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Abstract:

This paper presents an online condition monitoring strategy for vehicle suspension systems, focusing
on the influence of tire pressure at each wheel. The Stochastic Subspace Identification (SSI) method is
employed to extract key modal parameters of a full vehicle model, including natural frequencies,
damping ratios, and mode shapes. A seven-degree-of-freedom (7-DOF) vehicle model is developed in
MATLAB, where vertical acceleration signals measured at the four corners of the vehicle body serve as
inputs to the SSI algorithm. Common suspension faults are simulated, particularly tyre under-inflation,
by reducing nominal tire pressure by 10%, 20%, 30%, and 40% at individual wheels. Fault detection is
achieved by monitoring variations in modal energy, especially those related to bounce and pitch
motions. The results indicate that, tyre pressure changes significantly influence the distribution of modal
energy within the system. Experimental vibration data under varying pressure conditions further validate
the effectiveness and accuracy of the proposed method for early fault detection and suspension
condition monitoring.

Keywords: Stochastic Subspace Identification (SSI); Vehicle Suspension Condition Monitoring; Tire
Pressure Fault Detection; 7-DOF Vehicle Dynamics Model; Modal Energy Analysis.
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Nomenclature:

- myg : Vehicle body mass or (sprung mass).

- my : Front suspension mass or (unsprang mass).

- m,, : Rear suspension mass or (unsprang mass).

- kg, Kk, : Stiffness of front and rear spring.

- Kky, kt: Stiffness of front and rear vehicle tyres.

- ¢ ¢, . Front and rear damper coefficient.

- Zut, Zuz, Zy3, Zye . Velocity of each wheel.

- 14, 1, : Distance from front and rear wheel to the vehicle center.

- wg, w; : Front and rear vehicle width.

- Z, . Acceleration of the vehicle body.
Zs1 , Zs , Zs3 , Zg4. Displacement of the vehicle body at each wheel.
Zy1, Zu2, Zu3, Zua - Displacement of each wheel.

- Z4,Zs, 743, Zg, - Velocity of the vehicle body at each wheel

Introduction:

Inadequate tyre inflation pressure plays a crucial role in affecting vehicle performance, including
stability, ride comfort, and braking efficiency, and can also contribute to higher fuel consumption and
faster tyre degradation [1][2]. Furthermore, tyre pressure has a direct influence on energy usage and
environmental sustainability. The World Energy Outlook (2006) [3] highlights that road transportation
represents a major contributor to global energy demand and carbon dioxide (CO,) emissions. It is
estimated that nearly 20% of a vehicle’s fuel consumption is used to overcome tyre rolling resistance,
underscoring the importance of tyres in overall efficiency. When tyres are under-inflated, rolling
resistance increases, which in turn leads to greater fuel usage. Findings from the International Energy
Agency Tyre Workshop (2005) [4] reveal that, in practical driving conditions, tyres are frequently under-
inflated by approximately 0.2—0.4 bar in passenger vehicles and about 0.5 bar in heavy-duty trucks.
Such deviations can result in an increase in energy consumption and CO, emissions of around 1-2%
for passenger vehicles and approximately 1% for trucks [5].

The effect of tyre pressure on vehicle dynamics has been widely explored in the literature. For
example, Al-Solihat et al. [6] analysed how variations in tyre pressure influence both steady state and
transient handling characteristics of an urban bus using a three-dimensional vehicle model. Their
findings indicated that tyre pressure significantly alters handling performance under different driving
conditions. Similarly, Rievaj et al. [7] investigated the link between tyre pressure and braking
performance, suggesting that reduced tyre pressure may lead to shorter stopping distances. In another
contribution, Persson and Gustafsson [8] introduced an indirect tyre pressure monitoring approach
based on vibration analysis and wheel radius estimation, capable of identifying pressure losses greater
than 15% within a short time frame. Additionally, Weispfenning [9] proposed a method based on spectral
analysis to estimate tyre stiffness and detect pressure changes, demonstrating that vertical wheel
acceleration signals alone can provide reliable pressure monitoring.

Extensive research has also been conducted on modelling and evaluating vehicle suspension
systems. Faheem [10] developed mathematical representations of both quarter-car (2-DOF) and half-
car (4-DOF) models. Rao [11] presented a semi-active quarter-car model with three degrees of freedom
to assess skyhook control techniques. Esslaminasa et al. [12] designed a semi-active twin-tube damper
model within a quarter-car framework. Darus [13] utilised a state-space formulation in MATLAB to
simulate both quarter car and full-vehicle systems. Metallidis [14] applied statistical system identification
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techniques for parameter estimation and fault diagnosis in nonlinear suspension systems, while Kashi
[15] employed model-based strategies to achieve reliable fault detection and isolation in automotive
control systems.

Additional studies have focused on suspension behaviour in relation to ride comfort and handling
performance. Agharkakli et al. [16] developed models for both passive and active suspension systems
in a quarter-car configuration. Ikenaga et al. [17] proposed an active suspension control strategy based
on a full-vehicle model aimed at improving ride quality and road holding capability. Furthermore, Lu et
al. [18] examined the effect of vehicle speed on vibration characteristics, demonstrating that root mean
square (RMS) acceleration is highly sensitive to speed at lower ranges but becomes less influenced as
speed increases.

Despite the well-established importance of tyre pressure in vehicle dynamics, most previous studies
have concentrated on aspects such as ride comfort, safety, and fuel economy. However, limited
attention has been given to the impact of tyre pressure variations on modal energy characteristics,
particularly in the context of detecting suspension faults.

To bridge this gap, the present study introduces an online condition monitoring framework for vehicle
suspension systems using the Stochastic Subspace ldentification (SSI) technique. The proposed
method evaluates how variations in tyre pressure influence vehicle dynamic behaviour through changes
in modal energy. Suspension faults are simulated in MATLAB using a seven-degree-of-freedom (7-
DOF) full vehicle model by reducing tyre pressure at individual wheels relative to nominal values. These
faults are detected by analysing changes in modal energy, with a particular focus on bounce and pitch
modes. The validity of the proposed approach is further confirmed through experimental investigations
using real measured data.

Suspension System Model and Dynamics:

The mathematical model adopted in this work is based on Ref. [19], with several enhancements
introduced to improve its fidelity and ability to represent real vehicle behaviour. Notably, tyre damping
has been included to provide a more accurate description of the interaction between the tyres and the
road surface. The equations of motion corresponding to each degree of freedom were formulated
separately and then combined to obtain a fully coupled set of governing equations describing the
dynamics of the vehicle body, as detailed in Hamed et al. [20]. The full-vehicle model configuration
employed in this study is illustrated in Figure 1.

Zs4 J‘ Lo

‘ . Pitch axis wr/2 /JW
p—

e

Zu4a

Zra
Figure (1): Full Vehicle Models

Equation of motion for bouncing of sprung mass:
mgZs = K (Zy1 — Zs1) + Ke (Zyz — Zs2) + Ky (Zyz — Zs3) + Ky (Zus — Zsa) + ¢ (Zy1 — Zg1) +
Cr (Zuz - Z52) + Cr (iu3 - Ze?) + Cr (2u4 - z54) (1)
For pitching moment of inertia of sprung mass:
Ipé = Kely (Zy1 — Zs1) + Keli (Zoz — Zs2) — ke 1(Zuz — Zs3) — ke (Zua — Za) + cely (Zyg — 261) +

el (Zuz — Zs2) — Cr 12 (Zuz — Zs3) — € 1p(Zua —  Zs4) (2)
For rolling motion of the sprung mass:
. k k, . .
Lo = fTWf(Zu —Zg) — f_Wf (Zuz — Zs2) + (Zu3 Zg3) — (Zu4 Zgy) t+ % (Zu1 — Zs1) —
% (Zuz — Zs2) o (Zu3 Zg3) — (Zu4 Zs4) (3
For each wheel motion in vertlcal dlrectlon.
myy ?u1 = —K¢ (Zy1 — Zs1) — C¢ (?u1 —Zg1) + Kee (Zeg — Zy1) + th(?m - ?u1) 4)
my¢ Z.uz = —K¢ (Zyz — Zs2) — C¢ (Z_uz - Z'sz) + ke (Zrz — Zy2) + th(Z.rZ - Z}12) )
my, Zys = —Kkp (Zuz — Zs3) — ¢ (Zuz — Zs3) + K (Zr3 — Zy3) + ctr(Zes — Zy3) (6)
MmMyr Zu4— - k (Zu4- Zs4) - Cr(2u4 - 254) + ktr (ZM - Zu4—) + Ctr(2r4 - Zu4) (7)
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The vertical displacements at the four corners of the vehicle’s sprung mass (1, 2, 3, and 4 shown in
Fig. 1), located directly above the corresponding unsprung masses, can be expressed as follows:

Zs1 =7s— L1064+ (wf/ 2)eo (8)
Zs2 =7s —L16 — (wf / 2)¢o (9)
7Zs3 =7Zs + L2060 + (wr / 2)o (20)
Zs4 =7s+ L2060 — (wr / 2)@ (12)

The variables used in the model equations were defined and summarized in the nomenclature
section, along with the suspension system parameters. An exception was made for the tyre damping
coefficients associated with different inflation pressures, which were adopted from Ref. [19]. In addition,
certain variables were adjusted to align with the specifications of the experimental vehicle used in this
study.

The system dynamics were represented in state-space form, as described in a previous study
conducted by the first author and co-authors [20]. To simulate the state-space model, a program was
developed using MATLAB to generate and analyse the system matrices. The vehicle parameters and
their corresponding values are presented in Table (1).

Table (1): Vehicle parameters and their corresponding values.

Parameters Symbol | Value Unit
Mass of the vehicle mg 1480 Kg
Front mass my¢ 40.5 Kg
Rear mass my, 40.5 Kg
Stiffness of front suspension k¢ 21500 N/m
Stiffness of rear suspension Kk, 19500 N/m
Coefficient of front shock absorber Cr 1400 N.s/m
Coefficient of rear shock absorber Cr 1400 N.s/m
Front tyre stiffness K 190900 N/m
Rear tyre stiffness Ky 190900 | N/m
Pitching moment inertia of the vehicle I, 360 Kg m?
Rolling moment inertia of the vehicle I 2200 Kg m?
Distance from the CG of the car to front axle 1y 1.4 m
Distance from the CG to the rear axle 1, 1.4 m
Half width of the front axle Ws 0.7 m
Half width of the rear axle Wy 0.7 m

Subspace-Based System Identification for Suspension System:

Previous studies by Dong et al. [19] and Hamed et al. [20] have provided comprehensive
explanations of subspace identification techniques and their mathematical formulations. Dong et al. [19]
estimated a vehicle’s modal properties and mass moments of inertia by analysing acceleration data
from both sprung and unsprung masses using subspace-based methods. Their research compared two
strategies: one incorporating both input and output data, and another based solely on output
measurements, with particular attention to highly damped modes. The results showed that, at lower
vehicle speeds, employing unsprung mass accelerations as inputs leads to more accurate identification
than using road-tyre interaction forces. Additionally, the study highlighted that real-time estimation of
vehicle parameters is achievable through the analysis of roll and yaw motions.

In a related study, Hamed et al. [20] focused on detecting suspension faults by modelling different
levels of damper degradation (25%, 50%, and 80%) within a nonlinear full-vehicle framework. They
applied the Stochastic Subspace Identification (SSI) approach to acceleration data of the sprung mass
to identify bounce, pitch, and roll modes without relying on tyre force inputs. Their findings demonstrated
high accuracy in estimating natural frequencies, while damping ratio estimates showed some variability.
Overall, the results support the effectiveness of SSI methods for identifying suspension characteristics
and diagnosing faults.

Experimental Investigation:

The test vehicle used in this study is a Vauxhall Zafira, a five-door multi-purpose vehicle (MPV) with
a front-wheel-drive (FWD) configuration. It has an overall length of 4317 mm, a width of 1742 mm, and
a height of 1634 mm, with a wheelbase of 2694 mm. The curb weight of the vehicle is approximately
1448 kg. To replicate realistic operating conditions during the experimental work, an additional load
equivalent to two persons (approximately 150 kg) was added to the total vehicle weight.
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The experimental study was then carried out to measure the accelerations at the four corners of the
vehicle. Four vibration sensors were installed and connected to a four-channel data acquisition system,
as illustrated in Figure (2).

4- Channels Data
Acquisition System
Figure (2): Measurement System Devices

(4) Amplifiers

Laptop Computer

(4) Accelerometers

Vibration measurements were performed using four piezoelectric accelerometers (model CA-YD-
104T). The sensors have sensitivities of 3.243, 3.77, 3.573, and 3.64 pc/ms~2, respectively. Each sensor
operates within a frequency range of 0.5-7000 Hz, ensuring adequate coverage of the vehicle’s
dynamic response. In addition, the sensors are designed to operate within a temperature range of —20
to 120 °C, making them suitable for the experimental conditions.

Results and Discussion:

Results of Subspace Identification for the 7-DOF Vehicle Model:

In the simulation study, the outputs of the 7-DOF vehicle model (specifically the body motions at the four
vehicle corners) were used as input data for the SSI model. The identified modal parameters, including
natural frequencies, damping ratios, and mode shapes, were then evaluated by comparing them with the
corresponding results of the original 7-DOF system. Based on this comparison, the extracted parameters
are suitable for use in online suspension condition monitoring. The natural frequencies f, and damping
ratios ¢; for the 7-DOF vehicle model were presented in Table 2.

Table (2): Undamped natural frequency f,, and damping ratio {; for the 7-DOF vehicle model.

Mode 1(bounce) 2(pitch) 3(roll) 4(fl-w) 5(fr-w) 6(rl-w) 7(rr-w)
f, (Hz) 1.0793 1.294 1.595 10.840 10.840 11.532 11.532
g 0.212 0.2474 0.3079 0.2314 0.232 0.2438 0.2439

Figure 3 illustrates the frequency response and corresponding mode shapes of the vehicle body for
bounce, pitch, and roll motions under baseline conditions (i.e., without any change in tyre inflation
pressure). The bounce mode occurs at a natural frequency of approximately 1.043 Hz with a damping
ratio of 20.21%, and its mode shape is characterized primarily by vertical translational motion of the
vehicle body.

The pitch mode is observed at a natural frequency of approximately 1.285 Hz and a damping ratio
of 24.37%. Its mode shape represents rotational motion about the vehicle’s lateral axis, where the front
and rear sections move vertically in opposite directions. The roll mode is observed at a natural
frequency of approximately 1.587 Hz with a damping ratio of 30.32%. Its mode shape reflects rotation
about the longitudinal axis, which is orthogonal to the pitch motion. Compared with bounce and pitch,
the roll mode exhibits both a higher natural frequency and damping ratio, indicating a stronger
contribution of lateral rotational dynamics to the overall vehicle response in the simulation.

Frequency Response of Vehicle Body
0.8 T T T T T

Amplitude

02T ey

0 i i i i H 1 i 1
0 0.5 1 1.5 2 25 3 3.5 4
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1.285Hz, 24.37% 1.587Hz, 30.32%

eIl N, 0
: i
4 4
- -0.5
1 Pitch 1 Roll

-1
Figure (3): Frequency response and mode shapes of the bounce pitch and roll mode.
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Tyre Pressure Change Results:

In the simulation study, suspension faults were introduced by varying tyre inflation pressure under
some operating conditions: the nominal pressure (2.2 bar) and cases where the front-left tyre was
under-inflated by 10%, 20%, 30% and 40% relative to the standard value. Figure 4 presents the
corresponding variations in natural frequency, damping ratio, and mode shapes for the bounce and
pitch modes under these conditions.

The results indicate that the natural frequencies of all three modes, bounce, pitch and roll, decrease
progressively as the front-left tyre pressure is reduced by 10%, 20%, and 30%. and 40% Similarly, the
damping ratios exhibit a decreasing trend with increasing levels of under-inflation. In contrast, the mode
shapes show a gradual increase in their response magnitude under the same fault conditions, reflecting
a growing alteration in the dynamic behavior of the system as tyre pressure decreases.

F-L Tyre F-R Tyre

. 20 20 20 20
—— B-Front Rolling —+— P-Front Rolling —— B-Front Ralling

e A X e D -
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Figure (4): Variation of natural frequency, damping ratio, and mode shapes for bounce and pitch
across a range of tyre pressures.

Experimental Results using Stochastic Subspace Identification Methods:

The primary objective of the experiment was to acquire the vibration (acceleration) response of the
vehicle body at its four corners, enabling a detailed assessment of the influence of tyre under-inflation
on the bounce, pitch, and roll dynamics of the vehicle. The tests were conducted under different
conditions: the nominal pressure of 2.2 bar, and cases in which the front-left tyre was under-inflated by
10%, 20%, 30% and 40% relative to the standard value. All measurements were carried out at a
constant vehicle speed of approximately 40 km/h.

Figure 5 presents the mode selection based on the frequency-to-order ratio for three conditions: the
baseline case (2.2 bar, top plot), 20% under-inflation (middle plot), and 30% under-inflation (bottom
plot) of the front-left tyre. The results show a slight reduction in the low-frequency range associated with
the vehicle body dynamics (approximately 1-3 Hz) as tyre pressure decreases to 20% and 30% under-
inflation, respectively.

Selecting modes by the rate of the frequency over orders for BS

LWL £

0 8 9 10

Frequencyi{Hz)
Selecting modes by the rate of the frequency over orders for FL16Bar
1 T T T
h&? FF T BT
+ L Al
= 0sf K .
L i AAK L A
0 1 2 3 4 5 6 7 8 9 10

Frequencyi{Hz)
Selecting modes by the rate of the frequency over orders for FL1bar

1 T T T T
[y o &=
an A h,ﬂ AL
3 4 5 6 7 g
Frequency(Hz)

Figure (5): Mode selection based on frequency variation across orders for the baseline case (2.2 bar)
and front-left wheel under-inflation cases (1.6 bar and 1.0 bar)..
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Figure 6 presents the vehicle body mode shapes together with the corresponding vibration energy
distribution. It can be observed that the dominant responses in most test cases are associated with
bounce and pitch motions. In contrast, roll motion does not appear as a clearly isolated mode and, in
several cases, is coupled with pitch motion, making it difficult to distinguish as an independent dynamic
response.

This behavior suggests that inward roll is present when the roll axis is positioned above the vehicle
center of gravity (CG), which does not adversely affect vehicle stability. According to the definition
provided by the Society of Automotive Engineers (SAE), the roll center is the point at which a lateral
force can be applied without inducing body roll. Consequently, if the roll center coincides with the center
of gravity, no body roll would occur under lateral loading conditions.

1.6744Hz, 15.08% 1.9921Hz, 16.44%

-0.00272
-0.054

1.5568Hz, 16.23% 1.9171Hz, 21.97%

-0138
-0.042

1.5153Hz, 17.87% 1.987THz, 17.14% 0.4

-0.408
-0.0297

Figure (6): Mode shapes of the vehicle body

Figure 7 shows the variation of modal energy for the front and rear rolling modes of the vehicle body
under different tyre pressure conditions. The results indicate that the front rolling mode, with a frequency
of 1.67 Hz and a damping ratio of 15.1%, remains essentially unchanged under baseline conditions and
for tyre pressure reductions of 0% to 10%. However, when the front left tyre is under-inflated by 20% to
40%, the modal energy of the front rolling mode increases to approximately 0.2%. In this case, the
natural frequency decreases slightly to 1.6 Hz, while the damping ratio increases to 16.2%. For further
under-inflation in the range of 45% to 65%, the modal energy continues to rise, reaching about 0.4%,
accompanied by a further reduction in frequency to 15.2 Hz. In contrast, the modal energy of the rear
rolling mode remains unaffected throughout all tests, as no pressure changes were applied to the rear
tyres.
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Figure (7): modal energy differences verses tyre pressure changes for front and rear rolling mode

Conclusion:

This study presented the application of Stochastic Subspace Identification (SSI) techniques for
estimating vehicle modal parameters, including natural frequencies, damping ratios, and mode shapes,
based on experimental output data and MATLAB simulations of a seven-degree-of-freedom (7-DOF)

119 | North African Journal of Scientific Publishing (NAJSP)



full vehicle model. The effect of tyre inflation pressure variations on the vehicle’s modal behavior was
also investigated.

The simulation results indicate that reducing tyre pressure leads to a decrease in the natural

frequencies associated with the vehicle body’s bounce, pitch, and roll modes. Moreover, under-inflated
tyres were found to lower the damping ratios of these vibration modes. Variations in tyre pressure were
also observed to affect the corresponding mode shapes. The SSl-based modelling approach showed
strong capability in estimating the vehicle’s modal properties, providing a reliable basis for the
development of online condition monitoring systems for automotive suspension applications.
Experimental results obtained from the test vehicle followed similar trends and were in good agreement
with the simulation outcomes.
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