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Abstract

Truck drivers are constantly exposed to undesirable vibrations caused by uneven road surfaces,
especially in long-distance transportation. In addition to being at risk of repetitive motion injuries,
drivers also suffer from fatigue, which in turn becomes a potential safety issue. As a way to resolve the
issue, a truck is usually equipped with two suspension systems, namely the primary suspension and the
secondary (cabin) suspension, in which the cabin suspension mainly acts as a vibration isolation system
between the cabin and the rest of the vehicle. Different techniques have been applied to the cabin
suspension to improve ride quality, stability, and safety. In most commercial vehicles, conventional
passive suspensions are used that contain passive springs and dampers with fixed stiffness and damping
properties. Nowadays, adaptive suspension systems are developed to further improve ride quality by
dynamically controlling damping characteristics. Besides, interconnected suspension systems have
been introduced to enhance the roll stability of the sprung mass and provide better handling and ride
quality simultaneously. As a result, this study aims to improve truck drivers’ ride comfort and stability
by developing semi-active and interconnected suspension systems. A semi-active cabin suspension
system is developed based on different multi-objective optimal control approaches to attenuate the
vertical, roll, and pitch vibrations transmitted to the cabin. The Model Predictive Control (MPC) is
chosen as the benchmark because of its superior performance in handling constraints and prediction,
although its high computational costs make it difficult to be implemented in suspension applications.
To solve this issue, a novel integrated Skyhook-LQR (Linear Quadratic Regulator) control approach is
introduced to take advantage of both Skyhook and LQR while its computational cost is low enough for
real-time implementation in suspension control tasks. In addition, two gain-adaptive algorithms are
proposed to intelligently adjust the control gains according to the disturbance inputs and/or vehicle
states based on onboard sensor measurements. Two novel interconnected suspension systems are
designed to minimize the harsh rotational motions during braking or turning maneuvers, namely AlS-
ARS and AIS-ARPS. Both configurations have adaptive damping and adjustable rotational stiffness
characteristics, which provide excellent vibration attenuation and attitude control performances. All the
proposed suspension systems and their mathematical models are examined and validated through

laboratory experiments and co-simulations between ADAMS/Car and MATLAB/Simulink.
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Chapter 1

Introduction

1.1 Motivations

Vehicle suspensions are an interface to isolate road irregularities and forces to the vehicle body that
greatly affect ride quality, handling, and roll stability. Compared to passenger cars, rollover accidents
in commercial vehicles cause more significant damages and injuries. In the U.S., there are more than
15,000 rollovers of commercial trucks each year [1], resulting in severe accidents and economic losses.
Vehicle rollovers occur during extreme cornering maneuvers that are known as untripped rollovers. On
the other hand, driving on off-road surfaces, even at low speeds, might result in a rollover due to the
high center of gravity (CG) and heavy load, which is called a tripped rollover. Besides, an out-of-control
heavy vehicle poses severe hazards and injuries to its operator, other cars, and pedestrians. Hence, the
roll stability requirements of heavy vehicles are much stricter than passenger cars. Many studies have
been conducted to solve this issue. In general, there are seven main factors affect the commercial
vehicle’s roll stability, i.e., vehicle mass, the height of the CG location, the height of the vehicle roll
center, suspension roll stiffness, effective track width, tire characteristics, and frame flexibility.
However, a transportation vehicle has much less control over CG location or roll center height. In
addition, the vehicle track width is usually determined by the relevant national standards and
regulations, and changes are impractical. Thus, the suspension roll stiffness and tire characteristics are
possible means to improve the roll stability of a heavy vehicle. Between these two, the suspension roll

stiffness is more vital for maintaining the vehicle roll stability.

The vibration attenuation ability is another critical requirement for heavy trucks. It benefits both ride
comfort and cargo transportation. Compared to a passenger car, a truck usually has two suspension
systems, the primary and the secondary (cabin) suspensions. The cabin suspension mainly acts as a
vibration isolation system between the cabin and the rest of the vehicle. It is designed to improve ride

guality by minimizing undesired vibrations without compromising stability and handling performance.

Overall, developing reliable suspension systems is a crucial task in the automotive industry, by which
vehicle stability, ride quality, and safety can be guaranteed. In this study, the roll stability of a heavy
truck is investigated because of its high CG location and huge loads. An adaptive interconnected
suspension with adjustable roll stiffness (AIS-ARS) is developed, which has excellent potential to

enhance trucks’ roll stability and improve the threshold of rollover. Technically, the interconnected

1



topology provides a nonlinear roll stiffness characteristic. In other words, the suspension roll stiffness
increases with the suspension’s relative roll angle. Meanwhile, the adjustable roll stiffness allows users
to easily change the suspension roll stiffness according to driver preferences, load, vehicle model, etc.
Also, it can be conveniently tuned to fit different vehicle models and applications. Besides, the adaptive

damping functionality provides outstanding vibration attenuation performance to avoid cargo damage.

In addition, the key to improving ride quality and lessening motion injuries is to minimize the
magnitude of undesired vibrations by refining the cabin suspension system. One of the main approaches
is to equip the cabin with a semi-active suspension, in which the damping characteristic is controllable
in real-time. A novel coordinated suspension control strategy, integrated Skyhook-LQR, is introduced
in this study. As the name implies, this approach takes advantage of both Skyhook and LQR (Linear
Quadratic Regulator) to improve the cabin’s ride quality in vertical, roll, and pitch directions
simultaneously. Considering that it is impossible to have only one set of weightings/gains to achieve
optimum performance under various disturbances, two gain-adaptive algorithms (disturbance-based
and state-based) are developed to further enhance the overall performance of the integrated Skyhook-
LQR. Technically, the gain-adaptive algorithms intelligently adjust the LQR’s weighting matrix
according to the measured disturbance inputs or vehicle states. One can choose the proper gain-adaptive
algorithm depending on the available onboard sensors. Note that these gain-adaptive algorithms can
also be used with other optimal control strategies. Furthermore, a novel adaptive interconnected
suspension with adjustable roll and pitch stiffness (AIS-ARPS) is introduced since the large roll and
pitch angles are another source of discomfort and instability during emergency braking, acceleration,
and cornering. As expected, the system enhances the suspension anti-roll and anti-pitch properties,

resulting in better cabin attitude and stability control.

All the approaches introduced above are examined through both simulation and experimental studies.
A scaled-down cabin prototype is designed and fabricated to evaluate the proposed adaptive damping
control algorithms. A horizontal hydro-pneumatic interconnected suspension prototype is designed and
assembled to examine the functionalities of the AIS-ARS and AIS-ARPS. Overall, the studies validate

the feasibility and effectiveness of the proposed approaches for both research and industrial uses.

1.2 Contributions

Aiming to improve the heavy truck’s ride quality and roll stability, the contributions of this work are

summarized as follows:



* A novel Skyhook-LQR coordinated suspension control strategy is introduced by taking advantage of
the Skyhook and Linear Quadratic Regulator (LQR) approaches, which significantly improves truck
cabin dynamics in vertical, roll, and pitch directions. Most importantly, it requires affordable
computational power for real-time implementation on automotive-grade microcontrollers.

» Two gain-adaptive algorithms are introduced that aim to further optimize the control performance of
the integrated Skyhook-LQR controller. Technically, the weighting matrix of the LQR algorithm is
intelligently adjusted according to the disturbances and/or vehicle states measured by the onboard
sensors. The integrated Skyhook-LQR coordinated controller, along with the gain-adaptive
algorithms, have been verified through experimental studies.

* Two hydro-pneumatic interconnected suspension systems are introduced. One is called adaptive
interconnected suspension with adjustable roll stiffness (AIS-ARS), while the other is called adaptive
interconnected suspension with adjustable roll and pitch stiffness (AIS-ARPS). The AIS-ARS is
implemented on the truck’s primary suspension to enhance roll stability, articulation, and vibration
attenuation. The AIS-ARPS is used on a cabin suspension to provide anti-roll and anti-pitch
properties and improve ride quality. The adaptive damping characteristic provides comfort ride
experience, while the adjustable stiffness functionality allows designers and users to customize the
suspension rotational stiffness. Moreover, the manufacturers can conveniently tune the suspension
stiffness properties for different vehicle types and applications and remove the heavy anti-roll bars.

The proposed adjustable roll/pitch stiffness technique has been experimentally tested and verified.

The outcomes from this study have been successfully transferred into patents and journal articles,

and more publications are undergoing. The achievements attained so far are listed as follows:

- Patents:

1. A hydro-pneumatic interconnected suspension with adaptive damping and adjustable roll stiffness
(filed)

2. A roll stiffness adjustment method for hydro-pneumatic interconnected suspensions (filed)

3. An active stiffness adjustment method for air springs (filed)

- Book:

1. Goodarzi, A., Lu, Y., & Amir Khajepour. (2023). Vehicle Suspension System Technology and
Design. Springer Nature. https://doi.org/10.1007-978-3-031-21804-0



Papers:

.Lu, Y., Khajepour, A., Soltani, A., Li, R., Zhen, R., Liu, Y., & Wang, M. (2023). Gain-adaptive
Skyhook-LQR: a coordinated controller for improving truck cabin dynamics. Control Engineering
Practice, 130, 105365.

. Lu, Y., Khajepour, A., Hajiloo, R., Korayem, A. H., & Zhang, R. (2023). A New Integrated
Skyhook-Linear Quadratic Regulator Coordinated Control Approach for Semi-Active Vehicle
Suspension Systems. Journal of Dynamic Systems, Measurement, and Control, 145(3), 034501.

. Lu, Y., Khajepour, A., Soltani, A., Wang, Y., Zhen, R., Liu, Y., & Li, G. (2022). Cab-Over-Engine
truck cabins: A mathematical model for dynamics, driver comfort, and suspension analysis and
control. Proceedings of the Institution of Mechanical Engineers, Part K: Journal of Multi-body
Dynamics, 14644193221141596.

. Lu, Y., Khajepour, A., Liu, Y., & Zhen, R. (2022). Adaptive cabin suspension systems of
commercial vehicles: a review of the state-of-art and future trends. International Journal of Heavy
Vehicle Systems, 29(1), 33-47.

. Lu, Y., Khajepour, A., & Soltani, A. (2022). A coordinated control system for truck cabin
suspension based on model predictive control. International Journal of Heavy Vehicle Systems,
29(5).

1.3 Outline

The rest of the thesis is organized as follows:

Chapter 2 reviews the commonly used cabin configurations and their mathematical models, various
adaptive suspension systems, vehicle state observers, and interconnected suspension systems

introduced in past studies.

Chapter 3 introduces the two control systems developed for a cabin semi-active suspension system:
MPC and integrated Skyhook-LQR, together with two gain-adaptive algorithms that can intelligently
adjust the control gains to further improve the overall suspension control performance. Meanwhile, the
mathematical model of the cabin-over-engine (COE) system is derived based on the Lagrangian

methodology considering the tilting mechanism. The model is used in the MPC control and simulations.

Chapter 4 demonstrates the simulation and experimental studies on state estimation, adaptive

damping control, and gain-adaptive techniques. Specifically, the experimental test rig and the co-

simulation between MATLAB/Simulink and ADAMS/Car are introduced in detail.

4



Chapter 5 introduces two novel hydro-pneumatic interconnected suspension systems, namely AlS-
ARS and AIS-ARPS, and the analysis of their mathematical modelling, adaptive damping, and

adjustable stiffness characteristics.

Chapter 6 examines the feasibility and performance of the proposed interconnected suspension

systems through simulation and experimental studies.

Chapter 7 concludes the results and contributions of this thesis. It also provides some suggestions for

future work.



Chapter 2

Literature Review

This chapter begins by reviewing vehicle suspension systems, truck cabin configurations, and their
associated mathematical models. Subsequently, various adaptive suspension systems and vehicle state
observers are discussed. Lastly, prior studies regarding interconnected suspension systems are
appraised.

2.1 Vehicle Adaptive Suspension Systems

The suspension is one of the critical systems in a vehicle. Generally, its fundamental requirements can

be concluded as follows [2]:

» Guarantee vehicle stability when doing turning maneuvers, braking, and accelerating;

* Provide comfort ride experience on various road roughness;

* Maintain proper vehicle posture;

* Avoid excessive suspension deflection that causes hard bump-stop;

With the rapid developments of automated driving, a train-like ride comfort level is required because
people expect to read, sleep, and drink/eat in autonomous cars [3]. However, the conventional passive
suspension design must compromise between two conflict objectives: ride comfort and handling
stability. Thus, active and semi-active suspension systems are developed to optimize suspension
performances. Active suspensions are fundamentally different from traditional suspension systems.
Technically, a conventional suspension stores energy in a spring and dissipates it via a shock absorber
whose damping characteristics are fixed. An active suspension can also store and dissipate energy, but
the shock absorbers are replaced with high-speed actuators. It can handle bumps and rough roads much
better by adjusting the actuator forces in real time. Fully active systems can control body motions (pitch,
roll, and bounce) and wheel hub motion over a wide range of frequencies (0 to 30 Hz). During the
1980s, few vehicles used active suspension technology, most of which were test vehicles from Lotus
and Volvo [4]. During the 1990s, the interest in active suspensions widely declined due to their cost,
complication, and high power consumption. To solve these issues, semi-active suspensions received a
lot of attention in the automotive industry. Nowadays, they are widely used in high-end cars. The main
working principle of a semi-active system is the damping control that provides a distinct advantage in

both ride quality and handling stability. This system includes adaptive shock absorbers as its main part,
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multiple sensors, such as height sensors and IMU, to detect road conditions and vehicle motions, and
an Electronic Control Unit (ECU) that controls the damping properties of the adaptive shock absorbers

to improve vehicle comfort and handling stability.

2.1.1 Passenger car adaptive suspension

Many control approaches have been applied to adaptive suspension systems of passenger cars, such as
Skyhook, Groundhook, LQR, Linear Quadratic Gaussian (LQG), Model Predictive Control (MPC),
Acceleration Driven Damping (ADD), Linear Parameter Varying (LPV), H,,, fuzzy logic, etc. This
section focuses on the adaptive damping control for improving ride comfort that can be implemented
in either passenger cars or commercial vehicles [5].

The Skyhook and Groundhook approaches were widely used in adaptive suspensions, and their
hybrid algorithms were introduced in some studies [6]. For example, Liu et al. [7] introduced a
generalized Skyhook-Groundhook (GenHook) hybrid strategy, in which the weighting coefficient of
Skyhook and Groundhook in impedance-based control was determined via the 95th percentile
aggregate fourth-power force. The simulation results demonstrated that the proposed controller could
significantly enhance ride comfort and maintain stability under different working conditions. Past
studies showed that Skyhook performed very well in minimizing the sprung mass’ vertical acceleration
around its resonance frequency but not in higher frequency ranges. However, the ADD approach has
complementary characteristics to Skyhook (SH), which is good at isolating the vibrations beyond the
sprung mass’ natural frequency. Thus, the combination of these two comfort-oriented control
algorithms was proposed in the literature, namely SH-ADD. It aimed to provide the quasi-optimal
performance of ride quality. A crossover frequency a was selected near the first-order resonance
frequency where SH and ADD were switched. In detail, the control algorithms of Skyhook, ADD, and
SH-ADD are presented as follows [8,9]:

o = {le-n, if2,(Zs —2,) <0
SH -_ . . . .
Crnaxr ifZ2,(Zs —2y) =0
c _ {Cmiru ifZ,(zg —7,) <0
ADD - . .. . .
Crnaxs ifZ,(Zg—2,) =0
CsH, if 72 —a%22 <0

CapD> if 72 —a?22 >0



Moreover, Nie et al. [10] developed a modified SH-ADD with a frequency selector for a semi-active
suspension to balance ride quality and road holding. The algorithm was validated through numerical
analysis and experiment on a quarter-car test rig, which validated that the proposed controller could
balance ride comfort and road holding around first- and second-order resonance frequencies. Besides,
it reduced the chattering of the sprung mass acceleration, which was a common issue of the ‘on-off’

control algorithms.

In addition, H, and H,, control approaches were frequently mentioned in past studies, which
included formal consideration of robustness with respect to model/parameter uncertainties [11].
Therefore, they were often referred to as robust controllers. Li et al. [12] developed an output feedback
based H,, controller for an active quarter car suspension system. It was designed to ensure the
asymptotic stability of the closed-loop system with H,, disturbance attenuation level and output
constraints, and to improve ride comfort and road holding. Moreover, Du et al. [13] implemented a H,,
optimal controller on a hydraulically interconnected suspension designed for three motion modes
(bounce, pitch, and roll) using a common quadratic Lyapunov function. Li et al. [14] introduced a state
feedback H, controller for a quarter-car active suspension system with an adjustable inerter, a spring,
and a damper in parallel. It aimed to improve ride quality, suspension deflection, and tire deflection
performance. In the simulation, the inerter tracked the desired control force generated by the state
feedback H, algorithm. The results demonstrated that the ride quality and tire deflection could be
optimized with slight deterioration of the unsprung mass’ natural frequency, and the suspension

deflection was improved at high frequencies.

Some novel strategies were also introduced. For example, Zheng et al. [15] developed a novel
framework of cloud-aided nonlinear active full car suspension, in which the backstepping control
strategy was employed to handle the nonlinear characteristics updated in a remote cloud. The control
reference was chosen based on the suspension aggregate information and road conditions, by which the
control algorithm was processed on the central computational server. The uncertain parameters and
unmodeled dynamics were dealt with by an adaptive algorithm. The simulation based on a 7 DOFs full
car model demonstrated that the proposed strategy improved ride comfort by more than 80% compared
to the passive suspension. Besides, Tang et al. [16] investigated a Takagi-Sugeno fuzzy controller for
a semi-active quarter-car suspension equipped with an MR damper. The proposed approach was
evaluated on a quarter-car test rig and compared to a Skyhook controller. The experimental results

demonstrated that the TS fuzzy controller could effectively attenuate the undesired vibration by 10%
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to 30%. Moreover, Zhang et al. [17] introduced an adaptive neural network control scheme for an active
suspension system by using bioinspired nonlinear dynamics. In detail, a novel constructive predictor
was designed to address the input delay. Then, the neural networks were adopted to approximate the
uncertain dynamics. A finite-time adaptive control was implemented to update the neural network
weights and minimize vibrations. The theoretical analysis and experimental results vindicated the
efficiency of suppressing vibrations and low energy consumption by more than 44%. Additionally,
Nguyen et al. introduced a fractional-order derivative-based sliding mode control (FD-SMC) for a half-
car semi-active suspension system with MR dampers [18], which aimed to minimize the sprung mass’
accelerations in vertical and pitch directions. The proposed controller consisted of I-SmDs, which relied
on measured data processed by the new filter CoFilter [19] and the FD-based SMC technique. The FD-
SMC determined the control force, and 1-SmDs estimated the current intensity applied to MR dampers
to generate the desired damping forces. The experimental test demonstrated that the proposed controller
could deal with the dynamic response of the system and the noisy measurement very well. Specifically,
the vertical and rotational accelerations of the sprung mass were reduced to a large extent and the road-
holding ability was improved to provide safer driving conditions. An objective-oriented hierarchy
control strategy that integrated with active braking and active front steering systems was developed by
Lu et al. [20], in which a fuzzy control approach was used for the semi-active suspension system and a
sliding mode control technique was utilized for braking and steering systems. The simulation results
demonstrated that the proposed global integrated controller could effectively improve the ride comfort,
lateral stability, and braking safety. Coric et al. [21] introduced a collocation-type control variable
optimization method to enhance vehicle ride comfort and maintain wheel-holding ability through a
fully active suspension (FAS) system. A quarter-car and a full 10 DOFs vehicle models were used in
this study. In addition, the cost function was extended to include the FAS energy consumption and
wheel damage resilience costs. Na et al. [22] utilized a novel approximation-free control (AFC)
technique to improve the efficiency and reliability of quarter-car active suspension systems. The major
advantage of this approach was that it incorporated the unmolded dynamics of the hydraulic actuator
and eliminated the need for laborious parameter tuning. Furthermore, the control strategy employed
prescribed performance functions (PPFs) that ensured both transient and steady-state suspension
performance for ensuring the safe operation of the adaptive suspension system. The experiments based

on a practical quarter-car active suspension test rig demonstrated that this control technique



outperformed several other control methods and provided superior performance with improved

computational efficiency.
= Model-based control

Different model-based control techniques have been implemented in vehicle adaptive suspension
systems. Among them, the MPC and LQR were the most popular algorithms in past studies. These two
control approaches can solve multi-objective optimization problems, by which the vehicle dynamics
and ride comfort in vertical, roll, and pitch directions can be analyzed and optimized. For example,
Koch and Kloiber [23] introduced an adaptive controller which dynamically interpolated between
differently tuned LQRs governed by the dynamics wheel load and the suspension deflection. Its
performance was examined on a quarter-car test rig with a linear electrical motor. Compared to a fast
adaptive Skyhook controller, the proposed approach could overcome conservatism and offer significant
ride comfort while keeping the limits on the suspension deflection and the wheel load. Meanwhile, a
framework was designed to ensure the stability of the adaptive suspension system.

Compared to the LQR, the MPC algorithm can adequately handle the semi-active constraint, also
known as the damping dissipativity constraint [24]. Nguyen et al. [25] designed an MPC controller for
a semi-active suspension based on a 7 DOFs full car model. An observer that could estimate the road
profile over the prediction horizon was introduced. This MPC controller with road estimation gave a
trade-off between ride comfort and handling stability. Meanwhile, it guaranteed the physical constraints
of semi-active dampers. The simulation results illustrated the effectiveness of the proposed approach.
Similar work has also been done by Gohrle [26]. However, the high computational cost of the MPC
algorithm made it difficult and expensive to be implemented in practical applications. Therefore,
various strategies have been proposed to maintain the accuracy of the prediction but reduce the
computational cost at the same time, such as hybrid MPC [27], fast MPC [28], explicit MPC [29],
nonlinear MPC [30], etc. Johan et al. [31] introduced an explicit MPC for an active suspension system.
It was assessed through simulation and experiment on a sport utility vehicle (SUV). The simulation
results showed that the vibrations in vertical, roll, and pitch directions could be reduced by 10% to 35%
compared to the passive suspension. The experimental results validated that the proposed controller
sufficiently minimized the vibration in the range of 0~15 Hz. However, this algorithm was processed
on a dSPACE MicroAutoBox with 16MB flash memory which was more powerful than an automotive-

grade microcontroller. Morato et al. [32] designed a fast real-time LPV MPC controller for a semi-
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active suspension with a sampling frequency of 200 Hz. The simulation results illustrated that the
vertical vibrations were attenuated to a large extent, but the roll performance was at the same level as
the passive suspension. The experimental test was done on a testbed called INOVE Soben-Car, but the
algorithm was processed on a 2.4GHz 8GB RAM Macintosh computer instead of an automotive-grade
microcontroller. Furthermore, a hybrid horizon-varying (HV) MPC controller with road preview was
developed for autonomous vehicles on uneven roads [33]. This comfort optimization strategy combined
vehicle speed planning and road-preview semi-active suspension control with a novel road data
processing method, by which the control system could fully utilize the road information with a fixed
preview length while adapting to speed variation. The simulation results verified the benefits of the
hybrid HV-MPC method, especially in improving ride comfort and realizing multi-objective

optimization (vertical vibration, driving time, and speed variation).

The damping forces were mostly considered as the control inputs in previous studies, which resulted
in linear control plants with nonlinear state-dependent constraints. This issue increased the requirement
of computational memory. Two different techniques were introduced by Kjellberg and Sundell [30] to
solve this problem. Firstly, a full-complexity nonlinear MPC with 18 states was proposed. The full-car
model was reformulated, which used damping coefficients as the control signal instead of damping
forces. This method resulted in a nonlinear control plant with linear constraints. Secondly, the full car
model was simplified by removing the wheel dynamics to reduce the execution time [34]. Hence, the
number of states was reduced to 15. Meanwhile, the sampling time and prediction horizon were tuned
to decrease the computational cost. The proposed real-time nonlinear MPC was finally implemented
on a Volvo S90 equipped with semi-active dampers and a vision system, but the controller was run on
a MicroAutoBox. Overall, it is noticeable that the real-time MPCs introduced in the past studies were
not comprehensively examined on any automotive-grade microcontrollers. From the authors’ point of

view, the reasons can be concluded as follows:

1) The QP solvers employed in most of the studies are ready-to-use packages/software, such as
quadprog provided by MATLAB, gpOASES [35], ODYS [36], NASOQ from the University of
Toronto [37], OSQP from the University of Oxford [38], etc. They usually require relatively high
flash memories for processing, which causes a big problem for practical application.

2) The prediction algorithm is an important feature of MPC, but it also needs a huge amount of flash

memory. Meanwhile, the computational cost is highly dependent on the prediction horizon setting.
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3) Some studies focused on full car dynamics, resulting in a complicated mathematical model with more

states that naturally increased the computational cost.

= Gain-adaptive approach

Most existing works focused on non-adaptive control techniques, in which the controller gains were
independent of the disturbance inputs. Since the driving conditions are randomly changed, using only
one set of gains is impossible to achieve the optimum control performance all the time. Hence, some
gain-adaptive algorithms are introduced in the literature, which can be classified into two main
categories, i.e., parameter-adaptive suspension due to system nonlinear and uncertain properties [39]
and road-adaptive suspension because of randomly changed road surfaces. Considering various driving
conditions of a commercial vehicle, this study mainly focuses on road-adaptive techniques by adjusting
the gains and/or weighting matrices of the damping control algorithm.

As one of the most commonly used suspension control techniques, Skyhook control was widely
utilized for developing adaptive control systems in the literature. Nguyen et al. [40] designed a road
frequency adaptive control system for a quarter-car semi-active suspension to improve both ride
comfort and handling performances in all frequency ranges of road disturbances. Their control law was
extended from the conventional Skyhook approach, and its gains were scheduled based on the estimated
disturbance frequencies. To determine the gains of the modified Skyhook algorithm, a fully active LQR
controller was utilized to generate the optimum damping force (benchmark). The scheduled gains aimed
to minimize the force differences between the modified Skyhook and the active LQR using the
Minimum Norm Criterion [41]. The performance of the proposed controller was evaluated through
numerical simulations and only compared to the passive suspension system, which showed that the
adaptive Skyhook could provide better ride comfort and handling ability. Similarly, Hong et al. [42]
developed a road-adaptive Skyhook controller for a semi-active Macpherson suspension. The proposed
approach extended the conventional Skyhook-Groundhook control scheme and scheduled its gains
according to road conditions based on the measured sprung mass’ vertical acceleration. Five sets of
optimal gains were presented for different 1SO roads from class A (very good) to class E (very poor) to
describe the road roughness. The hardware-in-the-loop simulations examined the control algorithm on
a quarter-car test rig, demonstrating that the proposed semi-active suspension achieved a competitive
control performance by adopting the road-adaptive law. Moreover, Yi and Song [43] developed a road-

adaptive Skyhook controller using Neural Network based on a road detection algorithm. The modified
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Skyhook approach considered both ride quality and dynamic tire force. The proposed road detection
algorithm determined and updated the Skyhook gains according to the estimated frequency contents of
road disturbances based on the measured sprung mass acceleration. Its performance was validated
through a quarter-car test rig. The experimental results showed that the proposed road-adaptive
Skyhook controller provided adequate damping for the wheel hop frequency and enhanced the ride
comfort and road holding compared to the classic Skyhook approach.

Besides the Skyhook approach, other control techniques were utilized to achieve road-adaptive
functionality. Koch et al. [44] designed a road-adaptive LQR controller for a quarter-car active
suspension system. With a switching control structure, the adaptive algorithm scheduled the LQR gains
according to the dynamic wheel load and the suspension deflection. Specifically, there were six pre-
defined sets of LQR weighting matrices for different primary control objectives, such as comfort-
oriented, intermediate, safety-oriented, etc. The switching logic switched between six sets of weighting
matrices to maximize the overall suspension performance. The simulation results showed that the
proposed road-adaptive LQR controller improved the ride comfort by 20% compared to the passive

suspension and 11% compared to the non-adaptive LQR approach.

Similarly, Fialho and Balas [45] presented a framework for developing a road-adaptive suspension
controller via LPV control and nonlinear back-stepping techniques. The gains of the LPV algorithm
were adaptively switched between two pre-tuned values based on the measured suspension deflections,

and a first-order filter was implemented to avoid discontinuous gain transition.

2.1.2 Cabin adaptive suspension

Truck drivers are constantly exposed to undesirable vibrations caused by uneven road surfaces,
especially in long-haul transportation. Extensive research has been done on lower back problems
experienced by truck drivers due to vibrations created when driving on rough roadways, braking,
turning maneuvers, and engine operations [46]. Quantitatively, intensive low-frequency vibrations from
0.5 Hz to 10 Hz are transmitted to the driver seat if the road-induced vibrations are in the frequency
range of 2 Hz to 20 Hz [47,48]. As a result, drivers suffer from motion injuries, such as neck and back
pain. Statistically, male truck drivers are four times more likely to suffer from a herniated disk than the
average male [49]. According to Deprez et al. [46], lower back pain is a major cause of industrial
disability in middle-aged workers accounting for 20% of all work-related injuries. Furthermore,

constant vibrations can also lead to driver fatigue and possibly have further implications on driving
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safety. Unsurprisingly, the negative impact on the economy is substantial. Work-related injuries
experienced by truck drivers in the United States result in an estimated loss of $90 billion annually [46].
The European Parliament continues to work on regulations to restrict the harm of whole-body vibration.
One of the results is the Machinery Directive 89/392/EEC and its amendments of 1996 which force
vehicle manufacturers to develop vibration isolation techniques to reduce the effects of noise and
vibration to the lowest possible level [50].

At the end of the 19th century, the first truck and passenger car emerged simultaneously [51].
Passenger cars and buses were designed for passenger transportation, which require a high level of
comfort. While trucks were developed to transport goods as efficient and durable machines [52]. In the
1920s and 1930s, the first sleeper berth was developed [53] to accommodate drivers frequently needing
to pass the night in their trucks. Cabins were initially welded to the chassis frame, which resulted in an
uncomfortable ride experience. No further changes were made to the truck cabin suspension until the
1960s. The rubber mounts installed between the chassis frame and the cabin substantially improved
ride comfort. In the same period, the first tilt cabin was invented. It is still one of the standard
configurations used today because the tilt structure greatly facilitates the drive-line inspection [51].
During the 1970s and 1980s, various steel and air springs were used to refine the cabin suspension

design.

Looking back at history, truck manufacturers put a lot of attention and effort toward enhancing
drivers’ ride comfort, such as developing seat suspension systems, cabin suspension systems, and
improved ergonomic layouts of the cabin interior [54]. Most seat suspension systems are designed to
isolate vertical vibrations only, but operators are exposed to vibrations in all three planes (vertical,
pitch, and roll). As a result, cabin suspension systems have received a lot of attention over the past two

decades as they can eliminate vibrations in all three directions.

Nowadays, there are three types of cabin suspension arrangements in general: front, rear, and full
[55]. In the USA, most tractor semi-trailers are equipped with rear cabin suspension, and full cabin

suspension is commonly used in Europe [56].

Front suspension: In the front cabin suspension system, as shown in Figure 2.1(a), the front side
consists of springs and shock absorbers. The rear part is pinned to the chassis frame, allowing small
pitch and vertical movements. However, this arrangement is hard to install because the flexible control

linkages are needed, and the crashworthiness results in additional constraints on the front cab isolators
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[57]. Nevertheless, the front cabin suspension system can effectively attenuate vertical vibrations and
reduce the fore-aft motion. Flat-nose tractor manufacturers can consider it an alternative to full

suspended cabin suspension.

Rear suspension: As shown in Figure 2.1(b), the rear cabin suspension configuration is widely used
in the commercial vehicle industry because it is relatively easy to install. Usually, the cabin’s forepart
is pinned to the chassis frame, while the rear part is equipped with coil or air springs and shock
absorbers. The guiding mechanism usually includes transverse arms, a Panhard rod, and/or two lateral
dampers [58]. Note that the suspension damping property is mainly constrained by stroke length, and
the stiffness is highly related to the cabin’s vertical and pitch natural frequencies [59]. In general, the
natural frequency of the cabin suspension with air springs often lies in 1~1.4 Hz [60], and that with
steel springs lies in 1.8~3 Hz [61]. Moreover, the rear cabin suspension attenuates the backslap since it
is partially decoupled from the frame bending, but it increases vertical vibrations simultaneously [57].
Due to the relatively low roll stiffness, the truck steering maneuvers result in additional roll motion and
increased pitch motion when braking or accelerating. This results in a significant drawback of the cabin
suspension system: poor attitude behaviour. In the early years, the roll motion was limited by using a
stiff anti-roll bar; however, this was once again a source of discomfort for the driver [51]. Based on this
configuration, the tilted cabin gains much attention in the industry because it is easy to install and
facilitates the drive-line inspection. A helpful review of the tilting cabin mechanism can be found in
[62].

Full suspension: The full (4-point) cabin suspension system emerged to further improve heavy-truck
drivers’ ride comfort. As shown in Figure 2.1(c), all four corners are installed with coil [63] or air
springs [64] and dampers. Its guiding mechanism generates a slight radial movement which causes the
fore-aft movement [58]. Nowadays, lateral shock absorbers are sometimes used in addition to
stabilizers to optimize the cabin’s roll dynamics further [65,66]. Air springs are widely used in the full
cabin suspension system. In this case, the height levelling system requires external valves, linkage
components, and pipelines to connect airbags and air supplies. It can maintain a constant suspension
natural frequency despite changes in the cabin load. Besides, the cabin tilting function can be achieved
using a front tilting arrangement [67], which can be tilted up to 45 degrees for chassis maintenance
purposes [68]. The full-floating arrangement provides the best ride quality because of its potential to
improve ride comfort in vertical, roll, and pitch directions. Meanwhile, it enhances crash safety and

reduces the dynamic forces at mounting points [58]. Hence, the full cabin suspension system is
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frequently equipped in heavy vehicles nowadays [69] and upgraded to various adaptive suspension

systems.

(a) cabin front suspension (b) cabin rear suspension (c) cabin full suspension

Figure 2.1. Cabin suspension configurations

In addition to the cabin suspension systems, there are two commonly used cabin styles: cab-over-
engine (COE) and long-nose cabin. Cab-over-engine, also known as flat-nose cabin, is widely used in
Asia and Europe because of their strict regulations for truck length. Besides, it is popular in the
commercial vehicle industry because of its easy installation and improved maneuverability. Many
manufacturers produce various COEs, such as Volvo, Scania, Mack, Isuzu, Hino, Fuso, Iveco, etc. The
flat-nose cabin sits above the engine and hence provides better visibility. Long-nose truck cabin features
a design where the engine is mounted in front of the driver’s compartment and has an elongated hood
that extends out in front of the vehicle. Some car manufacturers, such as Freightliner, Kenworth,
Peterbilt, and Western Star, are well-known for producing heavy-duty trucks with traditional long-nose
designs. This type of cabin design is popular in North America, particularly for heavy-duty trucks used
in long-haul transportation. The long-nose design provides several benefits, including improved engine
cooling, easier maintenance access, and better weight distribution. Additionally, many drivers prefers

this type of cabin’s aesthetic appeal and classic style.

In past studies, the cabin was usually modelled as a three DOFs rigid body system in Figure 2.2(a)
or even a simple one-DOF mass-spring-damper base excitation system [70]. In detail, one widely used
four-point cabin suspension was modelled as a simplified system of the passenger car suspension shown
in Figure 2.2(b) without considering the unique tilting mechanisms in the cabin suspension [71,72]. For
example, Ekberg and Hansson [73] used this simple four-point cabin suspension model for control
system development, in which each strut consisted of a spring and an adaptive damper. Similarly,

Marcu [74] developed a cabin suspension model for a class 8 Volvo VN 770 semi-truck. At the front,
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the cabin was mounted to the frame through bushings on each side that were equivalently considered
as stiff springs and dampers. At the rear, the cabin suspension contained two air springs and two
adaptive dampers for control purposes. For simplification, some studies were mainly focused on the
cabin’s vertical dynamic, while its roll and pitch motions were not considered. lersel [75] and Soliman
[76] developed a four DOFs quarter-truck model and a nine DOFs half-truck model, respectively. Both
truck models were equipped with a single DOF cabin model with a variable rate damper. Similarly,
Hansson [77] introduced a disturbance-adaptive active cabin suspension system for agricultural tractors
based on a single DOF cabin model, whereby the vertical actuator force worked in parallel with a

passive linear spring.

Vibration exposure to seated drivers causes drive fatigue and leads to health disorders. This issue is
particularly critical for heavy truck and off-road vehicle operators, so it is essential to provide a healthy
ride quality for long-haul drivers [78]. Although the passive full cabin suspension system provides
acceptable ride comfort and various tuning methods have been investigated by researchers [63,79,80],
the overall cabin dynamics can be further optimized by applying advanced control systems. This study
reviews and compares suspension control techniques for improving ride comfort, such as Skyhook [81],
LQR [73], ADD [75], LPV [75], H,, [82], fuzzy logic [83], etc. These adaptive cabin suspension
systems are thoroughly reviewed and discussed in the following paragraphs.

= Skyhook control

In the early 1970s, Karnopp and Crosby [84] introduced the concept of the semi-active suspension
system based on the well-known Skyhook control. Because of its performance and computational
efficiency, the Skyhook control approach is widely implemented in adaptive cabin suspension systems.
Based on the cabin suspension system shown in Figure 2.3, the concept of the Skyhook theory is that
the cabin is connected to an imaginary sky through a damper c,,, and a spring k; installed between
the cabin and the chassis frame, as shown in Figure 2.4. The detailed introduction can be found in
Section 3.2.2.1. This comfort-oriented control law focuses on reducing the sprung mass acceleration
by generating a damping force proportional to the absolute sprung mass velocity. Due to its popularity

and efficiency, the Skyhook approach is often utilized as the benchmark.

Tong and Amirouche [81] introduced a Skyhook-based semi-active cabin suspension to achieve
optimal vertical and pitch dynamics. In this suspension system, the cabin was supported by both front

and rear suspensions that consisted of passive springs and adaptive dampers, as shown in Figure 2.5. A
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3-axle tractor semi-trailer with a separated cabin was modelled as an 8 DOFs system. The simulation
results showed that the driver’s absorbed power dropped by 30% using the proposed controller, and
both vertical and pitch accelerations were reduced. With the addition of a controllable seat suspension
system, more than 60% of the driver’s absorbed power could be reduced. Moreover, Nakano et al. [85]
designed a self-powered active cabin suspension system based on the conventional Skyhook approach.
An electric generator was installed in the primary suspension system to regenerate vibration energy and
store it in a capacitor. The actuator installed in the cabin suspension achieved active vibration control
using the energy stored in the capacitor. Numerous simulations showed that the self-powered active
cabin suspension system had better vibration isolation performance than a semi-active or passive

system.
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Figure 2.3. Quarter-cabin model Figure 2.4. Skyhook control theory

Several modified Skyhook algorithms have been introduced in the literature to further optimize the

control performance of the Skyhook strategy. Marcu [74] proposed a variation of the Skyhook theory,
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named no-jerk Skyhook, which was applied to a rear semi-active cabin suspension system of a class 8
Volvo VN 770 semi-truck. A hierarchical semi-active control (HSAC) approach was developed and
implemented to allow the no-jerk Skyhook controller to adapt to various road conditions. The cabin
was modelled as a 3-DOF rigid body. In the front, the cabin was mounted to the frame through bushings
modelled as relatively stiff springs and dampers on each side. In the rear, the suspension system
contained two air springs and two dampers. The corresponding bond graph model was introduced in
this work. The simulation results showed that the proposed controller was most effective in the low-
frequency range (3 Hz to 5 Hz), but there were no benefits at high-frequency ranges (above 10 Hz).
The laboratory testing also showed that the no-jerk Skyhook controller significantly improved the ride
comfort around its natural frequency, especially when dealing with transient excitations. The no-jerk
policy provided noticeably smoother control signals than the classic skyhook law. Nevertheless, this
work mainly focused on the cabin’s vertical motions, while its roll and pitch dynamics were not fully
considered that were sources of discomfort because of the cabin’s high CG location. Ekberg and
Hansson [73] applied the modal Skyhook theory for optimizing 4-point cabin active and semi-active
suspension systems. As shown in Figure 2.6, each strut consisted of a spring and an adaptive damper.
The modal Skyhook was developed based on the motions at the cabin’s CG location instead of only
relying on the suspension deflection velocities. This method was then implemented in ADAMS/Car for
analysis. In some cases, the roll angle barely changed with an individual Skyhook controller, but the
vertical acceleration and the pitch angle were considerably suppressed. The modal Skyhook controller
could flexibly reduce cabin roll and pitch angles by tuning its user-defined parameters. Overall, the
simulation results showed that the overall performance of the modal Skyhook was much better than

that of the traditional Skyhook, especially in terms of the cabin’s roll and pitch dynamics.
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= Other control approaches

In addition to the modal Skyhook strategy, Ekberg and Hansson [73] implemented the LQR approach
for developing a 4-point cabin active suspension system. In their work, the objective function included
the cabin’s displacement, angles, and velocities in vertical, roll, and pitch directions. The control signals
(damping forces) were calculated to minimize the terms in the objective function. The LQR controller
was evaluated in ADAMS/Car, which showed that the active LQR controller improved the ride comfort
by more than 30%, and the cabin’s roll and pitch dynamics could be adjusted by tuning penalty matrices.

Overall, the active modal Skyhook and the active LQR provided comparative performances.

lersel [75] focused on minimizing the undesired vibration of the cabin in the vertical direction. A 4-
DOF quarter-truck model was used with a variable rate damper in the cabin suspension, as shown in
Figure 2.7. Two popular control theories were tried in his work: mixed Skyhook and ADD control and
the LQ/LPV approach. The altered ADD algorithm was applied on a semi-active cabin suspension
system as follows:

v Fpax  ifZ:(2c—2,) 20
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which has a similar formulation as the 2-state classic Skyhook algorithm. Interestingly, the traditional

Skyhook strategy performed better in low-frequency ranges, while the ADD algorithm acted better in
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high-frequency ranges. Hence, combining these two methods had a more significant potential for

improving overall ride comfort.

Besides, the proposed LQ/LPV strategy was inspired by H../LPV. The desired damping force was

defined as
Fy = Cnom(Zc - Zf) + F

in which the additional force F. was calculated by an LQ-optimal controller by solving the algebraic
Riccati equation. An LPV parameter p was later introduced to capture the system’s nonlinear
characteristics, which consisted of force boundaries and damper dissipativity constraints. With the

proposed LPV parameter, the penalty matrix R of the LQ controller was re-defined as
R(p) =1x10"3+p-103

by which the limitations and force change rate characteristics of semi-active dampers could be satisfied.
For example, with the increase of p, the control force F. — 0, which caused the suspension to act as a
passive system. The simulation results showed that the LQ/LPV strategy performed significantly better
than the 2-state Skyhook and ADD controllers. Additionally, the author pointed out that those so-called
clipped control strategies were not optimal for semi-active suspension systems. The constraints inherent

to the semi-active dampers should be considered during the control design process.

Hiromatsu et al. [82] developed a fully active electromechanical cabin suspension actuated by an
electric motor. The controller was designed based on the H,, feedback control theory and tested on a
full-scaled experimental platform and a truck. The motor’s output torque was converted to vertical force
with a ball screw and an air spring in parallel. The control commands at all four suspension corners
were augmented by applying frequency-weighted gains. The control signals were calculated by solving
the feedback H, problem to minimize the given objective function under the worst possible
disturbance. The robustness against cabin mass perturbation was confirmed on the Nyquist diagram.
The experiment results showed that the proposed controller eliminated cabin vibration and the effects
of chassis frame bending. Moreover, this active suspension system could be economically produced
using 100W class AC servo motors. It should be noted that this study only focused on the vertical

dynamics of the cabin excluding roll and pitch directions.

Soliman [76] developed a hybrid cabin suspension system based on a simple linear feedback control
law whereby the vibration energy was stored in the capacitor and provided to the DC motor for cabin
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control. The proposed control system was simulated on a 9-DOF half-truck model. As expected, the
simulation results showed better ride comfort regarding the cabin’s vertical acceleration compared to a
semi-active suspension equipped with a two-state Skyhook controller. Since the cabin suspension was

modelled as a 1-DOF model, its roll and pitch motions were not considered.

As an alternative to damping control, some studies have focused on adaptive air spring stiffness
control. Yan et al. [83] introduced a genetic algorithm optimized fuzzy logic controller (GA-FLC) to
improve the cabin’s vertical dynamics by adjusting the spring rates. Its control performance was
evaluated by a nonlinear cabin suspension model built in ADAMS under four different road excitations.
The simulation results showed that both the cabin’s vertical displacement and acceleration decreased
by 30% to 40% after equipping the proposed GA-optimized fuzzy controller. Moreover, Graf and Maas
[86] connected air springs and the air supply through fast-switching valves. In this way, the mass flow
of the compressed air was controlled, as well as the spring rate. By applying a hybrid Skyhook and
Groundhook principle, the cabin accelerations in vertical, roll, and pitch directions were attenuated.
According to the road tests with the phototype vehicle, the overall frequency-weighted acceleration
[87] was reduced by 40%.

Instead of studying the cabin system of commercial trucks, some researchers have focused on the
cabin developments of vibratory rollers in vertical and pitch directions [88,89]. Nguyen et al. [90]
applied the PID-fuzzy control to the cabin isolation mounts of soil compactors. A 7-DOF nonlinear
single drum vibratory roller was built to evaluate the control performance. The proportional, integral,
and derivative gains of the PID were adjusted by the fuzzy control law. The simulation results showed
that the ride comfort could be remarkably improved in both vertical and pitch directions, especially in
a low-frequency range below 4 Hz. Similarly, Jiao and Nguyen [91] compared this PID-fuzzy controller
against two different control approaches: the multi-objective genetic algorithm (MOGA) and the
genetic algorithm based PID (GA-PID). According to their simulation results, the fuzzy logic PID
(FLC-PID) approach reduced the weighted RMS acceleration by 30% in the vertical direction and more
than 45% in the pitch direction, which provided better control performance than GA-PID and MOGA

approaches.
»= Road adaptive control

Previous research showed that active and semi-active cabin suspension systems could significantly

improve ride quality. However, their control gains and weighting matrices were fixed. Generally, a
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controller with fixed parameters must be well-tuned to avoid harsh obstacles and high-level vibrations,
which limits the damping potential under usual driving conditions [77]. Thus, an optimal controller
with road-adaptive gain-tuning is a reasonable solution [92], by which the adaptive gains are updated

based on disturbances and suspension travels.

lersel [75] pointed out that the suspension deflection significantly impacted the driver’s comfort, but
the available working spaces were not fully used with fixed control gains. A road adaptive approach
was then introduced and applied to 2-state Skyhook and LQ/LPV controllers. The simulation results
showed that with different levels of road roughness (especially for lower ones), the proposed gain-
adaptive semi-active suspension systems reached a better ride comfort with up to 45% improvement
compared to non-adaptive ones. However, the proposed gain scheduling method under discrete obstacle
conditions was not thoroughly studied.

Hansson [77] introduced a disturbance-adaptive active cabin suspension system for agricultural
tractors based on the time-invariant state feedback theory. The vertical actuator force worked in parallel
with a passive linear spring. An adaptive algorithm based on varied parameters in the penalty matrices
was applied. The gains of both controller and observer were adjusted according to the chassis frame’s
motion. The control feedback gains were then calculated with the updated penalty matrices by iterating
the Riccati equation. The gains of penalty matrices depended on the suspension travel, so the controller
could always strive to find an optimum solution based on the space availability. Simulating the
proposed adaptive controller under different road profiles showed that the active suspension performed
better than the passive mode, and the adaptive methodology increased the control performance

regardless of road conditions.

2.2 Interconnected Suspension Systems

As mentioned earlier in the preceding section, truck drivers’ ride comfort can be effectively improved
by equipping adaptive cabin suspension systems, while the truck (primary) suspension system is mainly
responsible for handling and roll stability. Due to the size and weight of commercial vehicles, they can
pose more significant risks on the road than passenger cars, so they are subject to additional regulations
and safety requirements. Moreover, heavy vehicles easily cause road damage [93] since they put more
pressure on the road surface. The roads designed for heavy vehicle traffic often have thicker, stronger

pavement and additional support structures, such as bridges or overpasses, to handle the increased
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weight and pressure. To extend road service life, truck manufacturers investigated advanced suspension

systems to reduce the pressure and shock transmitted to the road surface [94].

Many studies have been conducted to evaluate and improve heavy vehicles’ roll stability. In general,
there are seven main factors that affect the commercial vehicle’s roll stability, i.e., vehicle mass, the
height of the CG location, the height of the vehicle roll center, suspension roll stiffness, effective track
width, tire characteristics, and frame flexibility. Ervin [95] investigated the influences of size and mass
variations on heavy-duty trucks’ roll stability. A static rollover threshold (SRT) was used in [96] for
the vehicle stability assessment, defined as the maximum lateral acceleration level in g’s beyond which
static rollover of a vehicle occurs. The study pointed out that a 10% axle load increment results in a
2.5% g reduction of SRT. Besides, increasing the track width by 1% could improve the roll stability
limitation by around 3%. Meanwhile, the vehicle CG location also affects the roll stability to a large
extent. However, a transportation vehicle has much less flexibility in adjusting CG location or roll
center height. In addition, the vehicle track width is usually determined by the relevant national
standards and regulations, and changes are impractical. Thus, the suspension roll stiffness and tire
characteristics are possible means to improve the roll stability of a heavy vehicle. Between these two,
the suspension roll stiffness is more vital for maintaining the vehicle roll stability. In the literature,
various suspension designs and control systems have been developed to improve roll stability and limit
lateral load transfer, such as (active) anti-roll bars [97], Electronic Stability Control (ESC) for cars and
trucks [98,99], Roll Stability Control (RSC) for articulated vehicles and high CG cars [100,101], and

Balanced Pneumatic Suspension (BPS) [102,103] for heavy commercial vehicles.

The strong coupling between the vehicle’s ride and roll dynamics poses complicated design
challenges associated with conflicting requirements between ride comfort and directional stability,
especially in heavy commercial vehicles exposed to wide load variations [104]. One approach to ease
this conflict is using different interconnected structures, such as mechanical, hydraulic, and pneumatic
connections. The most popular mechanical interconnection is the anti-roll bar, which applies additional
roll stiffness to achieve better roll stability. However, it adds extra weight to the vehicle chassis and
somewhat deteriorates ride comfort [105]. Moreover, the hydraulic interconnected system has received
much attention in recent decades because of its anti-roll and/or anti-pitch abilities. Various techniques
have been developed for different kinds of vehicles, such as tri-axle trucks [106], tractor semi-trailers
[107], buses [108], racing cars (McLaren 720s [109]), passenger cars (Citroen 2CV [110]), ambulance

[111], rough terrain vehicle [112], mining vehicle [113], crane vehicle [114], etc. This configuration
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has also been investigated as a self-steering system for the high-speed train [115]. Overall, the main
advantage of this type of suspension is improved handling and ride quality, especially when the vehicle
is driven on uneven or rough road surfaces. Additionally, it can reduce the roll and pitch of the vehicle

to improve stability and safety.

Specifically, the hydro-pneumatic interconnected suspension has excellent potential in anti-roll and
anti-pitch control. Thus, the harsh rotational motions of the vehicle can be improved without
compromising the ride comfort. By interconnecting all the suspension struts, such optimization
objectives can be achieved. Although the shock absorber works well with transient and fast-changing
inputs like road disturbances, it becomes ineffective when dealing with slow-changing motions, such
as braking, accelerating, and turning maneuvers. In these situations, higher roll and pitch stiffness is
preferred for reducing the vehicle rotational motions. Hence, the hydro-pneumatic interconnected
suspension system, which can provide adjustable rotational stiffness and damping, is a good approach
for improving vehicle handling stability during steady maneuvers. Meanwhile, the suspension stiffness
and damping properties can be easily assigned by designers. A review of passive interconnected

suspension systems can be found in [116].

2.2.1 Roll-plane interconnected configuration

One of the interconnected configurations in the literature is the H, arrangement that has been patented
by Kinetics Pty Ltd. [117]. As shown in Figure 2.8(a), four double-acting hydraulic cylinders and two
nitrogen accumulators are diagonally connected through hoses and ten flow control valves. The valve
resistance along the pipelines provides the damping, and the nitrogen gas compression in the
accumulators generates the stiffness. Implementing the proposed interconnected suspension system can
enhance the roll stability by providing increased roll stiffness and preserving a relatively soft ride at the
same time. A comprehensive frequency analysis of this configuration can be found in [118]. The same
configuration has been widely studied in research works [107,119,120,121,122,123,124,125,126], and
its performance has been evaluated by laboratory and road tests in [108,127,128,129]. This
configuration has also been extended to tri-axle applications [106,130,131,132].

Another roll-plane interconnected suspension with external gas chambers and valves has been
discussed in [114,133,134], as shown in Figure 2.8(b). The lower and upper chambers are diagonally
connected, providing a relatively high and adjustable roll stiffness. Moreover, Cao introduced different
kinds of integrated single-gas-chamber and twin-gas-chamber suspension struts [135], which could be
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interconnected through hydraulic, pneumatic, or hybrid fluidic couplings. Its highlight feature was the
strut’s large effective working area, by which the system working pressure was reduced to a large
extent. This study concluded that the stiffness and damping characteristics in the roll and pitch were

enhanced, and those of the heave remained relatively soft.
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Figure 2.8. (a) Hz arrangement; (b) roll-plane interconnected arrangement.

2.2.2 Pitch-plane interconnected configuration

Other than roll stiffness, pitch stiffness is another important characteristic that affects the vehicle
stability and handling performance. Pitch refers to the vehicle’s tendency to rotate about its front-to-
back axis, which can be caused by acceleration or braking. Having an appropriate pitch stiffness is
essential for several reasons. First, it helps maintain vehicle stability during acceleration and braking,
improve handling, and reduce the risk of accidents. Second, it can improve ride quality by reducing the
uncomforted pitch motion when travelling over bumps or uneven surfaces. Finally, it can improve the

vehicle’s overall performance by reducing the weight transfer, which can improve traction and grip.

Anti-roll bars are standard on many vehicles, but anti-pitch bars are not as commonly used. Many
vehicles’ suspension systems are designed to reduce pitch without needing an additional anti-pitch bar.
For example, most vehicles use a combination of shock absorbers, springs, and other suspension
components designed to resist pitch and provide a stable ride. In addition, adding an anti-pitch bar could
negatively affect vehicle handling and ride quality, e.g., an anti-pitch bar could make the suspension
stiffer and less comfortable, which could be a disadvantage for passengers. It could also make the

vehicle more difficult to control in certain situations, such as when driving on slippery roads. However,
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some vehicles may require higher levels of pitch stiffness. For example, high-performance sports cars
or race cars often require very high pitch stiffness to optimize the handling performance. These vehicles
typically have powerful engines designed to accelerate and brake quickly, which can cause significant
pitch motions. High pitch stiffness can help to reduce the effects of these forces and provide better
control and handling. Similarly, some off-road vehicles, such as trucks or SUVs used for heavy-duty
towing or hauling, may require higher pitch stiffness to maintain stability and control under heavy
loads. Overall, pitch stiffness is still essential for a vehicle system, but it cannot be maintained by simply
adding an anti-pitch bar due to the compact space of the chassis. Thus, some pitch-plane interconnected

suspension systems were invented to enhance pitch stiffness without sacrificing ride comfort.

Zhang et al. [113,136] introduced a bounce and pitch plane hydraulicly interconnected suspension
(HIS) for mining vehicles with a focus on improving ride quality and pitch stiffness, as shown in Figure
2.9(a). In detail, a lumped-mass vehicle model with a mechanical-hydraulic coupled suspension system
was developed using the free-body diagram method. The impedance of the hydraulic system was
modelled according to the transfer matrix method, which was integrated to form the dynamic equations
of the mechanical-hydraulic coupled system. The simulation study indicated that the proposed HIS
system effectively suppressed the pitch motion to guarantee vehicle handling performance and
favourably provided soft vertical stiffness to improve the ride quality. Meanwhile, the force distribution
between the front and rear wheels was more reasonable, and the sprung mass vibration decay rate
increased somewhat. However, the suspension roll stiffness was not considered by this interconnected

configuration.

Furthermore, Xu and Zhang [137] developed a roll and pitch independently controlled hydraulically
interconnected suspension. As shown in Figure 2.9(b), the inside four cylinders and fluid circuits
formed roll-plane HIS, and the additional four cylinder outside formed pitch-plane HIS. The modal
analysis showed the modes-decoupling property of the proposed system. Specifically, the roll-plane
HIS increases roll stiffness without affecting other modes. This study demonstrated that the vehicle ride
comfort and handling stability could be improved simultaneously by integrating the roll and pitch plane
HIS. Meanwhile, it decoupled the four vehicle modes (bounce, roll, pitch, and warp) that could be

independently tuned without compromise.

27



(a)

Figure 2.9. Pitch interconnected configurations [136,137].

2.3 Vehicle State Observer

A vehicle state observer is a system that estimates the internal states of a vehicle based on sensor
measurements and a dynamic model. The observer uses a set of mathematical equations to filter and
process the sensor data to produce an accurate estimation of the vehicle states. Vehicle state observers
are commonly used in various applications, including vehicle control, navigation, autonomous driving,

etc.

With the rapid developments of the vehicle adaptive suspension systems, many non-measurable
vehicle motions need to be estimated to achieve better control performance, such as the body rotational
angles, body vertical displacement and velocity, the movements of the unsprung mass, etc. An adaptive
suspension system mainly consists of adaptive dampers or actuators, springs, and ECU embedded with
the control algorithms and other necessary components. Technically, the performances of these
advanced control algorithms can be optimized and improved if more accurate measurements of the
vehicle motions are available. Thus, the corresponding observers that can accurately estimate the
unmeasurable vehicle states significantly impact the overall control performances. In past studies, the
observers designed for linear vehicle dynamic systems are well-known from both deterministic

(Luenberger) and stochastic (Kalman) points of view [138]. The Luenberger approach is to choose a
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constant observer gain matrix to place the eigenvalues of the estimation error at proper positions [139].
The Kalman approach aims to minimize the error covariance matrix, which determines the observer
gain matrix by solving the Riccati equation [140]. Various approaches have been introduced in the
literature for developing vehicle state observers based on the quarter-car model, such as Kalman filter
related theories [141,142,143], modified Luenburger observer [144,145], sliding mode control
[146,147,148], reduced-order observer [149,150], Ho, [151], H,/LPV [152], extended state observer
[153,154], fuzzy control [155], type-2 fuzzy neural network observer [156], etc. Moreover, some
observers were developed to estimate both vertical and pitch motions based on the half-car model, such
as sliding mode control [157], LQG [158], Luenburger observer [159], nonlinear extended state

observer [160], spherical simplex unscented Kalman filter [161], etc.

Various technigques based on the full-car model with different sensor combinations were introduced
in the literature to estimate the vertical, roll, and pitch motions of the vehicle body and the road
disturbances. Bolandhemmat [162] gave a comprehensive study on the Kalman filter (KF), extended
Kalman filter (EKF), unscented Kalman filter (UKF), aided Kalman filter (AKF), and supervisory
Kalman filter (SKF). A Cadillac SRX was used for experimental validation. Its sensing system
consisted of one 6-axis IMU, four suspension height sensors, and eight accelerometers at both ends of
the four suspension struts. The KF observer embedding with minimal realization was tested, and the
estimation accuracy with different combinations of sensors was compared. In the first case, one 6-axis
IMU and four wheel accelerometers were used, which measured the vertical acceleration, roll rate, pitch
rate of the vehicle body, and the vertical accelerations of each wheel. However, the suspension relative
displacements, pitch angle, and roll angle of the vehicle body could not be accurately estimated, but it
provided acceptable estimations of the wheel-hub velocities, suspension relative velocities, and sprung
mass vertical velocity. In the second case, four suspension height sensors and one lateral accelerometer
were used. Although the observability matrix had full rank, the KF could not estimate all states
accurately due to the lack of information on road disturbances. The vehicle body’s vertical velocity,
roll rate, pitch rate, the absolute velocities of wheels, and suspension relative velocities were not
precisely estimated. Besides, the UKF observer with nine accelerometers’ measurements was evaluated
by running the computer simulation instead of a road test. Because of the unknown road profiles, the
UKF could not provide an acceptable estimation in terms of the sprung mass’s vertical displacement,

roll angle, pitch angle and wheels’ vertical displacements.
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Similarly, Ren et al. [163] developed a suspension state observer based on an unscented Kalman
filter (UKF), which performed better than the extended Kalman filter (EKF) in terms of robustness and
convergence speed. In their approach, four suspension heights and the vertical accelerations at the four
corners of the sprung mass were considered as available measurements. Based on these signals, the
vertical velocity, roll rate, and pitch rate of the sprung mass and the vertical velocities of the unsprung
mass were estimated. The accuracy was validated by co-simulation between MATLAB/Simulink and
CarSim on three typical road profiles. The simulation results showed that the proposed UKF observer
could accurately estimate the vehicle states and had low sensitivity to unknown road disturbances.

Kim et al. [164] presented an improved discrete Kalman filter with unknown inputs, which could
effectively and simultaneously estimate the state variables and road roughness without any prior
information about the vehicle suspension control system. The road roughness input estimator was
evaluated using an in-vehicle test bed with a laser-type profilometer, providing unparalleled accuracy
and precision. Moreover, the state estimation performance of the proposed observer for a suspension
control system was validated using CarSim software to strengthen the effectiveness and practicality of

this approach.

Moreover, Nguyen et al. [25] designed a full-car observer for a semi-active suspension to estimate
vehicle states and road disturbances. The available measurements were vertical accelerations of the
vehicle body at its four corners and the vertical displacements of the four wheels. The simulation results
presented that the extended observer could accurately estimate the road profile, but the performances
of state estimation were not mentioned. With the same estimation objectives, Morato et al. [32]
developed an augmented H, observer with the measurements of suspension relative displacements and
the vertical accelerations at each corner of the vehicle body. Besides, the suspension deflection
velocities were computed numerically by a derivative filter. The observer was validated based on the
experimental results, which could accurately estimate the road profile and acceptable estimations of the
sprung mass’ roll and pitch angles. Dugard et al. [165] designed an H,, observer to estimate the
unmeasurable vehicle state variables under unknown disturbances. There were seven measurements
required in their study, i.e., the vertical accelerations at three corners of the vehicle body and the vertical
accelerations of the four unsprung masses. The observer robustness test demonstrated that the H,
observer was not sensitive to the parametric uncertainties, e.g., the changes of the damping coefficients
did not affect the estimation accuracy. The experimental results showed relatively good estimations of

velocities and accelerations of the sprung and unsprung mass.
30



Kjellberg and Sundell [30] tested their suspension controller and the observer on a Volvo S90,
equipped with three single-axis accelerometers and four level sensors that measured the position and
velocity of each wheel. The authors pointed out that other signals could be obtained based on those
measurements with sufficient accuracies, such as suspension deflections and velocities and the sprung
mass’s vertical velocity, roll rate, pitch rate and corresponding accelerations. Since the absolute vertical
position, roll angle, and pitch angle could not be measured with the available sensors, a workaround
idea was introduced based on the assumption of the small slope of the road.

Wang, Chang, and Tian [166] developed an extended-state observer to estimate road disturbance,
uncertainty dynamics, and vehicle real-time states. In their work, the sprung mass vertical displacement,
roll angle, and pitch angle were considered as measurable states, and they were then used for estimating
the vertical velocity, roll rate, and pitch rate of the vehicle body. A virtual prototype built in ADAMS
was used to evaluate the proposed observer and controllers. It showed that the extended-state observer
could estimate the disturbances, but the estimation accuracy of the vehicle body motions was not

explained.

Huang et al. [167] presented an unknown system dynamics estimator (USDE) constructed using first-
order low-pass filter operations and requiring only one tuning parameter. Unlike traditional state
observers, the proposed USDE did not need function approximators like neural networks and fuzzy-
logic systems. This reduced the computational burden and eliminated the need for intermediate
variables, thus simplifying the entire computational process. Furthermore, the proposed USDE ensured
system convergence and had trivial parameter tuning, which made it a highly practical and efficient
solution for suspension control systems. To handle the time-varying input delay, a predictor-based
compensation strategy was developed. This study combined the USDE and the predictor to design a
feedback controller that effectively attenuated vibrations and simultaneously retained the required

suspension performances.

2.4 Summary

In this chapter, vehicle adaptive suspension systems based on various control techniques were first

reviewed and discussed. Past studies of suspensions have significantly contributed to enhancing

drivers’ ride comfort and vehicle stability. Compared to the passive suspension, the conventional

Skyhook control was efficient in improving vehicle vertical dynamics but sometimes caused

unsatisfactory rotational motions. Nevertheless, the Skyhook concept was computationally efficient for
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real-time applications and was often considered as the benchmark. Several advanced Skyhook
strategies led to greater adaptations, whereby the controller could realize coordinated control
performance instead of only focusing on the motions at each corner. Recent works mainly focused on
optimal control strategies that had great potential to improve vehicle dynamics in all three directions,
i.e., vertical, roll, and pitch. However, the suspension mechanical limitations and semi-active damper
dissipative constraint were not fully considered. This problem resulted in the so-called clipped control,
which was not the optimal solution for semi-active suspension systems. Various MPC controllers were
developed to solve this issue, by which the system constraints were incorporated into the algorithms.
However, its computational cost is too expensive for practical applications. Moreover, researchers had
tried to develop road-adaptive algorithms to further optimize the control performance regardless of
different road conditions. However, the simulation scenarios used in their evaluations were not
comprehensive. Finally, although the simulation results showed considerable improvements, very few
had been validated through experimental studies. Besides the damping control, vehicle attitude and
stability control requirements are vital in the automotive industry. Different interconnected suspension
systems were introduced in the literature to enhance vehicle anti-roll and anti-pitch properties.
However, their functionalities were limited, and the manufacturing cost was more expensive than

conventional suspensions.

Based on the review of the past studies, some research topics on vehicle suspension systems can be

investigated:

» Coordinated vibration attenuation: The majority of past studies aimed to reduce cabin’s vertical
acceleration and, to a lesser extent, pitch vibrations. However, the tilt motions in roll and pitch
directions are also the primary sources of discomfort. As such, damping control systems that can
improve cabin dynamics in all three directions should be developed.

* Advanced semi-active suspension systems: A semi-active suspension system requires less power
than the active one, but the research on addressing the damper dissipative constraint and the
mechanical limitation should be thoroughly considered. Meanwhile, the control algorithm need to be
concise enough to be processed on an automotive-grade microcontroller.

» Gain-adaptive control approach: Vehicles may drive on various kinds of roads, such as highways,
rough paved roads, off-roads, etc. It is not possible to find one set of gains that can handle varieties
of driving conditions. One potential solution is to intelligently adjust the control parameters (such as

objective functions, penalty matrices, gains, etc.) according to the disturbances. This approach
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requires road classifiers to provide accurate disturbance information for the control system. In
addition, proper gain-tuning rules need to be developed to guarantee robustness performances on any
road.

Intelligent hydro-pneumatic interconnected suspensions: Different from the conventional
suspensions, the damping and stiffness characteristics of the interconnected suspension can be
conveniently tuned or adjusted. Meanwhile, one can adjust its anti-roll and/or anti-pitch properties
by arranging different interconnected configurations, which gives the designers more flexibility to

meet any specific requirements.
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Chapter 3

Coordinated Semi-Active Suspension Systems for Truck Cabins

This chapter starts with the dynamic modelling of a cab-over-engine (COE) with a tilting mechanism.
The accuracy of COE model is validated through the experimental study that can be found in Sections
4.4. 1t provides crucial insights into the performance of the COE suspension system and serves as a
solid foundation for further analysis and development. Building upon this groundwork, two general
optimal controllers are developed for vehicle suspension systems, based on the MPC and the integrated
Skyhook-LQR approach. These controllers aim to improve the ride quality and stability. The MPC
controller employs a predictive control strategy, which takes into account the future behavior of the
vehicle and optimizes the control inputs accordingly. On the other hand, the integrated Skyhook-LQR
algorithm combines the Skyhook control strategy with the LQR approach, which results in a robust and
effective control solution. In addition, two gain-adaptive algorithms are introduced to future optimize
the overall performance of the integrated Skyhook-LQR controller on various road conditions. Finally,
the chapter is concluded by a thorough summary, which provides insights into the benefits and

limitations of the proposed control algorithms.

3.1 Modelling of Cab-over-engine Suspension System

As discussed in Section 2.1.2, the cabin suspension system is usually modelled as a simplified passenger
car suspension in the past studies. However, the COE cabin has a unique tilting mechanism, by which
the cabin can be easily titled forward for engine repair or powertrain inspection. Figure 3.1 shows a
cabin tilting operation from its nominal position (a) to its fully raised position (c). Nowadays, the tilting
mechanism usually consists of a hydraulic system to raise or lower the cabin, lock it in the down

position, and release it when it tilts [168].

The CAD model of a COE suspension system produced by Beijing Foton Daimler Automotive Co.,
Ltd. (BFDA) is shown in Figure 3.2. As can be seen, there are four vertical airbag-damper units at each
suspension corner, and two lateral dampers at the rear. The motions of the chassis frame are considered
as the disturbance inputs to the cabin, which is known as a base excitation system, as shown in Figure
3.3. Specifically, z¢, @, and 6 represent the vertical displacement, roll angle, and pitch angle of the
chassis frame, respectively. In the cabin front suspension, a planar linkage mechanism is used, which
connects the cabin to the truck chassis frame to ensure the necessary motion constrains in longitudinal,
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lateral, and yaw directions with respect to the chassis frame, while allowing three DOFs in the planes

of chassis vertical, roll, and pitch motions.

() (b) (c)

Figure 3.1. Cabin tilting of a flat-nose truck

™ Chassis Frame

{a) Left View {b) Rear View

Figure 3.2. The CAD model of a cab-over-engine suspension system

Figure 3.3. Schematic of truck cabin system
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3.1.1 Passive COE suspension system

The planner linkage mechanism can be considered as a modified four bar linkage, in which one of the
revolute joints has been replaced with a revolute-slide joint. As shown in Figure 3.4, the coordination
of the linkage mechanism is located at the revolute joint A. The longitudinal axis x’ points to the front,
and the vertical axis z' points upward. The lengths of four links are ry, 15, 3, and r,, respectively.
However, the length of r5 is not fixed because of the slotted hole design, which allows the cabin moves
independently in vertical and pitch directions. The cabin is in fact the extension of link BC which has
a combined motions of translation and rotation, while Link AD is rigidly attached to the chassis frame.
The angles 6; (i = 1, 2, 3, 4) are defined accordingly for future analysis. Note that 6, represents the
angle between link AD and the perpendicular axis which is a fixed angle. To further improve the ride
comfort, two revolute joints A and B are replaced by two bushings, by which the cabin can roll
independently with respect to the chassis frame. Since the planner linkage mechanisms on the front-left
and front-right corners have the same configuration, the left one is chosen as the example and
introduced in detail in this section.

Figure 3.4. Drawing of the linkage mechanism

The purpose is to develop a mathematical model for the linkage mechanism that can be used to arrive
at the cabin dynamic model based on the Lagrangian principle. Firstly, use the angles 6; and the lengths
r; (i =1, 2, 3, 4) to describe the geometry of the linkage mechanism. Note that 8,, 8,, and 65 are

dependent and can be defined based on two generalized coordinates such as 6, and r;.
The vector loop-closure equation of the linkage mechanism is written as [169]:
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Mt =0T (3.1)

which can be rewritten in terms of the lengths and angles as:

11 €0S 01 — 1, 5in8, = 13 c0s 03 + 1, Sin 6,

(3.2
11 5in81 + 1, cos B, = r3sinf3 + 1, cos b,
Using small-angle approximation around the nominal angle 87, we have:
cos 8; = cos(8 + AB;) = cos 8 cos A; — sin B sin AB; = cos 6 — sin 6 AG;
(3.3)

sin §; = sin(6? + Af,) = sinH? cos AB; + cos O sin AG; = sin 6 + cos 6 AH;

in which 8 is the nominal angle, and A8; represents the change of the angle with respect to its nominal

value.

Besides, the variable 15 can be represented by

3 =15 — Arg (3.4)

According to equations (3.3) and (3.4), the Eq.(3.2) can be fully linearized, so that the variable A9,

can be derived as:

r, cos(8) — 8?) cos(6Y —69)
AO; = — Ar; = bAG, — cA
3T rdsin(0d —62) " ? 10 sin(h9 — 6?) "3 27 €A1 (3.5)
b c

Similarly, the variable A@; can also be represented in terms of A8, and Ar; as follows:

ng. =2 cos(62 — 69) 1 Ar. = aAd. — dA
Y7 sin(00 —62) T %y sin(69 — 69) 3T A% "3 (3.6)
a d

The previous kinematic equations are written based on the non-inertial coordinate x’y’z’, in which
the origin is located at the revolute joint A that is rigidly attached to the chassis frame. It is necessary
to transfer the component movements from the non-inertial coordinate to the inertial (global) coordinate

xyz, as shown in Figure 3.3. Denoting unit vectors i, j, k as the longitudinal, lateral, and vertical
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directional vectors of the non-inertial coordinate x"y’z’. They can be expressed in the global coordinate

xyz in terms of unit vectors I, J, K as follows:
Longitudinal: i = cos 6y [ —sin6; K
Lateral: j = cos ¢ ] + singy K (3.7)
Vertical: k = sin6; [ — singy ] + cos 6 cos o K

Due to the mechanical constraint of the linkage mechanism, it is assumed that the cabin follows the
chassis’ longitudinal, lateral, and yaw motions, so that the cabin has three degrees of freedom, i.e.,
vertical, pitch, and roll. In the pitch plane shown in Figure 3.5, the following parameters are defined in
order to describe the motion of the cabin’s CG location S. As shown in Figure 3.7, lgs represents the
longitudinal distance from the bushing B to the cabin’s CG location S; lzs; represents the longitudinal
distance from the bushing B to the upper point of the front air spring S;; lzs, represents the longitudinal
distance from the bushing B to the upper point of the rear air spring S,. Since link BC is rigidly
connected to the cabin, its extended line CC' and perpendicular line BB’ are used as a reference
coordinate. Besides, a; is the angle between CC' and BS;, a, is the angle between BB’ and BS,, a5 is
the angle between BB’ and BS. Since the cabin is assumed as a rigid body, the above parameters are
fixed values which can be calculated according to the cabin dimensions. In the roll plane shown in
Figure 3.6, half of the lateral distance between the left and right suspension struts is represented by I,
and the cabin CG height with respect to the floor is named as h. Since the use of the two bushings at
locations B and C provides more flexibility for the cabin’s roll motion, its roll angle ¢ is considered

as the third generalized coordinate.
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Figure 3.5. Pitch plane of the cabin system
z

Figure 3.6. Roll plane of the cabin system
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Chassis Frame

Figure 3.7. Cabin coordinate located at the revolute joint B

Hence, the vector 0S can be written as

0S = 0A + AB + BS
= x40 + v + 24K — [ry cos 0, + lgg cos(B, — a3)]i 38)
— [h sin(<p5 — (pf) + lcos(<p5 - (pf)]j

+ [ry sin 6, + lgg sin(0, — a3)]k

in which z, represent the height at the revolute joint A which is the origin of the non-inertial coordinate,
x4 and y, represent the longitudinal and lateral distances at the revolute joint A with respect to the

origin O of the inertial coordinate.

Combining Eq.(3.7) and (3.8), the vertical displacement at the cabin CG location S can be linearized

based on the small-angle approximation as described in Eq.(3.3):

zs = zp + [ria cos 07 + lgg cos(83 — a3)] AG, — ryd cos 67 Ars
D1 D2
+ [ls cos(03 — a3) + 1 cos 67] 6,
D3

(3.9)

in which z; represents the vertical displacement of the chassis frame at the middle of the front cabin

suspension, as shown in Figure 3.6.
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Similarly, the longitudinal xg and lateral ys displacements at the cabin’s CG location can be
represented as

x5 = X + [lps sin(87 — a3) + ryasin 7] A0, — ryd sin 67 Ar,
s (3.10)

Da
+ [ry sin 69 + Igs sin(63 — a3)16;

Ys = Y5 — [r1 sin 607 + g5 sin(6 — a3)]@; — hos (3.11)

inwhich x; and y, represent the longitudinal and lateral displacement of the chassis frame at the middle

of the front cabin suspension.

Similarly, the suspension relative displacements Ax; with respect to the nominal positions at the four

corners can be derived as follows:

Ax; = [ryacos 09 — lgs; sin(69 — a;)] A, — ryd cos 0 Ars + I(ps — ¢f)

Pe P2
Ax, = [ryacos ) + lgs; cos(09 — a;)] AG, — ryd cos 6 Ars + (o5 — @) (3.12)
p7 P2 '

Axs = pelAB, — pyArs — l(§05 - €0f)
Axy = p;A0, — pyAr; — l(§05 - §0f)

= Lagrangian Formulation
With the three generalized coordinates A6,, Ars, and @ that describes the configuration of the COE

system, the following Euler-Lagrange equations can be derived:

d (dT aT N v +6D_
dA0, ~ ANO, 96,

dt\ a6,

d (0T oT ov. aD

_<__) _ n + 22 ) (3.13)
dt\or3/ 0Ar;  0Ar; 073

d(&T) (’)T+6V+E)D _0
dt\dps/ 0dps Odps  0@s

in which T is the kinetic energy, V is the potential energy, and D is the dissipation energy.
Compared to the cabin’s mass and moments of inertia, the inertia of the linkages can be neglected.

Hence, the total kinetic energy of the system can be simplified as
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1 . . . . . .
T = 3 [msxZ + mgy2 + mszZ + 1,93 + 1,62 + 1,13] (3.14)
in which I, I, and I, are the cabin’s roll, pitch, and yaw moments of inertia, respectively.

Similarly, the potential energy of the system can be simplified as

1 0 2, 1 0 2, 1 0 2
V =mgsgzs + Ekl(Axl —Axy)* + EkZ(sz — Axy)* + Ek3(Ax3 — Ax3)
1 1 . (3.15)
+ §k4(AX2 — AX4)2 + Ekq)((ps — (pf)

On the right-hand side, the first term represents the potential energy due to gravity, the following
four terms represent the elastic potential energy stored by the air springs, and the last term represents
elastic potential energy stored by the bushings. Note that g is the gravitational acceleration, k; (i = 1,

2, 3, 4) represents the air spring stiffness, k,, represents the suspension equivalent roll stiffness, and

Ax) are the compressed lengths of the four air springs at the vehicle rest position due to the cabin mass.

The dissipation energy of the system due to the dampers is

1 1 1 1
D=3 c1AxE + 3 c,AX%% + > c3AxZ + > caAx2 (3.16)

By substituting equations (3.14)-(3.16) into (3.13), three differential equations can be obtained based
on three generalized coordinates, i.e., Af,, Arz, and ¢s. Note that the cabin vertical displacement zg
and pitch angle 6 are dependent on the movements of the suspension linkage mechanism. Thus, the

following three dynamic equations of the COE cabin system can be derived as:
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mszs = _(kl + k2 + k3 + k4)Zs
+ [k1(p1 — p6) + k2(p1 — P7) + k3(P1 — P6) + ka(p1 — p7)]16s
— Uy + ky — k3 —ky)ps — (c1 + ¢ +c3+ ca)Zs

+ [c1(p1 — P6) + c2(P1 — P7) + c3(P1 — P6) + c4(p1 — P7)16s
—l(cy+cp —c3—cy)ps + (ky + kg + ks + ky)zp

+ (c1t eyt ezt )z (3.17)
+ [k1(ps + p3s — p1) + k2(p7 + P3 — 1) + k3(pe + Pz — p1)
+ k4(p7 + p3 — p1)10f
+[e1(ps +p3 —p1) + c2(p7 + 3 = p1) + ¢c3(Ps + 3 — P1)
+ cy(p7 + 03 — pl)]éf _ Dsbs Xs
%)
Iyés = [k1(p1 — p6) + k2(p1 — D7) + k3(p1 — Pe) + ka(p1 — P7)]zs
— [k1(p1 — P6)* + k2 (D1 — P7)* + k3(p1 — P6)? + ka(py — P7)%16s
— l[k1(ps — p1) + ka(p7 — P1) — k3(Ps — P1) — ka(p7 — P1)]gs
+ [c1(p1 — pe) + c2(P1 — P7) + c3(P1 — P6) + ca(p1 — P7)]Zs
—[e1(1 = p6)* + c2(p1 = P7)* + c3(1 — P6)?* + ca(pr — P7)*165
—l[e1(ps — p1) + c2(p7 — P1) — c3(Ps — P1) — ca(p7 — P Ps
— [k1(p1 — D6) + k2(p1 — P7) + k3(P1 — P6) + ka(p1 — 07)]2f (3.18)

— [e1(p1 = pe) + c2(p1 — P7) + c3(D1 — D6) + ca(p1 — P7)]Z¢
+ [k1(p1 = Pe) (1 — Ps — P3) + ka(P1 — P7)(P1 — D7 — P3)
+ k3(p1 — p6) (1 — P6 — P3) + ka(p1 — P7) (D1 — P7 — P3)16F
+ [e1(p1 — P6)(P1 — P — P3) + c2(P1 — P7)(P1 — P7 — P3)
+ c3(p1 — Pe)(P1 — D6 — P3) + ca(p1 —P7)(P1 — D7 — P3)]9f

N mgs(p1Ps — P2Pa)
|%/]

Xs
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Leps = —1(ky + ky — k3 — ky)zg
+ Uky(p1 — p6) + k2(p1 — D7) — k3(P1 — P6) — ka(p1 — P7)16s
— (kql? + kal? + k3l? 4+ kyl? + k) ps — L(cy + ¢ — €3 — €4)Zs

+U[c; (p1 — pe) + c2(p1 — P7) — c3(p1 — P6) — Ca(p1 — P7)16s
— (1P + ol? + 312 + cy 1) s + U(ky + ky — ks — ky)zg
+ U(cy + 3 — ¢35 —c4) 7 (3.19)
+ Uk (ps + 3 — p1) + ka(p7 + Pz — P1) — ks(Ps + P3 — P1)
— k4(p7 + p3 — 1)10f
+ Ule1(ps + 03 — p1) + c2(p7 + 3 — p1) — c3(Ps + P3 — P1)
—c4(p7 + 03 — P10 + (ke l? + kal? — k3l? — kyl? + k) f
+ (c112 + 1% — c31% = ¢y 1®)@p + mghyis
The above three equations (3.17), (3.18), and (3.19) can be rewritten into the linear-time-invariant
(LTT) state-space form as follows:

X =AX +BU (3.20)
in which the state vector X is
X=lzg 6; o5 2 95 ‘PS]T
and the input vector U is
U=l % 6 6 ¢ ¢ & ]
and A is the state transition matrix, B is the input matrix.

The COE’s parameters used in this study are listed in Table 3.1, which are obtained from the mass-

product cabin suspension shown in Figure 3.2.

Table 3.1. Parameters of the COE system

Symbol Description Value
my Cabin weight 1250 kg
L Cabin roll moment of inertia 1468 kgm?
1 Cabin pitch moment of inertia 1229 kgm?
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ki, k4 Front air spring stiffness 23658 N/m
ko, ky Rear air spring stiffness 14854 N/m
k, Equivalent roll stiffness of the bushings 155 kNm/rad
h Height of the cabin CG 542 mm
l Half of the distance between the left and right suspension strut 630 mm
lgs Longitudinal distance between B and CG 1221 mm
lgs1 Longitudinal distance between B and S; 364 mm
lgso Longitudinal distance between B and S, 1776 mm
a, Angle between CC' and BS; 2.5°
a, Angle between BB’ and BS, 35.2°
as Angle between BB’ and BS 3.4°
69 Nominal value of angle 8, 6.0°
69 Nominal value of angle 6, 44.0°
69 Nominal value of angle 6, 22.9°
n Length of linkage 1 265 mm
T, Length of linkage 2 144 mm
rd Nominal length of linkage 3 156 mm
7 Length of linkage 4 65 mm

1 1 1
V =msgz + Ekl(Axf —Ax;)? + EkZ(AxS — Ax,)? + Ekg(Axg — Ax3)?

3.1.2 Adaptive COE suspension system

energy with the adaptive dampers is rewritten as

1 0 2 1 2
+ Ek4(Ax4 — Axy)? + Ek(p(q)s — @) — FiAx; — F,Ax; — F3Ax3

- F4AX4,
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Based on the discussion above, the dynamic model of the adaptive COE suspension system is developed
in this section, in which the passive dampers are replaced by controllable dampers. As shown in Figure

3.8, the control forces are represented by F;, F,, F5, and F,. Different from Eq.(3.15), the potential

(3.21)



in which the last four terms on the right-hand side represent the potential energies provided by the

damping forces which are the control objectives.

Cabin

/

/

Chassis Frame

Figure 3.8. Equivalent adaptive cabin suspension (quarter)
In this way, the three dynamic equations of the adaptive COE suspension can be rewritten as

mszs = _(kl + kz + k3 + k4,)ZS

+ [k1(p1 — Pe) + k2(p1 — P7) + k3(p1 — p6) + ka(p1 — P7)16s
—l(ky +ky — ks —ky)ps + (ki + ko + k3 + k4)Zf

(3.22)
+ [k1 (D6 + p3 — 1) + k2 (D7 + D3 — 1) + k3(Ps + D3 — P1)
MgDs |,
+ ky(p7 + p3 —P1)]10f — Xs+F+F+F+F,
2
Iyés = [k1(p1 — p6) + k2(p1 — D7) + k3(P1 — P6) + ka(p1 — P7)]zs

— [k1(p1 — p6)? + k2(p1 — P7)* + k3(p1 — p6)? + ka(p1 — p7)*16s
—l[k1(p6 —P1) + k2(p7 — P1) — k3(D6 — P1) — ka(p7 — D)0
— [k1(p1 — pPe) + k2(P1 — P7) + k3(p1 — De) + ka1 — P7)]2f
+ [k1(p1 — Pe) (@1 — P — P3) + k2(P1 — P7)(P1 — P7 — D3) (3.23)

+ k3(p1 — P6) (01 — D6 — P3) + ku(p1 — 07) (01 — D7 — P3)16F

ms(p1Ps — P2Pa) .,
+ v ¥s + (pe —p1)F1 + (07 —p1)F2 + (D6 — D1)F3
2

+ (p7 —PFs
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Leps = —1(ky + ky — k3 — ky)zg
+ U[ky(p1 — p6) + k2(P1 — P7) — k3(P1 — P6) — ka(P1 — P7)16s
— (ke + kal? + k3l? 4+ kyl? + k)5 + L(ky + ky — ks — ky)zp

(3.24)
+ U[k1(pe + P53 — P1) + k2(P7 + P3 — 1) — k3(ps + P35 — P1)
— ky(p7 + D3 — P10 + (kel? + kal? — k3l? — kyl? + k) s
Meanwhile, its state-space form is organized as:
X = AX + B,W + B,U (3.25)

in which the state vector is

X=[Zs Os @5 Zs 95 ‘PS]T

and the disturbance input vector is

W=z 6 ¢ 7 6 ¢ I s
and the control vector is
U=[F F F3 FJ

and A is the state transition matrix, B,, is the disturbance input matrix, B,, is the control input matrix.

3.2 Suspension Coordinated Control Strategies

In this chapter, two control strategies are introduced, namely Model Predictive Control (MPC) and
integrated Skyhook-LQR. Both controllers are developed based on the cabin dynamics model derived
in Section 3.1.2. After studying the existing works, it is noticeable that MPC can properly handle the
constrained multi-objective optimization problems, so it has great potential in vehicle suspension
control task that is constrained by damping dissipative characteristic. However, its complicated
algorithm requires a more powerful processer due to the high computational cost, which makes MPC
expensive to be implemented on an automotive-grade microcontroller. To solve this issue, a novel
control strategy named integrated Skyhook-LQR is introduced in this thesis. As the name implies, the
proposed algorithm integrates the popular Skyhook approach to attenuate vertical vibration and the

LQR approach to further optimize rotational dynamics. Additionally, two concise gain-adaptive
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algorithms are developed for the integrated Skyhook-LQR to optimize the overall control performance

in various driving conditions.

3.2.1 Model Predictive Control for semi-active suspension systems

MPC is naturally capable of handling multi-variable systems, which simplifies the controller
development when different control objectives need to be fulfilled. Furthermore, the state and input
constraints can be easily formulated into the optimization problem. Besides, MPC has inherent local
robustness to disturbances and uncertainties, as it can be designed to locally recover the LQR behavior
[170]. As a model-based dynamic optimizer, the system mathematical model is used to predict the
future states over a certain horizon, and the control action sequence is achieved by repeatedly solving
finite-time optimization problems in a receding horizon fashion [171]. Specifically, the optimization is

formulated as a constrained quadratic programming problem.

The proposed MPC controller is developed based on the adaptive COE model described in Section

3.1.2. The core of MPC is to utilize the receding horizon idea, its principle is presented as follows [30]:

1) Attime instant k, based on current states of the control plant, the controller uses a mathematical
model to predict the model output over a finite prediction horizon N,,.

2) The optimization problem is solved over the control horizon N, based on a predefined cost
function subject to the system constraints. An optimal control sequence is generated in this step.

3) The first element in the control sequence is applied to the system at the current time instant, and
the rest elements are discarded.

4) Return to step 1 for the next time instant k+1.

The MPC controller is designed to predict the cabin’s vertical, roll, and pitch motions with the purpose
of improving its ride comfort and stability. The prediction model’s accuracy and complexity have a
critical impact on the closed-loop optimization, i.e., computational cost and control performance. The
prediction model of the truck cabin system is explicitly given in a state-space formulation as introduced
in EQ.(3.25). The proposed linear-time-invariant (LTI) mathematical model is discretized by using the

Euler method with a sampling period Ts. Then, the discretized matrices can be written as follows:

Ag =1+T,A
(3.26)
Byua = TsBy
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Cd = C
Dyq = Dy
Dwd = Dw

and the discretized plant model can be formed as:

X(k+1)=A4,X(k) + ByqU(k) + B,,qW (k)
(3.27)
Y(k) = CdX(k) + DudU(k) + DyqW (k)

where A, is the state transition matrix, B,,4 is the control input matrix, B,,4 is the disturbance input
matrix, C, is the output matrix, and D,,4; and D,,4 are feedforward matrices. The subscript d is used to
clarify that the matrices are discrete, which are from now on neglected and the matrices are assumed to

be discrete.
The state predictions over the prediction horizon are:
X(k +1|k) = AX(k|k) + B,U(k|k) + B, W (k|k)

X(k+2|k) = AX(k +1|k) + B,U(k + 1|k) + B,,W (k + 1|k)
= A[AX(k|k) + B,U(k|k) + B,,W (k|k)] + B,U(k + 1|k) + B,W (k + 1|k)
= A?2X(k|k) + AB U (k|k) + AB,,W (k|k) + B,U(k + 1]k)
+ B, W (k + 1]k)

X(k+ Ny|k) = AX(k + N, — 1|k) + B,U(k + N, — 1|k) + B, W (k + N, — 1]k)
= ANo X (k|k) + AN<=1B,U(k|k) + ANe=1B, W (k|k) + AN<=2B,U(k + 1|k)
+ ANe=2B W (k + 1]k) + -+ B, U(k + N, — 1|k) + B,W (k + N, — 1|k)

in which N, is the prediction horizon, and N, is the control horizon.
The output predictions over the prediction horizon are:

?(k|k) = CR(k|k) + D, U(k|k) + D, W (k|k)
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Y(k + 1|k) = C[AX(k|k) + B, U(k|k) + B, W (k|k)] + D,U(k + 1|k) + D,,W (k + 1|k)
= CAX(k|k) + CB,U(k|k) + CB, W (k|k) + D,U(k + 1|k)
+ D, W(k +1]k)

Y(k + Nylk) = CX(k + Nylk) + D,U(k + Ny|k) + D, W (k + Ny|k)
= CAM X (k|k) + CAN»"1B, U(k|k) + CAN»~1B, W (k|k)
+ CAM 2B, U(k + 1|k) + CAN»™2B, W (k + 1|k) + -
+ CANp~NeB U(k + N, — 1|k) + CANp~NeB, W (k + N, — 1|k)
+ CB,U(k + N k) + CB,W (k + N.|k) + D,U(k + N_|k)
+ D, W (k + N,|k)

Hence, the state predictions can be rewritten into the matrix form as

[ X(k + 1[k) ] 4
X(k + 2|k) [ A2 l
| = R
|R(k+ N, —11k)| | am-1]
| R(k+nNyk) | A%
B, 0 0 0 U(k|k)
AB, B, 0 0 Uk + 1lk)
o 0 : (3.28)
ANv=2p  ANp=3p . pANp~Nem2p, 0 U(k + N, —2|k)
LANe=1B, AM»7ZB, ... ANe™Ne1R - ANo=Nep NU(k + N, — 1|k)
B, 0 0 0 W (k|k)
By B, 0 =~ 0 Wk + 1]k)
+: o~ w0 :
B, B, *~ B, 0]||W{+N,—2|k)
»Bw Bw Bw BW W(k + Nc - 1|k)

The output predictions can be rewritten into matrix form as
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[ Pkl ] C
| Pk + 1]k) | [ cA ]
R : = iRk
lY(k + N, —2]k) CAN»
?(k + N, —1]k)] €A%
_.—/? (o]
D, 0 0 0 U(k|k)
CB, D, 0 0 ] Uk + 1[k)
+ : 0 : 3.29
CANe=3B, CAM'B, - D, OJ U(k + N, —2]k) ( )
lca™—2B, ca™~3B, - ca™NB, DJlUGk+nN,-1[k)
Ty i
D, 0 09 Wkl
CBy, Dy, 0 ]l W(k + 1|k) |
+ : 0 || |
CAN»=3B,, CAN»~*B, DW 0 lw(k + N —21k)
LlcAN»—2B,, CAM»—3B, DWJ Wk + N —1]k)
T
The above equation can be written short as
Y =®X(k)+T,0+T,W (3.30)

In order to minimize the output of the system, a quadratic optimization problem is formulated. The
objectives are minimizing cabin’s vertical, roll, and pitch accelerations to improve ride quality. The
objective function J is written in the quadratic form as follows:

J =min¥TQY + UTRU (3.31)
U
where Q is the output penalty matrix and R is the control signal penalty matrix.

By substituting output prediction ¥ into J, the following objective function is derived as:

PTQY + OTRU = [0R (k) + I,0 + I, W] Q[®X(k) + I, T + I, W] + OTRT
=X(k)ToTQdX (k) + X(k)T®TQL,U + X(k)T®TQL,W + UTL,T QX (k)
+U0TLrQr,0 + UTLFQL,W + WTL,FQoX (k) + WTLFQrL,U
+WTrIor,w + OTRU

Omitting the terms that are not dependent on the optimization variable U gives:
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X()ToTQr, 0+ UTr,rQeXx(k) + O'rror, 0+ UTr,ror,w + Wrr,lor,U + UTRU

=0T (FuTQFu + R> U+2 ()?(k)TqJTQFu + VT/TFWTQru> ]
H f

Thus, the objective function can be rewritten as:
]=mﬁinl7THl7+2fl7 (3.32)

Now the problem is formulated in such a way that a quadratic programming (QP) solver can be used,
where the Hessian matrix (H) needs to be positive definite, f is the gradient vector. The typical

optimization problem to solve in an MPC problem is formulated as

0T HO + f0

N| =

J =min

i
(3.33)

s.t. AU<D
lb<U<ub
where the constraints can be formulated as a linear combination of the optimization variables and also

by upper and lower bounds on the optimization variables.
To ensure the dissipativity constraint of the adaptive dampers, the following constraint must be

satisfied:
(3.34)

0< Cmin < Cadaptive < Cmax

The above dissipativity conditions can be transformed into input constraints.
if(zr,; —25;) =0
) (3.35)

Cmin(Zri — 2si) < Fi < cmax (251 — Zs1),
if (zr; — 251) <0

{Cmax(zfi — 25i) < F; < cmin (251 — Zs1),
Then, the dissipativity constraint is expressed as a set of linear inequalities between control input and
state variables. Let Av; = Zz; — Z;, the dissipativity constraint over the prediction horizon N, can be

written as
(3.36)

If A'Ul(k) =0,
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CanAUL (k) F (k) CmaxAvi(k)
[ CminAvi(k + 1) l [ Fi(k +1) ] [ CmaxAvi(k + 1) }
I || I
I Il |

cmmAvl(k +2) F; (k +2) CrmaxOV; (k + 2)

cmmAvl(k +N, - R+ N 0l ey pptvytk + N, — 1
ub
If Av; (k) <0,

[ CmaxAvi (k) ] [ Fi (k) ] [ CminAvi (k) ]

| CmaxAvi(k + 1) | | Fi (k + 1) | | CminAvi(k + 1) |
Cmax AV (k + 2) | < | Fi(k +2) | < | cminhvi(k+2) |0

lepatvie + N, — D LFk+n, - D] lepnav(k + N, — D]

b U ub

It can be seen that the constraints on the damping forces exerted by the semi-active dampers
dependent on the directions of suspension deflection velocities that are parts of the system states, which
is hard to be solved in real-time. There are a few solutions introduced in the literature to handle the
constraint problems. In [26], three different approaches are introduced. First, relative damper velocities
are predicted as a function of the initial values, road profile over the prediction horizon, and the damping
force which is the optimization variable. In this expression, the relative velocities were calculated as
outputs. Using the pre-measured, nonlinear damper characteristic which represented by a polygonal
line, the constraint on the damping force were obtained. This resulted in a linear quadratic optimization
problem with nonlinear constraints. The optimization was solved at each time step by using the
MATLAB function fmincon. Second, an appropriate linear damper force was chosen and then the
relative damper velocities could be approximated. Constraints for the damping force were calculated
over the prediction horizon which led to a linear optimization problem. In the third approach, optimal
control signals were calculated without considering input constraints. If the obtained damping force
was outside the feasible region, the force would be clipped and the maximum or minimum force would
be applied. In this way, the resulting forces were no longer the optimal one as desired. In [28], based
on a nonlinear half-car model, the control signal was written as a function of the state variables using a
set membership approach, which was obtained off-line (could not be calculated online due to the long
computational time). Then the only online calculation was a simple evaluation of the approximated off-
line calculated function. However, a model with only four states was used in [28]. The necessary
number of offline calculations would be much more difficult to cover with a more complex model.

Another approach by Ahmed and Svaricek [172] was to apply the road classification strategies together
53



with MPC algorithm. They used a lidar to measure the road profile in front of the vehicle and the Fast
Fourier Transform (FFT) was applied to analyze the frequency content of the road. Then road profiles
were divided into different classes such as potholes, bumps, and random road, etc. The MPC
optimization problem was solved offline for all road classes and the results were stored in lookup tables.
During real-time operation, the control signals were recalled from pre-defined lookup tables based on
the current state values and the road class. This method had been validated by using a half-car model,
which showed that the MPC developed in [172] provided a better ride comfort than Skyhook and H,,
control. There is another popular approach which has been employed for several times in the literature.
The system can be modelled as a Mixed Logical Dynamical (MLD) hybrid model by using Hybrid
Systems DEscription Language (HYSDEL) included in Multi-Parametric Toolbox (MPT). The non-
linear and non-convex force constraint is approximated by a piecewise affine approximated with three
segments. The results are obtained with the aid of software packages MATLAB and Yalmip. HYSDEL
was developed by Torrisi and Bemporad to obtain MLD models from a high-level textual description
of the hybrid dynamics. HYSDEL models are used in the hybrid toolbox of MATLAB for modeling,
simulating, and verifying the safety properties of hybrid systems. Besides, it also used for designing
MPC controllers for linear systems with constraints and hybrid systems and determining equivalent
piecewise affine control functions that can be immediately prototyped on hardware. By using the MPT,
one can design, analyze, and deploy optimal controllers for constrained linear, nonlinear and hybrid
systems. Yalmip is a modeling language for advanced description and solution of convex and non-
convex optimization problems, allowing the user to concentrate on the high-level model. Based on this
method, Cseko, Kvasnica, and Lantos [29] developed an explicit MPC for semi-active suspension
system. While Morato and Dugard [32,173] considered a linear parameter varying (LPV) MPC
approach. Through simulation, the online computation of the MPC based controller proposed in [25]
was tested by Nguyen et. al, with the use of MATLAB, Yalmip toolbox, and Gurobi solver. Giorgetti
[27] proposed MPC hybrid control tools as a way for obtaining control laws with different degrees of
optimality. Moreover, Kjellberg and Sundell [30] introduced a new approach to deal with the semi-
active dissipative constraint. In their work, a full-car model with the damping coefficient as the control
signal was proposed. This resulted in a nonlinear model since the control signal was multiplied with
some of the states. The benefit of formulating in this way was that the constraint on damping
coefficients were linear (only had a lower and an upper bound). Hence, the MIQP problem no longer

existed, but this approach resulted in a nonlinear MPC problem. ACADO Toolkit was employed to
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handle this NMPC problem, which is an open-source framework for MPC and NMPC problems that is
utilizing gpOASES as its main low-level solver [35]. The proposed approach had been validated against
a realistic vehicle model in CarMaker, which was able to run in real-time and the ride quality had been

significantly improved compared to a passive suspension system.

In this thesis, an approach that is similar with one of the solutions mentioned in [26], has been used
to deal with the semi-active dissipative constraint. For each time step, the previous optimal control
signal U*(k — 1) has been collected and then used for further system states. In order to linearize the
dissipativity constraint problem, it was assumed that the damping forces over the prediction and control
horizons were the same. Under this assumption, further vehicle states could be obtained, which were
then used for calculating the boundaries of the optimal control signals U* (k) for the next time step.

Based on above description, the proposed MPC control algorithm is concluded as follows:

Algorithm 1: MPC algorithm
Input: state vector X (k), disturbance input vector W (k), control signal vector U*(k — 1).

Output: optimal control signal U* (k).
Assume that U(k|k) = U(k + 1lk) =--=U(k + N, —1|k) = U"(k — 1),
and W(k|k) =W (k +1|k) = =Wk + N, — 1|k) = W(k — 1).
Obtain X (k + 1|k), -+, X(k + N,|k) according to Equation (3.28).
Calculate boundaries of the control signals according to Equation (3.36).
Obtain optimal solution U* (k) according to Equation (3.33).

return the optimal control signal U* (k) for next iteration.

3.2.2 Integrated Skyhook-LQR controller for semi-active suspension systems

The MPC approach is difficult to be implemented in practical applications due to its high computational
costs. Alternatively, the LQR is another option for realizing coordinated suspension control. It is a
popular control technique used in both industry and academia to control linear dynamic systems
because of its simplicity, optimality, integrability, and design flexibility. However, it cannot properly
handle the damping constraints. Thus, developing a computationally efficient, robustness, and effective
suspension controller for practical applications becomes a key task in the automotive industry. In this
thesis, the Skyhook and LQR strategies are integrated to attenuate the undesired vibration in vertical,

roll, and pitch directions. The reasons of choosing these two control approaches are listed as follows:
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» Skyhook is the most widely used control method for vehicle suspension systems because of its
simplicity, robustness, and efficiency. Using Skyhook as the base control algorithm can

guarantee the satisfactory ride quality and robustness. In addition, this approach considers the

damping constraint in terms of the force applied direction, but not the force boundary.

* However, Skyhook cannot handle the multi-objective optimization problem, such as improving
the cabin dynamics in vertical, roll, and pitch directions at the same time. But LQR naturally
seeks global optimum solution for multi-objective problems. Thus, LQR is suitable for further

optimizing the control performances.

* LQOR request less computational power than the MPC algorithm, so that it is easier and cheaper
for practical applications, especially the suspension control needs to be processed within the

range of 100Hz to 200Hz.

The schematic of the proposed Skyhook-LQR approach is shown in Figure 3.9. In this algorithm, the
control signal F; is determined by both Skyhook and LQR modules. The methodology of the proposed

control system and the gain-adaptive algorithm are introduced in the following sections.

Observer

Skyhook

Cy ky

3.2.2.1 Skyhook control

The Skyhook algorithm is a classical control strategy for vehicle suspension systems, which mainly
focuses on the vertical vibration attenuation. The concept of the Skyhook control is that the sprung

mass connects to an imaginary sky through a damper, and a spring installs between the cabin (sprung

LQR

Adaptive
Dampers

Figure 3.9. Integrated Skyhook-LQR control

mass) and the chassis frame (unsprung mass), as shown in Figure 3.10.

56

Measurements




YD Imaginary Sky

- e

zs

Cabin
(Sprung Mass)

ks§ ;
Chassis Frame

my

mg

(Unsprung Mass)

Figure 3.10. Skyhook control approach

This approach in the literature consists of two control states, i.e., low-damped and high-damped. The
damping coefficient c,,, changes according to the sign of the product of the sprung mass and unsprung

mass velocities as follows:

{csky = Cmaxr ifZs(zs — %) 2 0

e . 3.37
Csky = Cnmin, leS(ZS — Zf) <0 ( )

It can be seen that the damping coefficient cg,, switches between the maximum valve c,,,, and the
minimum value c,,;,. In the active continuous skyhook control strategy, if the product z,(z; — 2) is
greater than or equal to zero, the high state is applied. If the product is negative, the damper is adjusted
to the low state. After determining the damping coefficient, the corresponding control signal Fg,, is

calculated by

Fsky = —CskyZs (3.38)

This comfort-oriented control law focuses on reducing the absolute vertical acceleration of the sprung
mass. Hence, the Skyhook approach has been widely used in minimizing the vertical vibrations [174].
But the classic Skyhook control is not adequate for optimizing the cabin’s roll and pitch dynamics, so
that it is not able to handle the coordinated control problems. To solve this multi-objective optimization
problem, the LQR approach is chosen to adjust the Skyhook control signals Fgy.,, in real-time with a

focus on optimizing the cabin’s pitch and roll dynamics.
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3.2.2.2 Linear Quadratic Regulator (LQR)

For the proposed linear time-invariant system, the cost function J is firstly defined in a quadratic form
shown in Eq.(3.39), which is very similar to the MPC’s shown in Eq.(3.31). It aims to minimize the

cabin’s pitch and roll accelerations.

Ji :f YTQ,Y + UTR,Udt (3.39)
0

in which the output penalty matrix @, = 0, the control signal weighting matrix R,, > 0, and the output

vector Y is

YZXZ[ZS 95 Os Zs és fps]T (3.40)

The above cost function needs to be transformed into the standard form as follows:

J= fo XTCTQ,CX + U (R, +DTQ,D) U dt (3.41)
Q R

The feedback control law that minimizes the above cost function is defined as
U=-KX (3.42)
in which the feedback gain K can be calculated by
K =R™'BTP (3.43)

where P is solved from the continuous time algebraic Riccati equation (ARE) as follows:

ATP+PA—-PBR'BTP+Q =0 (3.44)

As shown in Figure 3.9, based on the Skyhook control signal Fg.,, the LQR module adjusts the final
control signal F; by the increment term AF;. In this way, these two controllers work together to provide

excellent coordinated control performances in vertical, pitch, and roll directions.

3.2.3 Gain-adaptive algorithms

By choosing different gain values for the output penalty matrix @,,, the control objectives can be easily

adjusted. Hence, a proper weighting matrix can compromise the motions among vertical, pitch, and roll
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directions to provide a better overall performance. However, it is not possible to use only one set of
gains to achieve the optimum performance on various road conditions. For example, when tuning a
suspension controller, higher weights are needed to attenuate the significant disturbances, while lower
weights are preferred when driving on better road conditions. This conflict makes the gain-adaptive

technique necessary to continuously isolate the undesired vibrations as effective as possible.

Technically, one of the most commonly used solutions is to intelligently adjust the weighting
matrices online based on the available measurements. With the updated output penalty matrix, the gain-
adaptive Skyhook-LQR controller can attenuate the vibrations in the human-sensitive range to the most
extent. In this study, two 6-axis inertial measurement unit (IMU) are installed on the chassis frame and
the cabin floor to detect their motions in real-time. Thus, the sensor measurements can be processed
and analyzed for adjusting the control gains. Two gain-adaptive algorithms are introduced in this
section. Specifically, the algorithm A is processed according to the motions of the chassis frame
(disturbance-based), while the algorithm B focuses on the dynamics of the cabin (state-based).

3.2.3.1 Algorithm A: disturbance-based

The structure of the first gain-adaptive algorithm is presented in Figure 3.11, which aims to select the
optimal gains according to the result of its vibration level grading algorithm. As an example, the gains
and weightings used in this study are listed in Table 4.1, which are tuned by trial-and-error based on
the co-simulation introduced in Chapter 4. Specifically, the non-adaptive weighting matrices are tuned
for bumpy roads that are not ideal for paved road surfaces. The gain-adaptive algorithm is utilized to
adjust the LQR weights for rapid changed disturbances.

Memory Window

" LIt »
L] L]
Chassis frame pitch accel. T. '
[™i L iy
Chassis frame roll accc].‘ Il ” N
. ] ' P
» T, -
v i = Vibration Level
At 0 Pid Grading
é-arxis IMU Data 1 &

"l Processing

»

Chassis [rame pitch rate v
Chassis frame roll rate

Figure 3.11. Gain-adaptive algorithm
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Based on the real-time IMU measurements, the vibration levels of the chassis frame in the pitch 6,

and roll ¢ directions are graded based on the angular rates and the angular accelerations as follows:

6; = 5[abs(6y) + rms(agy)]
(3.45)
Q5 = 10[abs(¢y)-+7vns(a¢w)]
in which the absolute values of the pitch rate 9f and roll rate ¢ of the chassis frame are directly
measured by the 6-axis IMU; the frequency-weighted root-mean-square (RMS) values of the pitch
acceleration ag,, and roll acceleration a,,,, are calculated over a certain period of time T,,, that is named
as the memory window. In detail, the measured angular rates are processed to get the corresponding
angular accelerations, and then the frequency-weighted RMS values are calculated according to the
definitions in 1SO 2631-1 [87].

Sigmoid Function for Gain Selection
2500 - T

2000~

1500

—~
-~
-~
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Vibration level
Figure 3.12. The sigmoid function for gains selection

The essential step of the gain-adaptive technique is to select the optimal gain values based on the
vibration level grading results. In this study, the sigmoid function is used to schedule the gains of pitch

gs and roll g5 which guarantees a relatively smooth transition, as shown in Figure 3.12.

1500
1+ e—25*(§f—0.55)

qs =

(3.46)
_ 2500
46 = 1+ e—20*(¢f—0.6)
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3.2.3.2 Algorithm B: state-based
Different from the above algorithm A, algorithm B selects the control gains based on the IMU

measurement of the cabin motions, i.e., the cabin pitch rate 8 and its roll rate ¢;. As shown in Figure

3.13, the trends of cabin’s roll rate and pitch rate are firstly defined as follows:

éslope(k) = Sign[és(k) - és(k - 1)]
| | | (3.47)
gdir(k) = gslope(k) + gslope(k -1

¢slope(k) = Sign[(ps(k) - §bs(k - 1]
(3.48)
Gair (k) = (pslope(k) + (pslope(k -1

If sign of 8,;,-(k) equals to 1 or -1, it means that the trend of the pitch rate maintains the same.
Otherwise, if sign[édir(k)] equals to 0, it means that the trend of the pitch rate changes in this time

step and reaches its local maximum value.

As a result, a coefficient is determined for pitch direction:

écoef(k) = abs[és(k — 1)], if sign[édir(k)] =lor—1

(3.49)
Ocoer (k) = abs|6s(k)], if sign[04; (k)] = 0
Same logic is used for the roll direction as follows:
(pcoef(k) = abs[@s(k — D], if sign[@gir (k)] = 1or — 1
(3.50)

(pcoef(k) = abs[¢s(k)], if sign[@g;r (k)] =0

Thus, the resulted control gain-adaptive algorithm for pitch g5 (k) and roll g4 (k) directions are

1500
+ ¢30[Bcoer (k)=0.05]

qs(k) =
1

(3.51)
2500

1 + e_3o[¢coef(k)_0-1]

qe(k) =
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Figure 3.13. Cabin roll rate response

The expected performances after implementing the proposed gain-adaptive algorithms on the

adaptive suspension system are:

* When driving on bumpy roads, the gain-adaptive Skyhook-LQR controller should be able to
provide competitive performances as the non-adaptive Skyhook-LQR controller. Since the gains
of the non-adaptive controller are tuned for harsh road conditions.

* When driving on paved road, the gain-adaptive Skyhook-LQR controller should provide better
ride quality than the non-adaptive Skyhook-LQR controller, in which the vertical vibration is

usually dominate.

It can be seen that Algorithm A calculates the frequency-weighted acceleration in real-time for
grading the disturbance level, which spends more computational effort but fulfills the comfort criteria
defined in the ISO 2631. Differently, Algorithm B utilizes the available state measurements, requiring
less computational cost. In addition, the gain values generated by Algorithm A are more sensitive to
the disturbance level, which scarifies the system robustness to some extent. Note that a comprehensive

comparison of these two gain-adaptive algorithms can be found in Chapter 4.

Overall, the integrated Skyhook-LQR controller with gain-adaptive algorithm can intelligently
adjusting its control objective based on the available sensor measurements to achieve the optimum
overall performances. For example, when the vertical vibration is dominant, the controller puts more
efforts into minimizing the cabin’s vertical acceleration; when the roll and/or pitch motions become

larger, the corresponding gains of LQR increase to reduce the cabin’s rotational motions.
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3.3 State Estimation

The Kalman Filter is a state estimator that is widely used in practical applications. As introduced in

Section 3.1.2, the continuous time state-space form of the adaptive cabin suspension system is:

1)
2)

3)

4)

_Zf_
Zs Zs Of
o o] ey |
Os|_ ,|¥s F, Zf
g | = A\ 2s | T B B Bu g (3.52)
Os l?s | LFal Py
Ps ‘*“(f(s ’ *s
X L Vs |
——
w

The procedure of developing a Kalman Filter estimation algorithm can be concluded as follows:

Give initial state information: The initial values of the above system states are all zeros.

Calculate the measurable variables based on the predicted states: As shown in Figure 3.14, two 6-
axis IMUs and four height sensors were installed on cabin, chassis frame, and four suspension
corners, respectively. The available measurements are the vertical accelerations, longitudinal
accelerations, lateral accelerations, roll rates, and pitch rates of the cabin and chassis frame, as well

as the suspension displacements at four corners. Thus, the measurable vector y,, can be written as

Ym =05 @5 %] (3.53)

Calculate the estimation error: It is the difference between the measurement y,,, and the predicted

value y,, which is usually formed as

e(k) = ym(k) — Yp (k)

(3.54)
700 = CXo) + (D0 Du) [0 )]

o

in which C,, is the discretized output matrix of the observer,
Calculate the corrected state estimation by adding the corrective term Ke (k) to the estimated state
Xo(k):
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5)

X, (k) = X, (k) + Ke (k) (3.55)

in which K is the Kalman Gain which minimizes the posteriori error covariance that can be

calculated by

-1
K = PCli(CoqPkCly + Ry)
Py = (1 — KCo)Pyr—1 (3.56)
Pry1 = Apa(1 — KCog)PrAbg + Qy

in which P, is the state error covariance, @, is the state noise covariance, and R, is the

measurement noise covariance.
Calculate the predicted states for the next time step based on the present state estimation:

Xo(k + 1) = ApaXo(k) + BogU (k) + K[y (k) — v, (k)] (3.57)

in which X, (k) is the observed state vector at time k, 4,4 is the discretized state transition matrix

of the observer, and B, is the discretized input matrix of the observer.
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Figure 3.14. Sensor location
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3.4 Summary

The study presented in this chapter can be summarized as follows:

» Two coordinated control systems were developed for semi-active suspension systems, namely MPC
and integrated Skyhook-LQR. The two coordinated controllers aim to improve vehicle dynamics in
vertical, roll, and pitch directions simultaneously. The MPC approach has great potential in this kind
of multi-objective optimization problem with known constraints, however, it is difficult to be
implemented in practical applications due to the high computational cost. To solve this issue, the
integrated Skyhook-LQR controller was introduced. As mentioned in many studies, the Skyhook
approach can provide satisfactory improvement in minimizing the body’s vertical acceleration, and
the LQR is capable of handling multi-objective control problems. Besides, these two algorithms
require much less computational cost than MPC. Thus, the integrated Skyhook-LQR is recommended
for practical suspension control tasks.

* Two gain-adaptive algorithms were developed for the integrated Skyhook-LQR controller to achieve
the optimum performance in different driving conditions, namely disturbance-based gain-adaptive
algorithm (A) and state-based gain-adaptive algorithm (B). As the name implies, the disturbance-
based algorithm intelligently adjusts the weighting matrix of the LQR algorithm according to the
disturbance measurements. While the state-based approach generates the LQR gains based on the
measurements of the vehicle states. In this way, the gain-adaptive Skyhook-LQR adjust its control
objective according to the current driving condition. For example, when the vehicle is driven on the
paved road, the Skyhook algorithm is mainly used because the vertical vibration is dominant
compared with rotational motions. When the vehicle is driven on rough roads, the LQR impact in the
suspension control becomes more dominant because the disturbances in roll and pitch direction

increase.

* A flat-nose truck’s cabin suspension system was considered in this study. In detail, the dynamic
equations in vertical, roll, and pitch directions of the COE system were derived to represent the
cabin’s motions with a high level of accuracy. Different from the mathematical models of passenger
cars, the COE model considers the special tilting mechanism which affects the cabin’s vertical and

pitch dynamics that should not be neglected.

* An observer based on the Kalman Filter approach was developed for the cabin system to estimate
the unmeasurable states based on the mathematical model mentioned above.
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Chapter 4
Simulation and Experimental Studies of Coordinated Semi-Active

Suspensions

This chapter presents the performance examination of the proposed adaptive suspension systems
through numerical and experimental studies. The discussion and analysis of the simulation and
experimental results provide a comprehensive evaluation of the proposed suspension systems and offer

insights into the design and implementation of these systems for future applications.

4.1 Co-simulation

A high-fidelity truck model was developed in ADAMS/Car to evaluate the performances of the cabin
semi-active suspension system. The truck model was built based on a flat-nose truck produced by Foton
Daimler, which had a cabin and primary suspensions. The cabin suspension was installed between the
cabin and the chassis frame. The three-dimensional drawing in SolidWorks is shown in Figure 3.2. In
the three-axle primary suspension system shown in Figure 4.1, two leaf springs were installed at the
front, together with two shock absorbers. A two-axle air suspension system was used at the rear of the
primary suspension, which contained four shock absorbers, eight air springs, and two anti-roll bars.
Besides, the Fiala tire model was utilized since it is accurate enough to predict tire characteristics within

the linear range and is very good in ride comfort analysis [175]. Note that more details of the proposed

truck model can be found in Appendix A.

Figure 4.1. High-fidelity flat-nose truck model in ADAMS/Car

The control performance of the adaptive COE suspension system was first evaluated by running co-

simulations between MATLAB/Simulink and ADAMS/Car, as shown in Figure 4.2. In this process,
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the two software programs communicated with each other during run-time to simulate the dynamic
responses of the truck. In this study, the control systems were implemented in MATLAB/Simulink, and
the high-fidelity truck model was executed in ADAMS/Car.

Damping Forces

Adaptive Damping Control System
Chassis Frame Motions

MATLAB/Simulink

ADAMS/Car

Figure 4.2. Co-simulation between ADAMS/Car and MATLAB/Simulink

The parameters of the COE system used in the co-simulation are listed in Table 3.1, and the control
gains are listed in Table 4.1. The gpOASES was used for solving the MPC quadratic programming
problem in MATLAB, which provides an interface for many programming languages, including
MATLAB, Python, and C/C++. It offers a variety of options for solving QP problems, including primal-

dual interior-point methods and active-set methods.

Table 4.1. The control gains of cabin suspension controllers

Controller Gains and weighting matrices
Model Predictive Control State cost matrix: R = 10~3diag(1,1,1,1)
(MPC) Control cost matrix: Q = diag(0,0,0,3000,1500,2500)
Skyhook Skyhook gain: ¢, = 5000 Ns/m

Skyhook gain: ¢, = 5000 Ns/m

Control signal penalty matrix: R,, = 10~3diag(1,1,1,1)
Output penalty matrix: @, = diag(0,0,0,0,1500,2500)
Skyhook gain: ¢, = 5000 Ns/m

Control signal penalty matrix: R,, = 10~3diag(1,1,1,1)
Output penalty matrix: Q,, = diag(0,0,0, 0, gs, g¢)

Note: the selection of g5 and g4 can be found in Section 3.2.3.

Integrated Skyhook-LQR
(Non-adpt. S-LQR)

Gain-adaptive Skyhook-LQR
with algorithm A or B
(Gain-adpt. S-LQR A or B)
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4.2 Vibration Assessment

At present, there are two standard methods to evaluate driver discomfort in vehicles, i.e., BS 6841 and
ISO 2631-1. This thesis considers the translational and rotational frequency-weighted accelerations,
velocities, and displacements to evaluate the suspension performance. In detail, the vibration exposure

is usually expressed in terms of frequency-weighted root-mean-square (RMS) acceleration a, given by:

a= —f az, dt (4.1)

where T is the exposure duration considered, and a,, is the frequency-weighted acceleration along a

given axis.

The frequency-weighted acceleration along the different axis can be calculated in the frequency or
time domain. However, since the frequency domain analysis is used for linear models, the time domain
formulation is used for multi-body dynamic models. In the time domain, the frequency-weighted

acceleration along the different axis can be calculated in the following order:

1) Along each axis, the corresponding weighting function is applied to the acceleration response of the
vehicle in order to calculate the weighted acceleration response, as shown in the following chart.
Specifically, a,, ay, ay, a,, ag are the un-weighted vertical, lateral, longitudinal, roll and pitch
acceleration, respectively. W, W,, W, are the corresponding transfer function of the weighting

factor along vertical, horizontal and rotational axes, respectively.

Un-weighted acceleration Weighting transfer function Weighted acceleration
a,(t) — Wy - Az (1)
a,(t) — Wy - Ay (1)
a, (t) — Wy — Ayy (t)
a,(t) - W - )
ag(t) — w, - Ao (t)
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2) awz, Awy, Ay, Ay and ay,y are the corresponding weighted accelerations. The RMS of the
weighted accelerations are calculated as weighted rms acceleration that is used for vibration

assessment propose:

a, = RMS(a,(t)) =

@, = RMS(a,y, () =

(4.2)

ay = RMS(ayx (1)) =

a, = RMS(ayq(t)) =

ag = RMS(awg(t)) =

where a,, a,, ay, a,, and ag, are the weighted RMS acceleration in vertical, lateral, longitudinal, roll

and pitch direction, respectively. Noted that most of the studies have only considered the weighted

vertical RMS value as the vehicle ride measured since the vertical vibration is dominant.

3) When the effect of the horizontal vibration is also considerable particularly during driving over
rough road, the standard also requires the evaluation of total whole body vibration (WBV) exposure

through vector summation of the translational weighted accelerations, such that:

a, = \/ (k’a@,” + ky2a,” + k,%a,”) (4.3)
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where a,, is the vector summation of the weighted accelerations along the three translational axes. The
constants k,, k,,, and k, are additional weightings used to account for human sensitivity to horizontal

and vertical vibration, as recommended in ISO 2631-1 based on the evaluation purpose, as bellow:

* For health evaluation purpose:

* For comfort and perception purpose:

It should be noted that acceptable values of vibration magnitude depend on many factors that vary
with each application. It means that the reactions at various magnitudes depend on passenger
expectations concerning the trip duration, the type of activities passengers expect to accomplish
(sleeping, reading, eating, etc.), and many other factors (acoustic noise, temperature, etc.). Therefore,

there is no limitation defined in the related standards.

4.3 Simulation Results

In this section, the co-simulation results are presented and discussed, focusing on evaluating the Kalman
Filter observer and the semi-active suspension systems. The tested truck was driven on different road
surfaces at various speeds, such as dual bumps roads at 25 km/h, offset-bump road at 20 km/h, and

paved roads at different speeds.

4.3.1 Observer evaluation

The Kalman Filter state observer introduced in Section 3.3 is examined and discussed in the following
paragraphs. In the first scenario, the simulation was based on the speedbumps road profile designed to
reduce vehicle speed and create a safer environment for pedestrians, cyclists, and other road users. They
are particularly useful in areas with heavy traffic that needs to reduce vehicle speed for safety reasons,
such as residential areas, school zones, shopping areas, etc. Speedbumps are typically made from
asphalt, concrete, or rubber, and are installed permanently or temporarily on the road. They are usually
about 3 to 4 inches in height and are placed across the road in a manner that requires vehicles to slow

down to traverse them safely. However, speedbumps can also cause discomfort for drivers and
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passengers and may damage vehicles. As a result, it is essential to consider multiple factors when
selecting and installing speedbumps, such as the road condition, vehicle type, speed limitation, traffic
volume, etc. The dual bumps road profile in Figure 4.3 was used in this test, on which the truck was
driven at 25 km/h. Since the two front wheels hit the speedbump simultaneously, the resulting motions

of the vehicle were mainly in the vertical and pitch directions.

Dual Bumps Road Profile
80 T T T T T T T T T

60 A

40 - .

20

T
1

Roughness elevation [mm]

0 ! ! ! I I ! I I !
0 1 2 3 4 5 6 7 8 9

Travelled distance [m]

Figure 4.3. Dual bumps road profile
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Figure 4.4. Observer estimation of cabin vertical motions (dual bumps at 25 km/h)

The cabin responses in vertical and pitch directions are presented in Figure 4.4 and Figure 4.5,

respectively. The measurements were obtained from the high-fidelity truck model with air suspensions
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developed in ADAMS/Car, which were considered as the benchmark in this study. As can be seen, the
ADAMS measurement and the observer estimation showed a high level of similarity in vertical and

pitch directions.

An offset-bump road profile was utilized in the second scenario, as shown in Figure 4.6. It consists
of two offset rounded speedbumps with 3 inches in height. In this scenario, the vehicle motions in
vertical, pitch, and roll directions were excited, and the truck passed the bumps at 20 km/h.

The cabin responses in vertical, pitch, and roll directions are presented in Figure 4.7, Figure 4.8, and
Figure 4.9, respectively. As can be seen, the estimation of the vertical displacement showed acceptable
errors, and the observed vertical velocity provided satisfactory accuracy. The measured and estimated
differences in the pitch angle were slightly large, mainly due to the small movements in the pitch
direction. Meanwhile, the ADAMS measurement and observer estimation showed a high level of

similarity in the roll direction.

Cabin Pitch Angle
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- — — Observer estimation
[0}
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c
<
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Cabin Pitch Rate
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/ ADAMS measurement
@ 0.1~ p X l \ — — Observer estimation | 7|
©
< \ _— WM____;_‘
= 0 7 — _—
o = e /
[ V
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£ ]
o
0.2 | [ 7
|
03 | | | | |
1 2 3 4 5 6 7
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Figure 4.5. Observer estimation of cabin pitch motions (dual bumps at 25 km/h)
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Offset-Bump Road Profile
T T T

580 T T T T T T

g 60 Left

b= Right

3

o 40 - 4
7))

7]

220+t i
=)

8 o I I S R

T 9 1 2 3 4 5 6 7 8 9 10

Travelled distance [m]

Figure 4.6. Offset-bump road profile
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Figure 4.7. Observer estimation of cabin vertical motions (offset-bump at 20 km/h)
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Figure 4.8. Observer estimation of cabin pitch motions (offset-bump at 20 km/h)
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Figure 4.9. Observer estimation of cabin roll motions (offset-bump at 20 km/h)
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4.3.2 Cabin: dual bumps at 25 km/h

The dual bumps road profile shown in Figure 4.3 was utilized again in this scenario. The frequency-
weighted vertical acceleration, vertical velocity and vertical displacement at the cabin’s CG location
are shown in Figure 4.10, Figure 4.11, and Figure 4.12, respectively. Compared to the passive cabin
suspension, MPC reduced the vertical frequency-weighted accelerations by 19%. Similarly, the
integrated Skyhook-LQR also attenuated the vertical vibration by 19%. Besides, the gain-adaptive
Skyhook-LQR approaches reduced 20% (A) and 21% (B) of the undesired vibrations in the vertical
direction, slightly better than MPC and the non-adaptive Skyhook-LQR. Regarding the cabin’s vertical
velocity, MPC, integrated Skyhook-LQR, and the gain-adaptive Skyhook-LQR controllers provided
similar reductions of around 22%. However, MPC reduced the RMS of the cabin’s vertical
displacement by 17%, which was better than the integrated and gain-adaptive Skyhook-LQR
approaches (9%).

Cabin CG Frequency-weighted Vertical Acceleration
T T T I

Passive

MPC

Non-adpt. S-LQR
Gain-adpt. S-LQR A
— - — - Gain-adpt. S-LQR B | |

Frequency-weighted acceleration [m/s2]

1 2 3 4 5 6
Time [s]

Figure 4.10. Cabin frequency-weighted vertical acceleration (dual bumps at 25 km/h)
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The cabin’s frequency-weighted pitch acceleration, pitch rate and pitch angle are presented in Figure
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Figure 4.11. Cabin vertical velocity (dual bumps at 25 km/h)
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Figure 4.12. Cabin vertical displacement (dual bumps at 25 km/h)

4.13, Figure 4.14, and Figure 4.15, respectively. Compared to the passive suspension, MPC reduced
the RMS of the frequency-weighted accelerations in pitch direction by 17%. The gain-adaptive
Skyhook-LQR approaches attenuated 25% (A) and 26% (B) of the undesired pitch acceleration,
respectively. Besides, the non-adaptive Skyhook-LQR improved the pitch dynamic by 26%, which was
better than MPC and the gain-adaptive Skyhook-LQR ones. In terms of the cabin’s pitch rate, MPC
provided a 17% reduction, which was worse than the non-adaptive (26%) and gain-adaptive (25%)

Skyhook-LQR controllers. Moreover, these three controllers gave comparable reductions in the cabin’s




pitch angle, i.e., 25% (MPC), 27% (non-adaptive Skyhook-LQR), and 21% (gain-adaptive Skyhook-
LQR), respectively.
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Figure 4.13. Cabin frequency-weighted pitch acceleration (dual bumps at 25 km/h)
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Figure 4.14. Cabin pitch rate (dual bumps at 25 km/h)
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Cabin CG Pitch Angle
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Figure 4.15. Cabin pitch angle (dual bumps at 25 km/h)

Figure 4.16 shows the gain scheduling process in this scenario. The gain of pitch g5 was adjusted
between the pre-defined boundaries from 0 to its maximum value of 1500. Since the disturbances in
the roll direction were minimal, the gain of roll g, remained at a low level under 60. It is noticeable
that the algorithm B switched the gain value more moderately than algorithm A, which was beneficial

to the system robustness.

Figure 4.17 compares the front left damping forces generated by the three controllers. It can be seen
that the control forces of the integrated Skyhook-LQR and gain-adaptive Skyhook-LQR were very

similar in this scenario, while MPC requested higher peak values.

Overall, the ride quality improvements in vertical and pitch directions after implementing the
proposed controllers were assessed based on the cabin’s frequency-weighted accelerations. Their
performances were very similar in the vertical direction, but the gain-adaptive Skyhook-LQR
controllers were slightly better than the other two approaches. In the pitch direction, both non-adaptive
and gain-adaptive Skyhook-LQR overperformed MPC with nearly 10% increments. Overall, all
controllers improved the ride quality to a large extent, and the novel Skyhook-LQR approach performed
better than MPC because the vertical vibration was dominant in this scenario. Note that their control
performances can be further optimized by tuning the control gains, but how to find the best combination

of multiple gains is out of this thesis’s scope.
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Figure 4.16. Adaptive gain scheduling (dual bumps at 25 km/h)
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Figure 4.17. Comparison of damping forces (dual bumps at 25 km/h)

79



4.3.3 Cabin: offset-bump at 20 km/h

The offset-bump road profile is shown in Figure 4.6. It consists of two offset rounded speedbumps with
3 inches in height. In this scenario, the vehicle motions in vertical, pitch, and roll directions were
excited, and the truck passed the bumps at 20 km/h.

The frequency-weighted vertical acceleration, vertical velocity and vertical displacement at the
cabin’s CG location are shown in Figure 4.18, Figure 4.19, and Figure 4.20. Compared to the passive
suspension, MPC reduced the RMS of the frequency-weighted accelerations in the vertical direction by
11%. The integrated and gain-adaptive Skyhook-LQR attenuated 16% to 17% of the undesired
vibrations in the vertical direction, better than MPC. Regarding the cabin’s vertical velocity, MPC,
integrated Skyhook-LQR, and the gain-adaptive Skyhook-LQR provided similar reductions of 20% to
22%. However, MPC reduced the RMS of the cabin’s vertical displacement by 24%, which was better
than the integrated and gain-adaptive Skyhook-LQR (15%).

5 Cabin CG Frequency-weighted Vertical Acceleration
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Non-adpt. S-LQR -
Gain-adpt. S-LQR A
— - — - Gain-adpt. S-LQR B

Frequency-weighted acceleration [m/s2]

25 3 35 4 4.5 5 5.5 6 6.5 7
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Figure 4.18. Cabin frequency-weighted vertical acceleration (offset-bump at 20 km/h)
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Figure 4.19. Cabin vertical velocity (offset-bump at 20 km/h)

Cabin CG Vertical Displacement
T T

Passive
0.03 MPC -
Non-adpt. S-LQR
0.02 Gain-adpt. S-LQR A | _|
. Gain-adpt. S-LQR B
S
£ 001
IS
[0}
Q
< 0
[=X
i)
a
-0.01
-0.02
0.03 | | | | | | |
3 35 4 4.5 5 55 6 6.5
Time [s]

Figure 4.20. Cabin vertical displacement (offset-bump at 20 km/h)

The cabin’s frequency-weighted roll acceleration, roll rate, and roll angle are shown in Figure 4.21,
Figure 4.22, and Figure 4.23, respectively. MPC reduced the RMS of the frequency-weighted roll
acceleration by 41%, which was slightly better than both non-adaptive (20%) and gain-adaptive
Skyhook-LQR (A: 21%, B: 24%). In terms of the roll rate and roll angle, MPC provided the best
performance with improvements of 47% and 53%, which was significantly better than the integrated
Skyhook-LQR (25% and 29%) and the gain-adaptive Skyhook-LQR (24% and 28%).
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The cabin’s frequency-weighted pitch acceleration and pitch rate are presented in Figure 4.24 and
Figure 4.25, respectively. Compared to the passive suspension, MPC reduced the RMS of the
frequency-weighted accelerations in pitch direction by 25%, while the non-adaptive and the two gain-
adaptive Skyhook-LQR attenuated the undesired motions in pitch direction by 30%, 25% (A), and 28%
(B), respectively. Regarding the cabin’s pitch rate, MPC provided a 27% reduction, which was slightly
worse than the integrated Skyhook-LQR (30%), but better than the gain-adaptive Skyhook-LQR (25%).

Figure 4.26 shows the gain scheduling process in this scenario. Since the roll excitations were
significant, the corresponding gain g, was adjusted from O to the largest pre-defined value 2500. The
pitch disturbance was relatively low, so the gain of pitch g5 did not reaches its maximum value. Similar
to the previous test, algorithm B switched the gain value more moderately than algorithm A, which was
beneficial to the system robustness.

After implementing the proposed controllers, the ride quality improvements in vertical, roll, and pitch
directions were assessed based on the cabin’s frequency-weighted accelerations. In the vertical and
pitch directions, the performances of the three controllers were very similar, but the integrated
Skyhook-LQR was slightly better than the MPC approach. In the roll direction, MPC overperformed
the integrated and gain-adaptive Skyhook-LQR with nearly 20% increments. Overall, the novel
Skyhook-LQR approach performed better than MPC when vertical and/or pitch vibrations were
dominant, while MPC improved the roll dynamics to a large extent.
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Figure 4.21. Cabin frequency-weighted roll acceleration (offset-bump at 20 km/h)
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Figure 4.22. Cabin roll rate (offset-bump at 20 km/h)
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Figure 4.23. Cabin roll angle (offset-bump at 20 km/h)
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Figure 4.24. Cabin frequency-weighted pitch acceleration (offset-bump at 20 km/h)
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Figure 4.25. Cabin pitch rate (offset-bump at 20 km/h)
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Figure 4.26. Adaptive gain scheduling (offset-bump at 20 km/h)

4.3.4 Cabin: paved road test

The paved road is a surface constructed using asphalt or concrete. The purpose of paving a road is to
provide a durable, smooth, and stable surface for vehicles to travel on. Paved roads are used in various
environments, from urban to rural areas. They provide many benefits over unpaved roads, including
improved safety, reduced road maintenance costs, and increased durability. In this test, the paved road
profile contains three kinds of 1SO standard road conditions (i.e., class A, class B, and class C) shown
in Figure 4.27, and different vehicle speeds (i.e., 90 km/h, 60 km/h, 30 km/h). This is one of the majority

driving scenarios of a transportation vehicle.

The performance evaluation factors are listed in Table 4.2. The truck was driven on the standard ISO
Aroad at 90 km/h in the first scenario. The gain-adaptive Skyhook-LQR significantly reduced the RMS
of the frequency-weighted vertical acceleration by 23% (A) and 26% (B), which was better than that
of the non-adaptive (16%) and MPC (15%). Regarding the overall assessment, the gain-adaptive
Skyhook-LQR showed 21% (A) and 25% (B) improvements, while the non-adaptive Skyhook-LQR
and MPC performed slightly worse, with 15% and 14%, respectively. The rotational responses were

not listed here since the disturbances in roll and pitch directions were not dominant when driving on
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paved roads. The same observations can be seen in the second and the third scenarios, which were
driving on the ISO B road at 60 km/h and the 1ISO C road at 30 km/h. In terms of the RMS of the
frequency-weighted vertical acceleration, the gain-adaptive Skyhook-LQR A (24% and 28%) presented
better performance than the non-adaptive Skyhook-LQR (18% and 21%) and MPC (16% and 15%) as
expected. Surprisingly, the gain-adaptive Skyhook-LQR B performed the best, which reduced the
frequency-weighted vertical accelerations by 27% and 33%. In terms of the overall assessment, both
gain-adaptive Skyhook-LQR maintained their good performance with improvements of 21%-31%,
better than those of the non-adaptive Skyhook-LQR (15%-20%) and MPC (12%-14%).
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Figure 4.27. Paved road profiles

In addition, a combined paved road shown in Figure 4.28 was used, which contained the above three
road classes, and the truck was driven at 30 km/h. In this scenario, the integrated Skyhook-LQR
approach showed great protentional when the vertical vibration was dominant, which provided 26%
and 22% in the frequency-weighted vertical acceleration and the overall assessment. Besides, the gain-
adaptive Skyhook-LQR A performed better, which gives 27% and 24% improvements, while the gain-
adaptive Skyhook-LQR B provided the best performance (30% and 28%). However, MPC only gave
14% and 11% reductions since its control gains were tuned for harsh conditions, which was not ideal
for paved roads. However, this issue can be solved by implementing the proposed gain-adaptive
algorithm introduced in Section 3.2.3 on the MPC controller to intelligently adjust its control gains

according to the disturbance level.

As expected, both MPC and Skyhook-LQR controllers could provide excellent performances in

minimizing the undesired vibration and shock on rough roads. However, when the disturbances in the
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rotational directions were not dominant, such as driving on a paved road, the gain-adaptive one
performed better because it paid more attention to the vertical vibrations. Overall, the proposed gain-
adaptive Skyhook-LQR approach took advantage of the Skyhook control when the vertical disturbance
was dominant and utilized the benefits of the LQR algorithm when all modes of vibrations (pitch, roll,

and vertical) were not neglectable.
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Figure 4.28. Combined ISO road profile
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Figure 4.29. Comparison of computational time (combined ISO road)

Moreover, the computational time of MPC, integrated Skyhook-LQR, and gain-adaptive Skyhook-
LQR were compared in this scenario. The total simulation time was 45 seconds, and the control
algorithm was running in MATLAB/Simulink on a desktop computer with Intel Core i7-8700 CPU @
3.20GHz and RAM 16GB. As presented in Table 4.2 and Figure 4.29, the MPC took 85s to finish this
40-second simulation task, which was much higher than the integrated Skyhook-LQR (42s) and the two
gain-adaptive Skyhook-LQR (37s and 35s). In general, the high computational cost of MPC is mainly
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due to its complicated prediction algorithm and the external QP solver, which makes it challenging to

be implemented in practical applications.

Table 4.2. Performance evaluation (paved road test)

ISO-A at 90 km/h
. Non-adpt. | Gain-adpt. Gain-adpt.
Passive | MPC | "o | 5R | S-LORA | S-LORB
RMS of Freq.-weighted accel. | . 0.43 0.42 0.39 0.37
(m/s?) ' (-15%) | (-16%) (-23%) (-26%)
0.48 0.47 0.44 0.42
Overall assessment 0.56
(-14%) | (-15%) (-21%) (-25%)
ISO-B at 60 km/h
RMS of Freq.-weighted accel. | oo 0.74 0.72 0.67 0.64
(m/s?) ' (-16%) | (-18%) (-24%) (-27%)
0.81 0.79 0.73 0.69
Overall assessment 0.94
(-13%) | (-16%) (-22%) (-26%)
ISO-C at 30 km/h
RMS of Freq.-weighted accel. |, ,o 125 1.17 1.09 0.99
(m/s?) ' (-15%) | (-21%) (-28%) (-33%)
1.40 1.28 1.20 1.10
Overall assessment 1.60
(-12%) | (-20%) (-25%) (-31%)
Combined ISO road
RMS of Freq.-weighted accel. | 0.95 0.82 0.80 0.77
(m/s?) ' (-14%) | (-26%) (-27%) (-30%)
1.05 0.92 0.90 0.85
Overall assessment 1.18
(-11%) | (-22%) (-24%) (-28%)
Computational time (sec) N/A 85 42 37 35
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4.4 Experimental Results

The performance of vehicle suspensions is critical to drivers’ and passengers’ overall comfort and
safety. To evaluate the effectiveness of the proposed semi-active suspension systems and their gain-
adaptive algorithms, the experimental studies were conducted based on a scaled-down cabin model
mounted on a Stewart Platform to simulate a truck chassis motion. The experimental study aimed to
assess the effectiveness of the adaptive damping control algorithms in improving ride comfort. The
results of these experiments can guide the further development and optimization of adaptive suspension

systems that ultimately lead to improved driving experiences and safety.

4.4.1 Experimental setup

Instead of implementing the proposed semi-active suspension system on a real truck, a scaled-down
cabin model was first built and used in the experimental studies. Generally, scaled models offer several
advantages over full-size models [176], such as low cost, high repeatability, time efficiency, safety, etc.
Note that a scaled-down model should have similar dynamic characteristics as the full-size system
[177]. Based on the cabin dynamic equations (3.17), (3.18), and (3.19), the non-dimensional analysis
was used to investigate the static and dynamic characteristics [178,179]. The scaled ratio used in this
study can be found in Appendix C. As shown in Figure 4.30, the scaled-down cabin contains scaled
sprung mass (cabin body), tilting mechanism, air springs (Firestone W02-358-7036), MR dampers
(Lord RD-8041-1), and lateral dampers.

After fabricating the scaled-down cabin, it was installed on top of a Stewart Platform, as shown in
Figure 4.31. The Stewart Platform, a hexapod or six-legged parallel robot, is a parallel mechanism used
for simulation and testing in various fields such as aerospace, robotics, and automotive engineering. It
was first analyzed by Stewart in 1965 [180], who wanted to create a simple platform with six DOFs
that applies to a variety of fields. In general, a Stewart Platform consists of a fixed base, a mobile
platform, and six variable legs, so the Platform has six DOFs with respect to the Base. The legs act as
actuators to move the upper platform, allowing it to simulate various motions in a controlled
environment. It is designed to provide high accuracy, repeatability, and stability, making it an ideal tool
for experimentation in fields requiring precise and controlled movement. Initially, it was designed to
simulate flight conditions and earthquakes or waves. Nowadays, it is commonly used for testing the
performance of sensors, electronic systems, and other components under simulated dynamic loads and

conditions. In the automotive industry, it is used to test the durability and reliability of vehicle
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components such as suspension systems, engines, and transmissions. Overall, the Stewart Platform is a
versatile and valuable tool for testing and evaluation, providing researchers and engineers with an
accurate and controlled environment for conducting experiments and evaluating the performance of

various systems.

Lateral Damper

Sprung Mass

Figure 4.30. CAD drawing of the scaled-down cabin model

The control of a Stewart Platform can be achieved through inverse kinematics [181][182][183],
which is a method of determining the required actuator positions to achieve a desired end-effector
position. The inverse kinematics solution calculates the needed actuator angles or lengths to move the
Platform to a desired position and orientation. The Stewart Platform can be accurately and precisely
controlled using inverse kinematics. The basic process can be concluded as follows:

1) Model the Stewart Platform: A mathematical model of the Stewart Platform needs to be developed,
which describes geometry, kinematics, and dynamics.

2) Define the desired pose: The desired end-effector position and orientation of the Platform are
defined in terms of the X, y, and z coordinates and the roll, pitch, and yaw angles.

3) Solve for actuator positions: Using the mathematical model of the Stewart Platform, the inverse
kinematics solution can be obtained to find the corresponding actuator displacements to achieve
the desired position and orientation of the Platform.

90



Implement the actuator control algorithm: In this experiment, the Stewart Platform’s control

algorithm was processed on the Beckhoff system, by which the actuators were moved to the desired

positions. The feedback from the displacement sensors was used to continuously monitor and adjust

the actuator positions to ensure the Platform remains in the desired pose.

Tilting
Mechanism

Stewart

Platformw

Scaled-down Cabin
(sprung mass)

UNIVERSITY OF

WATERLOO ENGINEERING
7]

Air Spring

MR Damper

Figure 4.31. Test rig for the adaptive suspension systems
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In detail, the Base is considered as the reference plate with orthogonal axes x, y, and z. The Platform
has its orthogonal coordinates, x’, y’, and z’. The origin of the Platform coordinates can be defined by
three translational displacements and three angular displacements with respect to the Base. A set of

Euler angles are used in the following sequence:

1) Rotate an angle v (yaw) around the z-axis
2) Rotate an angle 6 (pitch) around the y-axis
3) Rotate an angle ¢ (roll) around the x-axis

N

Platform

Base

v

(a) (b)

Figure 4.32. Schematic of the Stewart Platform coordinates

When having pure yaw rotation i around the z-axis, as shown in Figure 4.32(a), the following

coordinates can be obtained:

P=ix"+j'y' +k'z' =ix+jy+kz 4.4
x =04 —BC =x'cos —y' siny (4.5)
y =AB + PC = x'siny + y' cos (4.6)

z=12 (4.7)

Hence, the yaw rotational matrix R, () can be written as
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!

X X
H =R, () [y’ (4.8)
Z 7'
in which
cosyp —siny 0
R,(¥) =|siny cosy 0] (4.9)
0 0 1
Similarly, the pitch rotational matrix R, (6) can be written as
cosd 0 sinf
R, (0) = 0 1 0 (4.10)
—sin8 0 cos@
The roll rotational matrix R, (¢) can be written as
1 0 0
Ry(p)=|0 cosg —sing (4.11)
0 sing cosg
Thus, the full rotation matrix of the upper Platform with respect to the Base is
RP = Rz(lp)Ry(g)Rx(q))
cosypcosf —sinypcose +cosypsinfsing sinysing + cosy sinb cos @ (4.12)
= |sinycosf@ cosypcosy +sinysinfsing —cosysing + siny sinb cos @
—sin@ cos @ siny cos 0 cos ¢

Considering the i*" leg of the Stewart Platform shown in Figure 4.32(b), the coordinates g; of the
anchor point P; with respect to the Base coordinate can be written as
qi =T + RpD; (4.13)

inwhich T is the translation vector which represents the positional linear displacement of the Platform’s
origin with respect to the Base coordinate, and p, is the vector that defines the location of the anchor

point P; with respect to the Platform coordinate.
Similarly, the length of the i*" leg can be obtained by
li = T) + RPE - bi
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where E is the vector that defines the location of the lower anchor point B;.

For the Stewart Platform with linear actuators used in this experiment, the length [; is defined as the

Euclidean L, Norm that can be used as the input for the Platform orientation controller.

4.4.2 Observer evaluation and model validation

The cabin observer introduced in Section 3.3 was examined through experimental studies, as well as
the model validation of the COE mathematical model. In this study, the dynamic responses of the
mathematical model were compared to the measured movements of the scaled-down cabin prototype

under very similar conditions to assess its accuracy.

As for the benchmark, the passive cabin suspension was well-tuned to achieve satisfactory ride
quality. The cabin vertical acceleration measurements with five different damping levels are presented
in Figure 4.33, in which number 1 represents the lowest damping, and number 5 represents the highest
level. As can be seen in the figure, the cabin vertical acceleration dropped with the increase of the
suspension damping. However, levels 4 and 5 showed similar responses because the suspension system
reached the over-damped range. After trying multiple damping settings, the bold red curve (damping
level 4) was chosen as the baseline in this experiment.

Cabin CG Vertical Acceleration

T T T T T T T
10— Passive damping 1 | _|
& A Passive damping 2
Passive damping 3
3 Passive damping 4
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S 0
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Figure 4.33. Passive damper tuning

To examine if the observer could accurately estimate the unmeasurable cabin states in real-time, the
Stewart Platform was actuated in three directions to simulate the body motions when driving over a

pair of offset-bump at 25 km/h. Note that the ‘measured’ vertical velocity, vertical displacement, roll
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angle, and pitch angle used in the following discussion were obtained based on the known Stewart

Platform’s motions and the measured suspension relative displacements.

The vertical velocity and displacement at the cabin CG location are shown in Figure 4.34 and Figure
4.35, respectively. The navy curve shows the measured responses, and the orange curve presents the
estimated values by the proposed observer. The measurements and the estimated results showed a
perfect level of similarity in the vertical direction, although there were few acceptable differences at
peak values. Because it was assumed that the cabin’s longitudinal and lateral motions with respect to
the chassis frame were very small due to the mechanical constraints, and these were neglected in the
dynamic equations. Meanwhile, the relative yaw angle was assumed to be zero. However, using the
bushings in the suspension planar linkage mechanism resulted in system nonlinearity and realized a
certain amount of relative movements between the cabin and the Stewart Platform. Hence, the
assumptions, linearization of the dynamic equations, and some uncertain parameters of the test rig

caused acceptable estimation errors.
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Figure 4.34. Observer evaluation: body vertical velocity
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Figure 4.35. Observer evaluation: body vertical displacement
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The cabin’s roll and pitch angles are presented in Figure 4.36 and Figure 4.37, respectively. As
expected, the estimated results provided satisfactory accuracy in both directions. Compared to the
estimations in the vertical and roll directions, the geometry and nonlinearity of the linkage mechanism
were affected more in the pitch direction. However, the proposed observer captured all the necessary

pitch motions that met the dynamic analysis and control system development requirements.
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Figure 4.36. Observer evaluation: body roll angle
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Figure 4.37. Observer evaluation: body pitch angle

4.4.3 Performance evaluation

This section aims to assess the performance of the proposed adaptive damping control algorithms. The

experimental results regarding ride quality, stability, computational cost, and robustness are presented

and discussed.

4.4.3.1 Paved road
In this scenario, the cabin responses were examined when the truck was driven on a rough paved road.

The vertical motion of the Stewart Platform is shown in Figure 4.38, representing a majority driving
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scenario. The RMS of the frequency-weighted vertical acceleration and the overall comfort assessment
were listed and compared in Table 4.3. Compared to the passive suspension, the Skyhook minimized
the frequency-weighted vertical acceleration by 22%, better than LQR (17%). The non-adaptive
Skyhook-LQR provided a comparable performance with a 20% reduction. As expected, both gain-
adaptive Skyhook-LQR approaches significantly improved the ride quality by 23% (A) and 27% (B),
respectively. In terms of the overall assessment, the two gain-adaptive Skyhook-LQR controllers also
provided the best performance (23% and 27%) compared to the non-adaptive Skyhook-LQR (19%),
LQOR (17%), Skyhook (21%), and passive modes.

Stewart Platform: Paved Road

Roughness elevation [mm]

0 5 10 15 20 25 30 35
Travelled distance [m]

Figure 4.38. Stewart Platform movement: paved road

Overall, both gain-adaptive algorithms improved the vibration attenuation performance to a large
extent, especially in the vertical direction, which coincided with the intention introduced in Section
3.2.3. When the rotational motions were slight, the gain-adaptive Skyhook-LQR controller focused
more on minimizing the vertical disturbance. This resulted in a better control performance and reduced

the computational cost.

Table 4.3. Experimental study: paved road test

600-meter paved road at 60 km/h

. Non-adpt. Gain-adpt. | Gain-adpt.
Passive | Skyhook LOR S-LOR S-LOR A SLORB
RMS of 0.65 0.69 0.66 0.63 0.61
Freq.-weighted 0.83
accel. (m/s?) (-22%) | (-17%) (-20%) (-23%) (-27%)
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overall 0.3 0.66 0.69 0.67 0.63 0.61
assessment ' (-21%) | (-17%) (-19%) (-23%) (-27%)

4.4.3.2 Pure roll motion

In this scenario, the Stewart Platform was moved only in the roll direction. The cabin’s roll rate was
measured by the 6-axis IMU, and its roll angle and acceleration were calculated accordingly. In Figure
4.39, Figure 4.41 and Figure 4.43, the cabin’s roll responses of passive, Skyhook, LQR, and non-
adaptive Skyhook-LQR were compared. In terms of the roll acceleration, Skyhook and LQR showed
similar improvements within a range of 24% to 26% compared to the passive mode, while the integrated
Skyhook-LQR provided the best performance with a 36% reduction. Moreover, Skyhook reduced the
scaled-down cabin’s roll rate by 4% compared to the passive mode, worse than LQR (14%) and non-
adaptive Skyhook-LQR (19%). Regarding the roll angle, LQR decreased it by 15%, slightly better than
Skyhook-LQR (13%). However, Skyhook made the roll angle even worse with an increment of 6%.

In Figure 4.40, Figure 4.42 and Figure 4.44, the cabin’s roll responses of non-adaptive Skyhook-
LQR, gain-adaptive Skyhook-LQR with algorithm A, and gain-adaptive Skyhook-LQR with algorithm
B were compared. By implementing the two gain-adaptive algorithms, the cabin’s roll acceleration was
reduced by 33% (A) and 38% (B), respectively. The cabin’s roll rate was reduced by 8% with gain-
adaptive algorithm A, worse than algorithm B (15%) and the non-adaptive one (19%). Regarding the
roll angle, algorithm A dropped it by 8%, while algorithm B reduced it by 14%.

Figure 4.45 shows the gain scheduling process in this scenario. Since the roll excitations were
dominant, the corresponding gain g, was adjusted from 0 to the maximum pre-defined value of 700. It
is noticeable that algorithm B switched the gain value more moderately than algorithm A, which was
beneficial to the system robustness. Overall, the gain-adaptive algorithm further improved the
performance of the integrated Skyhook-LQR controller to some extent, and algorithm B performed
better than algorithm A. The percentages of improvements by each control approach are listed and

compared in Table 4.4.
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Figure 4.39. Scaled-down cabin roll acceleration (pure roll motion)
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Figure 4.40. Scaled-down cabin roll acceleration (pure roll motion)
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Figure 4.41. Scaled-down cabin roll rate (pure roll motion)
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Figure 4.42. Scaled-down cabin roll rate (pure roll motion)
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Figure 4.43. Scaled-down cabin roll angle (pure roll motion)
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Figure 4.44. Scaled-down cabin roll angle (pure roll motion)
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Figure 4.45. Adaptive gain of roll (pure roll motion)

Table 4.4. Percentage of improvement compared to passive suspension (pure roll motion)

Integrated | Gain-adapt. | Gain-adapt.
Skyhook LQR S-LOR S-LORA | S-LORB
Roll acceleration 24% 26% 36% 33% 38%
Roll angle -6% 15% 13% 8% 14%

4.4.3.3 Emergency brake and acceleration

In this scenario, the Stewart Platform was moved only in the pitch direction to simulate the emergency
brake and aggressive acceleration scenarios. The cabin’s pitch rate was measured by the 6-axis IMU

attached to the cabin floor.

In Figure 4.46, Figure 4.48, and Figure 4.50, the cabin’s pitch responses of passive, Skyhook, LQR,
and non-adaptive Skyhook-LQR were compared. Skyhook reduced the cabin’s pitch acceleration by
20% compared to the passive suspension, while LQR and non-adaptive Skyhook-LQR provided 34%
and 39% reductions, as expected. In addition, Skyhook increased the pitch rate by 1% compared to the
passive mode, while both LQR (25%) and non-adaptive Skyhook-LQR (29%) minimized the pitch rate
to a large extent. Regarding the cabin’s pitch angle, the non-adaptive Skyhook-LQR provided a 42%
improvement compared to the passive mode, which was much better than LQR (31%). However,

Skyhook gave an unsatisfactory result by a 1% increment.

Figure 4.47, Figure 4.49, and Figure 4.51 compare the cabin’s pitch responses of non-adaptive
Skyhook-LQR, gain-adaptive Skyhook-LQR with algorithm A, and gain-adaptive Skyhook-LQR with
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algorithm B. By implementing the two gain-adaptive algorithms, the cabin’s pitch acceleration was
reduced by 40% (A) and 44% (B), respectively. The cabin’s pitch rate was reduced by 20% with gain-
adaptive algorithm A, slightly better than algorithm B’s (18%). Regarding the pitch angle, algorithm A
dropped the roll angle by 26%, while algorithm B reduced it by 30%.

Figure 4.52 shows the gain scheduling process in this scenario. Since the pitch motions were
dominant, the corresponding gain gs was adjusted from 0 to the maximum pre-defined value of 200.
Apparently, algorithm B switched the gain value more moderately than algorithm A, which was
beneficial to the system robustness. Overall, the gain-adaptive algorithm further improved the
performance of the integrated Skyhook-LQR controller to some extent, and algorithm B performed
better than algorithm A. The percentages of improvements by each control approach are listed and
compared in Table 4.5.
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Figure 4.46. Scaled-down cabin pitch acceleration (emergency brake and acceleration)
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Figure 4.49. Scaled-down cabin pitch rate (emergency brake and acceleration)
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Figure 4.50. Scaled-down cabin pitch angle (emergency brake and acceleration)
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Figure 4.51. Scaled-down cabin pitch angle (emergency brake and acceleration)
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Figure 4.52. Adaptive gain of pitch (emergency brake and acceleration)
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Table 4.5. Percentage of improvement compared to passive suspension (emergency brake)

Integrated | Gain-adapt. | Gain-adapt.
Skyhook LQR SLOR | S-LORA | S-LORB
Pitch acceleration 20% 34% 39% 40% 44%
Pitch angle -1% 31% 42% 26% 30%

4.4.3.4 Offset-bump at 20 km/h

In this scenario, the Stewart Platform was moved in the vertical, pitch, and roll directions to simulate
when the truck was driven on an offset-bump road. The 6-axis IMU measured the cabin’s vertical

acceleration and angular rates.

Figure 4.53 compares the cabin’s vertical acceleration responses of passive, Skyhook, LQR, and non-
adaptive Skyhook-LQR. Skyhook significantly reduced the vertical disturbance by 35% compared to
the passive mode, which was better than both LQR (24%) and non-adaptive Skyhook-LQR (29%).
However, an undesired peak shock occurred at 3.7s, which was because the roll motion became large
at this time, which affected the Skyhook control signal to a large extent. Figure 4.54 compares the
cabin’s vertical acceleration of non-adaptive Skyhook-LQR, gain-adaptive Skyhook-LQR with
algorithm A, and gain-adaptive Skyhook-LQR with algorithm B. By implementing the two gain-
adaptive algorithms, the cabin’s vertical acceleration was reduced by 23% (A) and 22% (B), which
were slightly worse than the non-adaptive mode (29%).

In Figure 4.55, Figure 4.57, and Figure 4.59, the cabin’s roll responses of passive, Skyhook, LQR,
and non-adaptive Skyhook-LQR were represented. Skyhook reduced the scaled-down cabin’s roll
acceleration by 11% compared to the passive suspension, which was worse than both LQR (19 %) and
non-adaptive Skyhook-LQR (27%). Regarding the cabin’s roll rate, LQR and non-adaptive Skyhook-
LQR maintained their performance by providing 25% and 21% improvements, respectively. While
Skyhook only reduced the roll rate by 3%. Additionally, LQR and non-adaptive Skyhook-LQR
significantly decreased the cabin’s roll angle by 37% and 41%, which were much better than Skyhook
(11%).
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Figure 4.53. Scaled-down cabin vertical acceleration (offset-bump at 20 km/h)
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Figure 4.54. Scaled-down cabin vertical acceleration (offset-bump at 20 km/h)

In Figure 4.56, Figure 4.58, and Figure 4.60, the cabin’s roll responses of non-adaptive Skyhook-
LQR, gain-adaptive Skyhook-LQR with algorithm A, and gain-adaptive Skyhook-LQR with algorithm
B were compared. By implementing the two gain-adaptive algorithms, the cabin’s roll acceleration was
reduced by 41% (A) and 43% (B), which were better than the non-adaptive one (27%) to a large extent.
The cabin’s roll rate was reduced by 28% with gain-adaptive algorithm A, which was almost the same
as algorithm B (29%) but better than the non-adaptive one (21%). Regarding the roll angle, algorithm
A dropped the roll angle by 25%, and algorithm B reduced it by 28%, which was worse than the non-
adaptive mode (41%).

Figure 4.61, Figure 4.63, and Figure 4.65 show the cabin’s pitch responses of passive, Skyhook,
LQR, and non-adaptive Skyhook-LQR. Compared to the passive suspension, Skyhook made the cabin’s
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pitch acceleration even worse with a 20% increment, while LQR and non-adaptive Skyhook-LQR
provided a 14% and 18% reduction, as expected. Regarding the cabin’s pitch rate, LQR maintained its
performance by providing a 16% improvement, but non-adaptive Skyhook-LQR performed better with

a 37% reduction. However, Skyhook increased the pitch rate by 16%, which was unsatisfactory.

In Figure 4.62, Figure 4.64, and Figure 4.66, the cabin’s pitch responses of non-adaptive Skyhook-
LQR, gain-adaptive Skyhook-LQR with algorithm A, and gain-adaptive Skyhook-LQR with algorithm
B were compared. By implementing the two gain-adaptive algorithms, the cabin’s pitch acceleration
was reduced by 7% (A) and 32% (B), which were significantly better than the non-adaptive one (18%).
The cabin’s pitch rate was reduced by 20% with gain-adaptive algorithm A, worse than algorithm B
(44%) and the non-adaptive one (37%).
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Figure 4.55. Scaled-down cabin roll acceleration (offset-bump at 20 km/h)
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Figure 4.56. Scaled-down cabin roll acceleration (offset-bump at 20 km/h)
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Figure 4.57. Scaled-down cabin roll rate (offset-bump at 20 km/h)
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Figure 4.58. Scaled-down cabin roll rate (offset-bump at 20 km/h)
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Figure 4.59. Scaled-down cabin roll angle (offset-bump at 20 km/h)
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Figure 4.60. Scaled-down cabin roll angle (offset-bump at 20 km/h)
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Figure 4.61. Scaled-down cabin pitch acceleration (offset-bump at 20 km/h)
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Figure 4.62. Scaled-down cabin pitch acceleration (offset-bump at 20 km/h)
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Figure 4.63. Scaled-down cabin pitch rate (offset-bump at 20 km/h)
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Figure 4.66. Scaled-down cabin pitch angle (offset-bump at 20 km/h)
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Figure 4.67. Adaptive gain of roll (offset-bump at 20 km/h)
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Figure 4.68. Adaptive gain of pitch (offset-bump at 20 km/h)

Figure 4.67 and Figure 4.68 show the gain scheduling process in this scenario. Since the roll motions
were dominant most of the time, the corresponding gain gs was gradually adjusted from O to the
maximum pre-defined value of 700 by algorithm B, which was a benefit to the system robustness, while
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algorithm A generated some sudden changes. In addition, the pitch motion was significant between
2.55 10 3.7s, so the gain of pitch reached its high range during this period. Similarly, algorithm B’s gain
scheduling was smoother than algorithm A’s. Overall, the gain-adaptive algorithm further improved
the performance of the integrated Skyhook-LQR controller to some extent, and algorithm B performed
better than algorithm A in most cases. The percentages of improvements by each control approach are
listed and compared in Table 4.6.

Table 4.6. Percentage of improvement compared to passive suspension (offset-bump)

Sighosk | Lo | et | Can gt | Con gt
Vertical acceleration 35% 24% 29% 23% 22%
Pitch acceleration -20% 14% 18% 7% 32%
Roll acceleration 11% 19% 27% 41% 43%

4.5 Summary

The chapter presents and discusses the simulation and experimental studies on semi-active
suspension and their adaptive damping control systems. The examined control systems include
Skyhook, LQR, MPC, integrated Skyhook-LQR, and gain-adaptive Skyhook-LQR. The above control
algorithms were evaluated through simulation and experimental studies. The simulation results are
compared and summarized in Table 4.4, Table 4.5, and Table 4.6. A summary of the experimental
studies is presented in Table 4.7. Generally, the Skyhook approach is widely used in the automotive
industry because of its excellent vertical vibration attenuation performance. The Skyhook algorithm’s
ability to deliver exceptional ride comfort while demanding minimal computational power has made it
a popular choice for implementation on cost-effective automotive-grade microcontrollers. However, it
is imperative to acknowledge that the Skyhook approach encounters limitations regarding vehicle roll
and pitch control tasks. Thus, an LQR controller, a multi-objective optimal control approach, was
developed to achieve coordinated suspension control. As expected, it improved the vehicle’s vertical,
roll, and pitch dynamics at the same time. Nonetheless, the control performance of the semi-active
suspension system faced constraints imposed by the boundaries of the adaptive dampers that were not
been adequately considered so far. Another multi-objective optimizer called MPC was utilized to solve
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this issue. It effectively addressed the limitations by incorporating proper modelling and consideration
of damping dissipative constraints. Meanwhile, the MPC algorithm showcased its predictive
capabilities by estimating the future motions of the sprung mass over a prediction horizon. However, it
is worth noting that the complexity of the MPC algorithm significantly escalated the computational
costs, rendering it an expensive and challenging choice for practical applications. In response to this
computational issue, a novel control approach named integrated Skyhook-LQR was introduced in this
study. It significantly optimized the vehicle dynamics in all three directions (vertical, roll, and pitch)
and, most importantly, could be processed in real-time and implemented in semi-active suspension
systems. Furthermore, two gain-adaptive algorithms were developed to intelligently adjust the control
gains (weighting matrix) of the LQR algorithm based on available sensor measurements in real time
since it is impossible to find one optimum set of gains for various scenarios. Algorithm A dynamically
selected the weighting matrix Q in response to the recent disturbance inputs, whereas algorithm B
computed the gains based on the current vehicle states.

Table 4.7. Summary of percentage of improvement compared to passive suspension

Integrated | Gain-adapt. | Gain-adapt.

Skyhook LQR S-LQR S-LQRA | S-LQRB

Experiment: pure roll

Roll acceleration 24% 26% 36% 33% 38%

Roll angle -6% 15% 13% 8% 14%

Experiment: emergency brake

Pitch acceleration 20% 34% 39% 40% 44%

Pitch angle -1% 31% 42% 26% 30%

Experiment: offset-bump at 20 km/h

Vertical acceleration 35% 24% 29% 23% 22%
Pitch acceleration -20% 14% 18% 7% 32%
Roll acceleration 11% 19% 27% 41% 43%
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Chapter 5
Adaptive Interconnected Suspension Systems with Adjustable

Rotational Stiffness

This chapter introduces two novel interconnected suspension topologies, namely AIS-ARS and AlS-
ARPS, which have been designed carefully considering various hydraulic components. Their
mathematical models, damping characteristics, and stiffness properties have been thoroughly derived
and analyzed to understand their functionality comprehensively. For example, the AIS-ARS topology
is implemented on the primary suspension of a heavy truck, while the AIS-ARPS is equipped on the
cabin suspension system. Note that both topologies can be easily adjusted and fit for different vehicle

models or axle types, which will be introduced in detail in the following sections.

5.1 AIS-ARS

This section proposes a novel adaptive interconnected suspension with adjustable roll stiffness (AlS-
ARS) to address the existing designs’ shortcomings. The AIS-ARS system uses a unique design that
avoids expensive proportional flow control valves, which has been a significant barrier to widespread
implementation. Instead, the system employs a simple and cost-effective control strategy that uses two
solenoid valves to achieve adaptive damping. The mathematical model for the AIS-ARS system is also
straightforward, requiring less computational cost and making it more practical for real-time
applications. Moreover, the proposed system has improved ride quality and roll stability. These
functionalities include adjustable roll stiffness, enhancing the vehicle’s handling performance to adapt
to different vehicle types and applications. Overall, the AIS-ARS system represents a significant
advancement in the design of interconnected suspension systems, offering a more cost-effective,

practical, and versatile solution.

5.1.1 Topology of the AIS-ARS

As shown in Figure 5.1, all the hydraulic components used in the AIS-ARS system are connected
through hydraulic hoses, such as four hydraulic cylinders, two flow control valves (manifolds), two
accumulators, and one Hydraulic Power Unit (HPU). More information on these components can be
found in Appendix B. In detail, four hydraulic cylinders are located at each corner of the suspension

and connected through hydraulic hoses. In the first hydraulic circuit, the lower chamber of the front-
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left hydraulic cylinder is connected with the upper chamber of the front-right hydraulic cylinder, the
lower chamber of the rear-left hydraulic cylinder, and the upper chamber of the rear-right hydraulic
cylinder. In the second hydraulic circuit, the upper chamber of the front-left hydraulic cylinder is
connected with the lower chamber of the front-right hydraulic cylinder, the upper chamber of the rear-
left hydraulic cylinder, and the lower chamber of the rear-right hydraulic cylinder. Besides, one
accumulator is assembled along each hydraulic circuit.

Circuit 1
--------- Circuit 2

Py
.ol
fomoeeomoee T
1 ' Cy
zf] Hyd'rzlulic
Power
Unit
4
7~
C}(J T Qlﬁ
Py
2 a7

Figure 5.1. Schematic of the roll-plane AIS-ARS
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When the suspension is compressed in the vertical direction, the oil flows from the lower chambers
to the upper chambers. Due to the unequal cross-sectional areas of the upper and lower chambers, a
small amount of oil flows into the accumulator. When the suspension rotates in the roll direction, a
large amount of oil flows into the accumulator, which causes gas compression. The increased pressure
in the hydraulic circuit results in a certain amount of roll stiffness. Two electro-proportional flow

control valves are installed beside the two accumulators’ inlets to achieve adaptive damping properties.

Moreover, an HPU is connected to both hydraulic circuits. It usually contains motor, tank, solenoid
valves, and other essential hydraulic components. By pumping or draining fluids into the interconnected
suspension system, the hydraulic pressure can be easily changed, which results in adjustable roll
stiffness. After deriving the mathematical model of the proposed roll-plane IS-ARS, its stiffness and
damping properties are thoroughly analyzed. Note that the model accuracy is validated through
experimental tests introduced in Section 6.2.

5.1.2 Mathematical modelling

The major assumptions made in formulating the interconnected struts include 1) polytropic process of
the gas in accumulators; 2) ideal friction between the floating and main pistons seals and the cylinder;
3) negligible leakage across the pistons; 4) negligible thermal expansion of the cylinder, piston, and oil.

Orifice and valve: The orifice usually possess nonlinear pressure-flow characteristic, which plays a
vital role in the hydraulic system. This study uses a simplified orifice model, which assumes that the
damper orifice has negligible fluid volume and involves linear pressure loss. Hence, the flow through

an orifice can be calculated as

Q=— (5.1)

where C is the flow resistance coefficient that will be further introduced in Section 5.1.5.

Cylinder chamber: The volume of the chamber varies as the sprung and unsprung masses move
relative to one another. Considering the compressibility of the fluid in the chamber, the continuity
equation for the cylinder can be written as

AA —@—f dt =0 5.2
2= Qdt = (5-2)
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where A is the area of the cylinder chamber, Az is the relative vertical displacement between cylinder
and piston rod with respect to the equivalent position, V is the volume of the chamber, AP is the

pressure drop in the chamber, g is the bulk modulus, and @ is the corresponding flow rate.

Accumulators: The accumulator is modelled by assuming an adiabatic process, and the oil
compressibility in the accumulator is neglected since the oil stiffness is much greater than that of the
nitrogen. The gas pressure and volume at any time in the accumulator gas chamber have the following

relationship based on Ideal Gas Law and Boyle’s Law:

PVt = PVt (5.3)

where P, and V, are the nominal gas pressure and the nominal gas volume in the accumulator, n is the

polytropic coefficient, and P; and V; are the working pressure and gas volume in the accumulator.

The mathematical model of the proposed roll-plane hydro-pneumatic interconnected suspension
system has been formulated to investigate its vertical and roll characteristics. It comprises the cabin,
four double-acting hydraulic cylinders that are connected through hydraulic hoses, accumulators, and

flow control valves. This model considers four disturbance inputs with vertical DOFs (z¢1, ¢, zf3,
Zg4), and the sprung mass mg with vertical zg, roll ¢, and pitch 6; DOFs. The right-handed Cartesian
coordinate system defined in 1SO-8855 is placed to describe the vehicle system. The x-axis is
substantially horizontal and forwards. The y-axis is perpendicular to the cabin’s longitudinal plane of
symmetry and points to the driver’s left hand. The z-axis points upward along the vertical direction. It
is worth mentioning that four air springs are installed in parallel with the hydraulic cylinders for

carrying the huge load and providing necessary vertical stiffness.

The mathematical modelling of the roll-plane AIS-ARS is derived based on the hydraulic
components and their characteristics introduced above. Firstly, the chamber volumes of hydraulic
cylinders can be calculated based on the suspension relative displacement. Assuming the strokes of the

hydraulic cylinder at its nominal position are S; and S, the eight chamber volumes can be represented

by

V1 = —A1A21 + A151
(5.4)
Vz = A2A21 + AZSZ
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V3 = AzAZ3 + AzSz
V4 = _A]_AZ3 + A]_Sl

V5 _A]_AZZ + A]_Sl

V6 = AzAZZ + AzSz
V7 = AzAZ4 + AzSz
V8 = _AlAZ4_ + A151

Note that the front left (FL), rear left (RL), front right (FR), and rear right (RR) corners are labeled
as 1, 2, 3, and 4, respectively. Besides, the suspension relative displacements at the four corners can be
written as

AZl == ZS + l§05 - Lles - Zfl
Azy = zg + lgs + Ly0s — zp,

(5.5)
Azz = zg — lgps — L1605 — 23

Azy = zg — lgps + L0 — 754

in which [ represents half of the distance between the left and right hydraulic cylinders, L, represents
the longitudinal distance from the CG location to the front suspension, and L, represents the

longitudinal distance from the CG location to the rear suspension.

Secondly, the time derivative of fluid pressures in the hydraulic cylinders can be calculated according

to equations (5.1) and (5.2) as follows:
Pl = VE(AIAZI - Ql)’ In Wthh Ql == CL(PI - Pg)
1 1
P, = VEZ(—AZAZE — @2), inwhich Q, = Ciz(Pz — Pyp)
(5.6)

P, = %(_AZAZ3 — @), inwhich Qs = £-(P; = Py)

. . . - )
P, = V%(AlAZB — Q4), inwhich Q, = C_4(P4' — Pyo)
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Ps = £ (4142, - Q5), inwhich Qs = £ (Ps — P5)
P, = %(—AZAZZ — Q¢), inwhich Qg4 = Cis(Pe — Pyp)
Py = £ (=502, — Q;), in which Q; = = (P, — Py)
Py = VES(A1A2'4 — Qg), in which Qg = Cig(Pg — Pyo)

in which C; ~Cg represent the equivalent flow resistance parameters of the hydraulic hoses which are

constant values. Besides, the pressure drop at the two flow control valves are

Py — Py = Co(Q3 + Q7)
(5.7)

P1o — Pyg = C19(Q2 + Q6)

Note that two flow control valves with the resistance parameters Cq and C;, determines the expected

suspension damping characteristics.

Thus, the fluid pressures Py and P;, can be calculated as follows:

1 1 1N 1 1 1
( + +_)P9=_P3+_P7+_P9
9

C_3 C_7 C9 C3 C7 C
(5.8)
<1+1+1>13 —1P+1P+1P
C, Co Cio/ 07 Cp 2 Cs % € *°

Thirdly, based on the nominal gas volume, the two accumulator gas volumes can be iteratively

calculated:

V9=Vo—f(Q1+Q3+Qs+Q7)dt
(5.9)

V10=Vo—f(Qz+Q4+Q6+Qs)dt

Fourthly, the time derivative of the gas pressures in the accumulators can be calculated according to
Eq.(5.3).
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i nP Vgt . nPyV
Py = — vl Vo = ! Q1+ Q3+ Qs +Q7)

(5.10)
. nP()VOn . nP()VO
Py = —va Vﬁ)ﬂ (Q2 + Q4 + Q6 + Qg)
Finally, the pressures in hydraulic cylinders P, ~Pg and accumulators Py~P;, can be found based on

their time derivatives P; and the system nominal pressure P,.

5.1.3 Roll stiffness analysis

Suspension roll stiffness represents the vehicle’s rolling resistance about its longitudinal axis. In other
words, it determines how much a vehicle’s body leans in turn. A higher roll stiffness results in less
body roll, which can lead to improved stability. In the conventional suspension, its roll stiffness is
usually achieved through anti-roll bars and bushings so that the roll stiffness can be adjusted by
changing the diameter or material of the anti-roll bar or the bushing stiffness. Using the proposed AlS-

ARS, the roll stiffness adjustment becomes more convenient and cheaper for vehicle manufacturers.
In the suspension steady status, its roll moment can be written as

= —(ky + ky + k3 + ka) P @5 + 21(A; + A3)(Pro — Po)
The roll stiffness can be derived from the restoring roll moment subject to the relative roll deflection

as

aM,
Ko = =g = (ka+ kot s + k)2 = 204, + Az) 5 (Pro = Po) (5.12)

The corresponding derivative of the gas pressures in the accumulators can be expressed as

APy 2n(A; + A)IPGVE  2n(A; + A;)IPgVE
d(p - V9n+1 - ¥,

(5.13)
dPyy  —2n(Ay + APV —2n(A; + APV

d(p V10n+1 .yz

in which
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¥1 = [Vo + 2(A; — Az, — 21(A1 + A, — (A1 — A)(Ly — L1)O]"
y2 = [Vo + 2(A; — Az, + 21(A; + A, — (Ay — A)(Ly — L6,

Hence, the roll stiffness is derived as

d
K¢ = (k1 + kz + k3 + k4_)lz - 2l(A1 +A2)%(P10 - Pg)

11 (5.14)
= (ky + ko + k3 + ky) 2 + 4n(Ay + A,)2 PPV (— + y—)
1 2
Besides, the above formulation can be simplified when n = 1:
2 2 2P0

Vo

The relevant parameters are selected after a comprehensive study and sensitivity analysis based on a
mass-produced dual-axle truck suspension system, which can be found in Table 5.1. Based on
Eq.(5.14), the estimated roll stiffness of the AIS-ARS system is shown in Figure 5.2, which is compared
to two anti-roll bars. The estimated results of the four example settings are plotted in different colors,
ie.,V,=24L &Py = 1730psi, V, = 2.6L & Py = 1597psi, V, = 2.8L & P, = 1483psi, and V, =
3L & Py = 1384psi. It can be seen that the roll stiffness can be adjusted by charging or discharging
the hydraulic system. In other words, the roll stiffness K, increases with the increase of the system
nominal pressure P,. Attributed to the air compression in the accumulator, the roll stiffness tends to
increase with the increase of the roll angle. Thus, a lower roll stiffness can be realized when the
suspension relative roll angle is small, while a higher roll stiffness can be achieved when the angle
increases. Overall, the anti-roll property of the IS-ARS has considerable potential for a better
compromise between ride comfort and roll stability without equipping the anti-roll bars. Note that more
than 84% of the total roll stiffness of the conventional dual-axle suspension comes from the anti-roll
bars, and only a small portion generates by the air springs, while the interconnected configuration can

provide enough roll stiffness to compensate for the elimination of the anti-roll bars.

Note that the parameters in Table 5.1 may not be the best option for the proposed truck suspension

system. These values are chosen based on the available off-the-shelf hydraulic components at this time.
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Similar to conventional air suspension systems, the suspension parameters must be fine-tuned to

achieve desired properties.

Table 5.1. Parameters of the AIS-ARS system

Symbol Description Value
kqi, ks Front air spring stiffness 250 KN/m
ko, kg Rear air spring stiffness 250 KN/m
mg Sprung mass weight (sum of two drive-axle loads) 22 tons
kg Torsion stiffness of the anti-roll bar 9.5 kKN-m/deg
L Chassis frame roll moment of inertia 31892 kg/m?
I, Chassis frame pitch moment of inertia 351 kg/m?
l Lateral distance from damper to CG 0.525m
L, Distance from CG to front axle 0.3573m
L, Distance from CG to rear axle 1.7073 m
A Rod side chamber cross-sectional area (rod diameter is 1.5 inches) 0.00342 m?
A, Bore side chamber cross-sectional area (bore diameter is 3.5 inches) | 0.00456 m?
S, S, Half of the full stroke length 4 inches
Polytropic coefficient 1.38
Fluid bulk modulus 1400 MPa
C; Resistance coefficient of hydraulic hose (i=1, 2, 3, ..., 8) 5x107 Pa-s/m®

Roll stiffness of the dual-axle suspension
T T T

Two Anti-Roll Bars
3.5 2.4L, 1730psi
N 2.6L, 1597psi
2.8L, 1483psi
3.0L, 1384psi

w
T

[Nm/deg]
N
g

-6 -4 -2 0 2 4
Suspension relative roll angle [deg]

Figure 5.2. Roll stiffness comparison of the roll-plane AIS-ARS
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5.1.4 Vertical stiffness analysis

Suspension vertical stiffness refers to the resistance effects when the suspension is retracting or
extending, affecting overall ride quality and stability. The vertical stiffness of the proposed AIS-ARS
is analyzed in this section, which is useful for suspension tuning and air spring selection. Specifically,
the area difference between the cylinder’s bore side and rod side results in a certain amount of additional
vertical stiffness so that a smaller air spring can be used with AIS-ARS. The suspension force at steady

status can be written as

FZ = _(kl + kz + k3 + k4)Zs + (lel - ksz + k3L1 - k4L2)95 + klzfl + kZZfZ
+ k3Zf3 + k4Zf4, - A1P1 + AZPZ + A2P3 - A1P4 - A1P5 + A2P6 (516)
The vertical stiffness (suspension rate) K, can be obtained by taking the first derivative of the
suspension force with respect to the relative displacement as
daF,

d
KZ:_dZ:k1+k2+k3+k4_2(142_Al)E(Pg‘l'Plo) (517)

According to the vehicle motion, the gas volumes in two accumulators can be calculated as follows:

Vo =Vo+2(A; —A1)zs — 21(A1 + A) s + (Ay — A1) (Ly — Ly)Os + A1 251 + Ay 25,

- AZZf3 — AZZf4-
(5.18)
Vi = Vo + 2(A2 — A1)zs + 2U(A1 + A2 s + (Az — A (Ly — L1)0s — Ayzp1 — Azzpy

+ Alzf3 + A1Zf4_

Hence, the corresponding derivative of the gas pressures in the accumulators can be expressed as

dPy  —2n(A, — APV —2n(4; — APV

dz V9n+1 )/3

(5.19)
dPlO _ _Zn(AZ - Al)P()Vgl _ _Zn(Az - Al)P()Vgl

dz V10n+1 B V4

in which
ya = Vo + 2(Az — Az, — 21(Ay + A, + (A7 — A (Ly — L)
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va = Vo +2(A2 — Ay)zg + 21(Ay + Ao, + (Az — A1) (Ly — L)6™H

The vertical stiffness K, is derived as

1 1
KZ = kl + kz + k3 + k4 + 4n(A2 - A1)2P0V01’l< + —>

V n+1 V n+1
? 10 o (5.20)
= k]_ + kz + k3 + k4 + 4n(A2 - A1)2P0V0n <_ + _>
Y3 V4
Besides, the above formulation can be simplified when n = 1:

2 Py
KZ = kl + kz + k3 + k4, + 8(142 - Al) V_ (521)

0

It can be seen that the suspension rate of the interconnected suspension system at the nominal position
is proportional to the nominal gas pressure and squared rod area and inversely proportional to the
nominal gas volume. In other words, the effective area that affects vertical stiffness is the rod area,
which allows designers to tune vertical stiffness by adjusting the piston area ratio. Note that the
suspension rate is mainly decided by springs with a smaller rod size, while the interconnection
configuration provides additional stiffness with a larger rod size due to the gas compression in the

accumulators.

5.1.5 Damping characteristics
Suspension damping characteristics refer to how the suspension system responds to motions and
disturbances. By controlling the amount of energy absorbed and dissipated by the damping system, the
proposed interconnected suspension system aims to provide excellent roll stability and a smooth ride.
Specifically, the forces generated by each hydraulic cylinder can be calculated by

Fy = AP, — APy = A;050; + A21310 —A,010Q1 — AP

Fy = A3 Pg — A1 P5s = A;C60Q6 + Azplo — A;C5Q5 — A, Py

~ (5.22)
F3 = A3P3 — Ay Py = A3(3Q3 + APy — A1C,Q4 — A1 Py
Fy = A;P; — A1 Pg = A3(;,07 + Ang — A;CgQg — A1 Py

in which the flow rates along the hydraulic circuits can be calculated as follows:
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Q = A7,

Q2 = —AxA74
Q3 = —AyAz3
Qs = A1AZ3
Qs = A1Az,
(5.23)
Qs = —A3AZ,
Q7 = —AyAz,
Qg = A1Az,
Qo =—-0;1—0Q3— Qs —0Q7
Q10 =—02— Q4 —0Qs — Qg
Combining equations (5.7), (5.22), and (5.23), the cylinder forces can be simplified as
F; = —[A3Cy + A5C, + 2A5C; )25 — I[ATC; + ASC, + 245C10] s
+ [A2C,Ly + A3C,Ly + A5CyoLy — ASCyoL,16s
+ (A%Cl + A%Cz + A%Clo)Zfl + A%Cloz.fz + .-
F, = —[A3Cs + A3Cs + 245C) 25 — I[ATCs + A5Cq + 245 C10] s
— [A%CsLy + A3CeLy + A3Cy 0Ly — ASCy0L410s
+ (A%CS + A%C6 + A%CIO)ZfZ + A%Cloz.fl + .-
(5.24)

Fy = —[A3C;5 + A2C, + 2A5Cy)zs + L[A3C5 + A2C, + 245C,] s
+ [A3C3L, + A2C,Ly + A3CoLy — A3CsL,)6,
+ (A5Cs + A5C, + A5Co) 753 + A5CozZpy + -

F, = —[A5C, + A3Cg + 245Cq) 2, + I[A5C, + A2Cg + 2A5Cy) s
— [A3C;Ly + A%CgL, + A5CoLy — A5CL4 10
+ (A5C; + A5Cq + A5C) 75y + A5CozZp3 + -

Thus, the total vertical force generated by the four hydraulic cylinders can be written as
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F,=F,+F,+F;+F,
= —(A3C; + A5C, + A5C; + A3C, + A3Cs + A%Ce + ASC, + A%Cq
+ 443Cy + 4A5Cy0) 2
— 1(A%2C, + A%C, — A5C; — A2C, + A2Cs + A5C, — A5C, — A3Cq
— 4A3Cy + 4A3C10) @5 (5.25)
+ [A3L,C, + A5L,Cy + A5L,C5 + A3L,C, — A3L,Cs — A3L,C,
— A3L,C; — A2L,Cg + 2(Ly — L1)A3Co + 2(Ly — L1)A3C10165
+ (ACy + A5C, + 245C10)Zp1 + (ATCs + A5Cs + 245C10) Zp,
+ (A5C3 + AJCy + 2A5Co) 23 + (A5C, + AT Cg + 2A5Co) Zpy + -+

Considering a pure roll movement, the roll moment M, can be written as

My, = (Fy + F, — F; — F)l
= 1(—A3C, — A3C, + A%C5 + A%2C, — A2Cs — A3C, + A3C, + A3Cq
+ 4A5Cy — 4A3Cy0)Zs
—1?2(A%2C, + A5C, + A3C5 + A3C, + A2Cs + A3C, + A3C, + A%Cq
+ 4A5Cq + 4A3C10) P (5.26)
+ 1[A2L,C; + A%L,C, — A%L,C3 — A2L,C, — A2L,Cs — A3L,C,
+ A3L,Cy 4+ A2L,Cq + 2(Ly — L1)A%Co + 2(Ly — L) A3%C10]6s
+ 1(A3Cy + A5C, + 245C10) 751 + L(ATCs + A5Cs + 245C10)Zp,
— I(A3Cs + A3Cy + 245Co)zp3 — L(ASC, + A3Cg + 2A5Co) 2y + -+

Considering a pure pitch movement, the corresponding pitch moment M, can be written as
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Mg = —F,L; + FyL, — F3L; + FyL,
= [~AIAC, — ABLAC, — BIAC, — MIAC, — AULRCs — ABLC
— A3L5C; — A7L5Cq + (2A3L, L, — ASLE — A3L5)Co
+ (2451, L, — A313 — A315)C1]65

' (5.27)
— [A3C,Ly + A5C,Ly + A5C0(Ly — L))z
+[A3CsLy + A5CeLy + A5C10(Ly — L1)12s,
— [A3C3Ly + ATC4Ly + A5Co(Ly — Ly)]Zp3
+[A5C;L, + ATCgLy + A5Co(Ly — Ly)]zpy + -+
As the result, the equivalent vertical damping coefficient ¢, is
€, = A2C, + A5C, + A5C5 + A3C, + A2Cs + A%Cq + A5C, + A2Cq + 44%Cy + 445C, (5.28)
= 4(A2 + A2)Chose + 4A%Cy + 44%C, '
Similarly, the equivalent roll damping coefficient c,, is
cp = l[ATC; + A5C, + A5C5 + ASCy + ATCs + A5Cs + A5C, + AT Cg + 4A5C, (5.29)
+ 442C,0] = 4(A2 + AD)IChose + 4A2IC, + 4AZIC, '
And the equivalent pitch damping coefficient cg is
co = A213C; + ASL5C, + ASL3C5 + A213C, + A215Cs + ASL5C, + ASL5C, + A%2L5C,
+ A5(Ly — Lp)?Co + A5(Ly — L3)*Cyy (5.30)

= (A%13 + A%212 + 2A%13 + A3L% + A3L% + 24%12)Chpse
+ A3(Ly — Ly)*Co + A5(Ly — Ly)*Cyp

It can be seen that the suspension vertical and roll damping properties are determined by the two
flow control valves besides the accumulators. By controlling the valves’ fluid resistance characteristics,
the suspension damping properties in vertical and roll directions can be controlled in real-time

according to road conditions or driver preferences.

5.1.6 Damping control system for AIS-ARS

The damping control system of the proposed AIS-ARS consists of six main components: one

microcontroller, one 6-axis IMU, four height sensors, four pressure sensors, two electro-proportional
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flow control valves, and one HPU. As shown in Figure 5.3, the measurements of available sensors are
collected and sent the data to the state observer. The estimated vehicle motions are forwarded to the
Skyhook controller introduced in Section 3.2.2.1. Both algorithms are compiled in the microcontroller
in practice. The resulting control commands are applied to the electro-proportional flow control valves,
usually in current or voltage. This way, the suspension damping characteristics can be controlled in
real-time to isolate the undesired vibrations.

Sensors

h 4

State Observer
Vehicle motions

Pressures and flows

A 4
Flow-control Valve [¢—— Skyhook Controller

l Current [A]

AIS-ARS

Figure 5.3. Damping control system for AIS-ARS

5.2 AIS-ARPS

The above roll-plane interconnected suspension can provide enhanced anti-roll performance and ride
guality. However, the pitch motion of the truck cabin is usually harsh and uncomfortable due to its high
CG location. Thus, developing a roll and pitch coupled interconnected suspension system with anti-roll

and anti-pitch properties is necessary.

5.2.1 Topology of the AIS-ARPS

A novel interconnected topology is introduced in this section, as shown in Figure 5.4. In the first

hydraulic circuit, the upper chamber of the front left cylinder is connected to the lower chamber of the

rear right cylinder. In the second hydraulic circuit, the lower chamber of the front left cylinder is

connected to the upper chamber of the rear right cylinder. In the third hydraulic circuit, the upper

chamber of the front right cylinder is connected to the lower chamber of the rear left cylinder. In the
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fourth hydraulic circuit, the lower chamber of the front right cylinder is connected to the upper chamber
of the rear left cylinder. Four accumulators are assembled along the four hydraulic circuits to generate

enough roll and pitch stiffness. In addition, this topology utilizes eight flow control valves to achieve
real-time damping control.

3 3rt

Figure 5.4. Schematic of the roll and pitch coupled interconnected suspension
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Firstly, the chamber volumes of hydraulic cylinders can be calculated based on the suspension
relative displacement. Assuming the strokes of the hydraulic cylinders at the nominal position are S;
and S,, the eight chamber volumes can be represented by

Vl = _AlAZ]_ + Alsl
V2 - AzAZl + Azsz
V3 = AzAZ3 + Azsz

V4 = _AlAZ3 + Alsl

(5.31)
Vs = —A0z, + ALS;
Ve = A0z, + Ay S,
V, = AyAzy + A,S,
Vg = —A10z4 + ALS;
in which the suspension relative displacements at the four corners are
Azy = zg + log — L1605 — 254
Azy = zs + lpg + L0, — Zf)
(5.32)

Azz = zg — lgps — L1605 — Z3
Azy = zg — los + Ly 05 — 754

in which [ represents half of the distance between the left and right hydraulic cylinders, L, represents
the longitudinal distance from cabin CG location to the front cabin suspension, and L, represents the

longitudinal distance from cabin CG location to the rear cabin suspension.

Secondly, the time derivative of oil pressures in hydraulic cylinders can be calculated according to
equations (5.1) and (5.2).

Py = £(A187, = @), inwhich @, = - (P — Py)
(5.33)

. ' . - )
p, = Vﬁz(_AzAZl — Q,), inwhich Q, = C_Z(PZ —P;,)
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Py = i (—AxAz; = Qs), inwhich Qs = - (Ps — P1y)
P, = %(A1AZ3 — Q4), in which Q4 = C%(PAL — Pio)
Ps = I (4102, — Qs), in which Qs = £ (Ps — P11)
P = %(_AZAZZ — Q). in which Q¢ = Ciﬁ(Pe — Py)
P, = V%(—AzAﬁ — @7), in which Q; = ci7(P7 — Py)
Py = VES(A1AZ4 — Qg), in which Qg = Cis(Ps — P1)

in which C; ~Cg represent the equivalent flow resistance parameters of the hydraulic hoses and flow

control valves.

Thirdly, based on the nominal gas volume, the gas volumes in the four accumulators can be iteratively
calculated as

%=%—ﬂm+@wt

Vip=Vo — f(Q4 + Q) dt
(5.34)

Vii =Vy — f(Q3 + Qs) dt

Via =Vy — f(Qz + Qg) dt

Fourthly, the time derivative of the gas pressures in the accumulators can be calculated according to
equations (5.1) and (5.3).

) nP Vgt . nP,VJ
Py = i Vo =w(Q1 +Q7)
9 9

(5.35)
nPVgt . nPyVgt
10 =~ —nat V10 = S (Qa + Q)
Vio Vio
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nP VIt .
> Vi1 = Yt (Q; +Qs)

11 = 7 T+t
V11
n
b = nPOVO.
12 — 7 Vn+1
12

nP, Vg
iy

nPyVo'

Vip = V"“ (Q2 + Qs)

Finally, the pressures in hydraulic cylinders P, ~Pg and accumulators Py~P;, can be found based on

their time derivatives P; and the system initial pressure P,,.

5.2.2 Roll stiffness analysis

At the suspension steady status, its roll moment can be written as

Mg = —(ky + ky + ks + k)20 + (F, + F,
= —(ky + ky + k3 + ky) 25 — A{IP; + A,LP,

— A,lP; + A, lPg

= —(ky + ky + ks + k)5 — L(A; + A3) (P

— A11Ps + A, 1P

—F;—F)I

— Pyo + P11 — Pi3)

The roll stiffness can be derived from the restoring roll moment subject to the relative roll deflection

as

M , d
K¢=__—(k1+k2+k3+k4)l +l(A1+A2) (

do — Pyg+ P11 — Pi3) (5.37)
The corresponding derivative of the gas pressures in the accumulators can be calculated as
dPy _ (A + ADIPVE _ n(As + A5)IPoVg'
dop Vo1 B Vs
dPyy  —n(Ay + A)DIPVE  —n(A; + AP,V
dp Vo™t - Ye
(5.38)
d(p B V11n+1 B Y7
dPi,  —n(Ay + A)IPVE  —n(A; + AP,V
dp V" - Vs

in which

vs =[Vo+ (A —Apzs —

(A1 + A)ls + (A1Ly + A;Ly)0,]™*!
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Yo = [Vo + (A2 — ADzs + (A + A)lps + (A1Ly + A;L,) 651!
vz = Vo + (A — A)zs — (A1 + A)lps — (AL, + AyL,) 05!
Ye = [Vo + (A2 — ADzs + (A + A)los — (AL, + A L) 6]

Hence, the roll stiffness of the proposed interconnected suspension can be represented as

2 n 22 [1 1 1 1
Ys Ye Y7 Vs

When the Polytropic coefficient n = 1, the roll stiffness formulation can be simplified as

Ky = (ky + ky + ks + k1> + 4(4; + Az)zlz% (5.40)

Based on Eq.(5.39) and the parameters listed in Table 5.2, the estimated roll stiffness of the roll and
pitch coupled AIS-ARPS system is shown in Figure 5.5. Specifically, the estimated results of the four
example settings are plotted in different colors, i.e., V, = 1.63L & Py = 245psi, V, = 1.6L & Py =
250psi, Vo = 1.57L & P, = 255psi, and V, = 1.54L & P, = 260psi. Noticeably, the roll stiffness
can be adjusted by charging or discharging the hydraulic system. In other words, the roll stiffness K,
increases with the increase of the system nominal pressure P,. Attributed to the air compression in the
accumulator, the roll stiffness tends to increase with the increase of the roll angle. Thus, a lower roll
stiffness can be realized when the suspension relative roll angle is small, while a higher roll stiffness

can be achieved when the angle increases.

Roll Stiffness Comparison

21 T T T T T
Traditional independent suspension
2R 245psi, 1.63L e
N 250psi, 1.6L e
T1.9 N 255psi, 1.57L s
g N, — - — - 260psi, 1.54L e
E .
Z18F 4
9]
%)
Q
171 1
®
f16r- |
1.5+ _
1.4 | ! | ! | | |
-4 3 2 1 0 1 2 3 4

Roll angle [degree]

Figure 5.5. Comparision of the dual-axle suspension roll stiffness
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Table 5.2. Parameters of the AIS-ARPS system

Symbol Description Value
ki, k3 Front air spring stiffness 23658 N/m
ko, ky Rear air spring stiffness 14854 N/m

mg Cabin weight 1250 kg

k, Equivalent roll stiffness of the bushings 155 kN-m/rad

L Cabin roll moment of inertia 1468 kgm?

I, Cabin pitch moment of inertia 1229 kgm?

l Lateral distance from damper to CG 0.63m

L, Distance from CG to front suspension 0.936 m

L, Distance from CG to rear suspension 1.055m

A Rod side chamber cross-sectional area (rod diameter is 1.5 inches) 0.00342 m?

A, Bore side chamber cross-sectional area (bore diameter is 3.5 inches) | 0.00456 m?
S1, S Half of the full stroke length 4 inches

n Polytropic coefficient 1.38

B Fluid bulk modulus 1400 MPa

C; Resistance coefficient of hydraulic hose (i =1, 2, 3, ..., 8) 5x107 Pa-s/m®

5.2.3 Pitch stiffness analysis

Suspension pitch stiffness is a measure of the tilting resistance about its transverse axis. It determines
how much the cabin will tilt forward or backward in response to longitudinal acceleration or road
disturbance. A higher pitch stiffness results in less body pitch, which leads to better stability. In the
conventional suspension, the pitch stiffness is mainly provided by springs, while it is hard to be
independently adjusted since the springs affect many other suspension design factors. Using the
proposed AIS-ARPS, an additional amount of pitch stiffness is added to the suspension system.
Meanwhile, the rotational stiffness can be easily adjusted for different vehicle models or applications,

which is analyzed in the following section.

The pitch moment can be written as
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Mg = (kyLy — kpLy + ksLy — k4Lp)zg — (kg LT + kL3 + k3 Li + kaL3)6s
+ (—LF; + LyF, — LiF; + L,F,)
= (kyLy — koL + k3Ly — k4Lp)zs — (kq L5 + kL3 + k3Lf + k4 L3) 0
— L1(A2P, — A1Py) — Ly (AyP3 — Ay Py) + Ly (A2 P — A1 Ps) (5.41)
+ Ly(A2P; — A1 Pg)
= (kyLy — koL + k3Ly — k4Lp)zs — (kq L5 + kL3 + k3Lf + k4 L3) 0
+ (A1Ly + AzLy)(Po + Pyo) — (AL + AzLy)(Pyy + Pr3)

The pitch stiffness can be derived from the restoring pitch moment subject to the relative pitch

deflection as

dM, d
Kg == —d_ee == le% + kzL% + k3l€ + k4L% - (AlLl + Asz)E(Pg + PlO)
s 4 * (5.42)
+ (A1Ly + AzLy) (P11 + Py3)
do,
The corresponding derivative of the gas pressures in the accumulators can be expressed as
dPy  —n(AzL; — A1L)PoVgt  —n(AiLy + AzL)PVg!
do, Vo1 B Vs
dPyy  —n(A;L; — A1L)PoVg  —n(A;Ly + Ay Ly)PoVg!
do, Vit B Ve
(5.43)
dP;;  —n(A;Ly — A1L)PoVg  n(AyLy + A;L)PVg!
d@s B V11n+1 B )/7
dPy;  —n(A;Ly — A1Lp)PoVgt  n(AiLy + Ay Ly)PoVy
do, vy, - Ys
Hence, the pitch stiffness of the proposed interconnected suspension can be represented as
2 2 2 2 n 2 1 1
K@ = k1L1 + kZLZ + k3L1 + k4L2 + nP()VO (A1L1 + Asz) [_ + _]
Ys Ve (5.44)

1 1
+ npovgl(Ale + A2L1)2 [_ + _]
Y7 Vs

When the Polytropic coefficient n = 1, the pitch stiffness formulation can be simplified as
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P,
Ko = kqL% + kyL3 + k3L3 + kyL3 + 2[(A1L; + AyLy)? + (A1Ly + A,L1)?] 7" (5.45)
0

As shown in Figure 5.6, the estimated results of the four settings are plotted in different colors, i.e.,
Vo = 1.63L & P, = 245psi, Vo = 1.6L & Py = 250psi, Vo = 1.57L & P, = 255psi, and V, =
1.54L & P, = 260psi. The pitch stiffness changes with the charging or discharging process of the
hydraulic system. In other words, the pitch stiffness Ky increases with the increase of the system
nominal pressure P,. Attributed to the air compression in the accumulators, the pitch stiffness tends to
increase with the increase of the pitch angle. Compared to the conventional suspension, the proposed
AIS-ARPS provides additional pitch stiffness to prevent harsh pitch motions. Besides, it is noticeable

that the pitch stiffness is not as sensitive as the roll stiffness when the system’s nominal pressure

changes.
%10° Nonlinear Pitch Stiffness
7.5 T T T T
245psi, 1.63L
N 250psi, 1.6L N
N 255psi, 1.57L
6.5 N —-—- 260psi, 1.54L | "

Pitch stiffness [Nm/rad]
(4]
5]
T

Pitch angle [degree]

Figure 5.6. Nonlinear pitch stiffness

5.2.4 Damping characteristics
The following derivation method is the same as the one introduced in Section 5.1.5. In detail, the forces
generated by each hydraulic cylinder can be written as

Fy = AP, — APy = A3C5Q, + APy — A1C1Q1 — APy

Fy = AyPg — A1Ps = AyC6Q6 + Ay Pyg — A1C505 — A1 Py

(5.46)
F3 = AyP3 — APy = A3C3Q3 + APy — A1C4Q4 — A1 Py
Fy = AyP; — A1 Pg = A(7Q7 + APy — A1 CgQg — A1 Py
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in which the flow rates along the hydraulic circuits can be calculated as follows:

Q1 = A4z,
Q2 = —AAz
Q3 = —4,Az3
Qs = A1AZ
Qs = 4147,
(5.47)
Q¢ = —A3A7,
Q7 = —AzAz,
Qg = A1427,
Qo =—-01—03—0s—0Q7
Q10 =—0Q2 — Q4 — Qs — Qs
Combining equations (5.32), (5.46), and (5.47), the cylinder forces can be simplified as
F; = —(A3Cy + A5Cy)zs — L(A3C, + ASCy) s + L1 (A%C, + A5C,)05
+ (43¢, + A%CZ)Z'fl — APy + Ay Py
F, = _(A%CS + A%CB)Z'S - l(A%CS + Agce)‘l"s - Lz(A%CS + A%C6)95
+ (A3Cs + A%C6)Z.f2 — APy + APy
(5.48)

F3 = —(A3Cs + A2C,)zs + L(A3Cs + A2C,) s + L1 (A5C5 + A3C,)0;
+ (A3C3 + AiCy) 23 — A1 Pyo + A2P1y

Fy = —(A5C, + A3Cg)zs + L(A3C, + A3Cs) s — Lo (A5C, + A3CgL;)0s
+ (A%C7 + A%CS)Z]QL - A1P12 + A2P9

Thus, the total vertical force generated by the four hydraulic cylinders can be written as
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F,=F +F,+F;+F,
= —(A2C, + A5C, + A3C; + A3C, + A2Cs + ASCe + A%C, + A3Cy)z,
—1(A3C, + A3C, — A%C3 — A2Cy + A%C + A%C, — ASC, — A%Cg) g
+ (A%L,Cy + A3L,Cy + A3L,C5 + A%L,C, — A3L,Cs — A3L,C, (5.49)
— A3L,C; — A2L,C5)0s + (A3C, + A5Cy)7p1 + (ATCs + A5C4)zp,
+ (A3C5 + ACh)2p3 + (ASC; + ATCo) 774
+ (A2 — A1) (Pg + Pyg + Pyg + Py3)

Considering a pure roll movement, the roll moment M, can be written as

My, = (Fy + F, — F; — F,)l
= 1(—A%C; — A3C, + A5C; + A%2C, — A3Cs — A5Cq + A3C, + A2Cq)zg
—12(A2C, + A5C, + A3C; + A3C, + A2Cs + ASCe + A%C, + A2Cg) s
+1(A2L,C; + A3L,C, — A3L,C3 — A?L,C, — A2L,Cs — A3L,C, (5.50)
+ A3L,Cy + AZL,Cg)05 + L(ASC, + A3C)) 251 + L(AZCs + ASCe)zp,
— 1(A5C5 + ATCL) 253 — L(ASCy + AT Cg) 2y
+ (A1 + A3)(—=Py + Pyg — P11 + Py3)

Considering a pure pitch movement, the corresponding pitch moment My can be written as
Mg = _F1L1 + F2L2 - F3L1 + F4L2

= —[L5(A3C, + A3C, + A5Cs + A3C,)
+ L3(A2Cs + A5Cq + A3C; + A2Cg)105 — L1 (A3C, + A5Cy)zp

(5.51)
+ L, (A3Cs + A%C6)Zf2 —L1(A3C; + A%C4)Z.f3 + L, (A5C, + A%CS)Z}%
+ (L1A1 + Ly A3) Py + (L1Ay + Ly Ay)Prg — (Lo Ay + L1 AZ) Py
— (LyAy + L1A3) Py + -
As the result, the equivalent vertical damping coefficient c, is
c, = A2C; + A5C, + A5C; + A3C, + A3Cs + A5C, + ASC, + A3Cq (5.52)

Similarly, the equivalent roll damping coefficient c,, is
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cp = 12(AIC; + A5C, + A5C5 + ATCy + A5Cs + A5Cs + A5C; + ATCg) (5.53)

And the equivalent pitch damping coefficient cg is

cog = L2(A3C, + A3C, + A3C; + A3C,) + L3(A%Cs + A3Ce + ASC, + A3Cy) (5.54)

It can be seen that the vertical, roll, and pitch damping characteristics are determined by the eight
flow control valves at the cylinder inlets. With electro-proportional flow control valves, these damping
characteristics can be controlled in real time by adjusting the valves’ fluid resistance characteristics
according to road conditions or driver preferences. Similar to conventional suspension systems, the
vertical, roll, and pitch damping characteristics are coupled, which need to be fine-tuned to achieve the

optimum overall performance.

5.3 Summary

This chapter introduces two novel hydro-pneumatic interconnected suspension systems with adjustable
rotational stiffness. Their topologies, stiffness characteristics, damping properties, and control
techniques were thoroughly studied. Compared to the existing designs in the literature, the proposed

interconnected suspension systems have the following advantages:

* Enhanced roll and pitch stability: The proposed interconnected topologies have nonlinear rotational
stiffness characteristics, i.e., the rotational stiffness increases with the increase of the suspension
relative rotational angle. Hence, it can enhance the vehicle’s roll and/or pitch stability without
compromising ride comfort.

* Adjustable rotational stiffness: A method of adjusting suspension rotational stiffness was
developed, by which the suspension rotational characteristics can be conveniently adjusted
according to the driving scenario, road condition, vehicle load, etc. In detail, a compact HPU was
utilized to charge or discharge the hydraulic system, which makes the system easy to be operated.

» Feasibility for various applications: The proposed interconnected suspension systems can be easily
tuned and fitted to different car models. Various rotational stiffness levels can be achieved by
adjusting the system’s nominal pressure, resulting in one topology for any vehicle suspension.

Besides, the proposed topologies can be easily extended to multi-axle suspension systems.
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* Additional vertical stiffness: The area difference between the upper and lower chambers of the
hydraulic cylinder results in an upward vertical force. Thus, the original air springs can be replaced

by smaller ones to further decrease the manufacturing costs and the installation space.
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Chapter 6
Experimental and Simulation Studies of Adaptive Interconnected

Suspension Systems with Adjustable Rotational Stiffness

This chapter presents a detailed evaluation of the two novel interconnected suspension systems, AlS-
ARS and AIS-ARPS. The simulation and experimental results comprehensively evaluate the
suspension systems and their corresponding mathematical models. The prototype of the AIS-ARS was
assembled using the available off-the-shelf products, which validates the feasibility and practicality of

the proposed topologies for future applications.

6.1 Simulation Results

The development of a high-fidelity truck model in ADAMS/Car was a crucial aspect of this study,
which served as a valuable tool for evaluating the performance of the adaptive interconnected
suspension systems. The model shown in Figure 6.1(a) was designed to accurately represent the truck’s
various components and systems, including the suspension, chassis, steering, etc. The co-simulation
between MATLAB/Simulink and ADAMS/Car enables the evaluation of various control strategies for
the adaptive interconnected suspension systems, as shown in Figure 6.1(b). The co-simulation
environment ensured that the simulated results were reliable and could be used to gain insights into the
system’s behavior under different operating conditions, such as steady turn, articulation test,
speedbumps, double-lane-change, paved road test, and emergency braking. The vehicle parameters
utilized in this section were chosen based on the available off-the-shelf hydraulic components. Note
that the fully loaded truck specifications are listed in Table 5.1, and the cabin parameters are presented
in Table 5.2.

Vehicle Motions l

‘\ Cylinder Forces

MATLAB

ADAMS/Car

(b)

Figure 6.1. Fully loaded truck built in ADAMS/Car.
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6.1.1 Heavy truck: steady turn at 45 km/h

In this scenario, the truck was equipped with the passive IS-ARS. The vehicle turned at a constant speed
of 45 km/h on an even road and was about to roll over. Two stiffness levels were simulated and
compared to the conventional air suspension, i.e., Vy = 2.4L & Py, = 1730psi and Vy, = 2.8L & Py =
1483psi.
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Figure 6.2. Truck suspension relative roll angle (steady-turn at 45 km/h)

As can be seen in Figure 6.2, the suspension relative roll angle was reduced by nearly 20% after
implementing the passive IS-ARS when V, = 2.4L & P, = 1730psi, which significantly improved the
truck roll stability. Besides, it is noticeable that the suspension relative roll angle of the passive IS-ARS
became even larger than that of the conventional air suspension when V,, = 2.8L & P, = 1483psi,
which presented that the roll stiffness of the passive IS-ARS can be adjusted by changing the nominal
pressure Py. With the functionality of adjustable roll stiffness, a wide range of suspension roll stiffness
can be achieved without needing a mechanical anti-roll bar. This way, the roll stiffness characteristics
can be conveniently tuned according to the vehicle load, driver preference, driving condition, etc.
Besides, the stiffness range can be further adjusted for different truck models using the proposed

embodiment and method.

6.1.2 Heavy truck: articulation test

Another benefit of the IS-ARS topology is the enhanced road-holding ability by maintaining similar
tire load on each side of the vehicle, especially when driving on uneven roads or off-road, which
sometimes causes suspension articulation issues. In this scenario, a pair of 20cm offset-bump shown in

Figure 6.3 was utilized, and the truck was slowly driven over it at 10 km/h.
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Articulation Test: Offset-Bump 20cm
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Figure 6.3. Articulation test road profile

Figure 6.4 shows the front drive-axle’s lateral load transfer (LLT) when the truck was fully loaded
(22 tons of cargo). It can be seen that the maximum value of the LLT value dropped significantly by
41% compared to that of the conventional air suspension. Figure 6.5 presents the simulated result of
the half-loaded truck (11 tons of cargo). Similarly, the maximum value of the LLT was reduced by
25%. Moreover, a higher nominal pressure resulted in slightly larger LLT values; however, the

difference was within 5% and could not be recognized in normal driving scenarios.

x10* Lateral Load Transfer (LLT)
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Figure 6.4. Lateral load transfer (articulation test - fully loaded)
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Figure 6.5. Lateral load transfer (articulation test - half loaded)
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6.1.3 Heavy truck: speedbumps at 20 km/h

Figure 6.6 shows the road profile of the multiple speedbumps test. Each speedbump was spaced by 1
meter, 1.5 meters, and 2 meters, respectively. The truck chassis frame’s pitch motion was insignificant

because of its long wheelbase.

Figure 6.7 compares the vertical acceleration responses at the chassis frame CG location. With the
passive IS-ARS, the undesired shock was effectively reduced by 12% compared to the conventional air
suspension. By upgrading to the AIS-ARS, the vertical acceleration was significantly minimized by
49%. Meanwhile, the suspension travelled within the available deflection range, as shown in Figure
6.8.
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Figure 6.6. Multiple speedbumps road profile
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Figure 6.7. Truck chassis frame vertical acceleration (speedbumps at 20 km/h)
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Figure 6.8. Truck suspension relative displacement (speedbumps at 20 km/h)

6.1.4 Heavy truck: paved road test

The paved road profile used in this scenario is shown in Figure 4.28, which contains three segments of
ISO-A, 1SO-B, and ISO-C roads. The evaluation criteria are listed in Table 6.1. As can be seen, the
AIS-ARS provided 26% to 44% improvements, and the passive IS-ARS reduced the vibration by 2%
to 24%. Notably, the optimization of the overall comfort assessment was 44% compared to the passive
air suspension. It should be noted that the passive IS-ARS had been tuned to be as close as possible to

the damping characteristics of the baseline. However, it can be well-tuned to achieve better performance.

Table 6.1. Performance evaluation (paved road test)

Paved road test
Passive Ind. Passive IS-ARS Adaptive IS-ARS
RMS of vertical accel. (m/s?) 0.456 0.447 (-2%) 0.339 (-26%)
RMS of Freg.-weighted accel. 0.505 0.455 (-10%) 0.307 (-39%)
Overall assessment 1.192 0.910 (-24%) 0.670 (-44%)

6.1.5 Cabin: double lane change

This test examined the passive I1S-ARS and the IS-ARPS systems equipped on a flat-nose cabin system.

A double lane change maneuver was operated at 60 km/h, in which the vehicle changed lanes twice in
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quick succession. It is commonly used when a driver needs to quickly move from one lane to another
to avoid an obstacle, merge onto a highway, or get around slower-moving traffic. The vehicle responses
were compared when the cabin was equipped with the conventional air suspension, IS-ARS, and IS-
ARPS (charged at 300 psi).

Figure 6.9 presents the suspension relative roll angles. It can be seen that the maximum relative roll
angle achieved approximately 6 degrees when using the independent cabin suspension. With the IS-
ARS system, the maximum relative roll angle decreased to 3 degrees, better than the IS-ARPS (4
degrees). Regarding the RMS values of the cabin suspension relative roll angle, the two interconnected
suspension systems improved the cabin roll stability by 59% (IS-ARS) and 42% (IS-ARPS),
respectively. Meanwhile, the cabin roll rate was reduced by 39% (IS-ARS) and 30% (IS-ARPS), as
shown in Figure 6.10.

One of the benefits of the IS-ARS is the adjustable roll stiffness. As shown in Figure 6.11, the anti-roll
characteristics of the IS-ARS were changed by adjusting the nominal pressure. In detail, a higher
nominal pressure resulted in a smaller suspension relative roll angle and vice versa. With the
functionality of adjustable roll stiffness, a wide range of roll stiffness could be achieved without the
need for mechanical anti-roll bars. This way, the roll stiffness characteristics can be conveniently tuned
according to load, driver preference, driving condition, etc. Besides, the stiffness range can be further

modified for different vehicle models using the proposed embodiment and method.
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Figure 6.9. Cabin suspension relative roll angle (DLC at 60 km/h)
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Figure 6.11. Cabin suspension relative roll angle at different pressures (DLC at 60 km/h)
6.1.6 Cabin: steady turn at 60 km/h
A steady turn maneuver is when a vehicle makes a controlled turn at a constant speed. This type of turn

is commonly used when driving through curved highway ramps or making turns at intersections. Figure

6.12 shows the vehicle trajectory in this scenario, and the truck turned at 60 km/h.
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Figure 6.12. Vehicle trajectory (steady turn at 60 km/h)

Figure 6.13 shows the cabin suspension relative roll angles. It can be seen that the maximum roll
angle was achieved by approximately 3.5 degrees by equipping the conventional air suspension. With
the IS-ARPS, the maximum roll angle decreased to 2 degrees. Regarding the RMS values of the cabin
suspension relative roll angle, the IS-ARPS improved the cabin roll stability by 45%. Meanwhile, the
cabin roll rate was reduced by 42%, as shown in Figure 6.14. Moreover, the cabin roll accelerations are
presented in Figure 6.15, demonstrating that the interconnected suspensions significantly reduced the

rotational acceleration as expected.

One of the benefits of the proposed IS-ARPS is the adjustable roll stiffness. As shown in Figure 6.16,
the anti-roll characteristics of the interconnected suspensions were changed by adjusting the nominal
pressure. A higher nominal pressure resulted in less suspension relative roll angle and vice versa. With
the functionality of adjustable roll stiffness, a wide range of suspension roll stiffness could be achieved
without the mechanical anti-roll bars. This way, the roll stiffness characteristics can be conveniently
adjusted according to load, driver preference, driving condition, etc. Besides, the stiffness range can be

further adjusted for different cabin models using the proposed embodiment and method.
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Figure 6.16. Cabin suspension relative roll angle at different pressures (steady turn at 60 km/h)

6.1.7 Cabin: emergency braking

On average, a fully loaded truck can have a maximum braking acceleration of around 0.5g to 0.7g. In
this scenario, the truck was driven at 80 km/h and braked under non-constant accelerations within 0.45g.
The corresponding speed and longitudinal acceleration are plotted in Figure 6.17.

Figure 6.18 shows the cabin suspension’s relative pitch angles. It can be seen that the maximum pitch
angle was approximately 3.7 degrees by using the conventional air suspension. When the nominal
pressure equals 250 psi, the maximum pitch angle decreased to 1.3 degrees with the IS-ARPS system.
Meanwhile, the cabin pitch rate was reduced by 52% in Figure 6.19, which significantly improved the
cabin pitch stability as expected. Moreover, the anti-roll and anti-pitch characteristics of the IS-ARPS
were adjustable by changing the nominal pressure. When the nominal pressure increased to 300 psi, the
maximum pitch angle decreased to 0.9 degrees, and the cabin pitch rate was reduced by 59%. A higher
nominal pressure generally resulted in a minor suspension relative pitch angle. With the functionality
of adjustable stiffness, a wide range of suspension rotational stiffness can be achieved. This way, the
rotational stiffness characteristics can be conveniently adjusted according to load, driver preference,
driving condition, etc. Besides, the stiffness range can be further adjusted for different cabin models

using the proposed embodiment and method.

150



w A
LN

Pitch angle [deg]
- N
BN O W

bt
o

[
o
T

[e2]
o
T

Velocity [km/h]
) IS ;
o
T

Vehicle Speed
T

80 1 L L L L L Il
0 1 2 3 4 5 6 7
Time [s]
0 Vehicle Longitudinal Acceleration
I T T T T T T
Far
E
S-2f
©
)
8 -3
Q
<
-4 | | 1 ] L .
0 1 2 3 4 5 6 7

Time [s]

Figure 6.17. Vehicle longitudinal motion (emergency brake)
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Figure 6.18. Cabin suspension relative pitch angle (emergency brake)
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Figure 6.19. Cabin pitch rate (emergency brake)

6.2 Experimental Results

This laboratory experimental study aims to examine the mathematical model and the adjustable roll
stiffness functionality of the AIS-ARS prototype, as shown in Figure 6.20. Considering the high fluid
pressure and heavy parts, a horizontal platform was developed for safety, as shown in Figure 6.21. In
detail, the four drive cylinders were rigidly bolted to the plate, and the rod sides were connected to the
four hydraulic cylinders through the fork connectors. They were used to push the hydraulic cylinders
back and forth to simulate the suspension’s relative motions. The end sides of the four hydraulic
cylinders were rigidly connected to the plate through L connectors, while the cylinders’ rod sides were
fixed to the plate by U bolts. The accumulators, manifold assemblies (hydraulic flow control valves),
and one HPU were connected through hydraulic hoses. Besides, there were two pressure sensors on
each manifold assembly to measure the fluid pressures at the manifold’s inlet and outlet. Meanwhile,

the hydraulic cylinders’ travel distances were measured by four displacement sensors.

The final arrangement of the proposed test rig is presented in Figure 6.22(a), together with a diagram
for describing the hardware communications in Figure 6.22(b). The motion-control program for the
four drive cylinders was implemented in the Beckhoff TwinCAT platform, which was also connected
to MATLAB through a Vector CAN Bus Transceiver. Meanwhile, the sensor measurements were

processed and saved in MATLAB/Simulink for further analysis.
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Figure 6.22. Laboratory experimental test rig

Figure 6.23. Hydraulic cylinder movements: from nominal position to maximum roll angle

As shown in Figure 6.23, the four hydraulic cylinders started from their nominal position, and the
two left cylinders were slowly extended while the two right cylinders were retracted simultaneously. It
meant that the suspension’s relative roll angle started from 0 and slowly reached its maximum value at
the end. Figure 6.24(a) presents the measured cylinder movements, and the equivalent suspension
relative roll angle is calculated and plotted in Figure 6.24(b).

In this scenario, two pressure settings were tested and compared, i.e., V, = 3L & P, = 250psi and
Vo = 2.5L & P, =300psi. By increasing the suspension relative roll angle, the fluid pressure
increased simultaneously because a large amount of oil flowed into an accumulator and caused air
compression. In Figure 6.25, the tested roll moments and their fitted curves are presented and compared.
It can be seen that the roll moment nonlinearly increased with the increases in the relative roll angle,

and a higher nominal pressure resulted in a higher roll moment.

Figure 6.26 compares the estimated roll stiffness and its experimental results. Note that the estimated

roll stiffness was calculated according to Eq.(5.15), and the tested roll stiffness was obtained by finding
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the curvature slope of the roll moment plot in Figure 6.25. As expected, the estimated value and the

experimental result showed a high level of agreement, which validated the accuracy of the proposed

mathematical model. Moreover, the roll stiffness nonlinearly increased with the increase of the relative

roll angle, which coincided with the proposed design. Besides, the roll stiffness increased by rising the

nominal pressure, which validated the feasibility of the roll stiffness adjustment by utilizing an HPU.
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Figure 6.25. IS-ARS roll moment
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Figure 6.26. IS-ARS roll stiffness

6.3 Summary

Throughout the extensive simulation and experimental studies in this chapter, the proposed hydro-
pneumatic interconnected suspension systems, AlS-ARS and AIS-ARPS, were found to be highly
effective and could significantly improve suspension performance. The mathematical models and the
stiffness adjustment method were tested through laboratory experiments, ensuring their reliability and
feasibility for practical applications. The experimental results showed a clear correlation between the
system nominal pressure and suspension rotational stiffness, demonstrating that the suspension
rotational characteristics could be conveniently adjusted by operating the HPU. The overall
performance of the two suspension systems was comprehensively evaluated through co-simulations
between ADAMS/Car and MATLAB/Simulink under various operating conditions, such as steady turn,
articulation test, speedbumps, paved road, emergency braking, etc. The simulation results revealed that
the AIS-ARS not only significantly attenuated undesired vibrations but also greatly improved the
vehicle’s roll stability, while the AIS-ARPS demonstrated exceptional anti-pitch properties. These
findings indicate that the two interconnected suspension systems offer superior performance and

significant advantages compared to existing designs in the literature.
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Chapter 7

Conclusions and Future Work

In this thesis, new suspensions and suspension control systems were developed to improve the ride,
handling, and stability of trucks and truck cabins. The thesis outcomes are concluded in the following,
and future works are proposed.

7.1 Conclusions

Development of coordinated semi-active suspension systems: In this thesis, the mathematical model
of the COE cabin system was introduced in Chapter 3. The COE system posed a challenge as most past
studies have used simple quarter-car, half-car, or full-car models for analyzing its dynamics. These car
models failed to properly consider the unique cabin tilting mechanism, which significantly impacts the
cabin’s vertical and pitch dynamics. A linearized COE mathematical model was derived and
implemented to overcome this limitation in MATLAB/Simulink. This model provided a precise
estimation of the cabin motions, which made it an ideal tool for real-time suspension control tasks and

performance analysis.

In addition, high-fidelity vehicle models are helpful in examining their performance in the virtual
environment. In this regard, a high-fidelity truck model was developed in ADAMS/Car, which
simulated the full vehicle dynamics with high accuracy. The real-time communication between
MATLAB/Simulink and ADAMS/Car generated a realistic environment for suspension system
development and performance evaluation. The truck model not only provided a comprehensive
understanding of the full vehicle behavior but also assisted in optimizing the suspension design to meet

the desired performance criteria.

In order to gain a comprehensive evaluation of the proposed semi-active suspension systems, a
scaled-down COE prototype was designed and fabricated to provide a practical and manageable model
for laboratory testing. As introduced in Section 4.4, a Stewart platform was utilized to generate the
motions of the chassis frame in six directions, i.e., vertical, lateral, longitudinal, yaw, pitch, and roll.
The scaled-down cabin prototype was then installed on the Stewart Platform with essential sensory
systems. By thoroughly analyzing the motions of the scaled-down cabin and the Stewart Platform, the
proposed COE mathematical model was examined, which validated that it could estimate cabin

dynamics with a high level of accuracy and affordable computational cost. Based on this mathematical
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model, a Kalman Filter observer was developed in Section 3.3 for estimating the unmeasurable cabin

states, which played a vital role in the adaptive damping control systems.

To improve the ride quality in all three directions (vertical, roll, and pitch), a multi-objective control
approach named Model Predictive Control (MPC) was introduced in Section 3.2.1 to develop semi-
active suspension systems. In Chapter 4, its performance was examined through co-simulation and
experimental studies. Both simulation and experimental results demonstrated that the proposed MPC
controller improved the ride quality and cabin stability to a large extent. However, its computational
time was too long for practical applications. Thus, a novel integrated Skyhook-LQR control algorithm
was introduced in Section 3.2.2 to solve the high computational cost issue. The simulation and
experimental studies showed that the integrated Skyhook-LQR approach took advantage of both
Skyhook and LQR strategies and significantly optimized the vehicle dynamics in vertical, roll, and
pitch directions simultaneously. Most importantly, the integrated Skyhook-LQR algorithm required
affordable computational power, which could be implemented on automotive-grade microcontrollers

for real-time processing.

Two gain-adaptive algorithms were introduced in Section 3.2.3 to further improve the performance
of the integrated Skyhook-LQR controller, namely the disturbance-based algorithm and state-based
algorithm. Since finding one optimum set of gains for various disturbance inputs is impossible, the two
gain-adaptive algorithms aimed to intelligently adjust the LQR weighting matrix according to the
rapidly changed road conditions. The disturbance-based algorithm utilized the measurements of
disturbance inputs (motions of the chassis frame) to select the proper gains, while the state-based one
was operated based on the measurement of the states (motions of the cabin body). One can choose the
suitable gain-adaptive algorithm for optimal damping control tasks depending on the available onboard
sensors. The experimental and simulation studies validated that the overall ride quality could be further
improved by equipping the proposed gain-adaptive algorithms, especially when the vehicle was driven

on paved roads.

Development of adaptive interconnected suspension systems: The above findings validated that
the adaptive damping control can significantly attenuate the undesired vibration in multiple directions.
However, it becomes ineffective during slow or steady motions, such as braking, lane changing,

turning, etc. Considering the truck’s high CG location and heavy load, its harsh rotational motions are
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another source of discomfort and unsafety. Hence, developing a suspension system with enhanced

rotational stability and safety is necessary.

To improve the vehicle’s anti-roll characteristic, an adaptive interconnected suspension system with
adjustable roll stiffness (AIS-ARS) was introduced in Section 5.1. Using the proposed interconnected
suspension system, the conventional anti-roll bar(s) could be removed as the interconnected topology
provided enhanced roll stiffness with nonlinear characteristics, i.e., the roll stiffness increased with
increasing the suspension relative roll angle. Thus, the AIS-ARS was softer when the roll motion was
minor to provide a comfortable ride, while it became stiffer when the roll motion started affecting the
vehicle stability. Moreover, the ride quality was further improved by implementing an adaptive
damping control strategy. Additionally, the adjustable roll stiffness functionality allowed the user to
easily change the roll stiffness of the AIS-ARS according to driver preferences, load, vehicle model,
etc. Meanwhile, the proposed AIS-ARS topology can be tuned to fit different vehicle models and
applications.

Anti-pitch bars are mainly used in racing cars or high-performance vehicles to optimize the vehicle’s
pitch motion (nose-diving or tail-diving) during hard braking or acceleration. Considering that the anti-
pitch bars increase the suspension complexity and manufacturing cost, it is not ideal for most passenger
cars. However, a truck suffers harsher pitch movements because of its high CG location. Thus, it is
necessary to develop a suspension system that can enhance both roll and pitch stability at the same time.
In this thesis, a novel adaptive interconnected suspension system with adjustable roll and pitch stiffness
(AIS-ARPS) was introduced in Section 5.2 to fill the gap. Specifically, the AIS-ARPS was equipped

on a flat-nose cabin system, by which the cabin stability in pitch direction was significantly enhanced.

To study the characteristics of the AIS-ARS and AIS-ARPS, their mathematical models were derived
and implemented in MATLAB/Simulink. Furthermore, the performance of these two systems was
evaluated through co-simulations between MATLAB/Simulink and ADAMS/Car. The simulation
results demonstrated that AIS-ARS significantly reduced the undesired roll motions of a fully loaded
heavy truck and maintained its road-holding ability simultaneously. In addition, the AIS-ARPS reduced

the cabin’s undesired roll and pitch motions to a large extent.

To experimentally examine the interconnected topologies, a prototype of the AIS-ARS was designed
and manufactured based on off-the-shelf products as introduced in Section 6.2, such as double-acting

hydraulic cylinders, accumulators, hydraulic flow control valves, HPU, hydraulic hoses, etc. The
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experimental study validated the accuracy of the proposed mathematical model. Moreover, the
feasibility of the stiffness adjustment method was examined, which demonstrated that the suspension
rotational stiffness of AIS-ARS and AIS-ARPS could be conveniently adjusted by operating the HPU,
which provided manufacturers and users more flexibility in customizing suspension stiffness

characteristics.

7.2 Future Work

The journey of this thesis has uncovered numerous fascinating insights and advancements in the field
of vehicle suspension design and control. Amidst these accomplishments, it becomes evident that there
remain a multitude of intriguing challenges that demand further investigation. As such, embracing these
challenges as opportunities for future work is imperative. This section suggests some of the related

topics for future studies.

Gain-adaptive algorithm: One aspect that warrants thorough investigation is the gain selection
logic, which is pivotal in determining the overall control performance. In this study, the approach of
using sigmoid functions to adjust the LQR gains was proved to be effective, albeit relying on a trial-
and-error method for tuning. Developing advanced gain-tuning methods that can cater to multi-
objective optimal control strategies would significantly improve the performance of the proposed
suspensions. Real-time gain tuning can strike an optimal balance between competing objectives such
as stability, responsiveness, and ride comfort. Future research can unlock the potential for even more
robust and efficient control strategies by delving into the development of advanced gain-tuning

methodologies.

Field testing: In this thesis, adaptive damping control algorithms were examined using a scaled-
down cabin test rig, while the characteristics of interconnected suspension systems were evaluated
based on a horizontal prototype. However, to ensure the robustness and applicability of these
advancements in real-world scenarios, it is crucial to further validate their performance through
comprehensive field tests. These field tests would provide an opportunity to assess the adaptability and
effectiveness of the developed algorithms and evaluate the behaviour of interconnected suspension
systems under diverse and dynamic road conditions. Through rigorous field testing, researchers can
gather invaluable data that will enable them to fine-tune and optimize the algorithms and suspension

systems, ultimately leading to more reliable and efficient performance in real-world driving scenarios.
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Appendix A
High-fidelity models in ADAMS/Car

The modelling of the high-fidelity truck model and the cabin suspension system is introduced in this
section. As shown in Figure A.1, a full truck template model named msc_tractor_unit.asy is provided
in ADAMS/Car and this is used as a benchmark to develop the proposed truck system. Since this study
is focusing on the cabin system, the subsystems of powertrain, steering system, rigid tractor, drive
wheels, tandem drive axles, aux parts, barking system are directly borrowed, while the flat-nose cabin
suspension system needs to be redesigned in ADAMS/Car Template Builder.

As shown in Figure A.2, a COE cabin body and its suspension system are developed in this study.
There are four vertical spring-damper strut at each corner, two lateral dampers at the rear, one bending
bar, and a pair of linkage mechanism at the front. Specifically, the bending bar is defined as a flexible
body element, which requires a .mnf file to determine its elastic properties and assembly location. Note
that the above .mnf file can be generated in ADAMS/View according to its dimension and material.
Moreover, the modeling of the linkage mechanism is presented in Figure A.3. The linkages are
modelled as general parts in ADAMS/Car Template Builder and are connected by multiple joints. In
detail, the slotted hole is constrained by a translational joint and a revolute joint. Meanwhile, a fixed
joint is used to rigidly connected the right-hand linkage to the cabin body. In this way, the motions of

the linkage mechanism can be properly constrained for further simulation.

Figure A.1 The truck assembly example provided in ADAMS/Car.
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Figure A.2 The redesigned flat-nose cabin system.

Translational joint

Revolute joint

Revolute joint

Fixed joint

Bushing

Bushing

Figure A.3 The modelling of the linkage mechanism in ADAMS/Car.
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Appendix B
Prototype of AIS-ARS

After investigating many relevant off-the-shelf products, the prototype’s bill of materials is listed as
follows:

Bill of Materials

1) Hydraulic Cylinder

https://www.baileyhydraulics.com/Maxim-WSB-3000-PSI-Welded-Cylinders 28

2) Accumulator

https://www.hydac.com/shop/en/hydraulic-accumulators/bladder-accumulators/standard-

bladder-accumulators

3) Electro-proportional Flow Control Valve

https://www.sunhydraulics.com/model/FPHK/XEN224NX01

4) Hydraulic Power Unit

https://www.bucherhydraulics.com/en/products/power-units/hydraulic-power-packs--m-

series/series-dc
5) Displacement sensor

https://www.te.com/usa-en/product-SP1-12.html

6) Microcontroller

https://www.audesseinc.com/product/flexcase/

7) Pressure Transducer

https://www.omega.ca/en/pressure-measurement/pressure-transducers/px4200/p/PX4202-
3KG5V

8) Temperature Transducer

https://www.hydac-na.com/wp-content/uploads/ETS4100.pdf
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In order to select the right size of the hydraulic pipes, it is required to investigate the pressure drop
along the hydraulic pipeline. This would help to evaluate the overall circuit damping effect due to pipe
resistance and damping valves. The main sections of the hydraulic lines that cause pressure drop are
hydraulic pipes (flexible and rigid) and T-Junction connectors. The overall resistance and the resulted
damping effects of the hydraulic system are simulated in MATLAB/SimScape, as shown in Figure B.1.

Accumulators and Manifolds

Hydraulic

cylinders ‘\““\

[
Rigid pipe
Flexible pipe

Figure B.1. Hydraulic system modelled in MATLAB/SimScape
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Appendix C

Scaled-down cab-over-engine prototype

The design parameters of the scaled-down cabin prototype are listed as follows:

Parameters Description Full-size | Ratio Sgaled-
own
mg Cabin mass 1250 kg 1/3 400 kg
L Cabin roll moment of inertia 1468 kgm? | 1/12 122
I, Cabin pitch moment of inertia 1229 kgm? | 1/12 102
Distance from cabin CG to front cabin

L, suspension 935.5 mm 1/2 | 467.75 mm
L, Distance from cabin CG to rear cabin 1055 mm 1/2 597 5 mm

suspension

Half of the distance between the left and right

airbag-damper strut 630 mm 172 315 mm

Height of the cabin CG location with respect

h to the cabin floor 542 mm 172 271 mm
frz Vertical natural frequency 1.17 Hz 1 N/A
frg Roll natural frequency 1.42 Hz 1 N/A
fro Pitch natural frequency 1.23 Hz 1 N/A

ki, k3 Front air spring stiffness 23658 N/m | 1/3 N/A
ko, kg Rear air spring stiffness 14854 N/m | 1/3 N/A
ky Equivalent roll stiffness due to the bushings N8 0776 1/12 N/A
m/rad
Dimensions

e Length of linkage 1 0.265m 1/2 132.5mm

Ty Length of linkage 2 0.144m 1/2 72 mm
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rd Nominal length of linkage 3 0.156 m 1/2 78 mm
i Length of linkage 4 0.0653 m 1/2 32.65 mm
69 Nominal value of angle 6, 6.0° 1 6.0°

69 Nominal value of angle 6, 44.0° 1 44.0°
63 Nominal value of angle 8, 22.9° 1 22.9°

0, Angle between linkage 4 and the vertical axis 5.3° 1 5.3°
lps :E)%r;gt:]ii(tlrjldinal distance between joint B and CG 10615 mm 12 | 53075 mm
lps1 Longitudinal distance between joint B and S; 362.5 mm 1/2 | 181.25mm
lpso Longitudinal distance between joint Band S, | 1762.8 mm | 1/2 881.4 mm
a, Angle between CC’ and BS; 2.5° 1 2.5°

a, Angle between BB’ and BS, 36.09° 1 36.09°
as Angle between BB’ and BS 4.74° 1 4.74°
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