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Abstract

There exists a level of parametric uncertainty in dynamic systems which if left un-

accounted, could impact negatively on performance during implementation. This

thesis aims to investigate the effect of acceptably bounded uncertainty, on the per-

formance of Vehicle Suspension Systems (VSS) in the presence of model constraints.

The uncertain parameters selected in this work are vehicle sprung mass loading, vehi-

cle forward velocity, suspension spring stiffness coefficients and suspension damper

coefficients. A model of a nonlinear, 4 Degree-of-Freedom (DOF) half-car Active

Vehicle Suspension Systems (AVSS) with hydraulic actuator dynamics and a sim-

ilar nonlinear, 4 DOF half-car Passive Vehicle Suspension System (PVSS) model

are developed in MATLAB/SimulinkR©. A two-loop control configuration is de-

signed for the AVSS. This consists of an inner Proportional plus Integral plus

Derivative (PID) force feedback control loop; to stabilize the hydraulic actuator and

enables tracking of a desired force and an outer control loop for suspension travel

control, with the aim of preventing damage by “topping” or “bottoming” (banging

of the suspension components on the top or bottom of the suspension workspace).

Three control methods are applied to this outer control loop: PID for performance

benchmarking, Model Predictive Control (MPC) and Neural Network-based Feed-

back Linearization (NNFBL). MPC allows for control of systems in the presence

of model constraints. NNFBL utilizes an indirect adaptive Neural Network (NN)

based identification to linearize highly nonlinear systems into linear ones, allowing

application of other control methods thereafter. The performance of the various

AVSS controllers are compared with that of the PVSS in the frequency and time

domains. In the frequency domain, a road input disturbance with frequency sweep-

ing from 0− 100Hz is employed to obtain output data for spectral analysis. In the

time domain, a sinusoidal bump road input disturbance and a random road input

disturbance are utilized to test vehicle performance. The results indicate that the

AVSS is less sensitive to uncertainty in model parameters as compared to the PVSS,

by performing better under varying conditions.
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Ṗ l Hydraulic piston pressure drop rate

Ps Supply pressure

Q Hydraulic flow rate

R Suspension reference signal

t Time

ui ith− control input or control voltage

u Control input vector

ui (k) ith− system input

umax Maximum control voltage

V Vehicle forward velocity

Vt Total actuator volume

w Road profile displacement

w Disturbance input vector
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1 INTRODUCTION

1.1 Research Background and Motivation

Vehicle suspension consists of shock absorbers (dampers), springs and mechanical

linkages (wishbones) that connect the wheels to the body (Fischer and Isermann,

2004). Suspension design is a multi-objective design problem. The aim is to improve

vehicle ride comfort and road holding, while maintaining suspension deflection within

the physical limits of suspension travel. An additional function is to reduce the road

surface damage caused by moving vehicles driving over the road surface (Williams,

1997a). Vehicle ride comfort is related to the vertical acceleration of the vehicle

body. Improving ride comfort requires the use of soft suspension springs. Vehicle

road holding is a function of the tyre dynamic load variation. Improvement in road

holding requires minimizing the variation of tyre dynamic load, keeping its value

below that of the vehicle’s static load. This prevents tyre lift-off phenomenon that

would render the vehicle uncontrollable (poor vehicle handling) and compromise

passenger safety. Road holding requires stiff suspension springs (Canale et al., 2006).

Increasing damping can improve ride comfort but will result in deterioration of road

holding capability (Bouazara et al., 2006).

Helical and leaf springs were developed during the 17th century. However, their

use in combination with dampers, in conventional (passive) suspension systems, is

only recorded to have begun during the early part of the 20th century (Guglielmino

et al., 2008). Spring and damper characteristics cannot be modified in passive vehi-

cle suspensions. As a result, these suspensions have to be designed to accommodate

a wide variety of road conditions simultaneously. Meeting the ride comfort and road

holding demands simultaneously is physically impossible in passive vehicle suspen-

sions (Williams, 1997a). It would require a spring which can be stiff and soft at

the same time. Thus, passive vehicle suspension design is a compromise between

comfort and safety (Fischer and Isermann, 2004; Canale et al., 2006).
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Semi-active and active suspension systems have been proposed to address this com-

promise. This is achieved in semi-active suspensions by the application of real-time

variation of damping (Hrovat, 1997). The drawback of semi-active suspension sys-

tems is that they are only able to absorb forces induced by the road input distur-

bance. Active Vehicle Suspension Systems (AVSS) have been shown to address the

compromise, by the incorporation of a force introducing actuator into the passive

suspension. AVSS have the ability to both store and dissipate energy, putting them

at an advantage over passive and semi-active suspension systems. However, this

comes at an added cost of components, increased energy requirement and added

complexity (Fischer and Isermann, 2004).

Advances in computer processing capabilities and development of more affordable

sensors and actuators hardware, have made implementation of AVSS feasible in mass

market vehicles. The earliest documented research into active suspension design is

dated as early as the 1950’s. Since that time AVSS research has increased expo-

nentially, the most rapid growth being during the last 20 years (Guglielmino and

Edge, 2004). AVSS design focuses on selection of appropriate actuators, sensors and

development of feedback control algorithms that will result in the desired vehicle

response (Williams, 1997a).

1.2 Problem Statement

Real active suspension systems have highly nonlinear and time-varying behaviour.

This behaviour is brought about by inherent nonlinear characteristics of passive

suspension elements (springs, dampers and suspension bushes), active suspension

elements (actuator) and suspension geometry. The difficulty involved in modelling

such behaviour results in simplifications which lead to model uncertainty. Conven-

tional and nonlinear modelling techniques require exact system models for accuracy.

Some system behaviours are challenging to model, for example, hydraulic friction is

a complex nonlinear time-varying behaviour. It is dependent on external loading,

stick-slip and Coulomb friction. Control system complexity also increases with model

complexity for modern control systems, adding to computational burden (Huang and

Lin, 2007).

Suspension systems are free to move within the confines of the suspension travel

workspace (rattlespace). Any movement beyond the confines of this area would cause

a nonlinear behaviour known as “topping” or “bottoming”, in which the suspension

components bang on the top or bottom of the rattlespace, damaging the vehicle. The
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AVSS’s actuators are also limited in the amount of output force they can supply, as

well as the amount of control input voltage that can be supplied to them (Du and

Zhang, 2009; Dahunsi et al., 2009; Dahunsi and Pedro, 2010).

It is in the light of the previously introduced issues that this project proposes the

development of Model Predictive Control (MPC) and Neural Network-based Feed-

back Linearization (NNFBL) based controllers for half-car servo-hydraulic vehicle

suspension systems. MPC is capable of dealing with systems with input and out-

put constraints (Deng et al., 2009). It is therefore applicable to AVSS which have

suspension travel and hydraulic actuator constraints. Feedback Linearization (FBL)

allows for linearization of highly nonlinear systems into linear ones, thereby enabling

the application of linear control methods thereafter (Deng et al., 2009). Intelligent

control systems are capable of dealing with nonlinear uncertain systems without the

need of an exact system model. Neural Network (NN) control systems are the basis

for the intelligent design. NN are utilized in this project because of their learning

capability. NN are also known for their ability to approximately map complex non-

linear systems. Adequately trained NN are capable of fault tolerant operation (Hunt

et al., 1992).

Dynamic systems like AVSS contain model parameters, for example sprung mass

loading, suspension damping and suspension spring stiffness, tyre damping and tyre

spring stiffness etc., whose exact values are uncertain. Hence the need for controller

design which takes into account parametric uncertainty within acceptable bounds.

This could help reduce the possibility of poor performance on implementation due

to parametric uncertainty (Chen et al., 2005; Gao et al., 2006; Ryu et al., 2008).

1.3 Research Aims and Objectives

This research project aims to investigate performance of VSS in the presence of

parametric uncertainty. The research objectives are listed below:

1. Develop the mathematical model of the nonlinear half-car the PVSS and AVSS

with hydraulic actuator dynamics and various controllers.

2. Build, numerically simulate and compare performance of the various AVSS

and PVSS under conditions of parametric uncertainty in the form of variation

in vehicle forward velocity, sprung mass payload, suspension spring stiffness

coefficients and suspension damping coefficients.
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1.4 Research Scope and Limitations

This research is focused on mathematical model development, control system de-

sign, implementation and computer based simulation of a nonlinear half-car active

suspension. The half-car suspension system model is a 4-Degree-of-Freedom (DOF)

model comprising a rigid sprung mass (vehicle body) supported at the front and

rear by the front and rear suspension elements (springs, dampers and actuators).

These suspension elements are mounted between the vehicle body and the front and

rear wheels (unsprung masses). The nonlinearity in the half-car suspension system

is caused by the use of nonlinear springs and nonlinear damper models. Nonlinear

hydraulic actuator dynamics have been incorporated into the active suspension sys-

tem model. The half-car suspension system is developed to rotate about the vehicle

lateral axis which is the vehicle pitching axis. It is assumed that the vehicle body

is able to make large pitch angular displacements about the vehicle pitching axis.

Vehicle rolling about its longitudinal axis is not considered in this work. Nonlinear

effects caused by variation of wheel camber due to the suspension geometry are ig-

nored since the half-car model is a two dimensional model. Tyre damping is included

in the model.

Performance of the developed control systems are compared with each other and

with that of a passive half-car suspension system, with the same model parameters.

Performance is evaluated based on ride comfort, road holding and suspension travel.

The case of suspension travel regulation will be considered, in which the suspen-

sion travel reference signal was set to zero, as the vehicle traversed the road input

disturbance.

Only two different types of road input disturbances are considered in this work.

These are:

• A sinusoidal bump on an otherwise smooth road

• A random road profile

The robustness of the designed controllers is tested by variations in vehicle forward

velocity, sprung mass payload, suspension spring stiffness and suspension damping

coefficients.
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1.5 Research Strategy and Methodology

The research methodology applied during this project is listed below in step se-

quence:

1. The nonlinear half-car AVSS is modelled mathematically, based on application

of Newton’s 2nd law. The model includes nonlinear springs, dampers and

hydraulic actuator dynamics. Input disturbance models are also developed.

2. Model parameters and controller specifications are selected.

3. The following control systems, with two control loops, are developed: PID,

MPC and NNFBL in the outer control loop. All have PID controller based

hydraulic actuator force feedback in the inner control loops.

4. Simulation is carried out in the MATLAB/SimulinkR© environment, the results

are collated and evaluated. Controllers are redesigned if their performance is

found to be poor.

5. Each controller’s performance is analyzed individually and then compared with

each other.

6. Conclusions are then drawn and recommendations made.

The research methodology applied in the design of the control systems for the half-

car servo-hydraulic AVSS is illustrated in Figure 1.1.

1.6 Research Contributions

This research work makes two contributions:

• The main contribution of this study is the comparison between conventional

(non-intelligent) PID and MPC with Intelligent (Neural Network based) FBL

applied to a nonlinear half-car AVSS. All these control methods are applied in

conjunction with PID control force-feedback of the hydraulic actuator force.

Nonlinear springs, dampers and servo-hydraulic actuator dynamics as well as

suspension travel and actuator input voltage constraints are considered in the

system’s mathematical model development.
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Figure 1.1: Research methodology.
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• A secondary contribution is the application of Conventional MPC and NNFBL

to a nonlinear half-car AVSS. MPC techniques are noted for the ability to han-

dle Multiple Input Multiple Output (MIMO) systems with input and output

constraints. FBL enables linearization of nonlinear systems, allowing applica-

tion of linear control methods thereafter (Deng et al., 2009).

1.7 Dissertation Outline

This dissertation is structured as follows:

A review of the current literature in the subject area is given in Chapter 2, begin-

ning with a general overview of AVSS and the force actuators they use, followed by

a look at the road input disturbances that are used to evaluate suspension system

performance. Half-car AVSS are then introduced and an investigation of the control

techniques applied to their control is presented. A further study into conventional

and intelligent control systems is also provided.

The physical and mathematical models of the nonlinear half-car AVSS are derived in

Chapter 3 starting with the modelling assumptions and a look at the physical model.

The nonlinear spring and damper models are developed, followed by the tyre force

model, the road disturbance inputs and hydraulic actuator dynamics. A nonlinear

half-car active vehicle suspension with hydraulic actuator dynamics is then formed

based on the models developed in the previous sections.

Before beginning controller implementation, the performance specifications used

throughout this work are given in Chapter 4. Chapters 5 to 7 contain controller

implementations of the PID suspension travel controller with PID force feedback,

MPC suspension travel controller with PID hydraulic actuator force feedback and

the NNFBL suspension travel controller with PID force feedback, respectively. Each

chapter begins with an introduction, description of the controller design method,

presentation of the simulation results with a discussion and finally a conclusion.

Simulations are performed in the time domain testing the AVSS and PVSS ro-

bustness to variations in vehicle speeds and along with variations in sprung mass

loading. For uncertainty analysis, a frequency sweep is performed on both the AVSS

and PVSS with the aid of a chirp road input disturbance signal; the chirp signal’s

frequency varies with time. A spectral analysis of all model outputs is performed

and the results plotted in the frequency domain for variations in sprung mass loading

and pitch moment of inertia, suspension spring coefficients and suspension damping

coefficients.
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The appendices contain MATLAB/SimulinkR© implementation of the half-car active

suspension system and input disturbance models given in Chapter 3.
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2 LITERATURE REVIEW

2.1 Introduction

A review of the literature related to AVSS is presented in this chapter. Beginning

with the functions of suspension systems, their classification and the types of math-

ematical models used to design suspension systems in Sections 2.2, 2.3 and 2.4. The

different suspension system actuator/spring and damper setups are presented in Sec-

tion 2.5, followed by a look at the causes of nonlinearity in vehicle suspension systems

2.6. Types of actuators commonly used in AVSS are given in section 2.7 and the

need for force feedback is highlighted in Section 2.8. Sections 2.9 to 2.10.4.2 present

in detail the control methods that have been applied to AVSS, before concluding

the chapter in Section 2.11.

2.2 Suspension Systems

As introduced in Section 1.1 of Chapter 1, Vehicle Suspension Systemss (VSSs)

consist of shock absorbers (dampers), springs and mechanical linkages (wishbones)

that connect the vehicle wheels to the vehicle body (Fischer and Isermann, 2004).

A vehicle suspension system serves the following functions:

1. Supporting the vehicles static weight.

2. Improving vehicle ride quality (comfort) by isolating the vehicle body from

road disturbances.

3. Minimizing loss of traction between the tyre and the road (maintaining road

holding) which contributes toward improving vehicle handling. Vehicle han-

dling is the ability of the vehicle to respond to the drivers commands. It is a

function of road holding and the vehicles physical properties.
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4. Ensuring that suspension travel does not exceed suspension workspace limits.

A vehicle suspension’s effectiveness at carrying out these functions is used as a

measure of performance. Vehicle suspensions also have the additional function of

reducing road surface damage caused by vehicles driving over it (Williams, 1997a).

2.3 Classification of Vehicle Suspension Systems

According to Williams (1997a) and Williams (1997b) Vehicle Suspension Systems

(VSS) can be classified into two broad categories:

1. Conventional VSS

Also known as Passive Vehicle Suspension System (PVSS), is characterized by

fixed damping and spring ratios.

2. Controlled VSS

These systems are marked by their use of the mechatronic approach to input

a control force into the otherwise passive suspension system, or to alter either

spring or damping properties. They are divided into the following groups

(Williams, 1997b; Fischer and Isermann, 2004):

(a) Load levelling Adaptive Suspension Systems:

These systems compensate for sprung mass variation with the aim of pro-

viding constant suspension workspace. It is the spring that does the com-

pensation. Examples of these systems are air springs and oleo-pneumatic

springs. Oleo-pneumatic springs are controlled in open-loop, using simple

logic circuits.

(b) Adaptive Damping:

Controlled in open-loop, these systems use simple logic circuit control to

vary damping ratio discretely.

(c) Semi-Active Vehicle Suspension Systems (SAVSS):

In these systems the spring rate remains constant, however the damp-

ing ratio can be varied in real-time by use of a closed-loop feedback

control system. The result is controlled energy dissipation and hence

improved performance over passive systems. Examples of dampers used

in SAVSS are servo-valve hydraulic dampers, magneto-rheological and

electro-rheological dampers.
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(d) Active Vehicle Suspension Systems (AVSS):

These systems have actuators controlled using closed-loop feedback, in-

corporated into the suspension system. The actuator introduces a control

force which gives AVSS superior performance at vibration attenuation in

comparison with both PVSS and SAVSS. It should be noted that this

superior performance is achieved at a high energy and financial cost with

increased complexity. Figure 2.1 illustrates the differences between PVSS,

SAVSS and AVSS.

2.4 Vehicle Suspension System Mathematical Models

Three models are commonly used in mathematical modelling of vehicle suspension

systems, (Hrovat, 1997). These are:

1. Quarter-car model:

This is a simple 2 DOF vehicle suspension system model. This model is suitable

for analysis of vehicle ride comfort. It is used to monitor sprung mass acceler-

ation, suspension travel and tyre deflection (Williams, 1997b; Hrovat, 1997).

Figure 2.1 highlights the differences between quarter-car models of Passive,

Semi-active and Active Vehicle Suspension Systems.

2. Half-car model:

The simplest form of a half-car vehicle suspension system model has four

DOFs, see Figure 2.2. These DOFs are determined by the vehicle cross-section

represented by the model. Half-car models are developed to observe either ve-

hicle pitching (Szaszi et al., 2002) or rolling motion (Gysen et al., 2009), the

corresponding DOFs are given in Table 2.1. Figure 2.2 shows a half-car models

developed to observe vehicle pitching motion.

Table 2.1: Half-car suspension model DOF
Half-Car Suspension Pitch Model Half-Car Suspension Roll Model

(Szaszi et al., 2002) (Gysen et al., 2009)

Degree (1) Vehicle heave (1) Vehicle heave

of (2) Pitch (2) Roll

Freedom (3) Front axle vertical translation (3) Left wheel vertical translation

(4) Rear axle vertical translation (4) Right wheel vertical translation

3. Full-car model:
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(a) PVSS. (b) SAVSS, with variable

damper.

(c) AVSS, with force actua-

tor.

Figure 2.1: Differences between quarter-car PVSS, SAVSS and AVSS.

Figure 2.2: Schematic of a half-car AVSS model for observing vehicle pitching mo-

tion.
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The simplest form is a 7-DOF vehicle suspension system model. The seven

DOF are: Vehicle heave, pitch, roll and 4-DOF for the 4 wheels of the vehicle.

Different suspension system physical setups have been modelled; a full-car

AVSS modelled with fully independent front and rear suspension, mixed (front

independent and rear dependent) and fully dependent suspension as modelled

by Pedro (2007), Youn et al. (2006) and Vatankhah et al. (2009) respectively.

Simultaneous analysis of vehicle handling and ride comfort at passenger level is

possible by addition of passenger seats in half and full-car models (Li et al., 2008;

Guclu and Gulez, 2008). In addition, suspension system modelling has been applied

to purposes other than passenger comfort, such as numerical simulation of damage

to fruits in transit using a passive half-car vehicle suspension model (Van Zeebroeck

et al., 2008).

The quarter-car, half-car and full-car suspension models are capable of providing

information for ride comfort and vehicle handling analysis. The quarter-car is the

least computationally demanding of the three models and is limited to analysis at

one wheel. It therefore does not enable observation of vehicle pitching or rolling.

Lower computational complexity is the advantage of the half-car over the full-car

model. However, separate models are required to monitor either vehicle pitch or roll,

together with axle or wheel translation and suspension travel. The full-car model

enables simultaneous monitoring of all these states (Hrovat, 1997). The levels of

modelling complexity and limitations of the types of analysis possible on quarter-

car, half-car and full-car AVSS are summarized in Table 2.2.

2.5 High and Low Bandwidth Active Vehicle Suspen-

sion Systems

The positional relationship between the spring, damper and actuator affects the

bandwidth (frequency range of operation) of the actuator (Koch et al., 2010). A

survey indicated the two commonly cited types of setups in the literature:

1. High Bandwidth (HB):

HB are also known as broad-bandwidth (Hrovat, 1997; Williams, 1997b). In

these systems a double-acting actuator is connected directly to the body and

wheel, see Figure 2.1(c). If the actuator supports the total sprung mass weight
1Used in Vehicle Ride Comfort Analysis
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Table 2.2: Summary of modelling complexity and limitations of the types of analysis

possible for different vehicle suspension system models
Item Quarter-Car Half-Car Full-Car

Suspension Suspension Suspension

Model Model Model

Mathematical

Low Medium HighModelling

Complexity

Heave Single wheel
Half vehicle Full vehicle

Acceleration 1 only

Pitch Angular
- Model Dependent Full vehicle

Acceleration 1

Roll Angular
- Model Dependent Full vehicle

Acceleration 1

Road Single Either front and rear

All wheelsHolding wheel or left and right wheels

Analysis only depending on the model

Suspension Single Either front and rear or left All

Travel wheel and right suspension workspace suspension

Analysis only depending on the model workspaces
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it is called fully-loaded. The system is partially loaded if there is a spring and

or damper in parallel with the actuator (Fischer and Isermann, 2004). Partially

loaded systems have the following advantages over fully loaded systems:

(a) The spring supports the static vehicle load.

(b) In case of actuator failure the spring and damper behave like a passive

suspension system.

2. Low Bandwidth (LB):

LB are also known as narrow-bandwidth (Hrovat, 1997; Williams, 1997b).

Two variants of this system have been noted in the literature. The first, Low

Bandwidth type-1 (LB1), consists of an actuator in series with a spring; the

combination is setup parallel to a damper (if a damper is present). In the

second variation, Low Bandwidth type-2 (LB2), the actuator is in series with

a spring and damper pair. The resulting system realizes the same advantages

described for partially loaded HB AVSS. Single acting actuators are used in

LB AVSS. The difference between LB1 and LB2 AVSS is illustrated in Figure

2.3.

HB AVSS have a wider frequency operating range thus requiring high bandwidth

controllers, actuators and sensors, increasing costs. Williams (1997b) found that

the addition of variable damping in both HB and LB AVSS could result in energy

saving. This was confirmed by Koch et al. (2010). Simulation results indicated that

replacement of the passive damper with a variable damper can increase the LB1

AVSS range of operation, making it more comparable with that of HB AVSS.

Advantages and disadvantages and performance comparison of HB and LB AVSS

can be found in Williams (1997b). In this report, a HB suspension setup will be

applied due to its wide operating range.

2.6 Nonlinearity in Suspension Systems

Suspension systems often in the past have been modelled as linear systems (Pedro,

2003; Pedro, 2007; Koch et al., 2010). However, the nonlinear nature of real suspen-

sion system components, coupled with uncertainties makes linear modelling inade-

quate. In contrast, modelling nonlinearities comes at a higher computational cost

(Cao et al., 2008).

Springs display elastic hysteresis behaviour. Hydraulic dampers produce different
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(a) A Low Bandwidth type-1

AVSS.

(b) A Low Bandwidth type-2

AVSS.

Figure 2.3: Difference between Low Bandwidth type 1 and type 2 AVSS.

force-velocity response characteristics on compression and expansion strokes. This

type of hysteresis is evident when viewing force-velocity plots of hydraulic dampers

(Foale, 2006; Guglielmino et al., 2008).

Nonlinearities in servo hydraulic actuators are caused by: hydraulic fluid compress-

ibility, valve flow pressure nonlinearities, backpressure due to sprung mass-actuator

interaction, dead-zone due to spool-valve overlap and leakage of hydraulic fluid (Ji

et al., 2007; Cao et al., 2008; Bessa et al., 2010). Difficulty in modelling and estima-

tion of hydraulic friction adds to model uncertainty. Hydraulic friction is nonlinear

and varies with time. It is a function of stick-slip friction, Coulomb friction and

external loading (Foale, 2006; Huang and Lin, 2007; Cao et al., 2008).

The 2-DOF model of a quarter-car, common place in the literature, is a simplified

linear model of the suspension geometry. Kinematic modelling is required to capture

the true dynamics at the wheel. Al-Holou et al. (2002) proposed the use of a kine-

matic model of a quarter-car suspension that showed how wheel camber, upper arm

and lower arm angle and upper and lower control arm masses affect wheel dynamics.

This model is highly nonlinear.
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2.6.1 Suspension System Constraints

Suspension travel bottoming and topping are another cause of nonlinear behaviour.

It occurs when discrete-event road input disturbances, like potholes and bumps,

cause wheel displacements large enough for the wheel to hit suspension travel lim-

its (Hrovat, 1997). In spite of suspension strut bushing’s ability to reduce road

disturbance harshness, they are another source of nonlinear behaviour. There are

hard-limit/constraints to the voltage that can be applied to an actuator. This is de-

pendent on the capacity of the vehicle’s power supply, and also the actuator’s ability

to survive high voltages. The amount of force an actuator can supply is also finite.

This is nonlinear behaviour (Du and Zhang, 2009; Dahunsi et al., 2009; Dahunsi

et al., 2010; Pedro and Dahunsi, 2011). All the previously discussed effects need

to be accounted for in order to produce a more realistic suspension model (Cao

et al., 2008).

2.7 Actuators in Active Vehicle Suspension Systems

AVSS utilize force introducing actuators to achieve improved performance over PVSS

and SAVSS. Some of the actuators in the literature have been listed below:

1. Hydraulic

These actuators are divided into two categories:

(a) Servo-Hydraulic Actuators with a central hydraulic fluid reservoir (Williams,

1997b; Huang and Lin, 2007).

(b) Electro-Hydro Static Actuator (EHA) which eliminates the need for a cen-

tral hydraulic fluid reservoir, replacing it with a motor driven hydraulic

pump at each actuator (Farong and Zongde, 2007; Bessa et al., 2010).

2. Pneumatic (Anakwa et al., 2002; Yoshimura and Teramura, 2005; Ballo, 2007;

Priyandoko et al., 2009).

3. Electromagnetic Motors which are divided into two categories:

(a) Rotary Electromagnetic Motor actuator. These actuators consist of ro-

tary electrical motors with gearboxes or ball screws that convert the ro-

tary motion of the motors to linear motion. The linear movement is

applied to control the suspension (Martins et al., 2006).
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(b) Linear Brushless Tubular Permanent Magnet Actuators (TPMA) and

Linear Electromagnetic Motors (Jones, 2005; Martins et al., 2006; Lee

and Kim, 2010; Gysen et al., 2010). These actuators use linear electro-

magnetic motors, eliminating the need for a gearbox (unlike their rotary

counterpart). However, these systems are often larger than hydraulic ac-

tuators and produce excessive heat in sustained load bearing (Martins

et al., 2006; Bessa et al., 2010).

4. Hybrid Actuators

An example of these actuators combines an electromagnetic rotary motor with

a ball-screw (for rotary to linear motion conversion) with hydraulic dampers

(Sahin et al., 2010).

Servo-hydraulic actuators are often selected for use in AVSS because they exhibit the

following characteristics (Farong and Zongde, 2007; Du and Zhang, 2008; Dahunsi

et al., 2009; Bessa et al., 2010):

1. High power to weight ratio, quick response;

2. Lower cost and high stiffness;

3. Sustained force generation without overheating;

4. Compact in size.

Servo-hydraulic actuators have therefore been chosen for this project. It should be

noted though, that these systems suffer from leakage in valve and pressure hoses.

They also need a large central hydraulic fluid reservoir coupled with a large power

supply and require constant pressurization to avoid pressure fluctuations (Farong

and Zongde, 2007; Gysen et al., 2010). A comparison of EHA and servo-hydraulic

actuator characteristics is given in (Farong and Zongde, 2007).

2.8 The Need for Actuator Force Feedback

Most AVSS research work in the past has focused on design of an outer control

loop which calculates the desired actuator control force. This force is calculated

based on measurements or estimates of vehicle states and the road input distur-

bance. This approach has limited the amount of experimental validation possible
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because it does not account for the dynamics of the actuator (Chantranuwathana

and Peng, 2004; Sam and Hudha, 2006). Hydraulic actuators have highly nonlinear

behaviour as stated in Section 2.6 and are prone to chattering in AVSS applications

(Chantranuwathana and Peng, 2004). In addition, it is difficult to achieve the de-

sired force because the hydraulic force generation is tightly coupled to the vehicle

body motion, creating backpressure (Sam and Hudha, 2006). Therefore actuator

force feedback is required to ensure that the hydraulic actuator is stabilized, attain-

ing the desired forces to improve the vehicle ride comfort and road holding.

As a result, most of the current literature is either focused on design of both

the inner force control loop and the outer desired force generating loop, or the

inner loop alone. Examples of works in which both control loops are designed in-

clude Chantranuwathana and Peng (2004) using Model Reference Adaptive Control

(MRAC), Sam and Hudha (2006) with a PI inner force control loop and a state

feedback outer loop, Priyandoko et al. (2009) with a combination of several NN-

based outer loops with skyhook control and an inner control loop. Fateh and Alavi

(2009) developed a FBL inner control loop with FLC to generate the desired force

signal. Marusak and Kuntanapreeda (2011) presented an MPC force controller for

a hydraulic actuator.

2.9 Control of Active Vehicle Suspension Systems

Results of a literature survey of the different control methodologies that have been

applied to AVSS are listed below. Due to the integration of different control sys-

tem methods, classification into strict categories was difficult. Nevertheless, several

different control methods are discussed in Sections 2.9.1 to 2.10.4.2.

2.9.1 Robust Control Methods

Marzbanrad et al. (2002) conducted a comparative performance analysis of opti-

mally controlled full-car AVSS models with time delay and preview control. Linear

Quadratic Gaussian (LQG) with state estimation was presented as the main sus-

pension control in the work of Chantranuwathana and Peng (2004) on a quarter-car

AVSS model. Modular adaptive robust control was applied to achieve force con-

trol of the nonlinear actuator that was used. Hrovat (1997) reviewed LQR optimal

control techniques. Koch et al. (2010) determined the frequency response range of

an LQR controlled LB1 AVSS with variable damping ratio and compared it to a
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HB AVSS. Normalized Root Mean Square (RMS) plots, similar to those plotted

in Hrovat (1997), were derived from the results. Pedro (2003) designed an LQR

controller for a half-car AVSS, including seat dynamics. Pedro and Mgwenya (2004)

presented LQR control method for a full-car AVSS with actuator dynamics.

Akcay and Turkay (2008) developed an H2 AVSS controller to investigate the effect

of tyre damping on quarter-car control system performance. Yousefi et al. (2007)

highlighted the need for low-order control design, focusing on H∞ AVSS control. A

comparative analysis of 6 different H∞ order reducing methods was provided in this

work. Akcay and Turkay (2009) studied the influence of tyre damping on mixed

H2/H∞ control of a quarter-car AVSS. The MATLAB Linear Time Invariant (LTI)

toolbox was used to determine the suitable compromise between comfort and road

holding. Pedro (2006) compared H2/H∞ control of a full-car AVSS, subject to a

deterministic road input. Sun and Chen (2003) proposed an H2/GH2 control scheme

for a half-car AVSS. Actuator dynamics were considered in this work, where H2

control was applied to the sprung mass vertical acceleration, and GH2 was applied to

deal with power supply, suspension deflection and tyre dynamic load (to prevent loss

of contact between the tyre and road) constraints. Linear Matrix Inequalities (LMI)

was then used for closed-loop feedback optimization. Du and Zhang (2008) did

similar work but went further to use a combination of GA and LMI to obtain the

optimum feedback solution. Lauwerys et al. (2005) and Gaspar and Kuti (2005)

applied H∞ and µ synthesis for linear control of a quarter-car AVSS with nonlinear

actuator and a full-body (2148-DOF) truck with flexible chassis respectively. Pedro

(2007) employed an H2 − LQG/ Loop Transfer Recovery (LTR) method for active

control of a 7-DOF full-car suspension system. The controller was optimized using

H2 methods.

Fiahlo and Balas (2002) and Gaspar and Szederkenyi (2007) developed Linear Pa-

rameter Varying (LPV) controllers with nonlinear backstepping for control of a

quarter-car AVSS with actuator dynamics. Du and Zhang (2008) developed a ro-

bust LMI/GA based controller for a quarter-car AVSS. The controller maintained

good suspension system performance in spite of actuator response lag and changes

in sprung mass load.

Liberzon et al. (2001) investigated the use of Quantitative Feedback Theory (QFT)

to control a nonlinear 3-DOF quarter-car, off-road vehicle model. The model was

linearized and represented in LTI form. Liu and Luo (2006) modelled a quarter-car

AVSS with actuator dynamics using a combination of different techniques. LQG was

used to design the optimal controller gain. A backstepping technique was applied
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to model nonlinear hydraulic actuator dynamics. The authors then employed gain-

scheduling to vary the LQG controller gain according to road conditions. In a

comparative study on ride comfort, Mantaras and Luque (2006) reduced sprung

mass acceleration of a simple 2-DOF, quarter-car AVSS model using classical pole-

assignment controller design. The performance was judged against other AVSS

controller designed using intelligent, robust and optimal methods.

2.9.2 Nonlinear Control Methods

Yoshimura et al. (2001) and Xiao and Kulakowski (2003) developed Sliding Mode

Control (SMC) for a nonlinear pneumatic quarter-car test-rig and half-car AVSS

respectively. In both models the sliding surfaces were obtained by Linear Quadratic

(LQ) methods. Yagiz and Hacioglu (2008) studied backstepping control design for

a 7-DOF full-car AVSS. The springs in this model were nonlinear and the dampers

were assumed piece-wise linear. Actuator dynamics were not considered.

2.10 Control Methods Directly Related to this Work

2.10.1 Application of PID control for AVSS

Guclu (2003) developed a PID controller for an 8-DOF full-car model with active

seat and suspension control, testing the system response for a road bump. Dry

friction of the dampers was included in the model. PID controller gain tuning for

the two systems described above was achieved using Ziegler-Nichols rules. Perfor-

mance comparison of the two systems was carried out against passive suspension

systems. Sam and Hudha (2006) used PI control techniques to perform force control

of an AVSS hydraulic actuator with nonlinear actuator dynamics. A bump on an

otherwise smooth road was the input disturbance. All the PID-controlled AVSS

described in the text above were able to minimize sprung mass acceleration and

deflection, suspension deflection and tyre deflection. Kumar (2008) designed a PID

controller for a linear, quarter-car AVSS. Random and step road input disturbances

were applied. In (Fateh, 2010), robust impedance control of a nonlinear AVSS with

actuator dynamics was developed. A robust PID controller was used for force track-

ing via actuator control current. A separate robust PID controller was used for

sprung mass position control.
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2.10.2 Application of Feedback Linearization Control for AVSS

Chien et al. (2008) and Huang et al. (2009) presented detailed approaches on the

application of Feedback Linearization (FBL) to a Multiple Input Multiple Output

(MIMO) system, by applying it to nonlinear half-car and full-car AVSSs respectively.

The nonlinearity in the models was due to the assumption that the vehicles could

roll or pitch through large angles about their centres of gravity. Actuator dynamics

were ignored and all suspension system components were considered linear. Huang

et al. (2009) further developed the ideas presented in (Chien et al., 2008) by aug-

menting the FBL with Fuzzy Logic Control (FLC).

Fateh and Alavi (2009) focused on a multi-objective approach, by designing an

impedance controller to deal with the compromise between ride comfort and road

holding. This was applied to a linear, quarter-car AVSS with nonlinear hydraulic

actuator dynamics. Two control loops were used: FBL for the inner hydraulic ac-

tuator force control loop and FLC for the outer sprung mass position control loop.

The author proved stability of the impedance controller via Routh-Hurwitz method.

For an input disturbance consisting of two sinusoidal bumps on an otherwise smooth

road, the AVSS significantly improved the vehicle performance compared to a simi-

lar passive suspension system.

In (Shi et al., 2010), a hydropneumatic spring actuator was applied to an AVSS.

The actuator mathematical model was first developed. The close correlation be-

tween the mathematical model simulation results and experimental results from the

actual model, validated the mathematical model. Selection of the vehicle body po-

sition as the controlled variable enabled exact FBL of the suspension system (since

the system dimension was equal to the system relative degree). SMC was then uti-

lized to control the linearized model. The AVSS performed better than the passive

vehicle suspension for both random road and shock-inducing force input.

2.10.3 Application of Model Predictive Control for AVSS

With regards to Semi-Active Vehicle Suspension Systems (SAVSS) control, (Giorgetti

et al., 2006) considered the hybrid control of a quarter-car SAVSS using Model Pre-

dictive Control (MPC). Canale et al. (2006) proposed a fast MPC controller for a

decoupled half-car SAVSS with nonlinear damping.
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Mehra et al. (1997) demonstrated real-time nonlinear control of a quarter-car AVSS

using MPC. Nonlinearities considered in the model were variation of spring force

near suspension limits, and tyre lift-off phenomenon. Chen and Scherer (2004)

developed a robust MPC for a quarter-car AVSS using LMI optimization. Kashtiban

et al. (2009) designed a predictive optimal controller for a half-car active suspension

system. A Taylor series expansion was employed to estimate future values of the

system state variables. The half-car model included actuator dynamics and nonlinear

springs and dampers.

Shoukry et al. (2010) developed a generalized predictive controller for a quarter-car

AVSS model for online application. Li et al. (2010) proposed the application of

traditional MPC to real-time control of a half-car AVSS. Nonlinear servo-hydraulic

actuator dynamics were considered in the model. The controller proved effective

during experimental testing on a half-car test-rig. Apart from Kashtiban et al.

(2009), no consideration was given to the presence of nonlinearity due to the use of

nonlinear springs, dampers and hydraulic actuator dynamics simultaneously in the

MPC AVSS described in the preceding text.

2.10.4 Application of Neural Network-based Control for AVSS

2.10.4.1 Artificial Neural Networks

Artificial Neural Networks (ANN), referred to in this report as Neural Network (NN),

are computational structures that imitate natural neurons found in the brain. ANN

have the following attributes (Hunt et al., 1992; Burns, 2001):

1. Ability to approximately map nonlinear systems.

2. Parallel distribution of ANN and hence parallel information processing (good

for MIMO systems) results in fault tolerance and rapid processing speeds.

3. Capable of experiential learning and generalizing, based on previous knowl-

edge, when presented with unknown data.

4. Can be trained on or off-line.

5. ANN performance degrades gradually if some neurons fail or are removed (fail-

safe property).

A survey of the literature revealed some of the current control techniques used to

design intelligent AVSS. Vatankhah et al. (2009) combined the benefits of NNs and
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FLC in a Neuro-Fuzzy (NF) control scheme. Spentzas and Kanarachos (2002) pro-

posed a hybrid NN-based controller to reduce high energy consumption inherent in

AVSS. (Huang and Lin, 2007) developed and tested an adaptive NN-based sliding

mode controller. A Radial Basis Function (RBF) NN was used in this work. Both

Priyandoko et al. (2009) and Dahunsi et al. (2010) developed intelligent controllers

based on combining PID and NN techniques.

Spentzas and Kanarachos (2002) described a nonlinear hybrid control method for

active suspension systems. A Taylor series structured NN was used to control the

AVSS. The global optimum weights for the NN were obtained by the use of semi-

stochastic parameter optimization procedure. Modelling of the quarter-car, AVSS

emphasized the suspension travel constraints; in this case the maximum suspension

travel allowable was 8 cm. Two case-scenarios are described namely continuous and

discontinuous operation. In the continuous mode, the AVSS controller remains active

throughout the simulation. In discontinuous mode, an assumption was made that

the passive suspension system was designed well enough to cope with bumps of am-

plitude below a certain threshold, named Amean. Above Amean, the NN controller

would be activated to provide disturbance rejection. Simulation results indicated

that the control action only occurred when bumps of amplitude above Amean were

encountered. The discontinuous mode therefore lead to energy savings. However,

the nonlinearity in the model was not so obvious.

Renn and Wu (2007) introduced two control schemes for the nonlinear servo-hydraulic,

quarter-car, AVSS. The nonlinearity was attributed to nonlinear actuator dynamics.

The first control system was a discrete-time PID control. Ziegler-Nichols rules were

used to determine the PID gain parameters. The second control was a NN. Indi-

vidual neurons were sigmoid function activated and the gradient steepest descent

backpropagation method was used to train the network. Simulation was carried out

in MATLAB and experimental validation on a quarter-car test-rig. The quarter-car

model was excited by a sinusoidal bump followed by a sinusoidal pothole on an other-

wise smooth road. Agreement in both simulation and experimental results indicated

that the NN-based controller was better at suppressing sprung mass oscillation (for

body acceleration and deflection) than the PID controller.

Huang and Lin (2007) developed a Neural Network-based Adaptive Sliding Mode

Controller (ANSMC). This application used 11 hidden neurons for the RBF NN,

utilizing adaptive rule for weights adjustment of RBF NN in real-time. Modifications

were made to minimize sliding mode chattering. The nonlinear, time-varying actu-

ator dynamics were taken into account in the quarter-car model, justifying the need
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for model-free intelligent control. The SMC output was used as the RBF NN input.

The RBF NN neurons were Gaussian function activated. The system was designed

to require measurement of only two states, sprung mass and tyre axis displacement.

The quarter-car was excited by a concave-convex bump road profile and a random

road profile. The ANSMC was able to minimize a large margin sprung mass dis-

placement and acceleration compared to a passive suspension system for both road

profiles. Controller performance comparison was done against a Self-Organizing

Fuzzy Control (SOFC) and an Adaptive Fuzzy Sliding Mode Control (AFSMC). The

ANSMC produced the shortest settling time for both road profiles. The ANSMC

also had the smallest magnitude for Power Spectral Density (PSD) analysis of the

sprung mass acceleration response to both road profiles.

In the work done by Vatankhah et al. (2009), a 7-DOF, full-car vehicle model with

dependent front and rear suspension was developed. A 6-layer NF control structure

was implemented. Takagi-Sugeno-Kang rules were used for the fuzzy inference sys-

tem on the 5th layer of the NF network. Controller performance was evaluated by

a critic agent, which in turn produced a reinforcement signal to update the neuro-

fuzzy weights. Reinforcement learning was the learning method used to train the

NF controller, adapting the weights. Open and closed-loop simulation of the system

response to wheel unbalance and road surface roughness was performed, plotting

the time responses of system state variables. Comparison of the results indicated

the effectiveness of the NF controller at reducing sprung mass vibration, pitching

and rolling.

Priyandoko et al. (2009) employed Skyhook and Adaptive Neuro Active Force Control

(SANAFC) for vibration attenuation on a quarter-car model. It was assumed that

the wheel always maintained contact with the road surface during operation. The

control system consisted of four control loops. Loop 1 used a PID to track sprung

mass trajectory and input disturbances. Loop 2 used a PI controller to track the

actuating force of a nonlinear pneumatic actuator. Loop 3 used skyhook damping

control and loop 4 was used for active force control. A neural network trained using

Levenberg-Marquardt (LM) algorithm was implemented to approximate nonlinear

behaviour of the pneumatic actuator using inverse mapping. In comparison to pas-

sive and PID controlled suspension systems, the SANAFC significantly improved

the ride comfort. However, not much improvement was obvious for SANAFC over

the PID for suspension and tyre deflections. The experimental results validated the

SANAFC method.

A hybrid PID feedback controller with Multi-Layer Perceptron (MLP) feedforward
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NN, PIDNN, was presented by Dahunsi et al. (2010) to control a quarter-car AVSS,

with nonlinear hydraulic actuator dynamics. The suspension system was set to track

a square-wave suspension travel reference trajectory, in the presence of a sinusoidal

bump on a smooth road. The PIDNN-based AVSS was then compared to a PID

controlled AVSS. Both controllers produced good disturbance rejection, however,

the PIDNN did not produce better tracking results than the PID; it had greater

overshoot. In addition, PIDNN control input voltage exceeded the limits at cer-

tain instances and chattered throughout the length of the simulation. However, the

authors concluded that the PIDNN was the controller of choice because of PIDs

reputation of lack of robustness to parameter variation, modelling uncertainties and

the nonlinear nature of AVSS.

2.10.4.2 Application of Neural Network-based Feedback Linearization

Control for AVSS

Buckner et al. (2000) employed RBF NNFBL to control a quarter-car AVSS, with

a specially designed linear electro-mechanical force actuator, for application on off-

road military vehicles. The RBF NN were used to estimate the nonlinear suspension

damping and spring forces, to cancel out nonlinear suspension dynamics by applica-

tion of feedback linearization. RBF NN training was performed using input-output

data, obtained from a quarter-car suspension test-rig’s response to a sinusoidal road

input disturbance. The input disturbance amplitude remained constant, while, the

frequency varied between the vehicle body-hop and wheel-hop frequencies. This en-

sured that the data captured contained important vehicle body dynamic behaviour.

Online testing of the controller on the quarter-car suspension test-rig showed a

marked improvement in sprung mass acceleration reduction of the RBF NN con-

troller over a Proportional plus Derivative (PD) controller (used as a performance

benchmark). RBF NN had the ability to update weights online, hence it was adap-

tive.

A nonlinear, quarter-car AVSS (with electro-hydraulic actuation) was used by Pedro

and Dahunsi (2011) to demonstrate the application of NNFBL control, for nonlinear

systems. LM trained MLP NNs were used for nonlinear function approximation. The

NN-based controller out-performed a PID controlled suspension system at tracking

a square-wave suspension travel reference signal, by producing better tracking at a

lower cost (in terms of energy).
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2.11 Conclusion

AVSS offer a better compromise between ride comfort and road holding when com-

pared to PVSS, SAVSS and other forms of controlled vehicle suspension systems.

This is because of the addition of a force generating actuator into a passive suspen-

sion system. Half-car AVSS mathematical modelling offers more observable vehicle

states compared to quarter-car AVSS but at a higher computational cost. Although

the half-car AVSS model is less complex than the full-car, two separate models are

required to observe all the vehicle states that are observable on the full-car AVSS.

Increasing the AVSS operating bandwidth by placing the actuator in parallel with

the spring and /or damper, results in better performance but at a higher energy

cost.

Nonlinearities present in actual AVSS motivates the need for inclusion of nonlin-

earity in AVSS mathematical modelling. This would ensure that simulation results

obtained are more realistic. In AVSS design, hydraulic actuator are the most widely

used of all actuators; this is because they possess characteristics suitable for this

application such as high power to weight ratio and lower cost. However, the high

degree of nonlinearity associated with these systems requires the application of ac-

tuator force feedback. The actuator force feedback control methods need to perform

well in the presence of uncertainty and parameter variation. Furthermore, sus-

pension travel constraints, power supply and actuator force generating limitations

highlight the need for control methods that account for system constraints. Appli-

cation of FBL would enable linearization of nonlinear AVSS models, enabling usage

of linear control methods like MPC. MPC is capable of handling model constraints

present in AVSS. Inclusion of Neural Networks (NNs) would be advantageous in

the presence of model uncertainties and parameter variations, due to their learn-

ing and generalizing ability when presented with unknown data (Hunt et al., 1992).

Controllers such as NNFBL, MPC have been applied mostly to quarter-car AVSS

making application of such controllers to half-car AVSS an important contribution.
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3 PHYSICAL AND MATHEMATICAL

MODELLING

3.1 Introduction

This chapter presents the mathematical modelling of the nonlinear half-car AVSS

with nonlinear hydraulic actuator dynamics, that is utilized throughout the numer-

ical simulations in the rest of this work. A similar nonlinear PVSS model, for com-

parison is also modelled. The chapter is introduced in Section 3.1, this is followed

immediately in Section 3.2 by a statement of the assumptions taken in the mod-

elling. Suspension system modelling then commences with the suspension springs

and dampers (Section 3.3), deriving the tyre force model in Section 3.4, input dis-

turbance modelling (Section 3.5), development of the hydraulic actuator model in

Section 3.6 and finally, presentation of the complete nonlinear suspension model

with actuator dynamics in Section 3.7, the difference between the AVSS and PVSS

is highlighted in Section 3.8 just before concluding the chapter in Section 3.10. All

MATLAB/SimulinkR© implementations of the models are given in Appendices A.1

to A.5.

3.2 Modelling Assumptions

The following simplifying assumptions are made during the mathematical modelling

of the nonlinear, half-car active suspension system (Pedro, 2007):

1. All joints connecting suspension system components are considered to be ideal.

2. The vehicle is moving in a straight line in the horizontal direction at a constant

velocity. Different vehicle velocities are applied to test controller robustness

to variation in speed. Forces and moments due to cornering, accelerating and

braking of the vehicle are neglected.
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3. Both the sprung and unsprung masses (the vehicle body and the wheels) are

assumed to be uniform in mass.

4. Sprung mass loading does not vary with time (Chen and Huang, 2005b; Gao

et al., 2006; Du et al., 2008). Different sprung mass loading are applied to test

controller robustness to parameter variations.

5. The vehicle body is taken as rigid.

6. Road surface roughness and irregularities are the sole source of vehicular vi-

bration (road surface elastic deformation and engine induced vibrations are

ignored).

7. Both non-uniformity of the tyre as well as wheel unbalance effects are disre-

garded.

8. The sprung mass centre of mass rests along the vehicle body’s longitudinal

centreline.

9. Sensors used respond instantly to changes in measured parameters (Du and

Zhang, 2007; Lei and Tang, 2008).

10. Heaving and pitching are taken as the main vehicle body movements. Other

possible motions such as yawing, rocking and lateral motions of the sprung

mass centre of gravity about the nominal travel path are neglected.

11. The simulation is carried out at the point of dynamic equilibrium. Therefore,

weight of the vehicle is ignored.

12. The vehicle body pitch angular displacement, θ, varied through large angles

about the point of equilibrium (Huang et al., 2010).

13. Tyre damping couples the wheel and the vehicle body motion at the wheel-hop

frequency and thus is not ignored (Turkay and Akcay, 2007).

3.3 Nonlinear Suspension Modelling

A half-car AVSS is illustrated in Figure 2.2, showing the suspension system compo-

nents and their relative positions. Using the free body diagram given in Figure 3.1,

the suspension forces can be determined.

Since the vehicle pitch angular displacement, θ, is assumed to vary through large
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Figure 3.1: Free-body diagram of a half-car AVSS.

angles about the point of equilibrium (Modelling Assumption No.: 12), small an-

gle approximations such as those found in (Szaszi et al., 2002) and (Hassanzadeh

et al., 2010) do not apply. Thus, the front and rear sprung mass displacements

zf and zr are given below; the front and rear sprung mass velocities, żf and żr

respectively, are the time-derivatives of zf and zr (Huang et al., 2010):

zf = zc − lf sin θ (3.1)

żf = żc − lf θ̇ cos θ (3.2)

zr = zc + lr sin θ (3.3)

żr = żc + lrθ̇ cos θ (3.4)

with lf and lr denoting the front and rear axle distances from the sprung mass centre

of gravity, while θ̇ is the pitch angular velocity.

The suspension springs have linear components: kslf and kslr are the front and

rear linear spring constants, and nonlinear components: ksnlf and ksnlr are the front

and rear suspension nonlinear spring constants respectively. Taking the relative dis-

placements between the front and rear unsprung masses and the sprung mass, front

and rear suspension system spring forces Fksf and Fksr are calculated as:

Fksf = kslf (ztf − zf ) + ksnlf (ztf − zf )3 (3.5)

Fksr = kslr(ztr − zr) + ksnlr (ztr − zr)3 (3.6)
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where ztf and ztr are the front and rear unsprung mass displacements respectively.

The suspension dampers have linear, bslf and bslr, asymmetric bssymf and bssymr and

nonlinear bsnlf and bsnlr components. Considering the relative velocity between the

unsprung masses and the sprung mass, Fbsf (the front damping force) and Fbsr (the

rear damping force) are expressed in Equations (3.7) and (3.8) as:

Fbsf = bslf (żtf − żf )− bssymf |żtf − żf |

+bsnlf

(√
|żtf − żf |

)
sgn(żtf − żf ) (3.7)

Fbsr = bslr(żtr − żr)− bssymr |żtr − żr|

+bsnlr
(√
|żtr − żr|

)
sgn(żtr − żr) (3.8)

where żtf and żtr are the front and rear unsprung mass velocities respectively and

“sgn” is the signum function. Appendix A.1 contains MATLAB/SimulinkR© Imple-

mentation of nonlinear suspension system components in Section 3.3.

3.4 Tyre Force Modelling

The value of tyre damping is determined by tyre type, tyre wear, applied pressure

and whether the tyre is free or rotating. Simulation results in the research carried

out by (Turkay and Akcay, 2007) indicated that tyre damping couples the wheel

and sprung mass motion, eliminating a constraint at the wheel-hop frequency. Due

to difficulty in estimating its value, tyre damping is a factor often neglected in the

literature (Szaszi et al., 2002; Hassanzadeh et al., 2010). Turkay and Akcay (2007)

found a tyre damping equal to 10% of the suspension damping (bsli) as a realistic

estimate. Therefore, in this work, the front and rear tyre damping coefficients, btf
and btr respecively, are calculated as:

btf = 0.1(bslf ) (3.9)

btr = 0.1(bslr) (3.10)

The tyre force at each wheel (Ftf at the front and Ftr at the rear) is therefore equal

to sum of the corresponding tyre spring and damping forces. The front tyre force

components Fktf and Fbtf in Equations (3.11) and (3.12) are the front spring and

damping forces, while the rear tyre spring and damping forces are Fktr and Fbtr

respectively. Fktr and Fbtr are expressed in Equations (3.14) and (3.15). ktf , ktr,

represent the front and rear tyre spring coefficients respectively.

Fktf = ktf (ztf − wf ) (3.11)
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Fbtf = btf (żtf − ẇf ) (3.12)

Ftf = Fktf + Fbtf (3.13)

Fktr = ktr(ztr − wr) (3.14)

Fbtr = btr(żtr − ẇr) (3.15)

Ftr = Fktr + Fbtr (3.16)

The input disturbance models at the front and rear wheels (wf and wr) which appear

in Equations 3.11 and 3.14 will be developed in Section 3.5. ẇf and ẇr are the time-

derivatives of wf and wr respectively. Appendix A.2 contains MATLAB/SimulinkR©

Implementation of nonlinear suspension system components in Section 3.4.

3.5 Input Disturbance Modelling

Vehicular vibration can be attributed to the following causes (Hrovat, 1997):

1. Wind gusts and vehicle aerodynamics;

2. Poorly damped engine vibrations;

3. Road surface conditions;

4. Vehicle attitude during manoeuvring (cornering, braking and accelerating)

(Canale et al., 2006).

In vehicle suspension system design, road surface conditions are considered as the

sole cause of input disturbance to the system. Road input disturbances are classi-

fied as either shock inducing or vibration inducing (Hrovat, 1997; Cao et al., 2008;

Guglielmino et al., 2008).

In this research, vehicle suspension system performance was evaluated as the vehicle

traversed two different road conditions commonly encountered by road vehicles:

1. A discrete road input disturbance, given in Section 3.5.1.

2. A random road input disturbance, given in Section 3.5.2.
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3.5.1 Discrete Input Disturbance

This type of input disturbance is classified as a shock-inducing road disturbances

because they result in impact forces being transmitted to the vehicle over a very short

period of time (a few seconds). Examples of such road input disturbances are speed

bumps, potholes and steps (Hrovat, 1997; Williams, 1997a). Speed bumps are “traffic

calming devices”. They are used to force drivers to reduce vehicle speed to levels

within the speed limits for a given area, for example in areas with high pedestrian

traffic such as residential, school etc. (Elizer Jr., 1993; Weber and Braaksma, 2000).

The input disturbance, illustrated in Figures 3.2 and 3.3 (a sinusoidal bump on a

smooth road) was the first input disturbance used to excite the vehicle. It is discrete

in nature and applies a high intensity shock to the vehicle over a short period of time

(Hrovat, 1997; Cao et al., 2008). The front and rear wheel input disturbances, wf
and wr respectively, are expressed in Equations (3.17) and (3.18) in which a is the

bump amplitude, t is the simulation time in seconds, td is the time delay between

the front and rear wheels, λ is the disturbance wavelength and V is the vehicle

forward velocity. The parameters used for this disturbance, listed in Table 3.1, were

obtained from the recommendations presented in (Weber and Braaksma, 2000) for

a small passenger vehicle travelling on a non-bus route.

Figure 3.2: Parameters used in computing the discrete road input disturbance (Si-

nusoidal bump on a smooth road).

wf =


a
2

(
1− cos

(
2πV tf
λ

))
1 ≤ tf ≤ 1 + λ

V

0 otherwise

(3.17)

wr =


a
2

(
1− cos

(
2πV tr
λ

))
1 + td ≤ tr ≤ 1 + td + λ

V

0 otherwise

(3.18)
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Figure 3.3: Discrete road input disturbance height wi vs. disturbance wavelength λ.

where td is the time delay between the front and rear wheel written as:

td =
lf + lr
V

(3.19)

Table 3.1: Discrete road input disturbance
Parameter Value

Vehicle forward velocity (V ) 45 km/h

Bump amplitude (a) 0.075m

Input disturbance wavelength (λ) 9.1m

3.5.2 Random Input Disturbance

A random road input disturbance represents high frequency road surface roughness.

This input can be described as a power spectral density (PSD) function that induces

sustained vehicular vibration (Hrovat, 1997; Williams, 1997a).

Figure 3.4 shows a random road profile, the third input disturbance used to excite

the vehicle. In space domain, road surface roughness power spectral density (PSD),

G(n), is expressed below in Equation (3.20) as:

G(n) = G(n0)
(
n

n0

)−ε
(3.20)

with reference spatial frequency n0 = 0.1 cycles/m, spatial frequency n and road

surface roughness coefficient G(n0). ε is a number that varies between 1.75 ≤ ε ≤
2.25 and is often set to ε = 2. It is an indicator of the presence of a greater number

of short wavelengths for small values of ε or long wavelengths for large ε therefore

34



Figure 3.4: Random road input disturbance.

specifying road surface undulation. ISO values of G(n0) for different road surfaces

are listed in Table 3.2 (Cao et al., 2008). The integral white noise method was

here applied to generate a random road profile. This method has been used in

other works such as (Cao et al., 2008) and (Lu et al., 2010) because of its simplicity

and low computational burden when compared to other methods such as harmonic

superposition and noise-shaping filter (Lu et al., 2010).

ẇf = −2πn0wf + 2π
√
G(n0)VW0(t) (3.21)

ẇr = −2πn0wr + 2π
√
G(n0)VW0(t+ td) (3.22)

where ẇi and wi are the wheel vertical velocity and displacement respectively, W0(t)

is a zero variance white noise signal with a PSD of 1, and V is the velocity of the

vehicle in the horizontal direction. For numerical simulation, the vehicle forward

velocity was set to V = 45 km/h on a class D (poor road), that is G(n0)=256 ×
(10−6m2/(cycle/m)). Appendix A.3 contains MATLAB/SimulinkR© implementation

Table 3.2: ISO road surface roughness classification G(n0) at n0=0.1cycle/m
Road Class Range Geometric Mean

×(10−6m2/(cycle/m)) ×(10−6m2/(cycle/m))

A (Very Good) < 8 4

B (Good) 8− 32 16

C (Average) 32− 128 64

D (Poor) 128− 512 256

E (Very Poor) 512− 2048 1024

of the input disturbance described in Section 3.5.
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3.6 Hydraulic Actuator Modelling

The AVSS designed thus far makes use of hydraulic actuators to introduce forces into

the suspension system. The magnitude of the hydraulic actuation forces Fai, where

subscript “i” represents either the front or rear suspension, is controlled by three-

land four-way spool servo-valves. These servo-valves are specified to operate within

the range |ui| ≤ umax, where umax is the maximum control voltage input allowable.

For a given input voltage ui, the rate of change of servo-valve displacement ẋvi is

expressed in Equation 3.23 as:

ẋvi =
1
τ

(−xvi +Kviui) (3.23)

It is a linear filter with hydraulic actuator time constant τ , servo-valve displacement

xvi and servo-valve gain Kvi. Kvi is the conversion ratio of control input voltage ui
to servo-valve displacement in meters in the servo-valve (the distance the servo-valve

is displaced for every unit of control voltage supplied) (Chen and Huang, 2005a).

The resulting hydraulic load flow Qi and pressure drop across the piston Pli are

written as:

Qi = sgn [Ps− sgn(xvi)Pli]CdisΩxvi

√
1
ρ

∣∣∣∣Ps− sgn(xvi)Pli

∣∣∣∣ (3.24)

Ṗ li =
4βe
Vt

[Qi − CtpPli −Ahyd(żi − żti)] (3.25)

where hydraulic pressure supply is represented by Ps, discharge coefficient by Cdis,

spool-valve area gradient by Ω, effective bulk modulus by βe, total actuator volume

by Vt, total leakage coefficient by Ctp, hydraulic piston area Ahyd and hydraulic fluid

density by ρ. Equations 3.24 and 3.25 can be simplified by introducing three new

parameters α, β and γ, such that:

α =
4βe
Vt

(3.26)

β = αCtp (3.27)

γ = αCdisΩxvi

√
1
ρ

(3.28)

Equations 3.24 and 3.25 can now be rewritten as:

Qi = sgn [Ps− sgn(xvi)Pli]
√
|Ps− sgn(xvi)Pli| (3.29)

Ṗ li = γQixvi − βP li − αAhyd(żi − żti) (3.30)
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Therefore, the resulting hydraulic actuation force, Fai, for a hydraulic piston area

Ahyd is given by Equation 3.31:

Fai = AhydPli (3.31)

The hydraulic actuator parameters have been provided in Table 3.3 (Szaszi et al.,

2002; Fiahlo and Balas, 2002; Du and Zhang, 2009). Figure 3.5 is a diagram of a

double-acting hydraulic actuator. The MATLAB/SimulinkR© implementation of the

front suspension hydraulic actuator has been provided in Appendix A.4.

Table 3.3: Hydraulic actuator parameters
Parameters Value

α 4.515× 1013N/m−5

β 1 s−1

γ 1.545× 109N/m5/2/kg1/2

Piston area (Ahyd) 3.35× 10−4m2

Supply pressure (Ps) 10342500Pa

Time constant (τ) 1/30 s

Servo-valve gains (Kvf ,Kvr) 0.001m/V

Figure 3.5: A double-acting hydraulic actuator.

3.7 Nonlinear AVSS with Hydraulic Actuator Dynam-

ics

By combining the forces due to the suspension springs and dampers (obtained in

Section 3.3) and the hydraulic actuator forces (obtained in section 3.6), it is now
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possible to calculate the forces due to the front and rear suspension components, ff
and fr. These are written as follows:

ff = Fksf + Fbsf − Faf (3.32)

fr = Fksr + Fbsr − Far (3.33)

Thus, the equations of motion of the nonlinear half-car AVSS, with hydraulic ac-

tuator dynamics, can now be derived by applying Newton’s second law of motion.

With reference to Figure 2.2, the equations of motion of a half-car AVSS of mass

Ms are:

z̈c =
1
Ms

[ff + fr] (3.34)

θ̈ =
1
Iθ

[−lfff cos θ + lrfr cos θ] (3.35)

z̈tf =
1

muf
[−Ftf − ff ] (3.36)

z̈tr =
1

mur
[−Ftr − fr] (3.37)

where z̈c, z̈tf and z̈tr are the accelerations of the sprung mass centre of gravity, front

unsprung mass and rear unsprung mass respectively, θ̈ and Iθ correspond to the

vehicle body pitch angular acceleration and pitch moment of inertia, muf and mur
are the front and rear unsprung masses (Szaszi et al., 2002; Akcay and Turkay, 2009;

Hassanzadeh et al., 2010; Huang et al., 2010). The half-car AVSS model parameter

values are listed in Table 3.4 (Szaszi et al., 2002; Fiahlo and Balas, 2002). Appendix

A.5 contains the MATLAB/SimulinkR© implementation of Equations 3.34, 3.35, 3.36

and 3.37.

3.8 Nonlinear Passive Vehicle Suspension System

The half-car PVSS suspension model used for performance comparison is similar to

the AVSS model derived thus far, excluding the hydraulic actuator dynamics given

in Section 3.6. Actuator forces, Faf and Far are therefore omitted from Equations

3.32 and 3.33. The forces due to the front and rear suspension components now

become:

ff = Fksf + Fbsf (3.38)

fr = Fksr + Fbsr (3.39)

38



Table 3.4: Half-car model parameters
Parameters Value

Sprung mass (Ms) 580 kg

Sprung mass pitch moment of inertia (Iθ) 1100 kgm2

Front unsprung mass (muf ) 40 kg

Rear unsprung mass (mur) 40 kg

Front suspension linear stiffness (kslf ) 2.35× 104N/m

Rear suspension linear stiffness (kslr) 2.35× 104N/m

Front suspension nonlinear stiffness (ksnlf ) 2.35× 106N/m

Rear suspension nonlinear stiffness (ksnlr ) 2.35× 106N/m

Front tyre stiffness (ktf ) 1.90× 105N/m

Rear tyre stiffness (ktr) 1.90× 105N/m

Front suspension linear damping coefficient (bslf ) 700Ns/m

Rear suspension linear damping coefficient (bslr) 800Ns/m

Front suspension nonlinear damping coefficient (bsnlf ) 400Ns/m

Rear suspension nonlinear damping coefficient (bsnlr ) 400Ns/m

Front suspension symmetric damping coefficient (bssymf ) 400Ns/m

Rear suspension symmetric damping coefficient (bssymr ) 400Ns/m

Front tyre damping coefficient (btf ) (See Equation 3.9) 70Ns/m

Rear tyre damping coefficient (btr) (See Equation 3.10) 80Ns/m

Length between sprung mass centre of gravity and front axle (lf ) 1.0m

Length between sprung mass centre of gravity and rear axle (lr) 1.5m
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3.9 State-Space Form of AVSS Equations of Motion

The AVSS equations of motion can be expressed in state-space form:

ẋ = f (x) + g (x) u + pw (3.40)

where x is the state vector, u is the control input vector, w is the disturbance input

vector, f (x) is the system vector, g (x) is the control input matrix and p is the

disturbance input matrix.

x =
[
zc, θ, ztf , ztr, żc, θ̇, żtf , żtr, P lf , P lr, xvf , xvr

]T
= [x1, x2, x3, x4, x5, x6, x7, x8, x9, x10, x11, x12]T (3.41)

u = [vf , vr]
T = [u1, u2]T (3.42)

w = [wf , wr, ẇf , ẇr]
T (3.43)

The output equation is given as:

y = h (x) =

[
x3 − x1 + lf sinx2

x4 − x1 − lr sinx2

]
(3.44)

f (x) = [f1, f2, f3, f4, f5, f6, f7, f8, f9, f10, f11, f12]T (3.45)

The state equations are given in Equations 3.46 to 3.54 below:

f1 = x5, f2 = x6, f3 = x7, f4 = x8 (3.46)

f5 =
1
Ms

[
kslf (x3 − x1 + lf sinx2) + ksnlf (x3 − x1 + lf sinx2)3

+bslf (x7 − x5 + lfx6 cosx2)− bssymf |x7 − x5 + lfx6 cosx2|

+bsnlf
√

(|x7 − x5 + lfx6 cosx2)sgn(x7 − x5 + lfx6 cosx2)

−Ahydx9 + kslr(x4 − x1 − lr sinx2) + ksnlr (x4 − x1 − lr sinx2)3 (3.47)

+bslr(x8 − x5 − lrx6 cosx2)− bssymr |x8 − x5 − lrx6 cosx2|

+bsnlr
√

(|x8 − x5 − lrx6 cosx2|)sgn(x8 − x5 − lrx6 cosx2)−Ahydx10

]

f6 =
1
Iθ

[
−lf
(
kslf (x3 − x1 + lf sinx2) + ksnlf (x3 − x1 + lf sinx2)3

+bslf (x7 − x5 + lfx6 cosx2)− bssymf |x7 − x5 + lfx6 cosx2|

+bsnlf (|x7 − x5 + lfx6 cosx2|)
1
2 sgn(x7 − x5 + lfx6 cosx2)−Ahydx9

)
+lr

(
kslr(x4 − x1 − lr sinx2) + ksnlr (x4 − x1 − lr sinx2)3 (3.48)

+bslr(x8 − x5 − lrx6 cosx2)− bssymr |x8 − x5 − lrx6 cosx2|

+bsnlr
√

(|x8 − x5 − lrx6 cosx2|)sgn(x8 − x5 − lrx6 cosx2)−Ahydx10

)]
cosx2
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f7 =
1

muf

[
−ktfx3 − btfx7 − kslf (x3 − x1 + lf sinx2)− ksnlf (x3 − x1 + lf sinx2)3

−bslf (x7 − x5 + lfx6 cosx2) + bssymf |x7 − x5 + lfx6 cosx2| (3.49)

−bsnlf
√

(|x7 − x5 + lfx6 cosx2|)sgn(x7 − x5 + lfx6 cosx2) +Ahydx9

]

f8 =
1

mur

[
−ktrx4 − btrx8 − kslr(x4 − x1 − lr sinx2)− ksnlr (x4 − x1 − lr sinx2)3

−bslr(x8 − x5 − lrx6 cosx2) + bssymr |x8 − x5 − lrx6 cosx2| (3.50)

−bsnlr
√

(|x8 − x5 − lrx6 cosx2|)sgn(x8 − x5 − lrx6 cosx2) +Ahydx10

]

f9 = γsgn [Ps− sgn(x11)x9]
√

(|Ps− sgn(x11)x9|)x11 − βx9

−αAhyd(x5 − lfx6 cosx2 − x7) (3.51)

f10 = γsgn [Ps− sgn(x12)x10]
√

(|Ps− sgn(x12)x10|)x12 − βx10

−αAhyd(x5 + lrx6 cosx2 − x8) (3.52)

f11 = ẍvf = −1
τ
x11 (3.53)

f12 = ẋvr = −1
τ
x12 (3.54)

g (x) is the control input matrix given in Equation 3.55 below for control input u

(see Equation 3.42):

g (x) =

[
0 0 0 0 0 0 0 0 0 0 Kvf

τ 0

0 0 0 0 0 0 0 0 0 0 0 Kvr
τ

]T
(3.55)

p is the disturbance input matrix given in Equation 3.56:

p =


0 0 0 0 0 0 − ktf

muf
0 0 0 0 0

0 0 0 0 0 0 0 − ktr
mur

0 0 0 0

0 0 0 0 0 0 − btf
muf

0 0 0 0 0

0 0 0 0 0 0 0 − btr
mur

0 0 0 0


T

(3.56)

Since the PVSS does not have hydraulic actuators, its mathematical model does not

include Equations 3.51 to 3.54 and the front and rear actuator force inputs (Ahydx9

and Ahydx10 respectively) in Equations 3.47, 3.48, 3.49 and 3.50. Thus, the PVSS

system matrix is expressed in Equation 3.57 and the control input term, g (x)u, is

omitted from state-space Equation 3.40.

f (x) = [f1, f2, f3, f4, f5, f6, f7, f8]T (3.57)
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3.10 Conclusion

In this chapter, the mathematical model of a nonlinear, half-car AVSS, with hy-

draulic actuator dynamics was developed. This was accomplished firstly by deter-

mining the forces due to the nonlinear suspension components (the front and rear

suspension springs, dampers and hydraulic actuators). The spring forces were re-

lated to relative displacements between the vehicle body and wheels, while damper

forces were related to the relative velocities between the vehicle body and wheels.

Two models for road input disturbances were given, based on the literature. The

road input disturbances exert forces on the vehicle via the wheels. Unlike most mod-

els in the literature, this AVSS model does not ignore tyre damping and also assumes

angular displacements of the vehicle body about its centre of gravity are large. The

complete model was then developed by applying Newton’s second law. A nonlinear,

half-car PVSS was also developed for results comparison. All MATLAB/SimulinkR©

implementations of the models are given in Appendices A.1 to A.5.
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CONTROLLER

IMPLEMENTATION
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4 PERFORMANCE SPECIFICATIONS

4.1 Introduction

The nature of the AVSS control problem requires improvement of vehicle ride com-

fort and road holding, while maintaining suspension travel within the limits of

the suspension workspace. The “real-life” AVSS is required to perform well in

the presence of actuator power supply and force output constraints (Pedro and

Dahunsi, 2011).

Chapter 4 gives the performance specifications for controller design, suspension

travel, vehicle road holding and ride comfort used throughout this work. In or-

der to enable in-depth comparison of performance of the AVSS with that of the

PVSS, formulae for calculating VSS RMS parameters are also given.

4.2 Performance Specifications

The following is a list of the performance specifications:

1. Nominal stability: The closed-loops should be nominally stable.

2. Disturbance rejection: The controller should demonstrate good low frequency

disturbance attenuation.

3. Good command following: The controller should be able to avoid any deviation

from the reference input.

4. Maximum allowable suspension travel can be written as:

|(zti − zi)| ≤ zmax (4.1)

where i ∈ (f, r). zmax is the maximum suspension travel. In this work, zmax
is set to 0.08m.
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5. Maximum allowable control voltage, umax is expressed as:

|ui(t)| ≤ umax (4.2)

where umax is the maximum allowable control voltage equal to ±10V .

6. Maximum allowable controlled force, Fai, is given by Equation 4.3 below:

|Fai| ≤ ±Ms× g (4.3)

where g is the acceleration due to gravity.

7. The dynamic tyre load, Fti, should not exceed the static load, F statti in order

to prevent tyre lift off phenomenon, maintaining good road holding (that is,

Fti ≤ F statti ) (Gao et al., 2006). Given that:

Fti = kti(zti − wi) + bti (żti − ẇi) (4.4)

and

F statti = g

[
Ms

(
li

lf + lr

)
+mui

]
(4.5)

therefore

Fti = kti(zti − wi) + bti (żti − ẇi) ≤ g
[
Ms

(
li

lf + lr

)
+mui

]
(4.6)

Table 4.1: F statti for ±20% Nominal sprung mass loading Ms = 580 kg

Sprung Mass Loading Front Suspension Rear Suspension

F stattf F stattr

80%Ms = 464 kg 2213.136N 3123.504N

100%Ms = 580 kg 2668.32N 3806.28N

120%Ms = 696 kg 3123.504N 4489.056N

8. Vehicle suspension parameters in terms of Root Mean Square (RMS) values:

(a) These values will enable performance comparison of the different AVSS

controllers to the PVSS:

i. Suspension Travel:

(zi − zti)RMS =

√√√√ 1
n

n∑
0

(zi − zti)2 (4.7)
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ii. Dynamic Tyre Force:

(Fti)RMS =

√√√√ 1
n

n∑
0

[kti(zti − wi) + bti (żti − ẇi)]2 (4.8)

iii. Sprung Mass Acceleration:

(z̈c)RMS =

√√√√ 1
n

n∑
0

(z̈c)2 (4.9)

iv. Pitch Angular Acceleration:

(θ̈)RMS =

√√√√ 1
n

n∑
0

(θ̈)2 (4.10)

(b) Additional parameters to compare performance of the different AVSS

controllers to each other:

i. Actuator Control Voltage:

(ui)RMS =

√√√√ 1
n

n∑
0

(ui)2 (4.11)

ii. Spool-valve Displacement:

(xvi)RMS =

√√√√ 1
n

n∑
0

(xvi)2 (4.12)

iii. Actuator Force:

(Fai)RMS =

√√√√ 1
n

n∑
0

(Fai)2 (4.13)

where n is the total number of simulation samples.

9. Ride Comfort:

Vehicle ride comfort assessment is based on the calculation of frequency weighted

RMS acceleration, according to the ISO 2631-1 standard. The frequency

weighting depends on the posture of the human body at the time of mea-

surement, location on the human body at which the comfort is being assessed

and the rotational axis that is being considered at that location. Figure 4.1

shows three locations used for a person in a seated position in a vehicle based

on the ISO 2631-1 standard (Griffin, 2007; International Organization for Stan-

dardization, 1997). These points are listed below:

(a) Seat back
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(b) Seat

(c) Feet

Table 4.2 contains the frequency weightings for different locations on the hu-

man body as well as rotational axes at each location (Griffin, 2007; Interna-

tional Organization for Standardization, 1997).

Since the AVSS and PVSS models developed in Chapter 3 do not include

Figure 4.1: Positions of axes on human body for measurement of vibration-induced

discomfort.

Table 4.2: Frequency weightings for calculation of vibration-induced discomfort
Acceleration Axis of Frequency Axis

Input Rotation Weighting Multiplication

Position Factor (kaxis)

Seat

rx (Roll) We 0.63m/rad

ry (Pitch) We 0.40m/rad

rz (Yaw) We 0.20m/rad

Seat-Back

x Wc 0.80

y Wd 0.50

z Wd 0.40

Feet

x Wk 0.25

y Wk 0.25

z Wk 0.40
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vehicle seats, the frequency weighting Wk for acceleration input at the feet is

selected. Zuo and Nayfeh (2003) developed low order approximations of the

ISO 2631-1 weighting filters, for continuous time applications such as AVSS

research. A fifth order approximation of frequency weighting Wk used in this

work is given as (Zuo and Nayfeh, 2003):

Wk (s) =
87.72s4 + 1138s3 + 11336s2 + 5453s+ 5509

s5 + 92.6854s4 + 2549.83s3 + 25969s2 + 81057s+ 79783
(4.14)

The vertical acceleration at the sprung mass center of gravity, z̈c, is the accel-

eration input to the system. The axis multiplication factor is therefore set to

kaxis = 0.40 (see Table 4.2). Thus, the weighted acceleration, awi, is calculated

as follows:

awi = kaxisWk(z̈c) (4.15)

The weighted RMS acceleration, aRMS
wi , is therefore given by Equation 4.16

below:

aRMS
wi =

√√√√ 1
n

n∑
0

(awi)2 (4.16)

Table 4.3 contains vibration-induced discomfort levels associated with various

ranges of ISO 2631-1 weighted RMS acceleration values (Griffin, 2007; Inter-

national Organization for Standardization, 1997).

Table 4.3: ISO 2631-1 weighted RMS acceleration ranges and associated vibration-

induced discomfort levels
Vibration-Induced ISO 2631-1 Weighted RMS Acceleration

Discomfort Level Range, aRMS
wi

Not Uncomfortable aRMS
wi ≤ 0.315m/s2

A Little Uncomfortable 0.315m/s2 ≤ aRMS
wi ≤ 0.63m/s2

Fairly Uncomfortable 0.5m/s2 ≤ aRMS
wi ≤ 1m/s2

Uncomfortable 0.8m/s2 ≤ aRMS
wi ≤ 1.6m/s2

Very Uncomfortable 1.25m/s2 ≤ aRMS
wi ≤ 2.5m/s2

Extremely Uncomfortable 2m/s2 ≤ aRMS
wi

4.3 Conclusion

In this chapter, specifications for controller performance as well as controller input

voltage, actuator output and suspension travel constraints have been given. RMS
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values of measured parameters introduced to enable in-depth comparison of AVSS

performance with that of the PVSS. The ISO 2631-1 weighted RMS acceleration

was selected to measure vehicle ride comfort performance. Since both the AVSS and

PVSS models do not include seats, the ISO 2631-1 acceleration input was assumed to

be from the feet, with axis multiplication factor kaxis = 0.4, for vertical acceleration.
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5 PID CONTROL OF A NONLINEAR

ACTIVE SUSPENSION VIA PID FORCE

FEEDBACK

5.1 Introduction

PID is a classical control method. The overall simplicity of PID, coupled with

the wide variety of tuning techniques available (intuitive methods and tuning rules)

has promoted PID’s extensive application in industry (Dahunsi et al., 2009). Several

authors such as Guclu (2003), Sam and Hudha (2006), Kumar (2008), Dahunsi et al.

(2010) and Fateh (2010), have obtained good results by applying PID to design AVSS

control systems, in different control configurations. PID control is often used as a

performance benchmark for other control methods (Dahunsi et al., 2009; Dahunsi

et al., 2010). The disadvantage of PID control systems is that they are sensitive to

parameter changes and often require high loop gains (Dahunsi et al., 2009).

In this chapter, the design of a PID controller for a nonlinear AVSS with PID

hydraulic actuator force feedback is presented. The controller is designed in Section

5.2, beginning with an introduction of the overall controller architecture in Section

5.2.1, development of the inner PID force and the outer PID suspension travel

control loops in Sections 5.2.2 and 5.2.3 respectively. The simulation results are then

presented and discussed in Section 5.3, considering variations in vehicle velocity and

sprung mass loading as the vehicles traversed different road disturbance inputs. This

is followed by a presentation of an analysis of uncertainty due to variations in sprung

mass loading, suspension spring coefficients and suspension damping coefficients in

section 5.3.3. The chapter is then concluded in Section 5.4.
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5.2 Controller Design

5.2.1 Controller Architecture

The control architecture for PID control of a nonlinear AVSS via PID force feedback

consists of two control loops:

1. An inner PID force control loop.

2. An outer PID suspension travel loop.

This control architecture is illustrated in Figure 5.1. The function of the outer

control loop is to set the desired force tracking signal for the hydraulic actuator,

whereas the function of the inner control loop is to ensure that the desired control

force, set by the outer control loop, is achieved by the hydraulic actuator.

Figure 5.1: Control architecture for PID control of a nonlinear AVSS via PID force

feedback.

5.2.2 PID Force Control Loop Design

The hydraulic actuator control voltage ui, generated by the PID force control loop,

is given in Equation 5.1 and the force control loop illustrated in Figure 5.2. The

PID controller structure applied, is similar to that applied in (Hanafi, 2010; Gao,
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2002; Astrom and Hagglund, 2004).

ui = KP iei (t) +KI i

∫
ei (t) dt+KD i

dei (t)
dt

(5.1)

ei (t) = Fai ref − Fai (5.2)

where KPi is the proportional gain, KIi is the integral gain, KDi is the derivative

gain, ei given in Equation 5.2 is the error between the desired actuator force reference

signal Fai ref , and the actual actuator force Fai. Subscript i represents either the

front or rear suspension i ∈ (f, r). A saturation block was placed in front of the

controller output to ensure that the control voltage limits (|ui| ≤ umax) were not

exceeded in the MATLAB/SimulinkR© implementation. The PID controller gains

for the inner force control loop are listed in Table 5.1. These controller gains were

obtained by Ziegler-Nichols tuning rules.

Figure 5.2: Inner PID force feedback control loop.

5.2.3 PID Suspension Travel Control Loop Design

The desired actuator force reference signal, Fai ref (see Equation 5.3), is generated

by the PID suspension travel loop. The PID controller structure applied, is also

similar to that applied in (Hanafi, 2010; Gao, 2002; Astrom and Hagglund, 2004).

Fai ref = KP iei (t) +KI i

∫
ei (t) dt+KD i

dei (t)
dt

(5.3)

ei (t) = Ri − (zti − zi) (5.4)

where Ri is the reference signal, i ∈ (f, r) and ei is the control error. In suspension

travel regulation, the suspension travel reference signal is set to zero (Ri = 0) so

that ei(t)→ 0, as t→∞ (Gao, 2002).

The PID controller gains in Table 5.1 were obtained by Ziegler-Nichols method, with

three aims:

1. Produce better performance by the AVSS in terms of reduction of RMS pa-

rameters specified in Chapter 4, compared with the PVSS.

2. Design a controller robust enough to handle variations in sprung mass loading

and vehicle forward velocity.
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3. Design a controller robust enough to handle variation in terrain (it should not

require a separate tuning for each terrain). Although separate tunings could

results in better performance for each different road environment, an adaptive

switching method is required (Fateh and Alavi, 2009; Huang et al., 2010).

Coupling effects present in the AVSS require the use of different PID controller gains

for the outer control loops. The developed PID controller parameters are listed in

Tables 5.1.

Table 5.1: PID tuning parameters for front and rear suspension inner and outer

control loops
PID Gains

Suspension Control loop KP KI KD

Front Inner loop 0.001 0.0145 0.0003

Outer loop 0.00075 0.0375 0.0001875

Rear Inner loop 0.001 0.0145 0.0003

Outer loop 0.0006 0.03 0.00015

5.3 Simulation Results and Discussion

The half-car AVSS model was built in the MATLAB/SimulinkR© environment. The

Bogacki-Shampine, Ordinary Differential Equation (ODE)-3, fixed-step solver was

selected for use in the simulations. Fixed-step solvers allow users to set a fixed-

sampling time throughout the duration of the simulation. A sampling time of Ts =

0.0001s was selected. To enable observation of all model dynamics, Ts is set to

be smaller in magnitude than the fastest half-car AVSS model dynamics (Dahunsi

and Pedro, 2010). The tasking mode for periodic sampling times was set to “Single

Tasking”, since the model does not have multiple sampling times.

The half-car suspension system was set to pass over two different road input distur-

bances for suspension travel regulation (Ri(t) = 0). The two input disturbances are

listed:

1. A 0.075m amplitude sinusoidal bump on a smooth road (Weber and Braaksma,

2000).

2. A random Class E (Poor) road profile disturbance of road roughness G(n0) =

256× 10−6m2/(cycle/m) as given in Table 3.2.
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To test the controller’s robustness to parameter variation, two tests were conducted

as the vehicle traversed the road input disturbances:

1. Variation of vehicle forward velocity, V :

The vehicle forward velocity remains constant through the duration of the

simulation, however, different forward velocities are used:

(a) V = 45 km/h.

(b) V = 60 km/h.

(c) V = 75 km/h.

2. Variation of vehicle sprung mass payload, Ms:

The sprung mass payload Ms was varied ±20% of its nominal value, Ms =

580 kg. Therefore, three values for sprung mass were tested (Du et al., 2008):

(a) 80%Ms = 464 kg

(b) 100%Ms = 580 kg

(c) 120%Ms = 696 kg

Since the pitch moment of inertia Iθ is related to the vehicle body mass, it

is assumed that the pitch moment of inertia also varies by the same amount

about its nominal value (Chen et al., 2005).

The likelihood of parameter variation at different speeds motivated observation of

the controller performance with sprung mass payload variation at each speed. The

simulation results are therefore presented and discussed in that format.

5.3.1 Sinusoidal Bump Input Disturbance

5.3.1.1 System Response at V = 45 km/h

The RMS values obtained as the PVSS and AVSS traversed a discrete (sinusoidal

bump) input disturbance at V = 45 km/h are given in Table 5.2. Table 5.2 shows

that the percentage improvement in RMS suspension travel remained relatively con-

stant for both the front and rear suspension as the sprung mass increased; the front

suspension reduced by 2%, whereas the rear suspension reduced by 1%, when com-

paring the percentage RMS reduction by the AVSS at the minimum sprung mass

loading to that at the maximum sprung mass loading. The effect of sprung mass

variation at this speed is minimal. The minimum and maximum peak front and
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rear suspension travel values are lower for the AVSS than for the PVSS. Figures

5.3 and 5.4 indicate that the AVSS suspension travel is less sensitive to sprung mass

variation than the PVSS suspension travel. The figures also suggest that increase in

vehicle mass increases the likelihood of suspension travel hitting on the suspension

travel limits.

(a) AVSS

(b) PVSS

Figure 5.3: Front suspension travel for 80%, 100% and 120% Ms at V = 45 km/h.

Figures 5.5 and 5.6 show the front and rear dynamic tyre force. Table 5.2 shows that

the RMS front dynamic tyre force for the AVSS reduced with each increase in the

sprung mass loading compared with the PVSS, while the rear AVSS rear dynamic

tyre force was slightly higher than that of the PVSS (approximately 1− 2% higher

than the PVSS), see Table 5.2. The AVSS and PVSS peak front and rear dynamic

tyre forces were well below the specified limits (see Chapter 4, Table 4.1).

Figure 5.7 shows the sprung mass acceleration at V = 45 km/h. The ISO 2631-

1 weighted RMS acceleration given in Table 5.3. Although both the AVSS and

PVSS maintained a “Not Uncomfortable” level of discomfort throughout, the AVSS

weighted RMS was 21.49−23.27% lower than that of the PVSS for all values of Ms.

The AVSS performance in reducing the vehicle RMS pitch angular acceleration im-

proved with increase in vehicle sprung mass (see Table 5.2). Although the AVSS
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(a) AVSS

(b) PVSS

Figure 5.4: Rear suspension travel for 80%, 100% and 120% Ms at V = 45 km/h.

(a) AVSS

(b) PVSS

Figure 5.5: Front dynamic tyre force for 80%, 100% and 120% Ms at V = 45 km/h.
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(a) AVSS

(b) PVSS

Figure 5.6: Rear dynamic tyre force for 80%, 100% and 120% Ms at V = 45 km/h.

(a) AVSS

(b) PVSS

Figure 5.7: Sprung mass acceleration for 80%, 100% and 120% Ms at V = 45 km/h.

58



Table 5.3: Weighted RMS acceleration and discomfort levels as PVSS and AVSS

traverse a sinusoidal bump input disturbance at V = 45 km/h
PVSS AVSS %

Weighted ISO 2631-1 Weighted ISO 2631-1 Reduction

RMS Level RMS Level of aRMS
wi

Acceleration of Acceleration of by

aRMS
wi Discomfort aRMS

wi Discomfort AVSS

80% 0.2117 Not 0.1662 Not 21.4927

Ms Uncomfortable Uncomfortable

100% 0.2205 Not 0.1712 Not 22.3583

Ms Uncomfortable Uncomfortable

120% 0.2217 Not 0.1701 Not 23.2747

Ms Uncomfortable Uncomfortable

pitch angular acceleration peak values are higher compared with the corresponding

PVSS values, Figure 5.8 shows that the AVSS dampens the oscillation approximately

0.5 s faster than the PVSS.

(a) AVSS

(b) PVSS

Figure 5.8: Pitch angular acceleration for 80%, 100% and 120% Ms at V = 45 km/h.

The control voltage, spool-valve displacement and force for the front and rear actu-

ators for ±20% sprung mass variation at V = 45 km/h are depicted in Figures 5.9,
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5.10 and 5.11, respectively. For all values of Ms, both the front and rear actuator

peak control voltages remained below the specified umax limit. The RMS spool-valve

displacement increased as the sprung mass increased (see Table 5.2).

(a) Front suspension

(b) Rear suspension

Figure 5.9: Front and rear actuator control voltage for 80%, 100% and 120% Ms at

V = 45 km/h.

The RMS actuator force in Table 5.2 increased with the sprung mass increase since

a greater amount of actuator force is required to overcome the additional sprung

mass weight. Figure 5.11 shows that the peak actuator force values are considerably

lower than the limits specified in Chapter 4.

5.3.1.2 System Response at V = 60 km/h

The RMS values obtained as the PVSS and AVSS traversed a discrete (sinusoidal

bump) input disturbance at V = 60 km/h are given in Table 5.4. The percentage

reduction in the front and rear RMS suspension travel of the AVSS over the PVSS are

listed in Table 5.2; as the sprung mass increased, both the front and rear suspension

performance reduced by approximately 0.7%. Figures 5.12 and 5.13 show the front

and rear suspension travel. The minimum and maximum peak values for the front

and rear AVSS suspension travel are lower than those of the PVSS, for all values of

Ms. Due to increase in vehicle forward velocity from 45 km/h to 60 km/h, there is
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(a) Front suspension

(b) Rear suspension

Figure 5.10: Front and rear actuator spool-valve displacement for 80%, 100% and

120% Ms at V = 45 km/h.

(a) Front suspension

(b) Rear suspension

Figure 5.11: Front and rear actuator force for 80%, 100% and 120% Ms at V =

45 km/h.
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an overall deterioration of approximately 8% in percentage reduction of RMS front

suspension travel and 3% in percentage reduction of RMS rear suspension travel

(compare Tables 5.2 to 5.4).

(a) AVSS

(b) PVSS

Figure 5.12: Front suspension travel for 80%, 100% and 120% Ms at V = 60 km/h.

(a) AVSS

(b) PVSS

Figure 5.13: Rear suspension travel for 80%, 100% and 120% Ms at V = 60 km/h.
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Figures 5.14 and 5.15 illustrate the AVSS and PVSS front and rear dynamic tyre

forces with ±20%Ms variation at 60 km/h. Both the front and rear dynamic tyre

forces were damped approximately 0.5 s faster by the AVSS than by the PVSS. The

PVSS front and rear dynamic forces were lower than the specified limits (see Table

4.1, Chapter 4). However, the AVSS exceeded the front dynamic tyre force limit

for 80%Ms (see Figure 5.14). At 60 km/h, the percentage reduction in RMS front

dynamic tyre force by the AVSS increased with increase in sprung mass. Although

the AVSS RMS rear dynamic tyre force was higher than that of the PVSS, its

performance improved with increase in sprung mass (see Table 5.4). The overall

performance of the AVSS (in terms of reduction in RMS dynamic tyre force) reduced

as the vehicle velocity increased from 45 km/h to 60 km/h (compare Tables 5.2 to

5.4). The increase in vehicle velocity leads to an increase in dynamic tyre forces.

However, since Equation 4.6 is independent of vehicle velocity, at higher speed, the

likelihood of exceeding the specified limits is higher.

(a) AVSS

(b) PVSS

Figure 5.14: Front dynamic tyre force for 80%, 100% and 120% Ms at V = 60 km/h.

Figure 5.16 shows the sprung mass acceleration. The ISO 2631-1 weighted RMS

acceleration is given in Table 5.5, shows that the AVSS acceleration was 6.52−7.41%

lower than that of the PVSS, for all values of Ms. The overall percentage reduction

in weighted RMS acceleration dropped by about 14 − 15% with increase in vehicle

velocity from 45 km/h to 60 km/h (compare Table 5.3 with 5.5).

The peak pitch angular accelerations experienced by the AVSS were higher than
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(a) AVSS

(b) PVSS

Figure 5.15: Rear dynamic tyre force for 80%, 100% and 120% Ms at V = 60 km/h.

(a) AVSS

(b) PVSS

Figure 5.16: Sprung mass acceleration for 80%, 100% and 120% Ms at V = 60 km/h.
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Table 5.5: Weighted RMS acceleration and discomfort levels as PVSS and AVSS

traverse a sinusoidal bump input disturbance at V = 60 km/h
PVSS AVSS %

Weighted ISO 2631-1 Weighted ISO 2631-1 Reduction

RMS Level RMS Level of aRMS
wi

Acceleration of Acceleration of by

aRMS
wi Discomfort aRMS

wi Discomfort AVSS

80% 0.3160 A Little 0.2954 Not 6.5190

Ms Uncomfortable Uncomfortable

100% 0.2916 Not 0.2725 Not 6.5501

Ms Uncomfortable Uncomfortable

120% 0.2671 Not 0.2473 Not 7.4130

Ms Uncomfortable Uncomfortable

those experienced by the PVSS as shown in Figure 5.17. The overall percentage

reduction in RMS pitch angular acceleration by the AVSS deteriorated with the

increase in velocity from V = 45 km/h to V = 60 km/h (compare Tables 5.2 to 5.4).

In spite of this, the AVSS attenuated the pitch angular acceleration faster than the

PVSS.

The front and rear actuator voltages, spool-valve displacements and actuator forces

are shown in Figures 5.18, 5.19 and 5.20 respectively. The front and rear actuator

peak values were lower than the specified limits (|ui| ≤ umax). The RMS front

and rear spool-valve displacements increased with sprung mass loading, as shown in

Table 5.4. At V = 60 km/h, the actuator forces also increased with sprung mass

loading. The minimum and maximum peak forces remained below the specified

limits in Chapter 4 (see Figures 5.20(a) and 5.20(b)). Comparison of Tables 5.2

and 5.4 indicates that there was an overall increase in RMS actuator force required

to overcome increased dynamic forces at 60 km/h compared with 45 km/h. This

corresponds with the increase in actuator voltages and spool-valve displacements at

the higher speed.

5.3.1.3 System Response at V = 75 km/h

The RMS values obtained as the PVSS and AVSS traversed a discrete (sinusoidal

bump) input disturbance at V = 75 km/h are given in Table 5.6. The AVSS and

PVSS front and rear suspension travel plots are shown in Figure 5.21 and 5.22.
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(a) AVSS

(b) PVSS

Figure 5.17: Pitch angular acceleration for 80%, 100% and 120% Ms at V =

60 km/h.

(a) Front suspension

(b) Rear suspension

Figure 5.18: Front and rear actuator control voltage for 80%, 100% and 120% Ms

at V = 60 km/h.
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(a) Front suspension

(b) Rear suspension

Figure 5.19: Front and rear actuator spool-valve displacement for 80%, 100% and

120% Ms at V = 60 km/h.

(a) Front suspension

(b) Rear suspension

Figure 5.20: Front and rear actuator force for 80%, 100% and 120% Ms at V =

60 km/h.
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The peak AVSS and PVSS suspension travel values were lower than the specified

limit of ±0.08m. The percentage reduction in RMS suspension travel by the AVSS

against the PVSS fluctuated between 24.86% and 25.14% for the front suspension,

and fluctuated between 23.53% and 24.24% for the rear suspension (see Table 5.6).

Analysis of the RMS for suspension travel in Tables 5.2, 5.4 and 5.6 suggests the

AVSS performance in reducing RMS suspension travel was more sensitive to varia-

tions in vehicle velocity than to variations in sprung mass.

(a) AVSS

(b) PVSS

Figure 5.21: Front suspension travel for 80%, 100% and 120% Ms at V = 75 km/h.

Both AVSS and PVSS exceeded the maximum allowable front wheel dynamic tyre

force for 80%Ms (see Figure 5.23). The AVSS exceeded the maximum allowable

front wheel dynamic tyre force at 100%Ms (Figure 5.23). However, Figure 5.23

also shows that the AVSS minimized the front tyre dynamic force 0.5 s faster than

the PVSS. The rear dynamic tyre forces are shown in Figure 5.24. Both the rear

AVSS and PVSS dynamic tyre force remained below the specified limits for all val-

ues of Ms. Figure 5.24 shows that the AVSS rear dynamic tyre force is minimized

0.25 s faster than that of the PVSS, even though the AVSS peak forces are greater

in magnitude. Analysis of the RMS performance of the AVSS at V = 45 km/h,

60 km/h and 75 km/h indicates that the AVSS dynamic road holding performance

deteriorated with increase in vehicle speed. Increase in sprung mass caused some

improvements in both the front and rear dynamic tyre force reduction by the AVSS,

even though the rear dynamic tyre force of the AVSS was higher than that of the

PVSS (see Tables 5.2, 5.4 and 5.6).
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(a) AVSS

(b) PVSS

Figure 5.22: Rear suspension travel for 80%, 100% and 120% Ms at V = 75 km/h.

(a) AVSS

(b) PVSS

Figure 5.23: Front dynamic tyre force for 80%, 100% and 120% Ms at V = 75 km/h.

The sprung mass acceleration is shown in Figure 5.25 with corresponding ISO 2631-1

weighted RMS acceleration in Table 5.7. Though the AVSS weighted RMS accel-

eration was 5.66 − 6.33% higher than that of the PVSS, the AVSS reduced the
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(a) AVSS

(b) PVSS

Figure 5.24: Rear dynamic tyre force for 80%, 100% and 120% Ms at V = 75 km/h.

acceleration about 0.25 s faster than the PVSS (see Figure 5.25). The overall per-

centage reduction in weighted RMS acceleration by the AVSS dropped with increase

of vehicle velocity from 45 to 75 km/h (see Tables 5.3, 5.5 and 5.7).

(a) AVSS

(b) PVSS

Figure 5.25: Sprung mass acceleration for 80%, 100% and 120% Ms at V = 75 km/h.

The vehicle pitch angular acceleration is shown in Figure 5.26, for V = 75 km/h.
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Table 5.7: Weighted RMS acceleration and discomfort levels as PVSS and AVSS

traverse a sinusoidal bump input disturbance at V = 75 km/h
PVSS AVSS %

Weighted ISO 2631-1 Weighted ISO 2631-1 Reduction

RMS Level RMS Level of aRMS
wi

Acceleration of Acceleration of by

aRMS
wi Discomfort aRMS

wi Discomfort AVSS

80% 0.3682 A Little 0.3915 A Little -6.3281

Ms Uncomfortable Uncomfortable

100% 0.3140 Not 0.3338 A Little -6.3057

Ms Uncomfortable Uncomfortable

120% 0.2719 Not 0.2873 Not -5.6638

Ms Uncomfortable Uncomfortable

For all values of Ms, the AVSS maximum and minimum peak values were higher in

magnitude than the PVSS peak values. However, Figure 5.26 shows that the AVSS

attenuated the pitch angular acceleration 0.5 s faster than the PVSS. The overall

AVSS performance to reduce pitch angular acceleration dropped as the vehicle ve-

locity increased (see Tables 5.2, 5.4 and 5.6).

(a) AVSS

(b) PVSS

Figure 5.26: Pitch angular acceleration for 80%, 100% and 120% Ms at V =

75 km/h.
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Figure 5.27 shows the variation of AVSS front and rear actuator voltage at V =

75 km/h. The minimum and maximum peak actuator control voltages were lower

than the ±10V limits. The front and rear actuator spool-valve displacements ob-

tained at V = 75 km/h are displayed in Figure 5.28, with the corresponding RMS

spool-valve displacements given in Table 5.6. Figure 5.29 shows the front and rear

actuator forces. The peak front and rear actuator forces were lower than the spec-

ified limits given in Chapter 4. Looking at the RMS control voltages, spool-valve

displacements and actuator forces obtained in Tables 5.2, 5.4 and 5.6, it is observed

that the magnitudes of these parameters increased with increase in vehicle velocity

(from 45 km/h to 75 km/h) as well as vehicle mass (from 464 kg to 696 kg). This

was to compensate for the higher dynamic force experienced with increase in vehicle

velocity and sprung mass loading.

(a) Front suspension

(b) Rear suspension

Figure 5.27: Front and rear actuator control voltage for 80%, 100% and 120% Ms

at V = 75 km/h.

5.3.2 Random Input Disturbance

5.3.2.1 System Response at V = 45 km/h

The RMS values obtained as the PVSS and AVSS traversed a random road input

disturbance at V = 45 km/h are given in Table 5.8. RMS percentage reduction of
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(a) Front suspension

(b) Rear suspension

Figure 5.28: Front and rear actuator spool-valve displacement for 80%, 100% and

120% Ms at V = 75 km/h.

(a) Front suspension

(b) Rear suspension

Figure 5.29: Front and rear actuator force for 80%, 100% and 120% Ms at V =

75 km/h.

75



T
ab

le
5.

8:
R

M
S

va
lu

es
fo

r
ra

nd
om

in
pu

t
di

st
ur

ba
nc

e
w

it
h
±

20
%

va
ri

at
io

n
in

sp
ru

ng
m

as
s

lo
ad

in
g

ab
ou

t
th

e
no

m
in

al
va

lu
e,
M
s

=
58

0
k
g

w
it

h

±
20

%
va

ri
at

io
n,

at
V

=
45
k
m
/
h

80
%
M
s

=
46

4
k
g

10
0%

M
s

=
58

0
k
g

12
0%

M
s

=
69

6
k
g

P
ar

am
et

er
s

P
V

SS
A

V
SS

%
P

V
SS

A
V

SS
%

P
V

SS
A

V
SS

%

R
ed

uc
ti

on
R

ed
uc

ti
on

R
ed

uc
ti

on

by
A

V
SS

by
A

V
SS

by
A

V
SS

Fr
on

t
Su

sp
en

si
on

T
ra

ve
l

[m
]

0.
00

53
0.

00
44

16
.9

8
0.

00
58

0.
00

46
20

.6
9

0.
00

62
0.

00
47

24
.1

9

R
ea

r
Su

sp
en

si
on

T
ra

ve
l

[m
]

0.
00

39
0.

00
35

10
.2

6
0.

00
41

0.
00

36
12

.2
0

0.
00

42
0.

00
38

9.
52

Fr
on

t
D

yn
am

ic
T

yr
e

Fo
rc

e
[N

]
37

1.
21

32
36

8.
18

40
0.

82
37

3.
90

10
36

5.
96

52
2.

12
37

7.
75

47
36

4.
51

34
3.

51

R
ea

r
D

yn
am

ic
T

yr
e

Fo
rc

e
[N

]
35

5.
55

04
35

3.
77

41
0.

50
35

2.
39

82
35

0.
24

75
0.

61
35

0.
76

65
34

8.
03

84
0.

78

Sp
ru

ng
M

as
s

A
cc

el
er

at
io

n
0.

66
19

0.
73

33
-1

0.
79

0.
54

66
0.

59
60

-9
.0

4
0.

47
32

0.
50

30
-6

.3
0

[ m/s
2
]

P
it

ch
A

ng
ul

ar
A

cc
el

er
at

io
n

0.
46

25
0.

54
10

-1
6.

97
0.

37
14

0.
43

49
-1

7.
10

0.
30

88
0.

36
28

-1
7.

49
[ rad

/
s2
]

Fr
on

t
A

ct
ua

to
r

C
on

tr
ol

V
ol

ta
ge

−
0.

77
17

−
−

0.
77

01
−

−
0.

76
85

−
[V

]

R
ea

r
A

ct
ua

to
r

C
on

tr
ol

V
ol

ta
ge

−
0.

73
02

−
−

0.
72

87
−

−
0.

72
74

−
[V

]

Fr
on

t
Sp

oo
l-

V
al

ve
D

is
pl

ac
em

en
t

−
3.

16
01
×

10
−

4
−

−
3.

13
56
×

10
−

4
−

−
3.

11
30
×

10
−

4
−

[m
]

R
ea

r
Sp

oo
l-

V
al

ve
D

is
pl

ac
em

en
t

−
2.

96
93
×

10
−

4
−

−
2.

95
95
×

10
−

4
−

−
2.

94
88
×

10
−

4
−

[m
]

Fr
on

t
A

ct
ua

to
r

Fo
rc

e
[N

]
−

66
.6

79
8

−
−

69
.9

12
5

−
−

72
.6

41
7

−
R

ea
r

A
ct

ua
to

r
Fo

rc
e

[N
]

−
52

.0
55

2
−

−
54

.8
66

7
−

−
56

.9
95

9
−

76



the values for the front suspension travel given in Table 5.8, improved as the sprung

mass is increased from 464 kg to 696 kg, compared with the PVSS. The AVSS rear

suspension travel improvement over the PVSS fluctuated between 15.38% at 80%Ms

and 14.29% at 120%Ms. The front and rear suspension travel are shown in Figures

5.30 and 5.31, respectively. These figures show that both the AVSS and PVSS

suspension travel remained below the specified limits at the peaks.

(a) AVSS

(b) PVSS

Figure 5.30: Front suspension travel for 80%, 100% and 120% Ms at V = 45 km/h.

The dynamic tyre forces for the front and rear suspension are shown in Figures 5.32

and 5.33 respectively. The peak dynamic tyre forces for both the AVSS and PVSS

remained below the specified limits in Chapter 4. The front AVSS dynamic tyre

force percentage reduction improved with increase in sprung mass, from 0.98% at

80%Ms to 3.37% at 120%Ms, whereas the rear AVSS dynamic tyre force percentage

reduction improved but remained just under 1%.

Figure 5.34 shows the sprung mass acceleration at V = 45 km/h, with ISO 2631-

1 weighted RMS acceleration is given in Table 5.9. Both the AVSS and PVSS

maintained a “Not Uncomfortable” level of discomfort throughout, however, the

AVSS weighted RMS was 10.66−12.54% higher than that of the PVSS for all values

of Ms. Table 5.9 also shows that the AVSS performance improved with increase in

sprung mass loading.

The pitch angular acceleration is shown in Figure 5.35. The AVSS RMS pitch
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(a) AVSS

(b) PVSS

Figure 5.31: Rear suspension travel for 80%, 100% and 120% Ms at V = 45 km/h.

(a) AVSS

(b) PVSS

Figure 5.32: Front dynamic tyre force for 80%, 100% and 120% Ms at V = 45 km/h.
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(a) AVSS

(b) PVSS

Figure 5.33: Rear dynamic tyre force for 80%, 100% and 120% Ms at V = 45 km/h.

(a) AVSS

(b) PVSS

Figure 5.34: Sprung mass acceleration for 80%, 100% and 120% Ms at V = 45 km/h.
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Table 5.9: Weighted RMS acceleration and discomfort levels as PVSS and AVSS

traversed a random road input disturbance at V = 45 km/h
PVSS AVSS %

Weighted ISO 2631-1 Weighted ISO 2631-1 Reduction

RMS Level RMS Level of aRMS
wi

Acceleration of Acceleration of by

aRMS
wi Discomfort aRMS

wi Discomfort AVSS

80% 0.2296 Not 0.2584 Not -12.5436

Ms Uncomfortable Uncomfortable

100% 0.1834 Not 0.2053 Not -11.9411

Ms Uncomfortable Uncomfortable

120% 0.1538 Not 0.1702 Not -10.6632

Ms Uncomfortable Uncomfortable

angular acceleration was worse than the PVSS RMS pitch angular acceleration by

16.76% at the minimum sprung mass load and 17.31% at the maximum sprung mass

load. The peak pitch angular acceleration values for the AVSS were also higher than

those of the PVSS.

(a) AVSS

(b) PVSS

Figure 5.35: Pitch angular acceleration for 80%, 100% and 120% Ms at V =

45 km/h.
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Figures 5.36 and 5.37 show the front and rear actuator voltages and spool-valve

displacements respectively. The front actuator control voltage was lower than the

specified limit, however, the rear actuator control voltage peaked at +10V during

the first 0.05 s of the simulation.

(a) Front suspension

(b) Rear suspension

Figure 5.36: Front and rear actuator control voltage for 80%, 100% and 120% Ms

at V = 45 km/h.

The front and rear actuator forces increased to compensate for the increase in sprung

mass. This is shown by the increase in RMS front and rear actuator forces in Table

5.8. The peak actuator forces were well within the limits specified in Chapter 4. The

front and rear actuator forces are shown in Figure 5.38. Examining the magnitudes

of the RMS actuator forces experienced for the sinusoidal bump and random input

disturbances shows that the required actuator force reduces with input disturbance

amplitude.

5.3.2.2 System Response at V = 60 km/h

The RMS values obtained as the PVSS and AVSS traversed a random road input

disturbance at V = 60 km/h are given in Table 5.10. Figures 5.39 and 5.40 show

the front and rear suspension travel. Relative to the PVSS, the AVSS front and rear
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(a) Front suspension

(b) Rear suspension

Figure 5.37: Front and rear actuator spool-valve displacement for 80%, 100% and

120% Ms at V = 45 km/h.

(a) Front suspension

(b) Rear suspension

Figure 5.38: Front and rear actuator force for 80%, 100% and 120% Ms at V =

45 km/h.
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suspension travel performance improved with increase in sprung mass (see Table

5.8). The minimum and maximum suspension travel obtained for the AVSS and

PVSS were below the specified ±0.08m limit. Comparing the percentage reduction

in suspension travel by the AVSS at 45 km/h with that at 60 km/h, the overall per-

formance at the front suspension dropped with increase in speed, while the overall

performance at the rear suspension improved with increase in speed (compare Table

5.8 to Table 5.10).

(a) AVSS

(b) AVSS

Figure 5.39: Front suspension travel for 80%, 100% and 120% Ms at V = 60 km/h.

The front and rear dynamic tyre forces are shown in Figures 5.41 and 5.42 respec-

tively. At 60 km/h, both the AVSS and PVSS dynamic tyre forces did not exceed

the specified limits (see Table 4.1, Chapter 4), for all values of Ms. Examination of

Figures 5.41 and 5.42 shows that the peak dynamic tyre forces for the AVSS tend

to be lower than those of the PVSS. Comparing the RMS dynamic tyre forces in

Table 5.8 with the RMS dynamic tyre forces Table 5.10, there is a noticeable in-

crease in the overall dynamic tyre forces experienced at greater speed; this is due

to higher dynamic forces exerted by the road and the vehicle at higher speed. How-

ever, there was an improvement in the percentage reduction in dynamic tyre forces

by AVSS at the greater speed; at 45 km/h, the percentage improvement varied be-

tween 0.82− 3.51% at the front and 0.50− 0.78% at the rear, while at 60 km/h, the

percentage improvement varied between 1.73− 3.74% at the front and 1.72− 2.12%

at the rear.
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(a) AVSS

(b) AVSS

Figure 5.40: Rear suspension travel for 80%, 100% and 120% Ms at V = 60 km/h.

(a) AVSS

(b) AVSS

Figure 5.41: Front dynamic tyre force for 80%, 100% and 120% Ms at V = 60 km/h.

85



(a) AVSS

(b) AVSS

Figure 5.42: Rear dynamic tyre force for 80%, 100% and 120% Ms at V = 60 km/h.

The vehicle sprung mass acceleration with accompanying ISO 2631-1 weighted RMS

acceleration are given in Figure 5.16 and Table 5.5 respectively. Although the AVSS

weighted acceleration was 12.86−14.25% higher than that of the PVSS (for all values

of Ms), it remained within the range “Not Uncomfortable”. The overall AVSS per-

formance at 60 km/h deteriorated roughly by 2%, compared with the performance

at 45 km/h (compare Table 5.9 with 5.11).

Table 5.11: Weighted RMS acceleration and discomfort levels as PVSS and AVSS

traversed a random road input disturbance at V = 60 km/h
PVSS AVSS %

Weighted ISO 2631-1 Weighted ISO 2631-1 Reduction

RMS Level RMS Level of aRMS
wi

Acceleration of Acceleration of by

aRMS
wi Discomfort aRMS

wi Discomfort AVSS

80% 0.2667 Not 0.3047 Not -14.2482

Ms Uncomfortable Uncomfortable

100% 0.2131 Not 0.2424 Not -13.7494

Ms Uncomfortable Uncomfortable

120% 0.1781 Not 0.2010 Not -12.8579

Ms Uncomfortable Uncomfortable
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(a) AVSS

(b) AVSS

Figure 5.43: Sprung mass acceleration for 80%, 100% and 120% Ms at V = 60 km/h.

The AVSS and PVSS pitch angular acceleration are shown in Figure 5.44. The PVSS

RMS and peak pitch angular acceleration values were lower than those of the AVSS.

Although the PVSS performed better than the AVSS in terms of RMS pitch angular

acceleration, the overall percentage reduction in RMS pitch angular acceleration by

the AVSS improved from varying between −16.97% and −17.49% at V = 45 km/h

to −14.77% and −15.23% at V = 60 km/h.

The front and rear actuator voltages are shown in Figure 5.45. For all values of Ms

tested at 60 km/h, the peak actuator control voltages obtained were well below the

specified ±10V limit. Figure 5.47 shows the front and rear spool-valve displacement.

Comparing Tables 5.8 and 5.10, the overall RMS actuator voltages and spool-valve

displacements increased with increase in vehicle velocity.

The front and rear actuator forces are shown in Figure 5.47. The peak forces re-

mained within the specified limits (see Chapter 4) for all values of Ms. At 60 km/h,

the RMS actuator forces increased with increase in sprung mass loading (see Table

5.10). Comparing the RMS actuator forces required at 45 km/h to those at 60 km/h,

there was an overall increase in force required at higher speed.
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(a) AVSS

(b) AVSS

Figure 5.44: Pitch angular acceleration for 80%, 100% and 120% Ms at V =

60 km/h.

(a) Front suspension

(b) Rear suspension

Figure 5.45: Front and rear actuator control voltage for 80%, 100% and 120% Ms

at V = 60 km/h.
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(a) Front suspension

(b) Rear suspension

Figure 5.46: Front and rear actuator spool-valve displacement for 80%, 100% and

120% Ms at V = 60 km/h.

(a) Front suspension

(b) Rear suspension

Figure 5.47: Front and rear actuator force for 80%, 100% and 120% Ms at V =

60 km/h.
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5.3.2.3 System Response at V = 75 km/h

The RMS values obtained as the PVSS and AVSS traversed a random road input

disturbance at V = 75 km/h are given in Table 5.12. The front and rear suspension

travel are shown in Figures 5.48 and 5.49. Table 5.12 shows that the percentage

reduction in RMS front suspension travel by the AVSS improved as the sprung

mass increased, while the AVSS RMS rear suspension travel percentage reduction

deteriorated by around 1%. The peak suspension travel values for both the AVSS

and PVSS were lower than the specified ±0.08m limit, although the PVSS values

were higher than those of the AVSS. Looking at Tables 5.8, 5.10 and 5.12, the overall

percentage reduction in front and rear suspension travel by the AVSS reduced with

increase in vehicle velocity.

(a) AVSS

(b) AVSS

Figure 5.48: Front suspension travel for 80%, 100% and 120% Ms at V = 75 km/h.

Figures 5.50 and 5.51 show the front and rear dynamic tyre forces, respectively. For

all values of Ms, the peak AVSS and PVSS dynamic tyre forces were lower than the

limits specified in Table 4.1, Chapter 4. A comparison of the percentage reduction

in RMS dynamic tyre forces by the AVSS in Tables 5.8, 5.10 and 5.12 shows a slight

improvement by the AVSS performance with increase in vehicle velocity.

Figure 5.25 shows the sprung mass acceleration at 75 km/h. The AVSS ISO 2631-1

weighted RMS acceleration was between 11.87− 13% higher than that of the PVSS

(see Table 5.13). While the PVSS comfort level remained at “Not Uncomfortable”
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(a) AVSS

(b) AVSS

Figure 5.49: Rear suspension travel for 80%, 100% and 120% Ms at V = 75 km/h.

(a) AVSS

(b) AVSS

Figure 5.50: Front dynamic tyre force for 80%, 100% and 120% Ms at V = 75 km/h.
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(a) AVSS

(b) AVSS

Figure 5.51: Rear dynamic tyre force for 80%, 100% and 120% Ms at V = 75 km/h.

throughout, the AVSS comfort level varied between “Not Uncomfortable” and “A

Little Uncomfortable” due to the change in sprung mass loading. The overall AVSS

performance deteriorated as the vehicle velocity increased from 45 km/h to 60 km/h

then improved slightly when the vehicle velocity increased further to 75 km/h (see

Tables 5.3, 5.5 and 5.7).

Table 5.13: Weighted RMS acceleration and discomfort levels as PVSS and AVSS

traversed a random road input disturbance at V = 75 km/h
PVSS AVSS %

Weighted ISO 2631-1 Weighted ISO 2631-1 Reduction

RMS Level RMS Level of aRMS
wi

Acceleration of Acceleration of by

aRMS
wi Discomfort aRMS

wi Discomfort AVSS

80% 0.2800 Not 0.3164 Not to -13

Ms Uncomfortable A Little

Uncomfortable

100% 0.2238 Not 0.2523 Not -12.7346

Ms Uncomfortable Uncomfortable

120% 0.1870 Not 0.2092 Not -11.8717

Ms Uncomfortable Uncomfortable
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(a) AVSS

(b) AVSS

Figure 5.52: Sprung mass acceleration for 80%, 100% and 120% Ms at V = 75 km/h.

The AVSS RMS pitch angular acceleration was higher than that of the PVSS for all

values of Ms at 75 km/h (see Table 5.12). The overall percentage reduction in RMS

pitch angular acceleration by the AVSS showed a trend of improving with vehicle

velocity, but deteriorating with increase in vehicle mass.

Figures 5.55 and 5.56 show the actuator voltage and spool-valve displacement at

V = 75 km/h, respectively. Both the front and rear actuator control voltage peak

values were lower than the specified ±10V limit. Figure 5.55 shows the spool-valve

displacement. The actuator spool-valve RMS are given in Table 5.12. Tables 5.8,

5.10 and 5.12 indicate that the RMS voltage and spool-valve displacement required

by the actuator increases with increase in vehicle velocity and increase in sprung

mass.

The front and rear actuator force are shown in Figure 5.56. At 75 km/h, the RMS

actuator forces increased with increase in Table 5.12 sprung mass load. The peak

actuator forces at 75 km/h were lower than the actuator force limits specified in

Chapter 4. The overall RMS actuator force increased with vehicle velocity as well

as increase in sprung mass, compare Tables 5.8, 5.10 and 5.12.
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(a) AVSS

(b) AVSS

Figure 5.53: Pitch angular acceleration for 80%, 100% and 120% Ms at V =

75 km/h.

(a) Front suspension

(b) Rear suspension

Figure 5.54: Front and rear actuator control voltage for 80%, 100% and 120% Ms

at V = 75 km/h.
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(a) Front suspension

(b) Rear suspension

Figure 5.55: Front and rear actuator spool-valve displacement for 80%, 100% and

120% Ms at V = 75 km/h.

(a) Front suspension

(b) Rear suspension

Figure 5.56: Front and rear actuator force for 80%, 100% and 120% Ms at V =

75 km/h.
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5.3.3 Uncertainty Analysis

Uncertainty analysis was performed by taking the frequency responses of both the

AVSS and PVSS. The models were built in the MATLAB/SimulinkR© environment.

The MATLAB fixed-step solver, ODE-3, was selected with sampling time set to

Ts = 0.0001s and the tasking mode was set to “Single Tasking”. The frequency

sweep method similar to that used by Savaresi et al. (2010) was applied here, by use

of a chirp road input disturbance signal of amplitude ±15mm (Sammier et al., 2003)

with frequency varying between 0− 100Hz, over a simulation period of 100 s. The

frequency was set to vary between 0 − 100Hz in order to expose the vehicle to a

wide range of input disturbance frequencies.

The MATLAB Welch algorithm/spectral estimator was utilized to perform a spectral

analysis of the AVSS and PVSS model outputs. The “Hamming” window setting

with segment length of N/100 (where N is the total number of samples) and a

percentage overlap of 214 was found to produce clear frequency response plots (The

MathWorks Inc., 2001).

The following vehicle parameters were varied and the corresponding frequency re-

sponses plotted:

1. Sprung mass loading Ms:

The sprung mass loading Ms, was varied by ∆ = ±20% (Du and Zhang, 2009).

Since the pitch moment of inertia Iθ is related to the vehicle body mass, it

is assumed that the pitch moment of inertia also varies by the same amount

about its nominal value (Chen et al., 2005).

2. Suspension Spring Coefficients:

Both the linear and nonlinear spring coefficients ksli and ksnli respectively, were

varied by ∆ = ±30% about their nominal values (Chen et al., 2005).

3. Suspension Damping Coefficients:

The linear, nonlinear and symmetric damping coefficients bsli, bs
nl
i and bssymi

respectively, were varied by ∆ = ±30% about their nominal values.

5.3.3.1 Variation of Sprung Mass Loading

The AVSS and PVSS front suspension travel PSD responses are shown in Figures

5.57(a) and 5.57(b), respectively, for ±20% variation in sprung mass loading Ms

and pitch moment of inertia Iθ. The magnitude of the “knee” between 1Hz and the
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body-hop frequency (≈ 2Hz) is smaller for the AVSS than for the PVSS. Both the

AVSS and PVSS perform similarly in the region below 4Hz as well as in the region

between 4− 8Hz. The high frequency behaviour of the AVSS and PVSS is similar,

for frequencies well above the wheel-hop frequency (> 20Hz). The magnitude of

the PVSS response at the wheel-hop frequency (≈ 12Hz) is greater than that of the

AVSS.

(a) AVSS

(b) PVSS

Figure 5.57: Front suspension travel PSD for ∆ = ±20% variation in Ms and Iθ

about their nominal values.

Figures 5.58(a) and 5.58(b) show the AVSS and PVSS rear suspension travel PSD

responses for ±20% variation in sprung mass loading Ms and pitch moment of in-

ertia Iθ, respectively. Both the AVSS and PVSS perform similarly in the region

below 4Hz, however, the magnitude of the “knee” between 1Hz and the body-hop

frequency (≈ 2Hz) is smaller for the AVSS than for the PVSS. The AVSS and

PVSS perform similarly in the 4− 8Hz region, as well as above 20Hz. The AVSS

response at the wheel-hop frequency (≈ 12Hz) is lower in magnitude than that of

the PVSS.

The AVSS and PVSS front dynamic tyre force PSD for ±20% variation in sprung

mass loading Ms and pitch moment of inertia Iθ are shown in figures 5.59(a) and

5.59(b), respectively. The AVSS response at the body-hop frequency (≈ 2Hz), is

greater in magnitude than that of the PVSS. At low frequencies (below 4Hz), the

AVSS is less sensitive than the PVSS to variations in Ms and Iθ about their nominal
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(a) AVSS

(b) PVSS

Figure 5.58: Rear suspension travel PSD for ∆ = ±20% variation in Ms and Iθ

about their nominal values.

values. The PVSS response is greater in magnitude than that of the AVSS at the

wheel-hop frequency (≈ 12Hz), but both perform similarly at higher frequencies

(> 20Hz).

(a) AVSS

(b) PVSS

Figure 5.59: Front dynamic tyre force PSD for ∆ = ±20% variation in Ms and Iθ

about their nominal values.
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Figures 5.60(a) and 5.60(b) show the AVSS and PVSS rear dynamic tyre force PSD

for ±20% variation in sprung mass loading Ms and pitch moment of inertia Iθ,

respectively. At frequencies below 4Hz, the AVSS is less sensitive to variations in

Ms and Iθ about their nominal values. The response of the AVSS at the body-hop

frequency (≈ 2Hz) is greater in magnitude than that of the PVSS. The magnitude

of the PVSS response at the wheel-hop frequency (≈ 12Hz) is greater than that of

the AVSS. At higher frequencies (> 20Hz), the AVSS and PVSS performance is

similar.

(a) AVSS

(b) PVSS

Figure 5.60: Rear dynamic tyre force PSD for ∆ = ±20% variation in Ms and Iθ

about their nominal values.

Figures 5.61(a) and 5.61(b) show the AVSS and PVSS sprung mass acceleration

PSD response for ±20% variation in Ms and Iθ about their nominal values, respec-

tively. Comparison of Figure 5.61(a) with Figure 5.61(b) shows that the AVSS is less

sensitive to variation in Ms and Iθ than the PVSS, at frequencies below 4Hz. The

AVSS produces a rounded response about wheel-hop frequency (≈ 12Hz) whereas

the PVSS produces a sharp response. At high frequencies (above 20Hz), both the

AVSS and PVSS behave similarly.

Figures 5.62(a) and 5.62(b) show the AVSS and PVSS pitch angular acceleration

PSD response for ±20% variation in Ms and Iθ about their nominal values, respec-

tively. At low frequency (< 4Hz), the AVSS is less sensitive to variations in Ms

and Iθ, however the magnitude of the AVSS response is greater than that of the
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(a) AVSS

(b) PVSS

Figure 5.61: Sprung mass acceleration PSD for ∆ = ±20% variation in Ms and Iθ

about their nominal values.

PVSS within this frequency range. Both the AVSS and PVSS behave similarly in

the 4−8Hz frequency range, around the wheel-hop frequency and at high frequency

(above 20Hz).

5.3.3.2 Variation of Suspension Spring Coefficient

The AVSS and PVSS front suspension travel PSD responses are shown in Figures

5.63(a) and 5.63(b), respectively. The figures indicate the AVSS front suspension

travel is less sensitive than that of the PVSS to variation of the spring coefficients,

for frequencies in the region below 4Hz. In the region between 4− 8Hz as well as

above 20Hz, both the AVSS and PVSS perform similarly. The AVSS obtained a

lower peak than the PVSS at the wheel-hop frequency (≈ 12Hz).

The AVSS and PVSS rear suspension travel PSD responses are shown in Figures

5.64(a) and 5.64(b), respectively. The figures show that the AVSS rear suspension

travel is less sensitive to variation of the spring coefficients than the PVSS, for

frequencies < 4Hz. Between 4− 8Hz and above 20Hz, the AVSS and PVSS both

perform similarly, however, the AVSS obtained a lower peak than the PVSS at the

wheel-hop frequency (≈ 12Hz).
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(a) AVSS

(b) PVSS

Figure 5.62: Pitch angular acceleration PSD for ∆ = ±20% variation in Ms and Iθ
about their nominal values.

(a) AVSS

(b) PVSS

Figure 5.63: Front suspension travel PSD for ∆ = ±30% variation in ksli and ksnli

about their nominal values.
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(a) AVSS

(b) PVSS

Figure 5.64: Rear suspension travel PSD for ∆ = ±30% variation in ksli and ksnli

about their nominal values.

Figures 5.65(a) and 5.65(b) show that the AVSS front dynamic tyre force is less

sensitive to variation of the spring coefficients for frequencies in the region below

4Hz and between 4−8Hz, than the PVSS. The magnitude of the AVSS response at

the wheel-hop frequency (≈ 12Hz) is lower than that of the PVSS. The performance

of both the AVSS and PVSS is similar at frequencies above 20Hz.

Figures 5.66(a) and 5.66(b) show the AVSS and PVSS rear dynamic tyre force PSDs,

respectively. At frequencies below 4Hz as well as frequencies between 4− 8Hz, the

AVSS is less sensitive than the PVSS to variation of the spring coefficients. The

AVSS response at the wheel-hop frequency (≈ 12Hz) is lower in magnitude than

that of the PVSS, both producing similar responses at frequencies above 20Hz.

The AVSS and PVSS sprung mass acceleration PSD responses are given in Figures

5.67(a) and 5.67(b), respectively. The figures show that the AVSS is less sensitive

than the PVSS to variation of the spring coefficients at frequencies below 4Hz. At

frequencies between 4 − 8Hz as well as frequencies above 20Hz both the AVSS

and PVSS perform similarly. However, AVSS produces a less harsh response about

wheel-hop frequency than the PVSS.

The AVSS and PVSS pitch angular acceleration PSD responses are given in Figures

5.68(a) and 5.68(b), respectively. The figures show that the AVSS is less sensitive
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(a) AVSS

(b) PVSS

Figure 5.65: Front dynamic tyre force PSD for ∆ = ±30% variation in ksli and ksnli
about their nominal values.

(a) AVSS

(b) PVSS

Figure 5.66: Rear dynamic tyre force PSD for ∆ = ±30% variation in ksli and ksnli

about their nominal values.

104



(a) AVSS

(b) PVSS

Figure 5.67: Sprung mass acceleration PSD for ∆ = ±30% variation in ksli and ksnli
about their nominal values.

than the PVSS to variation of the spring coefficients at frequencies below 4Hz. At

frequencies between 4 − 8Hz, at the wheel-hop frequency, as well as frequencies

above 20Hz both the AVSS and PVSS perform similarly.

5.3.3.3 Variation of Suspension Damping Coefficient

Figures 5.69(a) and 5.69(b) show the AVSS and PVSS front suspension travel PSD

responses, respectively. The AVSS response is more robust to variation in suspension

damping coefficients in the region below 4Hz and the region around the wheel-hop

frequency (≈ 12Hz), than that of the PVSS. The PVSS peak at the wheel-hop

frequency was higher than that of the AVSS. Between 4 − 8Hz as well as above

20Hz, both the AVSS and PVSS produce similar performance.

The rear suspension travel PSD response for variation in suspension damping coef-

ficients are given in Figure 5.70(a), for the AVSS and Figure 5.70(b), for the PVSS.

The figures show the robustness of the AVSS to variation in suspension damping

coefficients in the region below 4Hz and the region around the wheel-hop frequency

(≈ 12Hz), with lower peak magnitude at the wheel-hop frequency, in comparison

to that of the PVSS. In the region between 4 − 8Hz as well as above 20Hz, both
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(a) AVSS

(b) PVSS

Figure 5.68: Pitch angular acceleration PSD for ∆ = ±30% variation in ksli and

ksnli about their nominal values.

(a) AVSS

(b) PVSS

Figure 5.69: Front suspension travel PSD for ∆ = ±30% variation in bsli, bs
nl
i and

bssymi about their nominal values.
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the AVSS and PVSS performances are similar.

(a) AVSS

(b) PVSS

Figure 5.70: Rear suspension travel PSD for ∆ = ±30% variation in bsli, bs
nl
i and

bssymi about their nominal values.

The front dynamic tyre force PSD response for variation in suspension damping

coefficients are given in Figure 5.71(a), for the AVSS and Figure 5.71(b), for the

PVSS. The figures show the robustness of the AVSS to variation in suspension

damping coefficients at low frequencies (< 4Hz) and at the wheel-hop frequency.

Between 4− 8Hz, the AVSS response is slightly better than that of the PVSS. For

frequencies > 20Hz, the AVSS and PVSS perform similarly.

Figures 5.72(a) and Figure 5.72(b) show the PSD rear dynamic tyre force for the

AVSS and PVSS respectively. Figure 5.72(a) shows that the AVSS is less sensitive

to variations in suspension damping than the PVSS, particularly at low frequencies

(< 4Hz) and at the wheel-hop frequency. In the area between 4 − 8Hz, there is

a slight improvement in performance by the AVSS over the PVSS. Beyond 20Hz,

both the AVSS and PVSS perform similarly.

Figures 5.73(a) and 5.73(b) show the AVSS and PVSS sprung mass acceleration

PSD for ±30% variation in suspension damping, respectively. The figures clearly

show that the robustness to variation of suspension damping by the AVSS compared

with the PVSS at low frequencies (< 4Hz), between 4−8Hz, around the wheel-hop

frequency and at high frequencies (beyond 20Hz).
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(a) AVSS

(b) PVSS

Figure 5.71: Front dynamic tyre force PSD for ∆ = ±30% variation in bsli, bs
nl
i and

bssymi about their nominal values.

(a) AVSS

(b) PVSS

Figure 5.72: Rear dynamic tyre force PSD for ∆ = ±30% variation in bsli, bs
nl
i and

bssymi about their nominal values.
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(a) AVSS

(b) PVSS

Figure 5.73: Sprung mass acceleration PSD for ∆ = ±30% variation in bsli, bs
nl
i and

bssymi about their nominal values.

The AVSS and PVSS pitch angular acceleration PSD are given in Figures 5.74(a)

and 5.74(b), respectively. For the entire range of frequencies plotted, both figures

show that the AVSS is more robust to variations in suspension damping, compared

with the PVSS, that is, at low frequencies (< 4Hz), between 4− 8Hz, around the

wheel-hop frequency and at high frequencies (beyond 20Hz).

5.4 Conclusion

The design of a PID controller for a nonlinear AVSS with PID force feedback has

been achieved. Robustness of controller was tested with variations in sprung mass

loading as well as vehicle forward velocity (where applicable) for different road input

disturbances. A single set of PID gains was used for all the case scenarios. The

overall performance of the AVSS in terms of reduction of RMS parameters was

better than that of the PVSS. The AVSS provided better ride comfort and road

holding with minimum suspension travel in most cases. The best performance being

over the sinusoidal bump followed by the random input disturbance. Although the

AVSS suspension travel, control voltage and actuator forces remained within the

specified limits, the front dynamic tyre force limits were exceeded on a few instances
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(a) AVSS

(b) PVSS

Figure 5.74: Pitch angular acceleration PSD for ∆ = ±30% variation in bsli, bs
nl
i

and bssymi about the nominal values.

for the sinusoidal input disturbance. The AVSS rear dynamic tyre force tended to be

higher than that of the PVSS for the sinusoidal input disturbance, although it did not

exceed the specified limits. The AVSS performance in terms of RMS pitch angular

acceleration reduction was poor. Uncertainty analysis indicated that the AVSS is

more robust than the PVSS to variations in sprung mass loading and pitch moment

of inertia as well as suspension spring and damping coefficients. This is evident in the

low frequency region (below 4Hz) and around the wheel-hop frequency. Between

4−8Hz, the AVSS and PVSS performances did not differ too much, however, when

there was a difference, the AVSS performance was better than that of the PVSS. At

frequencies greater than 20Hz, both the AVSS and PVSS performances are similar.
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6 MODEL PREDICTIVE CONTROL OF A

NONLINEAR ACTIVE SUSPENSION

VIA PID FORCE FEEDBACK

6.1 Introduction

MPC systems are a group of control systems capable of predicting optimal plant

responses based on clearly defined plant models. These systems are noise tolerant

and have an advantage of being able to handle MIMO plants with constraints, in

real-time (Mehra et al., 1997; Qin and Badgwell, 2003; Deng et al., 2009).

MPC has been applied widely in the processing and power generation industries

since the 1960’s. Model complexity, which leads to computational burden, restricted

the application of MPC to systems with slow changing dynamics. However, recent

developments in computer hardware storage capacity and software coding, have

resulted in faster and more efficient MPC algorithms. This has aided the application

of MPC to systems with fast changing system dynamics such as those present in the

automotive industry (Qin and Badgwell, 2003; Li et al., 2010). Mehra et al. (1997)

developed a MPC controller for a quarter-car AVSS with a nonlinear suspension

spring model (to account for suspension travel constraints) and nonlinear model of

tyre dynamics.

In this chapter, the development of a MPC suspension travel controller for a non-

linear AVSS with PID hydraulic actuator force feedback is presented. The chapter

begins with an introduction, followed by design of the inner PID force control loop

in Section 6.2.2 and outer MPC suspension travel control loop in Section 6.2.3. The

simulation results are presented and discussed in Section 6.3, for ±30% variation in

suspension spring stiffness coefficients in the frequency domain. Time domain results

are also given for the AVSS and PVSS traversing a discrete road input disturbance

and a random road input disturbance at 75 km/h. Finally, concluding remarks are
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given in Section 6.4.

6.2 Controller Design

6.2.1 Controller Architecture

The control architecture for MPC control of a nonlinear AVSS via PID force feedback

consists of two control loops:

1. An inner PID force control loop.

2. An outer MPC suspension travel loop.

This control architecture is illustrated in Figure 6.1. The function of the outer

control loop is to set the desired force tracking signal for the hydraulic actuator,

whereas the function of the inner control loop is to ensure that the desired control

force, set by the outer control loop, is achieved by the hydraulic actuator.

Figure 6.1: Control architecture for MPC Control of a nonlinear active vehicle sus-

pension via PID force feedback.
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6.2.2 PID Force Control Loop Design

The PID force control input, ui to the half-car AVSS actuators is given in Equation

6.1 and illustrated in Figure 6.2:

ui = KP iei (t) +KI i

∫
ei (t) dt+KD i

dei (t)
dt

(6.1)

ei = Fai ref − Fai (6.2)

where KP is the proportional gain, KI is the integral gain, KD is the derivative gain,

ei given in Equation 6.2 is the error between the desired actuator force reference

signal, Fai ref , and the actual actuator force, Fai. Subscript i represents either the

front or rear suspension i ∈ (f, r). A saturation block was placed in front of the

controller output to ensure that the control voltage limits (|ui| ≤ umax) were not

exceeded in the MATLAB/SimulinkR© implementation.

Figure 6.2: Inner PID force feedback control loop.

Table 6.1: PID force control loop tuning parameters
PID Gains Front Suspension Rear Suspension

KP 0.0010 0.0010

KI 0.0145 0.0145

KD 0.0003 0.0003

6.2.3 MPC Suspension Travel Control Loop

For the AVSS model given in state-space form (refer to Chapter 3, Section 3.9), the

MPC problem is set up as follows (Deng et al., 2009):

ẋ = f (x) + g (x) u + pw (6.3)

y = h (x) (6.4)

ym = hm (x) (6.5)

113



where f (x) is the system vector, g (x) is the control input matrix, u is the control

input vector, p is the disturbance input matrix, w is the disturbance input vector, y

is the controlled system output, h (x) is the output matrix containing the front and

rear suspension travel, ym is the measured plant output and hm (x) is the measured

plant output matrix.

At time t and sampling instant k, the MPC objective function, J , is expressed in

Equation 6.6 as (Marusak and Kuntanapreeda, 2011; Bemporad et al., 2011):

J =
N1 i∑
k=1

(yi ref − y[t+ k |t]))2 +
Nu i∑
k=1

ρk∆ui[t+ k |t]2 (6.6)

in which N1 i is the control horizon, Nu i is the cost horizon, yi ref is the desired

reference trajectory, ρk is the control input weighting factor, ui is the control input

and subscript i represents either the front or rear suspension. The optimal control

input is calculated in the presence of input constraints (see Equation 6.7) and output

constraints (see Equation 6.7):

uimin ≤ uk+j ≤ uimax (6.7)

∆uimin ≤ uk+j ≤ ∆uimax (6.8)

yimin ≤ yk+j ≤ yimax (6.9)

where uimin and uimax are the minimum and maximum control input constraints,

∆uimin and ∆uimax are the minimum and maximum constraint on the rate of

change of the control input and yimin and yimax are the minimum and maximum

plant output constraints, respectively.

The Model Predictive Control parameters used for the front and rear half-car AVSS

MPC controllers are provided in Table 6.2. An illustration of MPC of a plant model

is given in Figure 6.3.

Table 6.2: MPC Parameters for Front and Rear Suspension
Parameters Value

Control Horizon (N1 f , N1 r) 10 samples

Cost Horizon (Nu f , Nu r) 8 samples

Sampling interval Ts 0.001 s

Maximum plant input 5000N

Minimum plant input −5000N

Maximum plant output 0.08m

Minimum plant output −0.08m
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Figure 6.3: Illustration of MPC control at sampling instant k.
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6.3 Simulation Results and Discussion

The half-car AVSS model was built in the MATLAB/SimulinkR© environment. The

MATLAB Ordinary Differential Equation (ODE)-3 (Bogacki-Shampine) fixed-step

solver, with sampling time set to Ts = 0.0001s, was selected for use in the simula-

tions. Fixed-step solvers allow users to set a fixed-sampling time for the duration of

the simulation. In order to enable observation of all model dynamics, the magnitude

of the step size is set lower than the fastest dynamics of the half-car AVSS model

(Dahunsi and Pedro, 2010). The tasking mode for periodic sampling times was set

to “Single Tasking”, since the model does not have multiple sampling times.

The AVSS and PVSS suspension spring stiffness coefficients were varied by ±30%

about their nominal values to test robustness to parameter variation (Chen et al.,

2005). Frequency and time domains results are then presented and discussed.

For uncertainty analysis in the frequency domain, a frequency sweep method similar

to that used by Savaresi et al. (2010) was applied here. A chirp road input distur-

bance signal of amplitude ±15mm (Sammier et al., 2003) with frequency varying

between 0−100Hz, over a simulation period of 100 s. The frequency was set to vary

between 0 − 100Hz in order to expose the vehicle to a wide range of input distur-

bance frequencies. The MATLAB Welch algorithm/spectral estimator was utilized

to perform a spectral analysis of the AVSS and PVSS model outputs. The “Ham-

ming” window setting with segment length of N/100 (where N is the total number

of samples) and a percentage overlap of 214 was found to produce clear frequency

response plots (The MathWorks Inc., 2001).

For uncertainty analysis in the time domain, the Half-Car Suspension system was set

to pass over two different Road Input disturbances for suspension travel regulation

(Ri(t) = 0). The two input disturbances are listed below:

1. A 0.075m amplitude sinusoidal bump on a smooth road (Weber and Braaksma,

2000).

2. A random Class E (Poor) road profile disturbance of road roughness G(n0) =

256× 10−6m2/(cycle/m) as given in Table 3.2.
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6.3.1 Variation of suspension spring coefficient in the frequency

domain

Figures 6.4(a) and 6.4(b) show the AVSS and PVSS front suspension travel PSD

responses, respectively. Comparison of the figures for frequencies in the region below

4Hz indicates that the AVSS front suspension travel is less sensitive to variation of

the spring coefficients, than of the PVSS. Both the AVSS and PVSS perform simi-

larly in the region between 4− 8Hz and above 20Hz. At the wheel-hop frequency

(≈ 12Hz), the AVSS peak response was lower than that of the PVSS.

(a) AVSS

(b) PVSS

Figure 6.4: Front suspension travel PSD for ∆ = ±30% variation in ksli and ksnli

about their nominal values.

Figures 6.5(a) and 6.5(b) show the AVSS and PVSS rear suspension travel PSD

responses, respectively. Examining the figures, the AVSS rear suspension travel is

more robust to variation of the spring coefficients than that of the PVSS for fre-

quencies < 4Hz. The AVSS and PVSS both perform similarly between 4 − 8Hz

and above 20Hz. The AVSS obtained a lower peak magnitude at the wheel-hop

frequency (≈ 12Hz) than the PVSS.

The front dynamic tyre force PSD for ±30% variation in suspension spring coeffi-

cients are shown for the AVSS and PVSS in figures 6.6(a) and 6.6(b), respectively.

Below 4Hz and between 4−8Hz, the AVSS front dynamic tyre force is less sensitive

than the PVSS to variation of the spring coefficients. At the wheel-hop frequency

(≈ 12Hz), the magnitude of the AVSS response is lower than that of the PVSS.
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(a) AVSS

(b) PVSS

Figure 6.5: Rear suspension travel PSD for ∆ = ±30% variation in ksli and ksnli

about their nominal values.

Above 20Hz, both the AVSS and PVSS perform the is similarly.

(a) AVSS

(b) PVSS

Figure 6.6: Front dynamic tyre force PSD for ∆ = ±30% variation in ksli and ksnli

about their nominal values.

The rear dynamic tyre force PSD for ±30% variation in suspension spring coeffi-

cients are shown for the AVSS and PVSS in figures 6.7(a) and 6.7(b) respectively.

The AVSS is less sensitive than the PVSS to variation of the spring coefficients at
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frequencies below 4Hz and between 4 − 8Hz. The PVSS response is higher in

magnitude than that of the PVSS at the wheel-hop frequency (≈ 12Hz). However,

both perform similarly at high frequencies (above 20Hz).

(a) AVSS

(b) PVSS

Figure 6.7: Rear dynamic tyre force PSD for ∆ = ±30% variation in ksli and ksnli

about their nominal values.

Figures 6.8(a) and 6.8(b) give the AVSS and PVSS sprung mass acceleration PSD

responses, respectively. In the region below 4Hz, the AVSS is less sensitive to vari-

ation of the spring coefficients, than the PVSS. The AVSS and PVSS performance

between 4− 8Hz and above 20Hz is similar. Around the wheel-hop frequency, the

AVSS produced a more rounded response than that of the PVSS.

Figures 6.9(a) and 6.9(b) show the AVSS and PVSS pitch angular acceleration PSD

responses respectively. In the frequency range below 4Hz, the AVSS is less sensitive

to variation of the spring coefficients, than the PVSS. Both the AVSS and PVSS

perform similarly at frequencies between 4 − 8Hz, at the wheel-hop frequency, as

well as frequencies above 20Hz.

6.3.2 Variation of suspension spring coefficients: Sinusoidal Bump

Input Disturbance

Table 6.3 contains the RMS values obtained as the AVSS and PVSS traversed

the sinusoidal bump road input disturbance in Section 3.5.1 at V = 75 km/h, for
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(a) AVSS

(b) PVSS

Figure 6.8: Sprung mass acceleration PSD for ∆ = ±30% variation in ksli and ksnli

about their nominal values.

(a) AVSS

(b) PVSS

Figure 6.9: Pitch angular acceleration PSD for ∆ = ±30% variation in ksli and ksnli
about their nominal values.
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∆ = ±30% variation in ksli and ksnli about their nominal values. The AVSS and

PVSS front suspension travel time histories for ∆ = ±30% variation in ksli and ksnli
about their nominal values, are given in Figures 6.10(a) and 6.10(b) respectively.

The figures show that the AVSS front suspension travel is more robust than the

PVSS to variation of spring coefficients. The AVSS front suspension travel mini-

mum and maximum peak values are considerably lower than those obtained by the

PVSS. Furthermore, the percentage reduction in RMS suspension travel by the

AVSS over the PVSS varied between 22.56% and 38.71, the best performance being

produced at nominal suspension stiffness (refer to Table 6.3). The AVSS and PVSS

did not exceed the suspension travel limit (±0.08m) set in Chapter 4.

(a) AVSS

(b) PVSS

Figure 6.10: Front suspension travel time history for ∆ = ±30% variation in ksli

and ksnli about their nominal values.

Figures 6.11(a) and 6.11(b) give the AVSS and PVSS rear suspension travel time

history for ∆ = ±30% variation in suspension stifness coefficients, respectively. Fig-

ure 6.11(a) and 6.11(b) show that the AVSS peak rear suspension travel values

are lower in magnitude compared with those of the PVSS. There was 22.88% to

30.59% improvement in RMS performance by the AVSS compared with the PVSS,

the best performance produced at nominal suspension stifness (see Table 6.3). Both

the AVSS and PVSS did not exceed suspension travel limits (±0.08m) specified in

Section 4.

121



T
ab

le
6.

3:
R

M
S

va
lu

es
fo

r
di

sc
re

te
in

pu
t

di
st

ur
ba

nc
e

w
it

h
at
V

=
75
k
m
/h

fo
r

∆
=
±

30
%

va
ri

at
io

n
in
k
sl i

an
d
k
sn
l
i

ab
ou

t
th

ei
r

no
m

in
al

va
lu

es
.

−
∆

N
om

in
al

+
∆

%
%

%

P
ar

am
et

er
s

P
V

SS
A

V
SS

R
ed

uc
ti

on
P

V
SS

A
V

SS
R

ed
uc

ti
on

P
V

SS
A

V
SS

R
ed

uc
ti

on

by
A

V
SS

by
A

V
SS

by
A

V
SS

Fr
on

t
Su

sp
en

si
on

T
ra

ve
l

[m
]

0.
01

64
0.

01
27

22
.5

6
0.

01
83

0.
01

37
25

.1
4

0.
01

97
0.

01
45

26
.4

0

R
ea

r
Su

sp
en

si
on

T
ra

ve
l

[m
]

0.
01

17
0.

00
89

23
.9

3
0.

01
19

0.
00

91
23

.5
3

0.
01

18
0.

00
91

22
.8

8

Fr
on

t
D

yn
am

ic
T

yr
e

Fo
rc

e
[N

]
39

2.
10

42
48

7.
63

61
-2

4.
36

59
3.

70
66

62
4.

84
38

-5
.2

4
82

0.
84

81
78

3.
84

15
4.

51

R
ea

r
D

yn
am

ic
T

yr
e

Fo
rc

e
[N

]
30

9.
69

69
37

9.
58

33
-2

2.
57

39
6.

83
27

43
9.

87
61

-1
0.

85
48

0.
73

08
50

0.
44

20
-4

.1
0

Sp
ru

ng
M

as
s

1.
05

65
1.

22
04

-1
5.

51
1.

52
06

1.
53

56
-0

.9
9

1.
99

08
1.

86
95

6.
09

A
cc

el
er

at
io

n
[ m/s

2
]

P
it

ch
A

ng
ul

ar
0.

36
43

0.
50

15
-3

7.
66

0.
47

36
0.

58
28

-2
3.

06
0.

62
25

0.
68

38
-9

.8
5

A
cc

el
er

at
io

n
[ rad

/
s2
]

Fr
on

t
A

ct
ua

to
r

−
0.

46
35

−
−

0.
50

53
−

−
0.

54
77

−
C

on
tr

ol
V

ol
ta

ge
[V

]

R
ea

r
A

ct
ua

to
r

−
0.

39
37

−
−

0.
41

01
−

−
0.

42
24

−
C

on
tr

ol
V

ol
ta

ge
[V

]

Fr
on

t
Sp

oo
l-

V
al

ve
−

4.
14

40
×

10
−

4
−

−
4.

54
68
×

10
−

4
−

−
4.

95
12
×

10
−

4
−

D
is

pl
ac

em
en

t
[m

]

R
ea

r
Sp

oo
l-

V
al

ve
−

3.
40

40
×

10
−

4
−

−
3.

56
22
×

10
−

4
−

−
3.

67
37
×

10
−

4
−

D
is

pl
ac

em
en

t
[m

]

Fr
on

t
A

ct
ua

to
r

−
18

8.
66

49
−

−
20

6.
68

06
−

−
21

9.
18

16
−

Fo
rc

e
[N

]

R
ea

r
A

ct
ua

to
r

−
12

9.
97

20
−

−
13

1.
71

28
−

−
13

0.
20

66
−

Fo
rc

e
[N

]

122



(a) AVSS

(b) PVSS

Figure 6.11: Rear suspension travel time history for ∆ = ±30% variation in ksli and

ksnli about their nominal values.

The front dynamic tyre force time histories for ±30% variation in suspension spring

coefficients for the AVSS and PVSS are given in Figures 6.12(a) and 6.12(b), respec-

tively. Although these figures show that the AVSS is more robust to variations in

suspension stifness, they also indicate that the AVSS front dynamic tyre force peak

values tended to be higher than those of the PVSS. The AVSS exeeded the front

dynamic tyre force limits specified in Section 4 at the nominal suspension stiffness.

Both the AVSS and PVSS exceeded the front dynamic tyre force limits at maximum

spring stifness. Although the RMS PVSS performance was better than that of the

AVSS, Table 6.3 shows that the AVSS performance improved with increase in sus-

pension stiffness.

Figure 6.13(a) and 6.13(b) are the rear dynamic tyre force time histories for ∆ =

±30% variation in ksli and ksnli about their nominal values for the AVSS and PVSS

respectively. Comparing the two figures, the AVSS response appears less affected by

the variation in suspension stiffness, than the PVSS. However, the AVSS peak rear

dynamic tyre forces are higher in magnitude than those of the PVSS. The AVSS

and PVSS did not exceed the specified rear dynamic tyre force limits (refer to Sec-

tion 4). Although the PVSS performance in terms of RMS rear dynamic tyre force
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(a) AVSS

(b) PVSS

Figure 6.12: Front dynamic tyre force time history for ∆ = ±30% variation in ksli

and ksnli about their nominal values.

was better than that of the AVSS, the AVSS performance improved with increase

in suspension stiffness (see Table 6.3).

Figure 6.14(a) and 6.14(b) give the AVSS and PVSS sprung mass acceleration time

histories for ±30% variation of suspension stifness, respectively. The figures show

that the AVSS is less sensitive to variation of suspension stiffness, compared with

the PVSS. The AVSS peak sprung mass acceleration values are higher in magnitude

than those of the PVSS. In Table 6.4, the RMS performance of the PVSS was better

than that of the AVSS. The performance of the AVSS improved with suspension

stiffness. Both the AVSS and PVSS obtained ISO 2631-1 levels of comfort varying

between “Not Uncomfortable” at the minimum suspension stifness, to “A Little Un-

comfortable” at the maximum suspension stiffness (refer to Table 6.4).

The pitch angular acceleration time histories are given in Figures 6.15(a) and 6.15(b)

for ±30% variation in suspension spring coefficients for the AVSS and PVSS , respec-

tively. These figures indicate the AVSS is less sensitive to variations in suspension

stiffness, compared with the PVSS. However, the peak pitch angular acceleration

values are lower in the PVSS, than in the AVSS. Furthermore, the pitch angular

acceleration oscillation is attenuated roughly 0.25 s faster in the AVSS than in the
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(a) AVSS

(b) PVSS

Figure 6.13: Rear dynamic tyre force time history for ∆ = ±30% variation in ksli

and ksnli about their nominal values.

(a) AVSS

(b) PVSS

Figure 6.14: Sprung mass acceleration time history for ∆ = ±30% variation in ksli

and ksnli about their nominal values.
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PVSS. The RMS pitch angular acceleration was higher in the AVSS than in the

PVSS, but the performance of the AVSS improved with increase in suspension stiff-

ness (see Table 6.3).

(a) AVSS

(b) PVSS

Figure 6.15: Pitch angular acceleration time history for ∆ = ±30% variation in ksli

and ksnli about their nominal values.

Figures 6.16(a) and 6.16(b) are the AVSS front and rear suspension actuator control

voltage time histories for ±30% variation in suspension spring coefficients, respec-

tively. The AVSS maintained the front and rear control voltages below the ±10V

limit specified in Section 4 (refer to Figures 6.16(a) and 6.16(b)). The RMS actuator

voltages were lower than 0.55V at the front actuator and 0.45V at the rear actuator

(see Table 6.3).

The spool-valve displacement time histories for ±30% variation in suspension spring

coefficients are shown in Figures 6.17(a) and 6.17(b) for the front and rear actua-

tors, respectively. The AVSS maintained the peak spool-valve displacement below

±2.1mm for the front actuator and ±2mm for the rear actuator. The RMS spool-

valve displacements increased with increase in suspension stiffness (see Table 6.3).

Figures 6.18 and 6.18(b) give the front and rear actuator force time histories for

±30% variation in suspension stiffness respectively. AVSS was able to maintain the
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Table 6.4: Weighted RMS acceleration, aRMS
wi , and discomfort levels as PVSS

and AVSS traverse a sinusoidal bump input disturbance at V = 75 km/h for

∆ = ±30%
{
ksli, ks

nl
i

}
PVSS AVSS

Weighted ISO 2631-1 Weighted ISO 2631-1 %

RMS Level RMS Level Reduction

Acceleration of Acceleration of of aRMS
wi

aRMS
wi Discomfort aRMS

wi Discomfort by[
m/s2

] [
m/s2

]
AVSS

−∆ 0.2179
Not

0.2642
Not

-24.25
Uncomfortable Uncomfortable

Nominal 0.3140
Not

0.3341
A Little

-6.40
Uncomfortable Uncomfortable

+∆ 0.4173
A Little

0.4114
A Little

1.41
Uncomfortable Uncomfortable

(a) Front suspension

(b) Rear suspension

Figure 6.16: Front and rear actuator control voltage time history for ∆ = ±30%

variation in ksli and ksnli about their nominal values.
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(a) Front suspension

(b) Rear suspension

Figure 6.17: Front and rear actuator spool-valve displacement time history for ∆ =

±30% variation in ksli and ksnli about their nominal values.
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peak actuator forces below the specified limits given in Section 4, for the simulation

period (see Figures 6.18 and 6.18(b)). In Table 6.3, the front and rear RMS actuator

forces increased with increase in suspension stiffness.

(a) Front suspension

(b) Rear suspension

Figure 6.18: Front and rear actuator force time history for ∆ = ±30% variation in

ksli and ksnli about their nominal values.

6.3.3 Variation of suspension spring coefficients: Random Input

Disturbance

Table 6.5 contains the RMS values obtained as the AVSS and PVSS traversed the

sinusoidal bump road input disturbance in Section 3.5.1 for ∆ = ±30% variation in

ksli and ksnli about their nominal values. The front suspension travel time histories

for ∆ = ±30% variation in ksli and ksnli about their nominal values are given in

Figure 6.19(a) for the AVSS and Figure 6.19(b) for the PVSS. Comparison of both

figures indicates that the PVSS is more sensitive than the AVSS to variation in

suspension spring stiffness. In addition, the minimum and maximum peak front

suspension travel values are lower for the AVSS than for the PVSS (see Figures

6.19(a) and 6.19(b)). The improvement in RMS front suspension travel by the AVSS

varied between 17.46% at minimum suspension stiffness to 15.25% at maximum
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suspension stiffness, thus the AVSS performance dropped with increase in suspension

stiffness (refer to Table 6.5). The AVSS and PVSS did not exceed the suspension

travel limit (±0.08m) set in Chapter 4.

(a) AVSS

(b) PVSS

Figure 6.19: Front suspension travel time history for ∆ = ±30% variation in ksli

and ksnli about their nominal values.

The rear suspension travel time history for ∆ = ±30% variation in ksli and ksnli

about their nominal values, are given in Figures 6.20(a) and 6.20(b) for the AVSS

and PVSS, respectively. Close examination of Figures 6.20(a) and 6.20(b) shows

that the peak rear suspension travel values are smaller in magnitude in the AVSS,

compared with the PVSS. The AVSS improved the rear suspension travel by 12.77

to 13.46%, compared with the PVSS (see Table 6.5). Both the AVSS and PVSS did

not exceed the suspension travel limit, ±0.08m, set in Section 4.

The front dynamic tyre force time histories for ±30% variation in suspension spring

coefficients are given in Figure 6.21(a) for the AVSS and Figure 6.21(b) for the

PVSS, respectively. The AVSS peak front dynamic tyre forces tended to be lower in

magnitude compared with the corresponding values of the PVSS. Both the AVSS

and PVSS did not exceed the front dynamic tyre force limits specified in Chapter

4. The performance improvement by the AVSS over the PVSS in terms of RMS

front dynamic tyre force varied between 4.40% at minimum suspension stiffness to
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(a) AVSS

(b) PVSS

Figure 6.20: Rear suspension travel time history for ∆ = ±30% variation in ksli and

ksnli about their nominal values.

2.11% at maximum suspension stiffness (refer to Table 6.5). The AVSS performance

dropped with increase in suspension stiffness.

Figures 6.22(a) and 6.22(b) give the rear dynamic tyre force time histories for ∆ =

±30% variation in ksli and ksnli about their nominal values for the AVSS and PVSS,

respectively. The AVSS and PVSS did not exceed the rear dynamic tyre force limits

specified in Chapter 4. The AVSS obtained lower peak values for rear dynamic

tyre force compared with those obtained by the PVSS. Table 6.5 shows that the

percentage improvement in RMS rear dynamic tyre force by the AVSS over the PVSS

dropped with increase in suspension stiffness; from 3.54% at minimum suspension

stiffness, to 1.89% at maximum suspension stiffness (refer to Table 6.5).

The sprung mass acceleration time histories for ±30% variation in suspension spring

coefficients are given in Figure 6.23(a) for the AVSS and Figure 6.23(b) for the

PVSS. Both the AVSS and PVSS maintained acceleration levels within the ISO

2631-1 “Not Uncomfortable” level of discomfort, thought the AVSS values tended

to be approximately 12% higher than those of the PVSS 6.6. The AVSS and PVSS

accelerations increased with increase in suspension stiffness.
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(a) AVSS

(b) PVSS

Figure 6.21: Front dynamic tyre force time history for ∆ = ±30% variation in ksli

and ksnli about their nominal values.

(a) AVSS

(b) PVSS

Figure 6.22: Rear dynamic tyre force time history for ∆ = ±30% variation in ksli

and ksnli about their nominal values.
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(a) AVSS

(b) PVSS

Figure 6.23: Sprung mass acceleration time history for ∆ = ±30% variation in ksli

and ksnli about their nominal values.

Table 6.6: Weighted RMS acceleration, aRMS
wi , and discomfort levels as PVSS

and AVSS traverse a random road input disturbance at V = 75 km/h for ∆ =

±30%
{
ksli, ks

nl
i

}
PVSS AVSS

Weighted ISO 2631-1 Weighted ISO 2631-1 %

RMS Level RMS Level Reduction

Acceleration of Acceleration of of aRMS
wi

aRMS
wi Discomfort aRMS

wi Discomfort by[
m/s2

] [
m/s2

]
AVSS

−∆ 0.2203
Not

0.2472
Not

-12.21
Uncomfortable Uncomfortable

Nominal 0.2238
Not

0.2523
Not

-12.73
Uncomfortable Uncomfortable

+∆ 0.2306
Not

0.2603
Not

-12.88
Uncomfortable Uncomfortable
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The pitch angular acceleration time histories, for ±30% variation in suspension

spring coefficients, are given in Figures 6.24(a) and 6.24(b) for the AVSS and PVSS,

respectively. The PVSS peak pitch angular acceleration values obtained are lower

in magnitude compared with those of the PVSS. The PVSS RMS pitch angular

acceleration values are lower in magnitude than those of the AVSS (see Table 6.5).

Both the AVSS and PVSS RMS pitch angular acceleration values increase with

increase in suspension stiffness.

(a) AVSS

(b) PVSS

Figure 6.24: Pitch angular acceleration time history for ∆ = ±30% variation in ksli

and ksnli about their nominal values.

Figures 6.25(a) and 6.25(b) give the actuator control voltage time histories for ±30%

variation in suspension spring coefficients for the AVSS front and rear actuators,

respectively. The front and rear actuator control voltages remained below the limit

(±10V ) specified in Chapter 4, for the duration of the simulation. The front and

rear RMS actuator voltages remained relatively constant just below 1.05V (see Table

6.5).

The spool-valve displacement time histories for ±30% variation in suspension spring

coefficients for the front and rear actuators are given in Figures 6.26(a) and 6.26(b),

respectively. The peak spool-valve displacements were lower that ±1.3mm for the

front actuator and 0.7mm for the rear actuator. The RMS spool-valve displacements
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(a) Front suspension

(b) Rear suspension

Figure 6.25: Front and rear actuator control voltage time history for ∆ = ±30%

variation in ksli and ksnli about their nominal values.

remained relatively constant, with increase in suspension stiffness (see Table 6.5).

Figures 6.27 and 6.27(b) give the actuator force time histories for ±30% variation in

suspension stiffness for the front and rear suspension actuators, respectively. Figures

6.27 and 6.27(b) show that the peak actuator forces did not exceed the actuator force

limits specified in chapter 4 throughout the simulation. The RMS force at the front

actuator increased with increase in suspension stiffness, while the rear actuator RMS

force remained relatively constant (refer to Table 6.5).

6.4 Conclusion

In this chapter, controller design for a nonlinear, half-car AVSS with hydraulic ac-

tuator dynamics has been presented. The control method involves application of

MPC to control suspension travel (outer control loop) and PID control for hydraulic

actuator force control (inner control loop). Performance of the AVSS was compared

with that of a nonlinear PVSS, with similar model parameters.
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(a) Front suspension

(b) Rear suspension

Figure 6.26: Front and rear actuator spool-valve displacement time history for ∆ =

±30% variation in ksli and ksnli about their nominal values.
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(a) Front suspension

(b) Rear suspension

Figure 6.27: Front and rear actuator force time history for ∆ = ±30% variation in

ksli and ksnli about their nominal values.

The effect of uncertainty in suspension spring stiffness coefficients on performance

of the AVSS and PVSS was tested. This was achieved by varying suspension spring

stiffness coefficients by ±30% about their nominal values (Chen et al., 2005), there-

after performing frequency domain and time domain analysis. In the frequency

domain, spectral analysis was carried out on AVSS and PVSS model outputs. The

output data was obtained from a road input disturbance frequency sweep (Savaresi

et al., 2010). In the time domain, the AVSS and PVSS responses were compared

as the vehicles traversed a discrete road input disturbance (sinusoidal bump) and a

random road input disturbance at forward velocity of 75 km/h.

At low frequencies (below 4Hz), the AVSS is more robust than the PVSS to vari-

ation of suspension spring stiffness. Furthermore, the AVSS produces lower peak

magnitudes for front and rear suspension travels, front and rear dynamic tyre forces,

sprung mass vertical acceleration and pitch angular acceleration, at the wheel-hop

frequency. The AVSS and PVSS frequency responses to uncertainty in suspension

spring stiffness are similar at high frequencies (above 20Hz).

Time domain results confirm the robustness of the AVSS in the presence of uncer-

tainty in suspension spring rate in the low frequency region, compared with the
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PVSS. Examination of the time histories of the various AVSS and PVSS outputs

indicates that the AVSS is less sensitive to variations in spring stiffness. This is most

evident as both vehicles travelled over the sinusoidal bump road input disturbance.

Compared with the PVSS, the AVSS with MPC suspension control and PID force

feedback provided a better compromise between vehicle ride comfort and road hold-

ing, without exceeding input constraints: control input voltage, and output con-

straints: suspension travel and hydraulic actuator force. This was aided by the

ability of MPC to deal with model constraints present in AVSSs (suspension travel

and actuator force output) and the PID based force control of the hydraulic actuator.
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7 NEURAL NETWORK-BASED

FEEDBACK LINEARIZATION

CONTROL OF A NONLINEAR ACTIVE

SUSPENSION VIA PID FORCE

FEEDBACK

7.1 Introduction

FBL is a method used in nonlinear control to convert highly nonlinear model dy-

namics to linear model dynamics to enable application of linear control methods

(Deng et al., 2009). NNFBL utilizes identified NN functions of the nonlinear plant

model to perform the nonlinear dynamics cancellation (Hagan et al., 2002). Buck-

ner et al. (2000) and Pedro and Dahunsi (2011) have applied NNFBL successfully to

a quarter-car AVSS design using RBF and MLP NNs respectively, obtaining good

performance, in the presence of system nonlinearities.

This chapter presents the development of a NNFBL controller for a nonlinear AVSS

with PID hydraulic actuator force feedback. Design of the inner PID force control

loop is given in Section 7.2.1. This is followed by development of the NNFBL

controller in Section 7.2.2 with experimentation, model structure selection, model

estimation and model validation given in Sections 7.2.2.1, 7.2.2.2, 7.2.2.3 and 7.2.2.4

respectively. The simulation results are then presented and discussed in Section

7.3, with consideration given to vehicle velocity and sprung mass loading variation,

for various road input disturbances, in the time-domain. Section 7.3.3, contains

uncertainty analysis for the variations in sprung mass loading, suspension spring

coefficients and suspension damping coefficients. This is followed by conclusions to

the chapter in Section 7.4.
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7.2 Controller Design

Control of the half-car AVSS is possible by the two-loop feedback control arrange-

ment shown in Figure 7.1. Suspension travel is the main control variable due to

ease of measurement and the need to maintain suspension travel within the lim-

its of the suspension workspace (Du and Zhang, 2008). NNFBL is applied on the

outer control loop which sets the desired actuator control force signal, based on

the relative displacement between the vehicle body and the wheels. The inner PID

force control loop enhances the actuator stability, minimizing chattering and en-

ables the controller to achieve the desired force set by the outer loop (Fateh and

Alavi, 2009; Marusak and Kuntanapreeda, 2011; Priyandoko et al., 2009). The over-

all control system architecture applied is shown in Figure 7.1.

Figure 7.1: Control architecture for NNFBL control of a nonlinear active vehicle

suspension via PID force feedback.

7.2.1 PID Force Control Loop Design

The PID force control input, ui to the half-car AVSS actuators is given in Equation

7.1 and illustrated in Figure 7.2:

ui = KP iei (t) +KI i

∫
ei (t) dt+KD i

d (ei (t))
dt

(7.1)

ei (t) = Fai ref (t)− Fai (t) (7.2)
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where KP i is the proportional gain, KI i is the integral gain, KD i is the derivative

gain, ei is the error between the desired actuator force reference signal, Fai ref ,

and the actual actuator force, Fai. Subscript i represents either the front or rear

suspension i ∈ (f, r). A saturation block was placed in front of the controller output

to ensure that the control voltage limits (|ui| ≤ umax) were not exceeded in the

MATLAB/SimulinkR© implementation. Table 7.1, contains the PID controller gains

for the force control loop. These gains were obtained by Ziegler-Nichols tuning

method.

Figure 7.2: Inner PID force feedback control loop.

Table 7.1: PID force control loop tuning parameters
PID Gains Front Suspension Rear Suspension

KP 0.0010 0.0010

KI 0.0145 0.0145

KD 0.0003 0.0003

7.2.2 NNFBL Suspension Travel Control Loop Design

The MATLAB/SimulinkR© NARMA-L2 control toolbox was used to perform Neural

Network-based Feedback Linearization (NNFBL) on the outer control loop. Since

this tool is a Single Input Single Output (SISO) tool, two separate NARMA-L2

controllers were used for control of the half-car AVSS which is a MIMO system.

Furthermore, the SISO nature of the NARMA-L2 controller meant that the half-car

AVSS model was modified to allow for collection of the I/O data required for system

identification. For front suspension system identification, the rear suspension input

and output were grounded and terminated respectively as shown in Figure 7.3. This

made the AVSS appear to be a SISO system to the controller, enabling identification.

The same process was repeated for the rear suspension system by grounding and

terminating the front suspension system input and output respectively. The system

identification was then carried out in four steps:

1. Experimentation
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2. Model Structure Selection

3. Model Estimation

4. Model Validation

Figure 7.3: System identification of a nonlinear half-car AVSS for NNFBL control.

7.2.2.1 Experimentation

Two random non-saturating input signals covering the entire operational range of the

half-car AVSS, were used to generate the I/O data. The sampling time was chosen

to be smaller than the fastest system dynamic to ensure that all model dynamics are

captured in the data. The data, Zni , was collected in the form presented in Equation

7.3 in which ui (k) and yi (k) are the input and output to the system respectively,

k is the number of the sampling instant, n is the total number of samples taken

and subscript i represents either the front or rear suspension i = {f, r} (Pedro

et al., 2009; Beale et al., 2010).

Zni = f {[ui (k) , yi (k) ]; k = 1, . . . , N} (7.3)

The I/O data collected from the front and rear suspensions are given in Figures 7.4

and 7.5. The data consists of 10000 samples collected at a sampling rate Ts = 0.001 s.

The maximum input force, Fai = ui (k), was limited to ±5000N and the suspension

travels, yf = ztf − zc+ lf sin θ and yr = ztr − zc− lr sin θ were limited to ±0.08m.
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Figure 7.4: Front suspension I/O data for Neural Network system identification for

NNFBL control.
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Figure 7.5: Rear suspension I/O data for Neural Network system identification for

NNFBL control.
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7.2.2.2 Model Structure Selection

The NARMA models given in Equation 7.4, in which d is the system delay, na is

the number of past inputs, nb is the number of past outputs and F is a nonlinear

function, were trained to present the half-car AVSS model’s forward dynamics. The

nonlinear function F is approximated by the NN during identification (Pedro et al.,

2009; Beale et al., 2010).

yi (k + d) = F [yi (k) , yi (k − 1) , . . . , yi (k − na+ 1) , ui (k) , ui (k − 1) ,

. . . , ui (k − nb+ 1)] (7.4)

FBL involves cancellation of nonlinear system dynamics into linear. The NARMA-

L2 controller achieves this by training two MLP NN to approximate the nonlinear

functions f [·] and g [·], as shown in Figure 7.6. The MLP NN models have two

layers. The first layer is the hidden layer which contains neurons with tangent-

sigmoid (hyperbolic-tangent) activation function:

tansig (n) =
2

1 + e−2(n)
− 1

=
1− e−2(n)

1 + e−2(n)
(7.5)

The second layer is the output layer which contains neurons with linear activation

function. Both the hidden and output layers contain a bias. Figure 7.6 shows the

input, hidden and output layers of the MLP NN. The companion form (in which the

next controller input, u (k), is not contained inside the nonlinearity) is expressed in

Equation 7.6. This form enables tracking of reference signal yri (k + d). However,

because yi(k) is required to calculate ui(k) and both occur at the same sampling

instant, the resulting controller (see Equation 7.7) is not practically feasible (Pedro

et al., 2009; Beale et al., 2010).

ŷi (k + d) = f [yi (k) , yi (k − 1) , . . . , yi (k − n+ 1) , ui (k) , ui (k − 1) ,

. . . , ui (k − na+ 1)] + g [yi (k) , yi (k − 1) , . . . , yi (k − n+ 1) ,

ui (k − 1) , . . . , ui (k − nb+ 1)] · ui (k) (7.6)

ui (k) = (yri (k + d)− f [yi (k) , yi (k − 1) , . . . , yi (k − n+ 1) , ui (k − 1) , . . . ,

ui (k − na+ 1)])÷ (g[yi (k) , yi (k − 1) , . . . , yi (k − n+ 1) , ui (k − 1) ,

. . . , ui (k − nb+ 1)]) (7.7)

By setting the plant delay d ≥ 2 with a model order n = na = nb = 2, a NARMA

model and therefore a practical NARMA-L2 controller can be developed as given

in Equations 7.8 and 7.9 respectively. Figure 7.7 illustrates use of the identified
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Figure 7.6: NARMA-L2 NN model for approximation of nonlinear functions f [·]
and g [·].

Figure 7.7: Use of the identified NARMA model to obtain NARMA-L2 control input

ui (t+ 1).
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Figure 7.8: NARMA-L2 Controller implementation.

NARMA model to obtain the control signal for the NARMA-L2 controller imple-

mentation in Figure 7.8 (Pedro et al., 2009; Beale et al., 2010).

yi (k + d) = f [yi (k) , yi (k − 1) , . . . , yi (k − n+ 1) , ui (k) , ui (k − 1) ,

. . . , ui (k − n+ 1)] + g [yi (k) , yi (k − 1) , . . . , yi (k − n+ 1) ,

ui (k − 1) , . . . , ui (k − n+ 1)] · ui (k + 1) (7.8)

ui (k) =
yri (k + d)− f [yi (k) , . . . , yi (k − n+ 1) , ui (k) , . . . , ui (k − n+ 1)]

g [yi (k) , . . . , yi (k − n+ 1) , ui (k) , . . . , ui (k − n+ 1)]
(7.9)

7.2.2.3 Model Estimation

Model estimation is the process of training the NN to approximate the desired func-

tion using the I/O data collected. The NNs were trained using the backpropagation

method. In this method, NN weights are updated backwards through the NN by

calculating the Jacobian and gradient of the weights. There are several backprop-

agation algorithms, for training NN. Thus, selection of the NN training algorithm

was based on reduction of the Mean Square Error (MSE), for a given maximum

allowable number of epochs to reach convergence (Beale et al., 2010; Dahunsi and

Pedro, 2010).

MSE is an indication of the accuracy of the identified NN model of the AVSS plant.

A smaller MSE means that the NN model of the AVSS plant is more accurate. For

AVSS plant outputs yf = ztf −zc+ lf sin θ and yr = ztr−zc− lr sin θ and NN model
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outputs ymf and ymr, the NN model MSE is calculated as follows:

MSE =
1
n

n∑
i=1

(ei)
2

=
1
n

n∑
i=1

(yi − ymi)2 (7.10)

where ei is the error between the AVSS plant output and the neural network model

output and n is the number of training samples.

The NNFBL parameters for both the Front and Rear Suspension are listed in Table

7.2. Results from the NN training of the front and rear suspension system controllers

NN models are listed in Table 7.3. The results indicate that the LM algorithm was

the best training algorithm, producing MSEs of 1.6736 × 10−7 after 13 training

epochs and 3.8147× 10−7 after 28 training epochs for the front and rear suspension

NNs, respectively.

Table 7.2: NNFBL parameters for front and rear suspension
Parameters Value

Number of layers 2

Number of hidden layer neurons 5

Number of delayed plant inputs 2

Number of delayed plant outputs 2

Sampling interval Ts 0.001 s

Normalize training data No

Number of training samples 10000

Maximum plant input 5000N

Minimum plant input −5000N

Maximum plant output 0.08m

Minimum plant output −0.08m

Maximum interval value 0.5 s

Minimum interval value 0.1 s

Maximum Number of training epochs 1000

Total sampling time 10 s

7.2.2.4 Model Validation

50% of the I/O data is used for NN training, 25% for validation and the remaining

25% for testing of the NN models. Figures 7.9 to 7.14 show that the NN model
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output closely matched the plant model output for the front and rear suspension

training, validation and testing data, with errors in the order 10−3. The front and

rear suspension regression plots in Figures 7.15 and 7.16, respectively, show good

NN fitting of the I/O data, without any outliers. The MSE plots obtained with the

LM training algorithm for both the front and rear suspensions are shown in Figures

7.17 and 7.18. The training state plots in Figures 7.19 and 7.20 show the variation of

the NN gradient, Mu and the number of completed validation checks at convergence

respectively.

Figure 7.9: Front suspension NN training data for NNFBL control.

7.3 Simulation Results and Discussion

The half-car AVSS model was built in the MATLAB/SimulinkR© environment. The

MATLAB Ordinary Differential Equation (ODE)-3 (Bogacki-Shampine) fixed-step

solver, with sampling time set to Ts = 0.0001s, was selected for use in the simula-

tions. Fixed-step solvers allow users to set a fixed-sampling time for the duration

of the simulation. The magnitude of the smallest step size is lower than the fastest

half-car AVSS model dynamics, enabling observation of all model dynamics (Dahunsi

and Pedro, 2010). The tasking mode for periodic sampling times was set to “Single

Tasking”, since the model does not have multiple sampling times.
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Figure 7.10: Rear suspension NN training data for NNFBL control.

Figure 7.11: Front suspension NN validation data for NNFBL control.
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Figure 7.12: Rear suspension NN validation data for NNFBL control.

Figure 7.13: Front suspension NN testing data for NNFBL control.

153



Figure 7.14: Rear suspension NN testing data for NNFBL control.

Figure 7.15: Front suspension data regression plot for NNFBL Input-Output (I/O)

data.
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Figure 7.16: Rear suspension data regression plot for NNFBL Input-Output (I/O)

data.

Figure 7.17: Front suspension data MSE plot for NNFBL Input-Output (I/O) data.
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Figure 7.18: Rear suspension data MSE plot for NNFBL Input-Output (I/O) data.

Figure 7.19: Front suspension data training state plot for NNFBL Input-Output

(I/O) data.
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Figure 7.20: Rear suspension data training state plot for NNFBL Input-Output

(I/O) data.

The Half-Car Suspension system was set to pass over two different Road Input dis-

turbances for suspension travel regulation (Ri(t) = 0). The two input disturbances

are listed below:

1. A 0.075m amplitude sinusoidal bump on a smooth road (Weber and Braaksma,

2000).

2. A random Class E (Poor) road profile disturbance of road roughness G(n0) =

256× 10−6m2/(cycle/m) as given in Table 3.2.

To test the controller’s robustness to parameter variation, two tests were conducted

as the vehicle traversed the road input disturbances:

1. Variation of vehicle forward velocity, V :

The vehicle forward velocity remains constant through the duration of the

simulation, however, different forward velocities are used:

(a) V = 45 km/h.

(b) V = 60 km/h.

(c) V = 75 km/h.
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2. Variation of vehicle sprung mass payload, Ms:

The sprung mass payload Ms was varied ±20% of its nominal value, Ms =

580 kg. Therefore, three values for sprung mass were tested (Du et al., 2008):

(a) 80%Ms = 464 kg

(b) 100%Ms = 580 kg

(c) 120%Ms = 696 kg

Since the pitch moment of inertia Iθ is related to the vehicle body mass, it

is assumed that the pitch moment of inertia also varies by the same amount

about its nominal value (Chen et al., 2005)

The likelihood of parameter variation at different speeds motivated observation of

the controller performance with sprung mass payload variation at each speed. The

simulation results are therefore presented and discussed in that format.

7.3.1 Sinusoidal Bump Input Disturbance

7.3.1.1 System Response at V = 45 km/h

The RMS values obtained as the PVSS and AVSS traversed a sinusoidal bump input

disturbance at V = 45 km/h are given in Table 7.4. Although the AVSS performance

is significantly better than that of the PVSS, RMS results for both the front and

rear suspension (see Table 7.4), indicate that increase in vehicle sprung mass causes

a reduction in AVSS suspension travel performance at V = 45 km/h. The minimum

and maximum peak front and rear suspension travel values obtained by the AVSS

are also lower that those of the PVSS. Increase in vehicle mass causes the suspen-

sion travel workspace to reduce. Figures 7.21 and 7.22 suggest that the AVSS is less

likely to hit the suspension travel limits (±0.08m) than the PVSS as the mass of

the vehicle increases.

The front and rear dynamic tyre force is shown in Figures 7.23 and 7.24. The RMS

front dynamic tyre force for the AVSS improved with each increase in the sprung

mass loading compared with the PVSS, while the rear dynamic tyre force remained

roughly 2% worse than the PVSS as shown in Table 7.4. Both the AVSS and PVSS

peak values obtained for the front and rear dynamic tyre forces were well below the

specified limits (see Chapter 4, Table 4.1).

The AVSS and PVSS sprung mass acceleration are shown in Figure 7.25. Table 7.5
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(a) AVSS

(b) PVSS

Figure 7.21: Front suspension travel for 80%, 100% and 120% Ms at V = 45 km/h.

(a) AVSS

(b) PVSS

Figure 7.22: Rear suspension travel for 80%, 100% and 120% Ms at V = 45 km/h.
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(a) AVSS

(b) PVSS

Figure 7.23: Front dynamic tyre force for 80%, 100% and 120% Ms at V = 45 km/h.

(a) AVSS

(b) PVSS

Figure 7.24: Rear dynamic tyre force for 80%, 100% and 120% Ms at V = 45 km/h.
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shows that although both the AVSS and PVSS maintained a “Not Uncomfortable”

level of discomfort throughout, the AVSS performance was 21.45 − 23.18% better

than that of the PVSS in terms of ISO 2631-1 weighted RMS acceleration, for all

values of Ms tested.

(a) AVSS

(b) PVSS

Figure 7.25: Sprung mass acceleration for 80%, 100% and 120% Ms at V = 45 km/h.

With regards to pitch angular acceleration, RMS values in Table 7.4 indicate that

AVSS performance deteriorated with increase in vehicle mass. The AVSS peak pitch

angular acceleration values in Figure 7.26 tend to be higher when compared with

the corresponding PVSS values. However, close examination of Figure 7.26 shows

that although the AVSS values are higher, the control action of the AVSS dampens

the oscillation approximately 0.5 s faster than the PVSS.

Figures 7.27 , 7.28 and 7.29 depict the front and rear actuator control voltage, spool-

valve displacement and force for ±20% sprung mass variation at V = 45 km/h. The

actuator force increased as the vehicle mass increased from 464 kg to 696 kg. This

is atributed to the fact that more actuator force is required to overcome the addi-

tional sprung mass weight. Thus the required control input voltage and spool-valve

displacement increase with vehicle sprung mass. The peak actuator force values,

[−582.4N, 425.0N ] for the front and [−330.1N, 218.3N ] for the rear at 80%Ms,
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Table 7.5: Weighted RMS acceleration and discomfort levels as PVSS and AVSS

traverse a sinusoidal bump input disturbance at V = 45 km/h
PVSS AVSS %

Weighted ISO 2631-1 Weighted ISO 2631-1 Reduction

RMS Level RMS Level of aRMS
wi

Acceleration of Acceleration of by

aRMS
wi Discomfort aRMS

wi Discomfort AVSS

80% 0.2117 Not 0.1663 Not 21.4454

Ms Uncomfortable Uncomfortable

100% 0.2205 Not 0.1714 Not 22.2676

Ms Uncomfortable Uncomfortable

120% 0.2217 Not 0.1703 Not 23.1845

Ms Uncomfortable Uncomfortable

(a) AVSS

(b) PVSS

Figure 7.26: Pitch angular acceleration for 80%, 100% and 120% Ms at V =

45 km/h.
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[−682.1N, 592.9N ] for the front and [−401.2N, 262.3N ] for the rear at 100%Ms and

[−738.4N, 600.8N ] for the front and [−461.6N, 299.6N ] for the rear at 120%Ms, are

considerably lower than the specified limits in Chapter 4. The front actuator con-

trol voltage remained below the maximum allowable control voltage, (|ui| ≤ umax),

throught out the simulation. However, the rear actuator voltage spiked to +10V

during the first 0.05 s of the simulation. This can be ignored because it did not

have any visible effects on both the actuator force and the spool-valve displacement

during the same period.

(a) Front suspension

(b) Rear suspension

Figure 7.27: Front and rear actuator control voltage for 80%, 100% and 120% Ms

at V = 45 km/h.

7.3.1.2 System Response at V = 60 km/h

The RMS values obtained as the PVSS and AVSS traversed a sinusoidal bump input

disturbance at V = 60 km/h are listed in Table 7.6.

Comparing the front and rear RMS suspension travel values listed in Tables 7.4 and

7.6, there is approximately an 8% reduction in the overall performance of the AVSS

front suspension travel and 3% reduction for the rear suspension travel, compared

with the corresponding PVSS values. This deterioration of performance is due to

increase in vehicle forward velocity, V , from 45 km/h to 60 km/h. The peak suspen-

sion travel values at 60 km/h, show that although both the AVSS and PVSS peaks
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(a) Front suspension

(b) Rear suspension

Figure 7.28: Front and rear actuator spool-valve displacement for 80%, 100% and

120% Ms at V = 45 km/h.

(a) Front suspension

(b) Rear suspension

Figure 7.29: Front and rear actuator force for 80%, 100% and 120% Ms at V =

45 km/h.
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were below the specified limit, the AVSS produced smaller deflections. Figures 7.30

and 7.31 show that increase in vehicle sprung mass had less effect on the control

performance of the AVSS than on the PVSS.

(a) AVSS

(b) PVSS

Figure 7.30: Front suspension travel for 80%, 100% and 120% Ms at V = 60 km/h.

(a) AVSS

(b) PVSS

Figure 7.31: Rear suspension travel for 80%, 100% and 120% Ms at V = 60 km/h.

The AVSS and PVSS front and rear dynamic tyre force plots as Ms varied by ±20%

at 60 km/h are illustrated in Figures 7.23 and 7.24. The figures show that the front
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AVSS suspension minimized the dynamic tyre force approximately 0.25 s faster than

the PVSS. However, the AVSS front suspension peak dynamic tyre force exceeded

the limit for 80%Ms given in Table 4.1 (Chapter 4). Comparing the RMS values

obtained at V = 45 km/h to those obtained at V = 60 km/h, there was a noticeable

reduction in overall performance of the AVSS over the PVSS (compare Table 7.4

to 7.6) in terms of dynamic tyre load. In spite of this, the AVSS front suspension

dynamic tyre load improved with increase in vehicle mass, from 1.37% to 3.25% to

5.08%, while the rear suspension dynamic load remained relatively steady at ap-

proximately −6% worse than the PVSS. The deterioration in performance is linked

to the increase in tyre dynamic load due to higher vehicle forward velocity. This

increases the likelihood of exceeding the specified limits, which are not dependent

on vehicle speed (refer to Equation 4.6).

(a) AVSS

(b) PVSS

Figure 7.32: Front dynamic tyre force for 80%, 100% and 120% Ms at V = 60 km/h.

Figure 7.34 shows the sprung mass acceleration, with accompanying ISO 2631-1

weighted RMS acceleration is given in Table 7.7. The AVSS performance in terms

of acceleration reduction was 6.46−7.34% better than that of the PVSS for all values

of Ms. Comparing Table 7.5 with 7.7, the AVSS the overall percentage reduction in

weighted RMS acceleration reduced by about 14− 15% with the increase in velocity

from 45 km/h to 60 km/h (compare Table 7.5 with 7.7).

The peak pitch angular accelerations experienced by the AVSS were higher than

the PVSS as shown in Figure 7.35. The overall percentage reduction in RMS pitch
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(a) AVSS

(b) PVSS

Figure 7.33: Rear dynamic tyre force for 80%, 100% and 120% Ms at V = 60 km/h.

(a) AVSS

(b) PVSS

Figure 7.34: Sprung mass acceleration for 80%, 100% and 120% Ms at V = 60 km/h.
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Table 7.7: Weighted RMS acceleration and discomfort levels as PVSS and AVSS

traverse a sinusoidal bump input disturbance at V = 60 km/h
PVSS AVSS %

Weighted ISO 2631-1 Weighted ISO 2631-1 Reduction

RMS Level RMS Level of aRMS
wi

Acceleration of Acceleration of by

aRMS
wi Discomfort aRMS

wi Discomfort AVSS

80% 0.3160 A Little 0.2956 Not 6.4557

Ms Uncomfortable Uncomfortable

100% 0.2916 Not 0.2727 Not 6.4815

Ms Uncomfortable Uncomfortable

120% 0.2671 Not 0.2475 Not 7.3381

Ms Uncomfortable Uncomfortable

angular acceleration by the AVSS deteriorated with the increase in velocity from

V = 45 km/h to V = 60 km/h (compare Table 7.4 to 7.6). In spite of this, the

AVSS attenuated the pitch angular acceleration faster than the PVSS.

(a) AVSS

(b) PVSS

Figure 7.35: Pitch angular acceleration for 80%, 100% and 120% Ms at V =

60 km/h.
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The front and rear actuator voltages and spool-valve displacements are shown in

Figures 7.36 and 7.37, respectively. The front and rear actuator voltages remained

lower than the ±10V limit for all values of Ms.

(a) Front suspension

(b) Rear suspension

Figure 7.36: Front and rear actuator control voltage for 80%, 100% and 120% Ms

at V = 60 km/h.

The overall actuator force at V = 60 km/h increased when compared to the force

required at V = 45 km/h. This is evident when comparing the RMS and peak forces

experienced at 45 km/h (see Figure 7.29) to those experienced at 60 km/h (see Fig-

ure 7.38). An increase in force is required to overcome the greater dynamic forces

exerted by the road disturbance and vehicle at higher speed. The actuator forces

shown in Figure 7.38 remained within the specified limits.

7.3.1.3 System Response at V = 75 km/h

The RMS values obtained as the PVSS and AVSS traversed a sinusoidal bump input

disturbance at V = 75 km/h are listed in Table 7.8. The AVSS front suspension

travel RMS remained relatively constant at 23% better than the PVSS, while the

AVSS rear suspension travel percentage improvement over the PVSS reduced from
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(a) Front suspension

(b) Rear suspension

Figure 7.37: Front and rear actuator spool-valve displacement for 80%, 100% and

120% Ms at V = 60 km/h.

(a) Front suspension

(b) Rear suspension

Figure 7.38: Front and rear actuator force for 80%, 100% and 120% Ms ator V =

60 km/h.
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23.14% to 21.85% at V = 75 km/h. The AVSS and PVSS suspension travel peak

values were lower than the limits. The AVSS minimized suspension deflection faster

than the PVSS as visible in Figures 7.39 and 7.40. Comparing the AVSS perfor-

mance improvement over the PVSS in Tables 7.4, 7.6 and 7.8, show that increase in

vehicle speed caused a slight drop in overall RMS suspension travel.

(a) AVSS

(b) PVSS

Figure 7.39: Front suspension travel for 80%, 100% and 120% Ms at V = 75 km/h.

Both AVSS and PVSS exceeded the maximum allowable front wheel dynamic tyre

force for 80%Ms (refer to Figure 7.41). The AVSS exceeded the maximum allow-

able front wheel dynamic tyre force at 100%Ms (refer to Figure 7.41). The rear

AVSS and PVSS dynamic tyre force remained below the specified limits for all val-

ues of Ms. Figures 7.41 and 7.42 show that although the peak AVSS dynamic

tyre loads are greater than those of the PVSS, the AVSS dampens the forces faster

than the PVSS (approximately 0.5 s faster in the front wheel and 0.25 s faster in

the rear wheel). Analysis of the RMS performance of the AVSS at V = 45 km/h,

60 km/h and 75 km/h indicates that the AVSS dynamic road holding performance

deteriorated with increase in vehicle speed. Increase in sprung mass caused some

improvements in the front tyre road holding performance.

The AVSS and PVSS sprung mass acceleration and ISO 2631-1 weighted RMS accel-

eration are given in Figure 7.43 and Table 7.9, respectively. Table 7.9 shows that the

PVSS performance was between 5.74 and 6.41% better than that of the AVSS. The

table also shows that both the AVSS and PVSS weighted RMS acceleration reduced
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(a) AVSS

(b) PVSS

Figure 7.40: Rear suspension travel for 80%, 100% and 120% Ms at V = 75 km/h.

(a) AVSS

(b) PVSS

Figure 7.41: Front dynamic tyre force for 80%, 100% and 120% Ms at V = 75 km/h.
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(a) AVSS

(b) PVSS

Figure 7.42: Rear dynamic tyre force for 80%, 100% and 120% Ms at V = 75 km/h.

with increase in sprung mass loading; beginning at “A Little Uncomfortable” ISO

discomfort level at 80%Ms then dropping to “Not Uncomfortable” ISO discomfort

level. The overall performance by the AVSS in terms of reducing sprung mass ac-

celeration deteriorated with increase in vehicle speed from 45 km/h to 60 km/h to

75 km/h (see Tables 7.5, 7.7 and 7.9).

Table 7.9: Weighted RMS acceleration and discomfort levels as PVSS and AVSS

traverse a sinusoidal bump input disturbance at V = 75 km/h
PVSS AVSS %

Weighted ISO 2631-1 Weighted ISO 2631-1 Reduction

RMS Level RMS Level of aRMS
wi

Acceleration of Acceleration of by

aRMS
wi Discomfort aRMS

wi Discomfort AVSS

80% 0.3682 A Little 0.3918 A Little -6.4096

Ms Uncomfortable Uncomfortable

100% 0.3140 Not 0.3341 A Little -6.4013

Ms Uncomfortable Uncomfortable

120% 0.2719 Not 0.2875 Not -5.7374

Ms Uncomfortable Uncomfortable

At 75 km/h, the AVSS produces larger peak pitch angular acceleration values when
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(a) AVSS

(b) PVSS

Figure 7.43: Sprung mass acceleration for 80%, 100% and 120% Ms at V = 75 km/h.

compared with the PVSS (refer to Figure 7.44). Further examination of Figure 7.44

shows that the AVSS reduced the pitch angular acceleration faster than the PVSS,

for all the values of Ms tested. In terms of RMS performance improvement against

the PVSS, the AVSS pitch angular acceleration performance dropped from 23% to

25%, against the PVSS. The overall AVSS RMS pitch angular acceleration perfor-

mances deteriorated with increase in vehicle forward velocity.

Figure 7.45 shows the variation of AVSS front and rear actuator voltage at V =

75 km/h. The minimum and maximum voltages for the front and rear actuators at

75 km/h remained below the ±10V limit. Voltage required increased with the veloc-

ity (from 45 km/h to 75 km/h) as well as increasing with vehicle mass (±20%Ms).

The spool-valve displacement obtained at V = 75 km/h is displayed in Figure 7.46.

spool-valve displacement also increased with vehicle mass as well as velocity. The

AVSS required the greater force at V = 75 km/h compared with V = 45 km/h and

V = 60 km/h. The peak front and rear actuator forces were lower than the specified

limits. The front and rear AVSS forces are shown in Figure 7.47.
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(a) AVSS

(b) PVSS

Figure 7.44: Pitch angular acceleration for 80%, 100% and 120% Ms at V =

75 km/h.

(a) Front suspension

(b) Rear suspension

Figure 7.45: Front and rear actuator control voltage for 80%, 100% and 120% Ms

at V = 75 km/h.
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(a) Front suspension

(b) Rear suspension

Figure 7.46: Front and rear actuator spool-valve displacement for 80%, 100% and

120% Ms at V = 75 km/h.

(a) Front suspension

(b) Rear suspension

Figure 7.47: Front and rear actuator force for 80%, 100% and 120% Ms at V =

75 km/h.
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7.3.2 Random Input Disturbance

7.3.2.1 System Response at V = 45 km/h

The RMS values obtained as the PVSS and AVSS traversed a random road input

disturbance at V = 45 km/h are given in Table 7.10. RMS front suspension travel

given in Table 7.10, indicate that the percentage reduction in front suspension travel

by the AVSS improved as the sprung mass increased from 464 kg to 696 kg, com-

pared with the PVSS. The AVSS rear suspension travel improvement over the PVSS

fluctuated between 15.38% at 80%Ms and 14.29% at 120%Ms. The front and rear

suspension travel are shown in Figures 7.48 and 7.49, respectively. Both the AVSS

and PVSS suspension travel remained below the specified limits at the peaks.

(a) AVSS

(b) PVSS

Figure 7.48: Front suspension travel for 80%, 100% and 120% Ms at V = 45 km/h.

The dynamic tyre forces for the front and rear suspension are shown in Figures 7.50

and 7.51. The peak dynamic tyre forces for both the AVSS and PVSS remained

below the specified limits in Chapter 4. The front AVSS dynamic tyre force per-

centage reduction improved with increase in sprung mass, from 0.98% at 80%Ms to

3.37% at 120%Ms, whereas the rear AVSS dynamic tyre force percentage reduction

improved but remained just under 1%.

Figure 7.52 and Table 7.11 give the sprung mass acceleration and ISO 2631-1
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(a) AVSS

(b) PVSS

Figure 7.49: Rear suspension travel for 80%, 100% and 120% Ms at V = 45 km/h.

(a) AVSS

(b) PVSS

Figure 7.50: Front dynamic tyre force for 80%, 100% and 120% Ms at V = 45 km/h.
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(a) AVSS

(b) PVSS

Figure 7.51: Rear dynamic tyre force for 80%, 100% and 120% Ms at V = 45 km/h.

weighted RMS acceleration obtained at at V = 45 km/h, respectively. The AVSS

weighted RMS was between 10.66 and 12.54% higher than that of the PVSS. Both

the AVSS and PVSS weighted RMS acceleration remained at a “Not Uncomfort-

able” level of discomfort as the sprung mass loading was increased.

Table 7.11: Weighted RMS acceleration and discomfort levels as PVSS and AVSS

traversed a random road input disturbance at V = 45 km/h
PVSS AVSS %

Weighted ISO 2631-1 Weighted ISO 2631-1 Reduction

RMS Level RMS Level of aRMS
wi

Acceleration of Acceleration of by

aRMS
wi Discomfort aRMS

wi Discomfort AVSS

80% 0.2296 Not 0.2585 Not -12.5871

Ms Uncomfortable Uncomfortable

100% 0.1834 Not 0.2053 Not -11.9411

Ms Uncomfortable Uncomfortable

120% 0.1538 Not 0.1702 Not -10.6632

Ms Uncomfortable Uncomfortable

183



(a) AVSS

(b) PVSS

Figure 7.52: Sprung mass acceleration for 80%, 100% and 120% Ms at V = 45 km/h.

The pitch angular acceleration is shown in Figure 7.53. The AVSS RMS pitch angu-

lar acceleration was worse than the PVSS RMS pitch angular acceleration by 16.76%

at the minimum sprung mass load and 17.31% at the maximum sprung mass load.

The peak pitch angular acceleration values for the AVSS were also higher than those

of the PVSS.

Figures 7.54 and 7.55 show the front and rear actuator voltages and spool-valve

displacement respectively. The front and rear actuator control voltages were lower

than the specified limit.

The front and rear actuator forces are shown in Figure 7.56. The front and rear

actuator forces increased to compensate for the increase in sprung mass. This is

shown by the increase in RMS front and rear actuator forces in Table 7.10. The

peak actuator forces were well within the limits specified in Chapter 4. Examining

the magnitudes of the RMS actuator forces experienced for the sinusoidal bump

and random input disturbances shows that the required actuator force reduces with

input disturbance amplitude.
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(a) AVSS

(b) PVSS

Figure 7.53: Pitch angular acceleration for 80%, 100% and 120% Ms at V =

45 km/h.

(a) Front suspension

(b) Rear suspension

Figure 7.54: Front and rear actuator control voltage for 80%, 100% and 120% Ms

at V = 45 km/h.
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(a) Front suspension

(b) Rear suspension

Figure 7.55: Front and rear actuator spool-valve displacement for 80%, 100% and

120% Ms at V = 45 km/h.

(a) Front suspension

(b) Rear suspension

Figure 7.56: Front and rear actuator force for 80%, 100% and 120% Ms at V =

45 km/h.
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7.3.2.2 System Response at V = 60 km/h

The RMS values obtained as the PVSS and AVSS traversed a random road input

disturbance at V = 60 km/h are given in Table 7.12. The front and rear suspension

travel are shown in Figures 7.57 and 7.58. The minimum and maximum suspen-

sion travel obtained for the AVSS and PVSS were below the specified ±0.08m limit.

Compared to the response to the random road disturbance at V = 45 km/h, the per-

centage reduction in RMS front suspension travel by the AVSS at 60 km/h dropped;

ranging between 17.31% and 24.19% at 45 km/h compared with 16.36% and 20.97%

at 60 km/h. The percentage reduction in RMS by the AVSS at the rear suspension

improved with increase in vehicle speed; from ranging between 15.38% and 14.29%

at 45 km/h compared with 16.67% and 17.39% at 60 km/h (compare Table 7.10 to

Table 7.12).

(a) AVSS

(b) PVSS

Figure 7.57: Front suspension travel for 80%, 100% and 120% Ms at V = 60 km/h.

The overall dynamic tyre forces increased with vehicle speed, this is noticeable when

comparing the minimum and maximum peak values obtained at 45 km/h to those

at 60 km/h (compare the RMS dynamic tyre forces in Table 7.10 with the RMS

dynamic tyre forces Table 7.12). This is due to higher dynamic forces exerted by

the road and the vehicle at higher speed. The front and rear dynamic tyre forces

are shown in Figures 7.59 and 7.60, respectively. The peak dynamic tyre forces for

both the AVSS and PVSS were lower than the limits specified in Table 4.1, Chapter
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(a) AVSS

(b) PVSS

Figure 7.58: Rear suspension travel for 80%, 100% and 120% Ms at V = 60 km/h.

4. Further examination of Figures 7.59 and 7.60 show that the peak dynamic tyre

forces for the AVSS tend to be lower than those of the PVSS.

(a) AVSS

(b) PVSS

Figure 7.59: Front dynamic tyre force for 80%, 100% and 120% Ms at V = 60 km/h.

Figure 7.61 shows the vehicle sprung mass acceleration, while Table 7.7 gives the
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(a) AVSS

(b) PVSS

Figure 7.60: Rear dynamic tyre force for 80%, 100% and 120% Ms at V = 60 km/h.

ISO 2631-1 weighted RMS acceleration. Both the AVSS and PVSS weighted RMS

values fell within range of the “Not Uncomfortable” discomfort level, however, the

AVSS values were between 12.80 and 14.25% higher than those of the PVSS for all

values of Ms) tested (see Table 7.7). Compared with the performance at 45 km/h,

there was an approximate 2% drop in the overall AVSS performance at 60 km/h

(compare Table 7.11 with 7.13).

Table 7.13: Weighted RMS acceleration and discomfort levels as PVSS and AVSS

traversed a random road input disturbance at V = 60 km/h
PVSS AVSS %

Weighted ISO 2631-1 Weighted ISO 2631-1 Reduction

RMS Level RMS Level of aRMS
wi

Acceleration of Acceleration of by

aRMS
wi Discomfort aRMS

wi Discomfort AVSS

80% 0.2667 Not 0.3047 Not -14.2482

Ms Uncomfortable Uncomfortable

100% 0.2131 Not 0.2424 Not -13.7494

Ms Uncomfortable Uncomfortable

120% 0.1781 Not 0.2009 Not -12.8018

Ms Uncomfortable Uncomfortable
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(a) AVSS

(b) PVSS

Figure 7.61: Sprung mass acceleration for 80%, 100% and 120% Ms at V = 60 km/h.

Figure 7.62 shows the AVSS and PVSS pitch angular acceleration. Though poorer

than the PVSS, the overall percentage reduction in RMS pitch angular acceleration

by the AVSS improved from between −16.76% and −17.31% at V = 45 km/h to

−14.65% and −15.07% at V = 60 km/h. The peak AVSS pitch angular acceleration

values tend to be higher than PVSS.

The actuator voltages and spool-valve displacements are shown in Figures 7.63 and

7.64, respectively. The front and rear actuator voltages remained within the speci-

fied limits, for all values of Ms tested. The overall actuator voltages and spool-valve

displacements increased with increase in vehicle velocity.

The front and rear actuator forces are shown in Figure 7.65. The peak forces ob-

tained remained within the specified limits for all values of Ms. The RMS actuator

forces increased with increase in sprung mass loading (see Table 7.12). Comparing

the RMS actuator forces required at 45 km/h to those at 60 km/h, there was an

overall increase in force required at the higher speed.
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(a) AVSS

(b) PVSS

Figure 7.62: Pitch angular acceleration for 80%, 100% and 120% Ms at V =

60 km/h.

(a) Front suspension

(b) Rear suspension

Figure 7.63: Front and rear actuator control voltage for 80%, 100% and 120% Ms

at V = 60 km/h.
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(a) Front suspension

(b) Rear suspension

Figure 7.64: Front and rear actuator spool-valve displacement for 80%, 100% and

120% Ms at V = 60 km/h.

(a) Front suspension

(b) Rear suspension

Figure 7.65: Front and rear actuator force for 80%, 100% and 120% Ms at V =

60 km/h.
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7.3.2.3 System Response at V = 75 km/h

The RMS values obtained as the PVSS and AVSS traversed a random road input

disturbance at V = 75 km/h are given in Table 7.14. Figure 7.66 and 7.67 show

the front and rear suspension travel. The percentage reduction in RMS suspension

travel by the AVSS over the PVSS improved with sprung mass load increase for the

front suspension, while it deteriorated by roughly 1% comparing the performance

at the minimum with that at the maximum sprung mass loading (Table 7.14. The

peak suspension travel values for both the AVSS and PVSS were lower than the

specified ±0.08m limit, although the PVSS values were higher than those of the

AVSS. Relating to response to speed variation, the RMS front suspension travel

percentage reduction appeared to deteriorate slightly as speed increased, while the

RMS rear suspension travel improved slightly with increase in vehicle velocity (see

Tables 7.10, 7.12 and 7.14).

(a) AVSS

(b) PVSS

Figure 7.66: Front suspension travel for 80%, 100% and 120% Ms at V = 75 km/h.

The front and rear dynamic tyre forces are shown in Figure 7.68 and 7.69 respec-

tively. The peak front and rear dynamic tyre forces were below the limits specified

in Table 4.1, Chapter 4. Table 7.14 shows that both the percentage reduction in

RMS front and rear dynamic tyre forces improved slightly as the sprung mass load-

ing increased. The overall percentage reduction in RMS dynamic tyre force by the
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(a) AVSS

(b) PVSS

Figure 7.67: Rear suspension travel for 80%, 100% and 120% Ms at V = 75 km/h.

AVSS by the PVSS improved slightly as the vehicle speed increased from 45km to

60 km/h and finally 75 km/h, this can be seen by comparing the values in Table

7.10, 7.12 and 7.14.

The sprung mass acceleration and ISO 2631-1 weighted RMS acceleration are given

in Figure 7.70 and Table 7.15 respectively. At 75 km/h, the AVSS ISO 2631-1

weighted RMS acceleration was between 11.87 and 12.96% higher than that of the

PVSS (see Table 7.15). Although the PVSS comfort level remained at “Not Uncom-

fortable” throughout, the AVSS comfort level varied between “Not Uncomfortable”

and “A Little Uncomfortable” due to the change in sprung mass loading. The over-

all AVSS performance deteriorated as the vehicle velocity increased from 45 km/h

to 60 km/h then improved slightly when the vehicle velocity increased further to

75 km/h (see Tables 5.3, 5.5 and 5.7).

The AVSS and PVSS pitch angular acceleration for 80%, 100% and 120% Ms at

V = 75 km/h are given in Figures 7.71(a) and 7.71(b) respectively. The RMS pitch

angular acceleration of the AVSS was higher than the PVSS as shown in Table 7.14.

The percentage reduction in RMS pitch angular acceleration by the AVSS when

compared with the PVSS showed a trend of improving with vehicle velocity.
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(a) AVSS

(b) PVSS

Figure 7.68: Front dynamic tyre force for 80%, 100% and 120% Ms at V = 75 km/h.

(a) AVSS

(b) PVSS

Figure 7.69: Rear dynamic tyre force for 80%, 100% and 120% Ms at V = 75 km/h.
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(a) AVSS

(b) PVSS

Figure 7.70: Sprung mass acceleration for 80%, 100% and 120% Ms at V = 75 km/h.

Table 7.15: Weighted RMS acceleration and discomfort levels as PVSS and AVSS

traversed a random road input disturbance at V = 75 km/h
PVSS AVSS %

Weighted ISO 2631-1 Weighted ISO 2631-1 Reduction

RMS Level RMS Level of aRMS
wi

Acceleration of Acceleration of by

aRMS
wi Discomfort aRMS

wi Discomfort AVSS

80% 0.2800 Not 0.3163 Not to -12.9643

Ms Uncomfortable A Little

Uncomfortable

100% 0.2238 Not 0.2523 Not -12.7346

Ms Uncomfortable Uncomfortable

120% 0.1870 Not 0.2092 Not -11.8717

Ms Uncomfortable Uncomfortable

198



(a) AVSS

(b) PVSS

Figure 7.71: Pitch angular acceleration for 80%, 100% and 120% Ms at V =

75 km/h.

The actuator voltage and spool-valve displacement at V = 75 km/h are shown in

Figures 7.73 and 7.74, respectively. The peak values of the front and rear actuator

voltages at V = 75 km/h remained below the specified limit. Comparing the RMS

voltage at V = 45 km/h, V = 60 km/h and V = 75 km/h shows that the required

actuator voltage increases with velocity as well as sprung mass loading, see Tables

7.10, 7.12 and 7.14. The actuator spool-valve displacement RMS values are given in

Table 7.14.

Figure 7.74 shows the front and rear actuator force. The actuator force at V =

75 km/h increased with increase in sprung mass loading (see Table 7.14). The peak

actuator forces were lower than the limit specified in Chapter 4. The overall RMS

actuator force increased with vehicle velocity, compare Tables 7.10, 7.12 and 7.14.
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(a) Front suspension

(b) Rear suspension

Figure 7.72: Front and rear actuator control voltage for 80%, 100% and 120% Ms

at V = 75 km/h.
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(a) Front suspension

(b) Rear suspension

Figure 7.73: Front and rear actuator spool-valve displacement for 80%, 100% and

120% Ms at V = 75 km/h.

(a) Front suspension

(b) Rear suspension

Figure 7.74: Front and rear actuator force for 80%, 100% and 120% Ms at V =

75 km/h.
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7.3.3 Uncertainty Analysis

Uncertainty analysis was performed by taking the frequency responses of both the

AVSS and PVSS. The models were built in the MATLAB/SimulinkR© environment.

The MATLAB fixed-step solver, ODE-3, was selected with sampling time set to

Ts = 0.0001s and the tasking mode was set to “Single Tasking”. The frequency

sweep method similar to that used by Savaresi et al. (2010) was applied here, by use

of a chirp road input disturbance signal of amplitude ±15mm (Sammier et al., 2003)

with frequency varying between 0− 100Hz, over a simulation period of 100 s. The

frequency was set to vary between 0 − 100Hz in order to expose the vehicle to a

wide range of input disturbance frequencies.

The MATLAB Welch algorithm/spectral estimator was utilized to perform a spectral

analysis of the AVSS and PVSS model outputs. The “Hamming” window setting

with segment length of N/100 (where N is the total number of samples) and a

percentage overlap of 214 was found to produce clear frequency response plots (The

MathWorks Inc., 2001).

The following vehicle parameters were varied and the corresponding frequency re-

sponses plotted:

1. Sprung mass loading Ms:

The sprung mass loading Ms, was varied by ∆ = ±20% (Du and Zhang, 2009).

Since the pitch moment of inertia Iθ is related to the vehicle body mass, it

is assumed that the pitch moment of inertia also varies by the same amount

about its nominal value (Chen et al., 2005).

2. Suspension Spring Coefficients:

Both the linear and nonlinear spring coefficients ksli and ksnli respectively, were

varied by ∆ = ±30% about their nominal values (Chen et al., 2005).

3. Suspension Damping Coefficients:

The linear, nonlinear and symmetric damping coefficients bsli, bs
nl
i and bssymi

respectively, were varied by ∆ = ±30% about their nominal values.

7.3.3.1 Variation of Sprung Mass Loading

Figures 7.75(a) and 7.75(b) show the AVSS and PVSS front suspension travel PSD

responses for ∆ = ±20% variation in sprung mass loading Ms and pitch moment of

inertia Iθ. The magnitude of the AVSS response at the “knee” between 1Hz and
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the body-hop frequency (≈ 2Hz) is smaller than that of the PVSS. In the frequency

range below 4Hz and between 4−8Hz, both the AVSS and PVSS perform similarly.

At the wheel-hop frequency (≈ 12Hz), the magnitude of the AVSS response is

smaller than that of the PVSS. At high frequencies (> 20Hz), the AVSS and PVSS

behave similarly.

(a) AVSS

(b) PVSS

Figure 7.75: Front suspension travel PSD for ∆ = ±20% variation in Ms and Iθ

about their nominal values.

The AVSS and PVSS rear suspension travel PSD responses for ∆ = ±20% variation

in Ms and Iθ are given in Figures 7.75(a) and 7.75(b) respectively. Between 1−2Hz,

the magnitude of the “knee” of the AVSS is smaller than that of the PVSS. Both

the AVSS and PVSS perform similarly between 4 − 8Hz and above 20Hz. The

magnitude of the AVSS response is smaller than that of PVSS at the wheel-hop

frequency (≈ 12Hz).

Figures 7.77(a) and 7.77(b) show the AVSS and PVSS front dynamic tyre force PSD

for ∆ = ±20% variation in Ms and Iθ, respectively. At the body-hop frequency

(≈ 2Hz), the response of the AVSS is greater in magnitude compared with that of

the PVSS. The AVSS is less sensitive to variations in Ms and Iθ than the PVSS, at

frequencies below 4Hz. At the wheel-hop frequency (≈ 12Hz), the PVSS response

is greater in magnitude than that of the AVSS. Above 20Hz, both the PVSS and

AVSS perform similarly.

Figures 7.78(a) and 7.78(b) show the rear dynamic tyre force PSD for ∆ = ±20%
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(a) AVSS

(b) PVSS

Figure 7.76: Rear suspension travel PSD for ∆ = ±20% variation in Ms and Iθ

about their nominal values.

(a) AVSS

(b) PVSS

Figure 7.77: Front dynamic tyre force PSD for ∆ = ±20% variation in Ms and Iθ

about their nominal values.
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variation in Ms and Iθ, for the AVSS and PVSS respectively. Below 4Hz, the

AVSS is less sensitive to variations in Ms and Iθ than the PVSS. The response of

the AVSS at the body-hop frequency (≈ 2Hz) is greater in magnitude than that

of the PVSS. The magnitude of the AVSS response at the wheel-hop frequency

(≈ 12Hz) is smaller than that of the PVSS. Above 20Hz, the performance of the

AVSS and PVSS is similar.

(a) AVSS

(b) PVSS

Figure 7.78: Rear dynamic tyre force PSD for ∆ = ±20% variation in Ms and Iθ

about their nominal values.

Figures 7.79(a) and 7.79(b) show the sprung mass acceleration PSD responses for

∆ = ±20% variation in Ms and Iθ about their nominal values for the AVSS and

PVSS respectively. At low frequencies (below 4Hz), the AVSS is less sensitive to

variation in Ms and Iθ than the PVSS. The response of the AVSS about wheel-hop

frequency (≈ 12Hz) appears more rounded than that of the PVSS. Above 20Hz

both the AVSS and PVSS behave similarly.

The pitch angular acceleration PSD responses for ∆ = ±20% variation in Ms and

Iθ about their nominal values, are given in Figure 7.80(a) for the AVSS and Figure

7.80(b) for the PVSS. At frequencies less than 4Hz, the AVSS is less sensitive than

the PVSS to variations in Ms and Iθ, although the magnitude of the AVSS response

is greater than that of the PVSS within this frequency range. In the 4 − 8Hz

frequency range, around the wheel-hop frequency and above 20Hz, the AVSS and

PVSS behave similarly.
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(a) AVSS

(b) PVSS

Figure 7.79: Sprung mass acceleration PSD for ∆ = ±20% variation in Ms and Iθ

about their nominal values.

(a) AVSS

(b) PVSS

Figure 7.80: Pitch angular acceleration PSD for ∆ = ±20% variation in Ms and Iθ
about their nominal values.
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7.3.3.2 Variation of Suspension Spring Coefficient

Figures 7.81(a) and 7.81(b) show the AVSS and PVSS front suspension travel PSD

responses respectively, for ∆ = ±30% variation in ksli and ksnli about their nominal

values. Below 4Hz, the AVSS front suspension travel performance is less sensitive

to variations in the spring coefficients than that of the PVSS. The AVSS and PVSS

perform similarly between 4 − 8Hz as well as above 20Hz. At the wheel-hop

frequency (≈ 12Hz), the magnitude of the peak obtained for the AVSS is lower

than that of the PVSS.

(a) AVSS

(b) PVSS

Figure 7.81: Front suspension travel PSD for ∆ = ±30% variation in ksli and ksnli

about their nominal values.

Figures 7.82(a) and 7.82(b) show the AVSS and PVSS rear suspension travel PSD

responses respectively, for ∆ = ±30% variation in ksli and ksnli about their nominal

values. For frequencies less than 4Hz, the AVSS rear suspension travel is less

sensitive to variation of the spring coefficients than the PVSS. In the region between

4− 8Hz, both the AVSS and PVSS perform similarly. The magnitude of the peak

at the wheel-hop frequency, (≈ 12Hz), is lower for the AVSS than for the PVSS.

Above 20Hz, the AVSS and PVSS both perform similarly.

The front dynamic tyre force PSD for ∆ = ±30% variation in ksli and ksnli about

their nominal values for the AVSS in Figure 7.83(a) and for the PVSS in Figure

7.83(b). For frequencies below 4Hz and between 4− 8Hz the AVSS front dynamic

tyre force is less sensitive to variation of the spring coefficients than that of the
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(a) AVSS

(b) PVSS

Figure 7.82: Rear suspension travel PSD for ∆ = ±30% variation in ksli and ksnli

about their nominal values.

PVSS. At the wheel-hop frequency (≈ 12Hz), the magnitude of the AVSS is lower

than that of the PVSS. For frequencies above 20Hz, the performance of both the

AVSS and PVSS is similar.

(a) AVSS

(b) PVSS

Figure 7.83: Front dynamic tyre force PSD for ∆ = ±30% variation in ksli and ksnli
about their nominal values.
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Figures 7.84(a) and 7.84(b) show the AVSS and PVSS rear dynamic tyre force PSDs,

respectively. Below 4Hz as well as between 4 − 8Hz, the AVSS is less sensitive

than the PVSS to variation of the spring coefficients. At the wheel-hop frequency

(≈ 12Hz), the magnitude of the AVSS response is lower than that of the PVSS.

Above 20Hz, both the AVSS and PVSS perform similarly.

(a) AVSS

(b) PVSS

Figure 7.84: Rear dynamic tyre force PSD for ∆ = ±30% variation in kslsi and ksnli
about their nominal values.

Figures 7.85(a) and 7.85(a) give the AVSS and PVSS sprung mass acceleration PSD

responses respectively, for ∆ = ±30% variation in ksli and ksnli about their nominal

values. At frequencies below 4Hz the AVSS is less sensitive to variations in the

spring coefficients than the PVSS. Both the AVSS and PVSS perform similarly at

frequencies between 4−8Hz as well as frequencies above 20Hz. The AVSS produces

a less harsh response than that of the PVSS around wheel-hop frequency.

The pitch angular acceleration PSD responses for ∆ = ±30% variation in ksli and

ksnli about their nominal values for the AVSS in Figure 7.86(a) and for the PVSS in

Figure 7.86(b). At frequencies below 4Hz the AVSS is less sensitive than the PVSS

to variation of the spring coefficients. Between 4−8Hz, at the wheel-hop frequency

and above 20Hz both the AVSS and PVSS perform similarly.
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(a) AVSS

(b) PVSS

Figure 7.85: Sprung mass acceleration PSD for ∆ = ±30% variation in ksli and ksnli
about their nominal values.

(a) AVSS

(b) PVSS

Figure 7.86: Pitch angular acceleration PSD for ∆ = ±30% variation in ksli and

ksnli about their nominal values.
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7.3.3.3 Variation of Suspension Damping Coefficient

The AVSS and PVSS front suspension travel PSD responses are given in Figures

7.87(a) and 7.87(b) respectively. The AVSS response is more robust to variation in

suspension damping coefficients than that of the PVSS for frequencies below 4Hz

and the region around the wheel-hop frequency (≈ 12Hz). The magnitude of the

response at the peak is higher for the PVSS than for the AVSS at the wheel-hop

frequency. The AVSS and PVSS perform similarly at frequencies between 4− 8Hz

as well as above 20Hz.

(a) AVSS

(b) PVSS

Figure 7.87: Front suspension travel PSD for ∆ = ±30% variation in bsli, bs
nl
i and

bssymi about their nominal values.

Figures 7.88(a) and 7.88(b) show the rear suspension travel PSD responses for

∆ = ±30% variation in suspension damping coefficients for the AVSS and PVSS,

respectively. Comparing the AVSS response with that of the PVSS, the Figures

indicate the AVSS is more robust to variation in suspension damping coefficients for

frequencies lower than 4Hz and around the wheel-hop frequency (≈ 12Hz). The

magnitude of the AVSS response at the wheel-hop frequency is lower compared with

that of the PVSS. The figures also show that the AVSS and PVSS responses at

frequencies between 4− 8Hz and above 20Hz are similar.

Figures 7.89(a) and 7.89(b) show the front dynamic tyre force PSD responses for

∆ = ±30% variation in suspension damping coefficients for the AVSS and PVSS,
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(a) AVSS

(b) PVSS

Figure 7.88: Rear suspension travel PSD for ∆ = ±30% variation in bsli, bs
nl
i and

bssymi about their nominal values.

respectively. At frequencies less than 4Hz and at the wheel-hop frequency the AVSS

is more robust to variation in suspension damping coefficients than the PVSS. Com-

pared with the PVSS, the AVSS response between 4− 8Hz is improves, though by

a small amount. Above 20Hz both the AVSS and PVSS perform similarly.

The rear dynamic tyre force PSD for ∆ = ±30% variation in bsli, bs
nl
i and bssymi

about their nominal values for the AVSS and PVSS are shown in Figures 7.90(a)

and Figure 7.90(b) respectively. At frequencies less than 4Hz and at the wheel-

hop frequency, the AVSS is less sensitive than the PVSS to variations in suspension

damping. There is an improvement in performance by the AVSS over the PVSS

in the region between 4 − 8Hz. Both the AVSS and PVSS perform similarly at

frequencies greater than 20Hz.

The sprung mass acceleration PSD for ∆ = ±30% variation in suspension damp-

ing for the AVSS and PVSS are given in Figures 7.91(a) and 7.91(b) respectively.

Comparing the performance of the AVSS with that of the PVSS, the AVSS is more

robust to to variations in suspension damping coefficients in the regions below 4Hz,

between 4− 8Hz, around the wheel-hop frequency and at frequencies greater than

20Hz.

Figures 7.92(a) and 7.92(b) show the pitch angular acceleration PSD for ∆ = ±30%
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(a) AVSS

(b) PVSS

Figure 7.89: Front dynamic tyre force PSD for ∆ = ±30% variation in bsli, bs
nl
i and

bssymi about their nominal values.

(a) AVSS

(b) PVSS

Figure 7.90: Rear dynamic tyre force PSD for ∆ = ±30% variation in bsli, bs
nl
i and

bssymi about their nominal values.
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(a) AVSS

(b) PVSS

Figure 7.91: Sprung mass acceleration PSD for ∆ = ±30% variation in bsli, bs
nl
i and

bssymi about their nominal values.

variation in suspension damping coefficients for the AVSS and PVSS respectively.

The figures show that the AVSS is more robust to variations in suspension damping

compared with the PVSS or the entire range of frequencies plotted.

7.4 Conclusion

The design of a NNFBL controller for a nonlinear AVSS by application of PID force

feedback has been completed, with NNFBL NN identification and PID controller

design. The NNFBL controller was able to address the conflict between vehicle

ride comfort and road holding by converting the nonlinear suspension model into a

linear model by FBL, thereafter applying NNFBL suspension travel control. The

NN approximation of the AVSS was performed using two-layer MLP NNs with tansig

activation function.

To test controller robustness to parameter variation, the vehicle sprung mass loading

was varied by ±20%, at the same time, the vehicle velocity was increased from

45 km/h to 60 km/h and finally 75 km/h. This was done as the vehicle travelled over

two different road input disturbances. In most instances, the AVSS performance in

terms of reducing RMS parameters was better than that of the PVSS. Though
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(a) AVSS

(b) PVSS

Figure 7.92: Pitch angular acceleration PSD for ∆ = ±30% variation in bsli, bs
nl
i

and bssymi about the nominal values.

the front actuator voltage remained within the specified limits throughout, the rear

actuator of the AVSS repeatedly peaked at +10V during the first few seconds of the

simulations, however, examination of the related plots showed no noticeable effect.

The AVSS suspension travel was significantly lower than the PVSS suspension travel,

both remaining within the specified limits throughout. The AVSS exceeded the front

dynamic tyre force limits on a few instances for the sinusoidal input disturbance,

however, it attenuated the forces faster than the PVSS. The AVSS rear dynamic tyre

force tended to be higher than that of the PVSS for the sinusoidal input disturbance.

The AVSS maintained the actuator force well below the specified limits. The AVSS

RMS pitch angular acceleration was higher than that of the PVSS.

Uncertainty analysis was performed on the AVSS and PVSS for variations in sprung

mass loading and pitch moment of inertia, suspension spring coefficients and sus-

pension damping coefficients. The results showed that the AVSS possesses greater

robustness uncertainties than the PVSS, particularly at frequencies below 4Hz and

around the wheel-hop frequency. The AVSS performance was occasionally better

than that of the PVSS for frequencies between 4−8Hz, however, their performances

tended to be similar. Above 20Hz the AVSS and PVSS performed similarly.
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8 CONCLUSIONS AND FUTURE

RECOMMENDATIONS

8.1 Conclusions

In this work, design and implementation of PID, MPC and NNFBL suspension

travel controllers for AVSS via a two-loop control configuration has been presented.

Control of these AVSSs is achieved by application of PID control based hydraulic

actuator force feedback by simulation studies in the MATLAB/SimulinkR© simulation

environment. The work was presented in the context of the current literature on

AVSS control.

The AVSS model is a nonlinear, 4-DOF half-car with hydraulic actuator dynamics.

The PVSS model is also a nonlinear, 4-DOF half-car with model parameters similar

to those of the AVSS. Hydraulic actuators are the most widely used of all actuators

in AVSS, their selection for use in this work is brought forward in the light of

their benefits and drawbacks. The motivation for including nonlinearity in the VSS

models is to obtain realistic results, whereas the half-car model was chosen for its

lower computational complexity compared with the full-car model and the additional

observable VSS output states, compared with the quarter-car model.

The results were presented in the frequency domain; by spectral analysis of VSS

output states obtained by employing a frequency sweeping road input disturbance.

Time domain results were acquired by use of two of the most frequently encountered

road input disturbances: a road bump and random road surface roughness. AVSS

and PVSS performances were compared in the presence of parametric uncertainty in

the form of variations in vehicle forward velocity, sprung mass loading, suspension

spring stiffness coefficients and suspension damper coefficients.

Suspension travel was selected as the controlled variable in the outer control loop

due to ease of measurement by displacement transducers and the added benefit
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of preventing vehicular damage caused by banging of suspension components onto

suspension workspace limits (suspension travel “topping” or “bottoming”).

The need for control of force generating actuators in AVSS by application of actuator

force feedback control has been presented and addressed. Actuator force feedback

stabilizes the actuator enabling force tracking and therefore, improved control of the

AVSS.

Specifications for controller performance, vehicle input and output constraints and

performance measures such as the ISO 2631-1 weighted RMS acceleration for ride

comfort analysis, were outlined.

The motivation for application of the various control techniques presented in this

thesis have been given. These include the simplicity and ease of tuning of PID con-

trol, linearization of nonlinear dynamic models by Feedback Linearization (FBL),

constraint handling capability of MPC and the learning and generalizing ability of

NNs as an advantage in the presence of model uncertainties. Furthermore, appli-

cation of NNFBL and MPC has mostly been focused on quarter-car AVSS models,

thus, their application to half-car AVSS is an important contribution.

The overall performance of the various AVSSs in reducing RMS parameters in the

presence of uncertainty in model parameters was better than that of the PVSS,

providing better ride comfort and road holding with minimum suspension travel

in most cases. The AVSSs tended to perform best over the sinusoidal bump road

input disturbance followed by the random road input disturbance. This confirmed

the frequency domain results which indicated that the AVSSs were more robust to

uncertainty in the low frequency region (below 4Hz) and performed similarly to the

PVSS in the high frequency region (above 20Hz), since the bump is of low frequency

while the random road is of high frequency. This is visible on examination of the

AVSS and PVSS time histories. In the region between 4−8Hz, the AVSS and PVSS

performances were not too different, however, when differences occurred, the AVSS

performance was better than that of the PVSS. The AVSS responses were lower

in magnitude compared with those for the PVSS around the wheel-hop frequency

(≈ 12Hz), for the various controllers.

8.2 Future Recommendations

The following is a list of areas for future research:
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• Combine the constraint handling ability of MPC with the linearization capa-

bilities of FBL to create a hybrid Model Predictive/Feedback Linearization

Control (MP/FBLC) suspension travel feedback controller for the outer con-

trol loop and further augment it with NNs to form Neural Network-based

Model Predictive/Feedback Linearization Control (NNMP/FBLC).

• Incorporate NN-based control into the inner hydraulic actuator force feedback

loop to improve performance.

• Investigate the effects of uncertainty of additional model parameters not in-

cluded in this work, such as: variation in unsprung mass loading, tyre stiffness,

tyre damping and hydraulic supply pressure on performance of VSS, compar-

ing an AVSS with a PVSS.

• Investigate the effects of uncertainty in VSS parameters occurring concur-

rently, as opposed to individually. This would shed light on interaction of

these parameters and their combined effect on performance.

• Extend the AVSS and PVSS mathematical models to include vehicle seats for

further ride comfort analysis.

• Include aerodynamic effects as an additional input disturbance in the AVSS

and PVSS mathematical models.
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APPENDIX A Mathematical Model

Implementation in Matlab/SimulinkR©

The following section contains figures of Matlab/SimulinkR© implementation of the

mathematical model presented in Chapter 3.

A.1 Nonlinear Suspension Implementation

Figure A.1: Matlab/SimulinkR© implementation of front displacement zf and front

velocity żf of the vehicle body (sprung mass) for large angular displacements about

the vehicle center of gravity from Equations 3.1 and 3.2, in Section 3.3.
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Figure A.2: Matlab/SimulinkR© implementation of rear displacement zr and rear

velocity żr of the vehicle body (sprung mass) for large angular displacements about

the vehicle center of gravity from Equations 3.3 and 3.4, in Section 3.3.

Figure A.3: Matlab/SimulinkR© implementation of the nonlinear front suspension

spring force Fksf of Equation 3.5, Section 3.3.

Figure A.4: Matlab/SimulinkR© implementation of the nonlinear rear suspension

spring force Fksr of Equation 3.6, Section 3.3.
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Figure A.5: Matlab/SimulinkR© implementation of nonlinear front suspension

damper force Fbsf of Equation 3.7, Section 3.3.

Figure A.6: Matlab/SimulinkR© implementation of nonlinear rear suspension damper

force Fbsr of Equation 3.8, Section 3.3.
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A.2 Tyre Model Implementation

Figure A.7: Matlab/SimulinkR© implementation of front tyre force Ftf , the sum of

Fktf (front tyre spring force) given in Equation 3.11 and Fbtf (front tyre damping

force) of Equation 3.12, Section 3.4.

Figure A.8: Matlab/SimulinkR© implementation of rear tyre force Ftr, the sum of

Fktr and Fbtr, rear tyre spring force and rear tyre damping force given in Equations

3.14 and 3.15 respectively, Section 3.4.
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A.3 Input Disturbance Implementation

Figure A.9: Matlab/SimulinkR© implementation of the Discrete Input Disturbance

at the front wheel, wf , (see Equation 3.17, Section 3.5.1).

Figure A.10: Matlab/SimulinkR© implementation of the Random Input Disturbance

at the front wheel, wf , (see Equation 3.21, Section 3.5.2).
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A.4 Hydraulic Actuator Implementation

Figure A.11: Matlab/SimulinkR© implementation of front actuator hydraulic load

flow, Qf , (see Equation 3.29 from Section 3.6).

Figure A.12: Matlab/SimulinkR© implementation of rear actuator hydraulic load

flow, Qr, (see Equation 3.29 from Section 3.6).

Figure A.13: Matlab/SimulinkR© implementation of front actuator pressure drop

across the hydraulic piston, Plf , (see Equation 3.30 from Section 3.6).
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Figure A.14: Matlab/SimulinkR© implementation of rear actuator pressure drop

across the hydraulic piston, Plr, (see Equation 3.30 from Section 3.6).

Figure A.15: Matlab/SimulinkR© implementation of front hydraulic actuator Servo-

Valve displacement, xvf , from Equation 3.23, in Section 3.6.

Figure A.16: Matlab/SimulinkR© implementation of rear hydraulic actuator Servo-

Valve displacement, xvr, from Equation 3.23, in Section 3.6.
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A.5 Nonlinear Suspension with Hydraulic Actuator Dy-

namics

Figure A.17: Matlab/SimulinkR© implementation of z̈c, acceleration of the sprung

mass center of gravity given in Equation 3.34, in Section 3.7.

Figure A.18: Matlab/SimulinkR© implementation of sprung mass inertia, Iθ, see

Equation 3.35, in Section 3.7.

Figure A.19: Matlab/SimulinkR© implementation of z̈tf , front unsprung mass accel-

eration, in Equation 3.36, Section 3.7.
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Figure A.20: Matlab/SimulinkR© implementation of z̈tr, rear unsprung mass acceler-

ation, in Equation 3.37, Section 3.7.
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