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Abstract. Speed reduction of escalators is commonly empleyaddwide and has been shown to
achieve savings in energy consumption and compomedr. However, although London
Underground has considered speed reduction, themeticurrently a strategy in place to optimise
running speed based on quantitative data. Thig/segkarches current practices, relevant previous
work and state-of-the-art technology to determireedcope for investigation. Energy consumption,
component wear, human factors, safety and passegeney time are all considered. A
combination of primary empirical data, theoreticalculations and secondary sources are used to
derive models for a chosen escalator. These ane @pplied to assess possible options and
recommend a strategy for London Underground. It besn found that the negative impact on
passenger journey time due to a pre-programmeddspeduction during off-peak hours
significantly outweighs the savings, even at lowgsger flow rates. Automatic stop-start is not
considered feasible for a number of reasons inctu@ixcessive brake operation and the need to
overcome static friction. The recommended stratisgio reduce the speed to a crawl when the
escalator is unloaded, accelerating to full sped@nvpassengers are present. This reduces the
energy consumption and component wear whilst msimgi the negative effect on passenger
journey time, and, if used in conjunction with regetive braking, would minimise energy lost
during deceleration. Methods for early detectibpassenger arrival are suggested to avoid delays
during the acceleration phase. An application lehldeveloped using MATLAB that can quantify
and compare the impact of different variable speategies and visualise predicted cost savings.

1 INTRODUCTION

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

11 Energyuse

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

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

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

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

1.3 Speed limitations

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

1.4 Component wear

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

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

1.5 Human factors

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

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

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

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

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

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

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

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

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

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

3 METHODOLOGY
3.1 Questionnaire

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

3.2 Modédlingthe effects

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

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

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

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

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

3.3 Assessment of strategies

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

4  FINDINGS
4.1 Passenger flow

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

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

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

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

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

4.3 Analysisof off-peak speed reduction
Energy Consumption Model

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

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

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

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

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

Component Wear Model

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

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

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

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

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

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

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

L5 (@) a-0)

where:

Yq IS the annual saving in depreciation cost per yar

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

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

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

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

Passenger Delay Model

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

pxt

C) = CLen * 3600

(3)

where

C, is the average cost of journeys per hour

CLcH is the cost of 1 Lost Customer Hour

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

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

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

where:

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

r is the vertical rise of the escalator (m)

@ is the angle of incline

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

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

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

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

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

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

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

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

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

45 Comparison of strategies

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

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

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

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

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

* Optimum speed profiles can be determined basegexifed conditions

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

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

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

6 CONCEPTUAL DESIGN

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

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

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

7 RECOMMENDATIONS

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

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

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

8 CONCLUSIONS

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

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

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

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

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

tools that have been created form a starting goirthis work to be undertaken.
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