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The purpose of this study is mainly to discuss mathematical modelling and simulation
of a funicular train with water mass controlled. The funicular train carriage is equipped
with a water reservoir, when the train goes up the water reservoir is empty and when
the train goes down the reservoir is full. During the train's journey down the train
carriage spills water continuously and in steady flow so that when it reaches the lower
station the water reservoir will be empty. This study compares the performance of the
car suspension system of the funicular train carriage when moving up and when moving
down. The performance is then compared between traditional car model with water
mass controlled provides better features in terms of ride quality and control.
Mathematical modelling is developed and differential equations of motion are derived
from a quarter car model. The equation is derived from knowing the response of the
spring-mass movement due to the unsteady flow of water discharge on the descending
vehicle carrying the mass of water in the tank as its driver. The mass of water the train
carries is in full condition when it is going down and will run out on time when the train
reaches the lower station. Water mass controlled provides ride quality and load
distribution as same as traditional car model in sinusoidal loading mode simulations.
The differential equations are solved with the help of computer simulation using
MATLAB Simulink. The results include the displacement and acceleration of damped
and undamped masses after hitting the rail joint bumps as well as the results of the
system stability analysis. By simulated using a bump profile has almost the same value
in a rise time of around 0.2-0.3 seconds, a maximum amplitude of around 0.2 m, a peak
amplitude of around 0.22 m and a steady state of around 5.2 seconds.

1. INTRODUCTION

reverses direction for the next cycle, requiring a lifting force
known as "jig-back." This design is less rigid than using paired

The focus on green transportation has grown significantly
among global researchers due to the depletion of fossil fuel
reserves and the escalating emissions of vehicle exhaust gases,
leading to environmental pollution. According to a study by
Nam et al. [1], transitioning to a train-based transportation
system could potentially reduce overall emissions by up to
70%. Similarly, as noted by Albertus [2], trains play a vital
role in boosting tourist visits in the East Java area, particularly
following a decline in visitors due to the COVID-19 pandemic.
This article aims to explore an environmentally friendly train
transportation model that operates on the earth's gravity
system, eliminating the need for fossil fuels and electricity.
This type of train, akin to the Funicular Cable Car popular in
Switzerland, is especially well-suited for providing tourist
transportation in valleys or hilly areas with rail lines featuring
extreme up or down slopes.

A funicular typically consists of two carriages on rails
connected to opposite sides of a steel towing rope. As one
carriage ascends, the other descends, and then the rope
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carriages. Some funiculars feature only one carriage with the
towing rope not enclosed in a loop wound on a drum. In many
countries, automatic funiculars with a single operator are also
allowed to be used.

Modern funiculars are capable of running on both concave
and convex tracks, as well as bending to the left and right.
They are equipped with devices that ensure the train floor
remains horizontal even on steep inclines and can adapt to
significant changes in the track gradient. However, it's
important to note that there are limitations to the track length,
as the capacity of the jig-back system decreases with longer
tracks, particularly those exceeding 2 or 3 km, which is crucial
for safety.

The energy required varies along the line, but its efficiency
is consistently better than that of a bus system connecting the
same points with the same capacity, even under less severe
traffic conditions. Essentially, an inclined elevator is a light
funicular made using elevator components and operated by
buttons similar to a normal elevator. The inclined elevator's
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features are restricted by the European Community Standard,
which is currently under discussion. This standard will guide
the relationship between elevator speed and carrying capacity.
For instance, a 100-passenger carrier is allowed to travel at 3.6
km/h, a 75-passenger carrier at 9km/h, and a 40-passenger
carrier at 14.4 km/h. These are the maximum speeds allowed,
factoring in acceleration and deceleration at each station. The
actual average speed is much slower, especially for short
elevators with many stops.

Meanwhile, this study addresses the dynamic change in
mass that is significantly impacts the system's control and
stability as highlighted in Figure 1. Properly accounting for
this variable is essential for ensuring effective control
strategies, especially in water-powered funiculars, where
system performance depends heavily on precise mass
adjustments to maintain balance and motion efficiency.

drive unit drive pulley

haul rope

drive station

Figure 1. Layout a reversible funicular [3]

2. RELATED WORKS
2.1 Water-powered funicular train

The Lynton and Lynmouth CIliff Railway as shown in
Figure 2 is distinctive in the UK as it operates without external
electrical power, making it one of only three fully water-
powered railways in the world. The elevator operates on a
straightforward balancing principle. The two cars are
permanently connected by hauling cables that run around a
large 5 ft 6 in pulley wheel at the top and bottom of the tracks.
There are four cables: two hauling cables that bear the weight
of the cars and two tail balancing cables that counterbalance
the weight of the hauling cables. When each car is 'docked'
with full water tanks, they are in equilibrium and ready for
loading. Each tank has a capacity of 700 gallons of water. As
passengers board, variations are accommodated by the brakes,
which secure the cars to the rails. The brakes on each car can
support the weight of both fully loaded cars, and the lower car
has a water-operated locking device that secures the car to the
bottom station [4].

The impact of sudden train braking on the structural
response of railway bridges under passive control is a critical
consideration. A magnetorheological elastomeric bearing
(MRB) with adjustable mechanical parameters was designed,
tested, and modelled to address this issue by analyzing the
braking dynamics of the train-bridge vibration system. Using
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MATLAB, a longitudinal vibration control system simulation
under train braking conditions was conducted. The results
indicated that different braking positions had a significant
impact on the vibration isolation system, with the most drastic
structural response occurring when the train stopped at the
third span. Through the proposed HSIC intelligent isolation
system, the bridge beam displacement and pylon peak shear
force were reduced by 53.8% and 34.4% [5].

Funicular railway tracks typically feature a bend-shaped
intersection point with a specific radius as shown in Figure 3.
In a previous study, Hur et al. [6] introduced a novel approach
to estimating the bend radius of the curved track section
(funicular track intersection point). This method involves
analyzing the relative displacement between the body and the
bogic when the train traverses a bend. To validate this
approach, vehicle dynamics simulations and real vehicle
testing were conducted on the test track. The results confirmed
the effectiveness of the method, particularly when coupled
with active control technology [6, 7].

Figure 2. The Lynton and Lynmouth Cliff Railway car
operates without electrical power and fuel [4]

(a) Tangent track

(b) Curve section

Figure 3. Relative displacement and angle between body and
bogie [6]



3. METHODOLOGY
3.1 Dynamic analysis on quarter-model vehicle

Numerous researchers have focused on analyzing the
comfort and vibration of railway vehicles by developing and
simulating models with various suspension configurations and
degrees of freedom. For instance, Stribersky et al. [§]
constructed a mathematical model of a railway vehicle using
an active system to prevent rollover with the Simpack
program, and then compared the simulation results with a
prototype vehicle's test results. In a separate study, Kondo and
Yamazaki [9] utilized computer simulation and connected
computing technology to assess the kinematic performance of
each bogie in a metro transportation system. They also
estimated the tensile stress on the wheel axle for the direction
used by modeling a single bogie in the Simpack program [9].

In a study by Jeong et al. [10], the objective was to design a
bogie for a tram vehicle that could navigate a curve with a
radius of 25 m while reaching a speed of 200 km/h in the city.
They conducted real vehicle tests and also created a virtual
model using the Adams Rail program to assess the dynamic
characteristics, comfort, and safety performance of a 5-car
vehicle integrated with 5 bogies featuring 10 traction motors
[10]. Zhang et al. [11] developed a comprehensive model of
the connection dynamics between trains and rails. This model
simulated the contact zone of wheels and rails, train structure,
pantograph electrical system, and airflow at high speeds. The
study also reviewed the advantages and disadvantages of
wheel-track contact [11].

The study of dynamic analysis on quarter model vehicle
chassis, which also applies to railway bogies, has been
extensively conducted using simulation software [12, 13].
Sulaiman et al. [14] utilized MATLAB Simulink to simulate
quarter vehicles and employed the Semi-Active Damping
Force Estimator (SADE) controller. The simulation involved
inputting road conditions in the form of disturbances on the
undamped mass, with mound heights (speed bump) of 0.08,
0.1, and 0.12 m and a length of 10 m. The vehicle speed was
maintained at 40, 50, and 60 km/h, reflecting the speed of
heavy vehicles in urban areas in Malaysia, which does not
exceed 60 km/h [15].

3.2 Problem formulation of water-powered funicular train

A novel vehicle system utilizing gravitational potential
energy is presented. The system consists of two passenger cars
connected by a steel cable on an inclined rail track. The steel
cable is wound around a pulley that is driven by a motor and
gearbox. Unlike an inclined lift, the driving motor in this
system releases the car through the steel cable rather than
pulling the load. The funicular train system involves a
difference in mass between the upper and lower train cars. The
upper train car, carrying a full water tank, has a greater mass
than the lower train car, which carries an empty water tank.
This difference in mass causes the pair of train cars to move
up and down along the rail track, which has a constant railway
gradient.

The mass of the carriage when it is not carrying any load is
denoted as "ms." This mass includes the combined weight of
the carriage itself, the passengers, and any water present. What
makes this vehicle unique is that as the carriage descends from
above, water is continuously released from the reservoir
throughout the entire journey, until the reservoir is completely
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emptied by the end of the trip. Furthermore, the cable drive
pulley is intricately linked to the rate of water discharge,
creating an adaptive braking system that effectively maintains
a constant speed for the vehicle.

When the train is moving upward, the total mass (ms)
remains constant, comprising the combined mass of the train
body, passengers, and the empty reservoir. However, when the
train is moving downward, the total mass (ms*) is not constant
because the water in the reservoir decreases due to unsteady
flow.

The rate at which the water mass in the reservoir of a
moving train carriage decreases can be described using the
continuity equation for unsteady flow conditions.

O—dM—af d +f V.dA (1)

_dt_atvp v Ap"

v
0=po-+p.V.A 2
am

—=—pVA——pA,/2gH
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If the train's speed is v=2 km/h=0.55 m/s and the length of
the rail track is S=100 m, then the time required for the journey
can be calculated as t=S/v, which equals (100 m: 0.55
m/s)=182 s.

t182$
m; =mg +m,, — pA,/Zng %)

After setting the initial conditions to zero, the Egs. (1) and
(2) can be transformed using the Laplace transform as
described by Nugroho et al. [16].

["lss2 + ¢55 + kg]xy(s) = (c55 + ks)xy (5) (6)
[mys? + cgs + k¢ + kglx, () R
= ki ($)xin + (c55 + ks)x2(5)

By using the transposition of xi(s) in the equation above, it
becomes:

mgs? + ¢ss + kg
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and producing the equation:
2
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Then the transfer function of the vehicle body displacement
is:
x(8)

xin(s) B
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(10)
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Figure 4. The Quarter funicular vehicle block diagram control model
In the same way, the transfer function of the unsprung mass In Eq. (11), the vehicle's vibration response is represented

as the displacement amplitude (x; and x;) in response to

(wheel) is obtained:
variations in the road or rail surface (x;,). Experimental data,

x,(s)  mes?+ces+ ks including the mass of the vehicle/passenger/water (m;), spring
o (5) = ) constant (k), and damping constant (c;), is processed and
cky + ks (11 simulated in the Simulink Matlab program to analyze the

vehicle's vibration response under two types of road profiles:
step and sine. Below is the Simulink diagram depicting the
setup.

m,mss* + (mg + my)cgs® +
[(ky + kg)mg + myk]s? + ckes + kikg
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3.3 Active suspension control of quarter-model system

A linear quadratic regulator (LQR) controller has been
proposed by Bezabh [17] for implementation in the active
suspension system and compared it with the passive
suspension system. This study aimed to simulate and analysis
of the wvehicle performance by constructing a
MATLAB/SIMULINK on a quarter automobile model. The
results showed that the performance of the passive suspension
system and the LQR controller are contrasted. The
simulation's findings demonstrated how the LQR controller
enhances ride comfort and wheel deflection in automobile
suspension systems at all road inputs even at high vehicle
speeds the LQR controller helps the system for better ride
comfort of the passengers and helps the system to better
the life of the vehicle.

Control systems based on fuzzy logic (FL) and
proportional-integral-derivative (PID) has also been applied to
vehicle suspension to evaluate driving comfort performance
by Ab Talib et al. [18]. An experimental quarter vehicle test
rig complete with a magnetorheological (MR) damper was
used in this study to test and compare the effectiveness of the
proposed FL-AFA and PID-AFA controllers against the
passive controller system. The experiment result indicated that
the PID-AFA shows a good response compared to the FL-AFA
and the passive system, with the ability to reduce the vibration
amplitude by up to 57.1%.

In this article, the funicular railway car dynamical system
with mass control is mathematically represented as the
vehicle's quarter-model, illustrated as a block diagram in
Figure 4. This representation is based on Newton's second law
model, as shown in Figure 5.

mg¥, + ¢s (X — %) + ks —x1) =0

(12)
(13)

MyXy + ke(xq — X)) + ¢s (X — %) + k(g —x5) =0

>

Figure 5. The Quarter model of a car with two degrees of
freedom (DOF) [19]

3.4 The proposed conceptual design funicular train
The study introduces a novel vehicle system that operates

on gravitational potential energy. It consists of two passenger
cars connected by a steel cable on an inclined rail track. The
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steel cable is wrapped around a pulley driven by a motor and
gearbox. Unlike an inclined lift, this funicular vehicle system
releases the car through the steel cable, in contrast to the
driving motor's function of pulling the load through the cable
in an inclined lift.

In the funicular train system, there is a difference in mass
between the upper and lower train cars. The upper train that
will move down has a greater mass than the lower train car
because the upper part carries a full water reservoir while the
lower train does not bring water. In Figure 6, the water
reservoir placed in the bottom of the car that will continuously
waste the water as long as the track. The lower part carries an
empty water reservoir so the difference in mass of the two train
cars causes the movement of a pair of train cars up and down
following the rail track which has a constant angle of
inclination as Eq. (5).

The car's load capacity is measured in metric tons and
encompasses the combined mass of the vehicle's body,
passengers, and water. What sets this vehicle apart is that as it
descends from above, the reservoir continuously releases
water throughout the journey, emptying completely by the
trip's end. The cable drive pulley is intricately linked to the rate
of water discharge, forming an adaptive braking system that
maintains the vehicle's speed at a constant level.

Figure 6. Design body of funicular railway train with
reservoir tank water in the bottom floor

4. RESULT AND DISCUSSION

In this section, simulation tests are conducted using two
types of inputs that are bump input and sine input, to evaluate
the performance of the suspension systems under different
operating conditions. Bump input assesses the system's ability
to handle transient responses, including peak amplitude and
settling time, which are critical for passenger comfort.
Meanwhile, sine input tests the system's steady-state response,
highlighting its ability to manage repeated forces without
amplifying vibrations.

4.1 Performance under simulation bump input

The bump input simulates sudden, sharp disturbances, such
as encountering a track irregularity, pothole, or abrupt
elevation changes.

In Figure 7 and Table 1, both graphs demonstrate a
similarity in the displacement response of the sprung mass or
vehicle body to Bump Input. This can be attributed to the fact
that it takes approximately 5.2 seconds to reach the steady state
condition. The rise time, which represents the duration of the
displacement wave generated by the suspension, falls between
0.1 and 0.5 seconds.

Based on Figure 8 and Table 2, both graphs exhibit a
resemblance in the acceleration response of the sprung mass



or vehicle body to bump input. This similarity arises from the displacement wave generated by the suspension, falls within

fact that it takes only about 2 seconds to reach the steady state the range of 0 to 0.1 seconds.
condition. Additionally, the rise time, which represents the
duration of the vibration wave generated by the suspension, Table 2. Vehicle body acceleration for bump input
falls within the range of 0.1 to 0.2 seconds.
No. Characteristics Symbol Values
Table 1. Vehicle body displacement for bump input 1 Rise Time tr 0.1-04s
2 Maximum Amplitude MP 3.5 m/s?
No. Characteristics Symbol Values 3 Peak Amplitude AP -0.2m
1 Rise Time tr 0.1-0.55 4 Steady State S5 2s
2 Maximum Amplitude MP 0.19 mm
3 Peak Amplitude AP 0.18 mm Table 3. Unsprung mass acceleration for bump input
4 Steady State SS 5.2s
No. Characteristics Symbol Values
In both Figure 9 and Table 3, the graphs demonstrate the 1 Rise Time tr 0-0.1s
identical acceleration response of unsprung mass or tire with a 2 Maximum Amplitude MP 9.6 m/s’
step function. This similarity arises from the fact that it takes 3 Peak Amplitude AP -0.8 m/s?
only approximately 0.5 seconds to reach the steady state 4 Steady State S8 0.1s

condition. The rise time, which denotes the duration of the

Body Displamenet Response under Bump Input
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Figure 7. Body displacement response under bump input diagram
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Figure 8. Body displacement response under bump input diagram

Unsprung Acceleration Response Under Bump Input
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Figure 9. Unsprung acceleration response under bump input diagram
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Body Displacement Response Under Sine Input
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Figure 10. Body displacement response under sine input diagram
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Figure 11. Body acceleration response under sine input diagram
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Figure 12. Unsprung acceleration response under sine input diagram
Table 4. Vehicle body displacement for sine input duration of the displacement wave generated by the
suspension, falls between 0.3 seconds and 0.61 seconds.
No. Characteristics Symbol Values
- _Rise Time tr 03-06s Table 5. Vehicle body acceleration for sine input
2 Maximum Amplitude MP 1.2m
i Pe;tlzaAdmglt:tuede ,gsp 102821 No. Characteristics Symbol Values
Y ' 1 Rise Time tr 0.1-0.8s
. . . 2 Maximum Amplitude MP 10 mm
4.2 System performance under operating condition of sine 3 Peak Amplitude AP 10 mm
input 4 Steady State Ss 1.8s

The sine input represents periodic disturbances, such as Table 6. Unsprung mass acceleration for sine input
oscillations caused by uneven tracks over time.

As shown in Figure 10 and Table 4, both graphs No Characteristics Symbol Values
demonstrate the identical displacement response of the sprung 1 Rise Time tr 0.1-0.8s
mass or vehicle body to a sine input. This similarity is due to 2 Maximum Amplitude MP 1.5 mm
the short time, approximately 0.86 seconds, required to reach 3 Peak Amplitude AP 1.5mm
the steady-state condition. The rise time, representing the 4 Steady State SS 2.6s
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In Figure 11 and Table 5, both graphs demonstrate a
similarity in the Acceleration Response of the sprung mass or
vehicle body to a Sine Input. This is due to the relatively short
time it takes to reach the steady state condition, which is
approximately 1.8 seconds. The rise time, representing the
duration of the vibration wave produced by the suspension,
falls between 0.1 and 0.8 seconds.

Based on Figure 12 and Table 6, both graphs display
identical Acceleration Response to Sine Input. This similarity
arises from the short time it takes to reach the steady state
condition, which is approximately 2.6 seconds. The rise time,
representing the duration of the displacement wave generated
by the suspension, ranges from 0.1 seconds to 0.8 seconds.

5. CONCLUSIONS

The results of this study show no significant difference in
acceleration, displacement, responsiveness, stability, and
suspension waves between the traditional upward train system
and the controlled mass downward train system, which
discharges water from a tank on the bogie in an unsteady flow
manner. For example, the input in the form of a bump profile
has almost the same value in a rise time of around 0.2-0.3
seconds, a maximum amplitude of around 0.2 m, a peak
amplitude of around 0.22 m and a steady state of around 5.2
seconds.

This is because the speed of water discharge has been
synchronized with the speed of the vehicle. As the funicular
moves downward from the upper station, the water tank is full,
and when the vehicle reaches the lower station, the water tank
is empty. This demonstrates that the adaptive braking system,
which discharges water in a controlled manner, effectively
prevents shock acceleration and deceleration. The conclusion
of the funicular train dynamics simulation test using adaptive
water discharge braking is as expected.

The analysis using Simulink in MATLAB reveals distinct
differences between the traditional upward train suspension
system and the controlled mass downward train system with
active suspension control. The controlled mass downward
train system exhibits a lower maximum amplitude compared
to the traditional system. This reduction is due to the active
suspension system effectively absorbing external forces and
disturbances, thereby mitigating excessive oscillations and
vibrations.

As for the future works, there is a need for experimental
validation of this study to measure the effectiveness and
applicability of the developed mass adaptive control method.
For this purpose, a quarter-car active suspension test-rig driven
by an electro-hydraulic actuator will be developed.
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NOMENCLATURE

ms  vehicle sprung mass (when the train is moving

upward) [kg]

ms*  vehicle sprung mass (when the train is moving

downward) [kg]

my  mass of water in the reservoir when the train is moving

downward [kg]

p density of water (1000 kg/m?)

A cross-sectional area of the reservoir's outlet hole [m?]

g acceleration due to gravity (9.81 m/s?)

H water level relative to the outer hole position in the

reservoir [m]

T time taken based on train speed [sec]

my  mass of the vehicle wheel (kg)

Cs suspension damper constant (kg/s)

Ks suspension spring stiffness constant (kg/s?)

ki wheel stiffness constant (kg/s?)

X1 displacement of my (m)

X2 displacement of ms (m)

Xin road surface profile (m)

evaluation of ride comfort performance for suspension
system using PID and fuzzy logic controllers by
advanced firefly algorithm. Journal of the Brazilian
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