o
of the rollers on the rails are low

Determination of the step rollers deformation: the
contact forces are used as inputs to determine the
polyurethane deformation

Projected contact forces of the step rollers
on the rails [N]

Restoring forces and displacements of th

i € Determination of the tensioning station behaviour
damping systems [N]

Normal contact forces of the steps shaft|oetermination of the step fatigue life (normal cooit

the steps [N] forces used as inputs)
Normal contact forces of the steps chains Determination of the step chain fatigue life (nokma
on the chain guides [N] contact forces used as inputs)

Evaluation of the track wear which can be caused|by

Roller speed variations [m/s] the rollers variation of speed
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3.2 Impact of the parameters on the studies effects

To reduce the simulation time, the outputs of dnlg steps (coloured in blue in figure 3) and their
four attached chain links were recorded. This whg, behaviour of the steps and the step chains
can be assessed by only computing half of an exyoke run.

Figure 6 shows an example of the tension evolutidhin the step chains from the bottom to the
upper landings on an escalator moving in the upwassttion.

15000 N

2 passengers/steps
0 passenger/steps
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=
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1 —Lower landiling 2 — Lower transition curve3 — Inclined plane 4 — Upper transition @urv 5 — Upper landing
Figure 6: Step chain tension evolution under two different load cases

The blue curve represents the chain tension whgraassengers are using the escalators and the red
one shows the tension evolution when two passengersstanding on each step. The regular
vibration on the curves is due to the polygon dffec

Depending on the output, the min, max or mean vafunese graphs was used to complete our
DOE table.

An ANalysis Of Variance (Chi? test) was used toedetine which factors were significantly
impacting our studied effects. The following tabiges the percentage relative to the contribution
of each significant parameter to the outputs.
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Table 6: Chi-square contribution
Rolling Step chains
I nput Number of | Tensionning resistance rotathnal
. Steps coefficient | damping
passengers station weight of the
Output carried adjustment
rollerson
thetracks
Nominal torque 98.0 % Negligiblé | Negligible | Negligible 2.0%
Steptgg.'gn“”ks 97.1 % Negligible | 24% | Negligibld  Negligible
Normal contact forces
of thestep rollerson 97.1 % Negligible 2.7% Negligible Negligible
therails
Contact forces
projection of the step 89.8 % Negligible | Negligible| Negligible 9.2%
rollerson therails
Normal contact forces
of the steps shaft on 75.5% Negligible 2.4% Negligible 21.6%
the steps
Restoring forces and
displacements of the 59.1% 16.8% 7.7% Negligible 16.4%
damping systems
Normal contact forces
of the steps chainson 71.7% Negligible 2.7% Negligible 24.8%
the chain guides
Rollers speed Negligible Negligible | Negligible| Negligible, Negligie

Once more, no significant interaction between thdied parameters has been found.

The level of significance is set to 0.02.

4 DISCUSSION

The number of passengers carried is the most gigntffactor of the study in terms of impact on
the dynamic behaviour and stresses of the escaldterhigh variation of stress passengers create
while standing on the steps transfers through tiye chains and its connected parts. It modifies the
forces distribution within the whole model and irofgthe life expectancy of all the components
connected to the loaded steps and to the steps. chai

The passengers’ location on the steps, howeves doeseem to imbalance the dynamics of the
escalator, although it affects the stress distivioun the steps.

To a lesser extent, the step weight significamtipacts the dynamics of the system.

However, evidence that the use of lighter step material could increase the steps unexpected
rising leading to the collision between the steps and the combplates has not been found.

The use of lighter steps (e.g. aluminum steps awnkta steel steps) does not affect the nominal
torque.

The step chain lubrication does not have a sigmficgmpact on the step chain tension. However,
poor lubrication generates unpredicted forces oa $tep chain increasing the stress and
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displacement of its connected parts, potentialjuoing their life expectancy and increasing the
risk of collision.

The tensioning station has a negligible impactlbnfahe studied effects according to the one-way
ANOVA table. This result contrasts with the foradistribution mechanism observed under steps
load, steps weight and steps chain lubricationityuariations. For these three factors, the forces
transfer through steps chains and are then absbsbiekir connected parts, putting the steps chains
at the centre of the dynamic mechanism. Due tdabethat the tensioning station's purpose is to
preload the steps chain, a similar effect shoulktloevhen the tensioning station is adjusted to a
different value. However, this did not occur in afithe DOE simulation runs. It can be explained
by the fact that the three millimetre range of atinent selected for the DOE is the one specified by
the manufacturer; consequently, no chain tensigasadent within this range should disturb the
dynamics of the system.

Additional simulations in which the tensioning statwas incorrectly adjusted were run to tackle
this issue. They tend to showcase that the temgjosiation adjustment is the non-environmental
parameter that has the greatest impact of the study

Rails lubrication is a quite recent maintenanceratpen in the field of escalators. Manufacturers
recommend lubricating the tracks to prevent premeatiamages caused by the rollers’ speed
variations. However, over the 27 simulations, noaten of the roller speed was noticed.

5 CONCLUSION

Because they are composed of a high number of mopsrts, escalators require thorough
adjustments to help control their dynamics. A betiederstanding of these adjustments when
combined with design or environmental factors k&g to longer life expectancy and safety.

This study solely focuses on assessing the imgabteanost expensive maintenance operations and
common environmental parameters:

- The step chains lubrication efficiency
- The lubrication of the tracks

- The weight of the steps

- The tensioning station adjustment

- The number of passengers carried

To perform dynamic analysis, a model composed efetbsential parts enabling transportation of
passengers from the bottom to the top landing giau$ was created using a multi-body dynamics
software enabling the modelling of fully functior@dain driven systems.

Part of the study was dedicated to validating tmiglel by comparing its outputs to the outputs of a

theoretical model established using the manufacsustatic and dynamic design equations. The
disparity between the dynamic and the analyticallehoutputs is mostly due to the more complex
definition of the simulation model.

Once the simulation model was validated, a serfe70simulations was run using the DOE
Taguchi methods to assess the impact of the 5 stachmeters on 7 effects previously identified.
These effects were selected according to the amoluntformation they give about the force
distribution variations through the entire escalatgstem.

The steps chain appeared to be the main compofféhé anechanism controlling the escalator’s
dynamics. All the forces applied to one of its cected parts are transmitted through the steps
chain impacting the stresses and displacementseddritire system.
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This study showcases timeajor impact of passenger flows on the force dstion through the
whole modeblnd calls foran improved assessment of effective passenger ifiothie dimensioning
of escalatord8]. Finally, this study invites us toptimise the maintenance policies regarding step
chain lubrication and tensioning station adjustngemt order to reduce the escalator cost of
ownership.
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Abstract. Once upon a time England’s canals and rivers weranotorways of their days and all
sorts of goods were transported from one end ofdhi@try to the other. These days canals and rivers
are generally used for recreational pursuits histrrg and lowering boats from one level to another,
be it on the same waterway or between two diffeveaterways, still remains an engineering issue.
This paper looks at three very different boat liisnd around the UK: the Anderton Lift, described
as the “cathedral of the canals” was opened in 18%b still survives today; The Foxton Lift in
Leicestershire was built in 1899 and only saw ayears’ service; and the most recent acquisition to
the canal network, The Falkirk Wheel in Scotlantjcl opened in 2002.

1 INTRODUCTION

At one point the canals and rivers of the UK wdre motorways of the time and cargo was
transported up and down the country in working oBamous companies such as Fellows Morton
& Clayton were formed and had fleets of working tsagpon which whole families would live in the
traditional back cabin measuring less than 10fgland in which you had to cook, wash and sleep.
The children, who were mostly uneducated due tontmeadic lifestyle of their families, often slept
on top of the cargo being carried. Many boats iased their carrying capacity by double breasting
or towing a “butty” which was essentially a boatlwno engine. The early canals were “contour
canals” and would stay at the same height for nafeend thus negating the need for locks. This was
very often a long and torturous way of covering pgew miles. Locks were installed to raise and
lower boats but these were time consuming espgdéialbu arrived at a lock that was against you
(water level not set so you can enter the lock idiately). In some cases flights of locks were built
where one gate was the top gate for one lock amtbther gate for another. Passage through flights
of locks was costly and places such as the Cadriligit near Devises in Wiltshire on the Kennet
& Avon Canal (see fig 1) could take a day to getrfrtop to bottom or vice versa. The answer was a
boat lift and there are 3 famous lifts ranging frematorian times to a relatively modern installatio

in Scotland.

Fig 1. Caen Hill Locks
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2 THE ANDERTON LIFT (1875)

Initially a flight of locks was considered for thesk but this was discounted due to the time itldiou
take boats to passage, the amount of space requicethe large amount of water that would be lost
from the canal to the river.

The Anderton Boat lift (see Fig 2) is often refert® as the “Cathedral of the Canals” and was
designed by Edwin Clark. It was built in 1875 anasvbuilt an impressive 60 feet high, allowing it
to clear the 50-foot difference in height betweles two water levels of The River Weaver and the
Trent & Mersey Canal. The entire structure was & fong and 49 feet wide, while the aqueduct
was 165 feet long. Each tank or caisson weighedggering 91 tonnes empty and 252 tonnes when
flooded. These giants were 75ft long, 15 feet Gi@scwide, and 9 feet 6 inches deep in the middle.
They were big enough for 2 narrow boats.

Fig 2: The Anderton Boat Lift

In 1908 the addition of a machinery deck brougktdkerall height to 80 feet, while the A-frames
added for support widened the lift to 75 feetabase. Each tank was counterbalanced by 2524onne
of cast iron counterweights, attached by wire roppéss gave a balance of 1:1. There were 36 stacks
of counterweights on each side, weighing 7 toniaes .€The lift boasted 72 geared pulley wheels in
all, and the largest ones, which took the liftimgl #afety ropes, weighed 3.5 tonnes each. There wer
8 on either side. There were a further 20 pullegslb taking 2 lifting ropes each, and 36 wheelb wit
one lifting rope each. The shafts bearing thegysllwere 8 inches in diameter and the pulley
pedestals weighed in at between 193 and 466lbs. @dicin all, a good breakfast for the fitter
weighing in all the scrap!

In 2001 the lift was restored to full hydraulic ogton. The 1908 structure and pulley wheels were
retained as a static monument.

The replacement hydraulic ram shafts replicatetiggnal 3-foot diameter rams and are 56 feet long
when retracted and 106 feet long when fully extend&e ram shafts are 56ft deep. Each ram weighs
approximately 50 tonnes.

Edwin Clark, the designer of the lift, went on tesdyn bigger lifts on the Continent including the
lifts at La Louviere in Belgium.

3 THE FOXTON BOAT LIFT (1901)

The Foxton Inclined Plane (see Fig 3) was instatiedhe Leicester Branch of the Grand Union
Canal. The Lock flight at Foxton was built in 1830d the top summit route opened four years later,
celebrating its anniversary in August 2014. A thpough the ten locks takes about 45 minutes to
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negotiate the 75 ft (just under 23 metres) hill ards 25 thousand gallons of water, but if theee is
gueue you can be held up for hours. In the dayswheals were used as a means of transporting
cargo and were significantly busier than their treédy new use for leisure this could be bad for
business. Boat width in the locks is restricteddgen feet so working boats with a “butty” would
have to negotiate the flight separately. Boatsguthe locks were restricted to a maximum load of 20
tons. A solution was needed!

With the coming of the railways, competition waarshg to bite. Fellows Morton and Clayton (FMC)
wanted to use bigger boats to take coal from tim#hrio the London factories. They promoted a take-
over of the Leicester line of the canal by the @rdanction Canal Company. The takeover was
successful and FMC promised to put more narrowbmattie canal until the locks at Watford Gap
and Foxton could be widened. GJCCo engineer Ga@dde Thomas was put in charge of the project
however wide locks were dismissed as using too muater from the canal's summit pound. His
solution was to build a boat lift to his patentes$idn.

— T

Fig 3: Foxton Inclined Plane under construction

The lift was built in 1901 by J & H Gwynne of Hamramiith, London. They got the job as they
proposed using hydraulic power for the gates amillary equipment. It consisted of two tanks or
caissons linked by wire rope (see Fig 4). A steaived winch at the top wound the rope on to one
side of its drum and simultaneously let it off thiteer, raising and lowering the tanks. Each tan& wa
full of water and weighed 230 tons with or withauboat as boats displace their own weight in water.
Two boats could fit in to each tank. The gradidrthe system was 1 in 4. At the top level the aaiss
was hauled over a slight hump thus taking the weiffhthe system and also allowing the bottom
caisson to overcome being suspended in the watke dottom.

Fig 4: A caisson under construction
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Its operation was fairly simple. Assuming your bsaat the bottom, you took your boat(s) into the
tank. The operator would close a guillotine gateie you and signal the engine room with a ship's
telegraph. The 25 horsepower steam engine wasdumend you ascend the hill. The other tank
descends either loaded with boats or just full ater. The descending tank simply sinks into the
water at the bottom where the guillotine gate isregal by the operator. However, the immersion of
the descending tank effectively makes it lightemi@ight, upsetting the balance between the two
tanks. To compensate for this, when the tank rtear®p of the Incline, an ingenious change is made
to the angle of ascent. The top of the slope cuofgsffectively making it easier for the tank to
ascend. On the leading edge of the tank, extrala&leene into contact with extra rails either sifle o
the normal track. At the same time the rear whdetcend into a pit. This arrangement keeps the
tanks upright. The tank has wooden seals fixedherhd of each top dock. Once at the top, hydraulic
rams push the tank on to the wooden seal, anduitietone gates on the end of the tank and on the
dock are opened. The horse is re-attached anduoffjg. The entire operation took 12 minutes, and
could move 2 boats up and 2 down. A big savingregdhe time taken to use the locks. The lift also
saved a tremendous amount of water, because thevater lost was that trapped between the gates
at the top.

The lift had worked well but the locks at Watfor@gswere never widened, and the traffic didn't
increase as railways were the new mode of transpbis made the lift uneconomic. There were
problems with track bolts pulling out of the sleepdut nothing that could not have been overcome.
The lift was capable of moving a massive amouritadfic compared with the actual usage. FMC's
promise of increased traffic hadn't been fulfilléd 1911 the lift was mothballed to save money, the
traffic returning to the locks which have been se @ver since. The decision was probably due to the
need for substantial maintenance repairs on theed0old structure - it probably needed new cables
which are expensive and the cost of keeping thenlgteam with a minimum of three operators. The
fact that a fully working set of locks was avaikalallongside the lift would not have helped. Thie lif
was maintained for a few years, surviving the fivstrld war, and sank into a slow decline. In 1928
the machinery was sold for scrap.

4 THE FALKIRK WHEEL

The Millennium Link was an ambitious £84.5m projedth the objective of restoring navigability
across Scotland on the historic Forth & Clyde amtbb Canals, providing a corridor of regenerative
activity through central Scotland.

Fig 5: Falkirk Wheel during operation

A major challenge faced was to link the Forth argd€ Canal, which lay 35m (115ft) below the
level of the Union Canal. Historically, the two eds had been joined at Falkirk by a flight of 11
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locks that stepped down across a distance of 1.Bktrthese were dismantled in 1933, breaking the
link.

What was required was a method of connecting thwsecanals by way of a boat lift. British
Waterways (now Scottish Canals) were keen to pteseisionary solution taking full advantage of
the opportunity to create a truly spectacular attohd structure that would suitably commemorate
the Millennium and act as an iconic symbol for getarcome.

The various parts of The Falkirk Wheel (see Figi&je actually constructed and assembled, like one
giant Meccano set, at Butterley Engineering's $tesds in Derbyshire. A team there carefully
assembled the 1,200 tonnes of steel, painstakiittyhg the pieces together to an accuracy of jist
mm to ensure a perfect final fit.

In the summer of 2001, the structure was then didlehand transported on 35 lorry loads to Falkirk,
before all being bolted back together again ongttweind, and finally lifted by crane in five large
sections into position. The total 600 tonne weighthe water and boat filled gondolas imposes
immense and constantly changing stresses on thagt as it turns around the central spine. Normal
welded joints of steel would be susceptible togia¢i induced by these stresses, so to make the
structure more robust, the steel sections wer@thatigether. Over 15,000 bolts were matched with
45,000 bolt holes, and each bolt was hand tightened

The result is a perfectly balanced structure thatie Falkirk Wheel. Completion of The Millennium
Link project was officially marked by Her Majestyh@ Queen on 24 May 2002.

The Falkirk Wheel (see Fig 6) lies at the end ogiaforced concrete aqueduct that connects, via the
Roughcastle tunnel and a double staircase lodkettJnion Canal. Boats entering the Wheel's upper
gondola are lowered, along with the water that fi@at in, to the basin below. At the same time, an
equal weight rises up, lifted in the other gondola.

This works on the Archimedes principle of displaeam That is, the mass of the boat sailing into the
gondola will displace an exactly proportional vokief water so that the final combination of 'boat
plus water' balances the original total mass.

Fig 6: Falkirk Wheel

Each gondola runs on small wheels that fit intongle curved rail fixed on the inner edge of the
opening on each arm. In theory, this should baaefit to ensure that they always remain horizontal
but any friction or sudden movement could causgtmelola to stick or tilt. To ensure that this @bul
never happen and that the water and boats alweyamegerfectly level throughout the whole cycle,
a series of linked cogs acts as a back up.
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Hidden at each end, behind the arm nearest thelagyeare two 8m diameter cogs to which one end
of each gondola is attached. A third, exactly egl@rt sized cog is in the centre, attached to thi@a m
fixed upright. Two smaller cogs are fitted in thpases between, with each cog having teeth that fit
into the adjacent cog and push against each dtiraing around the one fixed central one. The two
gondolas, being attached to the outer cogs, velidfore turn at precisely the same speed, butin th
opposite direction to the Wheel.
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Abstract. Millions of lifts are in use today in Europe. Inamy countries, more than half of the
existing lifts are 25 years old or older. Few oérithhave been modernized to meet current safety
and performance requirements. Nevertheless the agjitifts can be made more effective, safer,
more reliable and more comfortable through improsemand regular maintenance. EN 81-80
defines measures to be taken for existing elevdtotsing them up to state-of-the-art standards.
The objective is to reach, in existing lifts, thafety level prescribed in the EN 81 series of
standards.

There are also special requirements for lift doarsich should be refurbished according to the
characteristics described by the latest operatisaféty regulations, including fire and vandal
resistance. A dedicated approach, as well as abitéation plan and schedule for lift door
modernization can be established using the regunisitn EN 81-80. These can include specialized
services for the analysis of risk levels in exigtiiits and refurbishment needs, including on-site
surveys, as well as different solutions accordimghe type of modernization required: complete
product substitution, single component replacemertistomized solutions.

1 INTRODUCTION

If we present a lift modernization project to arerage lift passenger we will explain that the
refurbishment's aim is to improve accessibilityiatglity, efficiency, performance and comfort in
existing systems, whilst simultaneously loweringmtenance activities and energy consumption.

From a sales and marketing point of view, this comprehensive description that already includes
the full set of advantages for choosing to upgradexisting lift. Anyway, something significant is
missing: the focus on safety. This is clear to gnaljustry expert who, when they start their analysis
of how to approach refurbishment and modernizapiomjects, looks to the most relevant safety
norm for existing lifts: the EN 81-80 standard.

2 EN 81-80 SNEL [1,2]

The upgrading of the existing lifts in Europe, whiare the oldest in the world, has been a top
priority for the European lift industry for many ams. The actual beginning of this can be
considered to be the 1995 “10 recommendations tereaisting lifts safe” document (see Fig.1)

that was published by the European Commission ditiad to the Lifts Directive 95/16/EC.

The recommendations had no legal force but theye wee starting point considered by industry
experts for the analysis and the identificatioralbfthe risks that an existing lift could pose. §hi
process stood as the basis of the drawing up dEdh81-80 standard in 2003.
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. Car doors to be fitted and a floor-level indicator to be fitted inside the car.

[

2. The car suspension cables to be inspected and possibly replaced.

3. The stop controls to be modified in order to achieve a high degree of predision in the stopping level of the car and a gradual deceleration.
4. Make the controls in both the cars and lift wells intelligible and usable by unaccompanied disabled persons.

5. Fit human- or animal-presence detectors to the automatic doors.

6. For lifts which travel faster than 0,6 m/s, fit a parachute system allowing them to decelerate smoothly when stopping.
7. Modify the alarm systems to establish a permanent link with a high-speed breakdown service.

8. Eliminate any asbestos in the braking systems, where this exists.

9. Fit a device preventing uncontrolled movements towards the top of the car.

10. Provide cars with emergency lighting that operates in the event of 3 main power supply failure. It must operate for long enough to enable the
rescue services to intervene in a normal manner. The installation must also enable the alarm system provided for in item 7 to function.

Figure 1: 10 recommendations to make existing liftsafe

Relevant indications related to lift door moderti@a, such as the need for car doors in any lift, o
for adapting existing lifts to be usable by disabpersons, or for efficient detectors for prevemtin
hits during the automatic door closing phase, vedready present in the 10 recommendations. But
it is only with the addition of EN 81-80 to the Wwkhown European Standard for new lifts, EN 81
Part 1/2 in 2003, that the safety for existingsldind their components became a crucial topicfor t
entire elevator industry.

The new standard, introduced by the European Caeendf Standardization, was the result of a
team composed of CEN safety experts from thardustry, government authorities, third party

inspection bodies, consumer organizations and ameer companies, and derived from the in-depth
study of the 1995 “10 recommendations”.

From 2003 on, SNEL implementation has been diffeherm country to country (applied through
the national filtering method) since this Europestandard does not give directly binding
requirements for improvement actions to be caroatlon lifts. Such obligations are subject to
national legislation.

So the implementation of EN 81-80 varies in contemd scheduling for each country (see Fig.2),
and is subject to local differences, for examptethe definition of risk levels, categorized as
extreme, high, medium or low, which depend on mresicountry history of lift regulations and
applied standards, accident statistics, speciidpect knowledge and social expectations.
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|

GREEN: standard EN 81-80 has been implemented througttianal law, including a define
position for the SNEL filtering

YELLOW : national legislation or guidelines in preparation

RED: a rather slow progress or nothing has been uskkamt so far or no information
received/available for the EN 81-80 implementation

Figure 2: SNEL survey table— source ELA

EN 81-80 can be seen as a technical guide thabsispihe progressive and selective improvement
of the safety in existing lifts and it still remairthe standard reference for refurbishment and
modernization projects, even if the main lift nd&N 81-1/2 has being replaced by the new EN 81-
20/50.

Starting from the analysis of international statatdata on accidents, specific risk assessmerts a
the estimated life cycle of lifts, the EN 81-80rstard identifies and categorizes various hazards
and hazardous situations that can be present stirgxiifts, classifying them also by priority Idge
through the correlation between frequency and gguénigh risks have to be addressed in the short
term).
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Table 1: EN 81-80 risk profile with priority levels

Severity
Frequency | I | 1] I Wl
Wumber of hazardous situation
A
B
C
C-D
[
[-E

Frequenty {hazard cause levell: wrrityr |hazard effect calegary:
A Fregquent, B Probable, & Oecasional, | Catastraphie, | Critical
b Remote, E |m probatle, F lm possible I Marginal IV Negligib e

Table 1: Correlation between hazard frequency asdkesty — source ELA

Furthermore, EN 81-80 provides a detailed checklignore than 70 items for the safety audit of
any existing lift and its components (which canpeeformed only by qualified technical experts)
and gives a complete description of correctiveoastito progressively improve lift safety and
accessibility for both lift users and workers.

The safety checklist is one of the key tools toused when starting a modernization project. It
results in a clear picture of the status of thiedifd groups all of the significant hazards, idesdi

by the EN 81-80, by their position in the lift (Wehachine and pulley rooms, landing doors and car
doors, car, counterweight and balancing weight,pesasion, compensation and over speed
protection, guide rails, buffers and final limit isshes, etc.). Furthermore this facilitates the ris
analysis for component manufacturers and provides/ant suggestions for preparing a stepwise
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upgrading, which can also be supported by preventmaintenance actions and repairs, for each
specific lift component.

3 SAFETY REQUIREMENTS AND PROTECTIVE MEASURES FOR LIF T DOORS

EN 81-80 lists all the hazardous situations to lbecked in any landing and car door of an existing
lift, defining the priority level of interventionnal the protective / risk reduction measures to be
implemented. Hazardous situations are mostly linkethe ability of the doors, and of their safety

components (door locks, door fixings, apron, priotecdevices), to act as reliable, safe and
protective barriers with the main goal of prevegtpersons from falling into the well. Nonetheless

specific actions are also required to upgradetiegiomponents in order to make them compliant
with other EN 81 standards and guarantee accassibit disabled persons (EN 81-70), as well as

resistance to vandalism (EN 81-71) and fire (EN/8).-

Table 2: Hazardous situations for landing and car dors

Hazardous situation

Perforated landing and
car doors

Cause - Trigger

Person passes limbs throu
openings

Incident / Effect

Priority

level
gBhearing and crushing o
limbs, serious injuries

Inadequate design of
landing door fixings

Person pushes the door,
door collapses

Person falling into well,
serious injury or death

Inadequate glass in
doors

Glass is broken by impact,
person passes limbs throug
opening

Falling into well,
yishearing of limbs, seriou
injury or death

No or inadequate
protective devices on
power operated doors

Person is passing the door
when door starts closing

sPerson is hit or jammed
by the door, serious
injury

Unsafe locking device
of landing door

Landing door closed but ng
properly locked, person
opening the door

tPerson falling down the
well, serious injury or
death

Unlocking of landing
door possible without
special tool

Person unlocks and opens
door

&erson falls into the well
serious injury or death

Well enclosure with
perforated walls near
door locks

Person is unlocking the
landing door without a
special tool, e.g. stick

Person falling into well,
serious injury or death

No automatic closing
device on sliding doors

Door remains open after

emergency unlocking or

when car leaves the floor
due to creeping

Person falls into the well
serious injury or death

Inadequate length of car Rescuing of trapped perso

apron

when car is stopped above
landing

ngalling down the well

Car without doors

Goods in car hit sill or
recesses on wall and tip;
Person (child) enters gap
between car sill and wall

User crushed, serious
injury or death; Shearing
and cutting of limbs,

serious injury or death

No or inadequate
lighting on landings

Users entering or leaving
the lift

Tripping and falling

Inadequate mechanical
link between panels of

Mechanical link fails, one

Medium

Shearing or falling of

panel remains open

persons, fatal or serious
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landing doors injuries

Inadequate fire Fire in front of landing doon Person in upper floors
resistance of landing | spreads into well and up to| killed by fire and smoke
doors next floor

Car door moving when | Person entering the car Trapping and shearing o
landing door is opened | before the car door is fully | hands

opened
No or inadequate Person (child) touches glassringers are dragged into
protection against and door start to move gap between door panel Low
dragging of fingers on and frame

sliding doors with glass

Table 2: Hazardous situations, cause, effect, jggidevel for lift doors — source ELA

For all the items to be checked, the EN 81-80 dsfinthe safety requirements that each
part/component has to satisfy and suggests coreeatitions to be implemented in order to fulfill
these requirements. In many cases, the protecteasunes refer directly to specific paragraphs of
the EN 81-1 and 2, quoting their references, pieisons and measures. In others they are linked to
specific norms or measures which are referredrexctdy in the EN 81-80 text.

For example, the SNEL suggests fitting landing daamecording to the fire rating as required by

national/local regulations, or to fit car and larglidoor protective devices according to EN 81-70.
This would be so as to have them covering the opgeaver the distance between at least 25 mm
and 1,800 mmabove the car door sill (e.g. light curtain) angbtevent physical contact between the

user and the leading edges of the closing doorlpane

Table 3: Items to be checked and protective measis€EN 81-80)

Items to be checked Protective measures

Strength of landing door fixing Replace door fixsngccording to

EN 81-1:1998, 7.2.3.1 and 7.4.2.1 or
EN 81-2:1998, 7.2.3.1 and 7.4.2.1

Car door and landing door protective devigesit a device according to
on a lift intended to be used by disabled | EN 81-70:2003, 5.2.3 and 5.2.4
persons

Non-accessibility of landing door locking | a) Fit imperforate wall enclosure, or
devices from outside the well by b) Fit protection around landing door locking
unauthorized persons device

Table 3: Examples of items to be checked and gregemeasures for lift doors — source EN 81-80

4 APPROACH TO COMPONENT MODERNIZATION

Even if each existing lift has its own specific daeristics (to be assessed individually) and each
EU country has applied the EN 81-80 to a diffeettent, all the information included in the SNEL
provides a precise, common framework that can guidenpanies and workers during
modernization and refurbishment projects.

The starting point for any lift refurbishment prajeshould always be the auditing of the existiffig li
on the jobsite by a qualified, competent techniegpert, who should gather all the relevant
information related to the audited components.

There are three main ways to approach the upgradiagcomponent in an existing lift:
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» Complete refurbishment. This includes the replacemé the entire component and gives
the advantage of upgrading it to a state-of-thavatlel in terms of safety, reliability and
performance. It has a higher cost compared to tther @pproaches.

» Partial refurbishment. This includes the replacanoéronly specific parts of a component
in order to guarantee its compliance to specifquieements of the EN 81-80 standard.
Usually partial refurbishment requires additiontibet in product engineering and in the
adaptation of the existing parts to the new ones.

» Refurbishment kit. As partial refurbishment it indes the replacement of specific parts
alone, but in addition it can only be used for #pecproduct lines of specific
manufacturers. Costs are lower than for complefigrlysshment and product engineering
efforts are lower than for partial refurbishment.

The selection between the three types of appresaaways guided by safety first but as soon as the
compliance to EN 81-80 standard is satisfied, tl@nnvariables to be considered are costs and
shaft configuration and accessibility.

5 APPROACH TO LIFT DOOR MODERNIZATION

Lift door modernization projects are even moreialt because both the dynamic and static
elements of the doors have to be analyzed, indudirstallation characteristics, component
integration (car-car door-landing door-shaft), sli&hensions, finishes and materials.

Door manufacturers have developed specific refbrbent services that always start from the
collection of data through to dedicated forms tbifi (see Fig.3). Dimensions, type of panels,
position of door fixings, and skate and rollers swee of the key information to be collected.
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Figure 3: Lift door assessment — skate and rollergsitions — source Sematic

Seeing as every lift differs from one another, ¢bection of data (including jobsite pictures ese
Fig.4) is needed in order to design a specifictgmiufor each single refurbishment project. Taking
into consideration the EN 81-80 prescriptions draresults of the assessment, door manufacturers
are able to offer a wide range of solutions for toeplete replacement of old lift doors (both
manual and automatic), as well as of some of tkeyr components (fixings, skates, operators,
protective devices). The products offered in thelemnization business are suitable for an extensive
range of existing installations and can be custethiccording to the different destination markets
and their characteristics, such as shaft dimensiofzcal regulations.
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Figure 4: Jobsite survey pictures — source Sematic

For partial refurbishment and refurbishment throgglcific kits, additional services are provided
after data collection, jobsite surveys and analyEe solutions that door manufacturers can offer i
terms of customized products have always to befiedrihrough specific product engineering
activities, including conversion of collected datt one-of-a-kind drawings (see Fig.5).
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6 CONCLUSIONS

Lift doors are one of the most critical componédntsthe safety and accessibility of any existirfy i
due to their complex integration with all the othiftrcomponents. Hazardous situations that, if not
avoided, will result in death or serious injury atectly linked with their malfunctioning or not
updating to present-day standards. EN 81-80 oikréft door manufacturers a well-defined path
to follow during modernization projects, startingrh lift assessment up to solution design and
product definition. Safety and compliance to SNEdndards are always the guiding criteria of any
lift door modernization and refurbishment projesten if technical and economic issues can direct
the type of approach chosen.
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Abstract Ride quality is a measure of the comfort level eigreed by passengers and is intimately

associated with their subjective perception andgisigity to motion and to sound. This measure is

affected by noise and vibration of a running system the other hand, ride quality is the measure
of the product quality of a Passenger TransporiaBgstem (PTS) manufacturer. Ride quality of

passenger transportation systems is critical fBT& manufacturer to determine the subjective and
objective quality of PTS. This is especially im@ot in high rise (high end) systems. The paper
investigates the dynamic interaction of PTS systemponents and their influence on ride quality.

1 INTRODUCTION

All humans are different and so the perceived perémce of a PTS ride, either vertical using a lift
or horizontal using a moving walkway or with anaator in horizontal and vertical direction, is
not the same. The acceptance levels of a givend&§8ssed by a user group varies from user to
user and typically show a wide variance [1].

A PTS contains of a large number of components hwimteract with each other. These components
or sub-systems influence the ride quality of thetew [2] and it is the interest of the PTS
manufacturer to install and run a systems that sdke ride as smooth as possible. How these
components dynamically influence the PTS and howdns respond to it will be investigated.
Based on these results, measures to improve tag@edormance will be suggested.

2 DEFINITION OF RIDE QUALITY

Ride quality of a PTS is a measure of the comfarel experienced by passengers and is intimately
associated with their subjective perception andgisigity to motion and to sound. For example, in
the case of a lift system, to motion and noise l&wé the car [3]. Ride quality is then affected by
motion and sound quantified using the followinggraeters:

* Horizontal vibrations [measured in m/s?]:
Horizontal vibrations are lateral motions (in x-yadirection). These motions are quantified
in terms of the frequency (measured in Hz) andathglitude (measured in m/s2). However,
the amplitude is typically measured in milli-g (1llrg = 0.00981 m/s?) [4].

Figure 1 — Arrangement of x-, y- and z-axis
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» Vertical vibrations [with the amplitude measurednrs2 and the frequency measured in
Hz]: Vertical vibrations represent motions in theedtion of the z-axis (for a lift: into or
opposite to the direction of travel). A typical sawf this vertical vibration is the elastic
behavior of the suspension mean, e.g. a steelrojre.

» Acceleration [measured in m/s?]: This is the rdtelmnge in speed in upwards or
downwards direction (direction of travel).

Positive acceleration: increase of speed. Negatieeleration: speed decreases.

» Jerk [measured in m/s3] (time-derivative of acagien = rate of change of acceleration):
The rate of change in acceleration is called jerk.

» Sound pressure [measured in Pa] and Sound prdesete defined as a logarithmic
measure of the effective pressure of a sound vel#di a reference value [measured in
dB(A)]: Sound corresponds to vibrations which asm$mitted through a solid, liquid or
gas-form medium. A human being can hear frequemcitee approximate range of 20 to
20,000 Hz.

* Tympanic pressure [measured in Pa] (effect of dyoammange of ear pressure in the middle
ear causing discomfort)

The acceptance levels of these aspects not onyyfran human to human, but are also different in
terms of product range (e.g. low-cost low-rise ddle segment - high-speed/high rise). Therefore,
case-specific pass/fail or assessment criteri@ 1@ are put aside from this paper.

3 IMPACT TO HUMAN DISCOMFORT

Obviously, the response of the complex active stinecof a human body to the multiple facets of
ride quality is unique from human to human.
The application of (noise and) vibration to a hunbady can create various subjective effects and
at the end cause human discomfort.
Humans are different in terms of body mass, poriddnmuscles, physical ability or overall
condition [5]. And of course, the sensitivity faxternal stimulation is again different from person
to person. If it comes to extrems, very poor ridaldy with human over-sensitivity, vibrations can
cause stress effects to following physiologicalaareCardio-vascular system, Nerves system,
Muscles, Respiratory system.
It is common practice in the Lift Industry to staithin certain limits for critical ride quality aspts
to ensure good ride quality:
* Humans are more sensitive to jerk rates than telation, and jerk rates under 1.0 m/s3
are assessed as comfortable. [2]
» High rise/high speed travel (e.qg.: travel distarae$00 m and more with maximum speed
of 7 m/s usually cause an uncomfortable trip inf& P
» Acceleration rates of 0.8-1.6 m/s? improves passecgmfort, however, especially for high
rise application these limits are disregarded dueansportation capacity requirements.
» Horizontal vibrations are typically specified bel@ milli-g (peak to peak in x- and y-
axis).
* Maintaining the maximum limit sound level of 55 ¢(B) is desired in the lift cabin.

In the context ofhuman-machine/lift'a unique person interacts with the lift car. Tleespn stands
on the cabin floor, typically wearing shoes. Thespresent the coupling or damping element
between the human being and the lift system (calbim effects of different damping types (shoes)
and the theoretical and experimental transmisgitiilas been compared in another paper [6]. The
dynamic response of the lift cabin can substagtiaien influenced by the characteristics of the
passenger and his behaviour during the lift traVllke dynamic interaction of lift components is
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defined by and finally counts in that human-machinentext: Mass-Damping-Stiffness
characteristics.

4 COMPONENTS THAT AFFECT RIDE QUALITY
4.1 Sources of vibrations

The operation of lift systems is affected by vibmas and associated vibro-acoustic noise. This
affects ride quality and results in a high leveldyinamic stresses in lift components. A good
understanding and prediction of vibration phenomaeurring in elevator installations is essential
for developing vibration suppression and controategies in order to design a system which
satisfies ever more demanding ride quality criteria

Vibration sources affecting a lift car involve thar guiding system, suspension and compensating
ropes and air flow [7,8]. The underlying causesibfation are varied, including poorly aligned
joints and imperfections of guide, eccentric pulegnd sheaves, systematic resonance in the
electronic control system, and gear and motor gegeérvibrations [9,10].

In high-rise applications elevators are subjecextreme loading conditions. High-rise buildings
sway at low frequencies and large amplitudes dwst@rse wind conditions and the load resulting
from the building sway excites the elevator syst€&his leads to large vibratory motions of elevator
ropes [11,12]. The taller a building, the highex thted speeds of elevator systems are needed. The
dynamic responses become more adverse as the speedses. Torque ripple generated in the
motor causes vertical vibrations of the car [13]hgh speeds guide rail deformations induce large
lateral vibrations of the car [14,15]. Furthermolege aerodynamic loadings due to the airflow
around the car result in excessive noise and fludwced vibrations of the car structure [16,17].

The effects of component dynamics to the ride ¢palf a PTS are the subject of a number of
previous investigations. These show evidence of dhmplexity of the interaction of multiple
components.

A variety of sources affect the lift car and — ipassenger travels in the cabin — the passenger. Th
primary sources that affect ride quality are:

* guiding system (faulty guide rails and joints)
* suspension and compensating ropes
e air flow

Furthermore, imperfect pulleys and sheaves, a mgie resonance in the electronic lift control

system, and motors and gears all generate vibsatidich are transmitted into the system. Finally,
the very slow excitation of building sway to thi 8ystems (mainly the ropes) can cause vibration
in the cabin [13].

Guide rails: The most essential elements affecting ride quality lift are guide rails and their
installation condition. Due to the T-profile designd the manufacturing process, guiderails are
never perfectly straight and totally rigid [2]. Tiyeide rail irregularities (poorly aligned joints,
bends and unevenness) introduce lateral excitadtiothe car during its travel. The range of
excitation frequencies depends on the speed. Tiigafuental frequency of this excitation is given
as

27, rad Q 14
.Q—?VT(OTf—E—;HZ) (1)

wherey represents the wavelength corresponding to thaeguail profile.
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For example, in a standard arrangement the twaHengf guide rail are connected together with
rectangular cross section fishplate bridging thetjorhe joint interface is the critical area assit
extremely difficult to arrange for the second moinef area ) of the fishplate—joint interface to
be the same as that of the guide rail. Thus, thelibhg stiffness El, whereE is the Young's
modulus) of the guiding system is non-uniform igpect of bending deflections. Therefore, during
lift travel with a given speed of V, the excitatirequencyf transmitted to the car frame can be
calculated as

f =7 [Hz] 2)

wherelL is the rail length. Thus, using the standardleaiyth of 5 m and the speed range of 10 - 18
m/s this would yield the frequency range of 2 — % On the other hand, taking into account the
fact that the wavelength due to manufacturing bemdsabout 0.1 m [8] the frequencies calculated
from equation (1) can be over 100 Hz (100 — 180. Hiz) general, the nature of guide rail
imperfections should be classified rasndeterministiclf the unevenness of guide rails is measured
then the record for one rail will be different frottmat for another one. A nature such as this is
referred to as being random or stochastic [15].98qoently, the response of a car — hoist rope
system is also a random phenomenon.

Roller Guides: Roller guides are available in various types aadfigurations for all kinds of
application, such as high speed traction liftsoev tise hydraulic systems.

Under the consideration of stiffness and dampingratteristic of these rotating or non-rotating
components, it is obvious that they directly affédet vibration and thus the ride performance of a
lift car.

Imperfections of rotating components such as traotin sheave, diverter pulleys:Rotating
components can only be made to its ideal round itondwith huge manufacturing efforts. As a
consequence, the rotating components deviate flwengeometrical dimensional data and an
imbalance excites the system with a frequencysafatational velocity.

Rope dynamics:Due to their flexibility, hoist (suspension) anohtgpensating ropes are susceptible
to vibrations. These vibrations are transmitted tift car which often results in a ride quality i

IS unacceptable [18,19]. Elevator ropes can vibratee vertical (longitudinal) direction and laér
(horizontal) in-plane and out-of-plane directiosed Figure 4). An important feature of an elevator
system is that the ropes are of time varying lenigtinthermore, the number of passengers on board
(load) changes. Consequently, the dynamic charsiitsr of the system vary during travel. In
particular, the natural frequencies of the ropey gowly during the elevator car motion rendering
the system non-stationary. An adverse situatiosearivhen one of the slowly varying rope
frequencies approaches near the frequency of adierexcitation existing in the system. This
results in a passage through external resonances.
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(a) (b) (©

Figure 2 - Longitudinal (a), lateral in-plane (b) and lateral out-of-plane (c) vibrations of
elevator ropes [19]

Overall, during the system operation the rangeesbnance frequencies of the ropes may vary from
below 1 Hz to over 100 Hz. As far as the interawtibetween the ropes and the car are concerned,
an elevator will not vibrate throughout its trawal high amplitudes but will ‘pass through’ a
resonant vibration at some particular stage irtridneel. An important excitation source relevant the
rope — car assembly interactions is the low frequdyuilding sway. This excitation will affect the
modes below 1 Hz [21].

4.2 Human frequency band

The human hearing range defines the band of freme®rthat humans can hear and is usually
mentioned as 20 to 20,000 Hz, whereas there arstailal variation between individuals,
especially at high frequencies. The sensitivity ioise also varies with frequency. However, the
noticeable range of vibration for human beingsvisnebelow the minimum of hearable noise.

5 DYNAMIC INTERACTIONS

It is the physical effect of resonance that caismses with noise and vibration in PTS. The primary
external resonance arises when the frequency efredtexcitation becomes close to one of the
natural frequencies of the systefhe natural frequencies of a given componentssaated with
one of the many standing wave patterns by which ¢benponent could vibrate. Any component
can be forced into vibration at one of its natdratjuencies (harmonics) if another interconnected
object acts upon it with one of those frequencies.

With focus on the issue of resonance and its inffeeto the dynamics of lift cars the following
practical example is considered.

« The system comprises a lift system with a car tfd@peed 1.6 m/s and travel height 23.6
m with multi-reeving roping arrangement.

e The car sufferes from excessive vertical (z-axisjations (peak-to-peak acceleration
amplitude of over 58 mg; please see the time measemt record in Figure 3 and the
corresponding FFT frequency spectrum in Figure 4)

« The fundamental frequency of the response is ab@btHz which is close to the rotational
speed in the diverter pulley system determined 58 Bz.
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Figure 3 (left) - Time measurement record

Figure 4 (right) — Corresponding FFT frequency spettum

« The vertical (bounce) vibrations are transmittedtiie car through the suspension rope
system which can be explained using the spring-mass$el shown in Figure 5 wherg,
represents the effective stiffness coefficienthaf suspension ropdd, is the mass of the lift
car assemblys(t) represents the motion excitation at the tractibease end due to
excentricity or out-of-roundness error ar() is the response / displacement of the car

assembly.
/
I s(t)

K

e

X(t "

Figure 5 - Spring-mass model

The natural (resonance) frequency of the car-sisspensystem can be calculated using the

following equation
o= [Ke rad (f :ﬂsz 3)
M s 2ir

The response can then be determined by solvinfpllosving equation [5]

X+ 2 wX+ 0 X= %ax\/w4+4(ZwQ)2 sin(Q t+6y) (4)
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where the overdots denote the time derivavti8g,y iS the maximum displacement due to the
excitation at the sheavé) represents the frequency of the pulléy,is the damping ratio and r
represents the frequency ratio . The maximum digpheent of the car is then determined as [9]

1+ 47 %r?
Xmax = Smax 2 (5)
(1-r2) v az7?
so that the corresponding acceleration amplitudgvisn as
1+ 47°%r?
Amax = Sma><Qz (6)

(-2 r a2

The natural frequency changes during the lift traarel was determined from the braking tests as
3.125 Hz at the bottom landing and 4 Hz at theldoging, respectively (please see Figure 6 and 7).
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Figure 6 - Vibrations measured at the car sling a#r the brake was applied when approaching
the bottom landing (a) time response; (b) Fourierfequency spectrum.

« Itis evident that the range of resonance frequnis close to the rotational frequencies of
the diverter pulleys.
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Figure 7 - Vibrations measured at the car sling a#r the brake was applied when approaching
the top landing (a) time response; (b) Fourier freqency spectrum.

In these conditions, if the empty car mass is 15,80 and the rated load is 9,100 kg, the
suspension stiffness coefficient, with the car apphing the bottom landing is abd(g = 10.545
MN/m, the natural frequency calculated accordingdoation (3) is 3.275 Hz. Assuming that the
out-roundness error results in the maximum disjpheseg sax = 0.1 mm, with a small damping
ratio of 1%, the maximum displacements of the fidigded car calculated from equation (5) may
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reach 2.5 mm and the corresponding acceleratiogrrdated from equation (6) will be over 100
milli-g.

« The dynamic interactions between the pulleys, suspa and lift car are responsible for
compromising ride quality of the system.

6 IMPROVE NOISE AND VIBRATION PERFORMANCE

The following three basic principles can be appt®ditigate the effects of / reduce noise emission
and vibration in mechanical systems:

1. Prevention. To reduce the strength of the source.

2. De-coupling. To interrupt the noise/vibration path.

3. Damping. To absorp the energy of noise/vibration.

However in lift systems, due to their unique desigm principles of operation, not all available
measures can be applied when it comes to an issu@se and vibration mitigation.

CONCLUSION

The assessment of the influence of noise and wilorat a PTS is based on the subjective passenger
perception. Therefore there is limited evidencba# this influence can be quantified.

However, the causes of noise and vibration and #féects (reponses) can be quantified. If the
excitation forces are identified the responses determined through the application of
experimental techniques and/or calculated usinglyioal techniques and/ or computer
simulation.Relevant mitigation measures to redbeg effect can then be applied.

In regards to the key dynamic parameters thatenite a PTS it can be concluded:

* PTS ride quality can be be assessed by the inttiotuaf certain thresholds, such as the
maximum acceleration, jerk and/ or noise levelsweler, common limits of these values
have not been agreed, as they strongly relate thahsegments or country-specific
acceptance levels.

* Noise and vibration can cause multiple, possiblyese damage in human physiological
sub-systems. However, human response to noiseilradion is as diverse as humankind is
and in most cases uncritical in PTS. However, megases excessive vibration might lead
to failure of the design components and compropéssenger safety.

* PTS ride quality is affected by various sourcesdafitation that are related to elements such
as rails, rail joints, roller guides, imperfectatthg components or ropes.

* The most critical phenomenom is resonance (fordaecton caused by an excitation
originating from an external source), as this oftsads to in instability of the vibrating

system.
* Active and passive measures can be applied toatetidpe effects of resonance, noise and
vibration.
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Abstract. A new generation of lifts currently under develaprhapplies magnetic linear propulsion
and does not need ropes. Shafts are shared, sbive in two or more dimensions. Taller and
more densely populated buildings will be accommeddty adding more cars but not necessarily
more shafts. Engineers planning lift installatioreed new ways to assess the handling capacity
and quality of service provided by ropeless elengatin this paper some traffic design principles ar
established by applying simple cycle time calcolati For example, shuttle lift applications are
considered and compared with current roped solsitidmproving on cycle time calculations
requires the development of dispatching stratedies modelling of safety distance requirements
and traffic simulation models; an overview of pregg in these areas will be presented.

1 INTRODUCTION

The number of roped lifts in known lift systemdiisited to one or two cars in one shaft as the
suspension ropes of the lower car need to be ddenound the upper car [1]. Putting more than
two cars in one shatft is limited because of thespeeded by the ropes. Furthermore, traffic
handling efficiency is limited by putting more thamo cars in one shaft as it becomes more
difficult for all cabins to serve the main entrarilo®rs. Using a shaft for both up and down travel
means that the cars need to wait until all of #s oeed to reverse their direction of travel whsch
a constraint to improving performance. Having npidticars running in at least two shafts
circulating with one shaft being used for travejlin the up direction and the other shaft for
travelling in the down direction enables improvetsean performance and efficient shaft usage. An
early example is the paternoster, which was tts¢ f@alisation of a circulating lift system [2].dh
continuous slowly circulating chain of open cabiwgh no cabin or shaft doors, has limitations in
travelling time, safety and transportation of haag@ped passengers. Assuming a cabin to cabin
distance of 3 metres, a velocity of about 0.3 rB]sahd two passengers per cabin the handling
capacity (HC5) of a paternoster is about 60 pasgsigminutes.

For new and safe circulating multi car lift systefWE&CLS), linear motors installed in the shaft
lifting multi individual and independent cars ameof the main enabling technologies. The
concept and idea of a circulating multi car lifsegm with independent moving cars is not new in
the lift industry [4].

Simple traffic calculations of a circulating lifystem were published based on technical
assumptions as there were unanswered technicacambmic questions [5]. Technical challenges
using lifts without ropes/counterweights and oppoities in building efficiency for circulating lift
systems were discussed [6]. Advanced two dimenbtaaffic systems that include horizontal
passenger movement were also analysed [7, 8].



74 5th Symposium on Lift & Escalator Technologies

In 2014 a multi car system currently under develepnwas unveiled [9]. Different technical
innovations and solutions solve technical challengerealise a circulating MCLS [10].
Linear motors propel multiple independent movingsda multiple shafts. Light weight cabin
designs for eight passengers enable an economitahs. A certified safety system including
safety brakes ensures that there is no collisiobagkpack solution guides cars and enables
exchanger units to move cars between shafts hdathpn

Traffic analysis of the described realistic systeased on simple cycle time calculations is
examined in this paper, and constraints of theeciiole are described.

2  TRAFFIC CONCEPT L1 L2

With intercity trains and urban transportatic = ! ey ;
different horizontal transportation systems ex R ? ’
and are linked together as a horizon ’ !
transportation concept. Compared to t
horizontal transportation, a circulating multi ci
lift system needs to fit into a vertical traffi : i
concept of a tall building. ! s

A circulating MCLS is used as shuttle lift ; T}
between ground and sky lobbies within a vertic '
traffic concept [10]. Exchanger units are install:
in the ground lobbies and in the upper s
lobbies. Figure 1 shows examples of how
circulating multi car lift system can be included . | : .
a vertical transportation concept. Different MCL (] | | ———
(S1) serve the sky lobbies of different buildir e O eRE
zones (zone 1 and zone 2). The loc RS ORI — s
transportation within the building zone can | | :
provided by traditional lift systems e.g. machil s Exchanger | g/ | g
room less systems (L1 b) or by systems witht g caricabin ‘ :
independent cars in one shaft (L1 a). The lal
solution enables direct inter zone traffic. MCL
with double ground lobbies and double sl
lobbies (S2) enable simultaneous loading of t ! : ! ;
cabins in a shaft. Local groups can be reali: ioipi
with double deck elevator systems (L2 b) or wi ol lecl. ol ol
more flexible systems with two independent car-

in one shaft (L2 a). Horizontal transportation ¢ Figure1: circulating multi car lift
passengers is also possible, but not considerec Systemsin avertical transportation

this paper. concept (examples)

Zone 2

Zone 1
[

Ground/sky f E f ‘
lobby i | i

3 MINIMUM POSSIBLE CYCLE TIME

The number of passengers arriving at a specifibydbat can be transported by the MCLS within a
specific time can be calculated by the number gqfading full cabins. The time between two
subsequent cars is the cycle time.
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3.1 Cycletime

The cycle time in a MCLS is the time between thpadire or arrival of two subsequent cars. It
also can be defined as the time between two subsegars passing a specific position in the shaft
travelling at the same speed and in the same @inect

Figure 2 shows the vertical positions over timaévad subsequent carsyBiri(t) and Drcaro(t). Both
cars are travelling in the up direction in thetfgbaft, are changing shafts at the top floor @&ni0
and are travelling in down direction in a secondfsiWhile car 1 has already changed to the down
direction shatft, car 2 is arriving at 100m in the direction shaft. At the bottom floor the cars are
changing shafts again. Both cars are stopping ¢h daection at an intermediate floor at the 50m
level. The time between car 1 and car 2 is theecyiche. For a better overview the position of
additional cars travelling in the MCLS is not shows the minimum possible cycle time is limited
by the minimum distance during a complete roung ¢fi the cars, critical situations need to be
considered in detail. It is obvious that only o can be at a specific position at the same tifne.
cars are travelling they are changing position iooiusly and make the position available for the
next car. If cars are standing only one car caatii®at position for the time the car is located at
that position. To find the minimum possible cydlmé over a complete round trip the stops of the
cars need to be analysed in detail.

A

100 o m————s )
N

’

)
[}

Dycar (t)

Z<c
: g
R
I

Figure 2: Vertical position of two subsequent cars

3.2 Safety distance constraints

To define the minimum possible cycle time betwearsdn a MCLS safety distance constraints
need to be considered. There must be a minimurardistbetween cars at any time during normal
operation. The control system responsible for aimopged handling capacity in 5 minutes (HC5)
and quality of service needs to consider this mimndistance. A certified safety system triggers an
emergency stop of the cars in case of violatedgdistances. In addition, by enabling a controlled
stop of the cars the control system monitors pmsitiand movements of the cars and decelerates
cars in unexpected situations without triggering ¢éimergency stop. The controlled stopping of cars
includes the same or higher jerk and deceleratitgsrthan normal operation rates.
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Figure 3: position (D(t)) and stopping point (Dsp(t)) of a car

A stopping distance and a stopping point of thetrodled deceleration can be calculated at any time
[11]. In case of violating any minimum distancesw®en cars, the cars can be stopped by
executing controlled deceleration. Figure 3 sholnes position of a car over time (D(t)) and the
stopping point (9At)) after a spontaneous controlled deceleratiah vated deceleration values. If
the lift is in the deceleration process to the 5Mwel (10s-16s) the spontaneous controlled
deceleration cannot stop the car earlier if thedatalues for deceleration and jerk are used. The
stopping point is also constant if a spontaneousldeation is started during the end of the
acceleration process (5s-6s) while the acceleraiaeduced by a negative jerk. The controlled
deceleration can also be operated with higher galoedeceleration and jerk. To calculate a safe
position of another car, a minimum distance whiatiudes the car height needs to be added to the
stopping position.

3.3 Exchanger

To analyse the stop at an exchanger unit the desighe exchanger unit and the process of
exchanging cars between shafts needs to be coedid€he analysis is based on a backpack
solution including the linear motor and car guidaftO]. The shaft elements are able to rotate by
90°. Cars can move horizontally. Passengers cahdod unload during the rotation process since
the cabin is held in an upright position. Figurehdws a simple example of the functionality of the
exchanger unit.

i

Figure 4: Exchanger functionality
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3.4 Calculation of the minimum possible cycle time

As the bottle neck of the minimum possible cyciedti(ty) is when cars are stopping, these are the
situations analysed. This includes the stops atetthanger units and intermediate stops where
both cars are stopping successively.

Cycle time at an exchanger landing: The minimum cycle time at an exchanger landingef}
with passengers loading and unloading can be eaiwith equation (1).

The passenger transfer during the standing tigigg(tof the cabin can be done in parallel to the
exchanger preparation timeg (rotation of the shaft element) for the followihgrizontal or vertical
movement.

teyex = tarr T max(tstana, tex) + tpep + tEx (1)

After the time a previous/front car has departemnfthe exchanger unitpfy), the next car arrival
time (tar) is the time that it takes a car to arrive after time the exchanger unit has been prepared
for the next car £&). A long car arrival time k) for the next car may enable the parallel
preparation of the exchanger after the previoustfcar has departed the exchanger landing.

The standing time $tangd is calculated with equation (2) and includes pagsr transfer timespjt
average number of passengers in the car (P) andtidoes (door open times,tdoor dwell: §wel,
door closing time:d.

tstana = to + P ty + taweu + tc (2)

Cycletime at an intermediate floor (both stopping): The minimum cycle time at an intermediate
floor with two subsequent cars stopping at the stooe (tcyr2) can be calculated with equation (3).
The time between departure of the front car 1 dwedatrrival of the following car 2 (start to stop
time t29 depends on the stopping distances and minimutandies between cars and is shown in
figure 5. The safe position for car 1 related to 2as shown with Bsi(t) and depends on the

position, stopping point of a controlled decelematwith rated values of car 2 and an additional
minimum distance between car 2 and car 1. Thepaion must not touch the position of car 1.

teyrz = tstana T tsos (3)
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Figure5: Cycletimeat an intermediate floor

The situation with the longest minimum cycle tingethe minimum possible cycle time of the
MCLS and is defined with equation (4).

tcy = max(teyex toyrz) (4)

4 HANDLING CAPACITY

To use a circulating multi car system in a vertitralffic concept, it is necessary to know the
handling capacity in 5 minutes (HC5). As the lystem is different to traditional lift systems, the
known equations need to be adapted to the newrsyste

41 Genera

The handling capacity for incoming passengers carcdiculated with the simple equation for
conventional lifts using the interval (INT) and nloen of passengers per cabin (P) (see equation (5))
[12]. This is also true for a circulating MCLS.
UPPHC = 325F (%)
INT
The interval (INT) of a group of circulating MCLS defined by the average cycle timg)tand the
number of MCLSs (B) (see equation (6)).

_ Loy

INT =2 (6)
The handling capacity for incoming passengers inmdirection is independent from any down
traffic or traffic between upper floors (e.g. skypbies). Additional down traffic will affect the RT
of a cabin because of passenger transfer timed@mctimes of existing or additional stops. If the
RTT of the cabins change/increase then the nunflmEtins or the speed of the cabins needs to be
adapted accordingly in order to keep the averagke ¢yme between subsequent cars to a constant
value.

42 Cabinsize

Increasing the cabin size will increase the hagdiapacity, especially in shuttle applications.
However, in shuttle applications the HC5 is notngar function of the cabin size. Doubling the
cabin size does not double the HC5 as passengefdrdimes and cycle times increase.

4.3 Doubleentrance

As handling capacity is limited by the passengediong and unloading time, double entrance
lobbies (two lobbies above each other) enableslsameous loading of two cabins which increases
the handling capacity. For a circulating MCLS eaxtttrance level may have an exchanger unit
enabling a parallel exchanging of two cars (seaféidl — S2). The cycle time is now measured
between two pairs of cars (see figure 6), therefdweble the number of passengers can be
transported per cycle time. The cycle time willrese slightly since the arrival time and the
departure time of two cars at a double lobby/flsolonger compared to a single car stopping at a
single floor.
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Figure 6: Cycle time between two pairsof cars

5 NUMBER OF CABINS

The number of cabins @) in a circulating MCLS depends on the round tiipet (RTT) and the
cycle time (¢y). It can be calculated with equation (7).

RTT
N, =T
tcy

(7)
This is also illustrated with figure 7. It shows@mplete round trip of a car (D1(t)). The roung tri
time is divided by the cycle time and shows eveogition of the car after a period of the cycle
time. These positions equal the current positiothefother cars in the MCLS at time t=0, which is

shown with the two shafts of a MCLS in figure 7.tiVidlouble entrance configurations and pairs of
cars the number of cars is doubled.

__ O

D1(t)

Round trip

I t
time
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Figure7: Cycletime, RTT and number of cabins

It is only possible to put an integer number ofscato the system. In case of an unchanged round
trip time (RTT) and rounding down the number ofs¢tre result of equation (7), the real average
cycle time (&yr) will be higher than the minimum possible cycladi (see equation 8). To achieve
the same handling capacity the round trip time (Rii@eds to be reduced, e.g. by increasing the
speed of the cars.

RTT
teyr = Ne (8)

In case of rounding up the number of cabins/theltesf equation (7) the average minimum
possible cycle time cannot be reduced becauselihited to a minimum. The RTT needs to be
increased according to equation (9) to avoid ttgéms, e.g. by reducing the speed of the cars.

RTT = NC * tCy (9)

6 QUALITY OF SERVICE

As the major measure of quality of service is wgtiime, the waiting time derived from the cycle

time and interval may be the main measure [12]. él@wx, travelling times and the number of stops
also need to be considered. In multi car applicatiadditional delays may be included as quality
measures [13].

The maximum HC5 for conventional rope elevatoradhieved in a two stop shuttle application.
The RTT is kept to a minimum. Using RTT calculasdhe quality of service, interval and waiting
time can be optimised.

For a circulating MCLS the HC5 is independent friira number of stops. In addition, the waiting
time - e.g. in the main entrance - can be kepa tminimum, but additional delays during the
journey will affect quality of service. In applitahs where all cabins have the same stops these
additional delays can be reduced to a minimum anpietely avoided through synchronisation of
the cars. This can be compared with an undergrénand for urban transportation. Every train of a
specific line has the same stops with a similap dtme. If one train cannot pass another train
additional delays can be avoided during normal ajp@n of the system.

Allowing individual stops for each car limits th@teons to avoid these delays without sacrificing
HC5 as cars cannot pass each other. More sophesticantrols allocating passengers to cars can
help improve the situation. This requires advanpedsenger guidance, good indication and
passenger awareness that cars loaded from the lsachag door travel to different destination
floors. This is unexpected by most lift passengers could be confusing; it may be an option in the
future.

Therefore the shuttle application with one or nplitisky lobbies is preferred as it ensures good
quality of service with maximum possible handlirapacity.

7 COMPARISON OF SHUTTLE LIFT SYSTEMS

Consider a MCLS when compared to traditional doutdek lift systems in a shuttle lift
application. Figure 8 shows the compared configomat The comparison is based on the cycle
time calculations for the MCLS described in thip@aand RTT calculations for the double deck
system. Different travel heights will be comparé@0m, 200m, 300m, 400m, 500m and 600m.
Table 1 shows the parameters of both systems.raéfie tsplit is 80% incoming and 20% outgoing
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passengers equally distributed to both lobbiesuréi® shows the chosen velocity and number of
cabins and the HC5 and interval depending on

travel height. s2 D1
ey T 1w
e B
Table 1: parameters of both systems . 1 5
Double Deck|] MCLS e
Space | | ;
shafts 36 m2 24 m2 gl | = ;
+ waiting area| + 18 m2 +12 m? , P
Passenger/ca 2x16 8 IR =
'm || @ |
Numper of oxd variable | | @® Exchanger
cabins : N i
Velocity variable variable . { W Wullicansabin
o8| §o ! = f = Double deck
jke= 1l == | i cabins
Figure 8: Comparison of a group of
circulating multi car systemswith a
double deck group
Velocity (m/s) Number of cabins
12,0 35,0

100 30,0
- 25,0
: 20,0
6,0 m multi car W multi car
double deck 150 double deck

4,0
10,0

2,0
5,0
0,0 0,0

400m 100m

S00m  600m 300m  400m  500m  600m

Handling capacity (passengers/5min) Interval (sec)
600 60,0
500 50,0
400 40,0
300 m multi car 30,0 W multi car

double deck double deck
200 20,0
0 0,0
100m 400m 500m 600m 100m 300m 400m 600m

Figure 9: Comparison multi car vs. double deck depending on travel height: handling
capacity, velocity, number of cabinsand interval

The handling capacity of the multi car system isistant, independent from the travel height.

Starting with a travel height of about 200m, ig@ng to be higher than the compared double deck
system. With increasing travel height, the berdfithe circulating MCLS can be seen. To keep the
handling capacity constant at the MCLS for eveayét height the number of cabins required needs
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to be adapted for the MCLS without additional shaWithout adding any shafts the number of
cabins for the four double deck shafts is constant.

With increasing travel height the rated velocityinsreased for both systems. The velocity of the
MCLS is lower than the velocity of the double deck.

The average waiting time (AWT) and average tramsie (ATT) of both systems is compared in
figure 10. The relationship between interval andtiwg time is complex [14]. For simplicity, in
these results the average waiting time of roundiimg calculations is taken as 50% of the interval.

Waiting time and transit time
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Figure 10: Comparison multi car vs. double deck depending on travel height: average waiting
time (AWT) and averagetransit time (ATT)

Since the interval of the multi car is constang #verage waiting time is constant. Although the
chosen velocity of the multi car is less than tbelde deck, the time to destination of the MCLS
provides better values. This is caused by lowerage waiting times and shorter passenger
loading/unloading times.

8 CONCLUSION

Handling capacity for a circulating MCLS is based the minimum possible cycle time of the
system. The minimum possible cycle time of a cating MCLS is discussed and defined in this
paper. If the average RTT of a MCLS increasesntimaber of cars has to be adapted in order to
keep the minimum possible cycle time and a congtantling capacity. To achieve the minimum
possible cycle time without traffic jams the vetgas also adapted. Safety distances and stopping
distances needs to be calculated and consideredder to calculate reasonable values for the
minimum possible cycle time.

Based on a cycle time and RTT calculations a atouy MCLS and a double deck system are
compared with different travelling heights in a gleuapplication. The MCLS provides constant
values for handling capacity and average waitingetwith increasing travelling heights by adding
more cars to the system. Also short cycle time lesaghort average waiting times.

These values need to be proven by simulation. Ack@rcontrol algorithms may also enable
additional MCLS applications.
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Abstract. Among the most interesting artifacts associatedh wihe history of lifts are
manufacturers’ catalogs. The audiences for thesamdents included architects, building owners,
engineers, and other lift manufacturers. Theselaggaypically included detailed descriptions of
lift types and individual components, which were@uopanied by illustrations and accounts of
specific installations. The catalogs also oftencdbed normative use patterns, which allows a
unique glimpse into the world of late %nd early 20 Century lift operation. Finally, the
advertised critical virtues of lift system were ganto contemporary products: they were described
as safe, efficient, and economical. The catalogsnaéxed for this paper include those published by
Brady & Thornborough, R. Waygood & Company, ArchibaSmith & Stevens, William
Wadsworth & Sons, Ltd., and H. Breakell & Co. (Bdaarn) Ltd.

1 INTRODUCTION

The typical lift catalog in the late T9%nd early 20 century included text that highlighted the

technical virtues and qualities of a company’s pias, illustrated various lifts and lift components
or accessories, and contained testimonials fronsfigat customers. Catalogs were also often
published with the specific goal of educating teader on topics such as lift safety, technology,
application, and use. The goal was to lead theeredo the inevitable conclusion that the

manufacturer offered the safest and most technmdigiinnovative lift on the market, which was

ideally suited to the reader’s needs.

The catalog author faced a distinct challenge @t ke was writing for several different audiences:
engineers, architects, and building owners. Intamdito these target audiences, the authors of lift
catalogs also, occasionally, aimed their rhetaritheir industry rivals. Although rivals were rayel
mentioned by name, the phrases and language endpbfigsn allowed readers familiar with the lift
industry to perceive these subtle commercial astadke following examples illustrate all of the
topics referenced above and also reflect the diyes§lift catalogs published during this period.

2 BRADY & THORNBOROUGH

Brady & Thornborough of Manchester was a typicgresentative of an important type of"19
century lift manufacturer. The company primarilyvadised itself as “Manufacturers of Patent
Revolving Shutters in Wood, Iron or Steel” [1]. Hewver, in their advertisements this designation
was often followed by — in much smaller type —stiig of their secondary line of products, which
included “Improved Self-Acting Sun Blinds, HoistsdaLifts & Patent Swivel Partitions” [1]. The
capacity of a general manufacturing firm to buiftslwas predicated on the perceived mechanical
simplicity of systems used in small commercial aglt-industrial buildings.

Brady & Thornborough’s 1887 catalog devoted twaiteftwenty-three pages to hoists and lifts.
These products included hand-powered lifts, dirifisr (dumbwaiters), and goods and passenger
lifts. The latter could be powered by a gas or retemngine or by line shafting. The catalog’'s
advertising copy is intriguing because the tetevator was used to describe their two primary lift
systems: one was referred to as a “self-sustaialagator” while the other was identified as a



86 5th Symposium on Lift & Escalator Technologies

“goods & passenger elevator” (Fig. 1). The formasvessentially a hand-powered platform lift that
could be fitted with a “power gear” driven by lisbafting. The goods & passenger lift utilized a
belt-driven winding drum machine and featured awmlased car. Although the catalog copy
referenced safety devices, the text implied thase¢hwere not standard features: “Safety apparatus
is fitted to the cages, when required, on the napgtroved principle” [1]. This statement raises
several questions about the use of safeties, ssctwlay would they only be installedhen
required? The use of the phrase “on the most approved ipkaiovas also commonly employed
when a manufacturer wanted to avoid having to ifleat specific technical solution to a difficult
problem.

Figure 1. Brady & Thornborough’s Self-sustaining Lift (left); Goods & Passenger Lift (right)

3 R. WAYGOOD & COMPANY

R. Waygood & Co.’s 1889 catalog left no doubt akibetimportance of lift safety and the specific
means with which it was ensured. By the late 188@ygood was one of the country’s leading lift
manufacturers and they described themselves asdtlyd engineers” who specialized in high and
low pressure “hydraulic lifts and elevators” [2]hdy also manufactured “all kinds of lifts and
hoists for passengers, merchandise or food,” whiere “worked by hand power, gas, or steam”
[2]. The firm could readily provide “designs andiemtes for fitting up lifts in clubs, restaurants,
offices, hotels, mansions, factories, public angate buildings” [2]. Their catalog’s title, graghi
presentation and content, reflected their commeesciecess and specialization. The cover title was
Hydraulic passenger Lifts: A Guide to Intending Purchasers. The secondary, interior title was, in
typical 19" century fashion, longer and even more descriptiydraulic Passenger Lifts: A
comparison of the distinguishing characteristicsdioéct-acting and suspended lifts and of high-
pressure and low-pressure systems for the guidaint®se interested in the adoption of high-class
work” [2].
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The catalog opens with a statement about the dupexneption of lifts: “As the prejudice which at
one time existed against Lifts (or Elevators amythre called in America,) has given place to an
almost universal appreciation of their utility theye being more generally used, and ... no
important edifice is considered complete by PrdprieArchitect, or Tenant without one” [2]. The
reference to America and elevators is intriguing aray have hinted at an interest in expanding the
company’s presence across the Atlantic. In 1889 gblagt had offices in London, Liverpool, and
Birmingham, agents who represented them in Amsteraand a full branch office in Melbourne,
Australia. Thus, the prospect of a branch officAimerica may have also been under consideration
(in the 1890s Robert Carey of Waygood pursued twi Patents for hydraulic lifts).

Although the catalog provides descriptions andsitations of three different hydraulic lifts — thei
Patent Hydraulic Balanced Direct-Acting Lift, Patefigh-Pressure Suspended Lift, and Low-
Pressure Suspended Passenger Lift — the cataloglsa@s to convince readers that “Waygood’s
Patent Hydraulic Balanced Direct-Acting Lift” wdset“best class of lift” available (Fig. 2). Thetlif
employed a “companion cylinder” or accumulator tpabvided the required water pressure to
elevate the ram and car. Although they marketedp'ended lifts,” they claimed that their direct-
acting lift was “inherently safer than those whadpend upon the support of chains or ropes” [2].
The direct-acting lift also had an aesthetic adaget “In point of appearance a Direct-acting Lift
balanced by hydraulic pressure commands a veryadgrkeference, especially if the Lift is to be
fixed in a handsome staircase; as this arrangemands the overhead beams, sheaves, and ropes
or chains, which constitute a disfigurement androiss the light” [2].
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Figure 2. Waygood'’s Patent Hydraulic Balanced DireeActing Lift (left); Waygood’s High-
pressure Hydraulic Plant (right)

In addition to illustrations of the three typeshydraulic lifts. The catalog includes a drawingaof
“high-pressure hydraulic plant” that provided power a direct-acting lift on one side and a
suspended lift on the other (Fig. 2). A close regaf the image reveals the presence of a boiler on
the left, a massive accumulator in the center, allssteam engine and pump (with an associated
array valves and controls) on the right, and thezbatal hydraulic cylinder of the suspended lift
located under the floor. Addition details incluthe twell-dressed gentleman seated on the bench in
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the passenger car, and the standing passengee oighh who appears to holding the lift's shipper
or control rope. This relatively complete depictioha lift mechanical room is somewhat unusual
and offers a rare glimpse into this aspect of dédtliistory.

4  ARCHIBALD SMITH & STEVENS

The title of Archibald Smith & Stevens 1905 cataledotes on Electric Lifts — emphasized the
publication’s educational focus. This was, in fabg third edition of this catalog and the ratienal
behind its publication was clearly stated in theaduction: “In placing before you a third editioh

our notes on this subject, we have taken the oppibyt of bringing it up to date, and it thus
becomes more than ever a Record of Results obtaingcctice. The careful purchaser will place
more reliance upon a sober statement of resulig\aih than upon a glowing series of promises as
to future performance, and we therefore submit fiilwing notes chiefly as a statement of
accomplished facts. Where deductions are drawnomlsl be remembered that they are based on a
continually growing volume of facts, and it is giyhg to find that every statement put forward in
earlier editions is fully confirmed by the additadrdata now available” [3]. This introduction, ¢id

“A Record of Actual Results,” represents a wellf@d advertising strategy in its precise use of
words: careful purchaser, results and practice versuspromises, and accomplished facts [3]. It
compliments the potential client on their intellige for making a decision based on facts and
established a calm, confident narrative tone ttet sustained throughout the catalog.

It must be remembered that, in 1905, the eledftievhs a relatively new development and it faced
strong competition from hydraulic lift systems, ialh dominated the marketplace. This context
doubtless determined the focus and content of dkedag’s first section: “What type of Lift shall |
adopt?” This section was devoted to a detailed @vispn of electric and hydraulic lifts with the
goal of answering the question found in the tifléhe catalog’s author noted: “This question
confronts the Architect and the Property Owner, whahe babel of conflicting claims, are sorely
puzzled as to what they may accept as reliable.object of these notes is to offer some assistance
towards the elucidation of the problem, in the €hap a brief statement of facts culled from
experience” [3]. While the “brief statement of fitincluded thorough descriptions of the merits of
both hydraulic and electric lifts, Archibald SmghStevens’ primary argument was summarized in
two tables.

The first table provided comparative cost datatfioee electric lifts, five hydraulic suspended high
pressure lifts, one hydraulic suspended low-preskity and one hydraulic ram lift (Fig. 3).
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Cestof |
Travel Avss}taze Number
Type of Lift. Load. Source of Power. in |Round Trip| of Trips Remarks.
Feet. | Up & Down| per penny.
in Pence.
Electric ... .. 7 cwt. Birmingham Corporation ... 50 072 136 Observed. Conditions ordinary.
| Current at 23d. Test covered
l 40 round trips with full load.
Hyd. Suspended H.P. ...| 7cwt, Manchester Corporation ... S0 | -29 345 Calculated from Published Scale.
Hyd, Suspended L.P. ...| 7cwt. Town Supply ... 50 J 445 22 Calculated at 6d. per 1000
| Gallons. Pressure, 50 lbs.
Electric ... . . 9wt Private Supply ... 80 ‘066 15 Cbserved. Conditions ordinary.
.} Current at 21d.
Hyd. Suspended H.P. ...| 9 cwt. London Hyd. Power Co. ... 50 |! -237 422 Calculated from Published Scale.
Electric ... ... 9cwt. Glasgow Corporation .. 50 .| 066 16°4 Observed. Current 24d.
Hyd. Suspended H.P. ... 9 cwt Glasgow Corporation .. 50 J 212 47 Calculated from Published Scale.
Hyd. Suspended H.P. ... i2cwt. London Hyd. Power Co. ... 50 287 348 Observed.
Hyd. Suspended H.P. ... 9cwt. London Hyd. Power Co. ... 50 *235 425 Observed.
Hydraulic Ram. H.P. .. 12 cwt. London Hyd. Power Co. ... 50 344 2:9 Observed.

Figure 3. Table 1. Comparative Cost of Working Hydaulic and Electric Lifts, Archibald
Smith & Stevens,Notes on Electric Lifts (1905)

The table includes information on load, power seuttavel distance, average round trip cost, and
number of trips per penny. The efficiency and ecoynof the new technology was evident by the
fact that the three electric lifts made an averdgdrips per penny while the seven hydraulic lifts
made an average 3.6 trips per penny. The tableiatdodes a column titled “remarks,” which
indicates how the cost data was determined: ircases the lift was “observed” and in four cases
the information was “calculated from published stal3]. Although the term “observed” is
undefined, if it is assumed to mean both the litetzservation of a machine in action and the
accurate measurement of its power consumption, thendata contained in the table supports
Archibald Smith & Stevens’ statement of using faatsl actual results to assert their claim of
greater efficiency. The second table provided ahoparational cost figures for the company’s
various electric lift types with the detailed cdigiures given in pounds, shillings and pence. The
average annual electric lift cost was £8 5s. 4dilevthe average annual cost of operating a
hydraulic lift was £15 11s. These tables, and tlhssociated text, allowed Archibald Smith &
Stevens to proclaim: “The only conclusion possiisieéhat the Electric Lift is relatively a most
economical machine as regards power” [3]. The statg’'s wording is a perfect example of a
mostly definitive statement that is carefully modified ttne word “relatively.”

The remainder of the catalog addressed a varietipo@ts including repairs, types of current,
machine drives (direct coupled or belt and couslt@ft), and controls (hand-rope, electric switch or
push button). The catalog noted that, when the emypfirst commenced the manufacture of
electric machines” they were “doubtful” regardifg tannual repair costs associated with this new
technology [3]. However, after “a few years of pieal working” they realized that the annual
repair cost was “almost negligible” and that a ‘Mgdsigned electric lift” required “less repair tha
any other form of lift” [3]. A survey of repair wkirthey had done on their machines revealed that
the annual cost to their customers was £2 19s.oilmer technical features are described with the
same clear, straightforward prose employed througtie catalog. In addition to this precise prose,
the catalog also contained thirteen black-and-wphetographs: eleven that depict various lift
machines and two that depict passenger machinascaiis (Fig. 4).
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Figure 4. Archibald Smith & Stevens’ Passenger Lifwith Art Ironwork Cage and Four-pole
Motor with Balanced Gearing (left); Ten cwt. Passeger Gear, 1902 Pattern (right).

The catalog’s final section had a question fortl@:ti'What are the essentials of a good electric
lift?” Archibald Smith & Stevens’ answer to thisegtion was predictable: “Our best answer to this
guestion is obviously a description of the machirteich we have gradually perfected during
several years of manufacturing experience, combividd close observation of results” [3]. While
this statement reinforced the integrated themegradtical experience and a results-based-design
strategy, the general description of their eledifis that followed was aimed at their competitors
“Our electric lift is not a miscellaneous collectiof unrelated parts separately designed for variou
purposes, and gathered together from all quarbarsjs a carefully considered and harmonious
arrangement, designed specially for the purposgein, every detail being in perfect relationship to
its fellows, and specially adapted to the pecuieuirements of lift service” [3]. It was common
practice in the early 20century for electric lift manufacturers to builietwinding drum, safeties
and mechanical components and then purchase tb&ielmotor, controller and other electrical
components from companies that specialized in g@duction. Only the leading companies had
the resources to manufacture an entire electtisy$tem. Archibald Smith & Stevens also sought
to set themselves apart from their perceived lepnlidustry rivals. They described their electrt li
as “the first, and we believe, so far, the onlyireht British-made machine on the market” [3]. This
statement was likely aimed at Otis who had estabtishe American Elevator Company in London
in 1885, which had become the Otis elevator Comphtay (London) in 1900.
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5  WILLIAM WADSWORTH & SONS, LTD.

Whereas Archibald Smith & Stevens quietly claimedbuild the “only entirely British-made
machine on the market,” William Wadsworth and Soims,their circa 1920 catalog proudly
proclaimed (in bold type face) that their electiits were “British Built Throughout” [4]. In fact,
this phrase appeared throughout their catalog, twhias titledWadsworths Lifts, Transporters,
Hoisters. The 168-page catalog was not, however, evenlydeliv between these three topics.
Information on electric lifts filled 120 pages, WiB6 pages devoted to transporters (self-landing
and delivering hoists) and 12 pages addressedei®igbb cranes, friction hoists, hand lifts, etc.)
The catalog’s graphic design also reflected thigteat division: each page had a decorative border
that featured the company’s name, hoisting shedifies)achines, and a declarative phrase. In the
section on passenger and goods lifts Wadsworth waroeal that they were “Electric Lift
Specialists” and in the sections on transportedshanisters they were simply “Engineers” [4]. Other
more subtle differences in the border design inetudifferent engines, gearing, and the presence of
a car versus a lorry (Figs. 5 & 6).

Figure 5. Header and Footer DesigriWadsworths: Lifts, Transporters, Hoisters (c. 1920).

Wadsworth’s catalog copy embraced several of tlemés employed by Archibald Smith &
Stevens, however, the landscape of the lift ingulstrd clearly shifted during the 15 or so years
between the two publications. Wadsworth claimed tHactric lifts were now “superseding the
earlier types of hydraulic and belt-driven liftsf]] While the gradual ascendance of the electitic li
in the marketplace was perceived as sign of mogemider technologies and/or operating systems
were still present in significant ways. The pregenta 24-page section on belt-driven goods lifts
served as a reminder that one of the first meansouwafering lifts — the belt drive — remained a
common feature in British factories. According tatlgworth: “In works where mechanical power
is available, or the cost of an Electric Lift i®pibitive, a Belt-driven Lift is a safe and effioie
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Figure 6. Header and Footer Designiwadsworths: Lifts, Transporters, Hoisters (c. 1920).

machine” [4]. These lifts were also often contrdllgy shipper or hand ropes, the first means of lift
control that was introduced in the early 1800s. kElosv, while one goal of the catalog was to
introduce the potential client to the full rangditi6 manufactured by Wadsworth — which included
older systems — the clear focus was on the modewgtrie lift. Thus, in addition to hand rope
controllers, the catalog included detailed desiost of car switch, semi-automatic push button,
and automatic push button control systems.

Wadsworth also emphasized that the company wasatedito lift manufacturing and they echoed,
on a catalog page titled Caution, Archibald Smith & Stevens’ warning abocgrtain types of
rivals: “TheBete Noir of a Lift-maker or User are the firms who playbaing Lift-Engineers. They
purchase various parts from different sources -ear ¢pox from this firm, a controller from that
firm, and so on. They assemble the parts togethdrthen style themselvdsft-makers’ [4].
Wadsworth urged readers not to be “misled by sirohsf otherwise your experience may be sad
and expensive” [4]. They also reported that thécteic lift motor was “specially built” to their
specifications by a “first-class firm,” noting thttis was “the only portion” of their lifts sub-léd
another manufacturer, with all other parts manui@ct “under expert supervision” in their works
[4]. They also stated that each lift was subjedtec “severerunning test” prior to leaving the
factory. Wadsworth summed up its approach by natirag, while their lifts were not the lowest
price in the first cost, they represented the “Bgjhquality at a reasonably low price,” reminding
readers that “the cost of a good lift is soon fatgyo, but the quality is well remembered” [4].

A common feature of many lift catalogs was infonmatrequired when ordering lifts or seeking
estimates. Wadsworth recommended that clients mgelastimates provide the following
information: “maximum load, height of travel andnmoer of landings, speed, size of car or well-
hole, class of lift required (whether for passesgar goods, or for both), current supply available
(if alternating, also phase and periodicity), anetimd of control” [4]. The catalog also included a
series of plans intended to help readers deterthmear size and shaft dimensions. The drawings
provided, and their accompanying text, addressetbus counter weight, guide rail and engine
locations and illustrated the versatility of lifegign: for example, cars could have one, two aehr
doors. General information included proper placan@nthe shaft bonding timbers, the height
required above the car (depending on machine mogatpit depth, car area per passenger (three
square feet was recommended) and basic shaft diomend he latter were interesting in that all
dimensions were given from the interior of the skafll to the interior of the car (Fig. 7).
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Figure 7. Lifts Plans and Section: “How to determire the size of car and dimensions of lift
well,” Wadsworths: Lifts, Transporters, Hoisters (c. 1920).

In addition to manufacturing lifts Wadsworth alsmyided an inspection service. The company
stated that they had “inaugurated, some time aggystéem of inspection, which has made such
rapid strides during the past two or three yeardng such excellent results, proving economical,
and saving our customers much trouble and annoydmaewe are now enabled to keep a regular
staff of practical engineers for carrying out suespections” [4]. Wadsworth recommended that
their practical engineers inspect lifts “three or more times per annum” [Ajter each inspection the
client received a report on the lift's conditiondathe repair work required (if any). The costs
associated with this service depended on the th# machine and the number of inspections per
year. The prospective of inspecting aftliftee or more times each year may reflect — in spite of its
increased commercial popularity — concerns assxtith the relative newness of the electric lift
and unknowns about its operation over long peraidsne.

The Wadsworth catalog’s 175 illustrations featuneeatraordinary collection of color and black-
and-white photographs of lift machines, componeans, cars (Figs. 8-10). The various components
illustrated include gates, limit switches, automdlbor setters, direction limit switches, contes,
speed governors, slack cable switches, automatesvscut-off switches, safety catches, and lift
enclosures. The machine types illustrated includectdconnected electric passenger and goods lifts
as well as belt-driven goods lifts. Although théommation associated with each image varied, it
permits a glimpse into the commercial and indusseitings of these lifts. Passenger lifts were
depicted in hotels, infirmaries, offices, publialdings, and an art gallery and a jeweler. Goofts li
were depicted in a variety of factories, works avatehouses including a boot factory, furniture
works, soap works, rubber works, cloth warehouse, r@ilway stations. Other specialized lifts,
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such as automobile lifts, were also illustratede Thages of belt-driven goods lifts and transperter
are also of particular interest in their depictadrearly 20" century industrial buildings.

Figure 8. Electric Passenger Lift (left); Passengdrift Car E7. Wadsworths: Lifts,
Transporters, Hoisters (c. 1920).

Figure 9. Passenger Lift in Offices (left); Belt-diven Goods lift (right). Wadsworths: Lifts,
Transporters, Hoisters (c. 1920).
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Figure 10. Electric Passenger Lift Winding Drum (Idt); Electric Goods Lift (right).
Wadsworths: Lifts, Transporters, Hoisters (c. 1920).

6 CONCLUSION

Although the collection of catalogs examined fas thaper is limited in number, their relative age,
size, scope and focus represent a reasonably chemmige cross section of the most common
catalog types published during this period. BradyT&ornborough’s comprehensive catalog
featured their full range of products, with lifteygn the same emphasis as self-acting sun blinds.
While Waygood sought to educate prospective “int@pgburchasers” on the virtues of their lifts,
Archibald Smith & Stevens saw themselves as edugatbout and advocating for the newest lift
technology. Wadsworth’s massive catalog represeteadange of electric lift types manufactured
in the early 28 century, illustrating the sustained presence déwotechnology alongside the latest
innovations. Finally, the language associated wéling lifts reflects the culture that produced it
and, in many ways, resonates with contemporaryréidivey copy that seeks to convince potential
customers to buy one lift over another.
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Abstract. This paper outlines the process, and providesigight into the best practices that were
implemented throughout the course of a Knowledg:3fer Partnership (KTP) project undertaken
to develop an innovative Machine Room Less (MRIff) $siystem. The particular attention on
Knowledge Transfer Partnerships, project manageneamhposite materials, design process and
new technology allows for evaluation of the effeetiess of the KTP scheme.

1 INTRODUCTION

Global economy and unrestricted access to procaraismarkets forces companies in developed
countries to have a continuous improvement andvation strategy in place. This is even more
important for Small and Medium Enterprises (SMESs)the ability to relocate their manufacturing
operations to save labour costs is limited by a lmemof factors. The active strategy of Innovate
UK, a leading innovation organisation that works #ind with the businesses allows for a
significant boost of available resources and fugdij.

2 KTP PROJECT OVERVIEW
2.1 Knowledge Transfer Partnership

Knowledge Transfer is commonly defined dge exchange of information through networks
where knowledge transfer is about transferring gaddas, research results and skills from
universities and other research organisations, teibess and the wider community to enable
innovative new products and services to be devdl{Ple

Knowledge Transfer Partnerships is a programmehénUnited Kingdom helping businesses to
improve their competitiveness and productivity gskmowledge, technology and skills [3]. A KTP
aims to meet a core strategic need and to recogoigal solutions to help that business grow. The
rationale behind KTP projects is that the succéssbinmercial exploitation of new ideas will
require knowledge, skills, technology and adapitgbih order to implement it. A number of
selected case studies accessible on the KTP pootdt increase understanding of the programme
impact on UK economy [4]. The desired outcome &fT& project is to embed new capability into
the company, improve efficiencies, optimize bussngmerformance, define arising business
opportunities and to bring new technology to theket

It is proven that'businesses acquire new knowledge and expertisehwisi related to tangible
outcomes on a large scale. For every £1 milliorgo¥ernment spend the average benefits to the
company amounted to a £4.25 million annual incraagarofit before tax, £3.25 million investment
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in plant and machinery with 112 new jobs created ah4 company staff trained as a direct result
of the project. [5].

2.2 Project Stakeholders

Project stakeholders include the company parther khowledge-base partner, KTP adviser, KTP
sponsors and the associate. The company that clertake a KTP Project is usually a UK based
business (but in some cases it can also be a nprdfit organization) regardless of size. The
knowledge-base partner is a UK based higher educaistitution (HEI) which can be a public or
privately funded university, college or researchamization. The expertise of a knowledge- base
partner would normally be aligned with the partasyproject. A KTP adviser is a mentor appointed
to provide unbiased views on the project's prograsd to provide solutions to any potential
problems that could arise. KTP sponsors includevate UK and the company. The associate that
is appointed to work on the project is a recentigldied graduate from a UK based educational
institution. The associate is normally employedhsy knowledge-base partner but is working at the
company premises. Project progress and future recticere reviewed by the main stakeholders
during Local Management Committee (LMC) meetingsaperiodic basis. In the case of this
project, the project team included three supersisaith both academic and professional
gualifications, who were visiting the company omegular basis and were able to advise on any
related matter.

2.3 Project Benefits and Deliverables

In any project deliverables and products are thacle to acquire the benefits. For a company
partner the benefits would include new knowledge aapability, enhanced performance and
profitability. Although it is not always possibleuding a KTP project to deliver a commercial
product, as the knowledge developed in academiitutisns may need extensive or intensive
adaptation to particular business applications yélaé know-how obtained by the companies during
the project allows for innovative change in busssss This is quantitatively shown by statistical
figures of annual increase in profit before tax aegv jobs created [2]. In case of the knowledge—
base partner, the acquired benefits would includeaeced knowledge, academic publications,
research and teaching materials. The structutieeoproject would allow the associate to gain new
skills related to technology, communication, mamaget and organisation, and to increase
competences by formal and informal training. A mndjon of the project budget is reserved for the
associate’s personal development, allowing forerapeogress and increased employability. In this
particular case, the associate working on the ptdjad an opportunity to attend two week-long
training sessions in project and business manageifieis training was critical to effective project
management and understanding of project constraaslitionally, the development budget
allowed the associate to determine and attend #gwional training in composite materials and
relevant trade shows in line with project demands.

2.4 Project Proposal

It is an essential element of a KTP project thatclproject objectives are communicated to all
parties prior to commencement of any work. In aaisany KTP Project the objectives need to be
defined during the project funding application. $&eobjectives were further clarified when the
company and knowledge-base partner representagregd on the objectives which were written
down in an initial project plan. At the grant agpgliion stage the original aim was definedt@s

research, design, implement and embed an in-hoeshanical design capacity to manufacture an
innovative new range of energy efficient, greess. lifhis plan was drafted prior to the appointment
of a KTP associate, therefore it was a base pomaifiy possible developments in the future. This
allowed preparation of a project proposal, whetekabwn modern technologies, materials and
solutions were outlined and analysed. Technologiese divided into energy storage, energy
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saving, energy regeneration, and energy generailoat innovative and prospective options which
were associated with highest risk were evaluatéugus Strengths — Weaknesses — Opportunities
and Threats (SWOT) analysis. This allowed for astamtive discussion by all parties in the
project team.

2.5 Project Planning

The duration of this particular KTP Project was ri8nths. Although the standardized PRINCEZ2
methodology in project management [6] could be anpnted, it was found to be excessively
bureaucratic and time consuming therefore a simpglimethodology based on a Gantt chart was
used during this project. Workload was initiallyidied into separate subsystems allowing for
drafting an initial Gantt chart. This initial Garthart was reviewed and all necessary amendments
were made where appropriate.

2.6 Project Management

Every project is unique, with different sponsor astdkeholder conditions, different goals and
external factors. The successful delivery of agubjequires all participants to work together as a
team. Effective teamwork is based on both good'mé and structured communications.

In the case of this KTP Project the communicati@ans included: Local Management Committee
meetings held every quarter, project team meetiefs every month, weekly meetings and ad-hoc
meetings with Company Supervisor, proposal subpmsginnovative technology or business
opportunities as a result of research, meetingsir to a relevant trade show), project presentetio
during LMC, meetings with Knowledge Base Partneingisvirtual meeting tools, emalil
communication, preparation of agendas and meetimgites, review of Gantt charts and project
plans. Fig. 1 shows project drivers which are comnfar all projects that are undertaken by
practicing engineers. It is evident that the riglpmject failure must be minimized by ensuring the
scope and quality of a project is achieved wittpacified timescales without exceeding a specific
budget.

Fig. 1: Project Drivers

Project drivers were discussed by the Project ®taklers during the early stages of the
development allowing for a drafting of a compreheasproject plan based on KTP project
proposal. During the project it has become appdrettte company that a large investment would
be necessary to manufacture a new lift range. A®salt the company decided to discuss
partnership with established manufacturers of adstal range of components.

3 CASE STUDY

The case study to design a new, innovative MackRpoem Less lift (MRL) includes use of a
number of engineering techniques in order to opimihe design and installation process and
reduce overall energy consumption throughout tlelyt lifecycle of the proposed lift system.
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Specification of a new lift system include: new,gmsite modular lift cabin, new drive with
optimised selection of modern, coated rope susperaid Permanent Magnet Synchronous Motor
(PMSM), Remote monitoring solution, and Energy nanimg capability (Fig.4). Although many of
the technologies were previously successfully imgeted in a lift system, the use of modern
technology workflow in design, such as three dinmms Computer Aided Design (3D CAD)
software, motion analysis, and Finite Element As@ly(FEA) including Composite Material
Modelling constitutes a novel approach to a lifsiga. Apart from the main design, project work
has also included the initial design of a new, sidjnle counterweight system, studies on energy
savings, energy monitoring devices, embedding leaihing device into remote monitoring and
into a lift control system in order to determindt lenergy consumption, improvements in
functionality of a software based control systetar{dby and sleep modes), development of energy
certification tool for all lifts, and research afsker alignment systems in lift installation.

() &) w )N R
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Fig. 2: 3D CAD model of a new lift system

The main benefits of the chosen methodology includduced cost and time in product
development. Additionally, 3D CAD along with moti@malysis was used extensively to evaluate
and visualize concepts, obtain feedback from stalkleins, communicate with customers and
suppliers, and create General Arrangement drawamgs manufacture drawings. Finite Element
Analysis allowed determination of reaction forcescritical areas of the design. This significantly
reduced the cost and time required to develop dyato

Advanced Composite Materials (ACMs) have broady@noapplications in aircraft, aerospace and
sports equipment sectors [7]. Application of tlEshnology in the lift industry is still marginals a

the financial benefits related to the cost of depeient are not as significant as in the previously
mentioned sectors. The Knowledge Transfer Partigessiheme allowed us to minimize the cost of
development with the help of the Knowledge-bas¢near During the initial research a number of
composite materials were evaluated, including fieieforced polymers (FRP) and glass reinforced
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polymers (GRP), and composite laminates with a ramatb core materials. The selected solution
was a best option compromise between structurébqmmeance, mass and cost.

Mechanical performance of the structural compondmsluding composite components) was
evaluated using Finite Element Analysis (Fig. 5)ffddent operational scenarios were evaluated
using Failure Mode Effect Analysis (FMEA) [8] and timit the time of development the
simulation work was concentrated only on worst casnario loads. Results were confirmed using
analytical calculations developed for compositeghafFig. 6.).

Detailed Calculations
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Fig. 3: Finite Element Analysis — plot of deflectia of lift cabin and Composite Panel
Calculations

Fig. 4: Prototype of a Cabin Floor under static load test
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The FEA simulations allowed the most critical com@ots in the design to be determined. This
allowed the cost of development to be minimizedt ags only required to test the components in
guestion. Tests performed by the cooperating cognpfiawed the evaluation of material strength
and the options made possible by using adhesivethendesign. It has also allowed the full

component build of the lift floor to be progressddhe work was carried out in a well-known

strategy loop: Plan — Do — Check — Act. The devalept was also optimized for cost during the
development and during Design for Manufacture stage

A prototype of the floor was manufactured in thempany using standard manufacturing
procedures such as drilling, cutting, grinding, aathesive joining. Welding, plasma cutting and
waterjet cutting of structural members was donecbgperating subcontractors. Manufacturing
procedures were documented in appropriate manwsssciated with manufacturing drawings,
required Risk Assessments and COSHH forms [9]. isuee that the company benefits from the
project design and manufacturing, a training paekag manufacturing operatives was developed.

The lift system could be optionally equipped withheanote monitoring system which allows for
determination of an efficient service schedulestheducing the costs to the maintenance company
and the customer. In this case, the company hadhate monitoring system available which can
also support a voice alarm transmission (ICOM)nagsGSM, for transferring data and voice
utilising modern interface allowing for easy implemtation into any architecture.

The system has modular design, allowing it to cohite other modules such as a continuous load
monitoring module, temperature monitoring and egendition monitoring modules, which could
monitor vibration in lift components that could iodte wear.

3rd Party Lift CANBus
System [P Encoder

1'-coOM

ACE Netvon
Silveriight Application

Fig. 5: Remote monitoring solution

The energy efficiency of any lift system could benbhmarked using interactive tools developed
during the course of this project.

Although the full scale field tests of a new desimyere not feasible due to difficulties and
associated cost, it is perceived that the enerfigiexicy and carbon footprint of a new design
would be improved in many areas. Use of 3D CAD #&sign greatly reduces errors in the
manufacturing (time and material waste) as the @apt can be evaluated in 3D prior to
manufacture. A composite cabin has a potentiabdticed mass, which would allow the use of a
counterweight system of smaller weight, thus redyd&oth costs of materials, system footprint and
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installation time and effort. A composite cabinigasd and built in the UK would also reduce the
project footprint as the lead time can be shortew#i an additional benefit of much better
customer experience and flexibility in the design.modern control system, with monitoring
capability and energy saving modes would be beiaéfic delivering greater benefits in energy
consumption.

4 CONCLUSIONS

Development of the project was associated with memgllenges and risks. It was possible to
minimize the risks and turn challenges into oppaties by effective teamwork of the project team.

The technology of a design process of a new lifgeaand manufacture of a new composite cabin
was successfully researched and embedded intoaitmpany. In a design process all required
components were appropriately selected, ensuriegggrefficiency and suitability for application
in a new range of lifts. All required calculatioaad tools allowed us to design and specify the
mechanical side of a complete lift system.

The energy efficiency was addressed in many arethe @roject, including:

« the initial design of a new, adjustable counteghtisystem and studies showing possible
savings achieved by using the new system,

e using energy monitoring devices on a standardearfdifts to determine real values of
energy consumption in a lift system,

* embedding a load weighing device into remote moimgoand into a new range of control
systems in order to determine lift energy consuampti

e improvements in functionality of a software basemhtool system (standby and sleep
modes),

» development of energy certification tool for aftdi

» research of laser alignment systems in lift inatadh.

Business performance was discussed in many casesgliout the project duration; examples

include optimisation of the manufacture and desifja standard lift control system (decreasing the
cost and size of components) and use of energyicatibn tool in sales and marketing. During the

project the Associate has also contributed to theapany operations, gaining knowledge and
helping in design, planning and project manageraetitities on a number of occasions.

The Associate has acquired a wide range of knowledtated to the lift sector. In many areas the
project was successful and allowed us to embedaagability into the company, to fill knowledge
gaps, improve the design process, improve new @raojievelopment, improve quality and
efficiencies, propose solutions to optimize bussngserformance, propose new business
opportunities and to bring new technologies to tharket. The knowledge-base partner has
acquired understanding related to the lift marked) life implications, constrains and problems in
the small enterprise and knowledge of all actigitigthin the project which would allow for further
innovations in the field of vertical transportation
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Abstract. Speed reduction of escalators is commonly empleyaddwide and has been shown to
achieve savings in energy consumption and compomedr. However, although London
Underground has considered speed reduction, themeticurrently a strategy in place to optimise
running speed based on quantitative data. Thig/segkarches current practices, relevant previous
work and state-of-the-art technology to determireedcope for investigation. Energy consumption,
component wear, human factors, safety and passegeney time are all considered. A
combination of primary empirical data, theoreticalculations and secondary sources are used to
derive models for a chosen escalator. These ane @pplied to assess possible options and
recommend a strategy for London Underground. It besn found that the negative impact on
passenger journey time due to a pre-programmeddspeduction during off-peak hours
significantly outweighs the savings, even at lowgsger flow rates. Automatic stop-start is not
considered feasible for a number of reasons inctu@ixcessive brake operation and the need to
overcome static friction. The recommended stratisgio reduce the speed to a crawl when the
escalator is unloaded, accelerating to full sped@nvpassengers are present. This reduces the
energy consumption and component wear whilst msimgi the negative effect on passenger
journey time, and, if used in conjunction with regetive braking, would minimise energy lost
during deceleration. Methods for early detectibpassenger arrival are suggested to avoid delays
during the acceleration phase. An application lehldeveloped using MATLAB that can quantify
and compare the impact of different variable speategies and visualise predicted cost savings.

1 INTRODUCTION

Speed reduction of escalators has numerous ades)tdge main ones being to save energy and
extend component life, and it is commonly employedridwide. Although this has been
considered by London Underground, a strategy tavige running speeds based on quantitative
data has not been implemented. The main objeofit®ndon Underground is to get passengers to
their destination safely and efficiently, so itw&hin this context that all engineering and busse
decisions must be made. In this study, speed tiedustrategies shall be assessed and models
derived to determine the financial and environmlem@act of each approach. Consideration shall
also be given to legislation, standards and huraatofs as well as existing practices elsewhere.
The most suitable strategy for a chosen escalaétl ke recommended, along with a conceptual
design of a system, to maximise the benefits oédpeduction.

11 Energyuse

London Underground’s Energy Strategy aims to a@gveduction in COof 60% by 2025, from
the 1990 baseline, as specified in the high letrategy initiated by the Mayor of London [1]. This
has led to various energy saving initiatives wtilids work contributes to.

The fixed energy losses of an escalator have bmmrséd on i.e. the losses of an unloaded machine
[2]. Variable energy losses, due to the effectpadsenger loading and behaviour, have not been
included. The number of passengers and vertistuice travelled are both independent of running
speed so the energy required to lift passengersasssmed to be unaffected by speed. This
avoided complexity in data collection and can beficmed with a trial in service.
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1.2 Availabletechnology

Variable Voltage Variable Frequency (VVVF) drives are the most widely used method $peed
control of AC motors and maximise energy efficiermy regulating both voltage and frequency.
The vast majority of escalators on the London Ugdmmd achieve this witlPulse Width
Modulation inverters which are efficient and have regenenatipability.

Automatic speed control is integral to various desi available from major escalator
manufacturers, either reducing to a slower speestapping until passenger presence is detected,
often using infra-red detection or measured pasgelogding. Other widely available technology
is 2D video counting, which has the added advantdgeroviding accurate passenger flow data.
This information is essential in determining thetimpim running speed, and is currently only
available from surveys and ticket gate counts.

1.3 Speed limitations

The limitations of speed are largely safety-relateth BS EN115 [3] specifying a maximum
running speed of either 0.65 or 0.75 m/s for theakedor configurations present on the London
Underground. The standard also specifies a 0.5sp®ed limit for rises up to 6 metres where the
angle of inclination exceeds 30°. The minimum dpewmust be sufficient to avoid passenger
bottlenecks so it is important that this is taketo iconsideration. In the event of an evacuatny,
reduced speed system should have the ability wvbeidden. The running speed is also dictated
by physical requirements of the machinery and rbestast enough to produce sufficient air flow
for cooling of Totally Enclosed Fan Cooled motors where the cooling fan is mounted on therrot
(common on London Underground escalator motors).

1.4 Component wear

Escalators have a large quantity of mechanical coapts in relative motion including bearings,
surfaces in rolling contact and surfaces in slidingtact, and a variety of materials, relative gigee
and wear mechanisms. Reduction of the speed ofmiehine will proportionally reduce the
number of cycles undergone in a given time for memyponents; however, variables such as age,
lubrication, alignment, and passenger behaviouaddl complexity to the system.

A comprehensive assessment of the effect of runspeged on the wear of escalator components
requires a significant tribology study as well asilhevaluation of the maintenance strategy which
is beyond the scope of this paper, however, a basidel has been derived based on some
assumptions to provide a starting point for furtimeestigation.

1.5 Human factors

There are many human factor issues to consider wkeiding on a strategy for variable speed.
Acceleration, deceleration and jerk (the rate oarge of acceleration) have a direct safety
implication and require strict adherence to spedifimits. There is a minimum safe transition

time between speeds, which may cause delays dacdcgjeration, and it is therefore advantageous
to bring the step band up to speed before passerepeh the comb plate.

Passenger balance when stepping on and off theimeagtay actually improve with a reduction in

speed, as the relative speeds of the steps anithdewdl reduce. This will have the biggest impact

on passengers who are elderly or disabled, andotlaeact as quickly to changes in balance.
Conversely, passengers who use the Undergroundarggmay have an expectation of the speed
of escalators and overcompensate for the requasthbe adjustment if it is running slowly.

Whether passengers are aware of a reduction indspesewell as the likelihood of walking or
standing, will influence the optimum running spe&tie perception of speed reduction is highly
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subjective and will vary from person to person,witie demographic of certain locations or times
of the day making them more appropriate for a redugpeed strategy than others. Further work in
this area would allow the human factor implicatiom$e explored fully.

As well as the motion of the machine, it has bdews that a disorientating visual effect due to the
periodic pattern of the step treads known asWhaBpaper Illusion is a common cause of accidents
on escalators [5], so a comprehensive study stadstdtake this into consideration.

2 OBJECTIVES
Following the research undertaken, the objectivehkis study were specified:

» Assess the feasibility of speed reduction on Londaderground escalators
» Derive models to predict and quantify the bendfitdifferent variable speed strategies
« Recommend a variable speed strategy and concejasign for a chosen escalator

An analysis of escalators was carried out agairsstaf criteria and a machine selected at Gants
Hill (escalator number 2). The layout of the statenabled available passenger count data to be
used to gauge escalator traffic, and off-peak spegwiction was already approved.

3 METHODOLOGY
3.1 Questionnaire

A questionnaire was submitted to t@emmunity of Metros (CoOMET). CoMET is an international
benchmarking consortium consisting of fourteen damgetro systems. The main aims of the
guestionnaire were to establish what speed reduati@thods and technologies were being
employed elsewhere, the drivers behind speed redustrategies and how effective they were.

3.2 Modédlingthe effects

To assess the impact of each variable speed strategas important not only to identify the
effects, but also to quantify them and their relaship to the speed profile where possible. Three
effects of running speed were considered in thig; veaergy consumption, component wear and
passenger delays. These outputs were exploredaselyao derive a model for each in terms of the
equivalent financial impact, with all three addeddther to give the overall financial impact.

To determine the energy consumption, empirical nnemsents of active power and power factor
were taken, using a network analyser, at increrhantaning speeds with the machine in an
unloaded state. Three replicates of each measutemeee carried out and the mean average taken.
The results were then used to determine the apppaewmer required to drive the machine and
overcome the losses in the system, largely dueidboh and inefficiencies in the drive machine.
The results were also used to determine the effeaiternative speed profiles on the annual energy
consumption and the associated cost and €ssions.

The cost savings due to reduced component wear ngpresented as a reduction in depreciation
cost per year. A directly proportional relationshtietween speed and wear rate has been used to
create a basic model to use as a starting poigpuaotify savings [4]. However, it should be noted
that this is an oversimplified model, and furtharlwis required to test it and develop it furthés

well as extension of component life, it is likelyat there will also be a positive impact on the
reliability of the assets and associated repairsardicing costs, however this was not included in
this scope of this study. The depreciation savingee estimated based the proportion of time that
the machine is running at reduced speed along gtorical data for frequencies and costs of
replacement of the selected subsystems. It woellekpected that there would be an increased rate
of wear due to the influence of passengers, thenitate of which will depend on the amount of
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loading, flow patterns and behaviour e.g. standingvalking, as well as the size and design of
machine. Therefore a wear factor has been incliudéite model to enable adjustment to be made
for this, initially set to an estimated value. [df-peak speed reduction, the figure used reptssen
the expected ratio of wear rate from peak to ofilpeme, and for automatic speed reduction it was
based on the ratio of wear in a loaded to an ueldastate. These figures can be adjusted to
observe their effect on the output, and dependmghe findings of further investigation and data
collection, could be developed into subsystem-dgecsialues based on their different wear
characteristics.

London Underground quantifies delays to passenpased on values of time defined by the
Department of Transport [6]. This can vary buaisund £6 per hour of delayed time, which will
be used for the purposes of this study. This vakierred to as host Customer Hour (LCH), is
multiplied by the quantity of hours and passengksiayed to determine the equivalent financial
cost for business cases. Depending on the actauityadditional weighting is applied to represent
the magnitude of the impact on the passenger dtleetoature of the activity, and this weighting
for travelling on escalators is 1.5. These figusese used to model the financial impact on delays
to passengers, with the ability to observe thecefié different passenger flow rates on the output.

3.3 Assessment of strategies

Automatic start/stop was not considered to be ailiémoption for various reasons. Static friction
must be overcome each time the machine startsatepp@peration of the brakes is likely to cause
excessive wear of the braking system componentsttare would be a risk that passengers may
approach machines from the wrong direction or thiht they are out of service. Two strategies
were compared. The first was a pre-programmeddspeiction in off-peak houts The second
was reduced speed operation, increasing to fukdpehen passengers are detected. Additional
data sources used in the analysis were statiors pfsmssenger count data, records of component
replacement costs and frequencies, and train &tnwas for the chosen station.

4  FINDINGS
4.1 Passenger flow

Figure 1 shows passenger count data for Gants fiith surveys undertaken by London
Underground [7]. This includes all passenger jeysnfrom the platform concourse to the ticket
hall, which equates to the total passenger flowdscalators 1 and 2 and represents a typical
weekday.

1800

1600

= Off-peak hours
1400

1200

1000

800

No. of passengers

600

400

200

o |

S P H P PSP S S 0 FFLFFL PSS S P

RS “Q“’Q“’, -\,'\' NN SN N =l ’ e
@D UQ'B ,\B q,a & O § § k £ £ 07 P LS § §

KEECHESER VR R O O n N

Figure 1: Passenger count data for Gants Hill from platformsto ticket hall

! Off-peak hours for reduced speed are weekdays @D, 10:00-16:30 and 19:00-02:00
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4.2 Questionnaire

The questionnaire results showed that speed redfuisticommonly employed worldwide, with nine
out of ten of metro systems surveyed utilising sdamel of speed reduction strategy. Although
automatic speed reduction is widely used (all mreros), stop/start is less common, with only five
out of the ten responders utilising this approablone of the responders employ a strategy of pre-
programmed speed reduction during off-peak hours.

Most of the stop/start and speed reduction systakes an input from either photocells, pressure
sensors or a combination of the two, to detectqrags. One metro systeiases its running
speed on the number of passengers entering thenstabwever it was not specified how this is
done.

Only one metro system reported a negative impalsergby passengers entered an automatically
starting escalator in the wrong direction, and actially reported a decrease in accidents after the
introduction of reduced speed. The reported egpeeas with speed reduction strategies were
generally positive, with energy saving being theshammmon, and cost savings and component life
extension also reported. The vast majority of ibgponses were positive, suggesting that speed
reduction is tried and tested and widely agredaktsuccessful.

4.3 Analysisof off-peak speed reduction
Energy Consumption Model

The empirical measurements of active power and péaetor are shown in Figure 2
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Figure 2: Empirical measurements of three phase active power (kW) and power factor vs
motor speed for Gants Hill escalator 2

The above data was converted to apparent powemaiticplied by the quantity of off-peak hours
per year to predict the annual energy consumptibime difference in energy use between reduced
speed and full speed gives the annual energy rieducthe associated cost saving was calculated
using the current price budgeted by London Undenggloof 10.71 pence per kWh and the results
are shown in Figure 3 along with a best fit linéedmined using theeast Squares method.

Speeds below 40% will not be included in the prepostrategy to avoid the risk of the motor
overheating as discussed in Section 1.3. Alstoafjh power factor correction is present, the
power factor drops rapidly below 40% of full speedlonitoring in service may demonstrate
feasibility for slower speed operation.

Due to a confidentiality agreement with COMET, widuial metros have not been named
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Figure 3: Predicted annual energy cost savings due to off-peak speed reduction modelled from
empirical power measurements

The reduction in annual G@missions can be calculated, based on the eigcigeneration factor
of 0.4585 kg per kWh published by DEFRA [8] to bstially around 1030 kg for each 10%
reduction in running speed during off-peak houaling to around 500 kg per 10% drop in speed.

Component Wear Model

The subsystems shown in Table 1 have been selextddmonstrate the approach to modelling
depreciation savings due to reduced wear.

Table 1. Component replacement data for Gants Hill 2 from maintenancerecords

Freq, fn Replacement cost, c» | Annual depreciation,
Components
(years) (£) cn/fn (£)
Handrail sweep track 3.5 4265 1218.57
Chain and trailer wheels 5 21722 4344.40
Handrail system 7.5 62415 8322.00
Step band 10 147000 14700.00
Total annual depreciation, Cd (£) 28584.97

Based on the assumptions in Section 3.2, the degateciation oh subsystems with the machine
running at full speed can therefore be modelleth wie following formula:

norc
o3 (3)
d 1 fn
where:
Cqis the total annual depreciation cost of compongémitsh continuous full speed operation)

Cn is the cost of replacement of subsyste(8)
f, is the frequency of replacement of subsystgfyears)

As speed reduction applies to off-peak hours ahlg,saving in component wear also only applies
to this reduced proportion of the total hours rufhe total annual depreciation cost is therefore
reduced accordingly before calculating the savingiso, as mentioned in Section 3.2, there will be
additional wear due to passengers during peak hearthe amount of wear attributed to off-peak
operation is divided by the previously defined wisantor i.e. the expected ratio of peak to off-peak
wear rate at full speed. Equation 1 can then bended to determingy, the saving in depreciation



Optimisation of the Running Speed of Escalators on the London Underground 111

cost per year, by incorporating these factors antdracting the predicted annual depreciation cost
at reduced speed from the annual depreciationaloerttinuous full speed operation.

L5 (@) a-0)

where:

Yq IS the annual saving in depreciation cost per yar

ho / hy is the ratio of off-peak to peak hours

x is the running speed during off-peak hours (proporof full speed)

w is the ratio of the wear rate in peak hours tovtkar rate in off-peak hours at full speed

With 13 off-peak hours each weekday and a totd¥@f hours run per week, the ratio of off-peak to
peak hours is 0.464, and an estimated value ofslapplied for the peak to off-peak wear factor.
The result, based on the estimated values and asisms of this model, is a linear relationship
between speed and depreciation cost with an inereapredicted savings of approximately £900
per 10% speed reduction during off-peak hours.

Passenger Delay Model

Applying the cost of d.ost Customer Hour to the time taken to travel on an escalator gihes
equivalent cost of a passenger’s time for the jeyrnThis can then be multiplied by the quantity of
passenger journeys per hour and a factor of 1/85@0nvert journey time from seconds to hours:

pxt

C) = CLen * 3600

(3)

where

C, is the average cost of journeys per hour

CLcH is the cost of 1 Lost Customer Hour

p is the average number of passengers per hour
t is the time for one journey (sec)

To find the total equivalent cost of passengerneys per year during off-peak hou@s, (based on
the average passenger flow rate) is multipliedngyrtumber of off-peak hours run per year i.e. the
weekly off-peak hours multiplied by 52. The tinw@ bne journey is calculated from the running
speed and length of incline, with the latter dettifeom the angle of incline and vertical rise.
Applying these adjustments to equation (3) leadbedfollowing model for the financial impact of
off-peak speed reduction on journey time:

( 52h,,.p.7 ) (1 1) @
= * ——— ] . - =
Y CLeH 3600. v. sing9 X

where:

y; is the equivalent cost saving due to passengengguime per year (£)
hy is the number of off-peak hours run per week

r is the vertical rise of the escalator (m)

@ is the angle of incline

xis the proportion of full running speed during-p#ak hours

v is the step speed at full speed (m/s)

Slowing down the escalator will increase the cdgborney time, making the value ¢f negative,
and as the cost of delays are proportional torlierse of the speed, the magnitude of the impact
actually multiplies as the speed decreases, asd-illustrates.
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Combined Model

The savings due to all three of the factors comstlare shown in Figure 4a. Passenger delays are
based on the average off-peak passenger flow fatsG4ill escalator 2 (353 per hour) [7] and the
weighted value of an LCH of £9. The equivalentséss due to passenger delays of running at
reduced speed during off-peak hours by far outwéighsavings from energy consumption and
component wear resulting in huge losses. Therefmmg this cost benefit methodology, a pre-
defined off-peak speed reduction is definitely adeasible strategy for this machine. To show the
energy and component wear savings more clearlydigb has the passenger delay plot removed.

5
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Figure 4: Predicted annual savingsfor Gants Hill escalator 2 a) All three outputs b) Energy
and component wear only

Running the model with a range of passenger fldesranables other scenarios to be tested, and a
series of plots of the total financial savings éach passenger flow rate is shown in Figure 5s It
not until the rate drops below about 30 passengerdiour that the net savings become positive.
This means that there may be value in reducingpleed for very quiet periods, for example at the
beginning and end of the day, when footfall is igatarly low, to achieve a corresponding

proportion of the annual savings, but this will pobvide significant savings.
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Figure5: Predicted total annual cost savings due to energy, component wear and delaysfor
pre-programmed off-peak speed reduction with up to 50 passengers per hour
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4.4 Analysisof automatic speed reduction

As with the off-peak speed reduction strategy asedyin the previous section, the cost savings for
an automatic speed reduction strategy depend oprtp®rtion of time that the machine is running
at a reduced speed, therefore a similar approactbedaken to model these. With this approach,
the speed will repeatedly alternate between fudlegpand reduced speed throughout the day, so
instead of using the ratio of off-peak to peak Isptine ratio of unloaded to loaded hours was used.
For the calculation of depreciation savings, theawactor applied to the expected ratio of
component wear rate between loaded and unloadetiticms instead of peak to off-peak.

To determine the proportion of time that the maehivould be required to run at full speed, the
time taken for the passenger in the furthest ogerito reach the top of the escalator must be
calculated. Based on an average walking speed3dfr/s [9], and the distance from the furthest
point on the platform to the escalator (148 mefrém expected time taken for the last passenger to
reach the escalator is 110.5 seconds. The joumnme&yon the escalator can be calculated from the
full speed of the escalator (0.65 m/s) and thetlenfjthe incline (19.66m) to be 30.25 seconds. To
avoid causing delays, this approach would be miietteve if the machine is able to accelerate
prior to the arrival of passengers.

The total of the two calculated durations was adtiedhe train arrival times to determine the
theoretical amount of time when the escalator ¢uired to either accelerate or run at full speed.
This was found to be 60%, which corresponds to ahnast savings of £5,140 and an annual
reduction in CQ emissions of around 5.7 tonnes. These figuredased on every train having
someone in the furthest carriage, which may oft@rbe the case, particularly during quiet periods.
Also, regenerated energy during deceleration vaitlequal that required for acceleration due to the
effects of friction and motor and gearbox lossedlith the component wear also based on an
oversimplified model, empirical data collectioneafthe system is installed is recommended to
determine more accurate estimates of the savings.

45 Comparison of strategies

Of the two approaches, automatic speed reductiaimasmost suitable strategy for the chosen
machine, as this eliminates delays to passengeilstvalchieving savings due to reduced energy
consumption and extended component life. Thesagsican be made at any time of the day, even
in peak hours, utilising periods when the machgenloaded.

Although the component life model requires furtdevelopment, it does indicate that the annual
savings in depreciation of componeats potentially much greater than the electricagtsavings.
However, the political, legal and ethical issueseafiironmental impact due to reduced energy
consumption gives the latter added importance.

It should be noted that the increase in power requio accelerate the machine will reduce the
overall energy consumption benefits, and this Wilre a larger impact with the automatic speed
reduction option. Regenerative braking thereftveutd be used to decelerate the machine, thereby
utilising the kinetic energy and offsetting it agsti the excess energy for acceleration. The pedcti
effect of this can be determined from empirical swaments in service.

The predicted savings using an automatic speedctiedustrategy require the prevention of any
delays to passengers. Therefore, as suggestee,abwsdesirable to ensure that the speed of the
machine is at full speed before passengers reaghlaiiding. This also avoids the risk of
acceleration affecting passengers’ balance. Deteof the arrival of a train at the platform would
be an effective solution.
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5 OPTIMISATION TOOL

To enable off-peak and automatic speed reductiatesfies to be assessed and compared using
guantitative data, an interactive application hasrbcreated using MATLAB. It can generate all of
the relevant predicted outputs discussed in thiepand was used to generated the savings used in
the analysis for this study. It can be used in@lper of ways:

* Optimum speed profiles can be determined basegexifed conditions

» Alternative scenarios can be tested theoreticaijorie installation or changes to
operation (although empirical power measuremerd atequired to generate predicted
energy savings)

« Cost savings can be visualised clearly for effecibommunication of the benefits of
proposed strategies in reports or presentations

A screenshot of the application user interfacd@as in Figure 6.
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Figure 6: Optimisation tool user interface

6 CONCEPTUAL DESIGN

Based on the findings of this study, the recommdrstiategy for Gants Hill escalator 2, which can
be adapted for other machines and other statiengniautomatic speed reduction system that
reduces to a crawl of 40% of full speed when uréolad

To prevent delays as the escalator acceleratesheto trigger acceleration should occur prior t
the arrival of the first passenger. This coulddmme when a train enters the platform, either
utilising outputs from the signalling system, goraximity sensor at the platform edge. The layout
of the station would allow approximately 25 secofatsthe escalator to accelerate before the first
passenger arrives at the lower landing, based @vearage walking speed. The system should also
include a method of detecting when the last passemas left the machine. An infra-red detector at
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the lower landing in conjunction with a timer woubg a cost effective solution. However, 2D
video counting should also be considered as thisldvprovide passenger flow monitoring which
could support future strategic decisions.

Using the VVVF drive will ensure that acceleratioleceleration and jerk do not exceed acceptable
limits as well as enabling regenerative brakingeaised to minimise wasted energy.

7 RECOMMENDATIONS

Following the development of a final design forartomatic speed reduction system at Gants Hill,
a trial is recommended in passenger service teegatipirical data. This can then be used to make
a full assessment of the system. In the short,temergy consumption can be measured, while
component life will require longer term monitoring.emperature and vibration monitoring of the
motor should also be carried out initially to confithat the motor can function effectively at the
reduced speed. The speed setting can then bdeatjimecessary. Monitoring of passenger flow
and real time monitoring of power as well as angnges to component failure rates should also be
carried out as part of the trial to enable a tresseasment of the system to be made.

The recommended method of triggering the escalbésed on train arrivals is most suited to
escalators situated close to the platforms andimgnn the up direction, as passenger arrivals will
be in groups synchronised to train arrivals. Tfogeewhen considering a variable speed strategy at
other locations a full assessment of passengerdlmivstation layouts is recommended to determine
the optimum strategy on a site-by-site basis. Bhisuld also consider the benefits of applying
speed reduction to down machines, however, thegptiop of time where these are unloaded may
be considerably less due to the continuous flowasisengers entering stations throughout the day.

Further research and data collection is recommetaeest the models derived in this study and
develop them further. More comprehensive invetibga are also recommended into the impact of
running speed on human factors, safety and componear. This work can be carried out
alongside the proposed trial, both of which carvigl® valuable input into an overall strategy.

8 CONCLUSIONS

From the research, data acquisition and analysisedaout, it can be concluded that speed
reduction is feasible on escalators on the Londewddground. The technology has proven
benefits in terms of energy consumption and compbtigee on metro systems throughout the
world. Furthermore, the majority of London Undengmd’'s escalators are already equipped with
the required hardware to vary the speed, with amlyimal programming required. Therefore, this
is an effective way to reduced costs, which wilhicioute to the overall energy reduction target.

Although reducing the speed can provide cost savinghe business, the savings are considerably
less and in most cases negative, when passenge@reyjotime is considered, even with a low
passenger flow rate. Therefore, an automatic spasettion system, reducing the speed to a crawl
when the escalator is unloaded, has been recommhendleis will achieve reductions in energy
consumption, the depreciation cost due to weaoofponents on the machine will be reduced and
delays to the travelling public minimised.

In order to carry out a full business case, thecephshould be developed into a detailed design,
determining the full cost of implementation. A ceptual design has been recommended for a trial
which will enable the effectiveness of the proposedtegy to be assessed and further optimisation
carried out. As the scope of this investigatiopli®s to a single machine and includes various

assumptions, additional data collection and anslysould be required to develop a complete

strategy for London Underground. However, thecite of the investigation and the models and

tools that have been created form a starting goirthis work to be undertaken.
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Abstract. The aerodynamic effects that occur when a higledpidt travels through the hoistway
involve a range of diverse phenomena that leadktessive vibrations of the sling-car assembly
and noise inside the hoistway and the car. Noigk\dbration may then be transmitted to the
building structure. Thus, a good understanding@ediction of aerodynamic phenomena occurring
in high-speed lift installations is essential tsida a system which satisfies ever more demanding
ride quality criteria. This paper discusses thedfstructure interactions taking place in high-rise
applications and presents the results of a studyetelop a computational model to predict the
aerodynamic interactions in high-speed lift systeassng Multibody Dynamics (MBD) and
Computational Fluid Dynamics (CFD) techniques. Thmdel is implemented in a high-
performance computer simulation and 3D visualisaptatform. It is demonstrated that the model
can be deployed as a tool for aerodynamic desigroptimization of high-rise lift systems.

1 INTRODUCTION

The operation of lift systems is affected by vilmas and associated vibro-acoustic noise. This
affects ride quality and results in a high levetlghamic stresses in elevator components.

The underlying causes of vibration in a lift systare varied, including poorly aligned guide rail
joints, eccentric pulleys and sheaves, systemasorance in the electronic control system, and
gear and motor generated vibrations [1]. In higlerapplications lifts are subject to extreme
loading conditions. High-rise buildings sway at lbbeguencies and large amplitudes due to adverse
wind conditions and the load resulting from thelding sway excites the elevator system. This
results in large vibratory motions of elevator rep€he taller a building, the higher the rated dpee

of elevator systems are needed. The vibrationsnareased as the speed increases. Torque ripple
generated in the motor causes vertical vibratidribe car. At high speeds guide rail deformations
induce large lateral vibrations of the car. Funthere large aerodynamic loadings due to the airflow
around the car result in excessive noise and flwduced vibrations of the car structure.

A good understanding and prediction of vibratiorepbmena occurring in lift installations is
essential for developing vibration suppression aodtrol strategies in order to design a system
which satisfies ever more demanding ride qualityeda. Therefore it is of benefit to apply
computer simulation techniques to address vibrgtiablems in high-speed high-rise lift (HRHSL)
systems.

2 MULTIBODY SYSTEM AND FLUID-STRUCTURE INTERCATIONS MODEL

Vibration sources affecting the dynamic behaviofiraocar in a HRHSL system include the
excitations applied due to air flow interaction$S(f imperfections of the guiding systems and the
influence of dynamics of suspension and compergatipes (MBD), see Figure 1.
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2.1 Air flow-induced vibrations and noise

The aerodynamic phenomena affect the performanceRIfiSLs. At high speeds the air flow
around the car — frame assembly induces excesgiva&tions and noise. During the lift travel large
air pressure differences between the front andokthre car are being generated [2]. Furthermore,
the effects due to multiple cars running in the sashaft cannot be neglected. Funai et al. [3]
conducted a computer simulation case study intsettedfects when two cars run parallel to and
pass each other in a hoistway. The results indittae the dominant frequency of air pressure
fluctuations in the former case is around 3.7 Hndpelose to the out-of-phase mode of the car —
frame vibration mode. On the other hand, the dontifr@quency of air pressure fluctuations in the
latter case was 2.2 Hz.

A study to characterize the most important vibrotestic energy sources and identify the dominant
paths of broadband (100 — 500 Hz) acoustic enemysmission to the car interior in HRHSL
installations has been carried out by Coffen ef4dl.It has been identified that lift cars are jab

to structure-borne as well as to air-borne noideucBire-borne noise is caused mainly by the
vibration induced by the car roller guides — guidi¢ interaction and by the hoist rope — rope hitch
interface. This structure-borne vibro-acoustic ggeas transmitted to the car interior through the
car frame structure (and in particular by the upisy

The air-borne noise is generated by aerodynamecesfiduring the car travel. It includes shaft noise
entering the car through the ventilation openingd ¢he door seals. The wind (flow)-induced
vibrations of the car exterior panels generateenthiat is transmitted to the car interior.

Finite element modelling, modal analysis and giatik energy analysis (SEA) are used as noise
prediction techniques. The latter technique haweldgd accurate results and facilitated the
identification of the dominant sources and pathsibfo-acoustic energy in the lift car assembly

[4]. Namely, it has been concluded that at higheresls (over 9 m/s) the dominant path was air-
borne noise radiating through the acoustic leakd mon-resonant energy transmission. The
secondary path was identified as structure-bormgerarising from the car floor. However, at lower

velocities (5 m/s) the contributions to interior c@ise were the same for both paths.

2.2 Modéling Methodology

A HRHSL installation can be considered as a muthp system (MBS) with discrete and
continuous (distributed-parameter) components. diagram presented in Figure 2 illustrates the
modelling process of the MBS. The components ofakngeometry, mass, stiffness and damping
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characteristics are subjected to constraints apg@lietheir boundaries and their responses exhibit
non-stationary, nonlinear coupled modes of motion.

Multi-body system with discrete and continuous components

Stationary/non-stationary
o ess, damping various modes of motio - 7
constraints at boundaries
‘ Coupled
Newton’s 2"d Law/Hamilton Principle/Lagrange equations g Mathematical model: differential equation system

Numerical or approximate analytical method to solve the
model

Figure 2 MBS modelling process.

In order to derive the differential equations oftioo (the mathematical model) of such a system
Newton’s 2nd law or Hamilton principle/ Lagrang&guations techniques can be applied [5]. The
use of Hamilton principle/ Lagrange equations featiés the derivation of equations of motion in
terms of generalized coordinates, without the nefefdee body diagrams. The structure model can
then be stated as

g(@_Tj_al+0_V+0_;: o 1=12,..n (1)
dt{dg ) dg dg 0

where q is the generalized coordinatg,=dq, /ot represent the generalized velociﬂy(q,q) IS
the total kinetic energy of the system,(q) is the total potential energy of the system(q)
denotes Rayleigh dissipation function ar@™ is the non-conservative generalized force
corresponding to the generalized coordingte

In general, the equations of motion (1) are of a-s@tionary and nonlinear nature and their closed-
form analytical solutions are not available. Bueyhcan be treated by approximate analytical
methods (such as perturbation analysis). Howebher,nost convenient approach is to use direct
numerical integration (numerical simulation) teajues.

The fluid model is expressed in terms of Navierk8s (N-S) equations that represent the
conservation of momentum formulated as
ov _ 2
P E+V[DV =-0Op+ g+ u1°V +F (2)
where V is the fluid velocity,p is the fluid pressurep denotes the fluid density/ is the fluid
dynamic viscosity ané represents external foces applied to the fluid.

The N-S equations are solved together with theigoity equation representing the conservation of
mass given as

9p -
o +0(pV)=0 (3)
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3 COMPUTER SIMULATION TESTSAND RESULTS

The fluid flow is coupled to the structure and thelution scheme is based on Lagrangian
formulation for the structure and Arbitrary LagréargEulerian (ALE) formulation [6] for the fluid
regions.

A 3D CAD assembly model of an elevator courtesyloyssenkrupp Elevator has been used, see
Figure 3, to combine the finite element (FE) analgs the shroud structure, multibody dynamics
(MBD) and computational fluid dynamics (CFD) of tter-sling system.

FE analysis on the shrol

MBD of the ca-sling syster CFD Elevator Sha

Figure3 3D CAD assembly model of an elevator courtesy of Thyssenkrupp Elevator

This study was conducted using the base model§)nvadth an elevator car of mass P = 1000 kg
(including the shroud) which is supported by a fplat mounted within a sling on elastomeric
isolation pads of combined stiffness coefficiept=k29 kN/m. The car frame mass is M = 400 kg
and the car — frame assembly is suspended onldnsteaopes in 1:1 configuration. The ropes are
of modulus of elasticity E = 0.85 x 105 N/mm2, mags unit length m= 0.66 kg/m, metallic
(effective) area & = 69 mm2 (see Table 1). The car is traveling m ioistway of dimensions
2.5m x 3m (used for creating a meshed shaft mauledj the time interval of 30.2 seconds (the
materials for car and shroud have been assumadelsasd isotropic aluminum, respectively) with
the car travelling at the maximum speed of 10 m/s.

Table 1 Fundamental parameters of the system

Car 1000 kg
Frame 400 kg
m 0.66 kg/m
E 85000 N/mn¥
At 69 mn?

Stiffness of cable sprin¢ 7.82 KN/m
Stiffness of spring 29 kN/m
Damping coefficient 20 kNs/m
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The air properties are considers as density of Rgldh3, specific heat ratio of 1.401 at 20 0C with
gas constant (R) of 287 J/ (kg.K). The coupling baen considered only for shaft, top/bottom
shroud and around car as a velocity, pressure angitg parameters with both side flow (in and
out).

The computer simulation tests are executed in Dyfra Dytran involves a fluid solver based on
the Finite Volume Method (FVM) in which Eulerian steis used, as well as a structure solver
based on the Finite Element Method (FEM) in whicagtangian mesh is used. Two interactions
could be applied by using Dytran, structure-strigetinteraction which is based on contact
algorithms, and fluid-structure interaction whishbiased on coupling algorithms. This software has
been used to analyse the complex non-linear betnawiolift structures interacting with air/fluid-
flow. Eulerian and Lagrangian meshes can be udilizethe same analysis as well as coupled
together allowing the solution of FSI problems (MSGftware Corporation, 2013).

PRESSURE on Shroud
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Figure4 Air flow velocity'd pressure profile around the shroud and around the car

Figure 4 shows that the velocity magnitued at tieeibside of the shroud can reach the maximum
of 2.27m/s, with the car travelling at the constapéed of 10 m/s the pressure acting upon the
shroud, with its maximum of 62.9 kPa, together vifth velocity profile around the top part of the
shroud, the maximum is 54.4 m/s. With same scakefdhere are areas at the bottom of the shroud
that reach the same maximum velocity.

Time: 15.8 430004

Figure5 Effective stressin the shroud

Figure 5 is representing the effective stress (HFF®fined by equation (2), showing the effective
stress on the shroud which can reach 6.78 MPdh&front and back of top shroud, respectively,
where o,, 0,, anda, denote the normal stress components®@pdr,, andz,, are the shear stress

components in the X, Y and Z directions, respebtive
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Figure 6 Pressur e effect around car and inside of bottom shroud

Figures 6 show the pressure distribution at théoboipart of the shroud with the maximum value
of 62.9 kPa, together with the velocity profile wihican reach 2.27 m/s.
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Figure7 Veocity streamline profilein the elevator shaft
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Figure8 Veocity streamline profilein the elevator shaft

Figures 7 and 8, present Streamlines, which atanteneously tangent to the velocity vector of the
flow for the mid and bottom of the elevator shatft.
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4  CONCLUSIONS

This research describes the use of integrated diadiplinary analysis for modelling and simulation
of the dynamic interactions in high-speed elevaygstems using a high-performance computer
simulation platform. An explicit nonlinear Computatal Fluid Dynamics (CFD) solution is used to
predict the fluid-structure interactions (FSI). TR¥D solution is combined with Multibody
Dynamics (MBD) simulation and Finite Element (FEgabysis to determine the dynamic responses
and resulting loads due to the complex FSI arisimghe system. As a result, this research
developed a computer simulation software platfoomigining the MBD, FE and CFD techniques
for the prediction of vibration responses arisindpigh-speed high-rise elevator (HRHSE) systems.

Further work would be required to optimize furthére software platform and hardware
configuration in order to reduce simulation time, test the model performance and to fully
integrate all possible excitation sources intortiaels. Experimental tests should then be carried
out to validate the model and simulation resultgnnext stage.
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Abstract. Comfort is an important issue in the lift industihis paper shows a methodology used
to perform the vibro-acoustic characterisation if ihstallations to provide data regarding the

functional behaviour and to propose changes inrnsllations to improve the ride quality in car

and to reduce the noise levels in the car. To a&ehtbese objectives, different vibro-acoustic

analysis techniques are applied to identify thennfequencies of noise and vibration that could
lead to an increase in noise and vibration insieedar. The different techniques applied are FFT
analysis, 1/3 octave analysis, vibration transrarsély FRF analysis, Operational Modal Analysis
and Operational Deflection Shapes. With this anglykis possible to determine the components
that must be modified in order to improve the desigd functionality, with the objective of either

reducing the source or minimising transmission dtirborne or structural), or removing any

resonance that may increase vibration and noisaeinise car.

1 INTRODUCTION

Improving Ride Quality is an important objective ldf manufacturers. The perception of the ride
quality by users is based on noise levels, vibmatevels and performance inside the car. The
perception of lifts by users as “noisy”, “vibratiripor” or “sharp starts or stops” can make the
brand image worse.

The main causes of the absence of comfort insfdedrs can be produced by noise and vibration
sources such as machines (drive), hydraulic purdpsr operators, electrical control cabinets,
sliding systems in car and counterweights. Howeottrer causes may also produce an absence of
comfort such as resonances of components and icisaff isolation between the sources and the
receptor. The passengers inside the car receivee noy airborne and structural transmission,
vibration by structural transmission from the sasr@and a bad kinematic performance of the
elevator (jerk, accelerations, vibrations...) [1].

Vibrations

Car Comfort  ju IRURII 4%

Performance

{IHI\

Figure 1 Causes that influence comfort in the lifcar

The main vibro-acoustic problems that may appesidéa lift car are:

- High Noise Level (Leq) inside the car: this canchee to high noise of the machine, high
noise of guide shoes (friction) and high airborr@se transmissibility. Some possible
solutions to these situations are to improve thelmme sound insulation, the sliding system
performance, and the car sound insulation.
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- High noise levels at frequency peaks inside the czar be due to resonances of lift
components (car panel, car frame, machine framendyoa high structural vibration
transmissibility from frame to car. Some possil&gons in these cases are “to shift” the
resonances and to improve the vibration isolatietavben the car frame and the car.

- High vibration levels in the car floor can be dwehigh machine vibration (unbalanced
rotating mass, bearing faults, electromagnetic pihr@ma...), and bad performance (wrong
control, car floor resonance, high structural vilma transmissibility). Some possible
solutions in these cases are to improve the madighaviour, to improve the drive control,
to “shift” the resonance and to improve the vilmatisolation between the car frame and the
car.

For these reasons, we present methodologies ttifidanise and vibration problems in lifts using
measurement equipment, noise and vibration sensmisition hardware and software for
dynamic signals analysis.

2 IDENTIFICATION OF NOISE AND VIBRATION PROBLEMS

It is possible to apply different techniques to lgs@ noise and vibration data depending on the
targeted result accuracy required according tgtbblem severity.

The “Vibro-Acoustic characterisation of lift” mettlology is used to evaluate the behaviour of the
lift and to find possible solutions based on vikbkeustic and dynamic measurements to improve
the ride quality. This methodology does not perthé obtaining of quantitative results of the
different sources’ contributions (vibration ands®ito the receptor (lift car user), but it doesmpe
learning about which lift components should be rfiedito improve the ride quality. However, it is
not possible to estimate the improvement withouasueements. Different data analysis techniques
are applied in this methodology, such as Fast Eodmansform (FFT), Sound Equivalent Level
(Leq), 1/3 Octave band analysis, Frequency Respdénsetions (FRF), Operational Modal
Analysis (OMA) [2], and Operational Deflection Sleap(ODS) [3]. Based on the results of the
different techniques and applying correlations leetwthe results, it is possible to gain insigbts t
make improvements in the lift.

The source contributions to noise inside the Bt methodology consists of applying techniques in
order to identify and quantify noise and vibratg&wurces using frequency response and coherence
functions [4]. The Multiple Coherence Technique dnel Output Power Allocation technique are
applied in this methodology.

The Panel Contributions to noise level inside tftechr methodology consists of estimating the
contributions of some areas to the acoustic presatiia chosen point in a lift car based on the
vibration panel (velocity). This methodology can leed to evaluate panels with their different
vibro-acoustic properties (damping, reverberation....

Explanations of the different methodologies andliapfions to real installations are shown in the
following points.

2.1  “Vibro-Acoustic characterisation on lift” methodol ogy

The vibro-acoustic measurements that are necessapgrform on the lift are basically: Ride
Quality (Comfort), Noise at different points, Vilian in machine area, Vibration in car panels and
the car frame, and Modal Tests of components. Ttmate objective is to find out correlations
between the different results. These measurementsleen with at least two load conditions inside
the car during downwards and upwards trips. In soases, it is necessary to modify the nominal
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speed of the lift to analyse differences of resittsfrequency through changes in frequency
problems.

Theride quality measurements are made in the centre of the aar fibe acquisition will be made

by means of specific equipment according to ISO388Y “Measurement of ride quality — Part 1:
Lifts (elevators)”. The ride quality of the lift nebe obtained through these measurements, and it is
also possible to evaluate the behaviour of theliifing trips with different load conditions. Thé |
behaviour could indicate that the lift cannot agki¢he nominal speed due to problems with the
inverter parameters, insufficient machine powergrein the load balance, high friction force to
sliding between the guide shoes and guide rails #liso possible to apply the vibration narrow
band spectra (FFT) analysis to the vibration tingaa to detect the vibration frequency peaks in
the range 0-80Hz that contribute more to ride dyali

Performance (Q =0 Performance (Q = 100
kg) kg)

Upward | Downward Upward | Downward

0.56 0.55 0.57 0.56

0.53 0.52 | 053 0.53

0.57 0.58 | 0.56 0.57

D95 (M/s"2) 0.54 0.53 0.53 053

Vmax (m/s) 0.86 0.85 0.86 0.84

V95 (m/s) 0.85 0.84 0.85 0.84
Distance (m) 15.40 15.40 15.40 15.40 4

Jerk max (m/s”3) 0.95 1.05 0.97 0.95

Noise (Q= 0 kg
Upward | Downward
58.0 55.0 58.6 57.6

Vibration (mg) (Q=0 Vibration (mg) (Q=
) 100 kg)

L il
Upward | Downward & < e I e & S -—~>W’/

Upward | Downward

Upward | Downward
X-A95 (mili-g’s; 2.00 3.00 2.00 3.00
Y-A95 (mili-g’s 4.00 4.00 | 450 6.50 ’ bl
Z-A95 (mili-g's 20.00 16.50 13.50 14.00
Table 1 Ride Quality values Figure 2 Speed curve of lift

In this case, the ride quality values obtained €baration, jerk and vibration values (A-95)) could
be considered as acceptable (table 1), but the nev®l was considered high. In lift performance
(Figure 2) it can be seen that there is a problemchieving the nominal speed during downward
trips without load. This could be due to the maehmot having enough electrical power, an error in
the load balance or high friction due to slidingvilen guide shoes and guide rails.

Different measurement points are selected, incyudwints close to machine shaft bearings,
machine frame isolator and guide supports. Theyaizabf these measurement results will give
insights to discover vibration problems. Thbration measurements in the machine area are carried
out by means of accelerometers placed on the madhirradial directions, both vertical and
horizontal (see figure 3). These measurements pehmiobtaining of rotational frequencies, the
power supply frequency and its harmonics, as wslltlee machine vibration peaks. These
measurements allow us to obtain the vibration sgvef the machine based on its vibration
spectra. The vibration severity is calculated ilogiey units (mm/s) at a range from 1Hz to 1000Hz,
because gearless machines have low rotational spaednachine vibration frequencies measured
are compared with the technical data label of tlehme to verify that the inverter parameters are
correct. The technical data of the machine careba & table 2.
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Technical data

Rotation speed(Ny) = 239 min™*

Power supply freq 31,9 Hz
(Fn)
Hietinas Pulley diameter 160mm
Roping 2:1
Figure 3 Accelerometers on Machine Tabl2 Machine Characteristics
Machine vibration
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Figure 4 Machine vibration spectra

The machine data show that the nominal speed is,lmit previous performance measurements
show that the nominal speed is 0.85m/s, therefarsgeed V= 0.85m/s the following frequencies
are calculated:

fn=0.85x31.9Hz =27.1Hz => 6x+¥162.5Hz

The vibration spectra show a peak at 27.1Hz, whictxfy (power supply frequency), with higher
amplitude in horizontal direction and a peak at 362 which is 6x§ (6" harmonic of power
supply), with similar amplitudes in vertical andrizontal directions. A peak at 17Hz also appears
in the horizontal direction in the spectra, whiauld be caused by a pitch of the machine in a
horizontal direction or a resonance of the framracstire. The vibration severity is higher in the
horizontal direction (1.3mm/s) due to the possiukeh around the machine axial axis above the
isolators at low frequency.

The vibration transmissibility through the machiineme isolators can be obtained by means of
accelerometers placed on the machine and accelsr@mplaced on the machine frame. The
vibration transmissibility is calculated at the gan0-200Hz (Figure 5), but the transmissibility is

analysed only at the main vibration peaks of thelime in a vertical direction because the higher
vibration values on the machine frame are relatéd the main vibration peaks of the machine.

The vibration transmissibility is defined as thdicaof the vibration amplitude on the machine

frame and the vibration amplitude on the machireep(FRF — Frequency Response Function).
Figure 5 shows that the isolators are not workimgectly at around 150Hz.
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Figure 5 Vibration transmissibility through isolator ~ Figure 6 Guide support vibration

Furthermore, the vibration on the guide supportgi(é 6) near the machine frame is measured by
an accelerometer in a horizontal direction, becadepending on the hoistway structure (metallic,

cement), the structure vibration could produceghn moise level inside the hoistway and therefore
increase the noise level inside the lift car.

The noise measurements are taken inside the lift car and in the hoistwagar the machine and
above the roof car. These measurements permitotizénig of the noise equivalent levekg), the
noise evolution during the trips, the noise speatrd/3 octave band, and the contribution of the
machine frequencies and converter frequencies bgnmef FFT analysis in spectra 1/3 octave
band. The noise levels allow us to estimate whetfemoise transmission is mainly airborne or
structural through the hoistway to the car.

The noise equivalent levels inside the lift car lawer than the levels in the hoistway (Table 3).
The main contribution to 4y inside the car corresponds to the 160Hz band (€igu In the noise
spectra in the hoistway, the 160Hz band is notgredant, and there are other bands that have a
similar contribution to the dq (Table 3).

Car Noise
60
55 = . _ Noise Equivalent Level (dBA)
- Downward ~Upward =~ Downward ~Upward
0Okg okg 100kg 100kg
< 61,4 63,0 61,8 62,8
m
© Above Roof 60,7 62,0 62,2 62,4
55,5 58,0 56,7 58,6
_ Noise Level at 160Hz (dBA)
Downward Upward Downward Upward
Okg Okg 100kg 100kg
] 50,4 48,1 48,9 48,0
N N NN NNNNNNN-NNN-NNNNNNNNNNNNNNNNN—
ITIITITIIIIIIILILIIIIIZLIIIIITIIIIIIS 48,6 51,6 51,0 52,4
QNS 33B8883ER8838cnoannntwnowmonool 50,4 54,3 54,4 56,9
Q
ODownward inside car Okg OUpward inside car Okg ODownward inside car 100kg 8
Upward inside car 100kg OBackground
Figure 7 1/3 Octave band noise Gar Table 3 legand La 1601z iN Car (dBA)

The noise FFT spectra inside the car show thaprie@ominant peak appears at 162H2 l{ermonic

of F\) and this peak is the main contributor at the détave band of 160Hz (Figure 8). The noise
transmission from the hoistway to the car is olg@iby deducting the levels above the car roof from
the levels inside the car. Positive values (lerefde the car are higher than levels in the hagjw
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denote that structure-borne has a higher contabudtian airborne (Figure 9). The results showdhat
160Hz the noise inside the car is mainly struchome. This band contains th& Barmonic of
power supply frequency. The noise level valuegdabttave band of 160Hz near the machine, above
the roof and inside the car are shown in Table 3.

Noise inside car Noise transmission
55 50 B@Downward Okg
> 4 Downwards 0 kg 4.0 . DUpward Okg =
S0 i BOWﬂVéargskloo kg 3.0 e BDownward 100kg |
X pwards 0 kg : FE
45 . —— Upwards 100 kg 2.0 L Upward 100kg
< 1.0 B
S5 ; i 2 o0 : . . ‘ .
30 Li SR ke s FERlGlS S8
\ (=] [Te] (=] = =] n (=} (=]
25 ‘v - 20 | B85 /85§
20 +-- I ; - : -3.0 - -
15 | 1 ‘ ; L L 4.0 L . 8 @
0 100 200 300 400 500 5.0 | === |
Frequency (Hz)
Figure 8 FFT spectra noise in Car Figure 9 Noise transmission

Thevibration transmissibility through the load cells between car floor and car frame is obtained by
means of accelerometers placed on joint point®ad lcells. The vibration transmissibility (FRF —

Frequency Response Function) is calculated at thia mbration peaks on car floor related to the
machine vibration frequencies. The vibration traissibility at 162Hz can be seen in table 4.

162 Hz Vibration transmissibility through load cells

Load Cell 1 Load Cell 2 Load Cell 3 Load Cell 4
Downwards 0 kg 38% 42% 85% 84%
Downwards 100 kg 32% 31% 81% 81%
Upwards 0 kg 27% 34% 59% 71%

Upwards 100 kg 22% 22% 52% 56%

Table 4 Vibration transmission through Load Cells

Thevibration measurements on the car panels (lateral, roof and floor) are carried out with fh@pose

of determining whether there is any car panel tii@ates with a higher amplitude, causing strudtura
noise transmission towards the car passengerslehopeeters are placed at the centre of the main
panels: Lateral panel, keyboard panel, roof panélfor panel. The FFT spectra (Figure 10) show
that the main vibration peaks appear at 27Hz ar®tlH®b (1xk and 6xIy), especially in the roof
panel. Therefore the roof vibration could be insie@the noise inside the car.
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Figure 10 FFT spectra vibrationsf panels
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The Operational Modal Analysis (OMA) and theOperational Deflection Shapes (ODS) are the

techniques that help understand what the vibrai@pe is like and to get ideas on how to reduce it.
In this case it is applied to some components arekls because, based on the different vibration
measurements in the lift, it was found that the mrae frame and car roof have a higher vibration
amplitude at 162Hz. Therefore, the machine frame @of panel were selected to obtain their
mode shapes (2-200Hz) and to check if there isnaoge near to harmonics of the power supply
frequency that may increase its vibration. The roa$ a mode at 166Hz (Figure 11); this mode

shape is near 162Hz, therefore this mode may Heeseited by the B harmonic of the power

supply frequency (162 Hz). The machine frame hassthmode shape at 164.2 Hz (Figure 12),
therefore this mode may also be self-excited bysthéarmonic of the power supply frequency,
thus increasing the vibration and noise levelshm lift car. The mode shape at 164.2 Hz can be

seen in the figure below. The shapes are similathéoOperational Deflection Shapes (ODS)

obtained during normal operation.

L 2

Mode 5: 166.0089 Hz, 117 %

Mode 5: 1641569 Hz, 054 %

Figure 11 Mode Shape of roof at 166Hz

Based on the previous analysis, the actions praptmsenprove the performance, ride quality, and

Figure 12 Mode Shape of
Machine- frame at 164 Hz

to decrease the noise and vibrations would be:

- Review the correct load in the counterweight.
- Reduce the friction force between the guide shadsaide rails.
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- Review the machine, trying to minimise the harmgreaks of the power supply frequency
that could affect comfort in the car.

- New design of machine frame (change the modesGiiA 6y design).

- New design of the isolators on the machine frameddk better at the"harmonic of the
power supply frequency. The problem is the highratibn level of the machine frame even
though the isolators are well designed.

- Minimise the noise levels of the source of examat(machine) to decrease the noise level
inside the hoistway and minimise the airborne nois&le the car.

- Increase the damping of the roof panel or changestiffness to decrease its ability to
generate noise by vibrations. For instance, addibber sheets to the roof.

- Minimise the structure-borne noise inside the gamiproving the isolation of the load cell
between the car frame and floor frame.

- Improve the isolation between the machine and thidegsupport to decrease the noise
transmission to the adjacent room.

2.2 “"Sources contributions to noise inside lift car” mehodology

This methodology consists of applying techniquesdentify and quantify noise and vibration
sources, using frequency response and coherenceoiusmin lifts.

The procedure consists of:

- Selecting the receptor and sources of vibrationramske.

- Obtaining the global contribution of the sourcdested to the noise inside the car by means
of “Multiple Coherence” (A function in a frequency domain expressing ftielaship,
causality or dependence.)

- Obtaining the contribution of each source to thsadevel inside the car by calculating the
Transfer Matrix (H) between each source and theptec. ‘Output Power Allocation”
technique.

The multiple coherence provides a measurement efddpendency between a setnofnputs
(X1...Xn) andone output (Y), independent of the correlations among the inputs.

n
| " Yery =2 Hin DKigry +Ziry =Viny +Zgs
x B Jz i=1
= H ' -—O+ - ny :{H}t [ﬂGXX][ﬁH}* +Gzz :GW +Gzz
| v . ¥
G
i H y2 :—W

Figure 13. Multiple Input — Single output model

In the previous equationsYis the Fourier transform of the outpuys, iy is the Fourier transform
of the input X, Hir is the Frequency Response Function between the xup and the output gy,
Z is uncorrelated noise at the output, angli¥ the output fraction, related to all inputs. fitibe
equation is transformed to a spectral matriy, IS the output power spectrum,,f§is the input
spectral matrix, G is the output noise power and,Gs the coherent output power ayfg, is the
multiple coherence function.
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The “Output Power Allocation” identifies the frequency response functions @f ttansmission (H).
Each contribution is defined as the input (X) npliéd by the effect of the transmission path (H).
The output can thus be written as a sum of corttobhs (amplitude and phase) from each input.

G11 GlZ GlS G118 H1 Gly
Y Y Xy G/ G, G,, Gy.. G H G
H. = = 1) — 21 22 23 218 2 | 2
" Am Xy DXy G, {ny} = [GXX] [ﬂH} x =

GlBl GlBZ Gl83 G1818 H18 GlBy

The interpretation method is algebraic. The indraidcontribution and the combining effect are

quantified by a triangular scalar matrix. This teicue is computationally complicated; the

algorithm program and visualisation is implementeMatlab for each frequency. The visualisation
shows the contribution of the different inputs @lkolour) to the output spectrum (red colour). The
contribution of the sources at different frequeaaan be seen in different diagrams of figure 14.
These visualizations permit us to identify the sesrwhich provide the main contributions to the
output.

CONTRIBUCION 85 Hz CONTRIBUCION 1147 Hz

« CONTRIBUCION 347 Hz
150008

Figure 14 Visualisation of contributions

2.3 “Panel Contributions to noise level inside lift cal methodology

This methodology is based on considering that #repanels are a series of sources with their
sound power. The sound power of sources is obtdogiedeans of acceleration measurements at the
different points of car panels. The pressure insidecar will be computed with the sound power

sources.
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Raynoise transfer Matrix
(Pressure — Sound
power)
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Experimental
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Figure 15 Methodology summary

The Transfer Matrix is obtained with Raynoise saitev This software is based on the Mirror
Image Source Method and the Ray Tracing Method.

The acoustic sources of the panels are determmoed the acceleration measurements in different
points of panels according to standard ISO/TR 7[849The sound power radiated by a vibrating
surface may be determined by:

Ps=Sound power

pc =specific acoustic impedance of the fluid
PS = pCcV 2 SSO' v? = Mean square surface-averaged velocity

S, =surface area

o = radiation ratio

Finally, the sound pressure evaluation is calcdlatend the model is correlated with the
experimental results.

3 CONCLUSIONS

The “Vibro-Acoustic characterisation on lift” metthalogy enables us discover how much the
different sources (vibration and noise) qualitdiivaffect the receptor, therefore it enables us to
know which lift components need to be changed depto achieve our goal, namely, to improve
the ride quality. However, the improvements araregted roughly.

The “Sources contributions to noise inside lift’cand “Panel Contributions to noise level inside
lift car” methodologies permit obtaining quantitegiresults of the contribution of the sources, but
their application and analysis are complex. Tl time spent is much greater in comparison with
the first methodology.



Methodology to Identify Noise and Vibrations Problems for Ride Quality Improvements 135

Therefore, the first methodology is perfect forubbteshooting activities whilst the other two are
more advisable for R&D activities.
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Abstract. We are introducing the Floor Warden (FW) contibllEft as a new concept for
evacuating building occupants with the help oflifExisting evacuation lift concepts have the lift
controlled either manually, by a member of the Egeacy Response Team (ERT) present in the
car, or (semi-) automatically supervised by an meke third party Building Management System
(BMS) and monitoring thus allowing self-evacuatidm.the FW concept the lift is also manually
controlled by a member of the ERT, but from theoflthat will be evacuated, instead of being
controlled from inside the car by a dedicated manob&RT. The advantage of this concept is that
there is no need to appoint an extra ERT membdugixely for controlling the lift, thus making
more efficient use of the ERT organization. On tdpthat the lift capacity is also used more
efficiently, because 100% of the lift capacity is#able for occupants that need to be evacuated.
Based on this concept, we developed a system #@mabperate fully independently from external
third party building systems, and has its own iraégd intercom. It is therefore easy to implement
in new or existing buildings. The system that wealleped appears to be very simple in use.
Details of the concept and its development areudised in this paper.

1 INTRODUCTION

As a starting point of our development we analyedcurrent situation with regard to lifts being
used for evacuation. The result of this study wakliphed in a previous article [1]. One of the
conclusions was that the various concepts thaaagable are rather complementary to each other,
so there will be a market for each of them. Howgeaaother conclusion was that there is room for
further development, more specifically for the depenent of a control system allowing a lift to be
controlled from the landing of the floor that neddsbe evacuated, rather than being controlled
from inside the car. In the following sections wdl wive more comments about the current
situation, and then explain our development offfo®r Warden control system.

2 CURRENT SITUATION / STATE OF THE ART
2.1 Literature

A long list of articles has been published aboungiéifts during fire emergencies. This proves the
long existence of interest in this topic. In costréo this literature the developments in thisdiel
seem to go relatively slowly, which can be expldibg the concern which exists when it comes to
actual application.

The main concern being discussed in literatur@as of functioning of the lift being threatened by
the results of fire, such as heat, smoke, watelgss of power. As a result of all the literatureeo
could come to the conclusion that there seems tdstain common understanding of what would
be needed to protect a lift against those threats.

A useful study of the literature in place is pubéd by NIST as “Special Publication 1620” [2]

2.2 Practice

In our previous articles we have already discudgbedevacuation lifts being applied as of this
moment, especially with respect to ultra high badg. Examples of such ultra high rise buildings
are the Petronas Towers and Burj Khalifa [1,3] whtdre “Life Boat” principle is applied, as
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described by Fortune [4]. According to this prifejpoccupants will first escape to a safe refuge
floor, from which shuttle lifts will bring them tthe main evacuation exit.

In the UK one will find more examples of lifts bgirassigned as evacuation lift, as the UK
implemented the BS9999 [5] which specifies certaguirements for evacuation lifts.

In other countries, such as the Netherlands,t# \ifould be applied for evacuation, the lift woblel
fitted as a firefighter lift in accordance with EN&2 [6]. In some high buildings in the Netherlands
arrangements are made with the fire brigade, atigwine of the two available firefighter lifts to be
used as an evacuation lift. In these cases, menabdhe building’s Emergency Response Team
(ERT) are allowed to use the lift for that purpo&gamples of such buildings are Delftse Poort in
Rotterdam and Rabobank Headquarters in Utrecht.

2.3 Regulations (codes and standards)

The main regulations that are currently in place deacuation lifts are BS9999 in the UK, and
Al17.1 in North America [7].

The BS9999, “Code of practice for fire safety ie thesign, management and use of buildings” was
published by BSI in the UK in 2008. It deals wiile safety of a building in general, but it
dedicates one chapter to evacuation of the disabledl some paragraphs to evacuation of persons
in wheelchairs. Annex G of the document specifiesommendations for evacuation lifts and
discusses the construction of the environment eflifh the refuges, the power supply of the lift
and the control of the lift. For the control of emacuation lift 2 persons are needed: one person
inside the lift for controlling it, and one on theain floor for coordination and communication.

The American Society of Mechanical Engineers (ASNdEblished in 2013 the document A17.1,
“Safety Code for Elevators and Escalators”. It déss Occupant Egress Operation (OEO) which
allows occupants that are within the five closésbrk to an emergency, to call for the lift and
evacuate themselves. This is thus a completelgreifit approach than the BSI approach presented
in BS9999, and it aims at contributing to fast examn of any occupants from high rise buildings,
rather than focusing on disabled persons or personkeelchairs.

Other regulations are still under development aagthe draft prEN81-76 being developed by CEN
with the aim of coming to a harmonized standardetasn published technical specification
CEN/TS 81-76 [8]. The approach is quite similarthat of BS9999, aiming at evacuation of
disabled persons. In 2014 ISO published a Techr@pakification ISO/TS 18870 “Requirements
for lifts used to assist in building evacuation”drder to get some experience on the market before
publishing it as an ISO standard [9].

Around the world building regulations are making rem@and more reference to using lifts for
evacuation either for disabled persons in any ingldor in the case of high rise buildings not only
for disabled but for any occupants.

2.4 Summary of the current situation / analysis

Summarizing the current situation we could say tiftst are more and more accepted as a means
for evacuating occupants from a building. In preetine focus is on high rise buildings where the
Life Boat principle is applied, or where one outtwb firefighter lifts is available for evacuation.
Another focus is on evacuation of disabled persdhgere seems good common understanding of
the way the functioning of the lift should be piaits.

With regard to control systems for evacuation Jifte feel that there is room for development. At
this moment evacuation lifts would be controllethei (semi-) automatically, or manually from
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inside the car (see Fig. 1, left side). Howevermiany cases controlling the lift from the landing
being evacuated would lead to certain advantagesname effective evacuation.

This is why we developed the Floor Warden contiidie advantages of this concept will be
discussed in the following parts. From our pointwveéw these various kinds of control are
complementary to each other (see Fig. 1, right)sidesome cases they could even be combined in
a single building.

Manually
(from
inside car

Manually
(from
inside car

(semi-)
automati
cally

(semi-)
automati
cally

Manuall
y (from
landina)

_____

Figure 1 A new concept for the control of evacuatio lifts

3 THE FLOOR WARDEN CONCEPT
3.1 Starting point

In our Floor Warden concept, the evacuation lifh@ controlled from inside the car (manually,
such as in BS9999), and not semi-automaticallyn(&sl7.1), but from the landing that needs to be
evacuated. Many buildings will have a kind of Eneergy Response Team (ERT) or similar kind of
organization. Within such organizations Floor Waislare often appointed. These Floor Wardens
would be the suitable persons to call for contradrathe lift in need of an emergency. This is why
we called our concept the Floor Warden concept,etiones abbreviated with ‘FW’. One of the
applications of the FW-control would be for the liesrmentioned Life Boat principle where
occupants gather at a refuge floor, and lifts shilttle between that floor and the main evacuation
exit floor. The FW-concept makes it feasible to tige principle not only in very tall buildings but
also in smaller buildings, and serving more thaly ame refuge floor. Indeed, all floors could be
served if the number of emergency staff is suffitie

With the Floor Warden concept we aim to achieveftlewing benefits (see Table 1):

Table 1 Aimed-for benefits of the Floor Warden conept

Aimed-for benefit Explanation
Efficient use of ERT There is no need to appoint an extra ERT member
organization exclusively for controlling the lift or coordinagnsuch as

in BS9999. So, the staff of the ERT organizatian be
used more efficiently.

Reduced psychological | In the existing concepts the one person in thdaara
work load complex task with large responsibility. This isuedd.
Panic Control By controlling the lift from the landing, it willéeasier tg
reassure occupants that remain on the landing i€&n is
full. And in the worst case it will allow the floavarden
to keep persons away from the landing doors while
closing.
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Saving car space The lift capacity is used more efficiently, becat%
of the floor area is available for occupants thetdhto be
evacuated.

Wide range of Our concept relates to a way of controlling the bit it

applications IS not restricted to certain application. For exémpcan

be used for small buildings serving each floor for
evacuation of disabled persons. But it can alsagmtied
as the control system for Life Boat lifts that aszd in
tall buildings for evacuating occupants from intediate
refuge floors.

Simple and low Independent from a Building Management System (BMS)
threshold system or alike, such as required for the system described
Al17.1. In addition to the above intrinsic advantagéthe
principle, the principle also allows the creatiaia
system that can (when needed) operate independently
from external systems such as a BMS. In order épke
this independency we also included a fully integglat
intercom system.

In his article “On the development of Occupant Examon Elevators” [10] Dr. Albert So discussed
some issues that arise with lifts that are corgtbffom inside the car. The benefits that followanfr
our FW concept seem to solve several of thesessseationed by So.

3.2 Floor Warden control — the basic concept

The concept of the Floor Warden (FW) control isngample, and has some similarity with the Life
Boat principle. The basic routine is as followse(s¢so Fig. 2):

1)
2)

3)
4)

5)

6)

A floor warden takes exclusive control over thely operating the FW-key-switch with the
special FW-key (either triangular key or uniqueingér key).

Any coincidental passengers are first deliverethatMain Evacuation Exit Floor (MEEF)
before the lift arrives at the assigned floor & Eloor Warden.

Building occupants enter the lift under supervisibithe Floor Warden.

By continuous pressure on one of the hall buttdims,doors will close and the car will
shuttle to the MEEF-.

Step 3) and 4) are repeated until the Floor Wahdenfully cleared his own floor.

When the floor is cleared, the Floor Warden wiihjthe last group of passengers with their
journey to the MEEF. He cannot close the doors wathtinuous pressure on one of the hall
buttons, but instead the doors will close autonadltigust this one occasion when the Floor
Warden gave up the priority control by switchingchdahe FW-key-switch to its original
position.

The lift will now become available for another Rta&/arden on another floor.

The similarity with the Life Boat principle is thdte lift will shuttle up and down between one floo
and the MEEF. What we added to this principle is:

We described a method of controlling the lift framtside the car, from the landing being
evacuated.

We developed a method to allow several floors tadreed by one lift in an organized way
with a simple algorithm for deciding the prioritpé order of serving: first priority goes to
the Floor Warden who activates the FW-control fe first time, when 2 Floor Wardens are
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waiting, the control system will pick the Floor Vdan who asked for priority on the highest
landing.

Floor Warden starts
evacuation

v

Lift moves to MEEF

v

At the MEEF passengers are released

A

v

Lift returns to the Floor Warden

Floor Warden closes
doors and sends lift to]
MEEF

Y

Floor Warden terminates
evacuation and enters the car

2

Lift returns to MEEF automatically

Figure 2 Basic routine of the FW-concept in case @ single Floor Warden

3.3 Applications

The most obvious application of the FW-control ishvm the Life Boat principle, where one floor
in a high rise building is assigned as intermediafage floor. One or several lifts will shuttle up
and down between this floor and the Main Evacuatoit Floor (MEEF). The FW-control is

particularly suitable for this application (see .Bigeft example).

C o4l
— i}
— !
— )} iy
— (il
— R
—] LIy P
—] (] OJ
—
Life Boat application, Serving a selection of Serving all floors, as
as essential evacuatio floors, as an aid for means of evacuation
means in extremely hig people with reduced persons with impaired
buildings healtt mobility

Figure 3 Possible applications of the FW-control stem
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However, with the system that we developed we airtedmake it applicable for various
applications. For this reason we added the poggibd have FW-controls on more than one floor
only. As a result it is up to the designer of thelding which floors would be dedicated as FW-
floors. One option would be to divide buildingsartones, each zone comprising several floors, and
each zone to be provided with one collective refagd FW-floor with FW-controls, as shown in
the middle of Fig.3.

The building designer could even decide to indtall-controls on each of the floors. This would
especially be the case if the FW-lift is being uasdhe main measure for evacuating persons with
mobility problems or persons in wheelchairs (sepFiright example).

4 DEVELOPMENT OF THE FW-CONTROL

Based on above concept we made a risk assessmdniieaeloped countermeasures and several
FW-functions.

4.1 Risk Assessment

As the starting point of our development we madesxsi@nsive risk assessment, which was also
used to prove the compliance with the Essentiat@&equirements (ESR’s) of the Lifts Directive.
For this risk assessment we used the format ofitheassessment table as presented in EN-ISO
14798:2013 [11]. Some examples of risks and ountmeasures are presented in Table 2:

Table 2 Risks and countermeasures

Risk Countermeasure
No fire alarm system | The evacuation, or ‘FW-mode’ can be initiated by Eloor
in the building, or not | Warden who is present on the floor where the enmenges by

functioning means of FW-key-switch

Floor Warden may 1) Continuous pressure on hall button needed to genilift

forget to give up away.

priority, leaving the 2) ‘Self-evacuation’ of Floor Warden only possible by

lift idle at the floor switching the FW-key-switch to normal (giving upqguity)
3) Automatic termination of priority after predefiné@the-out.

Unnecessary time 1) The door-open time at the MEEF can be adjusted by

waste at MEEF parameter setting to shortest required time, beftrening

to the assigned FW-floor (at the MEEF, the doossen
remains active)
2) When rescue staff is present at the MEEF, the doaorde
closed manually even before the pre-set time hesesbed.
Other Unnecessary When present in the building, a fire alarm system direct the

time waste lift to the MEEF allowing coincidental passengerddave the
lift at the MEEF, even before a Floor Warden hatsaited F\W-
control.

Power Failure 1) Power supply shall comply with the same requiresast

that of firefighter lifts.
2) A battery pack will allow the lift to bring the psengers to
the nearest floor with a protected lobby
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4.2 Hall panels with Floor Warden control functions

In our concept, the designer of the building anétacuation plan has the freedom to assign one or
several floors as ‘Floor Warden-floor’. The hallngs on these landings will provide the special
Floor Warden controls, either integrated or in pasate Floor Warden panel (see Fig. 4).

&=
S

‘No-entry’- signal / @1\ FW key-switch

‘Evacuation’ signal

\ Intercom with ‘TALK’ button

Figure 4 Hall panel with FW-functions

Upon directions of the fire brigade, additional ¢tians can be provided on the main evacuation
exit floor, so that the fire brigade can take otber control in a safe manner after their arrivaewh
needed.

4.3 Interaction with building alarm

One of the advantages of our FW-system is thatarasystem is needed to start evacuation with
the lift. The system can simply be initiated mahualy means of the FW-key switch. However,
when an alarm system is present in the buildingyay be connected to the FW-system, and direct
the lift to the main evacuation exit floor in a dsn manner as described in EN81-73 [12]. This
would further reduce the time for evacuation, beeau will already release any passengers who
happen to be traveling with the lift when an emaoyeis detected by the alarm. This would
eliminate such home-return trip, which otherwiseuldobe necessary when the FW-key switch is
operated, while passengers are still using the lift

4.4 Monitoring

The FW-control system is equipped with interfacéiewang signals from detection systems
monitoring the safe environment of the lift. Somasib monitoring is always provided as a
standard. When a dangerous situation is detedtedjft will be put out of service in a safe way,
and this will be indicated by the ‘No-entry’ sigrai the FW-panels.

4.5 Signalization

The FW-control system is provided with 2 signalse tlift-evacuation’ or ‘evacuation’ signal
(internally we would abbreviate this as the EV-sijnand the ‘no-entry’- signal. The illuminated
status of these signals shows the operational noddbe lift. The meaning of the illuminated
signals is explained in Table 3:
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Table 3 Signalization & mode of operation

Signal Operational mode | Remarks
No signal illuminated Normal service
Evacuation signal Floor Warden One Floor Warden has operated the FW-
illuminated continuously operation key-switch and has control
- Blinking | Waiting queue | One Floor warden has control, a second

Floor Warden has also operated the FW
key-switch and is waiting for control

No-entry signal No service Situation 1) the building alarm has
terminated normal service, the lift is ready
for FW-control

Situation 2) FW-control overruled, either
by building monitoring, or by fire service

4.6 Intercom

During FW-mode, an intercom system allows the FMtardens to communicate with passengers
in the car, and also with each other. Floor Wardeitisneed to press a ‘TALK’-button, to make
themselves heard. Passengers do not need to piegton; the microphone in the car is always
open when the lift is in FW-mode. The messagesheilheard on all intercom stations.

5 EVALUATION
5.1 Review of prototype

Apart from the risk assessment, which was revisemsl times, we built a prototype and had it
reviewed by experts and users with different baslgds. This helped us to further improve the
design of our FW-system. Even after the type dedtiion of our system by the Liftinstituut, a well
respected notified body from the Netherlands, wentinoed with reviewing and further
improvement.

5.2 Evaluation of aimed benefits

As a conclusion of this paper we make an evaludiased on the benefits that we aimed for when
we started the development. The evaluation of thesefits is listed in Table 4 below.
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Table 4 Evaluation of the aimed-for benefits of thé-loor Warden concept

Aimed-for benefit Evaluation
Efficient use of ERT Achievec. No need to appoint 2 extra members for
organization controlling the lift as in prEN81-76 or BS 9999

Remark: Each assigned floor will need at least one Flgor
Warden. In some cases this may result in a neeektoa
staff. Some floors may need extra staff for cotitiglthe

FW-lift

Reduced psychological | Achievec. No person has the single responsibility of

work load controlling the lift until evacuation has complet&toor
Wardens have good overview and control over th&ir o
floor.

Panic Control Achievec. Floor Warden at the floor can reassure

passengers who are waiting, and if needed the Floor
Warden can guard off the lift door when closing.
Saving car space Achievec. No need for a Floor Warden to be present in
the car. Car capacity fully used for evacuation of
occupants

Remark: This benefit only counts when larger groups
need to be evacuated.

Wide range of Achievec. The FW-system can be applied both in low
applications rise as in extreme high rise, and intermediate tismn
be applied for evacuation of occupants with mopilit
problems, serving every floor, or large groupsaih t
buildings.

Remark: Only applicable in buildings where there is
some form of emergency organization

Remark: There is a limitation in the number of floors
that should be served by one single lift in ordeavoid
waiting queues;

Simple and low Achievec. Intercom is integrated and, if needed, the FW-
threshold system system can be used as simple standalone system,
independent from fire alarms or other third paniyiding
systems. Controlling the FW-system appeared to be
simple and easily understood.

6 CONCLUSION

We have developed a new control system which carsed effectively for evacuation of occupants

from buildings where some kind of emergency orgaiion is present. The FW-control system is

controlled from the landing on the floor that neddsbe evacuated. This is a new way of

controlling, and is a useful supplement to the argystems that already existed. When starting the
development we aimed to develop a simple and loestiold system, that is simple to use and with
a broad range of applications. The system that exeldped seems to meet these goals. We
obtained type-certification under the Lifts Direetj and the development is now reaching its final

steps.
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Abstract. Nowadays, the lift industry is moving towards fimgl new solutions for energy
management. Examples of this are energy recovestesyg based on local storage in
ultracapacitors, battery-powered lifts for peak powonsumption mitigation and improved UPS
operation, solar and/or wind powered lifts, amonigecs. Most of these new concepts include
energy storage systems, so they require battem#sraultracapacitors, depending on the energy to
be stored and the power cycling profile. As a nmatfefact, both batteries and ultracapacitors are
low voltage technologies, whereas lift traction teyss are based on well-known three-phase
industrial AC drives, operating at high voltagedisvof around 600V at their DC bus. One of the
possible solutions consists of the serializationaofarge amount of basic cells until industrial
voltage levels are reached. This solution, thougbaeently simple, is not practical because it is
expensive and safety and reliability problems andtiplied. Thus, a practical energy storage
system for lift applications should operate at abd8V, which is a safe, commercially standard
and cost-effective voltage level.

Some modifications are required if a 48V energys@unust be integrated in a lift traction system.
There are two possible options. First, (bidirecipC-DC converters can be used interconnecting
low-voltage 48V to conventional lift traction syste at 600V. Second, the entire traction system
can be redesigned so as to operate at 48 V. Thik slwows the technical challenges of the
integration of low-voltage energy storage systemslift traction systems. Issues related to
efficiency, cost, availability of required partsrfproduction, flexibility of use and others are
analysed. This way it is possible to identify they lchallenges and the best suited solutions in each
case.

1 INTRODUCTION

In recent times customers have been demanding giodiat turn around local energy storage
ability and lift manufacturers are providing sotuts [1-7]. Standard energy storage devices are
primarily based on chemical batteries, and theeelifis with electrical traction systems are thetbe
suited ones for this type of adaptations. Ultracéape technology is relatively new but its
advantages in terms of number of cycles and powssity make them ideal for applications that
require a high number of high power charging arsgdltrging cycles [6],[8]. Next some application
examples with batteries and ultracapacitors arevsho

a) Extended UPS (Uninterruptible Power Supply) operatsome customers require to keep
the operation of the lift even under long-term Iblack-outs. Among other solutions, an easy way
out is to connect a battery module to the DC buthefinverter, see Figure 1.a. Typical operating
voltages are around 600V so a big amount of batemust be serialized, which leads to an
oversized energy storage capability. Moreover, ispeafety and battery management circuitry
must be included, which makes this solution prattiout expensive. In the same way, due to the
fast ageing of batteries, operation costs are merged. Another solution is just to interconnect a
set of low voltage batteries with the high voltdg@€ bus through a DC/DC converter, see Figure
1.b.
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Figure 1 Different configurations for UPS function: a) with high voltage battery module, b)
low voltage battery module plus DC/DC converter

b) Energy buffering and/or peak power mitigation fiftsl electrical consumption by lifts is
characterized by cycles of high power peaks duaoceleration or deceleration and (typically)
half the peak power during steady travel. The pgeEmier determines the installation and operation
costs of the connection to the grid. The peak valudd be one order of magnitude higher than
the average power. This fact is particularly reteévéor residential lifts where, due to the low
number of travels, the total amount of requiredrgnés very low. Installation and operation costs
could be reduced if the lift is fed from a set aftbries that are permanently charged from the grid
at a very low peak power rate, see Figure 2.a. dikaefits of this system are extended UPS
functionalities and lower line-perturbations. Th&system can be complemented by an
ultracapacitor-based storage system, thus miniigpibigh power demands from the battery and
therefore increasing its life expectancy.

standard motor drive
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standard motor drive braking R |
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connection
@gDJI n Ny 1 |= mitigation and charger DC/DC
= T = UPS
120- /\/ =
e charger DC/DC

AC/DC MPPT

a) b)
Figure 2. a) Energy buffering and/or peak power miigation system, b) Solar and/or wind
powered lift with back-up grid connection

C) Solar and/or wind-powered lift: new trends relateenergy efficiency and harvesting have
pushed several manufacturers to offer systems areatpowered by solar and/or wind energy
sources. Typically batteries are used in orderttwesthe generated energy and provide the
demanded power to the lift. Both solar and wind e sources are interfaced through power
electronic devices so standard low-voltage batteogules at 48V can be used, see Figure 2.b. If a
standard lift inverter must be used, a DC to DC @ogonverter is required in order to connect the
low-voltage battery storage system to the highagst (600V) DC bus at the inverter. If solar
and/or wind energy resources are not enough to #eeplevator working, a back-up low-power
grid connection can be added.
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d) Energy recovery systems (ERS): lifts with gearlegastion systems, high traffic and good
levels of mechanical efficiency (around 80%) regatee a considerable amount of energy that
nowadays is lost at the braking resistor or tramsteback to the grid. Thanks to ultracapacitor-
based energy storage system (see Figure 3) isslge to store this energy during braking phases
and reuse it during demanding traction phases. taahdilly, using the same hardware and without
supplementary cost, it is possible to cover thék peaver mitigation functionality.

standard motor drive

________________________________

SSiyy braking R " i
1o = e [ | A Ho

__________

] _: Energy recovery system and
| a | peak power mitigator with
|—|_— | ultracapacitors

Figure 3 Energy recovery system with peak power migation functionality based on
ultracapacitors

Previously listed applications require differeneggy and power ratings but their storage voltage
levels and some components are common.

2 ENERGY STORAGE REQUIREMENTS

Basically there are two energy storage scenariost. \lve have the long-term large-energy exchange
case. This is the situation when extended UPS ifumadity or solar & wind energy is required and
the lift must perform as much as 100 or more tupsg its own stored energy. In this case the
energy storage sizing is determined by the requéeergy and therefore the power exchange
capability is much larger than the required onee $kcond case corresponds to short-term low-
energy exchange. Energy buffering, peak power atibg and energy recovery systems (ERS)
require the exchange of short-term high power peakss, the total amount of energy is low and
the required peak-power determines the size oketlexgy storage device. Anyway, some energy
buffering applications under high traffic operatimyuire the storage of a large amount of energy
and therefore fall within the first scenario.

Figure 4.a shows the energy storage requirementhéoabove-mentioned cases and different car
loads. A small lift (6 persons) 5 floor lift needsound 30Wh for ERS functionality. If a 100 travel
autonomy is required on UPS operation mode, a smsilliential lift will need to store a little less
than 2kWh. Figure 4.b shows the peak power exchdngedifferent loads. Both absorbed
(discharging) and regenerated (charging) powers slm@wvn. These powers depend on the
acceleration and speed profiles as well as onvkead lift efficiency, herein considered to be 80%
In the discharging case, the maximum absorbed pasvezlated to low mechanical efficiencies,
whereas when regenerating, the best mechaniceiegfties lead to the maximum charging power.

3 ELECTRICAL ENERGY STORAGE TECHNOLOGIES

Among the possible electrical energy accumulatiygiesns there are only two technologies that
offer mature and commercial products: batteries altchcapacitors. Both of them have been

manufactured in large scale quantities for somesyead therefore their performance, cost and
reliability are optimized and they are somewhahd#adized. Batteries are electrochemical devices
that operate through chemical reactions, thusdbbees difficult to get an accurate knowledge of
their internal state of operation. A battery is @mplex device whose behaviour is mainly

characterized by empirical models, its chargingcess is different from the discharging one and it
is difficult to identify its state of charge (SO@hd state of health (SOH). Moreover, its ageing
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process depends on the depth of charging-discliargyeles, current, temperature, and other
parameters.
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Figure 4. a) Energy storage requirements and b) poev requirements for different loads and
functionalities

Nowadays there are two main battery technologie¢seérmarket: Lead Acid Batteries and Lithium-
lon batteries. Figure 5 shows the main power-enehgyacteristics of both technologies and Table
1 summarizes the main features. The data in Taldeafpiproximate and has been included only for
comparative purposes. It is straightforward to tdgnLi-ion as the best choice in terms of
functional features: it offers the best specifiemyy and power figures and the longest life span.
However, on the other hand it requires the inclusibbattery management systems (BMS) and its
cost is 10 to 20 times higher than the cost of L&eid technology.
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Figure 5. Power-energy properties of batteries andltracapacitors

Considering the cost, ease of use and the habieddrom many years of successful installations,
Lead Acid technology is the preferred choice fon4portable energy storage devices.

Contrary to batteries, ultracapacitor technologypased on pure capacitive phenomena. Thus, an
ultracapacitor-based storage unit admits high ¢hgrgnd discharging powers, its state of charge is
straightforwardly determined by the well-known egmpa (1) and it withstands up to 1.000.000
charging-discharging cycles, see Figure 5 and Tdbl&'he main drawbacks are its low energy
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density and its very low nominal voltage, around\V2.which leads to the serialization of a big
amount of cells and the inclusion of a voltage nganaent system (VMS).

w=%cv2 (1)

Table 1 Comparative of battery and ultracapacitor echnologies

Feature Lead Acid LiOn Ultracapacitor
Number of cycles 300-2000 >5000 >1000000
Specific power (W/kg) 180 300-2000 5000
Specific energy (Wh/kg) 30-60 3040 5
BMS/VMS no yes (BMS) yes (VMS)
Cost (€/kWh) 170 1200 17000

It can be concluded that for UPS functionality g Bmount of energy is required and therefore
Lead Acid batteries must be installed, whereas RSEor power mitigation applications

ultracapacitors will be the favoured choice. Hybt&thnologies are possible with additional
electronics needed to make them truly compatible.

4 MATCHING OF REQUIREMENTS

An appropriate battery or ultracapacitor moduledaiven application must be selected. The fact is
that considering safety issues and available comgi¢ary technologies (battery chargers, inverters
and so on), 48V has become the highest standarthabwoltage for commercial battery modules

and one of the most widely used voltage levelsuttlacapacitors. Figure 6 summarizes both the

energy and power requirements of Figures 4 andve. Storage design examples are also shown in
the same figure.
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Figure 6. Energy-power diagram of requirements and technologis
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First, a battery module has been selected for al diftaUPS functionality. It comprises 4
commercial cells of 12V/40Ah, leading to an overlkergy of 1920Wh, with a discharging power
of 11kW and a charging power of 400W. The volumeril/ 22 litres so it can be easily fit in any
lift installation. Both the charging and dischaigipowers are shown by triangles at Figure 6. This
battery module will be denoted as the basic batteogule (BBM). It is obvious that energy
requirement leads to a set of batteries that aarlgl oversized in terms of power. In this type of
functionality fast charging is not a requisite ke tharging power can be significantly lower than
the discharging one. Anyway, it has to be pointetitbat in order to avoid fast battery ageingsit i
recommended to operate far below the nominal powfebatteries and assuring low energy
discharge cycles. Therefore, the rated dischargower of the battery at Figure 6 cannot be fully
exploited and the actual power capability will beser to the required one.

Next, an ultracapacitor module has been designe&8RS functionality intended for small lifts. It
usable energy is 35Wh and offers an equal chargindischarging power of 4.5kW. It takes a
volume of no more than 10 litres. This ultracapacinodule will be denoted as the basic
ultracapacitor module (BUM) and it is indicated aysquare at Figure 6. As can be observed,
energy and power requirements are relatively dogkat offered by the selected module.

Looking at Figure 6, it is straightforward to deteme that using 1 to 3 parallelized BBMs it is
possible to cover all the considered UPS requirésnand, in the same way, using 1 to 3 BUMs in
parallel meets ERS requirements. Therefore, ittsaooncluded that 48V battery modules and 48V
ultracapacitor modules could play the role of bdmidding blocks covering the considered energy
storage needs for lift applications.

5 INTEGRATION OF A 48V SOURCE IN LIFT TRACTION SYSTEM S

The “standard motor drive” block depicted in Figufeto 3 represents the common topology used
in lift drives. When a given electrical power hashie exchanged a current-voltage pair must be
selected, see equation (2)

P=VI )

Considering that the current is responsible forrtkeen part of power losses, a high voltage-low
current set of parameters is preferred. Thus,ritdastry has been adopting standard voltage levels
that are related to the power to be exchanged. Veating with powers from some kW up to
several tens of kW, three-phase 4QQYis the electric distribution standard. Electrikfiltraction
systems are modified versions of well-known indastdrivers, which are fed from a 40QWs
three-phase grid and, therefore, after being fedtifa 500-600V DC bus is obtained. This standard
drive technology has been used during more thaged®s in industry, so it is extremely robust,
reliable and, due to the large manufacturing scalst effective.

The problem arises when a 48V or even a lower gelenergy source is feeding part or the entire
energy requirements of a lift. There are two pdessicenarios. The first attempt consists of trying
to keep the already developed and well-known lif¢es by interfacing the 48V energy source and
the 600V bus by a DC/DC power converter. The se@putoach is simply to redesign the entire
traction system and build a 48Vdc compatible drivext, these two scenarios will be explained.

5.1 Integration of 48V source in a standard lift traction system

This is the case of Figures 1.b, 2.a, 2.b and &reva DC/DC converter is in charge of the energy
exchange from the low-voltage storage system to higé-voltage DC bus. First of all it is
important to point out that neither the low voltalgeel not the high voltage side operate at a



Challenges of Low-Voltage Energy Storage for Lifts 153

constant voltage. In the low-voltage side, batteie ultracapacitors can be installed. If a 48V
battery module is considered, its voltage can evdlem 42V to 53V, depending on the SOC. If
ultracapacitors are considered, the situation enewiore variable: its voltage can evolve from 24V
to 48V, depending also on the state of charge.

Looking at the high voltage side, the situatiomnd better. If the drive is motoring, energy is

removed from the DC bus and, thereafter, its veltdgcreases. In the same way, if the drive is
regenerating, energy is delivered to the DC busitsnbltage increases. The lower voltage limit is
determined by the dynamics of the DC/DC converiter. he time it requires until a satisfactory

voltage regulation is achieved), whereas the higloétiage limit depends on the same regulation
dynamics (if a bidirectional DC/DC converter is dsbut also on the voltage value at which the
braking resistor switches on. Most of the commdisciavailable drive manufacturers establish a
non-error voltage range from low 400V to 700V 0080

A cost effective solution is made possible by géamanufacturing scale, so it is desirable to get a
DC/DC converter that can operate with a broad ramgamost all the existing commercial drives.
For doing so, it must include a plug & play funcigity, that is: just plug in the power wires,
switch on the device, and the system must openatieput producing any disturbance in its regular
operation and without any need for modificationgha existing equipment. Thus, if a low-voltage
energy source must be integrated on a standarttddtion system, a DC/DC converter with the
next features is required:

* Rated power: 4kW to 15kW (depending on the lift)

* Input voltage: 42V to 53V or 24V to 48V

* Output voltage: 400V to 800V

* High dynamic response

» Bidirectional energy transfer ability (if ERS furanality)
*  Plug & play capability

» High efficiency (>90%) along all voltage-range

By now there is only one commercially available DC/converter compatible with these features
[7]. It has to be pointed out that a DC/DC powenwsrter limits the power exchange ability, but
not the usable energy amount, which depends ontii@mstalled batteries or ultracapacitors.

5.2 Redesign of the entire traction system at 48V

In applications where the three-phase 4Q@\Vline is not connected (Figures 2.a and 2.b) tigere
no need to keep high voltage DC bus levels, se jtassible to build the entire traction system
considering a 48V DC bus, see Figure 7. This DCJmltgage limits to 34¥us the available line-
voltage at the inverter output and the currentudtiplied by a factor of 10 or more. So a new motor
and inverter must be carefully designed and iredall
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Figure 7. A 48V DC bus traction system with a 34¥ys motor

The new voltage level leads to high currents amdefiore, in order to avoid high power losses and
bulky wires, the storage device, driver and motarstrbe located close from each other, which
sometimes becomes difficult to achieve. The maemback of this approach is that the seller
and/installer must offer and master two differeattion systems for the same range of lifts.

It is possible to conclude that the inclusion dD@/DC power converter makes it possible to get
any of the required functionality by exploiting Wkhown standard drives, simplifies the portfolio
of the sellers/installers and provides a big amairtexibility. In the other hand, the all-in 48V

drive covers only part of the functionalities, daest work with ultracapacitors and, somehow,
complicates the portfolio. Next, a deeper analgéthe required DC/DC power converter is shown.

6 BIDIRECTIONAL DC/DC CONVERTER
The required DC/DC converter must solve severabdeshallenges:

» Large input to output voltage relation: the inpoHetutput voltage ratio is larger than 10 and
could be, in some cases, above 20. This ratio makid@&icult to achieve high efficiencies.

* Variable input and output voltage: when the inpot autput voltages are kept constant it
becomes quite simple to design an optimized hi¢hieficy converter. But it is difficult to get
high efficiency values along all the operating dtinds if input and/or output voltages evolve
significantly. Moreover, the required power exchang not constant so the highly variable
design conditions make it difficult to achieve thesign goals.

» High control dynamics: in cases where the liftad £xclusively through the DC/DC converter
(topologies of Figures 1.b, 2.a and 2.b), the saomeverter is the sole responsible agent of
keeping the DC-bus voltage level within acceptafalieies. This DC-bus is randomly perturbed
by input-output powers that are permanently exchdngith the motor inverter and, therefore,
it is crucial to achieve very fast control dynascapable of rejecting these perturbations.

* Plug & play functionality: the control must achietiee above mentioned dynamics without any
complicated link with existing drivers. Only powetires must be connected and the device
must operate in an autonomous way.

Figure 8.a depicts the basic buck-boost topologst tls commonly proposed when DC/DC
conversion is required. Although simple and easgadwtrol, this transformer-less topology is not
well suited when high input-to-output voltage rat@re required and leads to very poor efficiency
values (below 50% in some cases). Due to the Mmgltito-output voltage ratio, it is almost
mandatory to include a transformer in the conversitain and, therefore, an intermediate AC stage
is required. The Dual Active Bridge (DAB) of FiguBeb is a basic topology achieving DC/AC/DC
conversion with an intermediate transformer. Thotighnumber of switching semiconductors has
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been multiplied by four, their individual voltagadacurrent values match with the switched power
so the power losses falls within logical valuesistibbtaining acceptable efficiencies.
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Figure 8. DC/DC converters; a) buck-boost topology, b) Dual Ative Bridge (DAB)
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The preferred solution in terms of efficiency ig tBeries Resonant Dual Active Bridge (SRDAB),
see Figure 9. Based on a DAB structure, it inclumlesries capacitor in the intermediate AC stage,
thus, a resonant tank is obtained. By switchinfyesfuencies above the resonant one, it is possible
to get soft switching behaviour under some condgj@nd therefore efficiencies of around 95% are
obtained.
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Figure 9. Series-Resonant Dual Active Bridge

Another benefit of the above mentioned soft switghibehaviour of the SRDAB is the
minimization of radiated and conduced interferentiess making it easier to comply with EMC
requirements. The already good efficiency of théd8R can be additionally improved by the use
of new state-of-the art Silicon Carbide (SiC) semductors. So far, the only commercially
available DC/DC converter compatible with this apgtion is based on the SRDAB topology and
includes SiC technology, thus providing the reqiifeexibility of use and efficiency [7]. In
addition to all the previous features, this cormedan be easily parallelized and therefore, using
basic storage modules and this basic DC/DC conveatescalable portfolio can be built thus
covering a large variety of energy-power requiretsen

7 CONCLUSIONS

This paper analyses a variety of lift applicatiaesjuiring energy storage. After this, storage
requirements are classified in two groups: longntaigh-energy UPS type functionalities and short
term low-energy ERS type functionalities. Among thailable accumulation technologies, Lead-
Acid batteries are the preferred choice if a bigoant of energy is required whereas ultracapacitors
offer the best performance for high-power low-egemgpplications with intensive cyclical
operation. Due to commercial availability, cost amesign requirements, the 48V standard is
selected for energy storage modules. It is showhlihsic battery modules and basic ultracapacitor
modules can be used as building blocks in scalap¢ems thus covering the required energy-
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power range. This scalable system needs to be eomepited by a high-gain DC/DC converter with
particular features, which has become the mainege of the proposed architectures. Nowadays,
some power electronic manufacturers have underdsio®cheed and potential market of such a
special converter and therefore they have inclutded standard product in their portfolio. Thus,
using the proposed flexible architecture, any smiathedium size lift manufacturer can offer high-
end solutions with minor investments, respondingldy to the market requirements for higher
efficiency.
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Abstract: Obtaining the highest possible energy efficiencyadift has been a challenge in the
industry in the past years and remains so. As actretmechanic system, the lift has two areas of
possible design improvement. Nowadays, in the etattarena, the use of certain components and
their control help to achieve an efficient perfomo@a PMSM motors, 3VF inverters, regenerative
systems, LED lighting, standby mode, etc. Nevee$gl we have identified two ways to further
improve the efficiency. The first one is to addelfigence to the lift control, especially related t
energy related issues. The second line of actido firther improve the energy reuse when the
motor is generating. This is achieved by storingrgy rather than just regenerating the energy to
the grid.

1 INTRODUCTION
1.1 Starting point

Nowadays, the mechanical designs used for lifts theduse of materials, such as high-strength
steel, has contributed to the improvement of eneffigiency.

With regards to the electrical package, new comptnend features such as those stated
previously, have led to a significant improvemdiite energy impact of lifts in their service lifesha
been reduced considerably.

Taking into account the levels achieved, we presemew approach which will allow further
improvements to be achieved. In this section ofitif@duction, there are three points to be taken
into account due to the fact that they are death wi this paper. They are shown below together
with a brief description and some of their advaatasome of them are already well-known in the
lift industry). Point 1.2, “real time communicat®h is important for the development of point 1.3
(“Direct to Floor system”) and to obtain other f@&s detailed later in the paper. Point 1.3 is the
starting point to achieve point 1.4

The objective of this paper is to focus on the gn@émprovements which are obtained thanks to the
application of the three points (1.2, 1.3 y 1.49ksas the use of energy storage systems. This will
be shown from chapter 2 onwards.

1.2 Real time communications

Developments in real time communication betweenlitheontroller and other electronic devices
allow significant amounts of information to be stdrIn this way, the electronic controller can
make many decisions. For example, this is impoitantder to develop a DTF solution which does
not require the traditional second encoder to cbifre car position in the shaft (already known in
the lift industry) as well as to obtain a call dg&tion system in a DTF lift that only uses the onot
encoder readings. Here, the real-time communicdtéiween the lift controller and 3VF inverter is
fundamental for both devices (this DTF solutioshe®wn in 1.3).
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Other decisions can directly affect the energycefficy of the lift. For this reason, the constant
communication between the controller, the 3VF festpy inverter and the energy recovery system
is fundamental. This paper focuses on this subjEarther on, we will look at how the
communications allow working modes which can imgrtive energy efficiency.

Some examples:

1.2.1. In the lift controller, to know the statetbe 3VF inverter (without using digital 1/0) allew
us to know the temperature of the IGBTs and confimat this is correct before switching it off in
order to avoid reducing their lifetime. More detaih chapter 4.

1.2.2. In a DTF solution without the traditionatead encoder, the 3VF inverter, when switched
back on (leaving standby mode with the inverter gpletely disconnected) needs to quickly know
the car position in the shaft. More details in d¢kag.

1.2.3. The fact that the controller is aware of ¢hectrical variables of the motor throughout the
entire journey in real time, allows it to calcul#ite car load without using traditional load weighi
devices. With this solution, we also evaluate maiod shaft efficiency. This is important in
chapters 1.4 and 3.

1.2.4. In energy recovery solutions, it is impottdrat the lift controller is aware of the battatier
capacitors’ loads and their temperatures.

In the same way, it is also important to know frbma 3VF inverter the electrical power which the
motor is requiring or is generating.

Taking into account these points, the lift congolcan make decisions regarding the lift speed
during or before starting a journey and therefarieieve a more efficient energy storage or reuse.
More details in chapter 6.

This information is also important to manage a dbgnmode in which the stored energy is used to
power the lift controller. It is also necessaryettsure minimum energy storage to ensure automatic
rescue.

1.3 Direct approach system (DirectToFloor)

v B A EleEl

Figure 1.

Following on, the working mode which is already wmoand used in the lift industry is shown.

In figure 1, two graphs taken from the same li8 ahown (speed vs time). On the left, the direct
approach system is shown and, on the right, thdtimaal solution with approach speed can be
seen.

This control system (DTF) has the following advaem well known among lift industry
professionals.
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Shorter journey times® improved passenger traffic pattern within the diai.

1. Travel curve calculation depending on the distanagestination> improved comfort.

2. Reduction in time required for installation and manance.

3. A second encoder is not required to control thepeaition in the shaft.

4. The number of signals and sensors in reduced istih#t when compared to traditional
lifts.

5. Simple procedure for final adjustments.

1.4 Combined with DTF: Exceed the nominal speed of thegearless machine PMSM
(VARIABLE SPEED)

There already exists, [9], a solution where the saeed can be modified depending on the
differences in load between the car and countelweithis can provide a reduction in the journey
times.

This paper’s solution is based on real time comeation between the 3VF inverter and the
controller at all times during the journey. .

An estimation of the car load and the motor andtsfaciency is obtained during the journey.

In this way, in cases where the load differencavbeh car and counterweight is less than the
nominal value, the nominal speed of the motor camxceeded. In this case, for example, with a
traction lift designed for travelling at 2 m/s, bging this DTF solution, it is possible for the b
easily exceed this speed and reach speeds of 2.5amd/ without any increase in the electrical
energy demand.

This solution allows travel times to be reducedupyto 20%, which improves the passenger traffic
patterns in the building. This paper is not focusedhis working mode, rather the energy savings it
can offer.

In figure 2, the power demand for an MRL gearlé$s1000 kg, 2 m/s, 50% balanced and with a
15.31m travel distance (IMEM test tower).

Going up and going down 300 Kgs in the car

12000
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Figure 2.

2 ENERGY IMPLICATIONS OF THE DTF SOLUTION

Added to the previously identified DTF advantagesenergy saving is obtained by functioning as
both a motor and a generator.
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The energy saving is obtained, mainly, thanks éodlimination of the approach speed. Using DTF,
the control reduces the energy losses in the nthitong the journey, mainly produced because of
the Joule effect in the stator.

Due to the temperature reached in the stator, arease in the winding resistor impedance is
produced, which will lead to a higher level of lessLosses = 3 * Rf * [f*2

The DTF mode, therefore, contributes to maintairtiregmotor temperature slightly lower.

In figure 3, the TOTAL power demand of an MRL geaHd lift, 630 kg, 50% balance, 6.13m travel
distance is shown. Analysis is below in table 1.

Going down and going up withemptycar

--remer B R S B L L SR b e -
! | ——with DTF
- [
| | ——WithoutDTF | | !

_______

16 18 20 22 24 26 28 30 32 34 36

38 40 42 44 46 48 50
Time (sec)

Figure 3.
Energy | Energy Time
Savings travelling upwards DTF 0.38 W19.09%
Savings travelling downwards DTF 0.74 Whr.85%
Time savings 18.75%| 3 secs (per journey)

Table 1.

In the following case, table 2, energy demands sawihgs are shown for an MRL gearless, 1000
kg, travelling at 1 m/s, travel distance 15.31m EIM test tower), empty car, 50% balanced.

Journeys: PP P2, P P3, PP P4. As shown, with shorter journeys, the savingsgaeater and

more significant.

DTF DTF Total CLASSIC CLASSIC Total Saving Saving
UPWh DOWN DTF UP Wh DOWN CLASSIC up DOWN
Wh Wh Wh Wh
3401 mm 1.27 8.31 9.57 2.42 9.45 11.87 47.68% 12.10%
7901 mm 1.54 16.45 17.99 2.70 17.59 20.28 42.78% 6.50%
10901 mm 1.73 21.87 23.60 2.88 23.02 25.90 40.03% 4.99%
Table 2.

The time saving also has implications in the savimgde by the car lights (less time illuminated).
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3 ENERGY IMPLICATIONS WHEN EXCEEDING THE NOMINAL SPEE D OF THE
MOTOR (VARIABLE SPEED)

The following data, figures 4 & 5, are obtainednfr@an MRL gearless lift, 1000 kg, 2 m/s, 50%
balanced, car load 100 kg. Travel distance: 15.3M4&M test tower).
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Figure 4.

Going down 100 kgs in the car
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Figure 5.

In table 3, conclusions are detailed correspontbnifpe energy efficiency of the journeys shown in
figures 4 & 5:

2m/sec | 2.4 misec
4.47% Energy saving up.

Up 1.42Wh | 1.36Wh
0.48% Energy saving down.

Down | 22.37Wh| 22.26WHh

Total | 23.79 Wh 23.62Wh

Table 3.

By making a calculation, using the data showns ipassible to translate the results3@m travel
distance(table 4):

2 m/sec 2.4 m/sec

Up 3.29Wh 2.90Wh 11.85% Energy saving up.
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Down 110.28Wh 109.33 Wh 0.86% Energy saving down.

Total 113.57Wh 112.23 Wh 16.67% Approx. time saving.
Car lighting 6 LEDS 6 LEDS
Table 4.

It is shown that the savings, both in time and mergy, increase in conjunction with the travel
distance.

Values in table 4 are calculated as follows:
Reviewing the measurements carried out and shoviigures 4 and 5 and table 3:

Both in journeys travelling up and down, 3 stagesste(acceleration, constant speed and
deceleration).

In order to simulate an 80-metre journey, it isetakfor granted that the acceleration and
deceleration phases are the same as those showougsig. The only difference would be the time
spent travelling at constant speed.

Using the energy data obtained with the FLUKE 4B&nlalyser for the 15.31 metre journey, we
obtain the Wh demanded for every 2.4 metres (férr2/s) and every 2 metres (for 2 m/s). The
readings are taken each 10 millisecs.

For an 80-metre shaft and table 3 and figures 45and

Travelling upwards at speed of 2.4 m/s:

Wh upwards every 2.4 mtrs constant speed

Wh travelling upwards 2.4 m/s shaft 80 mtrs — Whtravelling upwards 2.4 m/s shaft 15.31 mtrs + (80 - 15-31) * 2.4 mtrs
,

Travelling downwards at speed of 2,4 m/s:

Wh downwards every 2.4 mtrs constant speed

Whtrtwelling downwards 2,4 m/s shaft 80 mtrs — Whtravelling downwards 2,4 m/s shaft 15.31 mtrs + (80 - 15'31) * 2 4 mtrs
’

Travelling upwards at speed of 2 m/s:

Wh upwards every 2 mtrs constant speed

Whtravelling upwards 2m/s shaft 80 mtrs — Whtravelling upwards 2m/s shaft 15,31 mtrs + (80 - 15-31) * 2 mtrs

Travelling downwards at speed of 2 m/s:

Wh downwards every 2 mtrs constant speed

Whtravelling downwards 2m/s shaft80 mtrs = Whtravelling downwards 2m/s shaft 15.31 mtrs + (80 - 15'31) * 2 mtrs

4 STANDBY MODE

This working mode is very important due to the fegt the lift spends the majority of its
life in this mode.

Currently, lift devices such as displays and fremyeinverters have standby functions available to
be controlled by the controller.

There are cases in which the not very fast statirap of these devices and the autotest processes
need to be carried out before reaching READY ssa&/or the need to maintain information in
their memory, obliging them to maintain a low leeéenergy consumption.
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Thanks to real time communications information barshared between devices.

In this way, by having only the controller workirig standby mode, and it having all the
information from the lift available, it is able sthut down the rest of the electronic devices, &rrth

reducing the energy demands. In this paper we foauhe shutdown of the 3VF inverter and the
displays although further devices exist which carcbmpletely disconnected.

In the case of the 3VF inverter, in order to shudawn completely, it is necessary to confirm in
advance that the temperature of the IGBTSs is cbr@iherwise, their lifetime can be dramatically
reduced.

When the inverter is completely shut down, its ggetemand is zero.

This working mode allows the traditional standbemrgy demands to be eliminated. For example,
an estimation of 2 current inverter models (2 wee}i-known European manufacturers).

Inverter A In = 32 Amps: 27 W when idle, 13 W dargdby-> 0 W
Inverter B In = 14 Amps: 19.7 W when idle, 8.7 Wsiandby> 0 W

In order to switch the inverter back on (exit staydnode), it is important to estimate the
temperature of the DC bus pre-charge circuit. i i not done, the inverter can be damaged or
have its lifetime reduced.

When switching the inverter back on, with DTF liftsthout second encoders (a second, more
expensive element), it is necessary to inform tiverter about the car position in the shaft. Iis thi
way, the time required to reach READY mode is reduand provides a quick response to the
passenger request.

In the case of the displays, when switched backtas,fundamental to know, via field bus, when
ready mode is reached in order to send them tlennation which must be shown quickly. This
solution allows them to be switched off completedyher than keeping them on standby mode.
Measurements from the displays of 2 very well-kndsumopean manufacturers:

Display 7": 8.64 W when idle, 3.12 W on standBy0 W
Display 3": 13.48 W when idle, standby mode naaitable> 0 W

5 REGENERATIVE SOLUTION + ENERGY RECOVERY SYSTEM

To be able to reuse the energy generated by therpibere are mainly two alternatives; return the
energy to the grid or store the energy. Returnimgenergy to the grid is an interesting, well-used
option, and regenerative drives have been availediesome time. Again the problem is the

uncorrelated events of generation and use. Enexgyned to the grid may be used by another
system that happens to be consuming at the sanee(fon example a neighbour lift) or can be

accounted for in countries where net metering @ilalle. In general, it is almost impossible to

determine with precision how much of that energgatially being saved by the lift owner.

This paper uses a recently developed market-alaitl@chnology of storage [2, 3] with positive
results. Figure 6 shows the schematic diagrameo$yistem that has been added to the lift
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Figure 6 Electronic diagram of connection of storge system to DC bus of VVVF drive.

As can be seen, the system requires only two wicemected to the VVVF drive so it is very
simple to install. Although it is not required, fioer information may be at the disposal of the
controller (see section 6 below). The system has parts that may be integrated in a single
module: a DC/DC converter that transforms the energo something that can be easily
accumulated and the actual accumulator. This ogeertling on the application, can be a set of
batteries or ultracapacitors.

In this particular case, a study has been carndvih two different versions of the energy starag
system. The two versions are different in termpafer handling capability and in available energy
storage modules. Table 5 shows the two versionshinge been evaluated. Lift: MRL Gearless
1000 kgs, 50% balanced, travel distance: 15,3 m.

Table 5. Two different versions of energy recovergystems

Converter power Energy stored
Version 1 3.5kW 100kJ (flexible)
Version 2 6.3kW 60kJ
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Figure 7 Power vs. time of the lift without saving systenaik) and a) using version 1 and b) with
version 2. Consumption from mains and energy pexvioly energy storage and conversion system
[15,3m trip with no load in the car]

Figure 7 shows two trips of maximum generation amkimum consumption, motor power Vvs.
time. The actual curves of a measured version tesyeffect in the lift are presented in red. The
power function of the effect of a simulated versibsystem in the same case is presented in blue
First of all, it is important to mention that thé,lhas a remarkably high efficiency, measured at
83%. Secondly, the power handling capability of wieesion 1 system, limited to 3.5kW, does not
allow the storage of all the available energy i@ ¢ieneration journey, with part of that going te th
braking resistor. Nevertheless, version 2, withk®/3of power conversion, allows the storage of
more energy. The effects can be seen in the lastopahe consumption journey, with version 2
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supercapacitors being depleted later than withimerk, resulting in higher savings. Table 6 shows
the numerical results obtained for the particulsecof version 2.

Table 6. Energy calculations for test lift for maxmum ratings

Max. power consumed 6059 W
Max. generated power 4246 W
Efficiency of installation 83.71%
Energy consumed in onetrip 95.66 kJ = 26.57 Wh
Energy generated in onetrip 62.63 kJ = 17.40 Wh
Savings with version 1 50.05%
Savings with version 2 59.30%

Traction energy saved is estimated as 59.30% wighsecond version of the system. A VVVF
inverter efficiency of 96% has been consideredyal as 98% unidirectional efficiency of the
DC/DC converter (which implies 95% bidirectionaffi@ency). With version 1 of the system,
savings are lower, due to the above mentioned fact.

ISO 25745-2 [1] and state-of-the-art literature §5,7] relate actual daily energy calculations to a
set of parameters that have an impact in this stimythis paper we have taken these into
consideration and we have measured the impacteo¥ehsion 1 system in the energy savings for
the different classes of operation by means ofidensg the number of trips, load and distance. At
the time of the tests, version 2 of the technolagg not available, which is why version 1 was
used. 365 days per year are considered for thepart lift mentioned before table 5. The results
are as follows:

Usage category 1. 98.91 kWh/year (without recovgygtem), 39.17 kWh/year (with recovery
Eésatgren )c.:ategory 2: 247.03 kWh/year (without recovarstem), 97.92 kWh/year (with recovery
Eésatgren )c;ategory 3: 592.88 kWh/year (without recovarstem), 227.69 kWh/year (with recovery
Eésatgren )c;ategory 4: 1442.84 kWh/year (without recpwsistem), 571.89 kWh/year (with recovery
Eésatgren )c;ategory 5: 1967.42kWh/year (without recowsstem), 779.82 kWh/year (with recovery
Eésatgren ;c;ategory 6: 1520.15kWh/year (without recowsistem), 524.89 kWh/year (with recovery
system).

As a summary, we can conclude that the inclusioa ofcovery system reduces the lift's energy
consumption in a variable percentage (dependenemion and category of use) that in general is
above 35%. These savings levels are the startimg foo section 7.

6 COMBINING DTF + VARIABLE SPEED + ENERGY RECOVERY AN D STORAGE
SYSTEM

Several studies have been carried out which foausnergy recovery and storage systems such as
[8]. Different behaviours and uses of the energyeiaeen studied.

From our point of view, there are two factors té&etanto account when storing and reusing
electrical energy.
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a.-The capacity for managing the power of the DCdnverter. In certain circumstances,
the lift can generate or demand more energy thamC/DC converter can deal with.

b.- Storage capacity in the ultracapacitors madule

Communication using a field bus between the coletr@ind the DC/DC converter allows, amongst
other things not applicable in this paper, monitgrin real time the load state of the ultracapasito
and the flow of energy between the DC bus andtthrage module.

The lift controller, using DTF and VARIABLE SPEEDan reduce or increase the travel speed (if
the building’s passenger traffic allows), and i@ the efficiency of the generation/reuse of
energy in these cases.

7 SOLAR PANELS

To be able to use alternative energy sources, isdlyesolar panels, the generated energy needs to
be transformed to a usable form of energy for ifihelth general, solar or wind energy require some
storage to buffer the generation and the consumpt#aain, thanks to the transformation and
storage capabilities provided by the tested enstgsage and recovery system, we have been able
to easily add solar panels as an energy sourceuwutidny need for additional electronics.

For this particular case, the energy storage clpaisi a relatively small one. Typically, this wiglu

be for one or two trips in maximum consumption modee intention was not to make a completely
solar powered and self-sustainable lift. To dolsdteries are needed and there are alternatives [2,
3]. The intention was to further reduce the constion. The test lift that has been used is the same
as in section 5, with the addition of solar pané&lse solar panels that have been considered are:
Power: 295W, Area: 1,95 m2, Voc: 45V, Vmpp: 37V]I€er2
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B 3 Pannels
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a) b)
Figure 8 Estimated savings (in %) with Version 2 and sokamgds by month: a) category 2 lift, b)
category 5 lift.

Figure 8 shows the expected savings dependingeonitmber of panels installed and the month of

year in Santander (north of Spain). The efficientyhe solar panels provided by the manufacturer

has been taken into account and radiation has dmesidered to be the average statistical data for
the city. It already considers that the savingsioleld with an energy storage system (as mentioned
in section 5, table 6). In addition, for the partar case of a category 5 lift and depending on the
month of year, average savings can be increasatbte than 85% with just the addition of one
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solar panel, without the need for any additionat&bnics These estimations vary, of course, with
latitude of installation and class of operation khey highlight very promising results for this
option in terms of improving the energy efficiency.

The whole system (energy recovery system), inclydiolar panels has a possible range of ROIs
that is highly dependent on location, cost of epengd features of the lift installation. Typicalsto
of solar panel is slightly less than 1€ per Watt.

8 CONCLUSIONS

The use of the DTF system as standard in any ¢oradift provides considerable electrical energy
savings, especially with traffic between floors3j13-5, etc.).

The DTF system has to be used as Standard witllolitianal costs to the lift. The intelligence of
the lift controller reduces to a minimum the adpusbts (the number of components is not
increased, it is reduced); and these are simplifiadks to software.

The combination of DTF with VARIABLE SPEED (overegding the motor) significantly reduces
the journey time and provides improvements in epefficiency.

The passenger traffic requirements in the buildiogld be managed better without necessarily the
need for more lifts or higher motor powers. Thiglig to the journey time reduction thanks to DTF
and over-speeding the motor above its nominal spkedccordance with [10], and for 2 lifts
(duplex) example: MRL traction lift, 13 person, fl8or, floor-to-floor distance: 4 metres, door
opening time: 5 secs, building population: 100 persar load percentage: 65%.

Estimated data at 2 m/s and at 2.4 m/s.

Case A. 2 m/sec Case B. 2.4 m/sec
Handling capacity 5 47.72 51.7
minutes (%)
Waiting time (secs) 34.52 31.87

Using this data, the only guaranteed conclusiorcivicen be reached is that the increase in speed
helps to reduce the two variables shown and thd& B VARIABLE SPEED brings the data from
cases A & B closer together.

Regrettably, it is not possible to define the leseimprovement and how close the data from case
A can be brought to case B.

It has been possible to improve standby modes thamkeal time communication and the sharing
of information between devices.

The evolution of the current regeneration systemsemergy recovery systems with storage
capabilities has led to the intelligent managemanelectrical energy when storing or reusing
energy.
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Abstract. It is generally accepted that passenger arrivaldift service follow a Poisson arrival
process. Moreover, recent research has also stimvthe arrivals take place in batches rather than
single passenger arrivals. For these reasongrdific simulation software may use the Poisson
batch arrival process to generate the time of éatth arrivals and the size of each batch (i.e., th
number of passengers arriving in each batch). Pphisides a better representation of real life
conditions and produces a more realistic simulatiditernative models for generating passengers
for lift traffic simulation packages are consider@dmethodology for generating batch arrival times
and the size of each batch is presented.

1 INTRODUCTION

An important part of any lift traffic simulator e passenger arrival process. The passenger
arrivals represent the demand to which the liftesysis subjected. The passenger arrival model

should reflect the actual characteristics of thévak process. This ensures that the output of the

simulation is more representative of reality. hstpaper, alternative arrival models are presented
and discussed. A new methodology for generatirsggrager arrivals is proposed.

2 POSSIBLE PASSENGER ARRIVAL GENERATION MODELS

This section examines possible models with whichspagers can be generated for lift traffic
simulation. All examples in this section assumgaasenger arrival raté, of 0.2 passengers per
second.

2.1 Constant inter-arrival time

This is a simplification of the passenger arrivedbgess. It is assumed that the time between the
arrivals of consecutive passengers is constant @ieterministic rather than random). The time in
seconds between the arrivals of consecutive paseenginter-arrival timét can be calculated:

At =1/2 1)

A diagrammatic representation of passenger arrigglnst time is shown in Figure 1. As the
arrival rate is 0.2 passengers per second, theintirearrival time is 5 seconds.
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Figure 1l Passenger arrivalswith constant inter-arrival time

2.2 Random inter-arrival timewith uniform probability density function

This model assumes that the inter-arrival timearsdom. However, it contains a simplification of
the passenger arrival process by assuming thatistrébution of the inter-arrival time is a uniform
probability distribution function (pdf). The valud the inter-arrival time has an average value of
1/ and varies between 0 seconds and the twice thragegalue2 /1.

The value of an inter-arrival sample time can bal@ated using the equation 2 wh&and is a
function that generates a uniformly distributedd@m number between 0 and 1. This yields the
representation of passenger arrivals given in Ei@ur

__2XRand

. 2)

At

0 10 20 30 40 50
Time (s)

Figure2 Passenger arrivalsunder arectangular pdf process

Although this model offers a better representabbithe passenger arrival process by introducing
random passenger arrivals, it assumes that a ppesemnst arrive in the time period ®f4 which

is not necessarily true. A much longer periodiofet might pass without a passenger arriving.
Moreover, the model gives equal probability topasible values of the inter-arrival time, which is
not an accurate reflection of reality.

2.3 Random passenger arrivals applying Poisson probability density function

The most widely accepted passenger arrival mod#ledPoisson process [1, 3, 4]. This assumes
that the number of passengers arriving in a peabdime follows a Poisson distribution, see
Equation 3.

A" -e= AT

P(n) = &1 3)
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Where P(n) is the probability that the number of passengefisiag in the period of timeT is
equal ton. Using a period,;T of 10 seconds, the Poisson probability densityction has been
generated and shown in Figure 3. Figure 4 shomepr@sentation of passenger arrivals.

XXX
XX

0 1 0 10 20 30 40 50 60
Passengers arriving in one perlod (n) Time (s)

Figure 3 Probability destiny function for a Figure4 Passenger arrivalsunder a Poisson
Poisson arrival process pdf process

The passengers are assumed to arrive in the maddlee period of timel (10 seconds) as the
actual arrival time of each passenger is not ddfinEor this reason, this basic application of the
Poisson process is unrealistic, even with a smaller

A further disadvantage of this approach is that nbhenber of passengers generated in the time
period does not necessarily correspond to thearrate. This inconsistency between user input
and passengers generated can cause confusionrsob@isaffic simulation software.

24 Random inter-arrival timewith exponential probability density function

The random variable in the previous Poisson passemgival model is the number of passengers
arriving in a time periodyT. A better approach is to use the inter-arrivaletias the random
variable. This can be achieved by consideringtiime after which one or more passengers are
expected,7-P(0). Substituting Equation 3 yields Equation 4. k&b shows a representation of
passenger arrivals.

—In(1—-Rand)

At = . (4)

0 10 20 30 40 50
Time (s)

Figure5 Passenger arrivalsassuming random inter-arrival timewith exponential pdf

As for the original Poisson approach, the numbgrasisengers generated in the time period does
not necessarily correspond to the arrival rate.
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25 Random arrival timein a given time period

To address the inconsistency in passenger numbarse traffic simulators create the exactly the
number of passengers required by the arrival @t¢hie time period T. As only whole passengers
can be generated, rounding up or down is determiisath a random number. Random numbers
are used to place the passengers on the time Tiinés achieves a similar result to the previous
model with an exponential probability density fuont see Figure 6.

R X

0 10 20 30 40 50
Time (s)

Figure 6 Passenger arrivalsassuming random arrival in a given time period

A consequence of this approach is that the longetitne periodl, the more variation there is in
the demand during that period. For exampld, i§ 5 minutes, 60 passengers would be generated.
If Tis one hour, 720 passengers would be generatackveo in the first five minutes, there may be
58 passengers, and in the second five minutes thayebe 64 passengers.

2.6 Further considerations

It has been shown that passengers arrive in ba{éheslso referred to as bulk arrivals [2]. The
probability density function of the batch sizes elegs on the nature of the building and the time of
the day. Thus for every batch arrival, there are parameters to generate: the time at which it
occurs and the size of the batch.

3 AMETHODOLOGY FOR GENERATING PASSENGERS FOR SIMULATION
3.1 Stepsof the methodology

The passenger generation methodology presentéisipdper combines the most useful features of
the methods discussed in section 2: (i) the metloggoassumes a random inter-arrival time with
exponential probability density function; (ii) thetal number of passengers is consistent with the
expected number of passengers; (iii) the batchmegbe building and time specific.

3.2 Procedure

For each floor where passengers arrive, considertdtal number of passengers generapggl,
during the workspacdy/S. The WS is the time over which passengers are being gtteia
seconds.A may be determined from the passenger demand whichn is calculated according to
population and building type.

Pgen = A-WS (%)

To generate passengers for Ws:
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1. Calculate the required number of passengers tebergted as shown in equation 5. Assign the

first passenger’s arrival time to zero seconds.

Using Equation 4 generate the inter-arrival timesveen all the consecutive passengers.

Repeat step 2 until the number of passengers gedesaone more than the required number of

passengergigen + 1.

4. Discard the last passenger generated, but retsiarther arrival time. This arrival time will be
referred to asV’s’.

5. Itis likely that the value of’S’ is different from the desired workspace tifl&5. Thus apply a
shrink or stretch correction factafF = WS/WS' to the whole set of arrival times. This will
ensure that the total passenger generation timgual tol/S.

w N

3.3 Examplewithout batch arrivals

A building has a populatiort) of 1000 persons and arrival rafd3% of 12% of the population per
five minutes at the floor being considered. Thieieaf the workspace is 60 seconds.
— AR% -U 12%-1000

200 = 00— 0-4passengers/second (6)

A

The expected number of passengers to be genendtieel workspace can be calculated:
Pgen = A-WS =04-60 =24 (7)

The arrival times of each passenger are shown bieTa, column 2. As the target number of
passengers is 24, the number of passengers thaitaiy generated is 25. The $Passenger will
be discarded, but his or her arrival time retain@dble 1 column 2 needs to be shrunk or stretched
such that exactly 24 passengers arrive within 80 Jée correction factor is found by dividing the
desired workspace by the actual workspace.

ws 60

SF =22 = = 0.9426 (8)

wsSr 63.6529

The arrival times are thus adjusted by multiplyihgm by SF, as shown in Table 1, column 3. The
original and adjusted arrival times for the 24 paggrs are shown in Figure 7 with each passenger
arrival shown as an inverted triangle.
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Table 1l: Passenger arrival times

Passenger (#) | Arrival time(s) | Adjusted arrival time (s)

1 0 0

2 5.5392 5.2214
3 6.556 6.1798
4 9.5555 9.0071
5 10.1065 9.5265
6 10.1841 9.5996
7 13.5913 12.8113
8 15.3242 14.4448
9 16.9587 15.9855
10 22.8361 21.5256
11 25.1892 23.7437
12 27.5929 26.0094
13 32.4982 30.6332
14 36.5914 34.4915
15 38.7407 36.5175
16 39.2458 36.9935
17 39.9316 37.64
18 45.3718 42.768
19 45.4445 42.8365
20 47.1274 44.4228
21 47.587 44.8561
22 57.2073 53.9243
23 60.3254 56.8634
24 62.0606 58.499

63.6529 60

W Arrival time (s)
W Adjusted arrival time (s)

VWV VvV VYW ™" V-

V- WWIV%W9Y V7/79 7V VvY'w W vyw

0 10 20 30 40 50 60
Time (s)

Figure7 Initial and adjusted passenger arrivals
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3.4 Examplewith batch arrivals

A building has a population, U of 300 persons andaival rate of 4% of the population per five
minutes at the floor being considered. The valud®workspace is 15 minutes.
— AR% U 4% -300

200 = 300 = 0-04passengers/second 9)

A

Using the value of the arrival rate above, the etggenumber of passengers to be generated in the
workspace can be found as shown below:

Pgen = A-WS =0.04-900 = 36 (10)

The probability density function that is to be udedthe generation of the batch sizes, based on
reference [5], is given in Table 2.

Table 2 Probability density function for the batch sizes

Batch size 1 2 3 4 5

Probability 37/58 13/58 6/58 2/58 0

The average batch size can be calculated fromahassshown below:

1:37+2:-13+3:6+4-2
58

b= = 1.5345 passengers/batch (11)

In order to account for the average batch sizdsulede the batch arrival ratel, in batches per
second.

0.04
1.5345

Ap = % = = 0.0261 batches/second (12)
Using the arrival rate for the batches found in atimpun (12) the batch arrival times can be
generated. These are shown in Table 3 togethartiangt batch sizes. The batch sizes are randomly
generated using the batch size pdf shown in Table 2

The 20" batch is discarded, but its arrival time is re¢din Table 3 column needs to be shrunk or
stretched such that exactly 36 passengers arrivenwii5 minutes. The correction factor is found
by dividing the desired workspace by the actualkspace.

SF=2=_2 _—09229 (13)
wsSr 16.2531
The arrival times are adjusted by multiplying thésn SF as shown in Table 3, column 3. 1t is
worth noting that the initial batch sizes are noarmged. The sum of the passengers arriving in 15
minutes is 36 passengers as required.
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Table3 Adjusted batch arrival times.

Batch (#) ,(A\nr"rrll\l/ﬁ[\g;me ,(A\rr(]jij:ligsd)arrlval time Batch size (passengers)

1 0 0 1

2 0.9921 0.9156 3

3 1.9611 1.8099 2

4 2.667 2.4614 1

5 2.7586 2.546 2

6 2.7726 2.5588 1

7 3.2973 3.043 4

8 3.526 3.2542 4

9 5.3186 4.9085 3

10 7.8494 7.2442 1

11 8.0653 7.4435 1

12 9.097 8.3956 1

13 10.5448 9.7318 2

14 11.1267 10.2688 3

15 12.5041 11.54 3

16 14.3439 13.238 1

17 14.8533 13.7081 1

18 15.6866 14.4772 1

19 16.2364 14.9845 3

20 16.2531 15 N/A
Total passengers 36

The original and adjusted arrival times for thechat are shown in Figure 8.
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Figure8 Initial and adjusted batch arrivals

4 CONCLUSIONS

Alternative models for generating passengers fiir ttaffic simulation packages have been
presented.

The first model assumes a constant passenger larate where the time between passenger
arrivals is deterministic and constant. This madelot representative of reality as it is knowatth
passengers arrive randomly. However, it can bd tmethe verification of the value of the round
trip time found using calculation. The second masumes a uniform (rectangular) probability
density function, where the inter-arrival time aetpassengers randomly varies between O s and
2/A secondsA is the passenger arrival rate in passenger pendgc It assumes that a passenger
must arrive at most eveB/A seconds and gives equal probability to all valfester-arrival time
between 0 and/A seconds; neither of these assumptions refledtyeal

The third model assumes that the number of passemgarriving in a period of timd follows a
Poisson process. The passengers are assumed/¢oimthe middle of the period of timeas the
actual arrival time of each passenger is not ddfitl@s is unrealistic, even with a smaller The
fourth model modifies Poisson to allow for exaaival times to be defined; this is more realistic,
however, the random nature of arrivals means tleapassengers generated in the time period does
not necessarily correspond to the arrival rate.

Another approach creates a Poisson-like arrivakcgss, but generates the exact number of
passengers expected. Further consideration i goveesearch that proposes that people arrive in
batches.

The passenger generation methodology proposed oestiie most useful features of the methods
discussed. (i) the methodology assumes a randtemarrival time with exponential probability
density function; (ii) the total number of passasges consistent with the expected number of
passengers; (iii) the batch size may be buildindjtane specific. Two examples are then given, the
first assuming single passenger arrivals, and ¢gersdl assuming batch arrivals with one or more
passengers in each batch. The methodology alsmsshow to ensure consistency between the
actual number of passengers generated in the wawkspnd the actual number of expected
passengers, by using a correction factor, SF.
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5 FURTHER WORK

A Kolmogorov-Smirnov goodness of fit test has beanried out on a real life survey data to
confirm that the model assuming random inter-aflrtirae with exponential probability density
function cannot be rejected. A discussion of daeieing the destinations of passengers will be
provided. Alternative methods of passenger gererawill be included in traffic simulation
software, and an assessment made on the impacstaompke designs. This work will be published
in a future paper or papers. The implication ohstiles at the entry to the building or lift lobby
also needs to be considered.
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Abstract. More and more; escalators are being widely useattess locations at different levels.
The user assumes that the escalators are comptetidybut the harsh reality is that accidents
happen and in some cases the consequences are fatal

In order to try to prevent accidents, the firsipsie to find out why or under what circumstances
they occur.

Different committees and organizations around tlegldvcollect data about accidents. Existing
reports show that since the 1990’s a steady inergathe number of accidents regarding escalators
have occurred but few statistics on escalatoredlaccidents have been published worldwide.
From the analysis of these statistics, it seemistiigaassessment of the accidents does not always
follows the same criteria as the data is not cossisvhen reports are crosschecked.

This paper looks at the available records on aatsden escalators, opportunities that currently
exist to gather information and parameters analfreed such information.

Also, the paper proposes a systematic approachcalator accident records to allow that the data
gathered provides relevant information that couéd thken as a reference for establishing the
necessary measures that guarantee the safetyrefargkescalator technicians.

1 INTRODUCTION

Escalators and moving walks are becoming more ppt;anore complex (longer, higher) and with
increasingly exposed voids. In addition, escalatwes more and more subjected to abuse, misuse
and negligence and in some cases they are thergrgsaape route/emergency exit. The need for
safer escalator designs has been recognized bg thlos work with escalator manufacturers and
purchasers.

1.1 Why do accidents happen?
There are three variables that influence accidemtsscalators [1]:

1) Escalator design: electrical and mechanical design of the escalator.
2) Escalator maintenance, inspection and operation:
- Maintenance refers to activities such as programnpediodic preventive
maintenance and/or cleaning.
- Inspection of all safety devices and escalator aomepts is necessary to ensure the
escalator is maintained in a safe condition
- Operation covers decisions such as keeping anagscah service, withdrawing it
from service or running it as a fixed staircase.
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3) Passenger behavior: the way in which a passenger behaves has a sigmifcontribution to
accidents.

But one additional factor has influence in accidetite escalator environment has also an important
role. Sometimes, accidents involving escalatorsiodecie to some special features around it. For
instance:

- Incorrect design of people flow (e.g: ticketing imes too close to escalator landings in
metro stations).

- Improper architectural design of the building /talation (locations where a potential
situation of risk exists, e.g: open atriums, lirditeeadroom above...).

- Poor lighting and other environmental conditions.

Every accident can be attributed to one or a coatimn of more than one of these factors. Design
issues, as well as maintenance and operation, glheutovered by the safety codes and standards.
Merely considering escalator design is insufficiémtaddress passenger accidents. Therefore, a
diagram of factors affecting passenger accidentssoalators should include the environment as a
factor that, once again, never triggers an accidkmte; it is always combined with at least one of
the other factors. This influence is representeigure 1.

Accidents caused by bad :

i - 1 design and passenger
Accidents caused solely behavior (e.g., gap
2.

by bad design (e.g., | 1 DESIGN between escalatorsthat
harsh stoppingthat
cause passenger falls)

teenager falls into

MAINTENANCE
. INSPECTION &- PASSENGER
Accidents caused solely OPERATION BEHAVIOUR
by lack of maintenance
(e.g., no regular testing
of safety devices) ENVIRONMENT

Figure 1 Areas affecting passenger’s accidents osaalators [1], adding the environmental
factor

1.2 The importance of accident statistics

Accidents on escalators are, in some cases, welldented in terms of the number of accidents
occurring but this is not always the case. Witlpees to the details about how the accident actually
occurred and the factors involved they are oftenwedl documented. User accidents are difficult to
record because sometimes minor accidents are patteel, escalator companies and owners are not
always involved and the way of reporting the mainse of the accident is not properly indicated.

Accident statistics are important to help promataliy, safety and the highest technical standards
and encouraging technical progress in the fieldnahufacturing, installation and maintenance of
lifts and escalators [2]. The accident statistielp lto:

- identify the causes for accidents, both for usadsv@orkers

- analyze hot spots and take actions, e.g. provide gafety norm proposals and influence
local government for coming up with new guidesemulations

- use identified regularly occurring accidents byater companies to improve their product
safety

- support the elevator industry and associationgitiol lip awareness for operators and users
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- convince authorities of the actions to be undenakéially and to confirm the effectiveness
of these measures thereafter.

2 ACCIDENT INVESTIGATION
2.1 Methodology

Limited information regarding accidents on escaktoan be found as there is no single body
worldwide that gathers data on incidents on eswmaatin addition, escalator owners and
manufacturers are usually reluctant to give thisrmation.

For this analysis, data has been collected frorers¢gources:

- General articles dealing with escalator safety

- Reports from independent organizations that invatlvaustry, owners and third party
inspection bodies

- Reports from major clients

- Thesis and dissertations from relevant expertssoalators

- In-house feedback from field experts

- Videos of incidents and media reports

The aim of the analysis was to collect the besideot data and knowledge of the available
information. Each of the reports has its speciaratteristics, all of them valid to the purpose of
this investigation:

- Different locations: metro stations, airports, shiog centers ...

- Different countries: Spain, Germany, UK, CanadaAUShina ...

- Different goals: point out existing risks on estaids, reduce risks by reaching a new
standard, show potential new risks, show pattemisaov accidents occur...

2.2 Accident analysis

The analysis tries to answer as best as possiblgubstions of how many accidents are occurring
and how and where they occur from the prospectivea data. The conclusions of the analysis
have been detached in three different areas: thétyjof the reviewed data, the analysis of the
main causes of accidents and their statistics iaadlyf the peculiarities of fall accidents.

1) Accident data

- Criteria to report accidents are not clear. As @ati reports come from very different
sources with very different purposes it is almaspossible to compare the results among
them and extract similar conclusions. In additirere is no single body worldwide that
gathers all the accident-related data.

- Data is not consistent: some independent invegtiggtmade by escalator operators in
Europe [3] show a higher number of reported acdgléiman the official ones reported by
ELA [4] for the same year, where data is providgdthe key manufacturers. This is
probably because manufacturers are reluctant t sieoidents involving their equipment.

- Significant associations between major accidensesawand other contributing factors could
help to reconstruct the accident scenarios andadeyeevention measures. For this purpose
it is necessary to construct a proper templatecoidant reporting that can register all of
these elements involved in the accident.

2) Main causes of accidents

- Although there is a “belief” that the most critiqadrt of the escalator is the step gap and
many efforts have been made by different manufacsuto reduce/avoid this gap, all the
statistics and information consulted show cledrbt the main accident cause in escalators is
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falls (42-88% depending on the source). This is not oedyarding the number of accidents
but also because they often cause more severempamd more fatalities.

Alternatively, entrapment is mostly associated with the age of the escalatar its code
compliance level or maintenance status (a muchtetrrequirement for EN115 adopted in
MTR decreased the occurrence of this type of aotite5.7% of total accidents [5]).
Statistics show that there are some risk groupsra#ipg on age and gender [5]:

* Young males under 5 years are more likely to sudfgrapments.

» Children between 5-15 years tend to fall over thmakator due to being unsupervised

by an adult.

* Accidents happening to adults from 15-65 involvehing, carrying other tasks,

playing on escalators and other kinds of misuse.

» Elderly people (>65 years), especially women, terade to lose balance and fall.
There are many serious risks associated with teeofisarts and trolleys on escalators and
moving walks [6].The risks include overloading, reage of children, runaway and other
foreseeable misuse.

3) Falls

“Slipping on landings/steps/pallets” makes up theganty of the escalator accidents.

“Falls over the handrails” are often tied to misusach as jumping from one level to
another, or attempting to ride by sitting on thadail, usually in a state of intoxication. [7].
Another type of fall is “falling from escalatorsThese mainly take place whenever the
escalator is located in a void (as is the caseadstrshopping centers). Due to the height of
the fall, the injuries are usually very severe {deéa some cases) [7].

One of the most important items in reducing thebphility of passengers falling is ensuring
that the escalator stops in a smooth manner.

Another extreme accident that could take placeroeszalator is a passenger falling ‘into’
the escalator step band due to a missing stest@pacollapse. These accidents are rare but
have drastic consequences when they take place.

3 METHODOLOGY PROPOSAL
3.1 First approach: ELA statistics

The European Lift Association (ELA) represents lifte escalators and moving walk associations
active in the European Union (EU) and also reprisstireir component manufacturers. One of the
main goals of this organization is to promote gyakafety and the highest technical standards in
the elevation field.

More precisely, the ELA Statistical Committee atm<ollect regular data and updated information
to set up databases and to publish statisticerktatlifts, escalators and moving walks. Sinceg&200

this committee has been collecting data of accglegtasking its partners to report the accidents
that occur on lifts and escalators. The collectonered 30 countries and it is divided into the

following categories:

Workers accidents:

1. Classification: installation, service

2. Accident causes (e.g. “unsafe access to machime”joo

3. Severity: fatal, serious, minor
Users accidents:

1. Causes: technical reasons, human reasons

2. Severity: fatal, serious (different definition feerious than for workers), others
Additional “Fatal accident report”
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Accident statistics have been collected since thénthe results were not satisfactory due to: too
few participants, too many discrepancies and “gigamesults when comparing different countries,
difficulties in classifying accidents following thesk list, etc. In addition, the number of accitien
collected for a whole country is very low in comipan with data provided by single clients and
incidents are not being registered.

Methodology for collecting this data consists ofidieg a simplified form to each association in
order to have comparable figures and receivingadktfilled in with the corresponding data. This
simplified form is provided by ELA since most Euegm countries have their own system of
collection based on different aspects of the acti(eessociated risk, injury/part of the body hurt...)
This report is anonymous and not linked to indialdoompanies as there are many companies
reluctant to communicate their accidents/inciddigisres. The aim is to get the best knowledge of
accidents possible.

From the first years of collection the reportings ledso changed due to the fact that few countries
have participated in the past and also the preljiouentioned discrepancies in the figures. The last
reporting method focuses on the main causes oflacts identified in the SNEE brochure (Safety

Norm for Existing Escalators) which is also pubdidiby ELA.

However this methodology only helps to link the m@nof escalator accidents with the causes or
the severity of each accident, ignoring importarfibimation about other facts that have proven to
have influence over the occurrence of the accidanh as passenger conditions (age, intoxication
state...) and, more importantly, escalator charesttesi (installation year, code requirements, rise,
speed, location, ...) which would help to preventi@dects and mitigate their consequences
significantly in the future.

3.2 Client-orientated accident reporting

There are three main figures linked to an escalatarse.Manufacturers are responsible for the
design and installation of the escalators, but dilent, as owner of the equipmens usually
responsible for any issue caused by this equipnMaintainers, hired by the client, are in charge
of the operations needed to keep the escalatoraopep operation, and sometimes it is usual for
them not to be the same as the manufacturer.

With this in mind it is clear that the clients dh& most concerned about the escalator performance
SO it seems reasonable that the best knowledgeeoédquipment is held by them as operators. In
addition, some clients have more recently been toong their escalators. Many of them own
devices that help to manage supervision of the mashsuch as real-time view of the equipment
status, centralized controls, traffic history plagks, security cameras, tracking of safety devices
etc...The information recorded by these devices wbelg to gather data about not only accidents
but also incidents because, in the same way, tteeg aign of an unsolved and/or unsafe situation.

For the reasons above a methodology is suggestetbliecting data involving some key-clients
that can provide their data and experiences.

Among the findings of the accident investigatianwas concluded that the typology of accidents
also differs depending on the type of escalatarllaion (e.g. accident type “fall from escalators
occurs more often in places where escalators leaal woid such as shopping centers). For this
reason key-clients could be classified in the saategories as thescalator duty which is defined

by three functions: application, location and cayafpersons per hour). Then, the classification
will be as follows:

- Heawy duty: convention centers, stadiums and airports whereetisea very high traffic
volume. These applications could be indoors or @artsl and designed for higher rise
applications up to about 50 m.
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- Trangit: railway stations, airports and subway stations whéere is a very high traffic
volume. These applications could be indoors or @artsl and designed for higher rise
applications (about 20 m).

- Commercial: department stores, shopping malls and office mgkl Most of these
applications are indoors but can be installed autsloThe maximum rise of these
applications is about 9 m.

Regarding data recording, only reporting the nundfeaccidents and their consequences has been
proven to be inefficient. Relevant information tlcauld help to clarify the accident circumstances
is not normally registered. A proper accident réegemplate should cover relevant factors plus
escalator information, as well as any other factdreh are judged to be relevant:

- General information: major cause (listed under defined categoriesg, @itd time of the
accident, weather conditions, witness informatioclgding the victim where possible)...

- Passenger data: age and gender of the victims, number of involpedple, injured body
part, severity of the injuries, position of passmat time of incident, state of intoxication,
unaccompanied children, clothing type and condjtiask factors ...

- Escalator features. year of manufactured, code compliance status, gpeed, traveling
direction, indoor or outdoor location, location erhergency stops, location of the incident
(top landing, lower landing, mid part, externalth®e escalator...) safety signage, safety
devices, technical analysis of the escalator @itgrection by the maintenance staff...

The statistical treatment of this data will helpegiablish associations between the major causkes an
the contributing factors by extracting more predrgermation to reconstruct the accident scenarios
and develop prevention measures for minimizing rermif accidents on escalators and their

consequences.

4 CASE STUDY: TRANSPORTS METROPOLITANS DE BARCELONA

The Metropolitan Region of Barcelona (MRB) includesotal area of 636 khand a population of
over three million. The demand for collective pabifansport in the Barcelona area was 899.6
million journeys in 2012. Of this total number oliyneys, over 550 million (61.5%) were made on
TMB (Transports Metropolitans de Barcelonapd 373,5 million in Metro. To ensure the
accessibility at all links of the transport netwogknumber of lifts and escalators are installed on
stations and access points. The overview of esgalatstalled can be seen in Figure 2.

Total number: 602

Escalators Moving Walks
582 20
Moving
Escalators Walks Average 3,25 m.
Ascending | 82,5% 40,0% Length Longest 16,4 m.
Descending 13,3% 40,0% Shortest 1,3 m.
Reversible 4,2% 0,0% Speed 0’5 ;’0,65 me
Horizontal 0,0% 20,0%

Figure 2 Overview of TMB escalators

TMB presented at the 2014 ELA Conference the ptarupgrade the old units to EN115-1

following EN115-2 in the next 4 years based onrtbein accident statistics collected from 2010 to
2013. The need for this update responds to thenraitghof accidents per year on the older units. The
plan consists of the assignation of individual ptyoto each escalator depending on the
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classification of hazards from the standard, thenler of passengers, history of accidents and
organizing different adaptations required to mirzenthe number of interventions in each machine.

4.1 Managing information about accidents involving escators

The computer-aided maintenance software used iB&neeclona Metro provides, for each piece of
equipment on the Metro network, a technical objgithin the data fields to characterize each
facility with all of the information necessary tarcy out maintenance and is also useful for further
analysis of data.

Regarding escalators; general data includes thesfaemrer, model, year of manufacture, date of
commissioning, standard compliance, height, tikesfy step width, number of steps, direction of
travel, number of flat steps at landings, indooowotdoor location. There are also others with more
technical information such as the type of driveigchmotor power, if it has a drain in workers area,
if there’s lighting under handrails and what kiméndrail lengths, etc. which are used to help the
technical staff to carry out the repairs.

The same software is used to manage the correeinte preventive maintenance and any
maintenance undertaken is registered in the mantsnsoftware. Breakdowns are registered in the
computer-aided maintenance software and also eneigent that may occur in the metro network
including accidents on escalators.

When a breakdown or other incident occurs the d¢petes to create a notification by using the
software. In the resultant documentation produckdthee information about the incident is
registeredwhen (date & time),where (in what technical facility it occurred) arwhat happened
(element, symptom, cause). These data fields hataogs of standard codes. Some of them are
filled in by the operator and others by the maiatere staff giving extra information after the
inspection of the escalator. In the event of andaet the “symptom” field is used to encode the
accident type e.g. fall without cause, slipping sieps/pallets/belt/and on landings, entrapment
between comb and step/pallet, etc.

This allows all accident data to be linked with leane of the Metro escalators and by extracting
the data it is possible to calculate the ratioaatfidents and their type for each escalator oarfgr
of the characteristics of the escalators.

4.2 Safety in escalators: Barcelona Metro Experience

Figure 3 shows the main accident statistics reggrdéscalators extracted from the TMB
maintenance software between 2010 and 2014. Tiodotypis based on what happened to the users
or the consequences to them. The most remarkatdeigithatfalls are the main consequences of
accidents on escalators, being the result of 8&9%e total number of accidents (including all
types: fallings without cause, slips, massive fallandrail speed deviations, backward motion...).
Another interesting piece of data is that only 7.6#4he accidents are the result evtrapment
(between combs and step pallets, between skirtidgsgeps or at handrail entry).
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Accident 2010 2011 2012 2013 2014 Total
Fall without cause 202 163 120 217 200 902 48,0%
Slipping on steps/pallets/belt/and on landings 112 159 159 162 141 733 39,0%
Entrapment between comb and step/pallet 22 20 21 20 18 101 5,4%
Cuts or injuries to hands, arms.. 13 12 20 4 18 67 3,6%
Trapping between skirting and steps 7 17 5 7 36 1,9%
Massive fall without cause 5 6 5 23 1,2%
Falling due to hand rail speed desviation (or stop) 2 2 3 2 1 10 0,5%
Trapping at handrail entry 2 1 1 4 0,2%
Fall due to backward motion 1 1 1 3 0,2%
Total 360 379 335 413 392 1.879 100,0%
| Average per year 375,8

Figure 3 Accident statistics on TMB escalators 20102014

In addition to this general data, TMB has quardifieher interesting facts, for instance, the averag
accidents per year and per escalator related t@gbalators’ age. This can be seen on Figure 4
where it is easily noticeable that there is a hdgpendency on the ratio of accidents per year per
escalator and its age, more or less doubling tie edaccidents with each decade of age.

6,00
5,00 493 Age Accidents/escalator
(years) per year
4,00 150 >30 2,74
: 21-30 1,29
3,00 TET 11-20 0,74
i 0-10 0,32
2,00 1,75
1,43
- I ‘ | I i] I
0,25
0139
0.00 II I.IlII III IIIIII|.,| -

393432313029 27 36252422 2115918171615141311109 8 7 6 5 4 3 2 1

Figure 4 Average accidents per year and escalatoompared to the age of the escalator
(years). Updated at 31.12.13

Another example is the comparison between the ittatif the escalator, the climatic conditions
and the running directions. It could be thought thadoor escalators could have a higher ratio of
accidents than indoor escalators (because of wessafter rain) or indoor descending escalators
could have more accidents than ascending escal@ecause people could be on a hurry in indoor
descending escalators when they see the traineasttliion) but the truth is that the location of
escalators with higher rates of accidents are indmszending escalators (0,777 accidents per
year/escalator). The cause for this could be thasg@ngers frequently walk up the escalators.
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Location % Escalators % Accidents
Indoor 77,98% 85,30%
Outdoor 22,02% 14,70%

Number of accidents per year/escalator
Indoor 0,773
outdoor 0,368

210 % More accidents indoor escalators

Descending 0,576

i 19,7 % More accidents ascending escalators
Ascending 0,689

Descending Ascending
Indoor 0,750 0,777
outdoor 0,319 0,388

Figure 5 Accident rate versus location and runninglirection. Updated at 31.12.13

These are only a few examples of what proper dataction and interpretation could tell us about
accidents involving escalators. In this case stesidielp to justify an investment on upgrading the
safety level for older escalators which will leadtle end of the process to an expected 75%
reduction in the number of accidents along the agkwsupposing that the upgraded escalators
reach the same accident ratio as the escalatorglgiogwith EN115-1. Even only reaching half of
the current ratio of accidents would be expectedetiuce the number of accidents by 50%.

5 CONCLUSIONS

There is a real need to collect reliable escalairident data which could help to identify
potentially dangerous situations that can be ssuofeisk for users or technicians on escalators.
Accident investigation is a preventive action whasarting point is, in contradiction, the prior
existence of an accident. Its importance is indbgctivity of the data: an accident indicates the
actual existence of a hazard and therefore aTis&.registration of these cases, and also incidents
and their statistical treatment provides evidenickowv, where, when and how many accidents are
occurring. After analyzing this data it is possitdehrow light on why they occur.

Research made on the topic “accidents on escdlaoosved that there is no common criterion to
record accidents, thus data obtained is not camisReports come from different sources with
very diverse goals which also makes it very diffita establish a base for comparison. In addition,
the majority of the reports are focused on the equences of accidents and passenger data,
forgetting about escalators characteristics, whamany cases have a big impact in accidents.

The European Lift Association (ELA) has been cditexaccident data from its partners since 2008
using a common template but the main data is peavidsually by manufacturers, who are
sometimes reluctant to declare accidents on theichnes, so there are many inconsistencies
between the data. When data from ELA reports isszohecked with data from different sources, it
seems that reliability of the data could be doubtfu

Client-orientated methodologies for collecting imf@tion about accidents and incidents on
escalators (including machine features), plus chifinition of objective data and appropriate
treatment of the figures, will improve the qualdj the information obtained to extract the most
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precise information possible. The experience ofrM&arcelona shows how proper templates, data
registration and statistical analysis can helpmprove safety and reduce the number of accidents
and their consequences on escalators to a largatext
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Abstract. The life of a suspension rope system depends omnaber of factors: the overall
maintenance of the ropes in terms of sufficientritdtion and tension, but more importantly the
initial system design. An analysis of the EN81-1+&809) Annex N safety factor equation on four
case studies was performed on a number of lifte @il reeving ratios to determine the minimum
and actual safety factors for the suspension rgges. By using equations that are generally used
within the wider steel wire rope industry for rogasnning over sheaves’, the actual performance
of bending cycles was assessed for the four casded and converted into an expected number of
trips.

The paper will show from the case study resultsttinumber of bending cycles performed varied
greatly for each lift with exchange periods of be¢éw 3.5 and 11 years. The results show that small
changes in various parameters will raise the nurobé&ending cycles significantly. The result of
adjusting parameters to reduce the tensile loath®mnopes, the increase in traction sheave diameter
and using a traction sheave groove that reducegiéabn the rope is to have ropes that will last
significantly longer, with a larger number of bemglicycles being performed.

High use lifts that are reeved at 2:1 or more, e@sflg in low rise applications should consider
increasing the suspension rope safety factor ieraittht reasonable service time is given to reduce
costs to the end client.

1 INTRODUCTION

The downturn of the many economies in the world asdecially in Europe has affected the
incomes of many businesses and individual persbms.result of this economic downturn for the
Lift Industry is that competition has caused théuetion of prices for the installation of new lifts
which are attributed to the cost of materials (e&dly electrical and computerised areas of thg, lif
the manufacturing process, and installation methamsgned for faster installations. The service
performed on lifts has been streamlined along withtract times for an Engineer to service the lift
being also reduced in line with the competitioncesi required to gain or retain maintenance
contracts.

With customers now demanding higher quality sewié@ a lower price, the knowledge that
suspension rope future replacement that is indeitaostly and can be more regular than expected
depends on the lift characteristics. For the custoto be satisfied they want the lift to remain in
operation with down time of the lift kept to an ah#&e minimum and naturally the costs incurred
on the lift also kept to a minimum. The life of thespension rope will be regarded as important as
the replacement can be costly and down time oflithenay also have an effect on the income
revenue stream of the business. The service litbetteel wire suspension rope is assessed in the
MSc Dissertation by P. Ryan [1] for initial designd inspection.

2 BENDING CYCLESFOR RUNNING ROPESOVER SHEAVES

Professor K.Feyrer of the University of Stuttgagteloped an equation that calculates the ‘Bending
Cycles for Running Ropes over Sheaves' before discard point“ and is therefore suitable for the
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lift industry (see Eq. 1[2]). The discard critedecording to tests performed by Stuttgart Universit
is when the nominal bending cycles have been reiathis is defined when;

‘Thereis a 95% probability that not more than 10% of the ropes have to be discarded'

2.1 Bending Cycles (N410)

logN = by + (b1 + b, X logg) X (log% — 0.4 x log 15;0) + b, X log% + by X log% + b5+iogi
@
Where;
S is the dynamic tension per rope and is calculated
(P+05Q)gn
5:+Txf51 X fs2 X fs3 X fsa (N) (2)

fs1—4 — Values are taken from table 3.12 of Feyrer [2]

fs1 — Roller or sliding shoes on guide rails

fs» — Rope efficiency

fs3 — The equalisation of the rope tensions acrog®pés

fsa — The contract speed. Tension on ropes occur glagneleration.

b, to bs — Are constants for the type of rope and are tdi@n table 3.14b of Feyrer [2]
D — Traction sheave diameter

d — Rope diameter

[ — Length of most stressed part of rope

The most stressed part of the rope is the lengtbpe (1) that runs over the traction sheave and the
most number of pulleys in the system. This is aeteed by mapping the rope to find a dimension
in millimeters that will be entered into Eqg. 1.

The N (N,;,) value calculated will reduce as “Endurance Fattare considered to give a
corrected number of bending cyclé$;1ocor)-

Natocor = N X fv1 X fnz X fyz X fya 3)
The endurance factors are taken from table 3. Fegfer [2]

fn1 — Ropes are well lubricated

fn2 — Type of rope construction and the number ofhsisa

fn3 — Traction sheave groove type and angle (V groovendercut groove and U groove)
fna — The ropes are without any skew

For the number of bending cycles to be calculatedld groove pulleys in the system are deemed
to have an endurance faciar=1.0
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2.2 Number of tripsto and from the main stop (Z,)

The calculated bending cycle val(l,,,) from Eq. 1 for U groove pulleys in the system glon
with the corrected bending cycle val{fé,,..,-) is then used to calculate the number of tripsith a
from the main stoZ,).

1
Zpro= T (4)

+
NcorT  Ncorp

2.3 Number of journeys

The calculated figure in Eqg. 4 of trips to and frome main stop will have the Holeschak factor
(HF) applied to determine the number of “journeysé lift would make before the ropes have
reached their discard point. The Holeschak facta study of lift journeys performed as lifts can
have many journeys recorded while travelling to &mun the main stop. There are 3 different
sections that can be used in Eq. 5.

% x 100 (5)

Residential= 100 X No of Floors above main stop floor %115 (6)
Commerciak= 100 X No of Floors above main stop floor %278 (7)
Industrial= 100 x No of Floors above main stop floor %381 (8)

At this point Eqg. 5 will give an expected numberafrneys with the type of building calculation
applied, that can be seen on the lift more visuiythe trip counter that is usually fitted intaetift
controller.

3 SAFETY FACTOR EQUATION

From the bending cycles in Eq. 1 and the ‘correctactors’ by Feyrer [2], the ‘Committee for
European Normalisation® (CEN) in their consultatiamd writing of the EN81-1 [3] standard, that
was harmonised on July 1st 1999, looked at thetioreaf a Safety Factor equation in Annex N
that took into consideration a ‘Life Expectancy'.

The designed safety factor equation takes intoideretion the factors of traction sheave groove
type, the amount of pulleys in the system, thetimacsheave groove, the amount and diameters of
pulleys, the rope diameter and traction sheavepe diameter ratio to give a minimum predicted
life of 600,000 bending cycles as detailed in Amdend Kaczmarczyk [4] and Schiffner [5]. The
derived Eqg. 9 takes all the factors and equatesmanum safety factor.

/ | 695.85X105%N oy, \
og| ——————s==—+—"
I D 8567

| 2.6834— (@) |

log<77.09(%)_2'894) )

Sp = 10\ (9)

Dt — Traction sheave diameter
dr — Rope diameter

Nequin — Total equivalent pulley factor

Where the equivalent pulley factor is calculated by
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Nequiv = Nequiv(t) + Nequiv(p) (10)

Nequiv(r) — Traction sheave equivalent pulley factor
Nequivp) — Diverter equivalent pulley factor

WhereN, vt is taken from Table 1 based on groove type chas€iV,,, ) is calculated from
the amount of pulleys in the suspension systenginlk.

Nequiv(p) = Kp(Nps + 4Npr) (11)
Nps — Number of Simple bend pulleys
Npr — Number of Reverse bend pulleys

The factor of ratio between the traction sheavethedaverage of all diverter pulleys is calculated
by:

pt\*
kp = (5,) (12)
Dt — Traction sheave diameter
Dp — Average diameter of all pulleys

Table 1: Based on criteria contained in Annex N of EN81-1+A3 (2009)

Table N.1
V-grooves V-angle () - 35° 36*® 38° 40° 42¢ 45°
Nequivity - 185 15,2 10,5 7.1 56 4.0
I u-v- G U-angle (§) 75° a0® a85° aQ° g5° 100° 105°
Undercut
grooves N equivity 25 3,0 38 50 6,7 10,0 15,2

When the safety factor for the lift has been eqlifitem Eq. 9, the traction calculations according
the EN81-1+A3 (2009) Annex M must be performed v@thrimary conditions that apply to satisfy
compliance to 9.3 of EN81-1+A3 (2009).

1. Traction must be maintained when the car is besagéd to 125% of contract load.

2. Traction must be maintained when performing an Eewecy Stop so that the
deceleration rate does not exceed the buffer detele rate.

3. Traction must be lost when the counterweight istlom buffers and the machine is
driving in the up direction.
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4 CASE STUDIES

Four case studies were performed where the minisafety factor required in Annex N of EN81-1
[3] and actual safety factor were calculated ugtiaqg 9. For each of the case studies the “bending
cycles” according to Feyrer [2] were calculatechgsquations 1, 4 & 5 to allow a comparison.

Table 2: Case Study findings

c1

c2

c3

c4

cs5

cs

c7

MINIMUM & ACTUAL
ENB1-1 ANNEX N
SAFETY FACTOR

Minimum Actual

BENDING
CYCLES
ACCORDING
TO FEYRER
(Na10)

TRIPS
ACCORDING
TO FEYRER

FOR ALL
PULLEYS.
WITHOUT
HOLESCHAK
FACTOR

TRIPS
ACCORDING
TO HF
(Z410) FROM
c3

ON SITE TRIP
COUNTER
BETWEEN

ROPE

EXCHANGES

DIFFERENCE
IN TRIPS
CALCULATED
INC4TO
ACTUAL IN C5

ACTUAL TIME
BETWEEN
ROPE
EXCHANGE

Case Study
No 1

1730 |

7748434

260,014.6

353,145.35

700,000

- 346,854.65

3.5 years

Case Study
No 2

16.83 21.15

3,043,110.63

2,101,296

3.287.009

5,700,000

-2,412,9N

10 years

Case Study
Mo 3

16.79 2531

2,995,707.095

¥76,588.89

1.054,743.9

2,670,000

-1,6153,236.1

11 years

Case Study
Mo 4

20.073

634,590.81

396,062.06

237,921.698

600,000

-62,078.3

4 years

In Case Studies 1 and 4 the actual EN81-1+A3 (200®)ex N safety factor is 21.44 and 20.075
respectively as shown in C1 of Table 2, with thpe calculated to last for slightly above the
discardN,, value of 600,000 bending cycles as seen in theeCom of Table 2 (Case Study 1 —
774,843.9 and Case Study 4 — 634,590.81) priorxthange. The calculated number of ‘round
trips’ that were converted from the bending cydtesn C2 can be seen in C3 where the amount of
diverting pulleys and the traction sheave have ltakan into consideration for the discard number
of round tripsZ,,, (Case Study 1 — 260,014.6 and Case Study 4 —R@268).

When the Holeschak Factor in C4 is then taken eotasideration the actual number of trips of the
lifts in Case Studies 1 and 4 are less than therded number prior to the exchange of the
suspension ropes:

» Case Study 1 — calculated in C4 = 353,145.35 wigis actual trips at 700,000 in C5.
» Case Study 4 — calculated in C4 = 537,921.698 wigis actual trips at 600,000 in C5.

In Case Studies 2 and 3 the actual safety fact@1EN-A3 (2009) Annex N safety factor is 21.15
and 25.31 respectively as shown in C1, with theesogalculated to last for well in excess of the
discardN,,, value of 600,000 bending cycles as seen in C2 gSasdy 2 — 5,043,110.63 and Case
Study 3 — 2,995,707.095) prior to exchange.

The calculated number of ‘round trips’ that werewerted from the bending cycles from C2 can be
seen in C3 where the amount of diverting pulleyd #re traction sheave have been taken into
consideration for the discard number of round thpg (Case Study 2 — 2,101,296 and Case Study
3 —776,588.89).

When the Holeschak Factor in C4 is then taken éotasideration the actual number of trips of the
lifts in Case Studies 2 and 3 are less than therded number prior to the exchange of the
suspension ropes:
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 Case Study 2 — calculated in C4 = 3,287,009 trijith w&ctual trips at approximately
5,700,000 in C5

 Case Study 3 — calculated in C4 = 1,054,743.9 twih actual trips at approximately
2,670,000 in C5

The figures in C4 for all Case studies would inthdiat the rope inspection may not have captured
that the ropes meeting the discard criteria uritéd topes had deteriorated substantially. The
calculated trips for all cases in C4 against thesiterecorded readings in C5 indicate that therop
either did not deteriorate or that the ropes heagbdly met the discard criteria and should have been
exchanged earlier than they were? The fact thahallifts had the ropes exchanged later than the
calculated number would suggest that they werechahged at a time that was required and they
remained in service when they should have beeacedl

If the suspension ropes were to be exchanged gbtiieeys specified in section C4 where the
ropes have been calculated to have met the disciéeda that Thereis a 95% probability that not
mor e than 10% of the ropes have to be discarded (N,;, ) which is transferred to trips according to
Holeschak Facton(Z,;,) in section C4, then the following would have ocedr from the
information in Table 3.

Table 3: Exchangetime of ropes according to calculated trips.

Cc4 o7 - 353,145.35 s | =197 i h
Case Study Mo1 s ®x 7 = 700,000 3. = 1.77 years to exchange
[t} 3,267,009

Case Study No2 = 5.77 years to exchange

25 %7 =5700,000

4 1,054,743.9
Case Study Mo3 - et = 4,34 years to exchange
v 5 <7 = 670000 <11 ¥ 9
Case Study Mod c % (7T = 537,921.698 x4 | = 3.55years to exchange
y 5 " = 600,000 = o0y g

4.1 Cost Implications of changing system parameters

Using Case Study 1 where the calculated numbeipsfin C4 in table 2 is 353,145.35 to alter
some system parameters and view the effects cexihected number of bending cycl@é,1¢).
Then view the cost increase of the initial desigd eompare to the cost over the life of the lifitth
is estimated at 20 years.

System changes.
Increase sheave diameter to 480 mm from 400 mnminanelase number of ropes from 5 to 6. The
change of system parameters was then recalculatedave results as shown in Table 4.
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Table 4: Comparison of changesin sheave and rope for operational cycles

10mm Ropes Minimum Actual Joumey cycles
Drako-250T Annex M Annex N Bending Z 410 With
Scenario | WWRC) at Emin Safety Safety | cycles Negrato Holeschak
67.TKN Factor Factor Factor
1 5 ropes with
icti sheave diameter 17.30 21.44 774,843 4 353.145.35
{existing) A00mm
Case a} Sheave
2 diameter 480mm.
(new) Ropes increased 15.729 2583 2,673,426.57 1,218,450.13
from 5to B

Initially it can be seen for the increase of 20%iled traction sheave diameter and one extra rope
that there has been an increase of approximatd$oe3ibr the expected performance of bending
cycles (N.ora10) and trips(Z,10), this relates to an estimated life increase frdma turrent
approximate life before exchange to over 10 yean® 3.5 years.

The cost of the increase in costs for the mateneds given by Sharkey Lifting Ireland for
suspension ropes, Ziehl Abegg UK for machine andrtir pulley costs.

Table5: Comparison of cost over 20 yearsif initial design changed for Case Study 1

Cost
increase for Labour and | Estimated
sheave and | Number of | C°%' O | Cquipment | number of | GOSt OVer
: rope at ropes Ropes for charge for rope 20 year life
Scenaro itial 90 Metres re-roping | exchanges of life.
design
' M 5 £€1,516.50 | €6,500.00 5 €40,082.50
2 £€910.30 B £€1,819.80 | €6,500.00 1 €9,230.10

The labour cost to perform the re-roping of thedibng with the cost of the ropes is detailed and
details a significant lift life cycle cost savingrfminimal initial investment.

5 CONCLUSION

All lifts in Case Studies had mid to high usage amnel multi reeving systems at 2:1 with many
diverting pulleys, these lifts represent a commibmasion today as there are now many lifts that
being installed as Machine RoomLess (MRL) and tdlle a minimum reeving ratio of 2:1 with
machine at top of shaft and therefore having 3 rtivg@ pulleys (2 on the car and 1 on the
counterweight). Case Study 1 is an MRL with the Inrae in the pit area and has 6 diverter pulleys;
this will be the case for all MRL’s that have a miae in the pit. There are also MRL'’s for heavy
duty (normally over 2,000 KG minimum) that will h@a roping arrangement at 4:1, this will have
7 pulleys.

The EN81-1 Annex N safety factor calculation acaugydo Berner [6] is based on information on

lift built before 1980 using fibre core ropes. kifait that time were predominantly reeving at a 1:1
ratio and therefore would have had ZERO pulleyscalinting the diverter under the drive machine
(double wrap machines being the exception), whieeebending cycles that occurred would have
been 2 per round trip. Also due to the diverteramthe machine the angle of wrap would have
been less than 180 degrees causing the tracti@velggoove be manufactured to give the required
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traction (to meet Annex M of EN81-1+A3 (2009)) oribcrease the diameter of the traction sheave
using the same groove to give the required traction

The normal case of lifts currently used is to hawerap of 180 degrees (both MRL and Machine
room) and with space a premium the minimum tracsio@ave to rope diameter (D/d) measurement
according to EN81-1+A3 (2009) of 40:1 being ded&ab

From the Case Studies the choice of groove, theeater of the rope ratio to the diameter of the
sheave and the tensions applied (static and dyndraie a major effect on the life of the rope in
terms of the bending cycles they will perform uftitiéy reach the discard point.

6 FURTHER WORK

The safety factor equation (Eq. 9) as stated by&€6] was designed for fibre core ropes and this
is borne out with numerical constants for fibreecanpes with Table 3.14b (Discarding number of
bending cycledV,) of Feyrer [2] showing constants that are repéidah the safety factor equation
(b, = 8.567 andb, = —2.894 for fibre core ropes).

To have an altered safety factor equation thaicafeld the different constants of other rope types,
especially the other most commonly used rope typdependent Wire Rope Core

(IWRC) whereb, = 8.056 andb, = —2.577 for example, the location of the constants froml@&ab
3.14b of Feyrer [2] an#2 andb4 in the safety factor equation are highlighted ¢ E3.

695.85X10°%N oy,
logl ——7———
()

| 2.6834— dr I

10g<77.09(%)b4> )

Sp = 10\ (13)

The effect of thé, andb,constants on the minimum safety factor to be datexdhby further work
after confirmation that the base equation remabrs.inspection of case studies 1 and 4 (where
IWRC ropes are used) case study 1 moves from 1@.28.66 and case study 4 moving from 17.44
to 18.86 for IWRC. This equates to an approximae iBcrease of the minimum safety factor
required in both cases.

REFERENCES

[1] Ryan, P (2013). Service Life of Steel WBaspension Ropes. MSc Dissertation 2013, The
University of Northampton.

[2] Feyrer, K. (2007). Wire Ropes: Tensionagdirance, Reliability. Springer. Verlag, Berlin
Heidelberg, Germany.

[3] EN 81-1+A3 (2009). Safety rules for thenstruction and installation of lifts - Part 1:
Electric lifts. BSI, 389, Chiswick High Road, W4 4AEngland.

[4] Andrew, J.P and Kaczmarczyk, S. (2011)st8ms Engineering of Elevators. Elevator
World Inc, P.O.Box-6507, Mobile Alabama, AL3666&(05.

[5] Schiffner, G. (2000). EN81-1 Appendix Net@rmination of the safety factor of suspension
ropes: Lift Report Issue 2/2000 (in German). Hengsestral3e 14, 44309 Dortmund, Postfach 12
01 21, 44291 Dortmund, Germany.



Service Life of Steel Wire Suspension Ropes 201

[6] Berner, O.R. (2009). Endurance of wiregsfin traction applications: ODN 0847 (Pages 189
— 204). In: Innovative ropes and rope applicatid@?EEC Conference 2009 /*3nternational
Stuttgart Ropedays, Stuttgart, Germany" &819" of March 2009. OIPEEC.

BIOGRAPHICAL DETAILS

Patrick Ryan has worked for Schindler Ireland sit®84 after working for Schindler UK since
1988. He served an apprenticeship with Express liftBirmingham from 1980 and worked for
them for 8 years. He holds a HNC in Electrical &@&lonic Engineering from Birmingham
Polytechnic (now University of Central England) @malds an MSc in Lift Engineering from The
University of Northampton gained in 2013.



202 5" Symposium on Lift & Escalator Technologies



The Internet of Things, Big Data, Machine Learning, and the Lift &
Escalator Industry

Rory Smith

University of Northampton, UK, smithrory@aol.com

Keywords: Internet of Things (IoT), Big Data, Cloud Computing, Machine Learning

Abstract. New technologies such as the Internet of Thingg, Bata, Cloud Computing and
Machine Learning have the potential to radicallarde the Lift and Escalator Industry. This is
particularly true in the areas of lift and escalatmintenance, product development, and quality.
Lift and escalator maintenance has evolved oveydaes. The various forms of maintenance have
included breakdown maintenance, preventive maimemausage based maintenance, condition
based maintenance, and task based maintenance tsirinternet of Things, Cloud Computing,
Big Data, and Machine Learning, a new form of memaince, Data Driven Maintenance, has
arrived. Data Driven Maintenance provides bengditsuilding owners, building managers, lift and
escalator passengers, and lift companies. Whae thew technologies are and how they apply to
the lift industry is explained. Additionally, sewatreal world applications of these technologies on
lifts are detailed.

1 INTRODUCTION

Lifts and escalators are installed once, modernagdoften as every 10 to 20 years, but are
maintained for their entire lives. The lifts irethWoolworth Building in New York City, an early
high-rise, were installed in 1914. The lifts wemedernized for the fourth time in 2010 and theslift
are now currently in service and being maintained.

Maintenance is a major source of revenue and prtdit the lift industry. The Internet of Things
(IoT) has the ability to change the lift industryraintenance business model.

2 THE INTERNET OF THINGS

The term “Internet of Things” was coined by Britishtrepreneur Kevin Ashton in 1999 [1]. Today
there are approximately three billion (3,000,000)0@ternet users. Most are humans exchanging
information over the internet [2]. In 5 years, ®050 billion physical objects, things, will be
connected to the internet. These things alsoredetio as machines, will be communicating with
other machines such as computers. This form ofnwonication is referred to as Machine to
Machine (M2M) communication. M2M can utilize Pla@d Telephone System (POTS) lines,
Cellular communication, Ethernet connections, Wi-Br many other forms of electronic
communication, not all of which exist today.

3 BIG DATA

Big Data is a term with many meanings. Initiallyeferred to data sets that were too large or too
complex for traditional software and computers t@cpss in a reasonable amount of time.
However, today Big Data has also come to mean $ieeofi predictive analytics to extract value
from data regardless of the quantity of data [3].

The processing of Big Data requires large amoumtprocessing power, power not found in
desktop computers. Big Data is processed by frems to thousands of servers using massively
parallel software. Not all organizations have éasgrver farms at their disposal and so must find
alternative sources of processing power such asddBmmputing.
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4 CLOUD COMPUTING
Cloud computing is the opposite of On Premisespmgdimg.

With On Premises computing all the hardware anthsoé is owned by the operator. If a business
needs 100 servers to run its business, it mustlBlyservers, build an air conditioned facility to

house the servers, and provide electrical power @munication support for those servers.
Additionally, the operator must provide the suppatessary to keep the facility operational.

If an additional 25 servers are required one dexek for data analytics then an additional facility
with 25 servers must be built and operated.

The On Premises model has both a Capital Equipfagpense component and an Operational
Expense component. Everything is outsourced witu€€computing. The operator only pays for

the computing and data storage on a pay as youwagjs.blf the operator needs 100 servers during
the day, 25 servers at night and 125 servers wineming data analytics, then the Cloud provider
will provide only the servers required. The numbgconnected servers can change dynamically
based on need. The Cloud computing model has paaC&xpense component. Cloud computing

is purely an Operational Expense model [4].

The Cloud provider can do this because he is pioyidervices globally. The server farm may be
located in Ireland whereas one of his clients maydeated in China, another in Europe, and yet
another in North America. His clients are using §ame Cloud servers at different times of the 24
hour day.

Cloud providers usually have server farms in sdvecations where data is backed up. If a natural
disaster such an earthquake or tornado were tkestme facility, the parallel facility would
continue to operate without any interruption perediby the user.

It should be noted that most businesses have @ah@x Premises and Cloud computing.

5 MACHINE LEARNING & DATA MINING

Machine Learning evolved from Artificial Intelligee (Al). The goal of Al is to develop
computers and software that mimic human intelligencOne of the goals of Al is learning.
Machine Learning (ML) involves making predictiorssed on properties learned from data [5].

ML is sometimes confused with Data Mining. The IggfaData Mining is to discover previously
unknown properties in a set of data.

While both ML and Data Mining are useful in thd Iidustry, it is this author’s opinion that ML
will yield more tangible results more quickly thdata mining.

There are many tools that can be used for ML. Qirthe more common approaches is known as
Classification and Regression Trees (CART) [6]. eSéh trees are decision trees that learn from
what has occurred in the past and use that knowlénlgnake predictions about future outcomes.
Newly developed software based on CART makes thaysis of data possible by trained
practitioners who are not necessarily Data Scientis

6 DATA SCIENTISTSAND THE DATA SCIENCE TEAM

Data Scientists are the people who have a combimafibusiness acumen and a knowledge of data
analytics or statistics. Most data scientists hasweanced degrees in science such as an MSc or a
PhD. Thomas Davenport suggests that the combmatidbusiness, communication skills, and
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analytical skills may not be found in one indivitl{if. He suggests that rather than try to fin@on
person with all those skills, it may be necessarfptm a Data Science Team.

If a data scientist is engaged solely in Data Mijnithen no knowledge of the product being
analyzed is required. If the Data Scientist iSqgrening predictive analytics on a specific product
such as a lift or escalator, then the scientistlaia science team must have product knowledge.
Such a person is known as a Domain Expert.

7 THE HISTORY OF LIFT AND ESCALATOR MAINTENANCE
The type of maintenance delivered by the lift indpbkas evolved over the years.

Initially only reactive (breakdown) maintenance wasvided. When a lift stopped working a
technician would be called to the site to retumnltfi to service.

The industry converted to preventative maintenarnfee goal of this form of maintenance was to
perform maintenance before a breakdown occurs@imttease the service life of a lift.

Remote monitoring of lifts and escalators appeanethe late 1980’s. While remote monitoring
would alert the lift company when a lift had a k@awn, it did not in and of itself reduce the
number of breakdowns.

Usage based maintenance appeared in the lift industthe late 1990’s. The concept of this
scheme was to adjust the quantity and timing ointeaance based upon usage. The concept was
not truly new. Motor oil in automobiles has rowtiyn been changed after a given number of
kilometers of travel.

Condition based maintenance is simply providingnteiance based on the condition of a system
or part. An example of this would be mounting @eederometer and a temperature sensor on a
critical bearing and monitoring the vibration fremqaies, vibration amplitudes, and the bearing

temperature. When a reading begins to leave thmalaperating range, bearing maintenance or
replacement can be scheduled.

Task based maintenance involves the generationanfitemance task lists based on the lift type
usage and condition.

8 DATA DRIVEN MAINTENANCE

Data Driven Maintenance combines all the previodglgcribed maintenance types into one system.
Data driven maintenance, while new to many indestimcluding the lift and escalator industry, is
quite mature in industries such as aviation [8].

Remote monitoring reports the usage and conditibhe lift to the Cloud. Using Machine
Learning, predictions are made of when and whatt ineisnaintained. These preemptive tasks are
then communicated to the service technician from @oud. The service technician will then
perform only those tasks which protect the custsressets; their lifts or escalators.

The predictive nature of Data Driven Maintenanceusth be able to schedule maintenance tasks
that will prevent breakdowns or increase the MeanelBetween Failure (MTBF). Additionally,
when a pending failure is detected, Data Drivenntemiance should be able to recommend a
preemptive action that can be taken to elimindtss of continuity of service.

For example, if door motor current is monitored,ierease in current might, over time, indicate
that additional door maintenance is required onndaet visit. If a sudden increase in door motor
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current is detected it might indicate that a do@swlamaged, perhaps hit by a trolley, and a
technician should be dispatched to correct thelprolbefore a breakdown occurs.

Unscheduled breakdowns are expensive. They ardr mare expensive than preventative or
preemptive maintenance. Data Driven Maintenanca oeduce and hopefully eliminate
unscheduled breakdowns. This will reduce mainte@aiosts and ultimately maintenance prices.
Additionally, fewer breakdowns will increase custnsatisfaction.

9 TIMING

When can Data Driven Maintenance be implemented® Tdchnology for Data Driven
Maintenance has existed for 10 or even 20 yeamveier, until recently, it was cost prohibitive.

Today we have very fast and very low cost computifbe cost of data storage is now a fraction of
what it was just a few years ago. Low cost datsagle has made Big Data economically feasible.
The Internet is available almost everywhere inwloeld where lifts are located. Low cost wireless
data communication is also available globally.

Cost and technology have reached a point in timergvithe economic benefits of Data Driven
Maintenance can more than cover its costs and ntesowith an improvement in customer
satisfaction.

10 CONCLUSIONS

Data Driven Maintenance will change the way maiater® operations are conducted. More timely
information about the performance of lifts will inénce product development. If a new component
has a higher or lower failure rate than the compbrieeplaces, it will be detected more quickly.

If quality is defined by breakdowns per unit peareghen quality should improve.
Perhaps maintenance will be priced based on up-time

Data analytics will also deliver unexpected resul@nly time will determine how beneficial these
results will be. However, it is logical to assuthat these unexpected results will benefit both the
lift industry, and more importantly, our customers.
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Abstract. This paper describes the prevalent issues thaapparent with side of step, comb plate
and lift doors and how a better solution can beothiced. There have for many years been designs
which have partly solved the problem, but are gahhemechanically biased and in some cases are
not used at all by the manufactures, as is the abskirt panel detection and lift doors. Due te th
increased number of reported incidents and thentdegalities of strangulation, some consumers
have developed an unbiased opinion that escalatuislift doors are dangerous. It has become
more apparent that safety at the main entrapmeantspof skirt panel, comb plates and lift doors
can be increased to be more reliable and functirhloptic technology.

Step to skirting panel entrapment has been for nyaays a major incident issue, and only recently
a small boy in the UK had an incident on an esoakatd got his hand caught at this such point.

With reference to the comb bearer, incidents ofagmbent have resulted in fatalities in Canada and
Belgium. Issues of entrapment are caused by thedf/footwear i.e. crocks and clothing.

A scenic lift door is a viewing area especially $onall children, resting their hands on the glass.
the car arrives the doors open, the fingers hag@thential to become trapped at the door frame.

These three main trapping points would undergor thegular maintenance schedule and the
relevant safety checks would be carried out, withéquipment within its recommended tolerances.
But with all moving parts the potential for entragmhis possible.

An optic cable installed into a module unit, segdinlight signal out and monitored on its return fo

any distortion, has the function ability to assigth eliminating these potential trapping points. A
light signal is monitored going out to its retunm @ multitude of parameters within the module box.
When a pre-set distortion point has been reachetijch can be as sensitive as 0.0lmm of
movement”, a signal will be sent immediately topstbe unit at its safety function. The sensitivity
of this function is due to the self-calibrating &tion in the system.

1 INTRODUCTION

The optic technology was originally developed tog atutomotive industry. It has been widely used
on buses, designed to indicate to the driver wherehtrance step was sufficiently acceptable to the
pavement, so passengers could enter without arearstep.

Johan Sevenants took the optical system in 2009cante to the conclusion that it could be
developed initially for the escalator industry,htelp solve the potential issues that arise frome sid
of step entrapment. It was enhanced further to rddptify step to step entrapments at the two
transition areas.



210 5" Symposium on Lift & Escalator Technologies

The system was then introduced to work alongsideethisting comb plate safety switches to help
identify foreign object entrapments such as scwehish cause a considerable amount of damage to
the step band.

The next and most recent move forward for the aptiechnology was to help with lift door
entrapment at the door frame caused for examptdibgren who rest their hands on the glass.

2 HOWIT FUNCTIONS
Principle operation optical detection:

Micro-spectrometry is the measurement of changherlight spectrum, and this is the basis of this
innovative detection system. Light is a clear sigmeat can be measured very accurately and
reliably with advanced electronics.

The closed system is made up of a plastic optighlecand an advanced electronic module. Use is
made of a patented system involving the entire tsycof light that is coupled into the optical
cable. Through the software, various colours "m4r#], to which the base values are assigned.
These base values, as well as the desired bandwidtistored in the core of the system and form
the limits of detection. When pressure is put ugiencable provided with mechanical break points
for distortions in the cable, these distortionsuliesr a change of the spectral distribution of the
light in which the changing values belong. Incliglithese new values beyond the set limits of
detection, a signal will be given.

Only the kink points caused by the mechanical ligfdinges, at the application of pressure using
the pre-determined sensor points, finally providethe detection. Changes in composition of the
light as a result of factors such as dirt, windh raail, fog, snow, moisture and temperature canno
therefore exert any influence on the operatiorhefdystem.

The various parameters of the system to adapt Ipjicagion are tailor-made, making unique
multiple detection combinations possible, making sigstem intelligent so that it can then have the
function to carry out auto calibration. The systéan auto calibration functions such that if an
object has become trapped and activated the symtdrhas not been removed after for example 10
seconds, the system will auto calibrate to this mpesition. Safety has been re-instated to the
machine.

When the pre-set distortion point has been reachduch can be as sensitive as 0.0lmm of
movement” a signal will be sent from the moduletuniimmediately stop the unit at its safety
function.

i.  0,01lmm of movement is enough for activation

ii.  Accurate in wide range i.e. less than 0,1N to detons
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3 SKIRT PANEL | SIDE OF STEP

Side of step (=Step to skirting panel) entrapmexs bheen for many years a major incident issue,
involving clothing, shoes and especially childréirgy on the steps. Only recently a small boy in
the UK had an incident on an escalator and gohaisl caught at this such point. We also know
that units that have skirting brush are often usedlean shoes, and this can cause the shoe to
become trapped in between the skirt panel and step.

The system is pressure sensitive to “force ovefthriee system measures 240 times a second and
it is not susceptible to impact blows to trigges thistortion. As is often the case there can heess

of passengers kicking the skirt panels, but théesysinderstands that no pressure is being engaged
so will not activate.

The Skirt Panel detection is mounted at strategiatp behind the skirt panels. The sensor points
are installed at the centre point of the panel wlilee most distortion can take place.
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The skirting shall yield not more than 4mm undsirale force of 1 500N acting at the most
unfavourable point at right angles to the surfacer@n area 2 500mm?2 using a square or round
area. No permanent deformation shall result frois1 th

4 STEPTO STEP

The step to step transition point at the bottom tmdcurves of the escalator are known to cause
entrapment of shoes especially soft soled flipglophe passenger may have their foot too close to
the leading edge and as the soft sole is deprastedhe step tread, the step passes through this
transition point and has the potential to grabghee. There was an incident in the UK on an old

1967 escalator that had a smooth stainless sl This riser had somehow become removed
from its position and as such there was a void ihéostep. The passenger had placed their foot on
the steps with their toe edge into the void. Thi& was running in the up direction and so as the

steps reached the upper transition curve the fecdine trapped.

With the step to step optic system mounted at the ller guides, if an object is getting trapped
between two steps, the upper step will be liftelde Bptical system will be activated by touching
the counter guide of the step rollers.

st oiebo
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i. Mechanical setup
a) Both sides of step
b) Step to step
ii. Outputs
a) Alarm
1. 1 potential free contact
2. NC at power
iii. Pressure sensitive

iv. Auto calibration

5 COMBPLATE

The Comb Plate detection is mounted just in frdrnhe comb plates, on the comb bearer behind
the skirt panels. It is mounted in this manner so@t to interfere with the existing safety switthe

It can be retro fitted to any manufacture and mad@scalator and has the added function of being
able to detect vertically and horizontally. As weol for most manufacturers the comb bearer will
only function in one movement.

The system is pressure sensitive, but it is nateqtgle to impact blows to trigger the distortion.
As is often the case there can be issues of pamsepugnping from the transition point to the comb
bearer, “especially on down running units”, but #ystem understands that no pressure is being
engaged and so will not activate. The added funatiobeing pressure sensitive is that if a foreign
object becomes trapped in the comb plate, i.etems@s the screw enters the gap between the teeth
of the comb platethe pressure point will be reachad the unit will shut down. This helps
eliminate further damage to the comb and the d$tép.fSo instead of having the whole step band
scored, there may only be a certain number of Sep®d.

The comb bearer incidents of entrapment which teduh fatalities in Canada and Belgium in the
past years may have been avoided as these deathfvatrangulation. The items that were the
cause of death may have been detected using the symtem. The issues of entrapment are
generally caused by loose clothing, long dresseatves, coats, etc. Most common of all is
footwear in particular crocks, flip-flops and walljton boots. These have a soft soled base to them
that causes the sole to become squashed on theesddpwhich has been known to then become a
trapping point at the comb plates if the passedges not lift their foot before exiting the escatat

NEN-EN115-1:2008+A1:2010 (Article 5.7.3.2.5/6)
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5.7.3.2.5 — The combs shall have such a desigruftat trapping of foreign bodies either
their teeth deflect and remain in mesh with theoges of the steps, pallets or belt, or they
break.

5.7.3.2.6 — In the case of objects being trappedtwhre not dealt with by the means
described in 5.7.3.2.5 and in the case of combfsaéipt impact the escalator or moving
walk shall be stopped automatically.

i. Mechanical setup
a) Horizontal & vertical detection

ii. Alarm
a) 1 potential free contact

iii. Pressure sensitive

iv. Auto calibration

6 CENTRE OPENING LIFT DOORS

A scenic lift door is a viewing area especially gmnall children, who often rest their hands on the
glass doors. As the car arrives the doors opentfirigers have the potential to become trapped at
the door frame.
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NEN-EN81-1:1998+A3:2009 (E) (Article 8.6.7.5)

“To avoid dragging of children hands, automatic powperated horizontally sliding doors made of
glass of dimensions greater than stated in 7.6all $e provided with means to minimise the risk,
such as:”

Reducing the coefficient of friction between haadsl glass

Making the glass opaque up to a height of 1,10m

Sensing the presence of fingers, or

P wbd PR

Other equivalent methods

I. Mechanical setup
a) Both the lift car and landing doors
b) System is auto-calibrating
c) Suitable for metal and glass doors
d) Plug and Play installation
e) Available for multiple door heights
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ii. Outputs
a) Preventive system
1. Alarm
* NC or NO at power
b) Corrective system
1. Alarm
* 1 potential free contact
c) Pressure sensitive

d) Auto calibration

7 CONCLUSION

These three main trapping points would undergor thegular maintenance schedule and the
relevant safety checks would be carried out, withéquipment within its recommended tolerances.
But, due to the nature of moving parts, the po&émbir entrapment is possible. The main concern is
always to the passenger, but when an incident ecthiere may well be damage to the unit, which
results in expensive litigation and repair costs.
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