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Abstract

An escalator brake system composed of an operational brake and an auxiliary brake is one of the most critical components that directly
influence passenger safety. Therefore, understanding the braking performance of an escalator system at the early design stage is impera-
tive. In this article, the application of multibody dynamics simulation for escalator industry is discussed. This study proposes an efficient
multibody dynamics simulation modeling approach that considers the dynamic effects of a step band, handrail band, and passenger traffic
load, which requires considerable computational resources when the conventional method is employed. The approach also covers a com-
prehensive simulation modeling of drive machine with gearbox, main drive chain band, operational brake system, and auxiliary brake
system to evaluate the escalator’s braking performance at the system level. The simulation model is verified with actual measurement
data and employed to investigate potential worst case braking scenarios. The dynamic influences of these braking scenarios on the escala-
tor system are discussed as a result.
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1. Introduction

Activation of an escalator’s brake systems brings a moving
escalator at operating speed to a standstill within a short pe-
riod of brake time. The brake systems are the most critical
component from the perspective of passenger safety. If a
loaded escalator makes a hard stop during a normal opera-
tional braking event or an auxiliary braking event, passengers
might feel uncomfortable or have a risk of falling especially in
down running escalators.

Several engineering efforts have been exerted to determine
the influence of braking on passenger safety. The European
standard (EN115:1995+A1:1998, EN115-1:2008) [1, 2] sug-
gests various stopping distances depending on different rated
speeds and a maximum deceleration to ensure the safe stop of
an escalator. The American safety code (ASME A17.1, 2004)
[3] also specifies a certain maximum deceleration as a braking
performance requirement. Al-Sharif [4] conducted an experi-
mental investigation to understand the relationship between
passenger ride comfort and kinematics during an escalator
stop. He concluded that the maximum value of deceleration in
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the traveling direction is the most important indicator in decid-
ing passenger ride comfort in case of braking.

Stopping distance and deceleration are directly measured on
the step band under unloaded and loaded escalators at an op-
erating speed to prove compliance to the safety codes on the
escalator braking performance. However, the measurement
process is not only time consuming, but also requires consid-
erable effort to carry out under passenger load conditions.

When an escalator comes to a standstill during a short pe-
riod of brake time, both the passengers and the escalator sys-
tem experience the most severe internal impact forces. If esca-
lator safety components are not designed properly for the
critical situations that cause huge internal impact forces, it
might lead to a failure mode, resulting in accidents that may
injure passengers. Therefore, understanding the system level
dynamic behavior of escalator safety components is essential
during the early design stage. A typical escalator system is
shown in Fig. 1.

The development of modern engineering technology and
high performance computing systems has enabled computa-
tional analysis to replace rapidly conventional trial-and-error
design and testing process in every industry, thereby minimiz-
ing development time and cost. In the last two decades, Park
et al. [5-7] conducted several pioneering trials to investigate
the dynamic characteristics of an escalator system using the
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Fig. 1. Escalator system.

computational analysis methodology. However, they did not
consider driving mechanisms, such as drive machine, brake
systems, and main drive chain band because of the efficiency
of numerical analysis and hardware capacity at that time.

In this study, an efficient multibody dynamics simulation
modeling approach is employed to consider the dynamic ef-
fects of step band, handrail band, and passenger load, which
consume considerable computational resources if conven-
tional simulation modeling approach is applied. This study
also covers a comprehensive simulation modeling of a drive
machine with gear train, main drive chain band, operational
brake system, and auxiliary brake system to execute braking
performance analysis of a complete escalator system. The
simulation model is validated with measurement data taken
from an actual escalator. Using the verified simulation model,
the dynamic stability of a major safety part is investigated
with respect to system parameters such as different types of
brake system activation, passenger loading conditions, and
operating conditions of the main drive chain band. Therefore,
the simulation results can provide design engineers with im-
portant information for the most critical situations and devise
measures to prevent them even in the early design stage.

2. Multibody dynamics simulation for escalator in-
dustry application

As modern mechanical systems are becoming increasingly
complex and sophisticated, multibody dynamics simulation is
quickly gaining popularity in the investigation of system level
dynamic behavior in many industries. In the last four decades,
several dedicated multibody dynamics simulation software
such as ADAMS, DADS, SIMPACK, and RecurDyn have
been developed to perform large-scale nonlinear dynamic
analysis. Because of the necessity of system level dynamic
analysis for a wide range of engineering applications, even
commercial FEA codes (e.g., ANSYS Workbench, Altair
HyperWorks, SIMULIA Abaqus) and 3D CAD commercial
codes (e.g., Autodesk Inventor, Solidworks, Siemens NX,
Pro/Engineer) have been integrating small-scale multibody
dynamics simulation features into their product-lifecycle-
management (PLM) platform.

Two principal approaches in multibody dynamics analysis
are present, namely, absolute coordinate and relative coordi-
nate formulation. Each approach has advantages and draw-
backs as described below. The absolute coordinate formula-
tion builds up equations of motion using the Cartesian coordi-

nate system where each rigid body has six degrees of freedom
in three-dimensional (3D) space. Kinematic movements of
each body are determined by defined joint constraint equa-
tions. Therefore, the formulation of a complex simulation
model is quite straight forward, and accounts mainly for the
invention of the earliest commercial multibody dynamics
simulation codes such as ADAMS and DADS based on this
approach. However, these codes require an efficient and accu-
rate numerical integration algorithm to handle large numbers
of equations of motion and joint constraint equations in Dif-
ferential-algebraic-equation [8] formulation simultaneously.
By contrast, the relative coordinate formulation establishes the
equations of motion using the minimum number of independ-
ent joint coordinates. Therefore, the difficulty of numerical
analysis is minimized dramatically compared to the absolute
coordinate formulation approach, even though the constraint
equations exist because of the cut-joint of the closed-loop
system. However, building the formulation of the simulation
model is complicated. Commercial codes, such as SIMPACK
and RecurDyn, were developed based on the recursive formu-
lation algorithm using the relative coordinate system. These
codes generate equations of motion automatically with the
minimum number of independent joint coordinates.

Other contributors that cause difficulties in the numerical
analysis, such as large difference of inertia properties among
the bodies, Coulomb’s friction effect and discontinuous con-
tact-impact phenomenon also exist. These difficulties can be
overcome by selecting the appropriate physical properties and
numerical integration algorithm. The efficiency of numerical
analysis is not always considered a top priority especially in
the escalator engineering industry. The following engineering
aspects also have to be considered when appropriate multi-
body dynamics code is selected for its applications.

* Handling large numbers of kinematic degrees of freedom

for escalator application.

* Handling complicated and huge 3D geometry.

* Productivity and reproducibility in modeling process.

* Modular- and subsystem-based modeling approach.

* Efficient modeling for standard mechanical connection

elements (e.g., gear pairs, chain band, belt, bearing).

After considering the aforementioned aspects and character-
istics of the escalator engineering industry, RecurDyn [9] is
selected to execute the braking performance analysis of an
escalator system in this article.

3. Simulation modeling of an escalator system

3.1 Step band

Each step has three step chain links on both sides. Both
sides of the step chain band are connected to each other
through a chain axle at every three step chain link. The front
part of each step is attached to the chain axle to transfer the
driving force from the step chain band to the step band. Two
step rollers are attached directly to the rear part of each step.
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Therefore, two different tracks for the step rollers and step
chain rollers along escalator truss structure are formed.

Main drive sprocket engages with each step chain roller to
drive the step band. The mass of step and step chain assembly
functions as an additional rotational moment of inertia on the
main drive assembly. The effects of inertia on the steps, step
chains, chain axles, and rollers can be described as Eq. (1).

11:N1m1’”2: 1)

where N; denotes total number of steps, m, is the mass of a
step and step chain assembly per unit length, and r is the pitch
radius of the step chain sprocket. The step band generates both
an additional inertia effect on the main drive assembly as well
as friction forces against the movement caused by the dead-
weight of moving step parts. A friction force is generated by
the roller bearing on the step rollers and step chain rollers and
can be considered as the following formula applied directly on
the main drive assembly as a torque.

T :2m1g{2N2 + Ny cos(ar)+ N; sin(a)sin(%ﬂ,ul , (2

where g denotes acceleration of gravity, N, is the number of
flat steps in the landing area, N is the number of steps in in-
cline area, o is an incline angle, and 1, is the bearing friction
coefficient of step rollers and step chain rollers.

3.2 Handrail band

An escalator has two continuous handrail bands on both
sides. A sliding friction is generated between the inner layer of
the handrail band and handrail guidance profile. Friction
forces along the linear guidance profile are calculated based
on the effects of gravity with a friction coefficient. Friction
forces on different curvatures along the handrail guidance
profile are derived by Eytelwein’s formula [10] assuming that
the centrifugal effect from handrail mass is sufficiently small
because of the slow handrail speed.

| fioy+mgcos(a) if, iatlinearprofile
p { 1+ ms cos() ®)

fi e if, iatcurvatureprofile.

In Eq. (3), f.; is a cumulative handrail friction force until
previous handrail guidance profile, m; is a mass of the handrail
segment, 1, is a friction coefficient between the inner layer of
the handrail band and handrail guidance profile, and 6; is the
contact angle around the curvature profile.

The stick-slip sliding friction characteristics of the handrail
band are realized in the simulation model by employing the
modified Coulomb’s friction model proposed by Threlfall [11]
as described in Eq. (4). Therefore, the stick-slip sliding friction
force of the handrail band can be applied efficiently toward
the opposite direction of the handrail movement.

3v,
Vv )

— f_t v
fo=f-t.l-c

t

v <v, 4)

where f; is the magnitude of total handrail friction force, v, is
the handrail velocity vector, v, is the handrail speed, and v, is
the characteristic speed where steady-state sliding movement
starts. Total handrail friction force is applied directly on the
main drive assembly based on the geometrical relationship
between the handrail drive pulley and other handrail drive
sprockets.

3.3 Drive machine

Drive machine consists of an electric motor, operational
brake system, gear train, and gearbox output shaft sprocket.
The nominal rotational speed of the gearbox output shaft
sprocket is maintained by reducing the fast rotating speed of
the motor shaft by the gear ratio from the gear train. As a re-
sult, the torque generated from the motor is increased by the
gear ratio and transmitted into the gearbox output shaft
sprocket.

The gear ratio of the gear train is implemented as a kine-
matic constraint between the motor shaft and gearbox output
shaft. Efficiency of the gear train is considered separately for
driving and driven conditions. Inertia effect of the gear train is
considered as an equivalent mass and moment of inertia.
Therefore, multiple stages of the gear train inside the gearbox
can be implemented efficiently in the simulation model in-
stead of considering actual gear-tooth meshing contacts that
usually consume huge computational time.

3.4 Operational brake system

An operational brake system is implemented in the drive
machine and intended to stop running escalator on both direc-
tions within a certain stopping distance and deceleration for
safety. This system also maintains an escalator stationary.
Dual circuit operational brake system consists of a flywheel as
the brake drum, two independent brake levers with brake pads,
two brake springs, and a solenoid. The system is generally
installed in the fast rotating motor shaft to minimize the re-
quired brake torque to stop an escalator. A common practice
to comply with code requirements for the stopping distance
and deceleration is to adjust the moment of inertia of the fly-
wheel.

The solenoid forces are generated to overcome the brake
spring forces and remove the braking torque during normal
operating conditions. After a signal from the controller deacti-
vates the solenoid forces, the braking torque is applied on the
brake drum by the friction forces on the brake pads because of
the spring forces. Mechanical and electrical time delays from
the brake springs, controller, and solenoid place the escalator
system in a free-wheeling condition, in which the escalator
system is governed only by the inertia, gravity, and internal
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Fig. 2. Auxiliary brake system.

system friction for a short period.

3.5 Auxiliary brake system

The auxiliary brake system is an additional brake intended
to increase the safety of an escalator in emergency. An escala-
tor with a rise of more than 6 m should be equipped with an
auxiliary brake system according to the safety code of EN115
[1, 2]. The installation of an auxiliary brake system below 6 m
rise is also recommended for public escalators. ASME A17.1
[3] requires a device that causes the application of a brake
system on the main drive shaft to stop an escalator if the drive
chain loses connection with the drive machine. In this study, a
frictional wedge-type auxiliary brake system installed on the
main drive shaft is considered for analysis as shown in Fig. 2.

Solenoid force can overcome the link spring force to deacti-
vate the auxiliary brake system under normal operating condi-
tions. After a signal from the controller causes the solenoid to
de-energize, the trigger link rotates around the hinge point,
which is attached to the brake beam, and the brake shoe is
disengaged from it through the link spring force. As a result,
the brake shoe is pushed upwards by the trigger spring and
generates braking force on the main drive shaft by its en-
gagement with the brake disk. The braking force on the brake
does not exceed a certain level because of position of the
stopper. Therefore, the braking force can be adjusted based on
the combination of longitudinal position of the brake beam
and vertical position of the stopper.

Mechanical and electrical time delays from the springs, con-
troller, and solenoid in the auxiliary brake system also cause
the escalator system to free-wheel for a short activation time.

3.6 Interfaces between drive machine and truss

Four machine feet are supported on two beams across the
truss in the upper landing area. The feet are fixed on the two
beams with four clamps to maintain the position and orienta-

tion of the machine in its installation position during operation.

The interface of the four machine feet with two beams and
four clamps is implemented by compression only surface-to-
surface contacts with steel-to-steel contact properties. There-
fore, the combination of bolt reaction forces on the four

Gearbox Output
Shaft Sprocket

Beam

Clamp

Fig. 4. Escalator simulation model for braking performance analysis.

clamps and the reaction forces on the four machine feet de-
termines the dynamic behavior of the drive machine.

3.7 Passenger traffic load

Passenger traffic load on an escalator system not only in-
creases the additional moment of inertia in the system, but
also applies additional torque on the main drive shaft because
of the effects of gravity and friction. Therefore, the influence
of passenger traffic load is considered as the following two
formulae in the simulation model.

I, = N3m2r2 )

7, :ng[N3 sin(oz)i(ZN2 +N, cos(a))yl}’. (6)
In the equation, m, is the passenger load per step.

3.8 Main drive chain band

The gearbox output shaft and main drive chain sprockets are
connected each other by a duplex roller chain band to transmit
driving force from the drive machine or braking force of the
operational brake system into the escalator system. The rigid
chain links are connected to each other with force elements
that rotate freely around their x-axis as shown in Fig. 4. The
force elements have the same stiffness as the chain links. The
chain roller in each inner chain link has steel-to-steel and sur-
face-to-surface contacts with both sprockets.

4. Verification of simulation model

The simulation model is verified with PMT [12] measure-



C. J. Park and G. Gschwendtner / Journal of Mechanical Science and Technology 29 (7) (2015) 2645~2651 2649

Fig. 5. PMT measurement of an actual escalator.
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Fig. 6. Comparison for operational brake activation.

ment data taken from an actual escalator with a 6 m rise and
30° incline angle. Fig. 5 shows the deceleration and stopping
distance, which are measured on a step in the travel direction
when the brake systems are activated. The model is a down
running escalator at 0.5 m/sec speed under empty load condi-
tion. Measurements are conducted when the operational brake
system and the auxiliary brake system are activated separately.

Comparison between the simulation results and measure-
ment data is shown in Fig. 6 for operational brake activation
and in Fig. 7 for auxiliary brake activation. Both figures high-
light a certain level of variable deceleration during the period
of brake time until the escalator comes to a standstill. The
deceleration measured from the actual escalator has less fluc-
tuation than the simulation results because of the damping
effect of the step chain rollers, which was not considered in
the simulation model. The dynamic behaviors characterized
by the maximum deceleration peak value can be estimated
close to the actual escalator system within a 5.5% error range.
Therefore, the multibody dynamics simulation model devel-
oped in this article can efficiently represent the actual escala-
tor system in further investigations on the braking perform-
ance.
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Fig. 7. Comparison for auxiliary brake activation.
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Fig. 8. Reaction forces on the machine feet under empty load.

5. Results of braking performance analysis

From a design standpoint, drive machine feet are critical
parts for activated escalator brake systems. These parts should
provide enough strength to support the huge impact forces
during the short stopping events. Therefore, the reaction forces
on the four machine feet are considered as major braking per-
formance indicators for an escalator system. All braking per-
formance studies are executed on the verified simulation
model instead of an actual escalator system.

Reaction forces on each machine foot location are presented
in Fig. 8 for operational braking and auxiliary braking events
under empty passenger load condition. The highest reaction
force is observed under the auxiliary brake activation and is
concentrated mainly on the longitudinal direction of the ma-
chine foot A compared to the other machine foot locations.
Fig. 9 shows the machine foot reaction forces for both braking
events under full load passenger condition. The brake test load
specified in the EN115-1:2008 [2] is considered as full pas-
senger load. The highest reaction forces are also observed on
the longitudinal direction of the machine foot A and vertical
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Table 1. System parameters for full factorial design.

Parameters Level 1 Level 2 Level 3
Type of braking Operational Auxiliary Both
M.D.C. tension Low High -

Passenger loading Empty Full -

I Operational Braking
I Auxiliary Braking

il

Ll

Scaled Force

Fy_A Fz_A Fx_B Fy_B Fx_C Fy_C Fx_D Fy_D

Fig. 9. Reaction forces on the machine feet under full load.

direction of the machine foot B during both braking events.
Interestingly however, these values are smaller than the longi-
tudinal reaction force on machine foot A under an empty pas-
senger load condition. In general, the die-casting members of
four machine feet are sufficiently strong to support the impact
forces in the vertical direction. Therefore, carrying out further
braking performance studies on the longitudinal reaction force
component of the machine foot A is reasonable.

The design principles indicate that the operational and aux-
iliary brake systems have different dynamic influences on the
escalator system when activated. The main drive chain tension
and passenger loading condition might also have different
levels of impact on the braking performance of an escalator
system. These three system parameters usually change from
unit to unit depending on the operating conditions in a specific
escalator service area. In other words, a certain combination of
the three system parameters will occur during an ordinary
operation of the unit. Therefore, the type of braking event,
main drive chain tension, and passenger loading conditions are
considered as main parameters for the study of braking per-
formance in this article.

The influence of the three defined system parameters on the
braking performance of an escalator system is investigated
and the simulation results are interpreted in a systematic man-
ner by using the statistical data analysis approach through the
MINITAB software [13]. By considering the full factorial
design, design of experiment is performed on the longitudinal
reaction force of the machine foot A with one three-level fac-
tor and two two-level factors as shown in Table 1.

The plots of main and interaction effects with respect to the
three system parameters are presented in Fig. 10 as the results
of the design of experiment analysis. Results show that the
single activation of the auxiliary brake system under empty
load condition has the most dominant influence on the longi-
tudinal reaction force of machine foot A. When the auxiliary
brake system is activated, the moment of inertia of the fly-
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Fig. 10. Analysis results of design-of-experiment study.

wheel attached on the fast rotating motor shaft creates a huge
impact on machine foot A during a short period of brake time.
The impact is transferred from the flywheel to the main drive
assembly through the lower strand of the main drive chain.
However, passenger loading conditions and the activation of
the operational brake system reduce this effect.

The influence of the main drive chain tension and passenger
loading conditions on the braking performance differs to a
certain extent. The longitudinal force on machine foot A in-
creases in the case of a loose main drive chain tension under
an auxiliary braking event but decreases under an operational
braking event. The longitudinal force on machine foot A de-
creases in the case of full passenger loading condition under
an auxiliary braking event, but increases under an operational
braking event in that case. The longitudinal force on machine
foot A does not change considerably in different passenger
loading conditions under high main drive chain tension. How-
ever, the force increases in the case of full passenger loading
condition under a loose main drive chain tension.

6. Conclusions

In this article, a comprehensive and efficient multibody dy-
namics simulation modeling approach is introduced to de-
velop a complete system level escalator simulation model for
braking performance analysis. The approach considers a drive
machine with gear train, main drive chain band, operational
brake system, and auxiliary brake system, which have never
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been considered in previous simulation studies. The simula-
tion model is validated with actual measurement data within a
5.5% error range, considering maximum deceleration peak
value. The study of the braking performance is undertaken
with respect to three defined system parameters to reach the
following conclusions using the verified simulation model and
statistical data analysis approach.

* The moment of inertia of the flywheel is originally in-
tended to ensure passenger safety by keeping the maxi-
mum deceleration and stopping distance within a certain
range. However, the flywheel also increases the internal
impact force in the escalator system when the brake sys-
tems are activated. Therefore, an auxiliary braking under
an empty loading condition should be taken as the worst
case scenario considering the braking performance of an
escalator system.

* The main drive chain tension has a more considerable ef-
fect on the escalator braking performance under an auxil-
iary braking event than an operational braking event. In
particular, loose main drive chain tension has a negative
influence on the system. The main drive chain tension
changes during an operation depending on the lubrication,
alignment, and other operating conditions. Therefore,
maintaining the proper level of main drive chain tension
is important in preventing the additional dynamic impact
caused by the loose chain band.
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