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Abstract: High-speed trains provide a faster and much cheaper transport in comparison with air transport for distances
shorter than 640 km. Also, in contrast with road transport, they feature a much lower accident rate and a higher passenger and
freight capacity, they are more durable, take up less space, and produce fewer carbon emissions. Therefore, high-speed trains
are an attractive transportation option. However, as high-speed trains travel at speeds of at least 200 km/h, even a small bump
on the railway track can cause significant vibrations which can lead to wheel slippage, jeopardizing the passenger comfort
and safety. Therefore, high-speed trains require an advanced suspension system. This paper proposes an active suspension
system with an LQR controller for a high-speed train. The designed suspension system was tested under continuous road
disturbance and parameter uncertainty and a comparative robustness analysis was conducted involving a conventional
passive suspension system. Simulations related to the actuator force, sprung mass acceleration, suspension travel, wheel
deflection, and body displacements were performed for both suspension systems. In this context, the time responses for both
suspension systems were obtained and compared. The analysis revealed that the LQR-controlled active suspension achieved
a shorter rise time and settling time and featured lower oscillations. This demonstrates that the proposed system provides
passengers with a more comfortable and safer journey.

Keywords: Active suspension, Passive suspension, LQR control, Full-state feedback, High-speed train, Disturbance,

Robustness, Ride comfort.

1. Introduction

Trains that can travel at least at 250 km/h on
newly constructed lines or 200 km/h on upgraded
lines are defined as high-speed trains (Garmendia
et al., 2012). High-speed trains offer significant
transportation advantages. High-speed trains
reduce vehicle traffic in city centers, leaving more
walkable space for pedestrians (Pope, 2023). For
distances shorter than 400 miles, high-speed trains
transport passengers from city center to city center
in the same amount of time and at a much lower
cost than air transport (Dalla Chiara et al., 2017).
A 2018 study in the US (United States) found
that traffic congestion causes an annual economic
loss of $87 billion (Afrin & Yodo, 2020). The
expansion of the high-speed train network prevents
economic losses by reducing traffic congestion
(Li et al., 2020). Electric high-speed trains reduce
the dependence on fossil fuels and prevent
environmental pollution (Pomykala & Szelag,
2022). Also, high-speed trains offer a much safer
journey in comparison with road transport (Wu &
Martin, 2022). Certain studies conducted in the
US between 2007 and 2023 calculated the fatality
rates per 100,000 passenger miles by transportation
method. In 2023, there were 0.52 fatalities per
100,000 passenger miles in road transport, while
this rate was only 0.02 for rail transport (National
Safety Council, 2025). These statistics reveal that
rail transport is 26 times safer than road transport.
Furthermore, rail transport has a significantly

greater passenger and freight capacity than road
transport. A single-line high-speed train can
carry 20,000 passengers per hour. This number
is equivalent to the hourly capacity of a 10-lane
highway and two airports (US High Speed Railway
Association, 2025). A standard single-track railway
can carry 335,000 tons of freight per km per day,
while a four-lane highway can carry 150,000 tons
per km per day (Rodrigue, 2024).

Further on, track irregularities on the railway can
cause vibrations during travel. These vibrations
can be more dangerous at higher speeds. The
possible track irregularities encountered on the
railway are shown in Figure 1.
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Figure 1. Track irregularities
(Tsunashima & Hirose, 2022)

High-speed trains travel at speeds between 200
and 350 km/h. A small bump on the railway track
that might not cause a jolt for a train traveling at
100 km/h can cause a significant jolt for a high-
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speed train. High speed means less time to recover
from a wheel slip or imbalance. A high-speed train
requires a high-quality suspension system to ensure
passengers can enjoy their drinks, work on their
laptops, or sleep comfortably without any jolting.

El Amraoui & Mesghouni (2014) optimized a
train traffic scheduling problem under traveling
time uncertainty. Lee et al. (2013) designed a
breaking resistor and carried out its heat analysis
simulation for a high-speed train. Zhao & Liu
(2025) proposed an operational risk prevention
and control model for a high-speed train.

Passive, semi-active and active suspensions can
be used in high-speed trains. Passive suspension
systems do not have actuators and therefore do
not have controllers. Passive suspensions are
low-cost, classic systems consisting of springs
and dampers. Due to the passive suspension’s
limited ability to isolate vibration, high-speed
trains with passive suspension cannot adapt to
track excitations and operating modes. To address
this issue, implementing active control to the
suspension system is a viable way of enhancing
the operational compatibility of high-speed trains
on different types of tracks (Wu et al., 2022).
Semi-active suspension systems determine the
damping constants or spring coefficient according
to changing rail conditions, providing a more
comfortable ride than passive suspensions with
fixed damping coefficients (Chen et al., 2025).
On the other hand, active suspensions include an
actuator and controller. This allows them to quickly
adjust the suspension’s softness to changing
road conditions. They offer greater comfort than
other suspension systems, especially during hard
acceleration and hard braking (Nguyen, 2021).

Nguyen et al. (2008) designed a passive suspension
system for a railway vehicle. They used norm
optimization to obtain optimal parameters of
springs and dampers of the railway vehicle. Wu et
al. (2024) designed a semi-active suspension based
on a magnetorheological elastomer to reduce the
lateral resonance for a high-speed train. Gao et
al. (2021) designed a semi-active suspension
system for a high-speed train that would reduce
train body vibration under unsteady aecrodynamic
loads and random wind speeds. Hua et al. (2022)
proposed a semi-active suspension system with
a magnetorheological (MR) damper parallel to
a magnetic negative stiffness unit to enhance
the ride comfort in high-speed trains. Zhang et
al. (2024) proposed an active suspension with a

sliding mode controller to reduce the impact of
strong side winds on high-speed trains traveling
on mountainous roads. This reduced the risk of
derailment by reducing the wheel load for the
high-speed trains. They compared their active
suspension with a passive suspension and the
former achieved superior results.

This study proposes an active suspension with a
full-state feedback LQR controller for a high-
speed train. Firstly, the designed LQR-controlled
active suspension was subjected to a continuous
road disturbance with an amplitude of 0.1 m
and a period of 6 seconds. This resulted in a
much more comprehensive robustness test in
comparison with suspension systems tested under
a single, instantaneous disturbance. Secondly,
simulations were performed under 20% parameter
uncertainty and continuous road disturbance.
To demonstrate the superiority of the designed
LQR-controlled active suspension, a comparative
analysis was conducted including a conventional
passive suspension system. Time response data
for the two suspension systems was obtained and
compared. It was proven that the LQR-controlled
active suspension exhibited significantly lower
oscillations, a shorter rise time, and a shorter settling
time. Furthermore, the RMS values for the designed
suspension systems were obtained, which were
in accordance with international standards. The
simulations demonstrated that the LQR-controlled
active suspension was more robust, providing
passengers with a safer and more comfortable ride.

The remainder of this paper is structured as follows.
Section 2 explains the active and passive suspension
models. Section 3 describes the full-state feedback
LQR controller, while Section 4 presents the
simulations which were carried out. Finally, Section
5 sets forth the conclusion of this paper.

2. Modelling of the Suspension

This section describes suspension models and it
includes the equations used for both suspensions.
Passive suspensions do not include a controller, so
there is no actuator control force applied, and they
have a simpler mechanism. Active suspensions,
on the other hand, have a more complex structure
due to the presence of an actuator and a controller.
The mass of a railway vehicle includes two main
components: the train’s mass, namely the sprung
mass, and the bogie’s mass, namely the unsprung
mass. A bogie is the undercarriage used in railway
vehicles. The bogie contains the axle, wheels,
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suspension systems, and brake systems. Figure 2
shows the suspension schematics.

Figure 2. Active (a) and passive (b) suspension
(Karahan, 2025)

The description of the suspension parameters is
included in Table 1.

Table 1. Description of the suspension parameters

Symbol Description
M, Sprung mass
M Unsprung mass
Z, Displacement of sprung mass
Z. Displacement of unsprung mass
B, Damping coefficient of sprung mass
B, Damping coefficient of unsprung mass
K, Spring coefficient of sprung mass
K, Spring coefficient of unsprung mass
F, Actuator control force
Z, Excitation due to railway disturbance

The suspension coefficients are rendered in Table 2.

Table 2. Suspension coefficients

Symbol Value
M, 5333 kg
- 906.5 kg
B, 20000 s/m
B, 40000 s/m
K, 430000 N/m
K. 2440000 N/m

2.1 Equations of the Suspensions

The equations of motion for the active and passive
suspensions are obtained using Newton’s 2nd law,
given in equation (1):

F=ma (D

Rewriting equation (1) to express acceleration
yields equation (2):

a=— ()

m

Using Newton’s law, the active suspension’s
motion equation is derived as given in equation (3):

MSZS = BSZMS _BSZS _KS (ZS _ZMS)+F:,’ (3)

Rewriting equation (3) to express the acceleration

of the sprung mass yields equation (4):

ZS — BSZMS _ BSZS _ KS (ZS _ZMS) +L
M M M M

N N S N

F, (4

Equation (5) gives the forces on the unsprung mass:
Mus ZMS = _BSZMS - BMS Zus + BSZS + Bus ZV
_KS (ZMS - ZS) - KMS (ZMS - Zr) - F‘C

(5)

Dividing the two sides of equation (5) by M
gives the acceleration of the unsprung mass in
equation (6):

BS ZMS BusZus BS29 BMS Zr
- — s s g

7 =
” Mus Mus Mus Mus (6)
_KS(ZMS_Zs)_Kus(Zus_Zr)_ l F
Mus Mus Mus ‘

2.2 State Space

The state variables of active suspension are
represented in this subsection. The general
representation of a state space is as given in
equation (7):
X=Ax+Bu

7
y=Cx+Du D

The description of the state variables is included
in Table 3.

Table 3. Description of the state variables

Variable

X State variables vector

Description

X Derivative of the state variables vector

Input vector

=

Output vector

System matrix

Input matrix

Output matrix

TjQ|® ||

Feedforward matrix
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The state-space variables of the active suspension
are defined in equation (8). The state space is
constructed by using the previously obtained
equations and the state variables in equation (8). In
equation (8), Z —Z denotes the suspension travel.
Z'S symbolizes the speed of the train body, Z —Z

is the wheel deflection and Z__ is the vertical speed
of the wheel.

X =Z -7,

X, =Zs

Xy=2,-2, )
X4:Zus

Using the above equations, the state space of
the active suspension could be presented as in
equations (9) and (10):

0 1 0 -1
X, 3 K, B B, 0 B, X
h| | MM M. |x
ol | o 0 0 1 x,
).64 Ks i us Bs + Bus x4
M M M M
) L us . us us us | (9)
0 0
o |
M, [z
+
S M
By _ 1
_Mus us _|
X
1 0 0 O
X.
Nl K. B, B, 2
Y2 - - 0 X3
Ms Ms Ms
X, (10)
0 0 .
0 —||F
M c

The matrices A, B, C, and D are as shown in the
following equations:

0 1 0 -1
_Ks _Bs 0 B:
M, M, M,
A= 0 0 0 1 (a1
K. B K. B +B,
M, M, M, M, |

"0 0
0o L
B= s 2
B (12)
B, __1
_Mus us _|
1 0 0 0
C=| K B , B (13)
MS MS MS
0 0
D=
0o L (14)
M

3. Full State Feedback LQR

In this section, the full state feedback LQR
control design is explained. This approach is an
ideal way for finding the intended pole positions
of a closed-loop system. It ensures that all state
variables are known to the controller and available
for feedback. A state-space matrix is a system in
which each state variable is fed back to the input
u via a gain K, symbolized by a feedback vector
that could be determined in order to obtain the
desired closed-loop poles (Karboua et al., 2025).
The input u is expressed in equation (15):

u=—-Kx (15)
Substituting equation (15) into equation (11) gives
the state space for the closed-loop system:

X=Ax— BKx (16)

A full-state feedback control scheme is given in
Figure 3.

System

> X = Ax + Bu

Controller gain

P

Full-state feedback
Figure 3. Full-state feedback control

The LQR approach is a type of state feedback
control that allows the controller gain K to be
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systematically determined. The LQR control
method is used in linear MIMO (multiple-input
multiple-output) systems. The advantage of the
LQR controller lies in the fact that the factors
affecting the performance index can be weighted
based on the desired outcome. The aim of the
LQR control design presented in this study is to
increase the ride comfort by improving the rail
handling ability. The main function of the LQR
control is to minimize the cost function J, given
as the performance index in equation (17), and
to calculate the optimal gain K (Rajendran et
al., 2025).

J zéj)‘(xth+utRu)dt (17)

In equation (17), x’ presents the state vector and '
symbolizes the control input. The LQR controller
is constructed by achieving the appropriate Q and
R values to minimize the J function. In this study,
the Q matrix is a positive diagonal matrix, and R
represents a positive number. The LQR controller
is adjusted by changing the QO matrix in order to
penalize a poor performance or by changing the
R matrix in order to penalize actuator effort until
the desired closed-loop response is achieved.
Based on equation (14), the feedback regulator
and responsive performance index are obtained
as in equation (18):

F =—Kx (18)

The O matrix is the weight matrix of the system
states. The R matrix is the weight matrix of the
control input. Since the system has four states,
the O matrix is a 4x4 matrix and since the system
has a single control input, that is u, the R matrix
is a 1x1 matrix. Relatively important performance
metrics that deserve more attention are those

related to the suspension motion and train body
acceleration. The O and R matrices, determined
for minimizing the cost function J, are given in
equations (19) and (20):

1760x10° 0 00
6
o-| 0 11.6x10° 0 0 (19)
0 0 1 0
0 0 0 1
R=[0.01] (20)

The gain value K in equation (21) is obtained by
introducing the 4 and B matrices in the state space
and the O and R weight matrices as inputs to the
LQR function in MATLAB:

K =[1.708x10° 0.364x10° 0.776x10° 0.005x10°] (21)
4. Simulations

Simulations of active and passive suspensions
modeled with Simulink were performed under a
continuous road disturbance with an amplitude
of 0.1 m and a period of 6 seconds, and a
parameter uncertainty of +20%. The actuator
force, suspension travel, sprung mass acceleration,
wheel deflection, and body displacements were
simulated. The simulations were performed for
10 seconds. Time response data for the active and
passive suspension was obtained and analyzed.
The rise time is the time required to reach 90%
of the reference line. The overshoot value is
a numerical value calculated in m or m/s?. The
settling time is the time required to settle within
+ 5% of the given reference line. The Simulink
model depicting the active suspension, passive
suspension, and rail track disturbance is shown
in Figure 4.
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Zs Zus Zr|
Travel Scope S

ACTIVE SUSPENSION
SUBSYSTEM

DISPLACEMENTS Scope (AS)
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Figure 4. Active suspension, passive suspension and rail track disturbance
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4.1 Simulations Under Continuous
Road Disturbance

The actuator force of the active suspension when
a continuous road disturbance is applied in the
form of a square wave is shown in Figure 5.
Since the passive suspension does not include an
actuator, an actuator force simulation has not been
performed for it.

5 K10° ‘ ;
Actuator force
15+
1 -
~ 05F
s |
©® 0
S | |
S
L osH
A+
1.5+
2 . | | .
0 2 4 6 8 10

Time (s)

Figure 5. Actuator force simulation for the active
suspension under continuous road disturbance

The time response data for the actuator force is
included in Table 4. The actuator force reaches
90% of the reference value in 0.466 seconds.
The overshoot value is 15450 N. When a rail
disturbance is applied to the railway vehicle,
the active suspension actuator applies a force
of 15450 N to balance the system. The active
suspension actuator reaches within + 5% of the
reference value in 0.972 seconds.

Table 4. Time response data for the actuator force of the
active suspension under continuous road disturbance

Time response Value
Rise time 0.466 s
Overshoot 15450 N

Settling time 0.972s

The sprung mass acceleration simulation under
continuous road disturbance is depicted in Figure 6.
The red line in the graph indicates the acceleration
of the active suspension, while the dashed blue line
indicates the acceleration of the passive suspension.
The vertical axis indicates the acceleration value,
and its unit is m/s>. The horizontal axis indicates
the time, expressed is seconds.

The time response data for Figure 6 is given in
Table 5. By examining the data in the table, it can
be noticed that active suspension has a shorter
rise time than passive suspension. To that, the

overshoot of the active suspension is slightly
greater than that of the passive suspension.
Further on, the active suspension has a much
shorter settling time in comparison with the
passive suspension. Finally, the active suspension
reaches within + 5% of the reference value in
approximately one-third of the settling time
obtained by the passive suspension. The passive
suspension oscillates excessively and, therefore,

it needs a longer settling time.
Active Susp.
——— Passive Susp.

15
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Figure 6. Sprung mass acceleration simulation under

continuous road disturbance

The RMS value can be calculated by multiplying
the peak-to-peak amplitude by 0.35355. According
to international standards such as UIC 515-1 and
TSI RST HS 232, high-speed trains typically use
a peak lateral acceleration threshold of 0.8g (7.85
m/s?) as a safety limit for detecting oscillation
instability. According to the Hunting Stability
Criterion, the acceleration of the vehicle body in
high-speed trains should not frequently exceed 0.8g
(Liang et al., 2024). Table 5 also shows the obtained
RMS values for the active and passive suspension,
which are in accordance with the UIC 515-1 and
TSI RST HS 232 standards. The acceleration
value for the active suspension is 5.67 m/s?, and
the acceleration value for the passive suspension
is 6 m/s? As such, the active suspension is safer
and more comfortable due to its lower acceleration.

Table 5. Time response data for the sprung mass
acceleration under continuous road disturbance

. l.(ise Overshoot Se?tling RMS
Suspension | time (mis?) time (mis?)
(s )
Active 0.491s | 12.52m/s* | 0.525s | 5.67 m/s?
Passive | 0.587s | 12.35m/s* | 1.673 s | 6.00 m/s?

Further on, the suspension travel simulation under
continuous road disturbance is represented in
Figure 7.
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Figure 7. Suspension travel simulation under

continuous road disturbance

The time response data for Figure 7 is included in
Table 6. As regards the rise time in the simulation,
the active suspension appears to have a longer rise
time than the passive suspension. As the overshoot
is concerned, the active suspension has a higher
overshoot. However, when examining the settling
time, it is clear that the active suspension has a
much shorter settling time: the active suspension
has a settling time of 0.815 s, while the passive
suspension has a longer settling time of 2.106 s
and oscillates for a longer period.

Table 6. Time response data for the suspension travel
under continuous road disturbance

. N Overshoot | Settling time
Suspension | Rise time (s
P © (m) (s)
Active 0.309 s 0.0827 m 0.815s
Passive 0.277 s 0.0817 m 2.106 s

The wheel deflection simulation under continuous
road disturbance is illustrated in Figure 8. The red
line in the graph represents the wheel deflection
of the active suspension, while the dashed blue
line represents the wheel deflection of the passive
suspension. The vertical axis represents the wheel
deflection expressed in meters, and the horizontal
axis represents time expressed in seconds.
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Figure 8. Wheel deflection simulation under
continuous road disturbance

The time response data for wheel deflection
under continuous road disturbance is rendered in
Table 7. For the wheel deflection simulation, the
rise times of the two suspensions are the same.
While the overshoot values are very similar, the
active suspension overshoots 0.0003 m more than
the passive suspension. The active suspension’s
settling time is 0.52 s, while the passive
suspension’s settling time is 1.317 s. The active
suspension reaches within & 5% of the reference
value in 40% of the passive suspension’s settling
time, exhibiting lower oscillations.

Table 7. Time response data for the wheel deflection
under continuous road disturbance

. s Overshoot | Settling time
Suspension | Rise time (s
P O] m s)
Active 0.152 s 0.0424 m 0.52s
Passive 0.152s 0.0421 m 1.317 s

The time response for body displacements for
the passive suspension under continuous road
disturbance is presented in Figure 9. The red
line in the graph represents the sprung mass, the
blue line symbolizes the unsprung mass, and the
green line represents the track profile. The body
displacements for the passive suspension are

expressed in meters, and the time in seconds.
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Figure 9. Body displacements for the passive
suspension under continuous road disturbance

The time response data for Figure 9 is given in Table 8.
By analyzing the data in Table 8 it can be noted
that the sprung mass has a longer rise time than the
unsprung mass. The sprung mass also exhibits a
higher overshoot and takes longer to settle.

Table 8. Body displacements for the passive
suspension under continuous road disturbance

Body Rise time | Overshoot | Settling time
displacement (s) (m) (s)
Sprung mass 0.272s 0.163 m 2.09s
Unsprung mass | 0.145s 0.110 m 091s

ICI Bucharest © Copyright 2012-2025. All rights reserved



60 Mehmet Karahan

The time response for body displacements for
the active suspension under continuous road
disturbance is presented in Figure 10. The red
line in the graph represents the sprung mass,
the blue line represents the unsprung mass, and
the green line represents the track profile. The
body displacements for the active suspension is
expressed in meters, and the time in seconds.
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Figure 10. Body displacements for the active
suspension under continuous road disturbance

The time response data for the simulation related
to body displacements for the sprung mass and
unsprung mass of the active suspension is given
in Table 9. By analyzing the data in Table 9, it
can be noted that the rise time of the sprung mass
is twice the rise time of the unsprung mass. The
overshoot value of the sprung mass is also higher
than the overshoot value of the unsprung mass.
Further on, the settling time of the sprung mass
is approximately twice the settling time of the
unsprung mass.

Table 9. Body displacements for the active
suspension under continuous road disturbance

Body Rise time | Overshoot | Settling time
displacement (s) (m) (s)
Sprung mass 0.290 s 0.124 m 0.841 s
Unsprung mass | 0.145 s 0.108 m 0.456 s

By comparing the body displacement data for
the active suspension in Table 9 with the body
displacement data for the passive suspension
in Table 8, the results are as follows. The body
displacement of the sprung mass in the active
suspension has a longer rise time than the body
displacement of the sprung mass in the passive
suspension. As the rise time of the unsprung
masses is concerned, it is the same for both
suspension systems. Further on, for the active

suspension, the overshoot values of both the
sprung and unsprung masses are lower than
those in the passive suspension system. Finally,
the settling time values for both the sprung
and unsprung masses in the active suspension
are significantly lower than those in the
passive suspension.

It is clear that the body displacement overshoot
values and settling time values for the active
suspension are lower than those in the passive
suspension. This demonstrates that the active
suspension offers a more comfortable and
stable journey.

4.2 Simulations Under Parameter
Uncertainty and Continuous
Road Disturbance

In this section, simulations were repeated by
applying a +20% parameter uncertainty to the M,
M_,K,K ,B,and B values. The actuator force
simulation for the active suspension performed
under parameter uncertainty and continuous road
disturbance is given in Figure 11.
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Figure 11. Actuator force simulation under parameter
uncertainty and continuous road disturbance

The time response data for the actuator force
under parameter uncertainty and continuous road
disturbance is included in Table 10.

Table 10. Time response data for the actuator force
of the active suspension under parameter uncertainty
and continuous road disturbance

Time response Value
Rise time 047 s
Overshoot 15952 N

Settling time 1.073 s
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By examining the data in Table 10, it can be seen
that the rise time has been slightly extended due
to the effect of parameter uncertainty. There is also
a slight increase in the value of the overshoot and
settling time.

Figure 12 shows the sprung mass acceleration
simulation under parameter uncertainty and

continuous road disturbance.
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Figure 12. Sprung mass acceleration simulation

under parameter uncertainty and
continuous road disturbance

Table 11 includes the time response data for
the sprung mass acceleration simulation under
parameter uncertainty. The active suspension
under parameter uncertainty features a longer rise
time, a lower overshoot, a longer settling time,
and a lower RMS value in comparison with the
active suspension under normal conditions. The
applied parameter uncertainty led to longer but
smoother responses for the active suspension.
The time response data for the passive suspension
under parameter uncertainty and continuous
road disturbance is the same as in the previous
simulation, which did not involve parameter
uncertainty. Since the passive suspension is not
adaptable to parameter uncertainty, its responses
were identical.

Table 11. Time response data for the sprung mass
acceleration under parameter uncertainty and
continuous road disturbance

. l.lise Overshoot Se?tling RMS
Suspension | time (m/s?) time (m/s?)
(s) (s)
Active 0.508 s | 12.36 m/s* | 0.815s | 5.62m/s?
Passive 0.587s | 12.35m/s* | 1.673 s | 6.00 m/s?

Figure 13 illustrates the suspension travel
simulation under parameter uncertainty and
continuous road disturbance.
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Figure 13. Suspension travel simulation under
parameter uncertainty and continuous road disturbance

Table 12 renders the time response data for the
suspension travel simulation under parameter
uncertainty. In this case, the rise time for the
active suspension decreased by 0.04 seconds
in comparison with the previous simulation,
which did not involve parameter uncertainty.
The overshoot value decreased by 0.0005 m.
The settling time, however, increased by 0.104
seconds. With regard to the passive suspension,
under parameter uncertainty its rise time remained
the same as in the previous simulation, which did
not involve parameter uncertainty. The overshoot
value increased by 0.0012 m, while the settling
time decreased by 0.003 seconds.

Table 12. Time response data for the suspension
travel under parameter uncertainty and
continuous road disturbance

Rise time | Overshoot
Suspension Settling time (s
Active 0.305s 0.0832 m 0919s
Passive 0.277 s 0.0829 m 2.103s

Figure 14 gives the wheel deflection simulation
under parameter uncertainty and continuous

road disturbance.
Active Susp.
——— Passive Susp. h

0.05
0.03 - 1
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0.02 - B

3 1
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/.
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0
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0
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Figure 14. Wheel deflection simulation under
parameter uncertainty and continuous road disturbance

ICI Bucharest © Copyright 2012-2025. All rights reserved



62 Mehmet Karahan

Table 13 includes the time response data for the
wheel deflection under parameter uncertainty and
continuous road disturbance. Under parameter
uncertainty, the rise time and overshoot values
for the active suspension are the same as in
the previous simulation, which did not involve
parameter uncertainty, while the settling time is
0.24 seconds longer. With regard to the passive
suspension, under parameter uncertainty its rise
time and settling time remained the same in
comparison with the previous simulation, which
did not involve parameter uncertainty, but the
settling time has increased by 0.002 m.

Table 13. Time response data for the wheel deflection
under parameter uncertainty and
continuous road disturbance

Suspension Rise time | Overshoot | Settling time
) (m) (s)
Active 0.152's 0.0424 m 0.76 s
Passive 0.152s 0.0423 m 1.317s

Figure 15 depicts the body displacements for the
passive suspension under parameter uncertainty

and continuous road disturbance.
0.2

—— Sprung mass body

o5l Q Track profile
0.1 [\

Unsprung mass body
N\
v v

0.05

Body Disp. for the Passive Susp. (m)

0.1 | I | I

Time (s)

Figure 15. Body displacements for the passive
suspension under parameter uncertainty and
continuous road disturbance

Table 14 shows the time response of the body
displacements for the passive suspension under
parameter uncertainty and continuous road
disturbance. In this case, the rise time, overshoot,
and settling time values for the sprung mass and
unsprung mass body displacements for the passive
suspension are the same as in the previous simulation,
which did not involve parameter uncertainty. Due to
the simple structure of the passive suspension and its
inability to adapt to track excitations and different
operating modes, it is normal for it to exhibit the
same responses under parameter uncertainty and
continuous road disturbance.

Table 14. Body displacements for the passive
suspension under parameter uncertainty and
continuous road disturbance

Body Rise time | Overshoot | Settling time
displacement (s) (m) (s)
Sprung mass 0.272s 0.163 m 2.09s
Unsprung mass | 0.145 s 0.110 m 091s

Figure 16 shows the body displacements for the
active suspension under parameter uncertainty and
continuous road disturbance.
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Figure 16. Body displacements for the active
suspension under parameter uncertainty and
continuous road disturbance

Table 15 renders the time response of the sprung
mass body displacements for the active suspension
under parameter uncertainty and continuous road
disturbance. In this case, it can be noticed that
the rise time is shorter by 0.002 s, the overshoot is
higher by 0.004 m, and the settling time is longer by
0.075 s in comparison with the previous simulation,
which did not involve parameter uncertainty. So,
due to parameter uncertainty, a faster rise time,
a higher overshoot value, and a longer settling
time are noted. However, since the increments are
small, there is no significant change that would
affect passenger comfort. Further on, as regards the
unsprung mass body displacement simulation for
the active suspension under parameter uncertainty,
it is observed that the rise time and overshoot
remain the same, while the settling time increases
by 0.016 s. So, it can be said that the unsprung
mass is less affected by parameter uncertainty.

Table 15. Body displacements for the active
suspension under parameter uncertainty and
continuous road disturbance

Body Rise time | Overshoot | Settling time
displacement (s) (m) (s)
Sprung mass 0.288 s 0.128 m 0.916 s
Unsprung mass | 0.145 s 0.108 m 0.472 s
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5. Conclusion

This research was conducted for modelling of
an active suspension system and designing an
LQR controller for a high-speed train under
continuous road disturbance and a +20% parameter
uncertainty. Comparative simulations were carried
out for proving the advantages of the proposed
active suspension over the conventional passive
suspension, involving sprung mass acceleration,
suspension travel, wheel deflection, and body
displacement. Time response data was obtained
for both suspension systems. It was noted that
the active suspension with an LQR controller
achieved a significantly shorter settling time
and featured significantly lower oscillations in
comparison with the passive suspension. Also,
the obtained RMS values for both the active and
passive suspensions comply with international
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