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FORWARD

It iswith great pleasure that we present the proceedings of a Symposium on Lift and Escalator
Technologies, September 2011, organised jointly by The Lift Engineering Section of the School of
Science and Technology and The CIBSE Lift Group.

The Lift Engineering programme offered at The University of Northampton includes postgraduate
courses at MSc/ MPhil/ PhD levels that involve a study of the advanced principles and philosophy
underlying lift and escalator technologies. The programme aims to provide a detailed, academic

study of engineering and related management issues for persons employed in lift making and allied
industries.

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

The Symposium brings together experts from the field of vertical transportation and offers an
opportunity for graduates and students of the Lift Engineering programme at The University of
Northampton to present papers on the subject of their research projects. There will aso be keynote
addresses by international industry expertsinvited by the CIBSE Lifts Group.

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

We are grateful to everyone who has submitted papers and in particular our invited speakers: Dr L.
Al-Sharif, Mr J. Andrew, Dr G. Barney, Mr A. Scott and Mr R. Smith. We are aso grateful to
organisations that have supported this 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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Symposium on Lift and Escalator Technologies

The use of Monte Carlo simulation to evaluate the passenger average
travelling time under up-peak traffic conditions

Lutfi Al-Sharif', Osama F. Abdel Aal, Ahmad M. Abu Alqgumsan

Mechatronics Engineering Department
University of Jordan, Amman 11942, Jordan

ABSTRACT

Monte Carlo simulation is a powerful tool used ialctlating the value of a variable that is
dependent on a number of random input variables.ttts reason, it can be successfully used when
calculating the round trip time of an elevator, whsome of the inputs are random and follow pre-
set probability distribution functions. The mosbvus random inputs are the number of
passengers boarding the car in one round tript trains (in the case of multiple entrances) and
their destinations.

Monte Carlo simulation has been used to evalu&eligvator round trip time under up-peak
traffic conditions. Its main advantage over anagjtformula based methods is that it can deal with
all special conditions in a building without theedefor evaluating new special formulae. A
combination of all of the following special conditis can be dealt with: Unequal floor population,
unequal floor heights, multiple entrances and foged not attained in one floor jump. Moreover,
this can be done without loss of accuracy, byrsgtthe number of runs to the appropriate value.

This paper extends the previous work on MontedCsirhulation in relation to two aspects:
the passenger arrival process model and the passaverage travelling time.

The software is developed using MATLAB. The restiir the average travelling time are
compared to analytical formulae (such as that hyeSal., 2002). The results showing the effect of
the Poisson arrival process on the value of theatbe round trip time are also analysed.

The advantage of the method over analytical methedsgain demonstrated by showing
how it can deal with the combination of all the @péconditions without the loss of accuracy (five
conditions if the passenger arrival model is adae&@oisson).

The issues of convergence, accuracy and running fre discussed in relation to the
practicality of the method.

Keywords: Monte Carlo simulation, elevator, lift, round ttime, interval, up peak traffic, average
waiting time, average travelling time, multiple iamtces, highest reversal floor, probable number of
stops

Nomenclature

ais the top acceleration in ri/s

AR% is the passenger arrivals expressed as a percenitdlge building population in the busiest
five minutes

att is the average travelling time in s

awt is the average waiting time in s

CC is the car carrying capacity in persons

ds is the height of one floor in m

dq (') is the floor height for floor

di &t iS the effective floor height usedtime case of unequal floor heights in m
E(dwta) IS the expected value of the distance travellatienup direction in m

! Corresponding Author, Tel. +962 6 5355000 ext 23025, mobile: +962 796 000 967, fax: +44 207117 1526,
e-mail: lal-sharif@theiet.org




dg is the height of the ground in m where more thentypical floor height

E(df ) is the expected value of the floor heights (effectloor height)

H is the highest reversal floor (where floors arenbared 0, 1, 2..N

HC% is the handling capacity expressed as a percenfafe building population in five minutes

int is the interval at the main terminal in s

j is the top rated speed in rh/s

L is the number of the elevators in the group

N is the number of floors above the main terminal

P is the number of passengers boarding the car frmmain terminal (does not need to be an
integer)

Sis the probable number of stops

T is the round trip time in s

tao IS the door advance opening time in s (where thog dtarts opening before the car comes to a
complete standstill)

tqc Is the door closing time in s

tqo IS the door opening time in s

t; is the time taken to complete a one floor jourimey

tyi is the passenger boarding time in s

tpo is the passenger alighting time in s

tos is the component of the travelling time that thegesnger spends boarding and alighting from the
elevator carin s

tow is the component of the travelling time that tlegenger spends waiting for other passengers to
board and alight from the elevator car in s

ton 1S the component of the travelling time that the passenger spends travelling in the up direction at
rated speedin s

tps is the component of the travelling time that the passenger spends stopping when travelling in the
up direction in s (accelerating, decelerating times, door opening and closing times)

tsis the time delay caused by a stop in s

tsg IS the motor start delay in s

ty is the time required to traverse one floor whemdliang at rated speed in s

U is the total building population

Ui is the building population on th8 floor

v is the top rated speed in m/s

1. INTRODUCTION

Monte Carlo simulation is a powerful method thah d#e used to evaluate the output value for
problems that have a number of random inputs, vilyetiee probability density functions of the
input random variables are known. By generatirggainces of the random input variable in the
form of scenarios, and running a large number ehados, the expected value of the output of
interest can be found by taking the average vatusl the scenarios. Scenarios in this paper will
be referred to as trials.

Monte Carlo simulation has been effectively use@valuate the round trip time under up
peak traffic conditions [1], in finding an optimumparking policy [2] as well as generating
passengers for the purposes of simulating [3]offérs an advantage over conventional equation
based methods where special conditions exists, ssclunequal floor heights, unequal floor
populations, top speed not attained in one jousmeymultiple entrances.

This paper extends the application of the metloathé calculation of the passenger average
travelling time. In order to verify the results the method, an equation is developed to calculate
the average travelling time under up peak trafboditions assuming top speed is attained in one
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floor journey, single entrance and equal floor hesg The Monte Carlo simulation results for the
average travelling time are then compared to thaton developed in [4]. The equation is then
extended in order to cover the case of unequat fle@hts

Analytical methods for elevator traffic analysisvhabeen extensively covered in [5], [6], [7] and
[8]. The Poisson passenger arrival model has bgmsively covered in [9], [10], [11] and [12].
The case of the top speed not attained in one flmamey is addressed in [13]. The case of
multiple entrances has been addressed in [14]cr@&s time-slice Simulation based methods have
been developed in [15].

In order to ensure consistency and clarity of thterpretation of the results, the following
definitions will be used throughout this paper foe average waiting timeaft) and the average
travelling time étt):

awt: The average waiting time will be defined as the period from passenger arrival in the
lobby until the passenger startsto board the car. Thus, based on this definition, the average
waiting time does not include the passenger boarding time.

att: The average travelling time will be defined as the period from the time the passenger
starts to board the car until the passenger has left the car at the destination floor. Thus,
based on this definition, the average travelling time does include the passenger boarding
time. It also includes the passenger alighting time at the destination.

The equation for the average travelling time iswaet in section 2. Verification of this equation
using the Monte Carlo simulation method is carioed in section 3. The equation is then further
adjusted for the case of unequal floor heightsectisn 4. The effect of the Poisson passenger
arrival model is analysed in section 5. A pradtelevator system design example is given in
section 6. A number of notes on convergence asepted in section 7. Conclusions and further
work is presented in sections 8 and 9 respectively

2. DERVATION OF THE EQUATION FOR THE AVERAGE TRAVELLIN G TIME

An equation for the average travelling time hasnb@eveloped in [4]. The equation is derived in
the section using a different approach and in alarare with definition presented earlier.

The approach that will be followed in deriving theerage travelling time is to find the
expression for each component of the minimum péssiime and maximum possible time and the
use the average of both.

The average travelling time includes four composent

* The boarding and alighting time for the passengesélf/herself.

* The time the passenger spends waiting for othesgp@ers to board and alight.

 The time the passenger spends during the elevaippage time (where stoppage time
includes acceleration and deceleration time as agetloor opening and closing times).

* The time that the passenger spends in the elevatdravelling at top speed.

The first component, which is the boarding andrdiigy time of the passenger, is easy to evaluate:

th :tpi +tpo (1)



In order to calculate the second component, isgimed that on average the passenger will have
the remainingP —1 passengers ahead of him/her and the other haifddim/her. Thus he/she

will have to wait for[Ple passenger to board the elevator after he/shedeaddd; and will have

to wait for (Ple passenger to alight before he/she could alight.

. (P-1 P-1)_ P-1
tpW - tpi I:ET)-'-tpo [ETJ - (tpi +tpo)[€7j (2)

As for the time spent during elevator stops, Wwesth noting that all passengers will at least htave
wait for the first stop (rational passenger boagdat the ground cannot alight at the ground and
must at least wait for the first stop). Thalspassengers as a minimum must wait fort, caused

by the first stop. As a maximum, a passenger nhgive to wait for all th& stops aboveSH,.

None of the passengers will wait the last stop (dwosing at the highest floor, acceleration and
deceleration during the express back journey amdsdapening at the main entrance) and hence the
wait is for S stops rather thas+1 stops. Taking the average of both values abgiwes the
average time each passenger waits during eleviajos sravelling in the up direction:

_ S +t, . (S+1
tpS_ 2 _ts[ﬁ 2 j (3)

On average each stop will traverse a distanc%—oﬂoors. All passengers will have to wait for that

distance to be traversed at stop speed at leaaf)yagational passenger cannot board at the main
terminal and leave at the main terminal. As a mmaxn, some passengers will have to wait for the

wholeH floors to be traversed. The minimum time will tgé;—l, while the maximum time will be

tV%[S. Taking the average of both times give an exjprader the time spent during travelling at

top speed in the up direction.

H
tpH:tvE%"'tvS[S:tv[éﬂj[éﬂ_j 4)

2 2 S
Adding all the four terms provides an expressiartlie average travelling time

att =t +1,, +tg+ty, =

bkl Y
b+t ) e 2 )52



Rearranging and assuming thgf =t, =t , gives the important final result for the average

travelling time:
H){S+1 S+1
att =t (] — | —— [+t [I— [+t HUP+1
Eﬁzjtﬁsj Eﬁ 2]  [{P+1) (6)

A similar expression for the average travellingdimmas been derived by So () using a different
method and is shown below:

att =t, [ﬁﬂj [ﬁs—ﬂj +t, [ﬁs—ﬂj t, [{P)
2)1 s 2 )

It is worth noting that the expression in equatjéhdiffers from the one in equation (7) in that it
includes an extré, where this accounts for the fact that this dabnitof waiting time includes
passenger boarding time, while equation (7) exdymbssenger boarding time.

It is also worth noting that equations (6) andi@plicitly make the following assumptions:

Top speed is attained on one floor journey.
Incoming up peak traffic only.

Equal floor heights.

Single entrance.

PwpNPE

The equation of the round trip time depends onviidaes ofS (probable number of stopd), (the
highest reversal floor) arfél (the number of passengers in the car) as showquation (16).

r=20H O, +(S+1)E, + P, +t,) (8)
The highest reversal floor is a function of the tw@mof passengers:
H=f(P) 9)
The probable number of stops is also a functiath@ihumber of passengers:
S=f(P) (10)

The number of passengers in the elevator car ialeguhe product of the passenger arrival rate and
the actual interval:

P=Alnt, (11)

But the interval is in fact a function of the routngh time as shown in equation (20) below:

int,, =

(12)
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Combining equations (19) and (20) gives the follayviresult that shows that the number of
passengers is a function of the round trip:

P=A
L

(13)

As can be concluded from the two equations ((8) @3J) the round trip time is a function of the
number of passengers, but the number of passersgar&inction of the round trip time. Thus the
equation for the round trip time shown in (8) isiaplicit equation of the round trip time that can
be only solved by the use of an iterative approémhother mathematical methods such as
conformal mapping [11]). This has been addressquhé of a comprehensive design methodology
[17].

When amending the equations férand S to address the Poisson passenger arrival model,
the term that represents the probability of a pagsenot travelling to thé" floor can be amended
as shown below.

The probability of a passenger will not travel mof i assuming equal floor populations for
constant and Poisson arrival modes is shown balsmd equation (11)):

Constant passenger ( . _(,_1

arrival model Ppass . floor Ilconstant (1 Nj (14)
Poisson passenger| f : _ 21

arrival model P{pass . floor IXPoiSOn (ex;{ NB (15)

The probability that all the passengers will nottga floori is (assuming equal floor populations)
for both constant and Poisson arrival models isvshioelow:

Constant
passenger arriva
model with equal
floor populations

P(all pass - flooril (16)

constant

Poisson passenger
arrival model with
equal floor
populations

(17)

Alint
Plall pass - roori}P‘ :(ex{_%n :exp{—/‘ Entj

And this can be further developed for the casenefjual floor populations as shown below

Constant
passenger arrival
model with
equal floor
populations

constant

ol

P(all pass - flooril

C |__C

(18)

Poisson

passenger arrival

model with
equal floor
populations

P(all pass — roori}

Poisson

o

exi|

_Alnt U,

U

)

(19)




The probability of all passengers not going tooaffi is equivalent to the probability of the elevator
not stopping at floor. These expressions are used in deriving the sadfiel andS as shown in
equations (20) to (27).

The equation for calculating the average travellimge (8) can cope with a number of
special conditions such as unequal floor heights Roisson arrival model by using the calculated
for the probable number of stops and the highesrsal floor in accordance with equations (20) to
27).

tant ival
Constant passenger arriva Poisson passenger arrival model
mode
Aliht
Equal floor S= N[l—(l—%j ] (20)| S=N [ﬁl—ex{ /IN[[htD 21)
populations
Unequal floor N ( U, jm N F( A ntW, j
_ S=N-)» [1-— 22 23
populations ,2:1: U (22) ; (23)
tant [
Constant passenger arriva Poisson passenger arrival model
mode
Equal floor L ey & Alint
| H=N-2 N (24) H=N- Ze p( j (25)
population =
Unequal Nty Y™ NN j
H=N- i N - AntW,
floor 1:1(; U j (26)| 1 =N ;(I-JN_—IHleXF{ U @7)
population

3. VERIFICATION

The derivation of the equation for the averagediang time has been necessary in order to verify
the use of the Monte Carlo simulation. A repeaths calculations carried out in [4] has been
carried out with the results shown in Table 1. Thasults show excellent agreement with the
calculation results.



Table 1: Verification results for the average traelling time comparing calculation and Monte Carlo gmulation.

. : Monte Carlo
Analytical Equation, . : .
! Simulation (assuming
N P assuming constant X
. constant arrival
arrival process (7)
process)
10| 6.4 48.19 48.18
10 | 16.8 74.46 74.40
13| 64 53.65 53.67
13 | 16.8 84.00 84.00
16 | 10.4 73.27 73.27
16 | 20.8 101.97 101.97
20 | 104 80.70 80.72
20 | 20.8 112.85 112.85
23 | 12.8 94.74 94.65
23 | 26.4 135.00 135.03

However, the strength of the Monte Carlo simulatroethod becomes clear when the special
conditions exist (such as top speed not attainedudtiple entrances), where the calculation method
fails to deal with. This will be illustrated later this paper.

4. CASE OF UNEQUAL FLOOR HEIGHTS

In the case where the floor heights are unequa,vifil have an effect on the calculation of the
round trip time equation. The equation for thenaudrip time or average travelling time can be
amended as follows in order to account for thie @ssfollows.

The effect of the unequal floor heights can besmakito consideration by assuming an
effective floor height} « that can be inserted into the original round tirpe equation.
The effective floor heightk « is the expected value fo the floor height. THeative floor height is
the weighted average of all the floor heights npligd by the probability of the elevator passing
through that floor. In order for the elevator tasp through a floor it should travel to any of the
floors above that floor. Thus it is necessaryid the probability of the elevator travelling aleos
certain floor,.

The probability of the elevator not stopping atcertain floor, assuming equal floor
populations is the probability that passengeill stop at a flooi (assuming equal floor populations
and a constant passenger arrival model):

P( pass j will stopat floori) = (ﬁj (27)
Thus the probability that passengevill not stop at a floor is:
P( pass j will NOT stopat floori) = (1—%) (28)

But the car containB passengers. So the probability that none of thaistop at floori is the
product of all of their respective probabilities:

P
P(all passwill NOT stopat floor i) = (1—%} (29)
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The probability that the lift will not travel anydher than a floor is the probability that it will not
stop on floori+1 or i+2 ori+3 all the way to floolN. This is expressed as the product of these
individual conditional probabilities:

P(liftwill nottravel above floor i) =

] e e et

This can be re-written as:

P(lift will nottravel above floor i) =
6 ) )
N N-1 N-2) 77 i+2 i+1

Putting all terms inside the same bracket gives:

P(lift will nottravel above floori) =

(RS- ()

This simplifies to
i P
P(lift will not travel above floor i) = [ﬁj (33)
Thus the probability that the lift will travel abethe floor is:
i P
P(lift will travel above floori) =1- (ﬁj (34)

Thus the expected value of the travel distance eagdiculated as the weighted average of the
various floor heights as follows:

£ )=d. (1)[E1-@PJ+¢ (z)cgl-(%jp}...

The last term above reduces to zero (as it is iniplestr the elevator to pass through flady.

The expected floor height is obtained by dividing txpected total travel distance by the highest
reversal floorH. So the equation for the effective floor height de expressed as shown below
(assuming equal floor populations and a constasdgreger arrival model):



2o, (i)[ﬁl_(li\lm (36)

The same procedure can be used to develop thei@gdiat the case of unequal populations and
Poisson passenger arrival model.

Taking an example to illustrate the differencehia effective floor height, a building with 20 fl@or
above ground is analysed. The floor heights aosvahbelow in Table 2. It will be assumed that
the floor populations are equal and that the pagsenrrival process is constant (rather than
Poisson). It will be also assumed that the nunobeassengeR, is 13.

Table 2: The floor heights for a building with 20floors above ground.

Floor # i di(i) (m)
L20 21 3.2
L19 20 3.2
L18 19 3.2
L17 18 4.2
L16 17 4.2
L15 16 4.2
L14 15 4.2
L13 14 4.2
L12 13 4.2
L11 12 4.2
L10 11 4.2

L9 10 4.2
L8 9 4.2
L7 8 4.2
L6 7 4.2
L5 6 4.2
L4 5 4.2
L3 4 6
L2 3 6
L1 2 6
G 1 8

Applying equation (24) to evaluate the highest reak floor gives a value foH of: 18.95
(assuming floors numbers run from 1 to 21). Thegplyang equation (36) to evaluate the effective
floor height gives a value of 4.62 m. This carcbempared to the average floor height of all floors,
which is 4.50 m. A difference of 0.12 m exists fieor.

The average passenger travelling time can be ledéclin order to assess the effect of
unequal floor heights, using equation (7). Using parameters shown below, whereby the rated
speed is attained in one floor journey, and therenly a single entrance and a constant passenger
arrival model is assumed.

tdo:25
tdc:3S
tgy=05s

10



tw=0s

tpi =1.2s
to=12s
v=1.6 m/s
a=1.0m/é
j=1.0m/8

The calculation and Monte Carlo simulation restitis both round trip time and the average
travelling time are shown in Table 3 below.

Table 3: Calculation and Monte Carlo simulation results for the round trip time and the average travdling time
(all results in seconds).

Round trip time Average travelling time

Floor height used c . Monte Carlo . Monte Carlo

alculation : ! Calculation ) i

simulation simulation

Average of all
floor heights (4.5 225.11 225.10 89.76 s 89.83
m)
Effective floor
height 4.62 m 227.96 227.96 90.55s 90.55
using equation ()

Using the effective floor height results in a difiace of around 3 seconds for the round trip time
and a difference of around 1 second for the avetayelling time. Moreover, the Monte Carlo
simulator is giving identical results to the cabtidn method of the amended equation.

5. THE EFFECT OF THE POISSON PASSENGER ARRIVAL MODEL

Further investigation is carried out in this sectad the effect of the passenger arrival modelran t
round trip time and the average travelling timeablé 4 shows the average travelling time and the
round trip time for a number of buildings using fwsth the constant passenger arrival model and
the Poisson arrival model. It can be seen thaatisemption of a Poisson arrival model results in a
small reduction of the values of the round tripdiand the average travelling time.

Table 4: Round trip time and average travelling tme for the two passenger arrival models.

N P Analytical Monte Carlo Simulation Monte Carlo Simulation
Equation, (assuming constant arrival (assuming Poisson arrival
assuming process) process)

constant arrival
process
(equation (7))
att att T att T

10 6.4 48.19 48.18 114.26 47.37 111.72

10 | 16.8 74.46 74.40 170.82 73.90 169.49

13 6.4 53.65 53.67 131.27 53.08 128.83

13 | 16.8 84.00 84.00 197.40 83.36 195.75

16 | 104 73.27 73.27 180.98 72.60 178.80

16 | 20.8 101.97 101.97 241.80 101.25 240.21

In general, as the number of passengers changeBpthson arrival model results in a smaller value
of the round trip time and the average travellinget as shown in Figure 1 and Figure 2
respectively

11
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Figure 2: Average travelling time for al16 floor bulding under constant and Poisson passenger arrivahodels.

6. PRACTICAL EXAMPLE

In order to illustrate the use of the Monte Carilm@ation method in the elevator traffic desigre th
following practical example is presented. The eplnis shown in order to illustrate the use of the
method for the combination of all of the followisgecial cases:
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Constant passenger arrival model.

Unequal floor populations.

Unequal floor heights.

Top speed not attained in one floor journey.
Multiple entrances.

PO T

An office building has an arrival raté&R%) of 12%. It is desired to design the elevatortesys
such that a target interval of 30 seconds is aelievlhe automated design method developed in
[17] is used for the design and the Monte Carlousition is used to calculate the round trip time as
shown in [1].

The following parameters are used:

tw=2S

tee=3Ss

tgy=05s

tw=0s

thi = 1.2s

th=12s

v = 4.0 m/s (top speed will not be attained in doerfjourney [16])
a=1.0m/é

j=1.0m/8

13



Table 5: The floor heights, populations and arriv&rates for a building with 20 floors above ground.
Floor # | dk(i) (m) Entrance Population
arrival
percentage
L20 4 - 30
L19 4 - 38
L18 4 - 38
L17 4 - 38
L16 4 - 38
L15 4 - 38
L14 4 - 38
L13 4 - 38
L12 4 - 38
L11 4 - 38
L10 4 - 38
L9 4 - 38
L8 4 - 38
L7 4 - 38
L6 4 - 38
L5 4 - 38
L4 4 - 100
L3 6 - 100
L2 6 - 100
L1 6 - 100
G 8 70% -
Bl 3.2 10% -
B2 3.2 10% -
B3 3.2 10% -

The resultant design is shown below:

» Constant passenger arrival model

* Round trip time: 177.72 s

* Average travelling time: 71.73 s

* Number of elevators: 7

* Targetinterval: 30s

* Actual Interval: 25.39 s

* Actual passenger P: 10.15 passengers
o Car capacity: 13 passengers 1000 kg
* Carloading: 78%

7. NOTES ON CONVERGENCE OF THE MONTE CARLO SIMULATOR

In this section, some analysis is carried out eahdbnvergence of the final result from the Monte
Carlo simulator as used to calculate the roundtitme and the passenger average travelling time.
In order to achieve better accuracy, the numbénas can be selected. The round trip time
results for a sample building are shown in Tabld-6r each number of trials, the analysis is cdrrie
out 10 times.
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Table 6: Effect of the number of trials on the catulation of the round trip time using the Monte Caio

Simulator.
Number of Trials
10 100 1000 10000 10000( 1000000
150 154.7813] 153.8286 154.19385 154.1368 154.1514
153.87 153.8205 154.3263 154.1499 154.205 154.1547
152.745 | 152.9183 153.6842 153.8559 154.1622 158.154
Readings | 155.7375| 152.6933 153.7789 153.9662 154.1579 184.15
for the 154.6125| 153.4088 154.1551 154.0913 154.1548 153.15
round trip 156.3 155.4473 153.8216 154.2747 154.1166 154.1585
time (s) | 156.5475| 154.0455% 154.0831 154.1364 154.1485 1%@.15
162.2175| 153.3323 154.5007 154.1614 154.2053 183.15
156.5475| 153.708| 154.4249 154.1944 154.1861 154.161
147.75 155.049| 154.2289 154.1461 154.1513 154.1557

The results of all the Monte Carlo Simulations pleted as a scatter diagram in Figure 3 in order
to visually convey the relationship between theua&cy of the method against the number of trials.
The effect on accuracy of the final answer agatmstumber of trials is plotted in Figure 4. Based
on the results in the figure, 100 000 trials amneed for accuracies better than +0.1%.

Scatter diagram of the values of the RTT against the number of MCS trials
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Figure 3: Convergence of the value of the round ip as the number of trials is increased.
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Figure 4: Deviation percentage of the RTT from thenean against the number of trials.

For the example above, an analysis is shown ofttheing time for the increased number of trials
and the resultant accuracy, as shown in below.s Pplovides a guide to the designer in terms of
trading off accuracy with running time.

It is worth noting that these running times aredahon the running of MATLAB code. Use of

other tools, such as C++ for example, would providech faster software, significantly reducing
the running time.

Table 7: Accuracy of the results for different numter of trials and the required running time for the Monte
Carlo Simulation for the example used.

Number of iterations Percentage deviation froRunning time (s) (for the
the mean example of 10 floors above
ground, 13 passengers)

10 +4.678% <1

100 +0.895% <1

1000 +0.265% <1

10000 +0.136% <1

100000 +0.029% 7

1000000 +0.003% 70

8. CONCLUSIONS

Monte Carlo simulation has been used to calcullageaverage passenger travelling time in an
elevator system under up peak traffic conditioiitie results of the Monte Carlo simulation have
been verified for the simplest cases using an &éinalyformula for the average travelling time that
has been derived. This verification showed goageemgent.

The analytical equation was further developeddal avith the case of unequal floor heights,
and further verification was carried out with goagreement. The analytical equations for the

average travelling time can be applied to the cadgesnequal floor populations and Poisson
passenger arrival model.
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The strength of the Monte Carlo simulation coneghe fore when the combination of all
the five special conditions exists in a buildingnequal floor heights; unequal floor populations;
multiple entrances; Poisson arrival model and fmed not attained. A practical design example is
given to show how the method can be used to caéul®e round trip time and the average
travelling time.

Commentary is given on the rate of convergendbeiethod, and the effect of the number
of trials on the accuracy of the result. A guideprovided to the designer as to the trade-off
between the number of trials, accuracy of the neetimal the running time
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Some thoughts on Progressive Safety Gears and Modernisation
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INTRODUCTION

Where a lift has been subject to a modernisati@gnamme, or, more particularly, one or more
successive cab refurbishments, resulting in a ahafigar mass, it is essential that the continued
integrity and compliance of the safety gear be icordd before the lift is returned to service.

In the European context, EN81-1: Annex D speciiesommissioning test with 125% rated load
and travelling at rated speed or lower. This tksts not check the free fall performance. It is
simply a test to ensure that the safety gear han bestalled correctly and is functional.
Consequently, after a modification it is not suéfi@ simply to perform the confirmatory test
specified in Annex D.

However, there is no currently accepted methodstabdish free fall performance on the basis of a
test with intact suspension. The objective of ffaper is to discuss why that may be the case, and
to explore possible ways in which, whilst it mayt be possible to establish an accurate measure of
free fall deceleration, nevertheless, it might begible, in some circumstances, to establish with a
reasonable degree of confidence, whether or notvenginstallation would have a free fall
deceleration within the range required by EN81-13ER2,

THE DYNAMICSOF SAFETY GEAR OPERATION

The dynamic model we shall employ for safety ggaaration is shown in Figure 1. In the case of
free fall, Figure 1(a), the dynamic equation ondaeside will be

Fao =(P+ QG+ ) cooveeerereeeireciei e, (1)

whilst in free descent, Figure 1(b), the dynamidslve

Meae ¥ Fso=(P+ Q) 0= ( PF Q @upy cvvvvreeeremreireeireisiieiseieireisieies ) (2

(P+BQ) @ = My =( P+ BQ @y eeevereererrereereemreineremseieereiseeeenn. (3)

where the car side ‘fixed’ mass P is taken to idelthe mass of ropes on the car side and an
appropriate proportion of the travelling cable magsombining equations (1), (2) and (3), and
eliminating the safety gear forced®

A = r(chvt_Tcar)+(2P+(1+ B q dm (P BQg 4)
P+Q

Whilst equation (4) defines the relationship betweer and @mn the presence of the term
r(TewrTear) raises a significant difficulty, since, in anyrpeular case, the magnitude of this force is
difficult to determine. During an emergency arf@gthe car safety gear, rope tension is dependent
mainly upon the characteristics of the lift machirdote that we have assumed for the purposes of
this part of the discussion that the descentrissted entirely by the safety gear, without asscsa
from the electromagnetic brake or any dynamic Imgldrrangements.
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Figurel: Thedynamic model

The system has a number of rotating inertias whiefgrred to the traction sheave, we shall
designate by an overall equivalent masg, Mnd has an efficienay less than 100%. In order to
accelerate this equivalent mass in the ‘car-upgdlion the roping system must develop a tension
difference (Tw-Tca) such that

T -T L TR TP PR URRRPUPRRTTRPPRIN (5)

cwt car

We can, of course, now eliminate .{(#T..) between equations (4) and (5) to express the
relationship between free fall deceleration and free descent acceleratiagm@ (normalised in
terms of g) entirely in terms of the system parameters

(1+B+2P+r2Meqj B+
B _ QN Q% Qo (6)

9, 1+E 9, 1+£

Nevertheless, expression (6) still does not hedp globlem. On a new installation it could be
expected that all the system parameters are knallawing a reasonably accurate estimate @f M
andn. However, when it comes to a reconstruction or enogation, if the safety gear and lift
machine are to be re-used but the system paramwges changed (e.g. because of a change in
system mass), since the machine parameters maysba Ithe mists of time, a safety gear test at
rated load with intact suspension is unlikely taegan accurate guide to the free fall deceleration,
particularly when we consider that in the case géared system, the (unknown) value af, khay

be significantly in excess of either P or Q, antl,\&t the very least, be of comparable magnitude.

19



ALTERNATIVE APPROACH

If, during safety gear operation, the car side tiadon exceedsdi.e. by engaging the safety gear
with a partial, or no load in the car), then the isadecoupled from the remainder of the system.
Consequently, the average deceleration during auelst will indicate the free fall performance of
the safety gear at that particular state of loAdsuming that the average safety gear foree,i$
constant, independent of the total car side mdss, will allow us to estimate the free fall
deceleration g

Based on a mid-range ratio of car side mass ta lated P = 1.6Q (allowing for rope mass in the
value of P), Figure 2 indicates the range of fadkesiafety gear setting and partial loads(q < 1)for
which the car deceleratiopravould be equal todased on the expression

£ B |_[ P a
Qg. (Q”j(l* gJ (Q+qj{1+ QJ ..................................... (7)

In the case of a modification to the car, we wgkame that the modification to the design has
established the revised car mass, and consequbetiyar side fixed mass P including, as before,
the relevant proportion of the mass of compensatapes/chains, suspension ropes, travelling
cables etc.

With a partial load, if the system is subjectedato overspeed test, then ‘& (), the average
deceleration value during stopping may be measuréddter the car has stopped, it must be
established that the safety gear has engaged ailigrwise the test must be repeated with the car
loaded to a point where this will occur. The diffity is, of course, that it is not guaranteed to
achieve a deceleratieng, with a partial load sufficient fully to engage tbafety gear.

However, assuming that this hurdle is overcomeresgion (7) can be applied to provide an
estimate of the free fall acceleration valeg:a

P a
_ I 1_
&:(ijgn d ©
gn (P+1j -----------------------------------------------------------
Q

If a no load test fully engages the safety geas,dkpression simplifies to

e
g—nzm ............................................................................. (9)
Q

Provided that the calculated value of- dalls well within the permitted range (for EN81-1;
0.2g,< &+ < 1.0g), then it may be assumed that the free fall parforce of the safety gear with
the revised car mass will comply. Clearly, if @edculated value ofrais close to the lower limit
(0.2gy), then the result must be treated with cautiomesithe methodology will give no more than
an approximation to the actual value fgg.aFurthermore, such a test must be treated witteee
care, and the test does not obviate the necessignf“Annex D” test. It may require several tests
to establish the maximum load at which the safeigr gvill impose a deceleratiang,. Multiple
testing of safety gears is absolutely not recomradnd-inally, if the lift is subjected to a car eid
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deceleration in excess of,ghen counterweight jump will occur, with consequsevere shock both
to the suspension and to the elevator machineicplatly a geared machine, and may lead to
internal damage in a gearbox.
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Figure 2 : Safety gear performancein free descent

POINT FOR DISCUSSION

It is becoming clear [1,2] that North American greg is quite relaxed about the prospect that a
progressive (Type B) safety gear may have a setthigh, whilst it will arrest a car in free descent
may or may not arrest a free fall. The North Aroani view seems to be that if a performance
specification similar to that required by EN81-1lrevéo be adopted, ‘typical’ safety gear settings
would be increased, with the consequence that gluregal time’ emergency stops, with a partial
passenger load, an intact suspension and with eleittromechanical brake and any dynamic
braking circuit assisting with the arrest, the meexere deceleration rate is likely to result in a
greater incidence of passenger injury. Given thetsnspection regimes extant in North America,
the probability of a suspension failure can, to iallents and purposes, be discounted, not
withstanding the catastrophic nature of the hazdsilven that higher speed lifts are, in the main,
controlled by systems not linked to mains frequettleg probability of ‘uncontrolled overspeed’ of
the system is much higher than that of suspensibaré. It is thus considered more important to
protect passengers, as far as possible, from yigonsequent upon severe deceleration during an
arrest with intact suspension, than to guarantesstin free fall.

Furthermore, given our discussion of safety gestirtg, after a modification, the test specified in
Al7/B44 (and BS2655 : Part 1), allows a site testanfirm compliance, whilst acknowledging that
if the stopping distance under such a test is aear the maximum permitted, then the safety gear
may not be capable of arresting the car in frde fal
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ABSTRACT
“Energy modelling is a complex subjeetPeterset al, 2004 [3]

The intention of this paper is (1) to explain somerk which is being carried out at the
International Standards Organisation (ISO) levelt¢2suggest a simple energy reference model to
support this work; and (3) to develop a simple gpanodel that could be employed in a public
domain traffic simulation program to predict eneogysumption.

1 SO DRAFT STANDARD DI S/25745-1

A Working Group of an International Standards Oirgation’s Technical Committee

(TC178/WG10) has developed a draft standard DISI2H7 “Energy performance of lifts,

escalators and moving walks — Part 1 Energy andfieation”. This standard sets out the
procedures to be used when making energy measutemed verifying that energy usage during
the life cycle of a lift installation. It does ngtrade, or provide energy certification for lifts,
escalator and moving walks as happens now for tsoitefrigerators, washing machines, etc.

The Working Group has proposed a simple pragmatcqulure that should be easy to carry out,
uses readily available measuring equipment, isatajpde, and allows periodic verification checks
to be carried out.

2 ENERGY MEASUREMENT FOR A I1SO REFERENCE CYCLE

The proposal is to measure the running energy coedwby a lift during a ISO Reference Cycle.
The I1SO Reference Cycle comprises running an enfifitycar from one extreme landing
(highest/lowest) to the other extreme landing (IstAleghest) and back again. The lift carries out
one cycle of its normal door operations at eachiteal landing. These include opening, closing
and dwell times. The energy consumed for at leastycles should be measured and an average
energy consumption value (in Wh) for a single 1S€&drRence Cycle determined.

Care needs to be taken to ensure all the energl/taseperate the lift is included. For example
sometimes the main power and the ancillary powghtd, fans, alarms, trickle chargers, displays,
etc.) are often supplied by separate feeders. INtofunction energy consumers such as car and
machine room heating, cooling and lighting aretodie included.

After the terminal landings cycling test the liftald be maintained stationary, for five minutds, a
one terminal landing. A power measurement (in \A) then be made. This gives the standby
power consumed. “Green” lift equipment manufaatsgill thus be sure to reduce the idle power
consumption by turning off all energy hungry ligigiand controllers within this five minute period
of grace.

The procedure just described requires a fairly sbighted energy/power measuring instrument
together with a skilled operator. So the second p&the standard indicates how to verify
continuing energy consumption. This can be aclddwe measuring the line currents at the same
time as the energy measurements are made. Lataregpensive, simple current meter (amp
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probe), applied by the less skilled service meaharan be used to detect any changes in the energy
consumption. For example, the car might becomeiée# it was re-fitted with mirrors (more
energy consumed); or the less energy demandingeifincandescent car lighting were to be
replaced by low energy units (less energy consun@dihe door timings might have changed.

The currents that are measured for the verificatioeck do not necessarily need to be exactly in
proportion to the energy graph as the power fa@osp) values at the different car loadings will
vary. However, if as time passes these currentegatio not change, then it can be assumed that the
energy consumption remains the same as it was Wstmmeasured and the verification current
readings taken.

This energy/power/current measurement procedurdegrart of the final commissioning tests for
a new lift and could be carried out for an existiiftgon request.

r 144

+ 120

r 96

r 72

floor level
power (KW)

L 48

+ 24

Figure 1 ldealised 1 SO Reference Cycle

Figure 1 illustrates an idealised ISO Referencel€wthere the empty lift moves from the lowest
terminal floor (red line) to the highest terminkddr, carries out its door operations, returnshie t
lowest terminal floor and carries out its door @tems. The power consumed (black line) shows a
lower, power consumption as the empty car movesumger the influence of the (heavier)
counterweight, than when the empty car moves dpwiing up the counterweight.

3 ENERGY REFERENCE VALUESFOR A LIFT

The lift now has two measured values: one for threning energy consumed (Wh) during a ISO

Reference Cycle and another for the power consumgdvhen in standby mode. These figures

apply only to the lift that has been measured amdther. No two lifts are the same even if they
share the same rated load and rated speed ancd dne isame building. Obvious differences

include: the travel distance between terminal lagsli different door operating times, no of

entrances, the counterbalancing ratio, the weiflth® car, car balance, the type of guide shoes,
roping factor, number of car entrances, drive syseffect of the maintenance regime, etc, etc.

If a purchaser of a lift wishes to be seen to beég”, or is required to be by the terms of any
building energy certification process, then the twterence figures should be obtained before an
order is placed.
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So where do these figures come from?

It is expected that suppliers will know their pratisufficiently well (after all they have sized the
drive machine and the indicated the supply cabéeifipation, etc.). It is also to be hoped thayth
will have energy models available for their produahd thus be able to easily supply these two
figures. Of course the purchaser will confirm thatrthe time of final test. Energy consumption
could thus become a selection criterion betweenufaaturers.

4 THE 1SO REFERENCE CYCLE
How can a simple ISO Reference Cycle model be deeel?
Figure 1 shows an idealised ISO Reference Cycleghwdomprises four main parts:

(1) power consumption for an empty car travellipy(28 s)
(2) door operation at the highest landing (10 s)

(3) power consumption for an empty car travelliogvd (28 s)
(4) door operations at the lowest landing (10 s)

The parts (1) and (3) are further subdivided. €hgera peak power on start up, which reduces to the
running power when rated speed is reached. Aetitkof the running time the power falls to the
idle power (1.0 kW). Remember idle power is nansgby power. It is the power consumed
between the lift running and it entering the stanaiode of operation.

The energy consumed during the ISO Reference Gydlee area under the graph in Figure 1, in
watt-hours (Wh). This can be simply calculate@ agt of triangles and rectangles.

5 OBTAINING DATA FOR THE MODEL
The data required are:

Peak power up empty

Running power up empty (at rated speed)
Peak power down empty

Running power down empty (at rated speed)

Time to reach peak power up
Time to reach rated speed up
Time to reach peak power down
Time to reach rated speed down

Door timings
The idealised graph in Figure 1 assumes:

the time to reach the peak power from startingarpdpown) is equal to the theoretical time
to reach the rated spedurf)

and

the time from reaching peak power to falling to thaning power value (at rated speed) is
equal to 1.2%vm (125%).

These are reasonable approximations. The tivmg {o reach rated speed) is given by:

tvm=Y",2 (source CIBSE Guide D: 2010, A2-2 [2])
a |
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where:a is the value for acceleration (f)'sj is the value for jerk (m#%

6 EXAMPLESOF THE USE OF A SIMPLE ISO REFERENCE CYCLE MODEL

Al-Sharif, Peters and Smith [3] in 2004 obtainedad@r a lift with a rated load of 1800 kg and a
rated speed of 2.0 m/s with 42% counterbalancihige lift had a regenerative drive. Power data
for up and down movements with 0%, 25%, 50% 75%X0@%o car loads were obtained. Figure 2
shows a graph of this installation using the dataah empty car (0%) given in Table 1 for a car
starting at the highest terminal floor.

Table 1 Spot data for aregenerative drive system (1800 kg)

Car Car | Power Power Power Power

load |load | running starting running starting

(kg) (%) | down (kW) | down (kW) | up (kW) up (kW)
0 0 23 30 -9.0 3.0

The numbers are rounded for simplicity. The iddevpr is 2.0 kW.

So what does a simple energy model using this ldata like? A plot of the power used by an
empty car for a downwards trip would look somethiikg the Figure 3, which is a close facsimile
of Figure 2. The calculation of energy used (tfremainder the curve) gives:

Running energy down 110.7 Wh
Running energy up -34.9 Wh
Total running energy 75.8 Wh
Door operations 8.9 Wh
Total energy 84.7 Wh

As the ISO Reference Cycle occupied 56 seconayciing had continued for one hour (about 64
Reference Cycles, 128 stops) the energy consumattivee 5.4 kwWh (cost about £0.54 at 10p per
kWh).

Figure 4 is example based on measurements for emiifth It shows an ISO Reference Cycle for
an empty car trip down and then up between ternfioafs. This lift has a rated load of 1500 kg, a
rated speed of 4.0 m/s, is in a 24 floor buildinghwa 62 HP (46.3 kW) hoist motor, 50%
counterbalanced. The black line shows the powasumed. The plot is idealised, an actual plot
will have irregularities similar to those shownHigure 2. The values are from the empty (0%) car
load row in Table 2.

Table 2: Data from actual (1500 kg) installation used to obtain Figure 4

Car load | Car load Power (kW)
(kg) (%) running down | starting down running up starting up
0 0 53 120 43 50
750 50 13* 100 13* 100
1500 100 43 70 53 130

* 3.0 kW is controller plus ancillaries =10 kW forefficiency.
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Figure 4 Reference cyclefor a 24 floor office building (1500 kg lift)

Table 2 also shows the power required for stardind running for the car loads of 50% (balance)
and 100% car loading in both directions of travdlhese entries were obtained from the record
madé when the lift was tested in 1993.

It is interesting to note that at balanced load4pthe power taken is 13 kW. This is made up of 3
kW idle power supplying the controllers and anciéla and 10 kW to overcome inefficiencies.

7 TRAFFIC PATTERNS

No one can predict the usage pattern of a lift (Bgr 2003 [1]). It is a bit like predicting howeth
stock market will perform. Many assumptions aredendy experienced traffic designers when
sizing a lift installation. This is why some naidevelopers get it wrong as they lack that
experience.

Traffic simulators are used to study the behavadwa particular design. Thus it would be useful to
be able to study the energy behaviour at the samee t

This is possible as a lift traffic simulator “knoivhe passenger load in the car, the direction of
travel, the number of passengers entering/leavimg,travel distance, door timings, etc. If the
power used for each individual car load and eadhvidual direction and distance of travel were
known (they could be in a matrix) then the simulatould estimate energy consumption.

To insert an energy model into a traffic simulatfmegram requires more data than that shown in
Table 2. However, Table 2 provides enough entigesstablish Table 3, by assuming a linear

%2 The document used was BS5655-10: 1986 “Certifioaitiest and examination for lifts” and the dataswecorded in
Section A5(c) “Measurement of the electrical systdar empty, balanced and fully loaded cars. Thtest test
documents (PAS32/BS8486) do not record such data).
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relationship between the grey cell entries. Incfica the relationship will be nonlinear. Thus a
simple table can be developed for use in a traffraulator.

Table3: Extended entries (1500 kg lift)

Car load | Car load Power (kW)
(kg) (%) running down | starting down | running up starting up
0 0 53 120 43 50
75 5 49 118 40 55
150 10 45 116 37 60
225 15 41 114 34 65
300 20 37 112 31 70
375 25 33 110 28 75
450 30 29 108 25 80
525 35 25 106 22 85
600 40 21 104 19 90
675 45 17 102 16 95
750 50 13* 100 13* 100
825 55 16 97 17 103
900 60 19 94 21 106
975 65 22 91 25 109
1050 70 25 88 29 112
1125 75 28 85 33 115
1200 80 31 82 37 118
1275 85 34 79 41 121
1350 90 37 76 45 124
1425 95 40 73 49 127
1500 100 43 70 53 130

8 EXAMPLESOF AN ENERGY MODEL IN A SSMULATION PROGRAM

8.1 Uppeak traffic
Consider Figure 5. This shows the spatial moves@et line) of the example 1,500 kg lift during
the morning uppeak traffic demand. Table 4 giwesdata used.

floor level
power (kW)

time (s)

Figure 5 Power profilefor atypical uppeak traffic pattern (1500 kg lift)
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The lift leaves Floor 0 with 20 passengers andscatl nine floors with various numbers of
passengers alighting. Thus the load reduces tinatilast passengers exit at Floor 22. The lifathe
returns empty to Floor 0. Note the balance loatigeved as the lift leaves Floor 11.

Where the lift only moves one floor, eg: 0>1, 10>1&>19 the graph shows a low peak power as
rated speed is not reached (shown * in Table 4heM the lift moves two floor, eg: 8>10 rated
speed is just reached before the slow down sequsnogiated. In all other cases the lift reaches
rated speed as indicated by the step in the prafileough it may only be for a short time, eg: 1>4
19>22.

The energy profile has been idealised for the peemd illustration. This would not be necessary in
a simulation program as the actual profiles cacdleulated. Once again the energy consumed is
the area under the profile. This can be easilgutaled by a simulation program.

Table 4: Data used to construct Figure 5 (1500 kg lift) (figures rounded)

Floor Number of passengers Car | Peak Running | Total door
In car on | Leaving In car on|load | power power operating
arrival  at | car at | departure from | (%) | starting time
floor floor floor (kW) (kW) (9

0 0 0 20 100| 130/98* n/a 0
1 20 2 18 90 124 45 8
4 18 3 15 75 115 33 9
8 15 1 14 70 29 n/a 7
10 14 3 11 55 17/13* n/a 9
11 11 1 10 50 100 13 7
14 10 4 6 30 80 25 10
18 6 2 4 20 31/23* n/a 8

19 4 2 2 10 60 37 8

22 2 2 0 0 120 53 8

Other dataare: Time to reach rated speed: 4.0 s. Passenger traimsée1.0 s per passenger.

Flight times: one floor — 6.0 s, two floors — 8,Qtwee floors — 9.0 s, four floors — 10.0 s.

Door open and door closing times: 3.0 s each.ngi8ifloor jumps — peak not reached.

8.2 Down peak traffic

Figure 6 shows a down peak traffic situation far g&xample 1,800 kg lift. It loads six passengers
at Floor 20, which takes 10 seconds including dimoes. The lift then successively calls at Floors
19, 18 and 17 loading six passengers each. Bethedkght time between two adjacent floors is
only six seconds the peak starting currents arereathed and are estimated at 2/3rds of the
measured peak. Once the lift leaves Floor 17géemerates power back into the mains supply. It
should be noticed that of the 80 seconds from faadt Floor 20 until the lift arrives at Floor Ogt

lift is only moving for 40 seconds.
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Figure 6 Power profilefor atypical down peak traffic profile (1800 kg lift)

9 DISCUSSION AND CONCLUSIONS

The method for taking energy measurements of ambhsiystem using the ISO Reference Cycle
will be as accurate as the instruments used andkilieof the user. The same conditions apply to
the electrical current measurements made for eatibn. The two measurements obtained should
give a good view of how well a lift is performingthe time of measurement and over time.

Prediction of the two ISO numbers is not difficullhe simple energy model proposed, based on
the 1ISO Reference Cycle, relies on a number of Ificgiions, as discussed in Section 5. Errors in
the values used will affect the shape of the pamengy profile as shown in Figures 2 and 3.

However the energy used in the peaks is small coedp@a that used when the lift is running. As

the running power is likely to be known with gooctaracy, little error should occur. In any case

lift suppliers usually know their product very welhd will have accurate values for all these

parameters.

Energy usage prediction is much more difficult. eTimple model proposed can be employed to
calculate energy usage. More data is requiredchwhised to be collected when a lift was
commissioned (tested/adjusted). This data, asslowable 2, enables an interpolation on a linear
basis. This is not strictly correct as electrictone are magnetic devices and exhibit significant
nonlinearities. Using data such as that show®ection 8 allows a reasonable attempt to be made
to predict the energy used for SPECIFIC traffictgrais. A striking feature is how little energy is
used.

It is important to note that a real energy profiggies with the direction of travel and car positio
the well, and is not symmetrical, ie: exhibits noedrity.

Figure 5 shows an energy profile for uppeak traffid Figure 6 shows the energy profile for a

down peak traffic. These emulations are not pegdsit, if the proposed model is embedded in a
simulation program, then a more precise calculati@m be made, which will be as accurate as the
data provided.

The energy measurement of building services is goegquired more and more by various
regulations, for example, in order to comply witle £nergy certification of buildings. Modern lifts
(and some older ones too) are already very efficiespecially those based on counterbalanced
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systems. However, it is wise to prove this to ggdanspectors and standard methods of energy
measurements, conformance checking and modellangesessary to do this.

It can be expected that third partgnd manufacturer modelling and simulation programils
include energy modelling as the need for it ariséiswill then be possible to more accurately
predict energy usage. This can be particularlyulsenen considering energy reduction measures.

REFERENCES
[1] Barney, Gina, “Elevator Traffic Handbook — Tlmg@nd Practice”, Spon Press, 2003

[2] Peters, R., CIBSE Guide D: 20f10‘Transportation systems in buildings”, Appendix,A
September 2010.

[3] al-Sharif, L., Peters R. and Smith, R, “Elevatnergy Simulation Model”, IAEE, Elevator
Technology 14, April 2004.

WARNING

The data used to plot the graphs are based orsys@ms, but they have been idealised and the
numbers rounded to illustrate the discussion.

3 Visit www.peters-research.com
* Visit www.cibse.org
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INTRODUCTION

Lift System Condition Monitoring to support servigi activities has hitherto been restricted to
calling up fault storages of the actual lift comtsystems and occasionally of the lift drive units,
each manufacturer using its own concepts.

Sensors detecting the amount of wear in a liftesysare currently used — if at all — in form of
mobile systems only. They allow random tests tartagle of the cab’s acceleration behaviour, to
determine how the noise is developing or to detiwe rope tension and put respective
measurements at the technician’s disposal unconament

Such systems are used to conduct initial testsngirat converting the interval-based maintenance
activities common to lift systems into a conditioriented or even proactive maintenance.

POINT OF DEPARTURE

Current maintenance strategies for lift systems. The lift system maintenance concgpévailing
worldwide is a combination of reactive, preventaed in initial stages also condition-oriented
servicing activities. Preventive maintenance dfdifstems is carried out on the basis of intervals:
within fixed intervals or after reaching a certaimmber of rides service technicians initiate
measures to retard any further reduction of thervpedential e.g. by topping up gearbox oil,
greasing the guide rails, etc. At the same timg timually check the degree of wear of certain lift
components such as guide shoes or brake liningslakter is already a first and simple attempt to
carry out a condition-oriented service: based om itiformation available (e.g. of the wear),
deadlines are determined on which components needetreplaced in order to prevent any
unplanned system failure or even a safety-crittoaldition to develop.

Condition Monitoring in an industrial environment. Today and in nearly all industrial areas

Condition Monitoring is one of the mainstays neetlecfficiently operate and service technical
plants. This concept is based on a regular anddom@nent recording of the condition of the
machine by measuring and analysing meaningful physparameters. The technological
developments achieved in sensor technology, trgyolnd microprocessor technology allow an
unparalleled quantity and quality of information lbe used for the maintenance of production
machinery. An industrial environment cannot beyrietl without Condition Monitoring any more.

It must more or less be regarded as a compelliggirement for a condition-oriented and/or
proactive maintenance.

The benefit of Condition Monitoring. The more comprehensive the maintenance stratet)y an
the requirements it has to meet, the more distiactvill be the significance of Condition
Monitoring.

In trying to achieve maximum plant efficiency, Cdih Monitoring can be of assistance in a
number of ways:

* by improving the safety against failure on the badiefficient forecasts relating to defects
(and the resulting prevention),

* by minimising downtimes on the basis of an integpigtlanning of repair measures specified
by the Condition Monitoring,



* by maximising the service life of components byverding any conditions that shorten the
life, and

* by a cost-reducing and nearly full use of the congmd’'s wear potential.

Condition Monitoring is composed of three steps:

1. determining the condition, i.e. measuring and damuting relevant machine parameters
reflecting the current condition of the machine,

2. comparing the condition; reflecting the comparisdrihe actual condition with a specified
reference value (with a growing plant complexityaity determined empirically) and

3. the diagnosis which has to use a comparison otdnelition to pinpoint any possible fault
as early as possible and to determine its cause.

CONDITIONMONITORINGINLIFT SYSTEMS

Hardly any technical measuring systems are offerethe lift market for the first of the Condition
Monitoring steps, the determination of the conditiét is only for the intermittent monitoring of
vibration and noise data that ride quality meagusystems conform to ISO 18738 such as the EVA
systent or the LiftPC systefncan be used. These for example allow informatiothe condition of
the system to be recorded at the time inspectiomsaried out and long-term developments to be
established. But short-term or transient eventsicgbe detected and a link with other data such as
the load condition, temperature, etc. is quiteicift.

A continuous monitoring of the physical lift systggarameters in real time would allow long-
term trends as well as erratic or transient chamgesondition to be recorded. Any subsequent
comparisons of the condition and diagnosis algoritltould then fall back on a comprehensive data
stock and generate maintenance suggestions.

Condition Monitoring pilot project in lift systems. As early as 2004 Henning installed prototypes
of a lift system condition monitoring system in\aa lift systems of the chemicals group BASF.
Apart from acceleration and vibration sensors, aBorsors monitoring the traction sheave speed,
the current hoisting height, the overall cab load ¢he individual rope tensions were used. The
measurements were analysed by an industrial pdrsonguter located directly at the lift system
and the results of this analysis were transfergedelnote data transmission to a data centre. The
main component of the Condition Monitoring systeamyibration and acceleration sensor, was
directly fitted on top of the cab. In this positi@ircould record the actual ride movements of thie ¢
as well as the cab guides, door movements andreaily via the ropes - also the behaviour of the
drive unit.

For each ride the recorded data of all sensors wareerted to specific characteristic values and
checked to see if they exceeded any limits. Thenctiaracteristic values of each ride of one day
were combined to one statistic mean value. Thesamalues resulting from several hundred rides
per day were used for actual trend monitoring psego The following two examples e.g. show a
trend over several days based again on thousaratesf

L www.pmtvib.com
2 www.henning-gmbh.de
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Figure 1: Vibration behaviour of the lift cab inetlwo horizontal directions in space. One clearly
recognises the replacement of the cab guides onhVEr.

At the start of the recording period shown in Highe slide guides of the cab are already worn out.
On March 11, 2004, the guides were replaced by guede shoes. One clearly recognises that the
vibrations in direction X (vertical to the actualstdnce between guide rails) are reduced
immediately. On the other hand the vibration bebavparallel to the actual distance between guide
rails increases before again dropping to the aasigiralue after a period of some 25 days. The
vibration course in direction Y can be explainedawnon homogenous actual distance between
guide rails over the entire hoisting height of liftesystem: the new slide guides must be allowed t
first “grind in” in this direction is space. Theadjram shown now simply allows a limit to be
determined for the vibration behaviour in directdnvhich the system is not allowed to exceed and
— should it be exceeded — a guide shoe maintersagggestion to be tripped.
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Figure 2: Characteristic vibration values of theverents of the cab door. One clearly recognises
that the movement is impaired between March 1518nhd

The second example (Fig. 2) shows four charadengiration values for the door movements.
The period between March 15 and 17 is out of tidenary, the event being of a sporadic nature this
time: the guides of the cab door were contaminatedvinter grit probably originating from the
tyres of a fork lift truck. In this particular casee automatic door monitoring system tripped an
alarm and the fault was eliminated within a relalgvshort time so that door rollers and guides
could not suffer consequential damages.

Apart from the vibration data a measurement ofitloévidual rope tensions and of the loading
condition has proven to be extremely relevant. Asadter of course the loading condition affects
the vibration levels so that these can only beuatatl in combination with the actual load. The
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individual rope tensions in the rope set should dis taken into account. A replacement of the
motor torque by the motor speed generates a trertdei lift industry to use increasingly thinner
ropes and higher suspension ratios. Rope resedmolWssthat the rope bending capacity is
continuously reducing with the diameter [1]. A sleakraction sheave diameter to rope diameter
ratio (D/d) additionally reduces the bending capadhis also applies to multiple rope deviations.
This immensely boosts the influence of only onelypadjusted rope of one rope set: the wear of the
rope can for example reduce the life of the embpe set by 60 % if one rope merely deviates by 15
% from the mean value of the single rope loads ¢aémilation of the rope life by K. Feyrer [2]).

Based on the pilot project conclusions and the estinse examination of measuring methods
suitable for lift systems, Messrs. Henning have isk) in the past few years a Condition
Monitoring system for lifts the development of whiwill be completed at the end of 2012 with a
field test in Germany. This system uses an inttligvibration sensor permanently monitoring the
wear of important lift system components. The senisomounted on top of the cab and
autonomously detects (without being connected édithcontrol system) the current ride condition
so that door movements, ride starts, constant,retescan be examined separately. In each of these
ride conditions significant characteristic values generated which in their entirety allow longater
trends as well as erratic or transient changesmalition to be detected and fully documented. Even
gearboxes and motors can be indirectly recordecksibrations are transmitted to the sensor via
the suspension gear. The sensor is able to makstiaction between numerous wear aspects of
critical components such as doors, drive units@uides. At the same time sensors detect the load
on each suspension rope and therefore also therdhd cab.

The system has adequate interfaces allowing iteocénnected to higher-ranking building
management systems. Under favourable conditiongnifsiant changes in the transmitted
characteristic values will then generate a warnill before the failure limit of a component is
reached so that the required servicing activity lmamplanned in advance and is no longer subject to
fixed maintenance intervals.

SUMMARY

Condition Monitoring already widely used in otheabches of industry is still largely ignored in the
lift industry. Even though only a small number ifif $ystems need servicing strategies ending up in
a condition-oriented and proactive maintenanc@si&intensive preventive servicing strategy is the
only alternative for lift systems which are partafroduction process, which are used in public
sectors to secure the mobility of people with ptgsimpairments or which are indispensable for
representation purposes. The partially massive reasictions affecting lift components in the past
few years can only be compensated by adequateerougdisures in form of a monitoring of safety-
relevant and function-critical components. Automdiondition Monitoring systems provide an
efficient solution and warrant an optimum resoueféiciency combined with a high plant
availability.

REFERENCES
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INTRODUCTION

In today’s lift systems the steel wire rope is tim@st commonly used technology for
suspension and transmission means. The steel wjre technology used in Lift and hoisting
applications has worked very well for more than M#ars. Constant improvement in wire rope
design, selection and combination of material, a as advances in manufacturing technology has
helped to gain the reputation that lifts are onthefsafest transportation systems for Humans.

The component and system design for traction tifpagplication using steel wire ropes as well as
the construction of steel wire ropes in today texogy state, is the best found compromise at this
point in time. Codes and standards have been ingsigad and tailored to create the framework for
steel wire ropes in elevator applications to insafety and consistency in lift applications.
Compromise in case of improvement means, addressingolated item does have an impact on
other system areas. Furthermore, there are intendigmcies which have to be addressed and can
influence the design of a complete system sigmitiga

Implementation of improvements in one area of fftesiystem will lead to strive for the best
compromise on the remaining system, with the goalaverall solution has improved compared to
the previous best compromise.

Although the steel wire ropes have matured ovetasiedecades they still have some disadvantages
which are part of the compromise for the overdtl dipplication. Disadvantages such as sheave
diameter are to big (D/d 40), the weight, elongatiand traction issues do not allow the
development of advanced elevator system desigroutithddressing those problems/restrictions.

Recent research and current development of thetéehinology demonstrates the efforts
made by a number of companies to circumvent theddentages of steel wire ropes. Although the
currently introduced belt technology still usesettevire cords within the belts, some of the
disadvantages of the traditional steel wire ropesaddressed, for example the reduction of traction
sheave diameters and traction issues. Future dewelat of belt system technologies focuses on
belt systems without steel wire ropes inside. Tduklresses an even broader range of today’s
compromises made in Lift systems.

This presentation provides an outline of a Masteesls in progress and will highlight the
interdependencies between the development of abediviype suspension and transmission means
and the impact this has on the Lift system as a&lbn system component design. The final Thesis
will act as an input and help the system and compbdesigner to identify, calculate and address
issues throughout the design process with focusetis systemsithout containing steel cords.

GENERAL IDENTIFICATION

The initial focus in relation to Suspension andnBraission means clearly is eame of the
main properties / terms used by Lift designer, Begrs or component developers. The properties /
terms listed below address the most critical datef the new to be developed Suspension and
Transmission means and will be used as a bas¢hlioeghout this text.



Breaking strength
Weight,
D/d 40,
Elongation,
Traction,
Discard criteria,
Life cycle,
Handling / Maintenance.

Although it is acknowledged the list can be extehdwrit for the purpose of this text the list wid b
restricted to the above mentioned terms.

If each term is used as a headline and the die¢ationship this headline has to the lift systert wi
be described in general and listed, the list wellve as an input for the development of a new
suspension and transmission means with the ultig@deto improve all of the named areas.

Breaking strength. A minimum Safety Factor of 12 or higher as a gahrile, will results in a
certain minimum number of suspension members, osugspension members with increased
strength. There is a direct dependency to safatysgstem capacity.

Weight. The weight of the suspension and transmission mbkas a direct influence of the overall
static system mass as well as dynamic massesdietrt). [3]

D/d 40. Traction sheave geometry e.g. diameter, widthpwgasize, in conjunction with diameter /
thickness of suspension and transmission mean. [1]

Elongation. Permanent elongation (stretch over time) andtielaslongation (dependent on
dynamics such as load changes and acceleratiogesadirectly impact the system. [4]

Traction. Sheave surface design in regards to geometry atdrMl in conjunction with material
and dimensions of the suspension and transmissaamsn [1]

Discard and replacement criteria. Currently visual inspection and broken wire coudigsmeter
reduction as well as magnetic field or resistanoeasnrements methods are used to detect
remaining Breaking strength, loss in traction, werall deterioration over time.

Life cycle. Number of bending cycles, bending conditions euynber of reverse bends in systems,
distance between pulleys, environmental influenets,[3]

Handling / Maintenance. Delivery to construction site, installation prooees e.g. end
terminations. Maintenance requirements such aschtion and cleaning, etc.

Relationship to lift system Table.1 below takes the above terms and lists them iretie&olumn
from top to bottom (note this is no classificatioiihe top row represents some of the major
components of a lift system. The bolded Capidl demonstrates direct dependency whereby the
smaller “x” shows indirect or less influence.

Terms/Components Motor | Sheave Brake | Safety| Compensatior Termination| Controller
gear | system

Breaking strength X X X X X X X

Weight X X X X X X X
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D/d 40 X X X X X X X
Elongation X X X X X X X
Traction X X X X X X X
Discard Criteria X X X X X X X
Life cycle X X X X X X X
Handling/

. X X X X X X X
Maintenance

Table 1 Suspension/ transmission criteria in relation tgameomponents

It has to be acknowledged that the components M&eave and Brake are often named as one
assembly simply referred to as thdt Machine, but for the development of belt type suspension
and transmission means it is important to viewehmsmponents individually.

The termD/d 40 actually refers to a ratio between the sheave eli@mand suspension rope based
on code requirements for steel wire ropes, whick nw apply for a belt system without steel wires
inside.

Relationship to component.Up to this point the dependencies can be seerrigeared apply to all
types of Suspension and Transmission means fotiadmatype Lift systems. With the finished
design and known properties of the new suspensiah teansmission mean the system and
component developer can follow the matrix above eraduate the dependency for each component
on a defined Lift system based on the properties.

This can be achieved by listing the main parts @erdmeters of the component [2] as indicated in
the example for the Motor ifable 2 below.

Criteria/ parts prop.| torque| speed | power | Shaft Bearings dimensions
load/size

Weight X X X X X X

D/d 40 X X X X X X

Elongation X X X X X X

Traction X X X X X X

Table 2 Suspension/ transmission criteria in relation taddgarts and properties

Calculating values e.g. torque, speed, power, $badt, bearings depend on the belt properties and
criteria listed in the left column, this in retuimfluences the dimensions of the Motor and creates
input for the system designer to design the bestpctomise in relation to the new suspension and
transmission mean.

System impact.A new suspension and transmission mean allowsedbigaer to create new system
approaches. This can be based on the changed cenippiased on the belt properties, or a
combination of both. For example an increase iotitva could allow new lightweight systems.
Fig.1 below indicates some of the interdependertbissould have to a new system.
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SUMMARY

This extended abstract from a Master Thesis innessgidentifies some of the
interdependencies between a belt type suspensinsiirission mean with the Lift system and major
components of the system described on a few exampihe text and tables demonstrate
relationships and dependencies which require eetailvestigation and calculations not only for the
development of the belt but also on the systemcangponent level. The required level of
investigation on all aspects of a lift system witlable the system and component designer to think
outside the box and apply solutions for new sysapproaches.
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ABSTRACT

Traditionally, lifts were equipped with machine ne® that contained the drive unit and hoisting
motor. Machine room-less lifts (MRL) now have thesemponents located in the shaft and are
required to achieve acceptable values of vibratiamborne noise and structure borne noise. The
transmission paths of noise and vibration indidht they originate from various sources. The
possibility to predict the response of systems sulolsystems can reduce development time and
allows for specific design changes at an earlyestagthe design phase the calculation of system
natural frequencies and sub-system natural fregegnenables identification of resonance
conditions. The identification of fundamental ararhonic frequencies of all components within
the lift system enables quick allocation of examatsources. The following discussion will briefly
examine simulation techniques and identify the d&simulas involved in identifying excitation
frequencies. The paper continues with methods taf a@aalysis techniques.

INTRODUCTION

Lifts are highly complex dynamic systems that reguletailed simulation and analysis in order to
achieve acceptable levels of ride quality in tlteslystem. In the design phase of a lift systens it
important to have a prediction of the noise andatibn, firstly at a system level and secondly at a
subsystem level. The system level addresses theletalift system and the sub-systems can be
further categorised as: machine, suspension mguiide rails, car and counterweight.

Therefore, it is necessary to integrate simulaaod analysis into the design process in order to
accelerate component and system development.

The results of the simulation and analysis drive thoice of the design solutions and can be
considered as predictive engineering. The firgd sdeto analyse the structural behaviour based on
the calculation of natural frequencies and modeaha

In order to understand the dynamic analysis oftasjistem, a mathematical model of the system
must be developed to fully understand the respasfs¢he system and the systems natural
frequencies.

Understanding the main sound sources and excitditemuencies enables targeted definition of
design changes, in order to avoid critical resoagritenomena. A resonance phenomenon occurs
when an excitation frequency is near the natuegjuency.

Design and simulation are therefore imperativenaéarly stage of a project. Combining this with
advanced measurement and analysis, it is possilblederstand the noise and vibration propagation
path and validation of the theoretical models.



SIMULATION

With simulation tools, such as Acoustic predicttonl, Liftsim and Matlab it is possible to predict
the system and subsystem components behaviourl&iomuof systems allows for analysis over a
wider range of load and size configurations comghémeactual testing and reduces the costly task of
physical testing. Moretti [1] suggests that in erdederstand the systems response, it important to
simulate the sub-systems from excitation to respons

New technologies, software programs and the evereasing availability of computational
capabilities have driven the simulation opportw@stin the lift industry today. Originally, simulaii
tools were first introduced in order to guarantee integrity of components at a sub-system and
system level, ensuring that they comply with coelguirements. Predictive engineering is applied
early in design phases, allowing structural simataiof load and stress analysis for verification
purpose.

Today, simulation tools have been adapted to givermineer the freedom to evaluate also aspects
of lift ride quality and critical design decision§he simulation of system and components at a
development stage will help to define system amdpmment specifications.

Roberts [2] indicates that simulation and virtuadtptyping is a key factor to achieve cost effegtiv
means of designing lifts, in order to meet the ekqeons of the ever increasing demands on ride
quality.

EXCITATION FREQUENCIES

With the knowledge of the excitation, at a systawel to a subsystem level, together with the
simulation and analysis of the structural behavidus then possible to predict the response.

The calculation of the excitation frequencies witlable identification to see if the frequency is a
velocity dependent frequency or not. Excitatiorgérencies for lift systems are generally dependent
on the rated speed of the lift, the correspondomng factor and the geometry of lift components,
e.g. the radius of rotating parts. Detailed infatiovaon bearing design and elements will help to
identify if a faulty bearing is the cause of a disance. Once all the relevant information aboat th
system and the components is available, the ekwitdtequencies can be calculated. The basic
formulas required are as follows.

The rotational frequency, rpm of the motor tractshreave, is calculated as:

RPM = I EVEGO 1)

77'7
1000

Wherei is the roping factog, is the rated speed ardlis the diameter of the traction sheave.

In equations 1 to 4, the diameters are in milli@etnstead of meters, they are divided by 1000 for
the conversion to meters.

The rotational frequency of the motor traction steeia Hz, is calculated as:

iCv
fmeave = —D (2)
ﬂi
1000
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The rotational frequency of the magnetic poles migicalculated as:

_ICvLlp

fMagneticPoIes - D (3)

T
1000

p is the number of magnetic pole pairs.
Excitation frequencies in Hz for roller guide shaes calculated as:

fRoIIerGui de — T (4)

Wherev is the rated speed aridl;; is the diameter of the roller guide.

Rope Lay excitation frequencies in Hz are calcdlats

iCv
RopelLay = L— (5)

RopleLay

f

Wherei is the roping facto, is the rated speed ang,,,, ., is explained by Janovsky [3].

For evaluation of all excitation frequencies, Itrecommended to calculate the data in an excel
table. With the data consolidated in a table, iassible to identify the fundamental frequencies
and the corresponding harmonics.

DATA ANALYSIS

Data recording and data analysis are very impogspécts of excitation identification. Today in the
lift industry, there are numerous hardware andwsoft packages available and utilised by field
personnel, in order to record and analyse dataBetsjuick measurements in the field, on problem
installations, or to validate consultation speeaifions they are quite a handy tool and can besetlli
by most field technicians. Unfortunately, mosttuém are very limited in the sampling rates and do
not offer adequate analysis of the sound recorded,to the fact that they only record the noise
level and not the sound pressure.

With advanced measurement and analysis tools pibssible to understand the noise and vibration
propagation path in order to validate the theoatticodels.

To examine the spectrum of a signal, the time domaist be converted to the frequency domain.
This technique is known dsast Fourier Transformation (FFT). Spectrograms are a very efficient
way to represent data, and to compare and unddrsanitation and resonance frequencies
throughout the entire trip.

An example of this is demonstrated in Figure 1, nehee resonance conditions have been clearly
identified by their intensity. The darker the calandicates higher frequency amplitudes that can be
related to time and the position in the shaft.
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Figure 1. Spectrogram

CONCLUSION

The principles of dynamics form the foundation tioe analysis and design of engineering systems.
Lifts have to be designed in order to avoid theitakion frequencies that result in a resonance
condition. The identification of natural frequersiand mode shapes are essential, in order to
develop lift systems to operate optimally, withine tbuildings that they are designed for. The design
of a lift system must not only consider the ridaliy felt by passengers in the car. The objecsve

to achieve adequate ride quality with a combinabbminimum transmissions of structure-borne
noise and vibrations into the building structurd adjacent rooms.

Identification of all possible excitation sourcesdavibration transmission paths will allow for
targeted design concepts to ensure adequate @oliatipresent, in order to mitigate disturbances
from the system.

Today's lift market is changing from the typicaldats where a machine room was supplied, to cost
driven versions of MRL lifts. MRL lifts thereforeake to be designed differently in order to
compensate the higher shaft noise levels, vibrataomd structure borne noise values.
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INTRODUCTION

Chain drives are used in escalator mechanismamsfer movement from the motor to the steps
and handrails with high-efficiency and synchroriaat The chain consists of rollers and links that
connect the rollers. The movement of the motoraisgferred to the chain by a sprocket that engages
the links. However, the rigidity of the links prextea smooth contact between the chain and sprocket
while it is possible with a belt drive. Becausetloat, the chain winds around the sprocket in a
polygonal shape that produces variation in theziootal speed of the chain even though the sprocket
rotates with a steady speed. Such changes in Ingizchain speed are referred to as pulsations. The
pulsations are transferred to the steps of thdascand decrease the comfort of passengers.

The proposed approaches to suppressing pulsatbrdashaping the chain rail with protrusions
or depressions just before the sprocket teethriptlia horizontal speed of the escalator steps $o a
maintain a constant speed within the range whessguayers ridé’and to use an inverter to control
the motor rotation speed to suppress the pulsatitie horizontal section of the chéfh.

The former approach requires machining the rail mgeometrically-determined irregular shape,
and the latter basically requires a means of usiegprocket phase and step speed data as feddback
satisfy the condition of constant drive speed, ab &s a control circuit that uses that data tar@bn
the motor speed. Both approaches will increasesysbst.

This paper proposes a new method to control theagioh of chain speed keeping the constant
rotational speed in the motor. It's a method whitdkes the roller speed change moving roller track
adding a new type of rail next to the sprocket.

CHAIN DRIVING PRINCIPLE

We explain here the operating principle of the
chain drive mechanism using the schematic diagram
presented in Fig. 1. The chain consists of rolleas
are connected at regular intervals by links. The
chain winds around a sprocket so that the chain
moves when the sprocket turns. The roller spéed
is expressed by Eq.(1) and Eq.(2).

V. = AX, _ Xy =X, 1) ‘
At At
Fig.1 Pattern diagram of an escalator drive part

X, =/P? - R?(L-cosfrd))? —Rsin(ag) (2)



METHOD OF SUPPRESSING PULSATION

We propose here a mechanical method of suppregslagtion in which the trajectory of the chain
rollers is altered by placing a fixed chain radtis easily machined and easily installed at thgtpn
where the chain turns. The conventional chain nashaand the proposed mechanism are illustrated
schematically in Fig. 2.

In the conventional mechanism, shown in part (i 2, the chain rollers in the rotating part
engage the sprocket teeth and move in an arc alengitch circle and leave the sprocket at the
bottom. At that time, because the sprocket movascahstant speed, the circumferential speed of the
rollers is also constant. Nevertheless, a pulsatianh corresponds to the length of the chain links
occurs in the horizontal sections of the chain.

In the proposed mechanism, on the other hand,dlters are pulled along by the teeth of the
sprocket, but they follow the contour of the fix&il in the rotating part as shown in Fig. 2 (bhat
change in the roller trajectory in the rotatingti@dters the speed so as to cancel out the putsatid
produce a constant roller speed in the horizomtetien of the chain.

- Horizontal Roller — Rotating Roller — — Horizontal Roller — — Rotating Roller —

Velocity [m/s]
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Velocity [m/s]
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>

UP Pulsation Suppressior®

' Rail
| | Rotation
Z
A UP
y Sprocket Rotation
(a) Without pulsation suppression mechanism Y (b) Pulsation suppression mechanism

Fig.2 Construction drawing of pulsation suppressi@thanism

DESIGN AND ANALYSIS

Pulsation Suppression Method 1. The roller speed in the rotating part is expré$sev,= Rw. In
this first design, the radius of the roller frone ttenter of the sprocket in the rotating secti®nijs
reduced to lower the circumferential speed at thstion where the horizontal roller speed is higher
andR; is increased to increase the circumferential spdezie the horizontal roller speed is lower so
as to make the horizontal roller speed constatie (btation speed, is constant.)

The path defined by the designed pulsation supjoressail and the roller and sprocket tooth
engagement section are illustrated in Fig. 3 (@; dprocket tooth is illustrated in Fig. 3 (b). We
performed kinematics and dynamics analysis simaatin which the sprocket illustrated in Fig. 4 (a)
rotated clockwise for upward drive. The waveformstforizontal chain speed for a movement of one
pitch for suppression mechanism 1 and without seggion are presented in Fig. 4 (c) for
comparison.

The effect of pulsation suppression mechanism d rieduction of pulse amplitude by 18% for
upward drive relative to the case without suppoesdiowever, some change in speed occurs, and we
understand from the analysis results that the desfgpath before and after roller and sprocket
engagement is important.
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Pulsation Suppression Method 2. Based on the results obtained with proposed meihode
designed a new chain rail and tooth shape thastaite account point; it is to make the path just
before and after the onset of roller and sprocketht engagement as smooth as possible. An
additional constraint on the second design is thate be no change in height so that existing
escalator components can be used without modidicati

The rail shape (path) and the roller engagemetibsedesigned for method 2 are illustrated in Fig.
4 (a) and Fig. 4 (b) show the sprocket tooth sh&pe.4 (c) respectively presents the simulation
results for the speed of horizontal roller movenwne pitch length under suppression method 2
and without suppression.

We see from Fig. 4 (c) that the speed pulsati@oigrolled to produce a constant horizontal speed.
These results confirm that suppression method 2rednce the pulsation amplitude by 2% for
upward driving relative to the case without suppi@s.

After the simulation confirmed the speed pulsasappression effect of the proposed method, we
next fabricated a prototype pulsation suppressailrand sprocket, and installed them on an actual
escalator to test the suppression effect.

The results of the prototype testing revealed almodlifference in the comparison of waveforms
with current escalators, but they did confirm, artpchanges in speed that were not observed in the
simulations.

We discuss those speed variations with referenEgtds. In current chain mechanisms, the roller
engages with teeth that have a circular bottomeasee in Fig. 6 (a), so the roller position is ueig
determined by the sprocket and does not move witl@nooth shape regardless of the tension on the
links to the left or right.
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o 0 .y 056 [~ .y 056 |
2 054 | 2 0.54 | | l l £054 |
= 0.52 £ 052 F}E*\;”:””f}”% =0.52
= 0.5 b ~— I " I 42‘ 0.50
o o | C 0.5 | J | | c
2048 S 048 | w w ! S 048
£ 046 Q 046 | 2 046
0.44 f 044 f | ; ; ; 0.44
0.42 0.42 [~~~ e S 0.42
0.4 0.4 : : : : 0.40
0 02 04 06 08 0 02 04 06 08 00 02 04 06 08
Time [s] Time [s] Time [s]
(c)Simulation results of (c)Simulation results of (c)Experimental results of
roller speed roller speed roller speed
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In method 2, on the other hand, as shown in Rroller D Sprocket

oD
Fig. 6 (b), the roller position is determined b o o mckinoh
both the sprocket and the pulsation suppression
rail. As a result, the roller can move by the
amount of backlash allowed by the sproc Link

tooth shape, and moves within the tooth Shape(a) Without pulsation (b) Pulsation suppression

due to the tension of the links. Experiments have ~ suppressiol mechanism Ver.2
shoyvn that such movement results in variation in Fig.6 The cause of generating of speed pulsation
chain speed.

Pulsation Suppression Method 3. Building on the results obtained for method 2, weppsed
pulsation suppression method 3 to solve the proloethe movement of the roller within the tooth
shape.

Method 3 has two features; one is pulsation sugpmesail that is placed only in the section of the
rotating part defined by the angle through whickirgle roller, and the other is round-bottomed
sprocket tooth. Because the only thing that afféeshorizontal speed of a roller is the rollett ikan
front of it and is in the rotating section, the gatlon suppression chain rail is placed only in the
section defined by the angle through which oneht@dtthe sprocket advances. In the section where
there is no chain rail, the roller engages the dgbfirmly at the bottom of the tooth and does not
move within the tooth.

The roller path of the pulsation suppression chaihdesigned for method 3 and the section in
which the roller and sprocket engage are illustratd=ig. 5 (a); the sprocket tooth shape is ilatstd
in Fig. 5 (b).

We fabricated a prototype chain rail and sprodkat implement method three, installed them in an
actual escalator, and measured the roller spe#tkihorizontal section of chain. The results for a
movement distance of one pitch for method 2 anchatk8 are presented in Fig. 5 (c). In proposed
method 3, there is no movement of the roller witthia sprocket tooth, and the variation in chain
speed is greatly suppressed.

CONCLUSION

We have proposed here a mechanism for producimgstant horizontal chain speed to suppress
the phenomenon of speed pulsation that is causpdlipgonal motion in a chain drive. The proposed
method places a fixed chain rail at the drive skebto alter the trajectory of the chain rollersasao
geometrically achieve constant horizontal chairedp&he shapes of the fixed chain rail and sprocket
teeth were designed with progressive improvemenpdsjorming analysis with a computer-aided
kinematics and dynamics tool and testing the resudin actual machine to produce three methods
successively.The final result is confirmation o ghulsation suppression effect by installation of a
prototype in an actual escalator.
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INTRODUCTION

This paper describes a technique for mathematically modelling the comparative energy
consumption between two types of escalators deriving energy differential functions. Using
numerical analysis this paper shows how the energy consumption may vary under different load
patterns. The paper concludes that the use of a Levytator is almost always more energy efficient
than a pair of conventional straight escalators.

We have focused on energy consumption in operation as we believe the Levytator’s carbon
footprint in manufacture and disposal would be significantly less than a pair of conventional
escalators. If you need details on this, please contact the authors of this paper.

The Levytator: Conventional escalators follow a straight line. The return path of the step travels
underneath the useable steps beneath the housing. In order to provide both up and down paths of
travel, two conventional linear escalators are needed.

The Levytator is designed to follow any reasonable curve. Its unique patented step design using
vertical bearings, allows one Levytator to provide both up and down directions of travel as both set
of steps are part of one loop. The Levytator only needs one power source to drive the steps whereas
a conventional escalator needs two motors.

Structure: This paper sets out a method for mathematically modelling the differential power
consumptions between a single Levytator configuration and a pair of conventional escalators for the
same rise. The construction of the mathematical model is set out in Part 1-Overview. The
calculations using some simple assumptions are set out in Part 2-How Green is the Levytator. The
numerical analysis and the shape of the energy functions are detailed in part 3.

PART 1 OVERVIEW

The performance analysis of the Levytator consists of the comparison of power demand of two
escalators that have travelling passengers in two opposite directions and the Levytator with the
same geometry. The steps of the process are:-

e To produce the equation of total power demand P" for two escalators (“up” and “down”)
with the same geometry (length / and canting angle a) traveling in opposite directions;

e To produce the equation of total power demand P"" for the Levytator (the length of incline
bands - 2/, total length — S);

e To calculate the relation between power demands depending on the dynamic parameters.

The calculations based on the Newtonian dynamics and the energy conservation law.



Fig 1 A single conventional escalator

Figure 1 shows a stylized representation of a single conventional escalator rising at an angle of a.
The engine has an effective propulsive force of F, working on an effective radius of R on an
escalator of effective length /. Letting m. be the mass of the escalator, m; the mass of passengers
going up, m, the mass of the passenger going down, V' the velocity of the escalator band, # the
efficiency coefficient of the engine and p is the coefficient of friction due to the band of the
escalator, we can derive the power demand for a pair of conventional escalators to give the

following equation.

V
P* = E [ug cosa (2m, + my + m,) + g sina (m; — m,)]

Fig 2 The Levytator

Figure 2 shows the configuration of the Levytator showing both the upward and downward paths of
the loop. It is configured to be equivalent to two conventional escalators of effective length /. Since
the Levytator’s return loop is the downpath, we introduce another variable S, the total length of the
Levytator loop. Using the same variables as above, we can derive the power demand for the

Levytator as

%4 S —21
P = E [ymeg cosa + pme ——g + (m; —my)gsina + u(m,; + my)g cos a]
%4 S
= ﬁ[ug(me(cos a+ CTi 1) + (my + my) cos a) + (m; —m,)g sin a]
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Therefore, we can derive the Green Coefficient as follows:-

Pt

P**

ucosa (2m, + my+m,) + (my —my)sina

u(me(cosa + % —1) + (my + my) cos a) + (m; — m,) sina)

PART 2 — HOW GREEN IS THE LEVYTATOR

By applying some reasonable assumptions, we can illustrate the ‘Greenness’ of the Levytator
against a pair of conventional escalators by applying these assumptions to the power demand
equations derived above in the mathematical models.

We have made the following assumptions in producing the indicative calculations.

The rise for both systems is 7.5m with both systems travelling at a speed of 0.5 m/s. The effective
length of the incline / of both systems is 15 m and the number of visible steps is 39. We assume that
the step sizes and width are equivalent (1 m wide and 0.38 m deep) and have similar masses. We
also assume the average mass of a single passenger is 75 kg. We have assumed the energy
conversion efficiency 7 is the same for both at 90% and the effective coefficient of friction u is
0.25.

According to the reference paper published by the Royal Academy of Engineering [1], we derive
that 1kW per hour in a coal-fired station typically produces 0.9 g of CO,,

We have modelled the following three cases as an illustration of the relative ‘greenness’ between
the Levytator and a pair of conventional escalators.

Power, Green . Power per person per trip, ' (?02
P*and Coefficient Pper person per trip up&down and Crissions pet
Results p oe o ) p** person per
(kW) = per person per trip up&down trip,
(kW — hr) (9)
Escalator | 14.91 125 0.003148 2.83
Levytator | 11.96 ' 0.002525 2.25

Fig 3 Full loaded both up and down

Power, Green Pozver per person per trip UP, CO, emissions
Results P{}pind Coefficient, Pper person per trip up and per pgrson per
Pyp Pup P;;” person per trip up trip UP,
(kW) Pii Gw — b 9)
Escalator 13.72 127 0.0058 5.22
Levytator 10.77 ' 0.0046 4.05

Fig 4 Half loaded with empty downward path

50




Power per person per trip UP,

Power, Green it CO2 emissions
Pjpand ici P 1 and
Results UpP Coefficient, per person per trip up per person per
Pyp Plf—f Pper person per trip up trip UP,
(kW) Pyp (kW — hr) (9)
Escalator 5.752 205 0.00243 2.18
Levytator 2.8 ' 0.0012 1.08

Figure 5 Half loaded with upward path empty

PART 3 — CONCLUSION

From the tables in Part 2, we can show theoretically that the Levytator is more ‘Green’ than a pair
of conventional escalators in a similar configuration. We have also modelled several variations of
the assumptions (e.g. different values of u etc). In the main paper we show diagrams from MathCad
using different numerical analysis.

Obviously, the accuracy any mathematical model is dependent on the selection of the main
parameters to be modelled. Having completed this model, we could refine it further by breaking
down u to include friction between the step bearings and its guide tracks etc. However, we believe
we have modelled the key parameters.

The technique shows that we can develop mathematical models to predict likely power demands
even before the system is built. By using simple mathematical tools, we can express our intuition
that the Levytator is likely to be more energy efficient in some more reasoned and logically argued
form. It is also a powerful method to show the energy efficiency of a system before it is built and
Elena is researching the application of such techniques to marine systems.

In our attempts to commercialise the Levytator, we have focused on its unique feature of being able
to follow any reasonable curvilinear path. This particular modelling exercise has highlighted to us
the opportunity to ‘sell’ the Levytator as a ‘Greener’ and more energy efficient solution than
conventional escalators.

One final note, in our numerical calculations, there are certain combinations of factors that suggests
the Levytator, rather than consume energy, may generate energy!
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INTRODUCTION

In this paper various models of the dynamic behaviour of a lift car are discussed. The dynamic
responses due forces and motion excitations have been anaysed. As an example, the results of a
computer simulation to demonstrate the effects of the excitations have been presented.

VIBRATION SOURCESIN LIFT SYSTEM
Guiderail excitation:
There are several cases under which the guide rail installation will cause excitation in lift system:

1- Missalignment of the joints: this case is the most common case of excitations in lift system.
The excitation is of shock type. The magnitude of this shock depends on the physical
placement of two guide rail edges at joints. The quality of guide rail surface treatment and
fishplates are the affecting parameters. The applied shock will be transmitted to the car
through the guide devices. Generaly the guide devices are equipped with spring damper
mechanism. The spring mechanism with lower the applied shock magnitude, the damping
mechanism will dissipate the energy in the system during a period of time.

2- DBG variations. DBG (Distance Between Guide Rails) variation will cause change in reaction
forces of the guide device (guide shoe or guide roller). The frequency of this variation is very
low.

Traction machine excitations

1- Torqueripple: naturally the torque of al eectrical machinesis not quite smooth. This depends
on the internal structure of the machines. In case of asynchronous machines which are coupled
with reduction units the torque ripples are reduced to avery low level; however in this case the
reduction unit itself could be a source of ripples in the machine output. In case of permanent
magnet synchronous machines torque ripples are of much more importance, since there is no
reduction unit. During recent years machine manufacturers has improved so many solutions to
overcome this issue, some of them improved special feedback systems to overcome the ripples
(with the use of digital signal processors) and some has improved the rotor slip angle and
magnet placements in order to reach the maximum smoothness in output torque.

Torque ripple will transmitted to the car - through the suspension ropes which are elastic
mediums - in form of longitudinal vibrations. As reported by Schindler [1] in model 3300 and
5300 the recorded values are of |ess than 25mg inside the car.

2- Traction sheaves and rope impact: one of the major sources of excitation created in traction
system is the noise and vibration created because of rope and sheave profile impact. They are
of random order in magnitude and direction.



Air turbulence effect

Motion of the car and counterweight in lift well will create turbulence when they pass each other.
As reported by SHI Li-qun et a. [2] during experiment when the distance of the car and
counterweight is changed by 0.1,0.2,0.3 m in the lift well the positive lateral forces to the car
changed 3,2,1.5 times and negative lateral forces changed 7,5,3 times from the time
counterweight was far away from the car.

Unbalanced Rotational movements

Exhausting fan and the door operator machine are the major sources of the noise and vibration
excitation in lift system. This kind of vibrations has harmonic nature. Both sources require special
isolation mechanism in order to minimize the effect. Basically these kind vibrations create noise
rather than movement.

Building structure:

The building structure is always subject to excitation and vibration during operation of the lift.
Sometimes effects such as the building sway which may is caused by wind and turbulence may
indice vibration to the lift system. On the other hand the vibrational sources of the lift may excite
the building structure and create noise or in cases like safety gear engagement may cause larger
magnitude vibrations.

Vibration and energy transfer

Vibration is normally defined as a periodic or repeating motion of the body/ object under
consideration. Vibrationa motions are directly related to the kinetic energy of the object. In a
system of particles or solid bodies linked together by constraints this energy can be transmitted
between objects through contact / collision or excitation.

Lift car dynamic model

As a part of this study a computer based modeling of a lift car has been developed in Matlab /
Simulink software to study the effect of a guide rail joint misalignment. The latera force is from
guideroller reaction caused by a1 mm step at guide rail joints (see Figure 1). The displacement is
applied to upper and lower guide roller within 1 sec. The general schematic diagram of the model
is illustrated in Figure 2. The roller guide is modeled as illustrated in Figure 3. The physical
properties of the lift car are calculated with the use of a real scale computer based modeling in
Inventor Software by Autodesk. Unfortunately real time modeling process of the suspension ropes
in Matlab requires substantial programming efforts, which is not practical while using personal
computers. Thus, for this modeling the suspension ropes are considered as a solid rod of small
mass.

The car (W1800 x D1400 x H2300 mm) is considered fully balanced in XY plane and weight
vector (732Kg) of the car is considered at the center of gravity, the placement of the CG in
vertical aignment is considered at 1220 mm from the guide roller ends. All guide devices are

equipped with 4 kN /m springs with natural length 20cm and active length of 10cm.
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Analysis results show a 2mm displacement in Y axis — lateral moevemnt and 1mm
Movement in Z axis — vertical movement Figure 4.

figure 6 lateral displacement pulse [mm]
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figure 1 - lateral and vertical displacement Figure 2 - Lateral and Vertical acceleration [millig]
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Also the relative accel eration values are shown in Figure 5.

SUMMARY

The ride quality and vibration responses in lift systems depend on many effects. By modeling the
lift system it can be seen that the lift car is subjected to rotational vibration while is excited by a
lateral forces.
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INTRODUCTION

By 2009 the relatively cheap synchronous permane&gnet gearless machines that had been
originally developed for MRL applications were bgimpplied more widely, with many
manufacturers offering packages consisting of nrees)i bedplates and divertor pulleys aimed at
the modernisation market and many consultantsifgpeg these systems for low to medium rise
buildings because of their perceived benefits wetljard to reduced running costs and general eco-
friendliness as exemplified by environmental assesd methods such as BREEAM made it a good
time to carry out an objective study comparing ¢heital and running costs of schemes using a
traditional geared machine with schemes using alegma machine for a range of real life
modernisation applications.

The Per ceived Benefits of PM Gearless Machines. The main points are as follows:
— They are more efficient and can be used with regdive drives, thus saving energy;
— One machine model can be applied to a larger rahggplications than a geared machine
thus making it more economical to hold stocks ‘toa $helf’ reducing lead times;
— Cleaner than a geared machine because no oil céservequired,;
— Machines are designed to be low maintenance andldstaifer savings on long term
maintenance costs.

Possible Disadvantages of PM Gearless M achines. The main points are as follows:

— Most machines are designed for use with new MRLkage lifts, i.e. lightweight lift cars
and multi-reeved pulleys (2:1 systems being commuith 4:1 and even 6:1 systems used
for larger capacity lifts) whereas a tradition#l Will have heavier cars and 1:1 roping;

— Many packages designed for modernisation use rigmeeters and pulley diameters smaller
than permitted by EN81-1 to convert existing 1:fie systems to multi-reeved systems;

— The machines may need “exotic” arrangements ofrtivgulleys to increase the angle of
wrap of the ropes on the sheave to achieve trgction

METHODOLOGY

Machine Selection. As each machine manufacturer has developed thairimdividual methods of
machine selection, system calculations were deeeldjpom the coursework and the relevant
sections of EN81-1 to select the machines. Comgdianth the requirements of EN81 with regard
to rope diameter and minimum rope to sheave ratvas considered of prime importance.
Unfortunately this disqualified some gearless maehianges from consideration, as they used
ropes smaller than 8 mm in diameter. The manufacduwith the widest ranges of machines
capable of covering the full range of applicatiaosisidered (1:1 or 2:1 roped up to and including
2000 kg rated load and 2.0 m/s rated speed) weavsedh namely Alberto Sassi S.p.A. for the
geared machines and Leroy Somer for the gearleshines.



Estimation of Energy Consumption. BREEAM is the most commonly used environmental
assessment method used in the UK and their metbgglalsed in 2008 made reference to 1ISO
Draft standard ISO/DIS 25745-1:2008[12]The method outlined in draft standard for caltng
the theoretical energy usage wasn’'t good enoughdegn’t give any guidance on the estimation of
the number of trips per annum and placed undue asmplon the reduction of the counterbalance
ratio. A more comprehensive methodology was foumd toe Energy-Efficient Elevators &
Escalators (E4) website and this was used instgd-igures for the number of trips per annum
were taken from the UK section of the E4 interimpar [4]. For the gearless machines the energy
usage was calculated separately with and withaérmeration.

Unfortunately neither publication gave any guidanneestimating the power required when the
lift was on standby. It was assumed that the olves@ndby power for the worst case (i.e.
installations without automatic shutdown on idlepuld include elements required by the drive,
controller & indicators (40 W) [5]; the door geds(W per car entrance for powered doors only)
[6] and the car lighting (5 kW per 100 kg rateddpdouble this for hospital lifts).

Estimation of Costs. The capital cost items that needed to be considerezach scheme were:

— The machine and associated rope guards, bedplatedivé&tors from the machine

manufacturer’s price lists (Sassi or Leroy Somer).

— Ropes (Gustaf Wolf from Re-ropes Ltd).

— Drives (Control Techniques “Unidrive SP” from Ler@omer). For the gearless schemes

the drive cost was assumed to double if the drias kegenerative.

— Compensation (Datwyler flat belt type from A&A).

The running costs comprised electricity and maiabee. Electricity was difficult to estimate
because of the plethora of available tariffs.EDferfgy’'s standard domestic tariff for the London
area [7] was finally chosen for use as a benchn#sitkr some discussion with a colleague selling
maintenance it was decided to exclude this elerftent the running costs as the cost of a contract
is primarily determined by the age and availabitifyspares for the equipment, so in this case the
cost of a maintenance contract would likely bestne for both geared and gearless schemes.

Applications. The applications were chosen from actual modetiiniss that had been undertaken
by Kone in 2008/2009. These ranged from 2000 kglgdifts with manual doors in a retail unit to
small lifts in residential units and included liftsoffices & hospitals.

RESULTS

With regard to the capital costs in every case idensd the geared machine was the cheapest
option and the gearless machine with regenerative dvas the most expensive; and the gearless
machine with regenerative drive consumed the leastgy, the geared machine the most. Further
analysis is required to ascertain whether the gneagings made by the use of a gearless machine
with regenerative drive can ever be sufficientffset the increased initial outlay.

Fig. 1 shows the relative costs of each schemeeémh of the case studies after 15 years
assuming energy costs rise by 10% each year. Té$e stadies were arranged in order of usage,
with 1 having the lowest use and 15 the highestait clearly be seen that gearless solutions are
generally more economical for applications withgesan excess of 300,000 trips per annum. Most
of the case studies follow the same pattern, ticegions being case 2 which had a relatively high
rated speed, and case 14 which had an extremdiyusape.

The power required of a lift motor depends on tited load and the rated speed, so comparing
the costs against the product of the rated loadratedl speed as shown in fig.2 gives a further

! Both BREEAM and ISO/DIS 25745-1 have since beeatgd.
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insight into the point at which it would be econacally feasible to use a gearless machine in
preference to a geared machine.

Comparison of Costs - After 15 Years
(Assuming Energy PricesRise by 10% per Annum)
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It is informative to look at tab.1 the data tabsed to prepare fig. 2 for further insights.
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Rated Load xRated 3, | 3651 s00| 00| 800l 938F 1000 104)8 11p0 1600 1500 1800 276880 2 3000

Speed (kgm/s

Trips per Annur 300,00( | 50,00¢ | 30,00( |200,00¢ | 30,00( |300,00( | 30,00( | 50,00( |200,00( {300,00( |300,00! | 30,00( |800,00( |300,00¢ | 500,001
Geared Scheme £11,507 £11,827 £14457 £20,741 £12,80866/2816,065 £16,239 £31,161 £39,y86 £31{878 £241,571 §5{#51,184 £144,400
Gearless Scheme

(Standard Drive £15,764 £24,441 £30,858 £35,099 £32[775 £32,326 £52,282FP £94,758 £52,712 £46,6850 £26,613 £90,108 £65,632 b2

Gearless Scheme
(Regenerative Drivt | £16,284 £25,206 £31,881 £34,625 £34/335 £3(),828 £54,393 08 £94,085 £48,512 £44,921 £28p09 £74,351 £59,131,22010

Case Study 9 5 1 7 3 10 4 6 8 11 12 2 15 13 14

Table 1

CONCLUSIONS

As an rough rule of thumb: if the rated speed mliéd by the rated load exceeds 1500 kgm/s a

gearless machine is worth considering, but a regéme drive only where the lift is likely to
exceed 200,000-300,000 trips per annum.

Since the completion of the work energy prices h@en substantially and seem set to rise at a

greater rate than anticipated, however it is irsddlé the price of permanent magnet gearless
machines will rise significantly in the near futuas the price of the neodymium used to make the
magnets has risen tenfold over the past year [B]stthe prices of geared machines have not risen
significantly over this time. Perhaps the worm gsatue for a renaissance!
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ABSTRACT

Linear motor$ have been considered to be used as propulsion riredifferent vertical transporta-
tion system§ as alternatives to conventional systems, in bogredand rope-less configurations.
This paper is a summary and collection of poirdeas and comments from different related, albeit
not all, texts and sources dealing with the adwgegaand challenges in this regard, with a conclu-
sion in the end.

GENERAL CONCEPT

Figurel shows a schematic illustration showing gdamof different arrangements for linear mo-
tors, replacing propulsion means in conventionakpager elevators.

Q- 59 9
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Roped and rope-less alternatives are shown in lnideed. (Readers may refer to [1-5] for more dedailemonstrations and expla-
nation).

POINTS, ADVANTAGESAND CHALLENGES

Wire rope itself. Extending the length of travel has limitation doetlie extra load on the ropes,
and alsovibration. A limit of 700-800 meters according tupes weight and safety factor criteria is

1 Electromagnetic motors capable of providing did@mtar motion, similar in principles to their rogacounterparts. Particularly:
Linear Induction Motors (LIMs), Linear SynchronoM®tors (LSMs), and Linear Switched Reluctance Mo{SRMs).
2 Including passenger elevators and some relatedaneshs, as well as other elevating or lifting desicsed in different areas.



given in [6], and a 600-750 meters practical limif7]. A rise limitation of about 1200 meters is
mentioned according to the weight and strengthopgs, car weight and safety factor, as well as
vertical oscillations [8]. In gold mining applicatis, however, achievable depth by a single roped
system is around a maximum of 3000 meter, yet uificgent [9-11].

Ropes eimination consequences. With no ropes, there would be no counterweightilegatb sav-
ings and improvements in hoistway and car spaceshwd¢onsequently result in interesting new
ideas for vertical

transportation in buildings: Having more than oaeia a single shaft with more convenience, and
having the movement of elevator cars not limitec teertical path. These seem to be the most in-
teresting points in the application of linear madoiven elevators, with consequent dramatic chang-
es in building circulatiomnd traffic patterns, according [12-26] and also [1,2,5,8]

On the other hand, in a rope-less elevator, enangypower demand is higher due to the lack of
counterweight which offsets a percent of payloadanventional roped systems. Without a coun-
terweight, energy consumption could increase kgctof of three to eight [278uch systems would
consume four to eighiimes the power a similar roped elevator’'s neefis§émoving the ropes and
counterweight would probablincrease power demand and energy losses by apmtetyme-7
times [19].Another say regarding lineaduction motors is that they are only 60-70% edint in
power use, compared to 90% for conventional rotaojors [13].

Elimination of Driving Unit and Mechanical Parts. In a roped configuration, with no traction
machine and machine room, the exerted load on uliditg is reduced, as well as starting torque
and current to overcome inertial forces. Overalthamical efficiency is improved, and the inherent
noise with gearings and pumps is eliminated [1]alrope-less system, lack of cables, gears and
wheels provides a smoother and quieter ride [28o Anaintenance requirements are minimal due
to the lack of moving parts, cables and hydraudigipment [26].

On the other hand, these eliminations will resalthallenging issues: These would be safety and
braking system for a rope-less elevator, and emesgeperations and passengers rescue.

More complicated safety system [1], operation ia #@vent of power failure [25,28], emergency
stop problems in either direction, and feasibility of mual release fopassengers [19], are issues
considered anthentioned in this regard.

Other Challenges. Some other points also exist in the applicatiohngfar motors.

Technical issues. Maintaining the distance (air gap) between statip@ad moving parts, i.e. be-
tween the rotor and the stator, is of importancdésystems with linear motors.

Attractive forces exist in there and such issuddda changes in performance and speed, as well as
loosening of the fixing bolts. Utilizing rolling dgdes, or a tubular motor instead of a flat one can
help [2]. Attraction force working across the air gap termlpull the secondary and primary parts
against each other, whican be eliminated in perfectly symmetrical mot@9|[

Utilization of linear motors causes the presenca ofagnetic field in the car and also in the hoist-
way. CIBSE Guide D mentions a linear motor mourttiedctly on the lift car would expose the oc-

cupants to intense magnetic fields and, possibbh hoise levels [30]. Ishii states that the high
leakage flux in superconductingagnets having no magnetic core, may disturb thewsodings

(people) [8].

! Since some similar sources are referenced in diffesections, references numbers may not be inmcaherder hereafter.
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Different environmental effects on such systemsld/dne another issue. Questions and doubts re-
garding fire hazard, environmental impact upon @nmechanism, and oscillation in event of an
earthquake, have bearentioned in [28]. Sensitivity of the system to tdsgointed out in [31].

Finally, thermal efficiency is another issue inelam motors. The properties of the motor depend on
the temperature of its parts and temperature donditvould change motor conditions during the
move [29]. In case of high duty cycles or in lockedor conditions (moving element stopped),
overheating can occur Imear induction motors [26].

Cost and Financial issues. A part of cost related issues is due to the powdredficiency problems
previously mentioned. Another part relates to thadpction costs as well as maintenance and in-
spection. Miravete states that production costblpro due to the high motor length [31]. Another
say is that the capital and operating costs of-tege elevators would take decades to pay back
through rents gained on the space they would sapugpment costs will also be high due, in part, to
the need for full height linear motors [3&imilar concerns are mentioned in [29,33].

OTHER AREAS OF APPLICATION

Areas for the use of linear motors in vertical saortation cover more fields and ideas, examples of
those are as follows.

Otis offer a system which provide a combined movenpath for elevator cars, in which vertical
ride is by means of ropes (like a conventionaltioaicelevator), and horizontal transport by linear
motors [32].

Linear induction motor driven elevators, as wellliasar electric actuators for doors and hatches,
are of interest to be used on US Navy. Low maimeeaand reducing shipboard manning play a
role here [34]. Another example with 150% overleag@acity and speed of 0.75 meter per second is
mentioned in [26].

Elevators door mechanism is another example forajyaication of linear motors. Again low
maintenance is a factor here, as door related @mublare the cause of up to 40% of service calls
[35]. More examples anapplications can be found j81,36,37].

Application in different environments would be amat use for linear motors. Linear synchronous
motor based systems can be used as freight elevaalr vertical platform lifts in industrial areas
[26]. Automaticbaggage handling systems and leisure riders aez edamples [31].

A low-rise linear switched reluctance motor elevdtoserve a few levels, as a low cost solution for
improving seniors mobility in their own homes, heeen considered [38].

CONCLUSION

Application of linear motors in vertical transpdrten has been a subject over many years. They of-
fer interesting advantages, and at the same tinp@ss number of problems and challenges. Im-
portant point here is the conflict which exists anakes it not easy to have a quick comparison and
decision regarding the replacement of conventiefalators and lifting systems: Extended travel
height is an advantage, but having a linear mdtmngathe whole shaft is costly — Maintenance is
supposed to be lower, but in another term couldiglkeer — mechanical efficiency could be higher,
but power consumption is also higher in rope-lggdieations, and overall efficiency is a challenge
— Savings would be in high rise buildings space,dostly maintenance and operation would exist,
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and so on. It can be concluded that applicatiolmefr motors in vertical transportation in the nea
future would be confined to specific areas and @spbéuildings, e.g. in especial industrial or army
applications, or in a futuristic architectural dgsiwhere specific characteristics or necessiti@g p

a dominant role, and the overall positive pointsipensate for negative issues. However, such sys-
tems seem to have a strong potential to be alteesato conventional elevators on a commercial
scale, no matter if not in the next few years.
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INTRODUCTION

When a lift is nearing the end of its working life then it is usually time for a modernisation, this will
encompass upgrading several major components of the lift system with newer and more efficient
components than before. These are usually lighter in weight and smaller than previous equipment
due to the technological advancements that have been made over the years, they are also easier to
obtain. This is mainly due to the introduction of the Lifts Directive [1] and subsequent Lift
regulations [2] that came into force July 1999; this opened the flood gates for all member states to
be able to trade effectively and safely due to the conformance procedures and subsequent CE
marking that can be enacted by law. This has further been reinforced by the latest Machinery
Regulations [3] with its ‘intended use’ certificate of incorporation.

Unfortunately this system of compliance is not considered when using the modernisation model for
lifts and subsequently a great deal of reliance is left down to the test procedures adopted, but do the
test procedures cover all eventualities and leave the lift totally safe to use? Furthermore which test
procedure do we adopt?

All of the components chosen for the modernisation have the appropriate CE mark but
collectively when placed as a complete system do not afford the same seal of approval, this is due to
there being no legislative requirements for the system calculations to be performed, furthermore the
simple action of weighing the car and counterweight does not always take place.

This research intends to highlight the issues by following three modernisations from start to
finish with a view towards testing to see if there are any obvious frailties that come to light. If there
is no car weight or it has been guessed then the knock on effects filter through to most of the major
components, traction calculations, emergency braking decelerations and safety gear decelerations
and sliding distances all of which are fundamental calculations carried out for a ‘new’ installation
are affected, but none of these are recorded or asked for on a test sheet. Without the back up of
conformity procedures for a modernisation the test procedure and recording should be such that
these calculations must have been carried out before the test or it cannot be completed and placed
back into service.

METHODOLOGY

The methodology to achieve the main aim and objectives of this dissertation has been to research
the ‘new lift’ conformity assessment procedures within the Lifts Directive [1] and subsequent Lift
Regulations [2] and current codes and standards, which in turn back up the final test results against
the modernisation guidelines and test procedures.

This can be shown by following through to completion the modernisation of a lift at;

The Brunel Shopping Centre Swindon Bay 14 1ift3A Goods lift.

The following on site tests were carried out with the test engineer and the findings recorded.

e Traction tests as set out within BS 8486-1:2007 section 5.4 [4]

e Balancing of the car at 50% achieved through half of the rated load placed within the car and
the current readings taken from the VVVF drive at the halfway point in both the up and
down directions as the car is running. Weight is then added or taken away from the car
accordingly until the readings are the same in both directions, the amount of weight that has



been taken out or added will be the required amount removed or added to the counterweight
accordingly.
o Brake tests as in BS8486-1:2007[4]

The actual angle of wrap was measured on site using a tape measure and calculated.
The calculations for traction using Euler’s formula as from Janovsky [5] and BS EN 81-1:1998 +
A3:2009[6]. The calculations do not take into account the inertia of the diverters or machine and are
calculated with 125% rated load and with the car near the lowest floor.
Acknowledgement that all of the relevant data has been supplied by the third party specialists who
specify the tolerances for the ‘intended use’ and certificate of incorporation and of the maintenance
company who supplied test data and information of the modernisation.
Only one scenario is included in this review and the findings require further research.

RESULTS
By looking at The Brunel Shopping Centre Swindon Bay 14 lift3A Goods lift the following data can

be ascertained:
Brunel Centre Specification of Motor Details from Sassi

INSTALLATION GEAR

Type of roping 1:1 Quantity 1

Car Speed[m/s] 0.64 Type MB95

Duty Load[Kg] 3000 Traction sheave position To be defined

Car Weight[Kg] 3300 Ratio 1/58

Car Travel[m] 9 Traction Sheave @[mm] 650

Ropes weight[Kg] 50 Ropes no. x 9[mm] 6 16

Counterweight [Kg] (%) 4800 Angle groove[°] U 30

Comp Chains[Kg] (%) Angle undercut groove|[°] 87

Shaft Efficiency[%] 80 Pitch of grooves[mm] 21

Machine TOP Brake voltage DC 185

Type of diverters On Flywheel

Number of diverters 1 MAX static load[Kg] 12000

Out of balance load [Kg] 1,582 MAX out of balance[Kg] 1,648

Static load[Kg] 11,150 Sync traction speed 0.59

Minimum alfa angle[°] 156

Diverter @[mm] 650 MOTOR Ziehl Abegg

Acceleration[m/ s2] Frame size VFD200L-4

Electric cable mass[Kg] Power[kW asyncr] 23

Ropes breaking load[Kg] Poles 4
RPM 1100
Voltage [V] 400
Frequency [Hz] 38
Regulation VVVEFClosedlo
Sts./h. 240
Running current 49
Starting current 96

Table 1.

The car weight had been estimated and not correctly weighed before and after the modernisation,
the actual weight of the new car was found to be 2700 kg some 600 kg lighter than estimated.
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The original diverter had been kept and is positioned within the shaft on the steelwork, the new raft
with the new machine positioned above in the motor room. The actual on site angle of wrap was
133" instead of the suggested minimum of 156°.

By looking at the above information and what is actually fitted on site we can carry out some
basic calculations to back up the test procedure findings. Firstly the Critical Traction Ratio can be
calculated at the minimum angle of wrap as suggested, also with what is actually onsite and with the
varying weights given against actual. The calculations do not take into account the inertia of the
diverters or machine. Eulers Critical Traction ratio as shown in EN 81-1+A3:2009[6] and used in

Janovsky [5].

Tl <e”™~. (1)
72
Eq 1.

f= friction factor;
o = angle of wrap of the ropes on the traction sheave in radians;

T1, T2 = forces in the portion of the ropes situated at either side of the traction sheave.

Ratio of tensions for suggested and actual

T1 Suggested | 69663.75 T2 Suggested 47088

T1 Actual 63777.75 | T2 Actual 41202

T1/T2 Actual | 1.547929 | T1/T2 suggested 1.479438
Table 2.

Showing Critical Traction ratio for suggested and actual

Angle of
Angle of actual Actual
Coefficient | Friction | suggested Critical  traction | wrap Critical
Traction of  friction | Factor wrap (156°) | ratio(suggested) (133%) traction
condition u f o e a ratio ™
Normal
Loading 0.10 0.19 2.72 1.66 2.33 1.54
Emergency
Braking 0.09 0.17 2.72 1.61 2.33 1.50
Table 3.
DISCUSSION

What can be seen from Table 2 is the discrepancy for the weight of the car has led to an increase
in the ratio of tensions between actual and suggested. This would not have had an impact solely on
its own in this case. By looking at Table 3 Critical Traction ratio (suggested) at the angle of wrap of
156° Euler’s formula would still hold true for both instances, however coupled with the decrease in
the actual angle of wrap to 133" has led to the figure for normal loading to be equal to the actual
T1/T2 ratio so in essence Euler’s formula holds true although with any increase in acceleration
traction will be lost as the emergency braking figure shows. In reality the lift passed the test
procedures prescribed and some two years later traction was being lost under the emergency
scenario. Many factors could have an influence on this, the groove angle would only need to
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increase by a couple of degrees to decrease the friction factor to make the formulae untrue, therefore
wear on the sheave due to set up or poor manufacture could have contributed over the two year
period tipping the balance. Whilst testing the lift the angle of wrap would not have been asked for to
check or stipulated neither for the weight of car, the test sheet adopted was BS5655:10[7], these
calculations, angles and weights should have been carried out and set up before installation. This
immediately highlights how critical these factors are even with the 25% redundancy that is built in
to the calculation. It also highlights that even after the unit has been tested for traction it has in
reality ‘papered over the cracks’ that the modernisation relies on the testing process to prove the
system is safe, rather than backing up the calculations of the desired new system, however this still
does not specify how close the ratio becomes before we need to increase the angle of wrap or
change the type of groove and angle or undercut to account for wear and tear of the system. The
installation company embarked to rectify this issue by installing an additional diverter under the raft
to increase the angle of wrap to 180° this being the easiest and most practical solution; however this
would decrease the life of the ropes due to the reverse bends. The unit was again tested to ensure
traction is not lost using the Dynamic Braking test as laid out in BS 8486-1:2007 section 5.4[4].
However the new calculation was never carried out with the new figures and the braking force of
the brake never checked.

CONCLUSION

Although the majority of companies embarking on a modernisation of a lift would indeed carry
out the fundamental task of weighing the car before modernising and calculating the weight of the
sum of the components to be added to ensure the correct figures for calculating traction, there are a
lot that do not. The above project is a prime example where estimates and assumptions are made
and not checked and although on this occasion the test procedure adopted did result in traction not
being lost at time of test some two years later that was not the case.

There are already enough safety codes and standards that give guidance on how to successfully
achieve a safe and reliable lift system from a major modernisation; however these are just guidance
and not legally binding which results in the reliance on testing procedures again and again. But the
test procedures themselves, although comprehensive, do not fully cater for a major modernisation as
yet and could be improved to force those that ‘do not’ to ‘do’.
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INTRODUCTION

The goal of any passenger lift system design fodeno buildings is to meet the required
performance criteria whilst occupying the minimumaant of valuable floor space. Nowhere is
this goal more relevant than in the developmennajor speculative office buildings where every
additional square metre of space that can be meaitalale as lettable area is a constant focus of
any competent design team.

This paper focuses on the added value a multi csindgle well lift system brought to the
development of The St Botolph Building, a large capative office development in the City of
London that was completed in 2010.

BACKGROUND

Office development in London during the start anddie of the last decade was an exciting time
where speculative buildings were easily fundeddnmeen through planning and construction fast to
meet the burgeoning demand from a booming glolai@ny.

Property developers, particularly speculative orae, nevertheless focused on maximizing the

value of their schemes and one of the key driversalue is lettable area. Put simply the more

space there is in an office building that can lheédetenants and generate rental income, the more
value there is to the developer.

The St Botolph Building is a prime example of tieet of high-end, speculative office development
that characterized the London market last decddhe site is located at the Eastern boundary of the
City of London in Aldgate, and was originally to bee home of a 52 storey tower which would
have been the first building in the City to offeteo 1,000,000 ftof lettable office space.

The developer’'s appetite to undertake such a gragjeeculatively, without a pre-let tenant, was
however somewhat abated and the scheme revertadrnore modest building that had received
planning permission back in 1999.

The vertical transportation consultant for the eebjwas Grontmij, formerly Roger Preston &
Partners, whose design team was led by the author.

THE CHALLENGE

The St Botolph Building is not a tall building sthng as it does some 60 m above street level; it is
however still a large building offering over 500008 of lettable area with some of the thirteen
above ground floorplates in excess of 40,080 ft

With a requirement to occupy the building at a teé&oal density of one person per 18 NiA less
15% absenteeism (equivalent to 1 person per 1£.RI), the lifts need to serve around 5000
people and deal with a theoretical morning peak flate approaching 750 people per five minutes.

As is always the case with large office buildindg® tmain passenger lifting strategy is very
important to define the building’s cores and detaeithe net lettable areas.



Initial lift traffic analyses (completed to the geal recommendations of the British Council for
Offices 2005! and the Chartered Institution of Building Servidésgineers CIBSE Guide D
2008 showed the building required two groups of cotieeral single deck passenger lifts; a
group of eight and a group of six, operating inghl low peak time zoned configuration.

Although this approach is conventional and with yng@necedents, we wished to innovate and
explore options to reduce the space taken by fiheolies and thus increase the net lettable area fo
our client.

Working in close conjunction with both the developed the architect, the vertical transportation
consultant team initially reviewed a double-deckiap before discounting it as too energy hungry
in off peak traffic, requiring too much space fbetheadroom and machine room and being ill-
suited to the variable floor to floor heights tlexisted in the base of the building to accommodate
future trading floors.

The team then turned to consider other ways oinggthore lift performance from less space.

THE OPPORTUNITY

Multi car lift systems take their design lead fralmuble-deck lifts in as much as they feature two
lift cars operating in a single well, but then exothe concept by running both cars independently.
This configuration has many potential advantagesnstompared with double-deck. Independent
cars are lighter and therefore require smaller mm&ckizes with commensurately lower energy
consumption; headroom and machine room space egneirts become more appropriate to smaller
building forms and variable floor heights can beawmodated with ease.

Various lift manufacturers are known to be reseaghand developing multi car / single well

systems though ThyssenKrupp’'s TWIN is the only aysthat has currently reached the global
marketplace. The first such system was installe@ @ilot project at Stuttgart University in 2002
since when more than 100 installation have beemuesioned around the world.

The key opportunity however was all about space, &hen initial analysis of The St Botolph
Building suggested a multi car solution could ptitely return more than 30,000%fback to net
lettable (at an estimated, amortized value to tdteemme of more than £4M), it quickly became
apparent that a further analysis of the potentailier of the system to the project was more than
justified.

The developer was rightly focused on understandiligthe issues around adopting such an
innovative system in their building. The benefitsre clear; more space to let. Potential risksewer
predominantly commercial in selecting a solutioattbould only be provided by one supplier but
there was also a need to understand the safeterdiald of the system, to test the market's
acceptance of multi car systems and their prergguigll destination control, and to consider the
architectural requirements of the system partitylaith respect to two lobby levels.

Detailed lift traffic analysis showed that the centional, single deck, two groups of eight and six
solution could be replaced with a single multi gesup of 16 cars running in a single core of eight
wells.

Detailed due diligence over the next few monthsctafed in January 2007 with the developer’s
commitment to use a multi car system in The St pot®uilding and create what has become the
largest single group of multi car lifts currentlgeyational anywhere in the world.
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DELIVERING TWIN

By this stage the architect had started to exploeeopportunities that the multi car core solution
could provide and were looking to place the lifisai central atrium extending the full height of the
building and, just to add to the challenge, all¢hes were to be scenic wallclimbers.

An expansive reception area greets people entetheg building where escalators transport

passengers up and down to two lift lobbies at uppérlower ground respectively. 16 wallclimbers

operate in eight lift wells; the upper cars are@&f / 21 person running at 2.5 m/s, the lower cars
also 1600 kg / 21 person running at 2.0 m/s. bkgeaffic periods the upper cars serve from the
upper ground lobby to a “high” zone at levels 81® inclusive, the lower cars from the lower

ground lobby to a “low” zone at levels 1 to 7 irgikke. The system is full destination control via

bespoke lobby terminals.

Less abled people and those not wishing to usegbalators travel to the lower ground lobby via a
shuttle lift which also descends further to linkiwithe basement car park and cycle parking.

The need to provide unhindered access for all edeahother challenge for the design team. To
comply with the system’s rigorous safety requiretagthe cars must remain a minimum distance
from each other at all times. This not only dediiee floor-to-floor height between the main lobby
levels but also means the lower cars cannot acbestop two floors of the building. With less
abled passengers arriving at the lower ground lobimas therefore necessary to find some way of
getting an upper car to serve the lower groundfloo

This was achieved by creating a “virtual pit”, a&ger than normal pit that allows four of the lower
car to travel down beneath the lower ground fl@wel sufficiently for the upper cars to serve the
lower ground lobby and thereby provide lift servioghe upper two floors of the building. The use
of the “virtual pit” is determined automatically blye destination control system. Special service
buttons are located on select call panels at@drdl allowing the control system to recognise & cal
from a less abled person and provide lighter loackad, extended walking time allocations and
slower door times.

Safety was a key area for the due diligence andjuletevelopment process to focus on. It was
clear from the outset that any independent multisgatem could not comply with the fundamentals
of the EN81-1 code as it currently exists, so tlauafacturer had secured Notified Body approval
from the German TUV to demonstrate compliance whth Essential Safety Requirements of The
Lift Directive. At the request of the project tedlms approval was also subsequently assessed and
ratified by LRQA in the UK.

The system calls for many unique design charatiesiscluding:

i) A special door lock safety circuit as most landilogrs are served by both cars.

ii) An electronic collision prevention device systenattluses as its basis the intelligence of the
destination control to prohibit car movement thatld result in the cars needing to move within a
pre-defined distance from each other.

iii) Independent position controllers that communicaitéh veach other and constantly check the
position of the cars in the well. Car positiordetermined via a laser barcode system for enhanced,
consistent accuracy. Should the position of thes daeach the pre-defined safety space, an
emergency stop will be initiated on both cars stamgously. In the unlikely event that this fads t
bring the cars to a stop, safety gear will be agplagain to both cars simultaneously.
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iv) The collision protection system is calibrated osita-specific basis such that in any loading and
speed condition the safety space on the roof ofldler car is always in accordance with the
requirement of EN81-1.

v) Colour coding of major components to provide diéfgiation between the upper and lower cars.
This colouring is most prevalent in the machinemmaand pit but also extends to the car roofs and
bases as part of the architectural aspirations.

As with all good design in today's world, energyfi@éncy was embedded and allowed the
building’'s BREEAM assessment to take both availabtedits for energy efficient vertical
transportation design. The escalators featureabkrispeed running, automatically slowing to a
reduced speed during periods of no traffic to coresenergy and extend lifetime. The destination
control system constantly monitors actual demartimmimises the number of cars required to be
in service to maintain predefined average waitinges. The intelligent control system cycles the
cars taken out of service so that hours in serdiee balanced across the group. The bespoke
destination control screens feature automatic padesvn during periods of inactivity, again to
conserve energy consumption and extend screemmdet

SUMMARY

The St Botolph Building is a global landmark th&tacly demonstrates the real value that the
adoption of an innovative multi car passengersyitem can deliver. Such a successful outcome is
founded on many variables such as economic clintkeeloper’s appetite for risk, architectural
design, etc., but for many substantial commerciadetbpments multi car systems should be
considered as a viable option to deliver
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INTRODUCTION

The quantity of passengers to be transported fysy$tem is a primary consideration in lift syste
design.

Research indicates that passenger demand in moftfea buildings is significantly different to the
assumptions formed many decades ago, but stillegpfd most modern designs.

The number and type of lifts required to providpraper and efficient lift service may need to be
revised based on these findings. These changd#t isystem design have economic and
environmental consequences that are favorable

HISTORICAL REPRESENTATIONS OF PASSENGER DEMAND

A plot of passenger demand depicts the level o$grager traffic in a group of lifts over a period of
time. Figure 1 shows estimated passenger demarzhfoffice building over the working day with

a population of 1000 people. This has been gezebtay applying the example of office passenger
demand presented by Strakosch [1] over 40 years bgthis representation of passenger demand,
passengers travelling up are shown in the top@ecti the graph, with passengers travelling down
in the lower section.
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It was generally believed that the most demandiaifi¢ type was the morning up peak. This belief
was reinforced by research conducted by Barneystiawed that lifts have between 20% and 60%
more capacity during non up-peak conditions [2].

It has been assumed by many in the lift industigt thnost office buildings had a pattern of

passenger demand similar to those in Figure 1

MODERN BUILDINGS

How people use lifts and the traffic patterns tih&ir use generates has changed since 1923, when
Basset Jones published formulae for the expectathauof stops a car will make during a round
trip [3]. Summarising the results of a series elptime traffic surveys carried out between 1993
and 1997 Peters concluded, “Morning traffic peakes lass marked in buildings than they were
when traditional up peak design criteria were fdated. In work-related buildings occupied
during the day, the busiest period appears to betbe lunch period” [4]

In 2000 Siikonen presented a traffic pattern tbatesents traffic measured in a modern installation

[5].

This pattern is quite different from the traffict{gain presented by Strakosch. Siikonen shows a
lunch up peak that is the same size as the mouprgeak. Additionally, the down peak at lunch is
more intense than the evening down peak. Thesengdigns raise a question, are the differences
in the patterns due to the unique nature of th&limg studied by Siikonen or have traffic patterns
changed over the years?
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In order to better understand modern lift traffiafa was collected at a number of office buildimgs
different parts of the world including Europe, NoAmerica and the United Arab Emirates.

In most cases data was collected by manual cottgwever, in one building, data from three
groups of lifts in a corporate headquarters bugdias gathered electronically.
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Figure 3 shows the results of lift traffic survdgs seven separate groups of lifts [6]. The susvey
were undertaken applying a methodology defined étei8 and Evans [7]. The passenger demand
is normalised against observed population to atiesults to be compared between buildings
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Fig. 3 Observed Passenger Demand

On average, the mix of traffic in modern buildingigring the morning up peak was found to be
approximately 85% incoming, 10% outgoing and 5%riiloor.

On average, the mix of traffic in modern buildirdyging the busiest part of lunch was found to be
45% incoming, 45% outgoing and 10% inter-floor.

None of the groups surveyed have the sharp dowk {hed is seen in the Strakosch pattern. In
modern office buildings with professional workess,significant portion of office workers are
working later than in previous years

SIMULATION
Simulation can be used to evaluate lift systemquerénce based on modern traffic levels and
traffic patterns. Simulation can also apply modeéispatching algorithms such as those based on

destination selection. The performance of advakice® and door systems can also be modelled.

Figure 4 shows the relative performance of twoshf§tems in a hypothetical building as determined
by simulation and using modern traffic mixes.

The Up Peak Round Trip Time (UPRTT) method indidat@s building should be fitted with 6
1350kq lifts operating at 2.5m/s.

The traditional system used a generic group cosfrsiem and had the performance criteria used in

the UPRTT method. The Optimized system used arigtapy destination based system and high
performance door and drive systems
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18 Floor Office Building - Morning Up Peak
Comparison
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Fig. 4

The Optimized system with 5 cars outperforms theifional system with 6 cars

CONCLUSIONS

This research has indicated that in many caseaythe possible to install fewer lifts than would be
indicated using the UPRTT method and still achiexeellent traffic handling.

Simulation was found to be a better method of mted) lift system traffic handling performance
than the UPRTT method
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