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Abstract

This research investigates a novel arrangement to pneumatic suspensions that are commonly
used in heavy trucks, toward providing a dynamically balanced system that resists body roll and
provides added roll stability to the vehicle. The new suspension, referred to as “balanced
suspension,” is implemented by retrofitting a conventional pneumatic suspension with two
leveling valves and a symmetric plumbing arrangement to provide a balanced airflow and air
pressure in the airsprings. This new design contributes to a balanced force distribution among the
axles, which enables the suspension to maintain the body in a leveled position both statically and
dynamically. This is in contrast to conventional heavy truck pneumatic suspensions that are
mainly adjusted quasi-statically to level the body in response to load variations. The main
objectives of the research are to discover and analyze the effects of various pneumatic
components on the suspension dynamic response and numerically study the benefits of the
pneumatically balanced suspension system. A pneumatic suspension model is established to
capture the details of airsprings, leveling valves, check valves, pipes, and air tank based on the
laws of fluid mechanics and thermodynamics. Experiments are designed and conducted to help
determine and verify the modeling parameters and components. Co-simulation technique is
applied to establish a multi-domain model that couples highly non-linear fluid dynamics of the
pneumatic suspension with complex multi-body dynamics of an articulated vehicle. The model is
used to extensively study effects of pneumatic balanced control of the suspensions on the tractor
and trailer combination dynamics. The simulations indicate that the dual leveling valve
arrangement of the balanced suspension provides better adjustments to the body roll by charging
the airsprings on the jounce side, while purging air from the rebound side. Such an adjustment
allows maintaining a larger difference in suspension force from side to side, which resists the
vehicle sway and levels the truck body during cornering. Additionally, the balanced suspension
better equalizes the front and rear drive axle air pressures, for a better dynamic load sharing and
pitch control. It is evident from the simulation results that the balanced suspension increases roll
stiffness without affecting vertical stiffness, and thereby it can serve as an anti-roll bar that
results in a more stable body roll during steering maneuvers. Moreover, the Failure Mode and
Effects Analysis (FMEA) study suggests that when one side of the balanced suspension fails, the
other side acts to compensate for the failure. On the other hand, if the trailer is also equipped
with dual leveling valves, such an arrangement will bring an additional stabilizing effect to the
vehicle in case of the tractor suspension failure. The overall research results presented show that
significant improvements on vehicle roll dynamics and suspension dynamic responsiveness can
be achieved from the balanced suspension system.
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General Audience Abstract

Over the last decade or so, air suspension has been widely equipped on heavy truck for a better
ride and height control. The conventional air suspension employs one leveling valve to adjust
airspring pressure in order to maintain ride height for various loads, which, however, hardly
provides roll stability control when a truck undergoes a turn, accelerating, or breaking. A new air
suspension system, referred to as balanced suspension, is proposed by implementing two leveling
valves and a symmetric plumbing arrangement. The suspension pneumatics are designed to
provide balanced air flow and pressure in the airsprings such that they are able to better respond
to truck body motion in real time. The main objective of this research is to provide a simulation
evaluation of the effect of maintaining the balanced airflow in heavy truck air suspensions on
vehicle roll stability. The analysis is performed based on a complex model including fluid
dynamics of the pneumatic suspension and multi-body dynamics of the heavy truck. Experiments
are conducted to determine some parameters necessary for the modeling and to provide
verification for the pneumatic suspension model. The simulation results show that, as a truck
performs a cornering, the proposed balanced suspension can supply air to the compressed
suspension while purging air from the extended suspension. These adjustments result in balanced
suspension force to improve the dynamic responsiveness of the suspension to steering, causing
less body roll, in comparison with the conventional air suspension. Additionally, the Failure
Mode and Effects Analysis (FMEA) study indicates that one-side component failure of the
balanced suspension does not completely disable the system, the unaffected side works to keep
the system functioning until the failure is corrected. Overall research results suggest that the
truck roll dynamics and suspension dynamic responsiveness are improved for the balanced
suspension. Moreover, this study contributes to a simulation platform that can serve as an
effective virtual design and simulation tool for analyzing, improving, and engineering the

pneumatic suspension system.
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Chapter 1 Introduction

1.1 Motivation

As differentiated from passenger vehicles, heavy trucks carry a considerably large load with
a high center of gravity (CG) and while maintaining a relatively small track due to the road
width limit. These properties make the heavy trucks yield larger lateral load transfers during
cornering, thus exhibiting low roll stability and poor handling. As reported by the Large
Truck Crash Facts, there were 4,321 fatal crashes involving large trucks during 2006 [1 — 2].

Vehicle suspension design plays a vital role in improving the vehicle dynamic
performance. During the last two decades, pneumatic suspensions employing airsprings have
become the new industry “standard,” replacing traditional leaf springs. This change is due to
the airspring’s benefits in reduced weight, ride height adjustment, increased ride comfort,
lower damage to cargo, and reduced structure-borne noise among actors [3]. The pneumatic
suspensions of heavy trucks typically include a set of various pneumatic components, such as
airsprings, leveling valves, pipes, an air tank, and hose fittings to maintain the ride height of
the truck in response to load variations. These components could be arranged in different
configurations to meet different needs as they relate to truck dynamics.

A typical Class-8 vehicle has the tractor’s rear tandem axles and the trailer’s dual
axles equipped with pneumatic suspensions, as shown in Figure 1-1. This original design,
also known as the original equipment (OE), utilized a single three-port, three-position
leveling valve for low cost, simple installation, and easy maintenance. It is placed at an offset
from the centerline of the track and on the vehicle frame beam on the left side with a linkage
arrangement attached to the axles in order to detect the suspension deflection. A circular
pneumatic circuit connects the leveling valve to all of the airsprings. The OE pneumatic
suspensions are designed for adjusting to load variations that occur quasi-statically. Several
studies [4 — 5] have mentioned that the OE pneumatic suspensions are not suitable for

responding to the dynamic force resulting from steering maneuvers. Lambert [6] also found

1



that the OE pneumatic suspension provides poor dynamic load sharing among the axles.
Regarding roll stability, some extra anti-roll devices, such as anti-roll bars, might be included
to increase roll stiffness, which resists the body roll motion [7 — 11]. However, the use of the
anti-roll bar tends to add unnecessary weight and negatively affects ride responses [9 — 10].
Alternatively, there are a number of semi-active and active pneumatic suspension designs
currently available for improving roll performance of road vehicles. However, applications of
these pneumatic suspension systems for heavy trucks has been limited due to the concerns of
cost, weight, complex packaging, and system reliability [3]. Thus, a more cost-efficient
pneumatic suspension system for heavy truck application is desired to address the

shortcomings of the OE suspension.

Air Tank

Leveling Valve

@ T arbag Pressure Protection Valve
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Figure 1-1. Schematic of the OE suspension plumbing configuration

An innovative cost-efficient design for a heavy truck suspension was proposed by
simply reconfiguring the OE suspension. The new suspension, referred to as a balanced
suspension, includes two leveling valves (one per side) and a symmetric plumbing
arrangement, as shown in Figure 1-2, which increases the system’s dynamic bandwidth and
roll stiffness without changing vertical stiffness. The suspension pneumatics are designed to
better respond to body motion in real time. The supplier Hadley manufactures the leveling
valve, which is able to provide a larger flow rate with a smaller dynamic dead band. Larger
air pipes are utilized for reduced line flow resistances. All air pipes are of equal length from

the air tank to the leveling valves, and also from the leveling valves to the airsprings. The
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symmetric arrangement is designed to provide equivalent volumetric airflow to the
airsprings. The independent control for either side yields a variable roll stiffness, which aids
the truck roll dynamics in steering maneuvers. Test data from Richardson et al. [5] have
indicated that the truck with the balanced suspension exhibits better handling than the truck
with the OE suspension. However, no detailed explanation is presented and regarding how
the balanced suspension improves the vehicle dynamics. The present investigation aims to
establish the balanced suspension’s benefits based on simulation, and to explore the scientific
principles behind the control system, which will assist in future design improvement.
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Figure 1-2. Schematic of the balanced suspension plumbing configuration

1.2 Objectives

The primary objectives of this investigation are to:
e Develop a hybrid model including detailed pneumatic suspension dynamics and truck
multi-body dynamics.
e Provide a simulation evaluation of the effect of the balanced suspension control
system on truck roll dynamics.
e Conduct Failure Mode and Effect Analysis (FMEA) for the pneuamtic suspenison to
study the influence of the pneumatic suspension component’s shortcomings on the

vehicle roll performance.



1.3 Challenges

The following challenges are faced in the investigation:

e Difficulty in modeling highly non-linear fluid dynamics of the pneumatic suspension
system.

o Difficult to develop an analytical model accurately depicting the hysteresis effect and
the dynamic behavior of an airspring.

e Establishing a leveling valve model that can accurately capture the non-linear flow is
challenging.

o Evaluating the pneumatic losses and delays in plumbing arrangement requires
parameters and data that is not readily available.

e Combining the detailed pneumatic suspension dynamics and full multi-body
dynamics of tractor and trailer combinations in multi-domain modeling is difficult to
develop and debug successfully.

e The topic of this study is an innovative and new technique, for which very limited

information is available in the open literature.

1.4 Approaches

The following approaches are used to overcome the challenges mentioned in this study:

e The bond graph method is used to help identify flow information and extract equations
in a systematic manner for the pneumatic suspension system modeling.

e By applying the principles of fluid dynamics and thermodynamics, mathematic
equations of the pneumatic suspension components are derived.

e Based on the mathematic equations, the pneumatic suspension system is modeled using
commercial software, AMEsim. The component model and the system model are
validated experimentally and analytically.

e Airspring model (thermo-dynamic effect)
= The change in the airspring’s effective area with respect to height is defined
experimentally. The volume of the airspring is determined by a test designed using

water. These two properties are necessary for modeling the airspring.
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=  The modeling results of pressure, temperature, force, and volume are compared with
a Matlab/Simulink model under a sinusoidal excitation.
= The nonlinear characteristics of the airspring model is also validated with

experimental data.

Leveling valve model (balanced and OE)
= The characterization of the valve opening is calculated based on experimental data.
» The non-linear flow characteristics of the two leveling valve models are respectively
verified with experimental data.
Check valve model
= The effect of the difference between downstream and upstream pressures on the
mass flow rate is examined by simulation.
Pipe model (dissipative effect and compressive effect)
= The effects of the pipe’s diameter and length on pressure drop are tested by
simulation.
= The impact of pipe length on the mass flow rate attenuation at the outlet is tested
through simulation.
= A new lumped model is developed in AMEsim to verify the dissipative and
compressive effects of the original model.
Subsystem model (one side of the balanced suspension system)
= Suspension behavior, including deflection, pressure change, and mass flow rate at
the leveling valve, is tested by simulation, with no vehicle body dynamics and a road
step input.
System model
= Static truck tests are conducted to verify the pneumatic suspension system model.
The tests include raising and lowering the truck body via moving the lever arm up
and down, Respectively, with a triangle control signal. Experimental results of the

airspring pressure and travel are compared with the simulation.

A 9-DOF truck dynamic model, combined with detailed pneumatic dynamics of a
drive-axle suspension, is developed in AMEsim. The model is used to better understand
air flow dynamics of the balanced suspension and how they couple with vehicle

dynamics.

The pure multi-body dynamics of the AMEsim truck model are verified by a

Simulink model.



e To extend the investigation to the tractor and trailer combination, a hybrid model is
introduced by coupling a WB-67 truck model with a pneumatic suspension. A co-
simulation scheme is established by using TruckSim, Matlab/Simulink, and AMEsim.
Extensive simulations are performed to evaluate the performance of the pneumatic
suspension under different steering maneuvers, driving speeds, and load conditions.

e Failure Mode and Effect Analysis (FMEA) is performed for the pneumatic suspension.

e The potential failure modes, causes, and effects are analyzed for the pneumatic
suspension control system.

e The failure effects on vehicle roll dynamics are compared between the balanced and
OE suspensions via modeling and simulation.

e The influence of the suspension balancing control is evaluated through simulation for
the truck carrying non-uniform lateral loads due to uneven loading or cargo shift (liquid
sloshing).

e A semi-trailer truck with a fixed uneven load and a partially-filled tank truck with
liquid cargo are modeled separately.

¢ Roll angle and roll rate responses are compared between the balanced and OE
suspensions for different lateral offsets of the fixed uneven load.

e Relative movement of liquid CG, effective moment arm, change in moment of
inertia, roll angle, and roll rate are compared between the balanced and OE

suspensions for different fill volumes in the tank truck.

1.5 Contributions

The primary contributions of this research include:
e More accurate modeling of commercial vehicle pneumatic dynamics
e Improved tools for analyzing, improving, and engineering pneumatic suspensions
o A verified pneumatic suspension model that can capture highly non-linear fluid dynamic
behavior of the truck suspension
e A multi-domain model that includes pneumatic suspension fluid dynamics and truck
multi-body dynamics for heavy truck suspension study and development

e Introduction of FMEA for pneumatic suspensions with the aide of simulation
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e A coupled tank-vehicle-suspension simulation platform that serves as a virtual design and

simulation tool for pneumatic suspension development on tank truck applications
e A complete performance evaluation of an innovative pneumatic suspension system

(balanced suspension) on truck roll dynamics

1.6 Outline

e Chapter 1 introduces the study and provides the objectives, challenges, approaches,
potential contributions from the research, and an outline of the dissertation.

e Chapter 2 gives some background knowledge on pneumatic suspensions, working
principles of airsprings and the height control valves, and an overview of previous
modeling work on pneumatic suspension systems.

e Chapter 3 discusses the bond graph approach and mathematic model of a pneumatic
suspension system.

e Chapter 4 details computer-aided modeling based on the equations of Chapter 3.
Experimental validations of the component model and system model are performed.

e Chapter 5 presents a simulation study of the balanced suspension based on a 9-DOF
truck dynamic model with detailed suspension pneumatics on the rear tandem axles.

e Chapter 6 evaluates the effect of the balanced suspensions on tractor and trailer
combination dynamics by a co-simulation technique.

e Chapter 7 introduces a simulation-based study of Failure Mode and Effect Analysis
(FMEA) for the pneumatic suspension.

e Chapter 8 studies benefits of the balanced suspension on roll dynamics of trucks
carrying fixed uneven load or liquid.

e Chapter 9 discusses future work this study leaves open for further investigation.



Chapter 2 Background and Literature Review

This chapter gives some background on fundamental knowledge of heavy truck pneumatic
suspension systems and discusses the work done by previous researchers on design and
modeling of air suspensions. These studies offer suggestions for my present research of
modeling and simulation. Firstly, the chapter briefly introduces the historic development of
pneumatic suspensions, along with a discussion of working principles and classifications of
airspring and leveling valves. Subsequently, an overview of previous studies regarding
airspring dynamics and pneumatic suspension design is presented, followed by a summary of

previous modeling works on pneumatic suspension systems.

2.1 Background of Heavy Truck Pneumatic Suspension Systems

The first airspring concept, a ‘pneumatic spring for vehicles,” was proposed by Willian W.
Humphreys in 1901 [12]. However, the airspring was not produced successfully by the U.S.
until the 1950s due to the lack of reinforcement material necessary for the development of
flexible rubber-fiber components [12]. All original airsprings at that time belonged to the
double convolutes, which had only been applied to buses in the U.S. and Europe. Later, the
U.S. started to design air systems for heavy trucks to achieve self-leveling suspensions with
adjustable air pressure. This application was later applied to cars in subsequent years [13].
Gradually, the double-convoluted airsprings were substituted by rolling lobe designs because
of their greater design height and favorable stroke for their application in road chassis.
During the last two decades, an innovation occurred for most heavy trucks to replace
traditional leaf springs with airsprings as a result of the increasing recognition of the
airspring’s benefits [5]. By 1996, air suspensions accounted for 36% of all heavy truck
suspension systems. Today, the application of pneumatic suspensions on heavy trucks has
increased to 75% [14]. The popularity of this heavy truck application is undoubtedly
attributed to the advantages of air suspensions compared to leaf springs as described below
[15 - 16]:



e Airsprings are designed with lighter weight and reduced structural-borne noise
among actors.

e Compared to traditional leaf springs, the stiffness of the airsprings is lower,
providing a better ride for both the cargo and the driver.

e The natural frequency of leaf spring suspensions changes as the load varies, while
airspring systems can keep a constant natural frequency over a wide range of load
conditions. This can be achieved by adjusting the pressure while setting the same
airsprings’ static height.

e The desired height of air suspensions can be tuned by charging or discharging the
airsprings through connecting valve(s) and air supply, whereas the static height of
the leaf spring suspensions has to change with the load variation.

e The stiffness of airsprings can be modulated by changing pressure, while
traditional leaf springs have constant stiffness.

A typical design mounts the top of the airspring to the truck frame and the bottom to a
trailing beam. The other end of the trailing beam is pivoted on the truck frame, as shown in
Figure 2-1 (a). The axle is placed around the middle of the trailing arm such that the airspring
height changes by 1.5 to 2.0 times the change in the height of the axle [6]. Contrasting the
method of mounting airsprings to the tractor, airsprings on the semi-trailer are typically
placed directly between the frame and axle, as shown in Figure 2-1 (b). The design height of
the airspring on the trailer is lower than the airspring on the tractor due to vertical space

limitations.

Figure 2-1. Pictures of the airsprings installed on the (a) tractor and (b) trailer



2.1.1 Working Principles of Airsprings

The airspring is composed of a flexible member, upper and lower retainers, and a piston,
which establishes a sealed pneumatic chamber. The flexible member of the airspring
consists of special reinforcing cords sandwiched between rubber membranes to provide
strength [17]. The pressure of compressed air is utilized as the force medium for the
airspring. The spring stiffness is a non-linear curve defined by the change in effective area
and the change in air pressure. The spring stiffness increases with increased supported mass
to retain uniform natural frequency [17].

Two typical types of airsprings exist: convoluted bellow and rolling lobe, as
presented in Figure 2-2. Figure 2-2 (a) shows an example of a convoluted bellow, which is a
double convolute bellow considering the number of convolutions in the flexible member. A
girdle ring constrains sections of the flexible member to form the number of convolutions,
which can include up to three. The warping portion of the flexible member allows the
convoluted airspring to possess a larger stiffness (high natural frequency) and a larger
variation of the effective area compared to the other type of airspring [18]. The effective
area is a nominal area, generally smaller than the actual cross-sectional area, calculated by
dividing the load supported by the internal pressure at any specified height [19]. However,
the stroke is limited to a small range, making this type of airspring suitable only for small-

deflection applications, such as railway suspensions.
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(a) (b)
Figure 2-2. (a) Convoluted bellow and (b) conventional rolling lobe [19]
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Currently, heavy truck suspensions typically employ rolling lobe airsprings, as shown
in Figure 2-2 (b). This type of airspring includes a piston at the bottom that allows the
flexible member to roll along the surface of the piston, providing a relatively large ride height
and allowing for a large deflection. Moreover, compared to the convoluted bellow, the rolling
lobe possesses modest variation in effective area. For the rolling lobe airspring, research has
demonstrated that the variation in the effective area primarily depends on the suspension
deflection, rather than internal pressure. As presented in the study by Quaglia and Nieto [19 —
20], the influence of pressure on the effective area is so small that it can be negligible; the
effective area can instead be approximated as a function of suspension deflection only.
Additionally, the curve of the effective area is different for various types of pistons. Figure
2-3 shows the effect of piston shape on both the effective area and spring force with respect
to the spring deflection. Figure 2-3 (a) illustrates the curve on a straight wall piston, most
commonly utilized on trucks’ airspings. In this case, the effective area changes slightly and
increases only in jounce. Therefore, the spring force is mostly determined by the internal
pressure. Figure 2-3 (b) shows a back-tapered piston in which the effective area curve varies
as a result of the shape of the piston. Figure 2-3 (c) represents a positive-tapered piston where

the effective area increases in jounce and decreases in rebound quickly [17].

|
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Figure 2-3. Characteristic variation due to piston shapes and flexible member size [18]
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2.1.2 Working Principles of Height Control Valves

The air suspension systems on heavy trucks generally utilize height control valve(s) to adjust
air volume within the airsprings and the vehicle’s set height. The heavy truck’s air
suspensions most often employ the mechanical height control valve (leveling valve) to
achieve self-leveling adjustments, even though the electric control valve is available [21].
Compared to the electric control valve, the leveling valve costs less and has higher reliability.
The leveling valve is typically mounted to the vehicle frame with brackets and utilizes a lever
arm attached to the axle via a linkage arrangement (control rod), as shown in Figure 2-4. If
the truck body moves down due to added loads, the lever arm rotates up, opening the leveling
valve for air charging. This allows pressurized air from the air supply to enter the airsprings
through the leveling valve to maintain the truck’s height as it sinks from the added load.
Conversely, if the truck body moves up due to the removal of a load, the lever arm rotates in
the opposite direction and activates the leveling valve for air discharging, allowing
pressurized air from the airsprings to exhaust out into the atmosphere through the leveling
valve [22 — 23].

FROMAIR (ﬂglNGTHRTOL VALVE
SUPPLY —"‘:\\ -

| — TO AR BAG(S)

H T

oF % —
/ ° u\“—’/ |
VEHICLE L EXHAUST
FRAME LINKAGE ——
AXLE ——

Figure 2-4. Typical height control valve mounting and connection to axle [22]

Three-position, three-port leveling valves are commonly applied to the truck
suspension; their pneumatic schematics are shown in Figure 2-5. Port A connects to the
airsprings, and ports P and T connect to the air supply and the atmosphere, respectively. The
dead band location within the valve prevents airflow for small deflections around the neutral

position for the purpose of preventing chattering in high-frequency road excitation. If the
12



lever arm is rotated down past the dead band, the valve moves to the left position where ports
A and T are connected to discharge air out from the airsprings, as shown in Figure 2-5. If the
lever arm is pulled up over the dead band, the right position is activated such that ports A and
P are connected for charging the airsprings.

3 position, 3 port, valve

Figure 2-5. Basic pneumatic diagram of a three-port, three-position leveling valve

The leveling valve can be divided into two types: an instant response valve and a delay
valve [21]. The instant response valve is able to inflate or deflate the airsprings as soon as the
activation lever arm moves. This sort of leveling valve can open for inflation or deflation as
the axle chatters vertically, resulting in significiant air consumption and noise. One method
of mitigating this problem is to add an extra orifice to the leveling valve to increase the flow
resistance. The other method is to enlarge the dead band by increasing the length of the lever
arm or changing the installation position [18]. The delay valve, as its name implies, has a
slight delay in the reaction of the lever arm rotation due to the elastic characteristics of the
control rod and hydraulic damping. This delay action keeps the valve for chattering under

high-frequency road excitation, reducing air consumption and saving the valve’s lifespan.

2.2 Overview of Pneumatic Suspension Design and Modeling

2.2.1 Non-linear Characteristic Study of Airsprings

Due to the high non-linearities in the stiffness and the hysteresis effects, it is particularly
difficult to establish a general model of airsprings. However, for the sake of investigating the
dynamics of the air suspension system, it is necessary and significant to develop an analytic
model of the airspring that both captures the non-linear characteristics of the airspring and

connects to airspring models that control air spring height and stiffness.
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The difference between the temperature in the airspring and the ambient temperature
gives rise to some heat transfer through the rubber bellow. Some studies have been
performed on how the transfer coefficients affect the dynamic performance of airsprings [24]
and vehicle dynamics [25]. This research suggests that the assumption of an adiabatic
airspring system is valid for short excitations, but it is not reasonable for long-term
maneuvers. Currently, a significant amount of research has been carried out to derive an
analytic model for an airspring involving its thermodynamic characteristics by applying the
energy conservation law. Lee, Hao et al., and Locken et al. [16, 26 — 27] have developed a
general analytic model of the airspring on the basis of thermodynamics, and have verified the
model through experimentation. Their model revealed that the stiffness depends on volume
variation, heat transfer, and variations of air mass and the effective area. The hysteresis
primarily is affected by heat transfer and change of effective area. Berg [28] proposed a non-
linear model involving the three-dimensional motion of an airspring used for railway
vehicles, along with investigation of hysteresis damping caused by friction. He also presented
a one-dimensional, non-linear airspring model by integrating elastic, friction, and viscous
forces [29]. It is very difficult to accurately define the heat exchange coefficient. In dealing
with this problem, Lee [16] suggests that the area of thermal exchange can be calculated from
measured geometric data; the heat transfer coefficient is then adjusted through the

comparison between simulation and experimental results.

The thermodynamic effects of the airspring have been modeled and studied from the
point view of dynamic stiffness by Docquier et al. [30 — 31] and Sayyaadi et al. [32].
Docquier [30] introduced the concept of vertical dynamic stiffness for a better analysis of the
bellow-tank system over a wide range of excitation frequencies. The dynamic stiffness is
computed as shown in Figure 2-6. The hysteresis effect becomes more obvious while the

airspring is interconnected with an auxiliary tank.
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Figure 2-6. Dynamic vertical stiffness of airsprings [31]

When compressing or stretching the airspring, the rubber bellow rolls along the piston
and exhibits lateral deformation. The changes of volume and the effective area of the
airsprings with respect to height are non-linear, which can be defined experimentally [19 —
20, 33]. Apart from the airspring analytic model, Lee et al., Liu et al., and Bao [34 — 35, 18]
applied the method of finite element analysis to study the non-linear stiffness characteristics
of the airsprings. These previous studies will be used in studying the non-linear
characteristics of the truck airspring analytically and experimentally in this research.

2.2.2 Pneumatic Suspension System Design

The pneumatic suspension system is able to provide an adjustable stiffness, adjustable load-
carrying capability, and simplicity of height control. These characteristics allow the vehicle
to better adapt to different maneuvers, road roughness, and varied load conditions via active
and semi-active pneumatic suspension designs.

For instance, a recent study by Yin et al. has [36] proposed a new pneumatic spring
design comprised of a double-acting pneumatic cylinder, as shown in Figure 2-7. It can
achieve independent control of stiffness and ride height by adjusting the pressure in each
acting chamber individually to better suit road conditions and driver preference. The model
of the new pneumatic spring was formulated and corresponding experiments were carried out

at different ride heights and chamber pressure settings to verify the new suspension system.
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Figure 2-7. Schematics of a quarter car model with the double-acting cylinder suspension [37]

Nieto et al. [37] has proposed and modeled an adaptive vehicle pneumatic suspension
system, which can improve ride comfort and handling by changing the diameter of the pipe
between the airspring and the auxiliary tank, as shown in Figure 2-8. In his design, a global
positioning system (GPS) allowed transmission of road information, which was used to
determine which of the plumbing configurations should be activated. There are a number of
studies [19 — 20, 38 — 40] done on airspring-tank arrangements, considering the link between
the airspring and auxiliary tank via pipe, pipe orifice, or valve. The recent study by Nieto et
al. [20] found that, for better vibration isolation, the airspring should use high flow resistance
between the airspring and the tank when excitation frequency is lower than the “transition
frequency,” and low flow resistance when the frequency surpasses that point. The flow
resistance can be adjusted by changing pipe diameter, pipe length, or orifice flow area.

3. Air resenvoir

4. Solencid 32 valve
5, Connecting pipes

&, Air spring

7. Sprung mass

B. Hydraulic damper

Figure 2-8. Schematics of pneumatic suspension
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Additionally, Deo and Suh [41 — 42] have proposed a novel pneumatic automotive
suspension system where the airspring stiffness can be changed by varying the volume of the
auxiliary tank, as shown in Figure 2-9. Damping can also be adjusted via the on-off valve
opening between the airspring and the auxiliary tank. Lambert et al. [6] proposed an increase
in the diameter of the air line of longitudinally-connected airsprings on heavy truck dual

axles for better dynamic load sharing on the axles.
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Figure 2-9. Proposed design with multiple auxiliary tanks connected to airspring by on-off valves [41]

2.2.3 Modeling of Pneumatic Suspension Systems

Simulation-based design and analysis reduce the development time and cost of the product
and result in prototypes that are much closer to the final product [43]. Computer simulations
for vehicle pneumatic suspensions could aid in performance evaluation, further design
improvement, test repeatability, and risk prediction. Many studies have been carried out to
develop the model of pneumatic suspension systems in order to better understand their
dynamic behavior. Different modeling methods can be utilized according to the desired area
of study of the suspension. The purpose of this section is to summarize the previous research
on pneumatic suspension modeling, which influences the modeling work in this
investigation.

Some work has been carried out to substantiate an analytic model of pneumatic
suspension systems. Nieto et al. [20] obtained an analytic model of a pneumatic suspension

based on an experimental characterization. The non-linear model and its linearized
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approximation were defined. Chang and Lu [44] produced a dynamic model of an airspring
that accounted for the heat transfer process of the airspring, which was validated by the
experimental results. Deo and Suh [41 — 42] derived a thermodynamic model of an airspring
connected with multiple auxiliary volumes through the solenoid valve control. However,
their study is limited in simulation analysis without the support of experimental results. Xu et
al. [45] established a pneumatic suspension model in Simulink to design the electronic ride
height control for buses. However, the thermal effects in the pipe and airspring are not taken
into account. Robinson et al. [38 — 39] established an analytical model for an airspring-valve-
accumulator pneumatic system. The plant model was verified by experimentation and can be
used in model-based semi-active control design. Nakajima et al. [46] have developed an air
suspension model capturing the high non-linear flow dynamics between the airspring,
leveling valves, and differential pressure valves. This behavior is integrated into the multi-
body railroad vehicle model to study the effect of different leveling valves on vehicle
dynamics. In their pneumatic model, the mass flow rate through the leveling valve is
determined by a look-up table of experimental data, allowing for straightforward modeling of
the highly non-linear characteristics of the valve. Qi et al. [47] established a pneumatic
suspension system model for railway vehicles using AMEsim; the simulation and
experimental results were in good agreement. Moshchuk [48] developed a pneumatic
suspension model using AMEsim for the comparison study of 4-corners and rear 2-cornering
air suspension arrangements. Chen et al. [49] formulated a novel non-linear model for a
multi-axle semi-trailer coupled with longitudinally-connected air suspension, but no
thermodynamic effect was considered in their airspring model. White [50] has developed a
pneumatic suspension model and studied the effect of different leveling valve configurations
on the roll stability of a heavy truck. However, there were too many simplifications on
modeling the non-linear characteristics of the leveling valve and airspring, including
overlooking the effect of pipe plumbing. His study is also limited to the simulation study due
to the lack of validation of the pneumatic suspension model.

Co-simulation techniques are favored by many previous modelers to address multi-
domain modeling by taking advantage of different software. Qocquier et al. [30 — 31, 51]

developed a complete railway pneumatic suspension model containing various pneumatic
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components such as tanks, pipes, orifices, and leveling valves in Simulink. The pneumatic
model was integrated into a multi-body vehicle model in SimPack to analyze the behavior of
the full vehicle. Chang and Lu [44] applied the same co-simulation approach by using
Simulink and ADAMS. Kim and Lee [52] proposed a multi-domain simulation that
combined an air suspension model, vehicle model, and controller. The air suspension model
was developed in AMEsim, where the change in the effective area of the air spring and the
effect of the pipe were not considered. Chen [53] entered the co-simulation environment by
using AMEsim and CarSim to perform the simulation evaluation of hydro-pneumatic
suspensions on different driving conditions. These previous researchers give extensive
suggestions on developing a multi-domain model coupling fluid dynamics of pneumatic
suspension with the multi-body dynamics of heavy trucks, which are very important for the

present investigation.
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Chapter 3 Non-linear Mathematical Model of a Pneumatic

Suspension System

This chapter describes the development of the fluid dynamic equations of a pneumatic
suspension system to be modeled. The ultimate purpose of this chapter is to aid in
constructing and verifying the pneumatic suspension model. In this chapter, the pneumatic
suspension system is broken down into capacitive and resistive components, followed by the
development of the system bond graph. Some assumptions are made for developing the
modeling equations. Finally, by applying the principles of fluid dynamics and

thermodynamics, mathematic equations of pneumatic suspension components are formulated.

3.1 Introduction

This chapter starts with extracting the flow information of a pneumatic suspension system by
the bond graph approach. Firstly, we should clearly distinguish three types of pneumatic
elements [54]. The first one is the capacitive element, referring to the volume in which the
temperature and the pressure (referred to as effects) are computed from the enthalpy flow and
the volume flow rate (referred to as flows) at their ports. Another type of pneumatic element
is the resistive element in which the enthalpy flow and volume flow rate are evaluated from
the temperature and pressure inputs at their ports. The last one is the ideal source element in
which either the flow or the effect is maintained reasonably constant, independent of the
supply. The air tank can be assumed as an ideal source element considering that the change
in pressure due to charging the airspring is negligible if the tank volume is large enough.
Otherwise, the air tank is a capacitive component. Usually three interconnected 10-gallon air
tanks are used in the heavy truck to supply air for air suspension and breaking system. In the
present investigation, the air tank is modeled as an ideal constant-pressure source. Airsprings

and valves are considered as capacitive and resistive components, respectively, as shown in
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Figure 3-1. Some pneumatic components such as the pipe may include effects of both the

capacitive element and the resistive element.

Pneumatic
Suspension
System
I
Leveling
Airspring Valve/Check Air Pipe Air Tank
valve

Capacitive Resistive Resistive Capacitive Ideal Source
Element (C) Element (R) Element (R) Element (C) (Sp)

Figure 3-1. Pneumatic suspension system

It is important to note that an aligned pneumatic system model is always built in such
a way that an extreme resistive element is always connected to an extreme capacitive
element, complying with the causality law of the bond graph approach [54]. As an example
in Figure 3-2, a block diagram is drawn from the physical system of one side of the balanced
suspension system. The aim of the block diagram is to provide a better understanding of the
input and output flows of each component and to assist in developing a bond graph. As can
be observed, fluid dynamic systems, thermal dynamic systems, and mechanical systems are
coupled in the model. As shown in Figure 3-2, the pipe is modeled in different combinations
of resistive and capacitive elements in order to connect different types of components in the

pneumatic circuit.

Airspring
()

R Physical System

Block Diagram

Airspring

Figure 3-2. Block diagram drawing for one side of the balanced suspension
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The bond graph is developed for the suspension subsystem as shown in Figure 3-3,
which helps extract equations of motion in a systematic manner and assemble the lumped
parameter systems [54]. Due to the non-linear characteristics of the pneumatic component, it
is impossible to express the element by linear equations. However, the strokes and junctions
help identify the input and output flow, which is desired for mathematic modeling of each

component and construction of the system model.
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Figure 3-3. Bond graph of a half-balanced suspension
3.2 Mathematical Modeling of a Pneumatic Suspension System

Some assumptions are made for developing the mathematic equations of each component, as
listed below:
e The flow is one-dimensional.
e The gas is considered to be a perfect gas with negligible kinetic energy.
e The gravitation and the inertia effect of the gas are assumed to be negligible.
e Pressure and temperature are assumed to be average values and homogeneous
throughout the entire volume (airspring and air pipes).

e There is no leakage in the suspension pneumatics.
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e The air tank is an ideal air source where pressure and temperature are outputted at
constant values regardless of inflow air.
e Friction loss in T- and L-fittings is negligible.

e The thermodynamic parameters of the airspring are constant.

3.2.1 Mathematic Equations of the Airspring Model

The airsprings operate similarly to a pneumatic chamber in which the pressure and the
temperature vary due to the airflow and volume variation. The pneumatic chamber works as
a non-linear fluid capacitive element with two state variables, pressure and temperature,
which are calculated from the inputs of mass variation and volume variation as described in
Figure 3-4.

Airspring
model

Figure 3-4. Diagram of external variables of the airspring model

In the following paragraph, an approach is introduced to develop the relationship
between the input and output variables. By applying the continuity equation, the mass flow
rate (my) can be expressed as [16, 26]:

d( SVS) . y
S=Z_t=p51/;+psvs (1)

where p, represents the air density of the airspring, and V; is the volume of the airspring. The
mass flow rate is positive during inflating of the airspring, and negative while exhausting the
air from the airspring. Differentiating the perfect gas equation with respect to time yields an
expression of first order differential equation of the air density as:

Pg PsTs

ps = R_TS RTS? (2)
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Here, P;, Ty are, respectively, the pressure and temperature of the airspring, and R is the
specific gas constant (universal gas constant divided by the molar mass of the gas). By

substituting equation (2) into equation (1), the rate of pressure variation can be explained as:

By= 2T+ 0 — 2V 3
The equation (3) indicates that the pressure variation in the airspring depends on the
temperature variation, mass flow rate, and volume variation. Next, using the First Law of
Thermodynamics to derive the temperature rate:

Us = mshi, + Qs + VVs (4)

where Uy is the internal energy change with respect to time, mgh;, is the total enthalpy flow
rate into the airspring that is equal to the product of mass flow rate and enthalpy per mass
unit at the input port, I, is the time rate of the work supplied by the airspring, and Q; is the

heat exchange rate, which can be expressed as:

Qs = kgSs(Text — Ts) (5)

where k; is the thermal exchange coefficient, S, is the thermal exchange area, and T,, is the
ambient temperature. The external work done by the airspring (W;) due to mechanical

displacement can be written by:
M/s = _PsVs (6)

Since the kinetic and potential energy are ignored, the total energy of the airspring is the

same as the internal energy:

Us = d(TZiuS) = Ugmg + Mgl (7)

The internal energy per mass unit can be expressed by us, = hg — P,v, where v is the
specific volume and hy is the internal enthalpy per mass unit. Then equation (7) becomes:

d(hs—Psv)

Us = (hs — Pv)ms + mg dt

(8)

24



U, = hymg + mghy — mgvP, — m P,y — g Pyv 9)
Us = htitg + mshs = VePs — PV (10)
With equations (5), (6), and (10), the energy balance equation (4) can be rewritten as:

hgtits + mghs = VP = titshin + KasSas(Text = T5) (11)
Due to using the perfect gas, h can be expressed as:

he = ¢, T, = 2= 1T, (12)
where y is the specific heat ratio and c, is the constant-pressure specific heat capacity.

Substituting equation (12) into equation (11) yields:

ymgR

1 Ts - VsP = Mship — hsts + kasSas(Text - Ts) (13)

Substituting equation (3) into equation (13) yields:

sR . . . .
(Yyﬂil - msR) Ts = mshin - (hs - RTs)ms + kasSas(Text - Ts) - PsVs (14)

Substituting the expression of the enthalpy for perfect gas, hs = c,Ts, obtains

: -1 . RTs . i
Ts = z_ms [shin — Ems + KasSas(Texe — Ts) — PsVg] (15)

Equation (15) indicates that the temperature variation is associated with four terms, including
entering enthalpy, mass variation, heat exchange, and volume variation. The differential

equations (3) and (15) fully define the two state variables, pressure and temperature.

The heat exchange term, k,3S,s(Tex: — Ts), in equation (15) can be eliminated when
a polytropic process is assumed. The changes in the airspring’s volume and effective area are
considered to be affected by the height change, which can be obtained experimentally. The

force provided by the airspring can be expressed as:
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F = (P - Patm)Ae + Fy (16)

where F, is the jounce or rebound force at the suspension travel limit, and A, is the piston
area for the airspring, when the airspring internal bumper is reached in jounce or the rebound
limit is reached at full extension. The jounce and rebound limits are assumed to be stiff
spring and stiff damper to prevent the airsprings from overextending in either direction. The
airspring vertical stiffness can be obtained by differentiating equation (16):

dF, dP dA AgyYPs g Ae(¥—1kgsSas VsPs AgYPg dVg
K="==A4,~=+ (P, P e —Zefis Ty Tope — =) — =25 4
dx € dx ( S atm) dx mg X Vsx ext Rmg Vs dx
dAe
(Ps - Patm) dx (17)

Equation (17) indicates that the airspring stiffness is affected by volume variation, heat
transfer, and mass variation. Positive mass flow rate increases the stiffness while feeding air

to the airspring, whereas negative mass flow rate by exhausting the airspring, decreases it.

3.2.2 Mathematic Equations of the Valve Model

In the modeling, the leveling valve in the pneumatic system, which is analogic to the resistor
in the electric circuit, belongs to a resistive component, as shown in Figure 3-5. The flow
characteristics of the leveling valve can be simulated by an orifice model with variable area.
It is assumed that the orifice model always remains in an equilibrium state to immediately
output airflow rate and enthalpy flow rate once it obtains the inputs of pressure and

temperature.

Flow Area Control Signal

Orifice
Model

Figure 3-5. Diagram of external variables of the orifice model
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To derive the flow equation for the orifice, it needs to start with the energy equation for an

open system as [55]:

_ 1 2 1 2
AE =mynhpin + 2 MeinUin® + MyinGZLin + Qrexc — (Mychye + SMucUpe” + Mgz +

Wie) (18)
where

myinhyin 1S the enthalpy of inflow

%munuunz is the flow-in Kkinetic energy of the inflow

mpingZLin 1S the potential energy of the inflow

QLexc 1S the heat exchange

my.h; . is the enthalpy of outflow

%muuu2 is the flow-in kinetic energy of outflow

m;. 9z 1S the potential energy of outflow

W, is the work supplied by the system

The air’s potential energy is neglected because it is much smaller than the other factors. Here
the state variable is considered to be independent of time (AE = 0) and the inflow mass is

equal to the outflow mass. For unit gas, equation (18) then becomes:
1 2 1. 2
Qrexc = Rpim = hpe + S U™ — S U™ +wye (19)

Because there is no heat exchange and work supplied in the system, equation (19) can be

simplified as:
1 1
hiim — hye + EuLinz - EuLtz =0 (20)
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Figure 3-6 shows the air exhaust of a large tank through a small orifice. It is assumed that

P;in TLin, are constant. P;, and A;, are the pressure at the exhaust port and the flow area of the
orifice, respectively, and P, is the external pressure. By using h = ¢, T = ;—iT, equation

(20) can be rewritten as:

2
IR VV—RlTLt—”Lzo (21)

y—1 Lin = 2
Pre, Ty
PrinsTrin I\ ’ Upt
—

Upin = 0 (
Py,

Figure 3-6. Schematic of air exhaust through a small orifice

Substituting the temperature of equation (21) with the perfect gas equation yields the

expression of flow rate at the output port,

U, = 2y Prin 1— PLinPLt (22)
Lt Y=1pLin PLtPlin

With the assumption of isentropic flow, equation (22) can be written as:

Prin

y_—1
Uy = J%an[l — () 7] (23)

The mass flow rate through the orifice can be computed as:

y-1

. 2y P v

My = PrelpcAyp = _pL_t PrinAL |—= RTpin[1 — —)7 ]
PLin y—-1

PLin

2 Lo

y+1
=P,. 2y 1 | PreNy, _ (Pre)y
N PLlnAL\/y_l RTLin [(PLin)y (PLin) l (24)
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If Ty , Prin @re constant, it is found that m;, is a function of Ly Solving the equation

Lin

Y )4
dan . P 2 \y-1 f - P 2 \y-1
T = 0 obtains - = (—)Y ' . This means that, while = = (—)V * the mass flow
a5 Lin y+1 Lin y+1

i
rate hit the maximum point. Substituting :# = (ﬁ)y‘l into equation (24) yields:

Lin

1

o — D /—ZV 2 \r1
My = PuinAy RTLin(y+1) (]/+1) (25)

2

i
If we decrease the external pressure P, from P, = P;; = (m)y‘l P;in, there is no effect on

the air flow through the orifice because the fluctuation caused by the pressure variation of P,
transmits at the sound speed, while the air is also flowing through the orifice in the sound
speed. Therefore, the mass flow rate through an orifice is defined as a function of upstream

pressure and downstream pressure and the flow area of the orifice, which can be expressed as

[5]:

1 )4

. , 2y (2 \y1 Pre (2 1
My = ALCqPrin RTLin(y+1) (y+1) [pun = (Y"‘l) ] (26)
2 1
i = AC.P.. 2y (ﬁ)?_(ﬁ)% [&>(L)ﬁ] (27)
Lt L q Lin R-TLin()/—l) PLin PLin PLin V+1

Here, C, is the flow coefficient, adjusting the theoretical result to be equal to the experiment.

This adjustment includes the extra losses resulting from local friction, and the losses of
Kinetic energy. There are two approximations of C, consisting of taking it as a constant value
and assuming it as a polynomial function of the pressure ratio. The latter hypothesis is
generally used for sharp-edge orifice, and the flow coefficient is the polynomial function of

the pressure ratio as [56]:

C, = [{[(—1.6827i +4.6) L — 3.9] Pre 4 0.8415}i - 0.1] P 108414  (28)

a Lin Lin Lin Lin Lin
As given in equations (26) and (27), A, is the geometric area of the orifice, which is
considered to be the flow area in modeling the leveling valve. The value of the flow area is

directly related to lever arm rotation caused by the suspension’s deflection. The function of
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the flow area with respect to suspension displacement can be obtained by experiments. The
other output of the leveling valve model is the enthalpy flow rate expressed as follows:

HLt =My hpin (29)
Additionally, the check valve is modeled by equations (26), (27), and (28). The flow area is a
function of upstream and downstream pressure difference as follows:

{AL = Flow area of the check valve Prin = Pt — Peyge = 0
A =0 Prin = Prt = Peraek <0

where P.,.,.x 1S the cracking pressure, here settto be zero.

(30)

3.2.3 Mathematic Equations of the Pipe Model

The viscosity and the compressibility of the gas are the important factors influencing the
fluid transient behavior in pipes. The dissipative effect can cause a pressure drop along the
pipe. The effect of the compressibility of the gas results in an attenuation of the flow at the
outlet of the pipe. In this model, the two effects are included by a manner of combining the
resistant element (R) and the capacitive element (C). All three types of arrangements are

shown in Figure 3-7, depending on the causality requirement of the pneumatic circuit.

Py T, R-C-R Pani Tan

ﬁ Pipe model =

Myp, Hyp Mg, H{!n

Pup.l Tuﬂ C_R' Pdn‘ Tﬂf“
Pipe model

jhup: Hi‘_{ﬂ .nll’ﬂ’ﬂ.” Hdn

Pupﬂ Tup C-R-C Pan. Tan
Pipe model

-ilhi,.!p-f Hup ﬂlldnz H{f]‘?

Figure 3-7. Diagram of external variables of the pipe model
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For modeling the dissipative effect of the resistant element, the Darcy-Weisbach equation is
employed to calculate the mean gas velocity from the pressure input for a straight pipe of a

constant sectional area:

__ [2:D"|AP]
=T 31
where ff is the friction factor, D is the inner diameter, and | is the length of flow segment.

The Reynolds number is computed by:

Re = — (32)

where v, is the kinematic viscosity of the gas. When the flow is laminar (Re < 2500), the
friction factor ff can be computed as the following:

ff = % (33)
Extending the analysis for the wholly turbulent flow ( Re = 2500), the friction factor ff is

0.361
e0-25

extracted from the Nikuradse harp [57]ff = = 0.361 %0'25. During the transition phase

between laminar flow and turbulent flow, the friction factor depends on both Reynolds

number and relative roughness. The relative roughness is calculated by:

rr=2 (34)

D
Here, A is the absolute roughness which depends on the pipe material. With the value of the
friction factor, the mass flow rate of the pipe resistant element in the round section is
calculated according to an equivalent orifice model [56]:

)4

1
= (22 /L f zv 2 -t Pan - (2 \r-1
My = 7T(z) Lff Pup R-Typ-(y+1) (y+1) [pup = (y+1) ] (35)
At v
— 2 2y Pdn Pdn 14 Pdn 2 \r—1
n( ) \/lf ””\/RTup -1 Pup Pup) [pup > (y+1) ] (36)

Due to the lack of data concerning thermal exchange, the capacitive element of the pipe is

developed with polytropic law. Due to the fixed volume and ideal gas relation, equation (3)

can be rewritten as follows:
B, = 2T, + Zm, (37)

With the polytropic hypothesis and perfect gas law, we have:
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Ppk_lTpk = constant (38)
k is the polytropic coefficient. By differentiating the previous equations, the temperature

expression is obtained as:

. (k=1)TyP,
T, = (39)

Substituting equation (39) into equation (37) yields the pressure derivative as:

B, =2, (40)

Mp
3.2.4 Mathematic Equation of the Tee-junction Model

The Tee-junction model is idealized for no energy loss, which is functionally equal to the 0
junction in the bond graph, as shown in Figure 3-8. Pressure and temperature are fixed by
port 2, which leads to

PL=P3=P,, Ty =T33 =T, (41)
Mass flow and enthalpy flow at port 2 are calculated by summing the flows through the other
two ports as:

m, = my + g, Hy, = H + H; (42)

Pz,Tg ?ﬁg,Hg

Tee
junction

thy, Hy g, Hy
Figure 3-8. Diagram of external variables of the Tee-junction model

The air tank is considered to be a constant air supply, where pressure and temperature are

ideally outputted at constant values regardless of inflow of air, as shown in Figure 3-9.

Air source

Figure 3-9. Diagram of external variables of pressure source model
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Chapter 4 Modeling and Validation of the Pneumatic

Suspension

This chapter is devoted to construct and analyze the non-linear analytical models of the
pneumatic suspension component and system. The chapter provides an insight and deeper
understanding of the pneumatic suspension dynamics to be investigated. The pneumatic
suspension is broken down into components including airspring, leveling valve, and pipe,
each of which is modeled by AMEsim according to mathematic equations developed in
chapter 3. The airspring model is validated against the Simulink model and experimental data.
The flow characteristics of the leveling valve are also verified by experimental results. The
dissipative and compressive effects of the pipe model are examined by simulation. The
pneumatic suspension system model is then established by aligning the verified component
models. Truck rear-axles suspension tests are conducted to provide verification for pneumatic
suspension system model. This chapter concludes that the developed pneumatic suspension
model can be coupled with vehicle dynamics for the study and evaluation of the pneumatic

suspension performance, which will be introduced in next chapter.

4.1 Introduction

Software named LMS Imagine.Lab AMEsim is used to perform the modeling of the
pneumatic suspension. AMEsim is mechatronic simulation software that allows engineers to
model, simulate, and analyze a multi-domain controlled system. It can provide an integrated
simulation platform to accurately predict the multidisciplinary performance of intelligent
systems. Numerous AMEsim physical domain libraries exist, such as fluids,
thermodynamics, electrics, mechanics, and signal processing. As mentioned in the literature
review in chapter 2, many researchers have utilized AMEsim to simulate the pneumatic
suspension system since it possesses powerful and validated libraries filled with dedicated

pneumatic models to allow engineers to easily create the pneumatic system model in reduced

33



time and to solve a more complex problem covering multiple physical domains. Several
libraries of AMEsim, including mechanical, pneumatic, pneumatic component design, and

signal processing are applied to the modeling work in this investigation.

4.2 Airspring Modeling Description

4.2.1 Development of the Airspring Model

There is no existing airspring model available in the pneumatic library of AMEsim. Many
previous modelers [48, 52] simulated the pneumatic characteristics of the airspring by the
pneumatic cylinder model in the AMEsim pneumatic library. Their models fail to accureately
capture the non-linear characteristics of the airspring due to lack of assurance on the effective

area change and the volume change.

In this section, a novel and advanced airspring model is developed in AMEsim as
shown in Figure 4-1. This model is able to accurately capture effects of effective area
variation and the volume change based on experimental data. Two lookup tables (function
blocks) are included to interpolate the functions of effective area and volume relative to
height. As shown in Figure 4-1, the proposed airspring model is comprised of three
subsystems. The first subsystem is shown in the top purple frame. One purpose of the
subsystem is to calculate the volume difference between a desired value in a lookup table
(function block of airspring volume) and the pneumatic piston model with moving body,
which is then sent to a normal pneumatic piston model. The other purpose of the subsystem
model is to output the value of effective area by the other lookup table (function block of
effective area) in order to calculate airspring force. The second subsystem consists of a
pneumatic piston with moving body, a normal pneumatic piston, and a pneumatic chamber,
as shown in the brown frame of Figure 4-1. The pneumatic piston with moving body can
output volume variation resulting from the displacement excitations on the top and bottom of
the airspring. Here, a normal pneumatic piston is added to compensate for the volume
difference between the pneumatic piston with moving body and the desired value provided
by the lookup table. The two pneumatic pistons separately feed the volume data to a
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pneumatic chamber where the volumes of the two pneumatic pistons are added. At Port 2 of
the pneumatic chamber connected to the leveling system, the mass flow rate and enthalpy
flow are inputted. Based on the information of volume variation and flows, the pneumatic
chamber model is in charge of calculating pressure and temperature using equations (3) and
(15). The third subsystem is shown in the bottom orange frame of Figure 4-1. This subsystem
is used to obtain the airspring force by multiplying the pressure and the effective area as
given in equation (16). The airspring forces are equally and separately transmitted to the
vehicle body (sprung mass) and axles (unsprung mass) through the mechanical connectors of
the AMEsim mechanics library. An extra mechanical connector is used in order to reverse
the sign of airspring forces transmitted to the sprung mass (vehicle body). An elastic double
end-stop model with a set of stiff springs and dampers simulates the emergency rubber to
prevent the airspring from overextending in either direction. The clearance at each port of the
double end-stop model is defined according to the maximum allowable stroke of the

airspring.

Change in airspring effective area and volume
Function block (Effective area VS height)

RO
Function block (Airspring

|suspension deflection | volume VS height)

x .
10 £ P be 3 £ b
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i :k:
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Pneumatic piston :‘ 3

with moving body | | Z | = CP@ - [%

Y
[

Normal pneumatic
P

piston

To vehicle body { = T :
|
13 =

: = |
== To tires
Emergency !

rubber spring | : Mechanics interface

Figure 4-1. Model of airspring in AMEsim
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4.2.2 Test-based Determinations of Effective Area Change and Volume Variation

The airspring on the semi-tractor is manufactured by Volvo (model number 556-24-3-110.)
Due to proprietary considerations, the supplier does not provide any related information
about the changes of effective area and volume that are necessary for modeling the airspring.
Therefore, tests are carried out to determine and establish the needed relationship for these
properties.

For the test of effective area variation, the truck airspring was fixed in a shock
dynamometer (Roehrig EMA 2k dynamometer), which can create different axial excitation
patterns, as shown in Figure 4-2. The airspring initially was set at 15 in. The test input was to
compress the airspring from 15 to 8.5 in, while holding position for 12 s in 0.5-in increments.
During the holding position, the airspring pressure was manually adjusted to test the required
valve by means of a pressure control valve (leveling valve). A pressure sensor, which was
calibrated by a high-accuracy pressure gauge (NIST-certificated), was mounted at the
pneumatic port of the airspring to monitor pressure variations. The sensor outputs voltage
data corresponding to the pressure, which consistently was collected and monitored by
computer with QuickDAQ. A pancake load cell was used to record the airspring force. The
test was performed at three constant pressures: 10 psi, 15 psi, and 20 psi. The maximum
testing pressure cannot go over 20 psi for safety concerns, considering that the maximum
force allowed by the Roehrig is 2000 Ibf.

Pressre 1 ." ' | 1
gauge ' -EI';'
Press:Jre 2 II,J

sensor Zo il
|}

L —_— Alrsprlng

< QBY‘ |

Pressure 3 ‘

control valve | ’ﬂg
e |

Roehrig EMA2K

Figure 4-2. Test for airspring effective area
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Figure 4-3 shows testing results of airspring force at different heights represented by
markers fitted by a cubic trend line. The effective area is obtained by dividing the exerted
force by the testing pressure. Figure 4-4 shows the change of effective area versus height at
three different initial pressures. When the deflection changes around the design height (11
inches, which is measured on the tractor), the effective area is nearly independent of
pressure. The function of the average cubic trend line is used for the airspring modeling, as

expressed by:

A, = —0.1263h3 + 4.8003h% — 60.7041h + 323.9090 (43)
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Figure 4-3. Experimental results of airspring force versus height for 10 psi, 15 psi, and 20 psi
(airspring model: Volvo 556-24-3-110)
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Figure 4-4. Experimental results of airspring effective area versus height for 10 psi, 15 psi, and 20 psi
(airspring model: VVolvo 556-24-3-110)
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The effect of volume variation was explored by measuring the water-filled airspring
at different heights while subjected to a static load. Firstly, as shown in Figure 4-5 (a), the
airspring was stretched to 18 in height by the hoist and fully filled with water. The total
consumption of water was recorded as 1074 in® (17600 ml). Subsequently, the airspring with
water was placed on the test bench, as shown in Figure 4-5 (b). The lower end of the
airspring was fixed on a steel plate, while the upper end was connected to the pallet only with

a vertical degree of freedom.

Airspringis | =
stretchedto |
18 in. adding |

|
s/ S

V 1074in® | Moveup [Jl b
e water 2 a“db
7 romi Gate valve

wheels

— Alrsprlng

e Lower end fixed == | ith water
a1 0‘7 |

(@) (b)

Figure 4-5. Airspring volume testing: (a) fully filling the airspring with water and (b) measuring the

airspring height sunject to a constant load

The testing bench allowed the 936-Ibf force to act on the airspring vertically in order to make
the rubber fully expand bellow for better estimation of the volume of the airspring. A certain
amount of water was dumped out by opening the gate valve, while the airspring’s height was
measured under the static load, as shown in Figure 4-6 (a). The volume at the height was
calculated based on the amount of water inside the bag. The process was repeated until the
bumper of the airspring was touched. For safety concerns, a hydraulic jack needed to be
placed underneath the pallet while discharging the water, as shown in Figure 4-6 (b). The

process was repeated until the bumper of the airspring was touched.
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Figure 4-6. Airspring volume testing: (a) hydraulic jack and (b) airspring

The results of the airspring volume testing are summarized in Table 4-1. About 30 in®

(492 ml) of water is discharged from the airspring for each test. The airspring volume is

calculated by subtracting the value of the previous test by the amount of discharged water.

Table 4-1. Test data of the airspring volume with different heights

Test # Measured Calculated Measured Test # Measured Calculated Measured
Water Airspring Airspring Water Airspring Airspring
Discharge Volume Height Discharge Volume Height
(in® (in® (in) (in%) (in® (in)
1 0 1074.017 16.5 12 29.90161 734.7253 115
2 30.51185 1043.505 16 13 30.51185 704.2135 11
3 31.12209 1012.383 15.5 14 31.12209 673.0914 10.5
4 31.73232 980.6509 15 15 31.73232 641.3591 10.15
5 31.73232 948.9185 14.5 16 32.64768 608.7114 9.6
6 30.51185 918.4067 14 17 32.34256 576.3688 9.2
7 32.9528 885.4539 135 18 31.42721 544.9416 8.75
8 29.29138 856.1625 13.1 19 30.51185 514.4298 8.3
9 30.51185 825.6507 12.65 20 33.56304 480.8668 8
10 30.51185 795.1388 12.25 21 52.48038 428.3864 7.6
11 30.51185 764.627 11.75
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Figure 4-7 shows the curve of the airspring volume versus height obtained based on
Table 4-1. The bumper is touched at 7.6 in. The volume changes more rapidly when the
height is less than 8.3 in because the tapered bottom of the piston takes effect. Previous
studies have indicated that the variation of the airspring volume is mainly dependent of
airspring height rather than pressure. The fitting line plot is used to represent the volume
variation in the airspring model:
V., = —=1.2077h? 4+ 99.5938h — 241.0951 (44)

1100, ‘

Ride height /’
1000 / (11in /
900 /)
800~ Bumper contact /ﬁ
700 (7.61in) /1

Airspring volume (in3)

600
L
500 }c’/ © Experiment data]|
é —Fitting line
i i I
400 8 9 10 11 12 13 14 15 16

Airspring height (in)

Figure 4-7. Experimental results of airspring volume versus height (airspring model: Volvo 556-24-3-
110)

For the airsprings equipped on the trailer, they have different curves of effective area
change and volume variation that can be determined by data provided by the manufacturer as
shown in Figure A-1 and Figure A-2.

4.2.3 Validation of the Airspring Model with Simulink Model

A simulation “testing bench” is established in AMEsim, as depicted in Figure 4-8, to verify
and analyze the dynamics of the airspring model. Inputting either displacement or force is
allowed from the top of the airspring while the bottom is fixed. The perfect gas law is applied

in the simulation. The parameters used in the simulation are shown in Table 4-2.
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Figure 4-8. Model used for validation of the airspring model

Table 4-2. Parameters used in testing the airspring

Parameter Value(English unit) Value(SI unit)

Initial effective area of airspring, Ao 75 in? 0.0484m?
Initial height of airspring (tractor) 10.51in 0.2667 m
Initial pressure of airspring 70 psi 482633 pa
Atmospheric pressure, Pa 14.7 psi 101300 pa
Initial temperature of airspring 68 F° 293.15 K
External temperature Text 68 F° 293.15 K
Gas constant R 287 J-K/kg 287 J-K/kg
Specific heat ratio y 1.38 1.38

For verifying the AMEsim model, another airspring model is developed by using

Matlab/Simulink based on equations (3) and (15), as shown in Figure 4-9.

=

Temperature

Figure 4-9. Airspring model in Matlab/Simulink
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Figure 4-10 presents comparison results between the two airspring models for
pressure, temperature, force, and volume submitted to a 0.25-Hz sinusoidal displacement
excitation with an amplitude of 1 in. Good agreement is obtained between the two models,
indicating that the non-linear characteristics of the airspring model in AMEsim are in line
with equations (3) and (15).
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Figure 4-10. Comparison results of airspring pressure, temperature, force, and volume sujected to a 1-

inch sinusoidal excitation at 0.25 Hz

4.2.4 Validation of the Airspring Model with Experimental Results

As shown in equation (15), the heat exchange between the pneumatic chambers (bellows and
tanks) and the atmosphere is considered by the expression k,S,s(T.x: — Ts). The key point

is to estimate the heat transfer coefficient k,.S,s. A null value of the heat transfer coefficient
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corresponds to the adiabatic process, whereas an infinite value represents the isothermic
process. In the present work, the area of thermal exchange is calculated from measured
geometric data of the airspring, and the heat transfer coefficient is then adjusted through the
comparison between simulation and experimental results. The heat transfer coefficient is

finally set to be 2 W/K based on the experimental data.

Figure 4-11 shows the simulation and experiment results of airspring force versus the
vertical displacement for a 1-inch sinusoidal motion excitation at 0.1 Hz, 0.5Hz, and 1 Hz.
The 0.1 Hz and 1 Hz are shifted 200 Ib. higher and lower than the actual value for better
distinguishing the different data. The initial pressure of the airspring is 10 psi. The
comparison between the simulated and the experimental results confirm the validity of the

airspring model.

It can be observed from Figure 4-11 that the magnitude of the hysteresis in airspring
force decreases as the frequency of the input increases from 0.1 Hz to 1 Hz. The variation of
magnitude of the hysteresis can be explained by the following equation, which is derived by

combining equations (3) and (15):

Fs — YAPg ms + (y—1)AkqasSas (Text _ VsPs) _ @Vs + PSA (45)

mg Vs Rmg Vg

There is no air flow through the airspring during the test. When the sinusoidal vertical
displacement, x = xsin(2nft), is applied to the airspring, only the second term, third term,
and fourth term in equation (45) are considered, which yields:

Rmg

dFs _  (y—1)AkgsSas VsPs YPsA dVg dA
dx ext (46)

dx Xo2mftcos(2mft)Vy N Vs E SE

where x, and f represent the magnitude and frequency of the sinusoidal displacement input.
The equation clearly shows that the increase of the frequency reduces the effect of hysteresis

resulting from the first term, which aligns with the simulation and experimental results.
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Figure 4-11. Force response for sinusoidal motion excitation at 0.1Hz, 0.5Hz, and 1Hz (the 0.1 Hz
and 1 Hz are shown respectively 200 Ibf higher and lower than actual values. Initial pressure is set to
be 10 psi)

4.3 Valve Modeling Description

4.3.1 Model Development and Experimental Characterization for the Leveling Valve

The flow characteristics of the leveling valve are modeled by a 3-position, 3-port pneumatic
valve in AMEsim, as illustrated in Figure 4-12. In this model, a second-order lag is
implemented to calculate the movement of the spool:

y kw?
X w2+2(ws+s2 (47)

where y is the output from the second order lag, X is the input to the second order lag, k is the
gain, w is the natural frequency, and ¢ is the damping ratio. Adjusting the natural frequency
that is associated to response time of the leveling valve can simulate the delay characteristics

of the valve. The deflating port T of the leveling valve is set at atmospheric pressure at all
times.
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Figure 4-12. Leveling valve model in AMEsim

Figure 4-13 presents a typical arrangement of the leveling valve in the truck. The
leveling valve adjusts the airspring pressure by sensing the deflection of the airspring. The
flow characterization of the leveling valve defines how the suspension deflection affects the

flow rate at a certain pressure difference.

Leveling Valve Body
Ny

Figure 4-13. Mounting position of the leveling valve on the tractor

A test was designed and conducted [58] to determine the flow characteristics of the
leveling valve that assists in establishing parameters for the leveling valve model. An
alternative approach was proposed to measure the flow rate through the leveling valve
without using flow meters that are expensive and designed for steady state measurement. The
test employed a constant-volume air tank directly connected to the leveling valve. The flow

rate across the leveling valve is developed by calculating the flow rate exiting the air tank as

follows:
v p 1=k
s r ry\ k f
™=t G Pr )
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where B. and V, are the pressure and volume of the air tank, respectively, and k is the
polytropic exponent of air. Equation (48) shows that the mass flow rate at the leveling valve
depends on the rate of change and instantaneous pressure of the air tank. To measure the flow
rate only needs a pressure sensor installed between the air tank and the leveling valve. Figure
4-14 shows the flow characterization experimental setup that consists of a 33-gallon air tank
with a leveling valve connected. The downstream port of the leveling valve was exposed to
the atmosphere. The shock dynamometer (Roehrig EMA 2k dynamometer) was used to
provide an accurate displacement input to the control rod rotating the leveler arm of the
leveling valve. All the pressure and rotation angle data of the leveler arm were then collected
by a data acquisition module (Data Translation DT9816).

Roehrig EMA 2k

Pressure sensor

Figure 4-14. Test setup to determine the flow characterization of the leveling valve
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A 1-D lookup table with input of the suspension deflection is interpolated to provide
the control signal of the flow area for the leveling valve model depicted in Figure 4-15. The
information for the lookup table is extracted from the testing results of the flow
characterization of the leveling valve as shown in Figure 4-15.
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Figure 4-15. Effect of the suspension deflection on the flow area of the leveling valve for (a) balanced
suspension and (b) OE suspension

4.3.2 Validation of the Leveling Valve Model with Experimental Results

To verify the leveling valve model, a “testing bench” model is established as represented in
Figure 4-16. Pressures of port P and port T are set to atmospheric pressure. To compare with
testing results at different pressures, three different pressures, 36 psi, 50 psi, and 65 psi, are
simulated at port A in sequence.

Figure 4-16. Model used for validation of the leveling valve model

Figure 4-17 shows the simulation and experiment results of the flow characteristics for
leveling valves in balanced suspension (Hadley, model number: 500 series) and OE
suspension (Barksdale, model number: 52321). It clearly indicates that the simulation results
match the experimental data for the two types of leveling valves. In regard to the balanced
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leveling valve (Hadley), the flow characteristics are non-linear and non-symmetrical for
supplying and purging air. It possesses a narrow dead band (0.143 in). For the balanced
leveling valve, there is a rapid change of flow rate for small suspension deflection (1 inch),
which ends with a large flow rate, resulting in a larger flow zone. These characteristics allow
the leveling valve to respond better to the vehicle pitch and roll dynamics. On the contrary,
the OE leveling valve (Barksdale) offers a smaller flow zone (dead band =0.255in) and
avoids the rapid change in flow rate for the small deflection to save gas. This type of leveling
valve is typically designed to maintain the ride height for various loads, which is not desired
to operate to help improve vehicle dynamics. A symmetric flow characteristic is observed for
the OE leveling valve due to its symmetric inner structure for easier manufacturing.

However, the balanced leveling is able to dump air out of the airsprings much faster.
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Figure 4-17. Effects of suspension deflection on mass flow rate for (a) leveling valve of balanced
suspension and (b) leveling valve of OE suspension

4.3.3 Development of the Check Valve Model

A check valve is installed at the port of the tank to prevent the air at the airspring from
flowing back to the tank. The pneumatic library in AMEsim provides a standard pneumatic
check valve model. The flow rate through the check valve model adheres to equations (26)
and (27), where the flow coefficient is computed using PERRY’s polynomial equation (28).
When the check valve opens and closes rapidly, many discontinuities will appear, resulting in
a slow simulation run. To solve this problem, the hysteresis value of the valve model can be

set to 0.0004. Figure 4-18 shows the simulation results of mass flow rate through the check
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valve on the effect of downstream and upstream pressures. The flow area of the check is
considered to be 0.155 in?.
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Figure 4-18. Mass flow rate as a function of the pressure ratio

4.4 Pipe Modeling Description

The transient behavior in pipes is influenced by the physical properties of gas, its
compressibility and viscosity. Typically, the gas in the pipes can be assumed to be purely
compressive, dissipative, inertial, or various combinations of the three, depending on whether
they are all important or some of them dominate. In this investigation, the dissipative effect

and compressive effect are considered in modeling pneumatic pipes.
4.4.1 Dissipative Effect of the Pipe Model

A pipe friction submodel (PNLOOR) in the pneumatic library of AMEsim is used to simulate
the pure dissipative effect while the air is flowing in a straight pipe. To verify the dissipative
effect, a simulation “testing bench” for the submodel is established as shown in Figure 4-19.
A pressure step and a constant temperature (293.15 K) are imposed at one end (port 1), and a
6-gallon rigid tank is connected at the other end (port 2). The absolute roughness for the

nylon pipe is set to be 0.000118 in (0.000003 m).

PNLOOR Friction submodel é

ré} 5O

Port 1 Port 2

Figure 4-19. Model used for evaluating the effect of the pipe friction
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The pipe friction submodel is a resistive element by which identical flows (mass flow
rate and enthalpy flow rate) are provided at inlet and outlet. The energy flow is dissipated by
the pressure loss that depends on the pipe diameter and pipe length according to equation
(31). Figure 4-20 shows the evolution of pressure at the pipe outlet (equal to tank pressure)
for different pipe diameters and lengths with a pressure step input at port 1 (dashed black
line). As shown in Figure 4-20 (a), the increase in the diameter of the model contributes to
the quicker pressure change, exhibiting a smaller pressure loss zone. Figure 4-20 (b)
indicates that increasing the pipe length raises the pressure loss resisting the transient air.
These simulation results are in line with the equations of chapter 3. The submodel with
friction effect is then combined with the compressive element in next section to verify the

AMESsim pipe model with both effects.
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Figure 4-20. Effect of different (a) pipe diameters and (b) pipe lengths on the pressure change at

outlet

4.4.2 Combination of Dissipative and Compressive Effects

As mentioned previously, the lumped parameter pneumatic pipe model uses a combination of
a friction submodel and a compressibility submodel. Three various combinations of the two
submodels are shown in Figure 3-7 of Chapter 3, depending on the type of pneumatic
components connected. If both ends of the pipe are connected with resistive components, the
model PNLOO0O3 in the pneumatic library of AMEsim will be used; if the components at both
ends are attached to capacitive components, the model PNLO002 will be employed. If the

pipe connects a resistive component to a capacitive component, model PNLO001 will be
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used. The pneumatic pipe model must comply with the causality that a resistive element is
always connected to a capacitive element.

The compressibility of the gas can be taken into account using either a polytropic
model or a heat transfer model. This pipe model does not include the heat transfer due to lack
of information regarding the heat transfer coefficient. To verify the original pipe model
(PNLO001), a new model is developed by combining a pneumatic chamber model and a pure
friction model (PNLOOR), as shown in Figure 4-21 (a). The pneumatic chamber model has a
fixed volume and follows polytropic law according to equations (37) and (40). The volume
of the pneumatic chamber model is determined by multiplying pipe cross-section area and
pipe length. To verify the original pipe model (PNL0001) with the developed model, a 6-
gallon rigid tank is attached at port 2 with initial pressure of 43 psi, and a sinusoidal flow rate
is inputted at port 1 with amplitude of 0.0088 Ib/s at 0.25 Hz. Table 4-3 shows the parameters
in the simulation.

Pneumatic chamber + PNLOOR(friction submodel)

o Ol =

o Port 1 Port 2
(a)
PNLO001 (Compressibility+friction submodel)
i' @
@' """" ] Port 1 Port 2
(b)

Figure 4-21. Pipe models (a) developed by coupling pneumatic chamber and friction submodel and

(b) originally in the pneumatic library of AMEsim

Table 4-3. Parameters used in verifying the original pipe model

Parameter Value(English unit) Value(SI unit)
Polytropic constant 1.38 1.38

Diameter of pipe 0.4in 0.01016 m
Pipe length 80 in 2.032m

Pipe initial pressure 43.3 psi 298543 pa
Absolute roughness 0.000118 in 0.000003 m

51



As shown in Figure 4-22, the simulation results of the two models match perfectly for
inlet and outlet pressures, outlet mass flow rate, and outlet temperature. Therefore, the pipe
model (PNLO001) in the AMEsim pneumatic library is verified to include the effects of gas

compressibility and friction and to combine them in a cascade manner.
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--Combined model --Combined model
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Figure 4-22. Simulation results comparison between the original pipe model (PNL0001) and the
combined model : (a) pressure at port 1, (b) pressure at port 2, (c) mass flow rate at port 2, and (d)

temperature at port 2

The compressibility of gas causes volume loss of the gas in the pipes. The mass flow
rate at the outlet port is attenuated with respect to the mass flow rate at the inlet port. Figure
4-23 shows the effect of the compressibility of model PNLOOR on the air outflow for
different pipe length cases. There is more attenuation of the mass flow rate at the output port
(port 2) as the length of the pipe increases. In other words, the energy loss due to the gas

compressibility increases when the inner volume of the pipe increases.
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Figure 4-23. Effect of different pipe lengths on attenuating the mass flow rate at the outlet
4.5 Pneumatic Suspension Subsystem Modeling Description

By integrating the validated pneumatic components, a submodel of half-balanced pneumatic
suspensions on rear tandem axles is created, as depicted in Figure 4-24. The green
components represent the mechanical elements, while the purple components show the

pneumatic elements.
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Figure 4-24. Model used for verifying one side of the balanced air suspensions
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To test the subsystem model, a 3-in bump is encountered separately by the middle
and rear wheels with the vehicle body grounded. The time for each wheel across the bump is
0.06s, and the time delay between the two axles for encountering the bump is 0.32s. The
results are shown in Figure 4-25, Figure 4-26, and Figure 4-27. The leveling valve can be
activated immediately for inflating when the deflection of the air suspension on the middle
drive axle is over the dead band. As we can also see in Figure 4-25 (a) and Figure 4-26, in the
short period after bumping the mid axle at 0.5 seconds, the pressure in the mid airspring
increases while the mid airspring is compressed. At that moment, the pressure difference
between the two interconnected airsprings and the operation of the leveling valve results in
airflow into the rear airspring. This leads to a small increase in the displacement of the rear
airspring with the rear wheel compressed, as shown in Figure 4-25 (b). According to equation
(3), due to the airflow from the mid airspring and the leveling valve, the pressure in the rear
airspring increases after 0.5 seconds, as depicted in Figure 4-26. Additionally, as soon as the

excitation force disappears, the front-rear interconnected airsprings can quickly balance the

pressure.
T 0 = 0 =
05— R T e e 45 o +4
€ 9 8 g 8
Fos g1 LB Fes W 1.2
L | 15 s+t 13
g 4 £ T e S | S 1 £
N | e e e 28 e B | B e e 428
e I "J—Suspe_"sion deflection(mid axle) | ;%1 3 " [—Suspension deflection(rear axle)| | :%l
| — —{=""Road input on wheel of mid axle}— g ”“—--Road input on wheel of rearaxle*' ]
5 | | 3 ‘ ] Py
3% 15 2 25 1 1. 2 25
Time(s) Time(s)
(a) (b)
Figure 4-25. Time trace of suspension deflection on middle axle (a) and rear axle (b) with a 3-inch
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Figure 4-26. Time trace of airspring pressure
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Figure 4-27. Time trace of mass flow rate at leveling valve

4.6 Pneumatic Suspension System Test and Model Validation

A truck rear-axles suspension test is designed and conducted to provide verification for the
AMEsim-based pneumatic suspension system model. The test consisted of raising and
lowering the truck by controlling one leveling valve to charge and discharge the airsprings on
the tractor’s rear drive axles as shown in Figure 4-28. The setup for the experiment is shown
in Figure 4-29. To simulate the trailer vertical load, the vehicle was loaded by placing a stack
of steel plates on the back of the truck where the fifth wheel normally resides. The additional
weight consisted of a stack of 27 metal plates, 350 Ib each, which was fixed to the truck
frame by using four steel thread rods and nuts. With these modifications, the weight on the
rear axles of the tractor was approximately 12000 Ib. In addition, a three-port leveling valve
used in the balanced suspension was employed. One port of the leveling valve connected
airsprings on both sides by Tee-junctions and pipes. Another port went to the air supply, and
the last port was for dumping air out as shown in Figure 4-28. As shown in the amplified
picture on the lower right side of Figure 4-29, a servo motor was used to control the leveler
arm movement that is consistently monitored by a rotary position sensor. The movement of
the lever arm would introduce a pressure change and airspring height change which were

detected by pressure transducers and string pots, respectively.
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Figure 4-29. Test setup for the pneumatic suspension system on the truck tandem rear axles

Due to space limitations, the string pot was fixed on the frame, and the other end of the string
was attached to the axle, sensing the axle travel with respect to the truck frame. The axle
travel relative to the frame is not equal to suspension deflection considering their different
locations on the trailer arm that moves about the pivoted end, as shown in Figure 4-30. It is
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necessary to determine the relationship between the string pot data (axle travel relative to the

vehicle body) and the airspring travel, as shown in Figure 4-31.

Trailing arm pivoted bracket

String pot

Air spring

|

Figure 4-30. Installation of the string pot on one side of the bogie air suspension
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Figure 4-31. Relationship between airspring height and string pot data
[Airspring height=1.9226x(string pot)-7.7091]
A system model is programmed in AMEsim, as shown in Figure 4-32, for verifying the

pneumatic suspension dynamics with experimental results. The model includes the testing
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loaded truck dynamics in heave and pitch, and a pneumatic suspension system arranged
identical to the testing setup. The test data of the leveler arm’s rotation angle is applied to the

model as an input for comparison purposes.

Load "

M- 3 : : :_ _________

Figure 4-32. Model used for verifying the pneumatic suspension system with experiments

Figure 4-33 and Figure 4-34 show the comparison between the test results and the simulation
results. Two tests were performed where the leveler arm was moved upward and downward
separately by a servo motor. The data of the lever arm angle obtained by a rotary position
sensor are presented in the top plot of each figure. As shown in the two bottom plots of
Figure 4-33 and Figure 4-34, in terms of airspring pressure and airspring travel, the
simulation results match the testing results very well. The pressure at the airspring ended
with a different value compared to the initial value because of variation of airspring effective
area, which is affected primarily by the airspring height. The testing results of airspring
pressure and airspring travel are not perfectly equal from side to side due to the actual load

that is distributed slightly non-uniformly.
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Chapter S  Simulation Study of a 9-DOF Truck Dynamic Model

with Pneumatic Suspension Dynamics

This chapter provides a simulation evaluation of the effect of maintaining balanced airflow,
both statically and dynamically, in heavy truck air suspensions on vehicle roll dynamics. The
model includes a multi-domain evaluation of a 9-DOF truck’s dynamics, combined with the
pneumatic dynamics of the drive axle suspensions. The analysis is performed based on a
detailed model of the balanced suspension’s pneumatics, from the main reservoir to the
airsprings, with two leveling valves, air hoses, and fittings. The suspension pneumatics is
designed so that they are better able to respond to body motion in real time. Specifically, this
chapter aims to better understand the airflow dynamics and how they couple with the vehicle
dynamics. The pneumatic model is coupled with a roll-plane model of the truck to evaluate
the effect of the pneumatic suspension dynamics on the body roll, as well as the force
transmission to the sprung mass. The results of the study show that maintaining a balanced
airflow through the suspensions improves the dynamic responsiveness of the suspension to

steering, causing less body roll.

5.1 Truck Modeling Description
5.1.1 Development of a Truck Dynamic Model with 9 DOF

This chapter starts with developing a multi-body dynamic truck model with tandem rear
axles. The schematic of the tri-axle truck model is shown in Figure 5-1. The truck model
involves bounce z, pitch 6, and roll ¢ of sprung mass, and bounces of six unsprung masses.
Here, tire damping is ignored. The stiffness of the airspring is variable due to the adjustment

of the leveling valves.
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Figure 5-1. Truck multi-body dynamic model schematics

The truck multi-body dynamic model can be described by nine motion equations as follows:

The truck body vertical motion equation:

mz = kepi(Zupy — 2 + a0 =~ @) + oy (Gupr — 2 + a8 =~ @) + kgpr(Zupr — 2+ a0 +

20) + Coprupr — 2+ @B + @) + (Fomy — Fo) + Comy(Zumy — 2 — 16 = 59) +

Fomr = Fo) + Comr (Zumr — 2 = 18 +59) + (Fory = Fo) + Cory(Zury — 2 = by = 590) +
(Fopr = Fo) + Corr (Zurr — 2 — by0 + 5 6) (49)
The truck body pitch moment equation:

Ig6 = by [(Femu = Fo) + Comi(Zumi — 2 — b16 — %Qb) + (Fsmr — Fo) + Csmr (Zumr — 2 —
by8 + 5 @)] + by[(Fort — Fo) + Cori(Zurt — 2 — b0 = 5 ) + (Foyy — Fo) + Cory (Zury — 2 —
by8 + S 9)] — alkspi(Zupy — 2 + a8 = @) + Copy(Zups — 2 + A0 — 2 @) + kg (Zupr — 2 +
a0 + > @) + Cspr(Zupr — 2 + ab + S 9)] + mgbry (50)
The truck body roll moment equation:

lod = g[(Fsml — Fo) + Comi(Zumi — 2 — b16 — g%b) + (For1 = Fo) + Coi(Zury — 2 — by —
2001 = S [Fomr = Fo) + Comr (Zumr — 2 = b18 + 50) + By — Fo) + Corp (2arr — 7 —

byf +59) + 5 [kepi(Zupy — 2 + a8 = 29) + Cp1(Zupy — 2+ aB = S9)] = = [Kopr (Zupr —
z4+ab + §<p) + Cspr(Zypr — 2 + ad + %q'))] —mayT, + mger, (51)
The tire vertical motion on the left side of the front axle:
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MysiZust = —Zupikusr — Ksp1(Zup — 2 + a6 — §<P) — csp1(Zyp1 — 2+ ab — §<p) (52)
The tire vertical motion on the right side of the front axle:

MyprZupr = —Zuprkupr = kspr(Zupr —2z + a6 + §<P) — Copr(Zupr — 2+ ab + %‘P) (53)
The tire vertical motion on the left side of the front drive axle:

MymiZum = ~ZumiKumt — Femi — Fo) = Csm(Zumu — 2 — b16 — g(P) (54)
The tire vertical motion on the right side of the front drive axle:

M Zumr = —~Zumr Kumr = Fomr = Fo) = Comy (Zumr — 2 = b16 +59) (55)
The tire vertical motion on the left side of the rear drive axle:

MyriZurt = —Zuritkurt — (Fspp — Fo) — €5 (Zur — 2 — b,6 — %‘P) (56)
The tire vertical motion on the right side of the rear drive axle:

MurrZurr = ~Zurrkure = Fopr = F) = Corp Gar — 2 = by0 + 5.9) (57)

Where z, 8, and ¢ represent the bounce, pitch, and roll of the sprung mass, m and m,,;; are
the sprung mass and the unsprung mass, and kg; and k,;; mean the stiffness of the

suspension and the wheels, respectively. z,,, is the displacement of the unsprung mass, cg;;
is the suspension damping coefficient and tire damping is ignored. Iy and I, are the
corresponding initial moments, and Fj;; represents the airspring force at location “i” and “j”.
The subscript “i” denotes front “f”, middle “m”, or rear “r”. The subscript “j” denotes left
“I”, or right “r”.

According to the motion equations, a multi-body truck dynamic model is developed,
as shown in Figure B-1 of Appendix B. This model is a pure vehicle dynamic model without
including fluid dynamics of the pneumatic suspension, and rear drive axles are equipped with
leaf springs instead of airsprings. The sprung mass dynamics (roll, pitch, and bounce) are
modeled using the signal and control library (represented by the color red). The dynamics of
suspensions and axles are simulated using components of the mechanical library (represented

by the color green).
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5.1.2 Validation of the Truck Dynamic Model with Simulink Model

A truck dynamic model is developed using Matlab/Simulink to verify the AMEsim model, as
shown in Figure B-2. Corresponding parameters used in the simulation are listed in Table
B-1. A 0.2g sinusoidal acceleration force at 0.5 Hz is applied to the two models for
comparison purposes. The comparison results of vehicle roll angle, tire compression (1%
axle), airspring force (2" axle), and suspension deflection (3™ axle) are shown in Figure 5-2
(@)-(d). A perfect match between the AMEsim and Simulink models indicates that the
AMEsim truck model can accurately describe truck dynamic behavior following the motion
equations (49)-(57). In the next section, the verified AMEsim truck dynamic model will be

intergrated with the pneumatic suspension model for this study.
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Figure 5-2. Truck multi-body dynamic model validation with Simulink model for a 0.2g sinusoidal

lateral acceleration at 0.5 Hz
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5.1.3 Integration with Pneumatic Suspension System

The integration is achieved by following the relationship as described in Figure 5-3. The air
suspension model outputs spring force and damping force to the sprung mass model, while
the sprung mass model feeds the air suspension model with suspension deflection. On the
other side, the suspension deflection is sensed for determination of the leveling valve’s flow
rate. At the same moment, the air suspension model provides pressure data to the pneumatic
pipe model to calculate the mass flow rate. The final aligned truck model with balanced
suspensions is shown in Figure 5-4. The model with OE suspensions is shown in Figure B-3
of appendix B. Corresponding parameters used in simulating the multi-body truck model and

the pneumatic suspension can be obtained in Table B-1 and Table B-2.

Suspension deflection Ax

Displacement Z;; , Alr spring pressure p
. . Pneumatic Model (leveling
ﬁ A S'LISPBIIEIDH =3
Spnmg Mass Model vahmas T 3
. Model valves, pipes etc.)
Spring force F_ Mass flow rate  H1®
Damping force F

Figure 5-3. Relationship between the truck dynamic model and the pneumatic system model
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Figure 5-4. Aligned truck dynamic model with balanced pneumatic suspensions in AMEsim

5.2 Simulation Results

To assess the performance of the air suspensions, two different steering maneuvers, cornering

and S-turn, are simulated. For the cornering maneuver, it is assumed that the truck enters a

right turn for 5 seconds, and a square lateral acceleration is applied on the center of gravity
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(CG) of the truck in the left direction, which is depicted in Figure 5-5 (a). Here, we take

V?f = 0.15g%2 = 0.15g, with V being the cornering speed of the vehicle and R being the

curve radius. When the path is an 'S' curve, the lateral acceleration is approximated as a
sinusoidal wave input, as shown in Figure 5-5 (b), whose magnitude and frequency are
considered to be 0.15g and 0.14 Hz, respectively. In the simulation, the road is assumed to

be perfectly smooth.
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Figure 5-5. Lateral acceleration for (a) right-hand turn and (b) an S-turn
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The change in pressure of the airsprings on the driving axles obtained by the
simulation is represented in Figure 5-6 (a)-(d). As can be seen by comparing with OE
airsprings in Figure 5-6 (a) and (b), during cornering, higher pressure can be obtained in the
balanced airsprings on the outer side, while simultaneously, there is lower pressure in the
balanced airsprings on the inner side. The results indicate a larger difference of air pressure
from side to side in balanced airsprings than in OE airsprings among driving axles. It is
found from the simulation results of S-turns in Figure 5-6 (¢) and (d) that the balanced
airspring is able to retain the larger pressure difference from side to side in response to the
body roll motion. The design of equal length pipes from the leveling valves to the airsprings
in the balanced pneumatic arrangement allows two airsprings on either side to equally share
air mass flow through the leveling valve. Consequently, the balanced airsprings are able to
maintain equal pressure front and rear that doesn’t happen in OE airsprings while the truck

body is rolling, as shown in Figure 5-6 (a)-(d).
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Figure 5-6. Time trace of airspring pressure on tandem driving axles and for right-hand cornering and

an S-turn

It is observed in Figure 5-7 (a)-(d) that a larger restoring force is produced by the
balanced airspring than the OE airspring to keep the suspension in balance. By comparing
airspring forces on the right and left sides, it is found that the side-to-side force difference in
the balanced airsprings is larger than in the OE airsprings to better resist the overturning
moment of truck body roll. Furthermore, as we can see in Figure 5-7 (a)-(d), balanced air
suspensions on either side of the driving axles can provide equal suspension force transmitted
to the vehicle body and drive axles. However, for each side of the OE suspensions, uneven
airspring forces are loaded upon the vehicle body and the axles/wheels’ mechanics, resulting

in more pitch angle and increased axle/wheel wear and tear.
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Figure 5-7. Time trace of airspring force on tandem driving axles for right-hand cornering and an S-

turn

Suspension deflection on the driving axles and the mass flow rate at the leveling
valves are shown, respectively, in Figure 5-8 (a)-(d). In comparison with the OE suspension,
the balanced suspension has a small deflection and faster dynamic response to the load
transfer. This implies that the balanced suspension has a higher bandwidth. Comparing the
suspension deflection and flow rate at the leveling valve, Figure 5-9 (a) and (b) indicate that
the leveling valves on opposite sides have opposition actions, with one adding air to the
airsprings (on the jounce side) while the other one purges air (the rebound side) in response
to the body roll. This results in the vehicle body returning to a leveled position more quickly,
after it has been subjected to lateral forces (acceleration). The larger air hose diameters in the
balanced pneumatic suspension result in less airflow resistance into or out of each airspring,
better adjusting the air pressure in the airspring. Moreover, the lack of plumbing connection
between the right and left airsprings plays an important role in maintaining the side-to-side

balance forces. The leveling valve in the OE suspension provides unwanted adjustment of
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airspring pressure on the sides opposite the leveling valve, although the small diameter of the
pipes reduces the transient air pressure. As observed in Figure 5-8 (a)-(d), uneven and slow

dynamic responsiveness of the OE air suspensions among the rear driving axles is obtained.
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Figure 5-10 (a) illustrates that when the lateral force is applied, the roll angle reduces
by the balanced suspension to a small value, balancing and keeping the truck body level.
Additionally, the truck equipped with the balanced air suspension experiences a smaller
maximum roll angle. When the lateral forces disappear after 7 seconds, as shown in Figure
5-10 (a), the balanced suspension enables the truck body to quickly return to the unrolled
orientation with a shorter settling time than for the OE suspension. As shown in Figure 5-10
(c), in the S-turn, the balanced suspension results in a smaller roll angle as compared with the
OE suspension. To the extent that the roll and pitch dynamic of the truck body couple, the
balanced suspension results in less body pitch during the lateral maneuvers, as shown in
Figure 5-10 (b) and (d).
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Figure 5-10. Time trace of roll angle and pitch angle for cornering and S-turn
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5.3 Conclusions

In this chapter, the air suspension model coupled with truck multi-body dynamics has been
developed and presented in detail. Based on the validated pneumatic components and
suspension system models in chapter 4, the complete system model is employed to compare
and analyze the performance of two air suspensions with different plumbing arrangements on

the truck roll dynamics. The results of the simulation are summarized as follows:

(1) The leveling valves of the balanced suspensions can provide better adjustments to the
body roll by charging the airsprings on the heavier side while dumping air out from the

lighter side.

(2) When the dynamic load transfer is applied, higher and lower pressure in the balanced
airsprings is obtained, respectively, on jounce and rebound than for the OE airspring. This
contributes to the fact that the balanced suspensions are able to maintain a larger difference
in pressure from side to side than the OE suspensions. Equal pressure is produced at the front

and rear drive axles by the balanced suspension.

(3) In the steering maneuvers, compared with the OE air suspension, the balanced air
suspension provides a larger restoring force to keep the suspension in the balance,

contributing to a large anti-roll moment to resist the body roll motion.

(4) In cornering and S-turns, less suspension travel and quicker dynamic response are

obtained for the balanced suspension compared with the OE suspension.

(5) During cornering and S-turns, lower roll and pitch angles are experienced by the truck
with the balanced air suspensions, also providing a faster response of the body to the

dynamic force changes.
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Chapter 6  Achieving Pneumatic Anti-roll Bar through
Suspension Balancing Control for a Semi-trailer

Truck

This chapter proposes a novel anti-roll bar concept (balanced suspension) for heavy truck
pneumatic suspensions through retrofitting conventional airspring suspensions such that they
can resist body roll and provide additional roll stability to the vehicle. Anti-roll bars are
commonly used in passenger vehicles to increase roll stiffness of the suspension, without
increasing the vertical stiffness. The investigation suggests that the same can be
accomplished in semi-trailer trucks by implementing two load-leveling valves and a
symmetric plumbing circuit to achieve balanced side-to-side suspension forces. A multi-
domain model that includes both the pneumatic details of the suspension and the dynamics of
a semi-trailer truck is developed in a co-simulation environment and is used to extensively
study the effect of the pneumatic anti-roll bar on vehicle dynamics. The simulation results
indicate that, in comparison to conventional pneumatic suspensions, trucks with the proposed
suspension experience better dynamic load sharing, more stable body roll, and better

handling during steering maneuvers.

6.1 Simulation Dynamic Model

For evaluating the effect of the pneumatic anti-roll bar (balanced suspension) on the
dynamics of the tractor and trailer combination, a co-simulation technique is applied to
integrate the AMEsim pneumatic suspension model with a semi-trailer truck model in
TruckSim. TruckSim is a simulation package specializing in the dynamic performance
simulation of multi-axle commercial vehicles. It can provide a standard interface to
Matlab/Simulink, allowing users to develop their self-designed components. This study
employs a Class-8 semi-trailer truck model in TruckSim. Most parameters are defined based
on the actual measurement of the vehicles, while some are based on the technical literature. If
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the parameters, such as damper damping coefficient, and leaf spring stiffness, can’t be
determined, then the TruckSim default values are used. A list of all parameters used in the

truck simulation can be found in Table C-1 of Appendix C.

6.1.1 Tractor Model

A 6x4 tractor unit model is developed in TruckSim, according to the tractor manufactured by
Volvo, Model VN770, as shown in Figure 6-1. The tractor model has one steering axle with
single tires, and two tandem rear axles with dual tires. The steering axle has leaf spring
suspensions installed, whereas the tandem drive axles are equipped with air suspensions.

Figure 6-1. A 6x4 tractor model in TruckSim

6.1.2 53-ft Trailer Model

The dynamic characteristics of a 53-ft van trailer are modeled, as shown in Figure 6-2. The
semi-trailer model does not have a front axle, but includes two axles at the rear, each with
dual wheels. Both axles are equipped with pneumatic suspensions. In the simulation, the
truck is simulated under three trailer load conditions: empty, half load, and full load, as

illustrated in Table 6-1. The load is distributed uniformly.
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Figure 6-2. A 53-ft semi-trailer truck model in TruckSim
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Table 6-1. Three different load conditions

Load weight load distribution Load CG height
Empty Empty load (0 Ibs) Uniform N/A
Half load Half load (22525 lbs) | Uniform 106 in relative to ground
Full load Full load (45049 Ibs) Uniform 106 in relative to ground

6.1.3 Fifth-wheel Coupling Model

The semi-trailer unit is attached to the semi-tractor unit with a fifth-wheel coupling. Figure
6-3 shows how this coupling is achieved by a fifth-wheel. The fifth-wheel is mounted on the
rear of the tractor, and a kingpin (yellow component in Figure 6-3) is attached to the front of
the semi-trailer. The fifth-wheel can transmit only the roll and pitch moments between the

two units, but not the yaw moment.

Figure 6-3. CAD model of fifth-wheel coupling

6.1.4 Pneumatic Suspension System Model

For the present study, four different pneumatic suspension systems are modeled: OE
suspensions on both tractor and trailer (OE/OE), balanced suspensions on tractor and OE
suspensions on trailer (Balanced/OE), OE suspensions on tractor and balanced suspensions
on trailer (OE/Balanced), and balanced suspensions on both tractor and trailer
(Balanced/Balanced), as shown, respectively, in Figure 6-4 (a)-(d). All of these pneumatic
suspension systems are modeled by AMEsim, as shown in Figure C-1 of Appendix C.

Corresponding parameters are listed in Table C-2.
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Figure 6-4. Plumbing configurations of heavy truck pneumatic suspensions: (a) OE/OE suspensions,

(b) Balanced/OE suspensions, (c) OE/Balanced suspensions, and (d) Balanced / Balanced suspensions
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6.1.5 Development of Co-simulation Environment

To integrate the semi-trailer truck dynamics with the airflow dynamics of the pneumatic
suspension, a co-simulation environment is established by using three types of software,
AMEsim, TruckSim, and Matlab/Simulink, as shown in Figure C-2 of Appendix C.
Matlab/Simulink is used to provide a platform for the interconnection of the two dynamic
models as two S-Function modules. To convert the AMEsim model into a Simulink module,
a compiler (Microsoft Visual C++) is necessary. Furthermore, an environmental variable
must be set in the computer to determine the installation direction of Matlab. The TruckSim
model can be imported into the Simulink as a S-Function through a DLL file. This interaction
must ensure that the airspring force provided by the pneumatic suspension model is sent to
the truck model. Simultaneously, the suspension deflection is fed back into the pneumatic
suspension model from the vehicle model, as depicted in Figure 6-5. The co-simulation needs
a fixed time step set for Simulink, TruckSim, and AMEsim in order to ensure that the
differential equations will be calculated from the same initial time at each step. Typically, the
error tolerance has to be reduced appropriately to minimize the integration “noise” resulting
from the amplified variation of some variables. However, too much reduction in the error

tolerance can lead to an extremely slow calculation, which is undesirable.

Simulink

Truck Dynamics Susp. Pneumatics

o N

TruckSim S-Function | pressure Forces | AME25L S-Function

Figure 6-5. Co-simulation environment

6.2 Simulation Maneuvers

There are two types of maneuvering inputs in TruckSim: open-loop maneuvers and closed-
loop maneuvers. The open-loop maneuver pre-defines the steering angle input, which is
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independent of response of the vehicle and the driver. The closed-loop maneuver is based on
a pre-defined path input so that the steering angle is computed with appreciated consideration
of responses of the vehicle and driver. The present simulation adopts the latter type of
maneuvering input, and the two maneuvers selected to be simulated are 1) single lane

change, and 2) steady-state cornering.
(a) Single Lane Change

This test maneuver is conducted to determine the transient response of a vehicle when a
sudden path change is applied. The simulation results are used to compare the transient roll
control characteristics of the vehicle with different pneumatic suspension systems. The test
procedure involves driving a truck from the initial lane to another parallel lane following a

predetermined path, as shown in Figure 6-6.
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Figure 6-6. Target path for the single lane change maneuver

(b) Steady-state Cornering

In this test maneuver, the truck starts from a straight track and then enters a circular
trajectory with a constant radius of 262.5 ft. The target path in global coordinates is shown in
Figure 6-7. This maneuver is designed to evaluate the transient behavior (sprung mass roll)

of the vehicle, and to qualify the steady-state cornering behavior of a vehicle.
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Figure 6-7. Target path for the single lane change maneuver
6.3 Simulation Results and Analysis

The simulation is performed with balanced suspensions and OE suspensions, respectively, on
both tractor and trailer for a single lane change maneuver at 35 mph and steady state
cornering at 28 mph. The simulation results of the two suspension control systems are
compared to investigate how the balanced suspension system improves the dynamic roll
behavior of the truck. Figure 6-8 illustrates the lateral acceleration results for tractor and

trailer for the single lane change maneuver and the steady-state cornering maneuver.
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Figure 6-8. Simulation results of lateral accelerations on the tractor and trailer for (a) single lane
change and (b) steady-state cornering

Figure 6-9 shows the body roll angles of the tractor and trailer during the steering
maneuvers. Compared to the OE suspension, the balanced suspension contributes to smaller
peak roll values. Peak-to-peak values of roll angles for the single lane change are reduced by
nearly 8%, and the maximum roll angle during steady-state cornering is diminished by as
much as 16.5%. The balanced suspension is capable of leveling the truck body during steady

state cornering.
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Figure 6-9. Simulation results of roll angles on the tractor and trailer for (a, ¢) single lane change and
(b, d) steady-state cornering

The flow rate time responses plotted in Figure 6-10 reveal that in the balanced
suspension, the airsprings on each side share an equal amount of airflow. Moreover, the
balanced suspension allows the two leveling valves to operate in opposition, i.e. one airspring
can be inflated, while the other one purges the air at the same flow rate in response to the
body roll. Obviously, the leveling valves in the balanced arrangement also provide larger

flow rates than the OE valves.
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Figure 6-10. Simulation results of mass flow rate at the leveling valves on the tractor and trailer for

Figure 6-11 shows the trailer airspring pressure on the left and right sides for the two
maneuvers. The same trend of pressure change is applied to the tractor airsprings. Balanced
suspensions show considerably larger side-to-side pressure differences during steady state
cornering. However, pressures for the OE suspensions are almost identical on both sides.
Consequently, a larger restoring force is obtained for the balanced suspension from side to
side to better control the body roll motion. During the single lane change maneuver, the
balanced suspension minimizes the pressure variations between front and back, resulting in a

better dynamic load sharing among the axles and pitch performance control. Nevertheless,

(a, ¢) single lane change and (b, d) steady-state cornering
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for the OE suspension, the pressure of the airsprings is considerably more disorganized.
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Figure 6-11. Simulation results of airspring pressures on the tractor and trailer for (a, c) single lane

change and (b, d) steady-state cornering

Figure 6-12 illustrates the results of airspring anti-roll moment with respect to the roll

angle for the two steering maneuvers. The balanced suspension provides greater anti-roll

moments than the OE suspension for better resisting vehicle body roll. As shown in Figure

6-12 (a) and (c), the work done by the balanced suspension is positive with a clockwise

hysteresis circle, while the OE suspension performs negative work with a counter-clockwise

hysteresis circle. This implies that the OE suspension system dissipates energy by balancing

pressure from side to side, whereas the balanced suspension system draws additional air

energy to resist the roll motion, benefiting from the adjustment of the leveling valves.

Narrowing the anti-roll moment circle (reducing the hysteresis effect) for the balanced

suspension can reduce the air consumption and improve the roll stiffness.
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Figure 6-12. Simulation results of anti-roll moment versus roll angle on the tractor and trailer for (a,

¢) single lane change and (b, d) steady-state cornering

The roll stiffnesses of the balanced and OE suspensions are compared in Figure 6-13.
The balanced suspension increases the roll stiffness as the roll angle increases, while the OE
suspension maintains the original stiffness. Due to the adjustability of the roll stiffness, the
balanced suspension can operate as an active anti-roll bar and improve the roll stability and

the driver’s handling of the vehicle.
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Figure 6-13. Simulation results of roll stiffness versus roll angle on the tractor and trailer for (a, )

single lane change and (b, d) steady-state cornering
6.4 Summary of Simulation Results

Eventually, extensive simulations are executed to further assess the performance of the
balanced suspension system. Single lane change simulation is run under different load
conditions and at different speeds to evaluate peak-to-peak values of the roll angle. Three
load conditions considered are shown in Table 6-1. This simulation study includes two more
suspension configurations: balanced suspensions on the tractor and OE suspensions on the
trailer (balanced/OE), and OE suspensions on the tractor and balanced suspensions on the
trailer (OE/balanced). Figure 6-14 (a-f) illustrate that the balanced suspension system results
in a better body roll control in all study cases. Equipping the balanced suspension on both the
tractor and trailer results in the lowest body roll. The truck with balanced suspensions only
on the trailer performs better roll control compared to balanced suspensions only on the

tractor.
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Figure 6-14. Summary of peak-to-peak value on the tractor and trailer for (a, b) empty, (c, d) half
load, and (e, f) full load during the single lane change

Figure 6-15 shows the peak roll angle attained during the steady state cornering for all four
different suspension control systems. The simulation results suggest that the balanced
suspension control system is able to lower the peak roll angle in response to the steering
maneuver. However, this phenomenon is not clearly apparent in the empty trailer case. Based
on the reduction of the peak body roll, all four suspension control systems are ranked from
the best to the worst: Balanced/Balanced, OE/Balanced, Balanced/OE, OE/OE.
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Figure 6-15. Summary of peak-to-peak value on the tractor and trailer for (a, b) empty, (c, d) half
load, and (e, ) full load during steady-state cornering

6.5 Conclusion

In this chapter, a novel pneumatic anti-roll bar (balanced suspension) implemented by
modifying the OE suspension is introduced and evaluated through an extensive set of
simulations. A hybrid model is developed by coupling the pneumatic suspension model and
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the full truck dynamic model in a co-simulation environment. The model is used to
numerically investigate the effect of the balanced suspension on the roll dynamics of the
articulated vehicle. The simulation results indicate that the proposed pneumatic suspension
arrangement is capable of providing higher restoring force by regulating the air pressure and
airflow in the airsprings. The truck with the modified suspension system serving as an active
anti-roll bar exhibits lower body roll motion and less side-to-side sway, thereby improving

the vehicle roll stability and handling.
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Chapter 7 Failure Mode and Effects Analysis of Dual Leveling

Valve Airspring Suspensions on Truck Dynamics

Failure mode and effect analysis are performed for the dual leveling valve pneumatic
suspension to determine the effect of failures on truck dynamics using the model that couples
the dynamics of detailed suspension pneumatics in AMEsim (commercial software) with a
truck dynamics model in TruckSim. As differentiated from the single leveling valve
suspension, the dual leveling valve suspension is designed with one leveling valve on each
side to better maintain the balance of the vehicle body both statically and dynamically. A key
element of the failure analysis is to determine how the body roll is affected if and when one
or more components fail. By analyzing the function and composition of each component, a
matrix is developed for failure modes and their effects. Relative to other components, the
matrix assigns more failure modes to the leveling valve, such as getting stuck, bending of the
control rod, and misalignment of the leveler arm. The pneumatic suspensions and their
failure modes are modeled in AMEsim. The pneumatic suspension model is then integrated
into TruckSim to study the consequences of the suspension failures on truck dynamics. The
simulation analysis shows that the second leveling valve in a dual-valve arrangement brings a
certain amount of failure redundancy to the system, in the same manner that when one side
fails, the other side acts to compensate for the failure. Additionally, if the trailer is also
equipped with dual leveling valves, such an arrangement will bring an additional stabilizing
effect to the vehicle in case of a tractor suspension failure. There exists a reciprocal effect
between the tractor and trailer failure: the trailer effet on stabilizing the tractor in case of
suspension failure is reciprocated by the tractor in case such failures happen on the trailer

suspension.
7.1 Introduction

Air suspensions are extensively used on highway semi-truck and -trailers to provide a softer

ride and better handling [3]. In general, air suspensions require a load-leveling mechanism to
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maintain the vehicle’s intended ride height for widely varying loads that occur in loaded,
unloaded, and bobtail operation conditions. Besides the leveling valve, air suspensions
include regulator valves, air tanks, hoses, and fittings. These components can be put together
in different configurations, which include employing one or two leveling valves. The
schematic in Figure 7-1 (a) depicts a common plumbing configuration for a suspension with
one leveling valve. We will refer to this configuration as “original equipment suspension
(OE).” The primary advantages of using this configuration are lower cost and easier
installation. This configuration, however, is not well-suited for controlling the roll and pitch
dynamics of the truck [53]. Figure 7-1 (b) presents an alternative plumbing configuration
with dual leveling valves and a symmetric pneumatic circuit on semi-truck rear tandem axles.
This suspension configuration is also applied to the trailer’s dual axles. We will refer to this
configuration as “balanced suspension (BA).” The balanced suspension is able to provide a
separate leveling control for each side through a balanced pressure and a well-regulated
airflow [53]. The independent control yields a variable roll stiffness that increases with
increasing body roll. Test data [5] have shown that a truck with the balanced suspension
experiences less body roll and a faster return to leveled orientation during dynamic
maneuvers, as compared with the OE suspension. The basic theory for the balanced
suspension is that in response to the body roll, air pressure (airspring force) on the jounce
side increases, while air pressure (airspring force) on the rebound side decreases, resulting in
balanced suspension forces to perfectly level the truck body. The independent control
configuration implies that even when one side fails, the other side still works as intended to
maintain the balanced truck body. In addition, if either the tractor or trailer is encountering
the suspension failure, the suspension on the other unit can still function to resist the truck

body roll.

88



OE Suspension  Air Tank

Configuration >~

Leveling Valve

BA Suspension Air Tank
Configuration

Pressure

Protection Valve Pressure

Protection
Valve

~

(@) (b)

Figure 7-1. (a) Original equipment (OE) and (b) balanced (BA) configurations on the semi-truck drive

axles

In this chapter, failure mode and effect analysis for the pneumatic suspension system
are studied. Specially, a multi-domain dynamic model is prepared. Simulations are conducted
to investigate the effect of any pneumatic component failure on the suspension
responsiveness and truck roll performance for the balanced suspension system. Primarily, the
pneumatic suspension system is broken down into the component level to identify the
potential failure of each component, including its causes and effects [59-62], resulting in
establishing a failure mode and effect spreadsheet. Based on the spreadsheet, three
representative failure modes are determined for the study, and are modeled separately in
AMEsim. The pneumatic suspension model is then coupled with the single-trailer truck
(WB-67) model in TruckSim. The combined model is used to investigate the performance of
pneumatic suspensions on controlling the roll motion of the semi-trailer truck while one of
the failures occurs. The simulation results for the failure cases are compared between the
balanced suspension and the OE suspension through analyzing the mass flow rate at the
leveling valve, the suspension dynamic response, and the vehicle body roll. The chapter

concludes with a discussion of the simulation results.
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7.2 Failure Cause and Effect Studies for a Semi-truck Pneumatic Suspension

System

This section mainly includes recognizing various failure modes of the heavy truck pneumatic
suspension and determining their effect. The pneumatic suspension system for heavy truck
application consists of many components; therefore, it is necessary to identify the failure
mode for each element/subsystem and categorize the various failure effects [59-64]. As
shown in Figure 7-2, the balanced suspension components that are included in this analysis
are:

e Leveling valves

e Air fittings (tee connector, elbow connector, etc.)

e Air hoses

e Regulator valves

(@) (b)

Figure 7-2. Pneumatic suspension system: (a) air fitting and air hose, and (b) leveling valve

The potential failures of the components and their causes are determined as follows:
(1) Failure modes of the leveling valve: there are three different failure modes for the
leveling valve:
e The valve clogs: The air impurities can cause the flow area of the leveling valve to
become clogged (affects the inflation or the deflation or both). In the case of this
failure, no air is even supplied into or dumped from the airsprings through the

leveling valve.
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e Control rod becomes detached: The failure takes place when the end of the rod
disconnects from the lever arm or the vehicle axle, or the rod is broken. In this failure
mode, the leveling valve completely loses the ability to sense the suspension
deflection such that the leveling valve will stay closed at all times. Air mass in the
airsprings on the affected side will remain unchanged until the failure is fixed.

e Control rod bends: The bending deformation of the control rod results in pulling
down the lever arm to deflate the airsprings. This failure can result in a decrease of
ride height and poor ride comfort. The same failure effect can also result from the

bending of the bracket connecting the control rod and axle.

(2) Failure modes of the air fittings: The air fittings used for the balanced suspension include
tee connectors, elbow connectors, and straight union connectors, among others. The failure
mode of the air fittings is determined to be cracking due to excessive air pressure loading.
Any such failure will result in an air leak at the point of failure.

(3) Failure modes of the air hoses: The failure of air hoses is considered to be a rupture,
leading to system air leakage. Even though the air hoses are qualified for high-pressure
application, the failure could happen due to fatigue and rotting. The leakages of air fittings
and hoses can also be attributed to incorrect assembly procedure and poor installation that
are, however, not considered to be the failure modes of the components.

(4) Failure modes of the regulator valve: The clogging can occur when the regulator valve is
stuck due to a piece of debris jamming itself into the check valve. However, because the air
from the air supply has been filtered and the flow area of the regulator valve is designed to be
larger relative to the restrictor (leveling valve), the likelihood of this failure is very small.
Therefore, the failure of the regulator is not considered in this investigation.

As shown in Table 7-1, a spreadsheet is established summarizing the failure modes
and effects discussed. Since some failure modes cause identical failure effects, we will
combine them for the failure effect evaluation via modeling and simulation. For example,
suspension system air loss is considered as one study case, representing the related failure
modes. In addition, multiple failure modes are assigned to the leveling valve. By classifying
the failure effects as shown in Table 7-1, a total of three representative failure cases are
identified:
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e Fully-blocked leveling valve (no air flow)
e Control rod bending of the leveling valve

e Suspension system air loss

In the following sections, the effect of the representative failures for the balanced

suspension on semi-trailer truck dynamics will be evaluated by using modeling and

simulation.
Table 7-1. FMEA spreadsheet for the pneumatic suspension system
Part name Failure mode Failure effect
Leveling valve | The valve clogs No air supplied to or dumped out of the
airspring on the affected side (Note: The
Control rod becomes control rod detachment causes no air
detached flow in and out of the airspring.)
Control rod bends Ride height on the affected side becomes
lower
Push-to-connect | Mechanical rupture Suspension system air loss
Air fitting
(elbow, straight,
tee, etc.)
Flexible nylon | Rupture
hose

7.3 Pneumatic Suspension and Truck Dynamic Simulation Model

This section introduces how to model the three representative failures based on the
pneumatic suspension developed in AMEsim, and the WB-67 truck dynamic model

developed in TruckSim.

7.3.1 Modeling of Fully-blocked and Control Rod Bending of the Leveling Valve

In this simulation, the failure mode regarding the fully blocked leveling valve is modeled by

setting the flow area to zero. While the control rod is bent, the straight-line distance from end
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to end is reduced. The failure is simulated by shifting the flow characteristics of the leveling
valve, as shown in Figure 7-3. The shift is directly proportional to the reduction of the rod’s
length due to bending. The failure considered in this paper is to shorten the rod length by 0.8

in.

0.02 -
=QE-no failure

43— |"~'OE-rod bends 0.8 in
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Figure 7-3. The effect of the control rod’s bending on flow characteristics of the leveling valve
7.3.2 Modeling of Suspenison System Air Leak

Suspension system air leak is modeled by adding one port at the location of the failure, as
shown in Figure 7-4. A pneumatic orifice model has been attached to the extra port such that
the orifice flow area represents the size of the rupture. If the leak occurs between the air tank
and leveling valve, the compressor can maintain the supply pressure to a specified value so
that the system still functions well. If the air leakage takes place in any component between
the leveling valve and airsprings, it will affect the inflation and deflation of the airspring,

causing a system failure. The rupture area in the simulation is assumed to be 0.00775 in?,

Figure 7-4. Pneumatic suspension air leak model in AMEsim

The three representative failure cases are modeled separately for the balanced (BA)

suspension and the OE suspension on the tractor’s tandem drive axles. The present
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simulation focuses on the study of the suspension failure occurred only on the tractor drive
axles. The simulation results on the tractor axles are also applicable to the trailer axles.
Figure 7-5 shows which component in the suspension system fails for each failure case
simulated in the study.

BA Suspension Failure Cases

1. Fully-blocked
leveling valve

OE Suspension Failure Cases

1. Fully-blocked
leveling valve

. Rod
bending of the
eveling valve

3.Air leak <4
S

12

2.Rod bending of
the leveling valve

(a) (b)

3. Air leak

Figure 7-5. Failure cases of (2) original equipment (OE) and (b) balanced (BA) suspension on the

semi-truck drive axles

7.3.3 Full-truck Multi-body Dynamics Model Integration

The pneumatic suspension model developed in AMEsim is integrated into a WB-67 truck
dynamic model in TruckSim by a co-simulation technique [13-15]. The tractor’s tandem
drive axles and the trailer’s axles are equipped with pneumatic suspensions as shown in
Figure 7-6. The integrated truck dynamic model is capable of simulating the effect of
suspension fluid dynamics on truck roll performance. The parameters for the pneumatic

suspension model and truck dynamic model are included in Table B-1 and Table B-2.
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Figure 7-6. WB-67 semi-trailer truck model in TruckSim
7.4 Simulation Analysis of the Suspension Failures
7.4.1 Simulation Maneuver

A steady-state cornering maneuver is designed to evaluate the vehicle dynamic and steady
cornering behavior of the vehicle when the suspension component fails. The test maneuver
includes driving the truck at constant speed of 30 mph in a straight path of 1650 ft and then
negotiating a circle track with a radius of 263 ft while subjected to a 0.23 g lateral
acceleration, as shown in Figure 7-7. For some failure cases, the vehicle with balanced
suspensions slightly inclines to the affected side (right side) in straight driving. A left-hand
turn is more severe than a right-hand turn for the failed balanced suspension system, so the

present simulation conducts the left-hand turn only.
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Figure 7-7. Path track for steady state cornering
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7.4.2 Effect of Fully blocked Leveling Valve on the Truck’s Roll Dynamics

In the following simulation results, “OE” represents the conventional suspension system,
while the balanced suspension system is referred to as “BA.” The front axle and rear axle on
the tractor and trailer exhibit similar suspension dynamic response, and the results for the
front axle (2" and 4™ axles) are represented in the following paragraphs

As shown in Figure 7-8 (a), there is no airflow through the disabled leveling valve on
the tractor. For the balanced suspension, the valve on the unaffected side and the other two
valves on the trailer still work to adjust the body roll. As observed in Figure 7-8 (b), for the
failure case, the balanced suspension reduces the peak roll angle by 18% on the tractor and
trailer in comparison to the OE suspension, and is still capable of returning the vehicle body
to an unrolled position during steady state cornering.

As shown in the left plot of Figure 7-8 (c), by comparing to the OE suspension, the
balanced suspension with one side failure provides a larger side-to-side airspring force to
resist the vehicle roll motion, resulting from its separate plumbing configuration. The failure
on the tractor does not provide any obvious impact on the unaffected side and balanced
suspensions on the trailer, which exhibits a significantly large anti-roll suspension force. The
left plot in Figure 7-8 (d) clearly indicates that the balanced suspension on the unaffected
side (left side) can return to the neutral position due to leveling valve control on that side,
whereas the suspension on the failure side performs the same as the OE suspension. On the
trailer, as shown in the right plot of Figure 7-8 (d), the balanced suspension exhibits smaller
suspension deflection than the OE suspension. By comparing the tractor and trailer for the
OE suspension, it is found that the operation of the OE leveling valve gives rise to an

unwanted change in ride height during cornering.
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Figure 7-8. Simulation results for the failure case of the fully-blocked leveling valve: (a) mass flow
rate at the leveling valve, (b) roll angle, (c) airspring force, and (d) suspension deflection

7.4.3 Effect of Control Rod Bending on the Truck’s Roll Dynamics

In the simulation, the failure of control rod bending occurs at t=0s. At that moment, the lever
arm rotates down and opens a purge valve to exhaust air from the airsprings, as shown in the
left plot of Figure 7-9 (a). As a result, the vehicle ride height reduces by a specified amount
to maintain airspring pressure required to support the load, as shown in the left plot of Figure
7-9 (d). The truck body with balanced suspension leans to the suspension failure side slightly,
as shown in Figure 7-9 (b), because the leveling valves on the up and down sides tend to
return their own suspension to different neutral positions. Note that the neutral positions
change side-to-side due to the rod bending. During the cornering after t=37s in Figure 7-9 (a)
and (c), the balanced leveling valves on the tractor almost do not provide adjustment.

However, as shown in Figure 7-9 (c), the balanced suspension can keep larger airspring
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Mass flow rate(lb/s)

Airspring force on tractor (Ibf)

forces from side-to-side on the trailer in response to the steering maneuver than the OE
suspension. Figure 7-9 (b) suggests that, before the failure is corrected, the truck with the
balanced suspension can drive more safely, experiencing less body roll. The simulation
results show that even in the unlikely event that the suspension experiences a failure on both
sides of the tractor (no air supply or dump out through airspring), the balanced suspension

system on the trailer works to keep the truck body level.
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Figure 7-9. Simulation results for the failure of the control rod bending: (a) mass flow rate at the

leveling valve, (b) roll angle, (c) airspring force, and (d) suspension deflection
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7.4.4 Effect of Suspension System Air Loss on the Truck’s Roll Dynamics

Figure 7-10 (a)-(d) illustrate the simulation results of the flow rate of the leveling
valve and air leak, roll angle, airspring force, and suspension deflection for the failure of
system air loss. As shown in Figure 7-10 (a) and (b), the failure causes a reduction of ride
height on the tractor, while the leveling valve opens to compensate for the air loss. As shown
in the left plot of Figure 7-10 (a), the air leak highly affects the adjustment of the leveling
valve on the same side for the balanced suspension, but the other side valve can still work to
maintain the desired height of the suspension. Consequently, similar to the failure case of rod
bending, the truck with the balanced suspension slightly leans to the affected side in straight
driving, as shown in Figure 7-10 (b). When the vehicle body is subjected to a lateral force,
the truck with the balanced suspension exhibits a smaller roll angle compared to the truck
with the OE suspension as shown in Figure 7-10 (b). Notably, the balanced suspension with
failure still shows the ability to balance the vehicle body after t=40s. The left plot of Figure
7-10 (c) suggests that when the suspension leaks air on one side, the balanced suspension can
still maintain a large force difference from side-to-side for controlling the body roll
dynamics, which is not observed for the OE suspension. As shown in Figure 7-10 (d), OE
suspension height significantly reduces by 1.7 in due to the failure, whereas the balanced
suspensions shorten only by 0.5 in. The reduction in the airspring height increases vertical

stiffness, leading to poor ride comfort.
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Figure 7-10. Simulation results for the failure case of air loss: (a) mass flow rate at the leveling valve

and air leak, (b) roll angle, (c) airspring force, and (d) suspension deflection

7.5 Conclusion

A failure mode and effect analysis for the pneumatic suspensions on truck dynamics by

modeling and simulation were provided, and the suspension potential failure modes and their

effects were defined, as summarized in Table 7-1. Three representative failure cases were

selected and modeled separately: fully-blocked leveling valve, control rod bending of the

leveling valve, and air leak. A multi-domain model coupling the fluid dynamics of pneumatic

suspensions and the dynamics of a semi-trailer truck was used to evaluate the control

performance of the pneumatic suspension on roll dynamics of the truck combination if one of

the failure cases occurs. The simulation results suggested that the failure on the side of the

suspension has a minimal effect on the other side, due to failure redundancy offered by two
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leveling valves. The unaffected side and the suspension system on the trailer still work to
keep the truck body level. For the failure case of an air leak, the balanced suspension
provided a better ability to maintain the ride height relative to suspensions with a single
leveling valve (referred to as “OE suspension” in this study). Moreover, the OE suspension
results in an unwanted ride height change during cornering. Specifically, a larger airspring
force from side-to-side was obtained for the balanced suspension to resist the vehicle body
roll motion for all failure cases. The truck with the balanced suspension exhibited less body
roll angle than the OE suspension for the failure cases simulated. The simulation results
showed that the failure of any part of the suspension pneumatic system would not disable the
balanced suspension system. The unaffected side and the suspensions on the trailer, if failure

occurs on the tractor, still work to keep the system functioning until the failure is corrected.
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Chapter 8 Pneumatic Suspension Balancing Control for
Improved Roll Dynamics of a Semi-trailer Truck

Carrying non-uniform load

This chapter investigates the influence of a balanced suspension on the roll dynamics of a
truck with non-uniform lateral load due to uneven loading or cargo shift (liquid sloshing)
through computer simulation. Pneumatic suspensions are designed to provide balanced
suspension forces from side to side for better vehicle roll dynamics in response to the lateral
load shift that occurs statically and dynamically. The simulation analysis is based on the
previously developed AMEsim-TruckSim model that combines the non-linear fluid dynamics
of the suspension with the multi-body dynamics of the truck combination. The destabilizing
impacts of fixed uneven load and liquid load shift occurring in the roll plane of a tank vehicle
are characterized in the model and are studied separately. It is evident from the simulation
that the balanced suspension is able to better withstand the non-uniform lateral load, thereby
yielding significantly improved roll performance in comparison with conventional
suspensions. Furthermore, the coupled tank-vehicle simulation platform could serve as an
effective virtual design and simulation tool for pneumatic suspension development on

partially-filled tank truck applications.

8.1 Introduction

The heavy truck typically provides poor roll stability and handling due to the fact that it
transports larger cargo with a higher center of gravity (CG) compared to a passenger vehicle.
Specifically, a non-uniform lateral load condition due to unbalanced loading or liquid
sloshing gives rise to more overturning moments, further diminishing the controllability and
the handling characteristics of the heavy truck. The uneven load condition makes the truck
far more likely to be involved in rollover accidents [65]. According to a recent investigation
conducted for the U.S. Department of Transportation [66], over 1300 cargo tank rollovers are
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reported each year. The cargo tank rollover accounts for 31% of the fatalities related to
rollovers of commercial vehicles. For shipments of hazardous materials, the associated
fatalities, economic loss, and potential environment risks make the accidents more
catastrophic. Therefore, it is a major concern for the truck users and manufacturers to
improve safety for the truck carrying a non-uniform lateral load. The objective of this chapter
is to explore the benefits of the balanced suspension on heavy trucks with non-uniform lateral

loads using computer simulation.

Cargo weight is distributed unevenly from side to side due to either improper load
distribution, or lateral movement of the load during the cornering (liquid sloshing). Both
uneven load and liquid sloshing will be modeled and studied in order to better evaluate the
performance of the balanced suspension in resisting overturning moments caused by the
static and dynamic uneven load. The static uneven load constantly results in more weight on
one side of the suspension with less weight on the other side, causing an inclination angle of
vehicle body under normal straight driving conditions. As a result, during cornering, a larger
destabilizing moment can be produced due to the sprung mass weight acting at a position that
is more laterally offset from the center of the track resulting in a roll moment to one side.
There is also an additional moment due the change in mass moment of intertie due to uneven
load. The additional destabilizing moment increases as the condition of the uneven load
becomes more severe. The body roll dynamics of the truck deteriorate more by the increased
destabilizing moment. Apart from the static uneven load, the liquid sloshing encountered
within a partially-filled tank during cornering increases the magnitude of the roll moment,
leading to roll instability of the vehicle. The load shift due to the liquid sloshing is considered
more complex to study than the static uneven load. A number of studies have investigated the
influence of the liquid load shift on the dynamics response of the articulated tank vehicles by
modeling and simulation. Ranganathan et al. [67] and Saeedi et al. [68] developed a quasi-
dynamic roll plane model of a partially filled tank with cross-section and coupled with
dynamic model of an articulated vehicle to analyze the stability of partially-filled tank
vehicles. Ashtiani et al. [69] studied the effect of the transient fluid sloshing on a partly-filled
B-train tanker under different steering maneuvers and filling conditions through computer

simulations. Shangguan et al. [70] studied the effect of different cross-sections of the tank on
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the directional dynamics of tank vehicle combinations by a TruckSim-Matlab model. In this
investigation, a simulation platform is developed for the analysis of the balanced suspension
performance on the lateral dynamics of a partially-filled tank vehicle under different filling
conditions by integrating a quasi-dynamic model of a partially-filled tank to the previously

developed AMEsim-TrukSim truck model.

8.2 Simulation Model

This section will study two cases of uneven load by simulating two types of truck: a semi-
trailer truck with a lateral uneven load, and a partially filled tank truck with liquid cargo. The
static uneven load model and the quasi-static fluid-sloshing model are presented separately in

the following.

8.2.1 Uneven-loaded Semi-trailer Truck Model

A b5-axle, 53-ft semi-trailer truck is modeled to evaluate the performance of pneumatic
suspensions under lateral uneven load condition. The uneven load condition is modeled in
TruckSim by loading the trailer with two uniform square masses that possess different
weights, as shown in Figure 8-1.

Figure 8-1. Back view of the truck model with lateral uneven load
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The center of the combined masses is on the line connecting the two masses and is
closer to the larger one. The offset of the center of the mass from the track center can be
calculated given the weights of the two masses as follows:

W1 —TWw>

Tem = —— —— (58)

W1+W2
where r; = r, = 24.68 in is the distance from the of each mass center to the track center. As
shown in equation (58), the lateral offset of the uneven load depends on the ratio between the
weights of the two masses. The truck with three different lateral offsets of the load CG, i.e., 8

in, 15 in, and 25 in, is simulated and studied separately in the investigation.

8.2.2 Partially-filled Tank Truck Model

A 5-axle, 43-ft tank semi-truck is modeled. When the articulated tank vehicle is subjected to
a tank roll and lateral acceleration, the CG movement and varying moment of inertia of the
liquid cargo results in an increase in overturning (destabilizing) moment. Qualitatively, three

additional destabilizing moments acting on the vehicle induced by sloshing cargo are:

e An additional moment due to the lateral acceleration imposed on the CG that moves
in a vertical direction, resulting from the liquid sloshing;

e An additional moment due to the weight of the cargo acting at a position that laterally
offsets from the center, caused by the liquid sloshing; and

e An additional moment due to change of mass moments of inertia of the deflected

liquid cargo.

It is necessary to determine the movement of the liquid CG in the lateral and vertical
axes and the moment of inertial change caused by the liquid sloshing in order to calculate the
three additional moments. In this research, a quasi-steady-state model of the fluid sloshing
within the tank is developed assuming a steady-state fluid flow condition. The tank with a
circular cross-section is considered in the modeling. During the steering maneuver, the
motion of the free surface of the liquid results in the shift of cargo CG and alters the roll

moment of inertia [67]. The gradient of the free surface (a) in the partly-filled tank depends
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on the lateral acceleration (4;) imposed on the liquid and roll angle of the tank trailer (8) as
follows [70]:

(59)

tanB+A4; )

a =tan™?! (
1-Ajtan6

Figure 8-2 depicts the gradient of the free surface in a roll plane representation of a partially-

filled tank with circular cross-section.

I i

Figure 8-2. Roll plane representation of the partially-filled tank trailer

As shown in Figure 8-2, due to the lateral force, the liquid bulk CG moves according
to the change of the gradient of the free surface. The instantaneous position of the CG is
determined by the relative distance along the lateral (Yi) and vertical (Z)) axes [67]:
Zy=R—(R—-Z,)cosa (60)
Y, = (R —Zy)sina (61)
where R is the tank radius, and Z;, is the height of the liquid CG without tank tilt. The extra
overturning moment due to the liquid cargo shift can then be calculated as:

M, = Wi[A;(Z,cosO — Y;sinf — Z;ycosB) + (Z;sinf + Y;cosO — Z;ysinh)] (62)
where W, is the load weight, and € is the sprung mass roll angle. The motion of load results
in a deflected shape of the liquid in the tank, changing the roll moment of inertia. By using
the parallel axis theorem, the change in the roll moment of inertia with respect to a fixed roll

center can be expressed as:
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Alx=mY?+ 22— Z)0° +2d,Z, — 2d,Z;) (63)
where m, is the liquid mass and d,, is the distance from the initial position of the mass center
to the roll center. Combining equations (62) and (63) yields the expression of the total
additional overturning moment due to the cargo sloshing:

My =My —6 A1 (64)

The software TruckSim is applicable to the simulation of a fixed uneven load,
however, it does not permit simulation of the influence of the liquid sloshing. As shown in
Figure 8-3, a co-simulation scheme is developed to couple the quasi-static fluid-sloshing
model with the AMEsim-TruckSim model. The quasi-static sloshing model neglects the
contributions of transient fluid slosh. The proposed co-simulation model therefore is only
suitable for steady-state response analyses. The quasi-static fluid-sloshing model is built up
using Simulink, as shown in Figure D-1 of Appendix D. The details of the Simulink block for
calculating the additional moment caused by the liquid load shifting are shown in Figure D-2
of Appendix D. Table 8-1 shows some parameters for the tank semi-trailer simulation.

Table 8-2 summarizes the simulation parameters for modeling three different filling
volumes of liquid cargo in the tank (mass density = 0.03 Ib/in). CAD models of static liquid
cargos without tank roll are developed by SolidWorks, as illustrated in Figure D-3 of
Appendix D, to determine liquid cargo properties necessary for the modeling.

AMEsim

Airspring force W Suspension deflection
.

Pneumatic suspension model

TruckSim

Velocity N ! ! Vehicle response
Path

Vehicle model

Additional Simulink

overturning
moment Lateral acceleration
« <
Roll angle

Liquid slosh model

Figure 8-3. Co-simulation scheme for evaluating the effect of a pneumatic suspension on roll
dynamics analysis of a partially-filled tank truck
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Table 8-1. Tank semi-trailer simulation parameters [70]

Parameter

Value(English unit)

Value(SI unit)

Tank

semi-

trailer

Tare trailer mass (Sprung mass) 12900 Ibs 5851.34 kg
Vertical distance from kingpin to ground 50 in 1270 mm
Distance from first trailer axle to kingpin 384.5in 9766.3 mm
Distance from second trailer axle to kingpin 439.51in 11087.1 mm
Track width of trailer axles 77.50in 1968.5 mm
Damping coefficient on trailer axles 2124.18 Ib-s/ft 31.00 kN-s/m
Lateral spacing between airsprings on trailer axles 39.37in 1000.00 mm
Lateral spacing between dampers on trailer axles 31.50in 800.00 mm
Vertical distance between tank bottom and axle 31.95in 811.53 mm
Longitudinal distance between CG and kingpin 25591 in 6500 mm
Roll mass moment of inertia 236354.39 Ib ft? 9960 kg m?

Yaw mass moment of inertia

4271275.04 b ft?

179992 kg m?

Pitch mass moment of inertia

4065865.04 Ib ft2

171336 kg m?

Tank diameter

38in

11582.4 mm

Tank length

43 ft

13106.4 mm

Table 8-2. Fluid cargo simulation parameters

Parameter Value(English unit) Value(SI unit)
30% fill | Liquid mass 16595.73 Ibs 7527.70 kg
volume | Fluid level height to tank bottom 25.51in 648 mm
of the CG height to tank bottom 15.2in 386.08 mm
tank Roll mass moment of inertia 49432.46 Ib ft? 2083.09 kg m?
Yaw mass moment of inertia 3225142.9 b ft? 135907.88 kg m?
Pitch mass moment of inertia 3189395.82 Ib ft? 134401.49 kg m?
60% fill | Liquid mass 33191.48 Ibs 15055.4 kg
volume | Fluid level height to tank bottom 43.43in 1103 mm
of the CG height to tank bottom 24.731in 628.142 mm
tank Roll mass moment of inertia 134222.95 Ib ft? 5656.17 kg m?
Yaw mass moment of inertia 5928657.68 Ib ft? 249834.29 kg m?
Pitch mass moment of inertia 5864903.9 Ib ft? 247147.7 kg m?
90% fill | Liquid mass 49787.21 lbs 22583.1 kg
volume | Fluid level height to tank bottom 63.27in 1607 mm
of the CG height to tank bottom 34.11in 866.394 mm
tank Roll mass moment of inertia 259630 Ib ft? 10940.84 kg m?

Yaw mass moment of inertia

8892067.44 Ib ft?

374712.7 kg m?

Pitch mass moment of inertia

8852452.34 Ib ft?

373043.32 kg m?
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8.3 Results and Discussion

Simulations are conducted to evaluate the pneumatic suspension performance on roll
dynamic characteristics of the semi-trailer truck with lateral uneven load, and the partially-
filled tank truck. Analyses are performed considering that the pneumatic suspensions are
installed on tractor drive axles and trailer dual axles, while leaf springs are installed on the
steering axle. A steady-state cornering maneuver is selected for the study. The roll dynamic
performances of the truck with different pneumatic suspension systems are evaluated mainly

in terms of roll angle and roll rate responses.

8.3.1 Effect of the Balanced Suspension on Roll Dynamics of the Truck with Lateral

Uneven Load

The truck with lateral uneven load is simulated to negotiate a steady-state cornering (radius=
262.5 ft) at a constant forward speed of 20 mph, which is subjected to a 0.1 g lateral
acceleration. In the simulation, the CG of the unven load is placed offset from the track
center by 15 in. Figure 8-4 illustrates the comparison results of roll angle and roll rate
responses between the balanced suspension (referred to as “BA”) and the original equipped
suspension (referred to as “OE”). The truck with the balanced suspension experiences
significant smaller roll angles and lower roll rates than with the OE suspension. Before t =
23s, when the truck runs straight, a lateral inclination appears on both the tractor and trailer
bodies due to the uneven load. The inclination angle is smaller and constantly decreases for
the balanced suspension, which is different from the OE suspension. In response to the
dynamic steering after t = 23s, the balanced suspension obviously yields less peak roll angle
on the tractor and trailer. Smaller peak roll rates are also exhibited for the balanced
suspension, as shown in Figure 8-4 (b). Under steady-state steering, the balanced suspension
has the ability to level the truck body, unlike the OE suspension. From the results, it is
apparent that the balanced suspension can fight against the overturning moments caused by

the uneven load distribution or cornering force, therefore tends to keep the truck leveled.
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Figure 8-4. Time trace of (a) roll angle and (b) roll rate responses of the semi-trailer truck with fixed

unbalanced load (CG lateral offset 0f15 in) subjected to a 0.1 g lateral acceleration

Figure 8-5 compares peak roll angel and peak roll rate between the balanced and OE
suspension for different lateral offsets of fixed uneven load. As shown in Figure 8-5 (a), the
balanced suspension produces a notably smaller value of peak roll angel for the tractor and
trailer for CG lateral offsets ranging from 8 in to 25 in. The reduction percentage ranges from
approximately 23% to 37%. Specifically, the reduction percentage in peak roll angle between
the two suspensions increases as the load’s CG lateral offset increases, indicating that the
balanced suspension can tune to be stiffer to resist the vehicle body roll when the unbalanced
load condition becomes more severe. Figure 8-5 (b) shows a lower peak roll rate for the
balanced suspension for all load cases. The roll rate for the OE suspension is nearly constant
over all load conditions considered, whereas the peak roll tends to decrease for the balanced
suspension. It is evident that the increasing uneven load more adversely affects the truck with

the OE suspension than with the balanced suspension.
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Figure 8-5. Comparisons of (a) peak roll angle and (b) peak roll rate between the balanced and OE

suspensions for various lateral offsets of uneven fixed load subjected to a 0.1 g lateral acceleration

8.3.2 Effect of the Balanced Suspension on Roll Dynamics of the Partially-filled Tank
Truck

Figure 8-6 compares the dynamic roll performances of a 60%-volume filled tank truck in
terms of roll angel and roll rate responses when subjected to a 0.14 g lateral acceleration. The
roll angle as well as roll rate responses of the 60%-volume filled tank truck with the balanced
suspension are improved by 18% and 14% compared with the OE suspension. The results in
Figure 8-6 suggest that the balanced suspension would help enhance both static and dynamic
roll motion of the partially-filled tank vehicle, intentionally maintaining the sprung mass
upright to prevent the truck from rollover. As presented in Figure 8-7, a comparison of the
peak roll angle and peak roll angle rate of the tractor and trailer indicates improved roll
dynamics provided by the balanced suspension compared to the OE suspension, over the fill
volume ranging from 30% to 90%. The improvement in the roll angle ranges from 14% to
19% with increasing fill volume. In addition, the increase in the tank volume fill negatively

affects the vehicle roll dynamic response, leading to increases in the roll angle and roll rate.
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Figure 8-6. Time trace of (a) roll angle and (b) roll rate responses of a 60%-volume filled tank truck

subjected to a 0.14 g lateral acceleration
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suspensions for various tank fills subjected to a 0.14 g lateral acceleration
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Figure 8-8 illustrates the time-varying shift of the cargo mass center in the lateral and
vertical directions of a 60%-volume filled tank subjected to a 0.14 g lateral acceleration. The
tank with the balanced suspension yields a lower cargo mass center and smaller lateral load
shift compared to the OE suspension. During steady-state cornering, this phenomenon
increases due to the decreasing roll angle produced by the balanced suspension. Figure 8-9
compares maximum shifts of cargo mass center in the lateral and vertical directions between
the balanced and OE suspensions for various tank fills considered. It can be seen that the
maximum magnitudes of the lateral and vertical load shift for the balanced suspension are
slightly smaller than those obtained for the OE suspension in the entire fill volume range.
These are attributed to the effects of roll angle. From the results in Figure 8-9, it is apparent

that decreasing the fill volume yields a greater load shift laterally and vertically.
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Figure 8-8. Time trace of (a) lateral and (b) vertical variations of liquid cargo mass center of a 60%-

volume filled tank subjected to a 0.14 g lateral acceleration
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Figure 8-9. Comparisons of maximum (a) lateral and (b) vertical shifts of liquid cargo mass center
between the balanced and OE suspensions for various tank fills subjected to a 0.14 g lateral
acceleration

Figure 8-10 (a) compares the relative overturning moment caused by the load shift for
the balanced and OE suspensions considering a 60%-volume filled tank truck. Figure 8-10
(a) shows an overturning moment normalized with respect to the load weight, represented by
the effective moment arm (Leffective = My /W;). This suggests that the tank with the
balanced suspension yields a lower effective moment arm and thereby lower overturning
moment in response to the steering maneuver. Specifically, a lower effective moment arm is
also observed for the balanced suspension over the entire range of fill volumes, as shown in
Figure 8-11 (a). Figure 8-10 (b) shows the variation in the roll mass moment of inertia (Al,.)
of the deflected liquid cargo. The balanced suspension reduces the roll mass moment of
inertia variation caused by the fluid sloshing. This is further proved by the results in Figure
8-11 (b) which show the maximum roll mass moment of inertia variation for the balanced
and OE suspensions over fill volumes from 30% to 90%. As shown in equation (63), the roll
mass moment of inertia change is directly related to the load shift so that the lower load shift

contributes to lower Al, for given fill volumes.
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Chapter 9 Summary and Future Work

This chapter will provide a summary of the work completed, draw some conclusions, and

suggest future direction on the truck pneumatic suspension simulation study and design.

9.1 Summary

The goal of this project was to provide a simulation evaluation and design study of a novel
pneumatic suspension (balanced suspension) for improved roll dynamics in heavy truck
applications. The topic of the study is an innovative and new technique for which extremely
limited information is available in the open literature. In addition, the investigation involves a
multi-domain modeling and simulation, including highly non-linear fluid dynamics of a
pneumatic suspension and complex multi-body dynamics of an articulated vehicle, which is
very difficult to develop and debug successfully. To the author’s best knowledge, there is no
published work related to the modeling and simulation study of this sort of pneumatic

suspension for heavy truck applications.

To achieve the goal of the project, the author began with an effort to derive
mathematic equations of the pneumatic suspension system based on the principles of fluid
dynamics and thermal dynamics. Next, a detailed development and in-depth analysis of the
pneumatic suspension component and system modeling via computer software was realized.
A number of experiments were designed and conducted to assist in determining some
parameters necessary for the modeling and to validate the component and system models
developed. A new truck dynamic model with 9 degrees of freedom was then developed
coupled with detailed dynamics of a pneumatic suspension on rear tandem axles. The
purpose of the model was to perform a parametric study in order to assess the influence of
various suspension components on truck dynamics. On the other hand, the model allowed for

a better understanding of how airflow dynamics couple with vehicle dynamics. Preliminary
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simulation results have shown that maintaining a balanced airflow through the suspensions

improves the dynamic responsiveness of the suspension to steering, causing less body roll.

To extend the study to a more detailed vehicle model (including the coupling effect
between tractor and trailer), a hybrid model was established in a co-simulation platform. The
model provided a practical simulation environment for the performance evaluation of a
pneumatic suspension on tractor and trailer combination dynamics. Beyond assessing the
suspension performance, the model was used to conduct a failure mode and effects analysis
for the balanced suspension. Simulation results illustrated the benefits of applying the
balanced suspension to the heavy truck, including leveling the truck sprung mass
dynamically and statically, and better stabilizing the vehicle laterally in case of suspension
failure compared to the conventional suspension. Finally, the effect of the balanced
suspension on improving roll dynamics of trucks with non-uniform lateral load was evaluated
via modeling and simulation. The evaluation was performed under the destabilizing impacts

of fixed uneven load and liquid load shift occurring in the roll plane of a tank vehicle.

9.2 Future Work

This section discusses future work based on the knowledge accumulated thus far. Future
work should primarily address the following:
e Determining the effect of balanced suspensions on ride comfort.
e Better understanding how the suspension can be used for other classes of vehicles.
e Automobiles, buses, RV’s, off-roading vehicles.
e Evaluating the effect of the suspension on operational efficiency of commercial

vehicles, such as fuel economy and tire wear.
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Appendix A Effective Area Change and Volume Variation for Airspring of 53-ft
Trailer

The airspring used on the 53-ft trailer is manufactured by Goodyear, model number 1R12-
095 (replaces: W01-358-8729). The design height typically ranges from 7 in to 10 in, set to
be 8 in here for the simulation. Compared to the airspring mounted on the tractor, the trailer
airspring has lower design height due to the limited mounting space (no training beam
included). The variations of volumes and effective area with respect to heights needed by the
airspring model are provided by the manufacturer, as shown in Figure A-1 and Figure A-2.

They are fitted with the fourth- and second-order trend lines.
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Figure A-1. Trailer’s airspring effective area versus heights
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Appendix B Schematics of 9-DOF Truck Dynamic Model and Parameters Used in

Simulation
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Figure B-1. 9-DOF truck model in AMEsim
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Table B-1. Main parameters selected for the 9-DOF truck dynamic simulation

Parameter

Body (sprung) weight(loaded)

Value(English unit)
28357.824 Ib.

Value(SI unit)
126141.885 N

Roll moment of inertia, I,

158044.1 Ibf - in - s?

17855.7 kg - m?

Pitch moment of inertia, I,

632176.5 Ibf - in - s?

71422.8 kg - m?

Front leaf spring stiffness per suspension

692.71 1bf/in

121306 N/m

Front damping constant per suspension

97.36 1bf - s/in

17049.3 N -s/m

Rear damping constant per suspension

164.72 1bf - s/in

28845.6 N - s/m

Front unsprung weight per suspension 700 Ibf 311497 N
Rear unsprung weight per suspension 1000 Ibf 4450 N

Front unsprung stiffness per suspension 5250 Ibf/in 919370 N/m
Rear unsprung stiffness per suspension 10500 1bf/in 1838740 N/m
Distance from the CG to the front axle, a 163 in 4.1402 m
Distance from the CG to the middle axle, b, 30in 0.762m
Distance from the CG to the rear axle, b, 84 in 2.1336 m
Front wheel track, ¢ 80 in 2.032m

Rear wheel track, d 76 in 1.9304 m

Table B-2. Main parameters selected for pneumatic suspension simulation

Parameter

Value(English unit)

Value(SI unit)

Airspring initial pressure, p; 70 psi 482633 pa
Airspring initial height, h, 11in 0.254 m

Air tank pressure, p, 120 psi 827370.88 pa
Atmospheric pressure, p, 14.7 psi 101300 pa
Initial temperature T, 68 FO 293.15K
External temperature Tex: 68 FF° 293.15 K
Pipe inner diameter(Balanced) 0.41in 0.01016 m
Pipe inner diameter(OE) 0.236 in 0.006 m
Specific heat ratio y 1.38 1.38

Gas constant R 287 J-K/kg 287 J-K/kg
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Appendix C Schematics of Hybrid Models and Parameters Used in Co-Simulation
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Figure C-1. Tractor and trailer suspension system model in AMEsim: a) OE/OE suspensions (b)
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Figure C-2. Co-simulation model in Matlab/Simulink
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Table C-1. Main parameters selected for truck dynamic simulation

Parameter

Value(English unit)  Value(SI unit)

Tractor | |ongitudinal distance from tractor CG to steering axle | 75.67 in 1922.00 mm
Vertical distance from tractor CG to ground 39.371in 1000.00 mm
Tractor body mass (Sprung mass) 14892.23 Ib 6755.00 kg
Roll inertia of tractor body mass 174714.78 Ib-ft? 7362.50 kg'm?
Pitch inertia of tractor body mass 551590.86 Ib-ft? 23244.10 kg'm?
Yaw inertia of tractor body mass 499365.08 Ib-ft? 21043.30 kg'm?
Longitudinal distance from fifth wheel to steering axle | 198.93 in 5052.82 mm
Vertical distance from fifth wheel to ground 43.31in 1100.00 mm
Fifth-wheel roll freedom + 0.5 deg 0.5 deg
Fifth-wheel pitch freedom -11 ~ 7 deg -11 ~ 7 deg
Fifth-wheel yaw freedom +90 deg +90 deg
Distance from first drive axle to steering axle 185.98 in 4724.00 mm
Distance from second drive axle to steering axle 237.751in 6038.85 mm
Track width of steering axle 83.62in 2124.08 mm
Leaf spring stiffness on steering axle 1427.54 Ib/in 250.00 N/mm
Damping coefficient on steering axle 1168.3 Ib-s/ft 17.05 kN-s/m
lateral spacing between leaf springs on steering axle 35.04 in 890.00 mm
lateral spacing between dampers on steering axle 43.31in 1100.00 mm
Track width of front drive axle 72.62in 1844.68 mm
Damping coefficient on front drive axle 2124.18 Ib-s/ft 31.00 KN-s/m
Lateral spacing between airsprings on front drive axle | 30 in 762.00 mm
Lateral spacing between dampers on front drive axle 42in 1066.80 mm
Track width of rear drive axle 72.62in 1844.68 mm
Damping coefficient on rear drive axle 2124.18 Ib-s/ft 31.00 KN-s/m
Lateral spacing between airsprings on rear drive axle 30in 762.00 mm
Lateral spacing between dampers on rear drive axle 42in 1066.80 mm

Trailer | Trailer tare mass (Sprung mass) 11358.22 Ib 5152.00 kg
Trailer unsprung mass 3042.38 Ibf 1380.00 kg
Vertical distance from kingpin to ground 43.31in 1100.00 mm
Distance from first trailer axle to kingpin 498.03 in 12650.00 mm
Distance from second trailer axle to kingpin 546.02 in 13869.00 mm
Track width of trailer axles 77.50in 1968.5 mm
Damping coefficient on trailer axles 2124.18 Ib-s/ft 31.00 kN-s/m
Lateral spacing between airsprings on trailer axles 39.371in 1000.00 mm
Lateral spacing between dampers on trailer axles 31.50in 800.00 mm
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Table C-2. Main parameters selected for pneumatic suspension simulation

Parameter ‘ Value(English unit) Value(SI unit)
Air tank pressure, P 120 psi 827370.88 pa
Atmospheric pressure, Pa 14.7 psi 101300 pa
External temperature Tex 68 F 293.15 K
Pipe inner diameter(Balanced) 0.4in 0.01016 m
Pipe inner diameter(OE) 0.236in 0.006 m

Pipe absolute roughness rr 3e-6in 0.00012 mm
Gas constant R 287 I'K/kg 8.314 m?-Pa/(K-mol)
Specific heat ratio 1.38 1.38

Flow area of check valve S 0.155 in? 100 mm?
Tractor airspring initial height, h acroro 11in 0.254 m
Trailer airspring initial height, hipailero 8in 0.2032 m
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Appendix D Schematics of the Liquid Cargo Tank Truck Model and Parameters
Used in the Simulation
Matlab code used to calculate the initial CG height of liquid cargo load with given volume

ratio.

[

% define interested volume ratio
vol ratio = 0.9;

3 define tank cross-sectional radius (ft)
R = 3.125; % ft

o

o
°

h = FUNC h(vol ratio,R);

h = h*304.8; % convert ft to mm
R = R*304.8; % convert ft to mm
if h ==
M ratio =0;
720 = 0;
elseif O<h && h<=R % if the liquid is filled for no more than a half tank

theta = acos ((R-h)/R);

S bco = theta/2*R"2;

S_abo (R-h) *R*sin (theta) /2;

S abc = S bco - S abo;

M ratio = S _abc*2/ (pi*R"2);

OE = 4*R*sin(theta/2)/ (3*theta);
OF OE*cos (theta/2);

CF = R - OF;

Z abo = R - 2/3*(R-h);

Z _abc = (S_bco*CF - S abo*Z abo)/ (S _bco-S_abo);
Zz0 = 7Z abc;

elseif R<h && h<2*R
theta = acos((h-R)/R);
AB = R*sin(theta):;

S _ocab = (h-R)*R*sin(theta)/2;

S _abc = theta/ (2*pi)*pi*R"2 - S oab;
S cbd = 2*S abc;

S _cob = theta/2*R"2;

M ratio = (pi*R"2-S5 cbd)/ (pi*R"2);

OE = 4*R*sin(theta/2)/ (3*theta);

EF = OE*sin(pi/2-theta/2);

OH = 2/3*(h-R);

Z abc = R + (S_cob*EF-S _oab*OH) /S _abc;

Z bdj = (pi*R"3-S cbd*Z abc)/ (pi*R"2-2*S abc) ;
70 = 7 bdj;

elseif == 2*R
M ratio = 1;
720 = R;
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end

fprintf('Z2 0 is: %0.2f mm \n',Z0);
fprintf ('Liquid level height is %0.2f mm \n',h);
fprintf ('The mass ratio is %0.2f \n',M ratio);

L= —| -k Deflection_Axle5_left Force_AxleZ_right J

- o
Rz & i K- Deflection_Axle5_right Force_AxleZ_left
in1
L3 B -K- Deflection_Axle4_left Force_Axle2_right
in2
R3 K- Deflection_Axled_right Force_Axled_leftb—I
—| AMESim co-Sim:
ina BASE_suspensicnPaper
Le ml K- Deflection_sxle2_left Force_Axled_right
in4
I I e K- Defledtion_Axle2_right Force_Axled_left
in5
TruckSim S-Function B Deflection_Axle2_left Force_AxleS_right
Wehicle Code: s s5_ 88 in6
RE Deflection_Axle2_right Force_Axle5_left

. Gain7
Rl angle (deg) BASE_suspensicnPaper
Roll rate rad’s2) = - Load_selector I
 Load mass
Golo
Lateral accel. 1 .—‘
Select Load > h_f
9827 T Tarnk bottom to
the ground
30% Fill Zs »Z =
17452.48 : Fhi Delta_MF—
v | Lateral acoel.
0% Fill Y s Y s
Multiport Phi - -
26172.52) Switch
Subsystem1
50% Fill ¥ Rl angle Ral I
Subsystem
Converttorad e )
Subsystemd

Figure D-1. Co-simulation model developed using AMEsim, Simulink, and TruckSim
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Figure D-2. Simulink diagram for calculation of the additional moment caused by the liquid load shift
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Figure D-3. Solidwork models of liquid cargo: (a) 30% fill volume, (b) 60% fill volume, and (c) 90%

fill volume
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