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Abstract
Control of Semiactive Vehicle Suspension System

Using Magnetorheological Dampers

by Piotr Krauze

Vibrations have critical influence on objects which are transported in road vehicles;

among these, human bodies of the driver and passengers need to be especially concerned.

A vehicle suspension system was introduced as a vibro-isolation which separates vehi-

cle wheels from the vehicle body. Magnetorheological (MR) damper is an example of

a semiactive device applied in the suspension system for which the ride comfort versus

road holding and suspension deflection trade-offs can be solved at significantly low cost

during vehicle ride. Presented dissertation is dedicated to still challenging control of

ride comfort using automotive MR dampers. The dissertation presents simulation-based

studies as well as experimental results obtained using an off-road vehicle in which original

shock-absorbers were replaced with MR dampers.

Road-induced excitations were divided into two groups, i.e. continuous and single

road bumps. Resonance frequencies of the vehicle and human body have dominant influ-

ence on response to the road irregularities. In the case of continuous excitation the anal-

ysis is commonly performed in frequency domain using transmissibility characteristics.

It was shown that ride comfort is commonly related to vibration power estimated based

on vertical acceleration within frequency band from 0 to 25 Hz while driving safety and

condition of the vehicle suspension are assessed within frequency band from 0 to 30 Hz.

A bump excitation was defined taking into account dimensions of the experimental ve-

hicle and a road obstacle, and was commonly validated using standard deviation and

maximum values of vehicle body acceleration.

MR dampers of type RD-8040-1 and RD-8041-1 manufactured by Lord Corporation

are key elements of the presented experimental set-up. They were modelled performing

identification experiments using MTS (Material Testing System) for different excitation

frequencies, amplitudes and varying current values controlling MR dampers. A model

of hysteretic behaviour in velocity-force characteristics was proposed based on a transfer

function with the desired characteristics. Finally, different classes of MR damper models,

like Bouc-Wen, Spencer-Dyke and tanh-based models were analysed and identified for

a reference excitation frequency equal to 1.5 Hz. Advantages of Spencer-Dyke and tanh-

based models were indicated and analysed in details.



Simulation-based studies were conducted using a model of vehicle vibrations which

consists of a linear 4-DOF half-car and Spencer-Dyke models. Dynamics of the vehi-

cle model with MR dampers was analysed for different classes of continuous sinusoidal

excitation. Vehicle vibrations were analysed using quality indices which are based on

an averaged vehicle body acceleration as well as on suspension and tyre deflections.

MR damper dissipative domain significantly restricts possibility of semiactive vibration

control.

Suspension control schemes can be organised in a hierarchical topology. In vibration

control layer, LQ algorithm and the different types of Skyhook control were analysed.

The force control layer was used for generation of an appropriate control current using

the continuous or on/off control approach and the inverse Tanh model. LQ and Skyhook

control schemes were optimized and compared with the passive suspension for both con-

tinuous sinusoidal and single-road-bump excitation. Furthermore, significant influence

of excitation type on a vehicle response was indicated.

All road vehicles exhibit changes in parameters during their exploitation. Thus, it

is recommended for a suspension control to include algorithms which are responsible for

online observation of vehicle dynamics as well as for adaptive control. The research was

carried out for the modified multichannel FxLMS algorithm including leakage mecha-

nism, where nominal characteristics of the MR damper was applied. Simulation-based

studies indicated that the proposed algorithm gives simultaneous improvement of ride

comfort, road holding and suspension deflection for greater amplitudes of road excita-

tion in comparison to classical non-adaptive control. Additionally, an online tuning of

the inverse tanh-based model was proposed for improvement of vibration control. Such

tuning algorithm requires no force sensors but it is based on kinematic quantities only,

i.e. vehicle body velocities and accelerations, which significantly limits the number of

required sensors.

Selected non-adaptive semiactive control schemes were implemented in the suspen-

sion controller installed in the experimental off-road vehicle. Experimental validation of

the adaptive FxLMS based control was omitted since it requires a dedicated test route

for generation of the continuous excitation which was not available. Several types of

the Skyhook control were validated including separate control of each suspension quar-

ter as well as control of vehicle body pitch vibrations. Furthermore, it was stated that

the continuous approach appears to be more efficient in comparison to on/off approach.

The vehicle was traversing a single road obstacle for each experiment. Improvement of

vibration control was indicated for semiactive control in comparison to the suspension

controlled only with a constant current. Finally, results presented in the dissertation

were concluded and discussed as well as perspectives were drawn.
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Contributions

The author believes that main contributions of the dissertation are as follows:

• Developing the idea of vibration control using MR dampers in road vehicles.

• Application of the modified FxLMS algorithm in adaptive control of automotive

MR damper model including utilization of road profile obtained in advance.

• Synthesis of the estimation procedures for online identification of the MR damper

using only kinematic quantities.

• Synthesis, implementation and validation of the selected vibration control algo-

rithms, including different types of the Skyhook algorithm, using the vehicle vi-

bration model and the semiactive suspension system installed in the experimental

off-road vehicle.

• Modelling the MR damper velocity-force hysteretic behaviour using the transfer

function with desired phase characteristics.

• Analysis of the different approaches to modelling the MR damper behaviour.

Furthermore, the author believes that the main and innovative technical contribu-

tion of the dissertation was to develop the fully functional suspension control system for

an experimental off-road vehicle with MR dampers. In order to create the experimental

set-up the following tasks had to be succeeded:

• Model of the vehicle vibration was developed including the Spencer-Dyke MR

damper model which was evaluated in identification experiments.

• Simulator of the vehicle dynamics was implemented.

• Selected non-adaptive and adaptive vibration control algorithms were synthesized,

implemented, optimized and validated in the simulation environment.

• Non-adaptive vibration control algorithms were implemented in the suspension con-

troller and validated experimentally using the off-road vehicle with MR dampers

while the results demonstrated improvement of ride comfort in comparison to

the passive suspension.
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Thesis outline

The dissertation is divided into eight chapters. Introduction to the control of the

vehicle suspension system with MR dampers related to ride comfort and driving safety

issues is presented in Chapter 1. The most important features of MR dampers and their

applications in both scientific and commercial vehicles were shown. The introduction is

summarized by main thesis and particular goals of the dissertation.

In Chapter 2 different types of road-induced excitation are referred. Herein, contin-

uous stochastic and deterministic excitation can be distinguished while, finally, single-

road-bump excitation is defined. Quality indices related to ride comfort and driving

safety including those defined in time and frequency domain are shown in the second

part of Chapter 2.

Chapter 3 presents a procedure of MR damper model identification. Series of iden-

tification experiments were performed where both frequency and amplitude of the sinu-

soidal excitation were varying. Identified Spencer-Dyke model was used as a reference

model while Tanh model was reformulated into an inverse model. Reference model was

included in the 4-DOF half-car vehicle model presented in Chapter 4. Furthermore, a de-

coupled half-car model was derived. Finally, the simulation environment was validated

and dynamics of the resultant vehicle model was tested for different road excitation and

control currents.

Semiactive control is introduced in Chapter 5. Presented analysis is initiated by

a description of MR damper dissipative domain. Next, synthesis and validation of feed-

back control, strictly LQ and Skyhook algorithms for different types of road excitation

is described. Analysis of semiactive control schemes is extended to adaptive control in

Chapter 6. Direct and indirect adaptive approaches are presented including application

of modified FxLMS and online identification of MR damper model, respectively. Results

for both inadaptive and adaptive control algorithms are analysed with respect to ride

comfort and driving safety in time and frequency domains.

Chapter 7 reports results obtained for an experimental off-road vehicle traversing

an obstacle. Description of a suspension control system installed in the vehicle is pre-

sented including elements of the measurement and control parts of the system. Road

experiments were performed for passive suspension and classical semiactive control while

results were compared using ride comfort related quality indices.

Conclusions of the dissertation and future perspectives are drawn in Chapter 8.
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Chapter 1

Introduction

Mechanical vibrations are an inherent feature of a moving road vehicle. Mechanical

vibrations are defined as a phenomenon in which continuous oscillations in mechanical

system occur around its equilibrium point [7]. Vehicle vibrations are commonly induced

by vertically oriented road unevenness. Vibrations have critical influence on objects

which are transported in road vehicles; among these, human bodies of the driver and

passengers need to be especially concerned [38]. The harmful influence of vibrations is

especially indicated if they occur at frequencies related to resonances of road vehicle or

human body [17].

A vehicle suspension system was introduced as a vibro-isolation which separates

vehicle body parts and passengers from vehicle wheels [60]. Parameters of the suspen-

sion influence both the vehicle ride comfort criterion related to vehicle body [86] and

driving safety criterion related to wheels [98]. Ride comfort and driving safety criteria

are contradictory in road vehicles [126]. Thus, the comfort versus safety trade-off needs

to be solved depending on a target vehicle application and its target road conditions.

Semi-active suspension system which includes varying parameter suspension ele-

ments was proposed to adaptively solve the ride comfort versus driving safety trade-off

[40, 122, 126]. MR dampers [137], ER dampers [139], SVD [64, 126] or pneumatic sus-

pension springs [116, 157] are examples of semi-active elements applied in road vehicles.

The main advantage of semiactive devices is their low energy consumption. Herein, MR

dampers are especially favoured for their short time response of about 20 ms [72].

1



Chapter 1. Introduction 2

Nowadays, comprehensive studies on semiactive suspension systems and vehicle vi-

bration control are being carried out over the world by numerous research institutes.

Moreover, most known commercial applications of MR dampers are being developed by

BWI Group (previously Delphi company) and Lord Corporation company. Addition-

ally, representatives of automotive industry such as Audi, BMW or Mercedes-Benz are

developing and improving their own suspension control systems. However, due to the

complex nonlinear behaviour of semiactive devices, especially MR dampers, control of

vehicle vibrations using MR dampers is still challenging and requires further research.

1.1 Passengers and vehicles subjected to road unevenness

Vehicle vibrations, which are vertically induced by road unevenness, propagate into

the vehicle parts and influence the vehicle passengers. Two types of road-induced exci-

tation can be distinguished, i.e. single road bumps or continuous excitation as presented

in Figure 1.1. Both types of excitation need to be applied for validation of control algo-

rithms [48]. Single road bumps induce vibrations in a wide frequency band. They result

in free vibrations of passengers and a vehicle at their resonance frequencies. For con-

tinuous excitation, vehicle response is described as forced vibrations of frequency band

determined by a road profile.

Continuous road-induced excitation is divided in the literature into deterministic

and stochastic road profiles. Multiple road bump excitation is an example of determinis-

tic excitation which induces vehicle vibration at certain harmonic frequencies. Stochastic

road excitation model is a more general case which is based on analysis of typical road

profiles. Such analysis performed in frequency domain leads to a conclusion that the am-

plitude of a frequency component of the wideband continuous stochastic road excitation

is recommended to be inversely proportional to its frequency [142]. Such observations

were reported in ISO 8606:1995(E) standard [58] and different road profiles were classified

within a range of road classes denoted from A to F.

Road-induced excitation can deteriorate both the vehicle ride comfort and driving

safety. Vibrations of the vehicle are commonly related to resonance frequencies of the

vehicle body and underbody parts (see Figure 1.2). Vehicle body vibrations modes, i.e.

heave, pitch and roll are defined at frequencies typically around 1-2 Hz [53, 99]. Vertical
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(a) (b)

Figure 1.1: Examples of road-induced excitation of vehicle vibrations: a) single-road-
bump excitation; b) continuous excitation

vibration modes of vehicle wheels usually referred to as the "wheel-hop" mode exhibit

resonance frequencies in the range from 8 Hz to 16 Hz [99]. Moreover, other components

of the vehicle also exhibit resonance frequencies, e.g. engine suspension or passengers

seats.

head: 4-5, 17-25 Hz

lower limbs: 5 Hz

spine: 8 Hz

wheels: 8-16 Hz

heave, pitch, roll: 1-2 Hz
upper limbs: 3 Hz

Figure 1.2: Dominant resonance frequencies of human body parts and a road vehicle

Road-induced excitation indirectly influences all objects transported by a vehicle,

especially human bodies of passengers which significantly deteriorates ride comfort. Gen-

erally, in the case of objects which are strongly sensitive to vibrations, the control al-

gorithms need to take into account additional frequency bands related to resonance

frequencies of such objects. Analysis of passengers vibrations is particularly important.

Low frequency vibrations, commonly of about 0.2 Hz, influence the human labyrinth and

cause motion sickness [87, 95]. High frequency vibrations within the range from 1 Hz to

25 Hz cover resonance frequencies of human body parts. In extreme cases for high level

vibrations the occurrence of resonance can cause organ damage [38]. Generally, standing

human body exhibits resonance frequency of 4-6 Hz, selected human body parts exhibit

resonance frequencies of e.g.: 3 Hz for upper limbs, 5 Hz for lower limbs, 4-5 Hz for head
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or 8 Hz for spine. Extended list of resonance frequencies for human body and a general

road vehicle is presented in Table 1.1.

Table 1.1: Selected resonance frequencies of human body [17] and vehicle parts [53, 99]

Road vehicle
vehicle wheels 8 – 16 Hz

vehicle body heave, pitch and roll 1 – 2 Hz

Human body
human standing 4 – 6 Hz
human sitting 5 – 12 Hz

head 4 – 5 Hz, 17 – 25 Hz
jaw 6 – 8 Hz
spine 8 Hz
liver 3 – 4 Hz

upper limbs 3 Hz
lower limbs 5 Hz

Driving safety can be deteriorated by multiple phenomena including vibrations of

wheels covered by road holding performance index, range of suspension travel covered

by suspension deflection performance index or pitching and rolling of the vehicle body

which is covered by vehicle handling performance index. High amplitudes of wheels

vertical vibrations mostly occur at resonance frequency and can cause temporary loss

of traction. The suspension controller needs to minimize such wheels vibrations espe-

cially for heavy vehicles for which their heavy load is a significant source of vibrations

[138]. Suspension system which is excessively extended or deflected can be worn out and

damaged, which requires its continuous monitoring using suspension deflection perfor-

mance indices. Pitching and rolling of the vehicle body can lead to the vehicle roll-over.

Moreover, vehicle vibrations, which influence ride comfort, can cause driver fatigue and

indirectly degrade the driving safety. Numerous automotive systems analyse condition of

the driver and try to detect driver’s fatigue [4, 131]. Additional higher-level algorithms

included in the suspension control system can be dedicated to on-line identification of the

psychological driver model and its sensitivity to traffic events related to the ride comfort

and driving safety.
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1.2 Ride comfort versus driving safety

Design of a vehicle suspension system is directly related to its application. Vibration

mitigation can be focused on a whole vehicle or certain vehicle parts (see Figure 1.3).

Generally, vehicle engine is suspended and isolated from other vehicle parts since it

generates vibrations of high amplitude and deteriorates the quality of measurements

taken in the vehicle. In order to focus on isolation of passengers and the driver only

the seats may be suspended. Application of seat suspension is commonly used in the

case of off-road vehicles and working machines [124]. However, the most convenient but

complex design of vibro-isolation in vehicles is the full vehicle suspension which isolates

the vehicle body part from vehicle wheels.

(a) (b)

Figure 1.3: Examples of suspension systems in vehicles: a) suspension of passenger seat
[155], b) vehicle suspension system [156]

Parameters of the suspension system need to be defined during the design process

and typically in the case of passive suspension it cannot be modified during further

exploitation. The ride comfort versus driving safety trade-off can be shown in the form

of diagram of a ride comfort and road holding where an example was estimated for a

reference quarter-car model in [126] (see Figure 1.4). Results indicated that the higher

damping is applied in vehicle suspension, the better road holding and the worse ride

comfort. Generally, softer suspension makes the vehicle comfortable; unfortunately, at

the same time its wheels tend to lose of traction. On the other hand, racing cars require

the suspension to be hard in order to improve road holding. Similarly, ride comfort

and suspension deflection performance criteria can be compared which also confirms the

trade-off occurring between them, which is unavoidable in road vehicles.
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Figure 4.5: Normalized performance criteria trade-off ({ J̃c , J̃rh}) for a passive suspension system,
with varying damping value c ∈ [100, 10 000] (solid line with varying intensity). Dots indicate the
criteria values for three frozen damping values (i.e. c = cmin = 900 Ns/m, c = cnom = 1500 Ns/m
and c = cmax = 4300 Ns/m).

road-holding ( J̃rh), and conversely, the reduction of the damping value (i.e. c → 0) will not
lead to a more comfortable vehicle ( J̃c). Therefore there exists an inherent trade-off for
uncontrolled suspension. As we will see in Chapter 5, this trade-off is always true, even when
damper is perfectly controlled.

Remark 4.2 (About the trade-off curve). In the following chapters, this representation will
be re-used to:

• evaluate the best performances a controlled semi-active suspension system can achieve
(Chapter 5);

• evaluate how semi-active strategies can improve passive suspension.

4.3 Other Time Domain Performance Evaluations

Up to now, only frequency domain analysis has been presented, in order to evaluate the
global improvement. Here, time domain experiments are provided. The objective of these
time domain experiments is to extend the frequency domain results, by evaluating the
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Figure 1.4: Trade-off between the normalized ride comfort and road holding perfor-
mance criteria for a passive suspension system [126]

Response of a suspension system strictly depends on its damping ratio defined as the

relation between its current damping and its critical damping. Critical damping indicates

the borderline between non-oscillating and oscillating response of the system. Usually,

suspension systems are designed to be described by 0.3 or 0.7 damping ratio values [56].

The former value corresponds to a configuration of a comfortable road vehicle, the latter

is related to a racing car with improved road holding.

An alternative solution is offered in the market and can be found in literature. It

is based on slow changes of suspension stiffness and viscous damping parameters. Load

levelling elements change stiffness of the suspension within frequency bandwidth of 0.5

Hz [126]. Suspension damping can be modulated by specific adaptive devices within the

bandwidth of a few Hz. Both configurations offer relatively long time response comparing

to resonance frequencies of road vehicles and human body which are defined within the

frequency band up to 25 Hz.

1.3 Semiactive vibration control systems in vehicles

Semiactive elements are being applied as a compromise between energy-consuming

active elements and invariant passive elements. The low energy consumption feature is

especially desired in vehicles in which available supplying energy is limited. Commonly,
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dampers with variable parameters are utilized in vehicle suspensions due to their short

time response [72]. For semiactive dampers, the rate of energy dissipation can be con-

trolled which is an another advantage of semiactive dampers is their inherent stability,

since no energy is added to the mechanical system.

1.3.1 Design of magnetorheological damper

Different types of semiactive dampers are available on the market, e.g. SVD, ER

dampers, MR dampers. Initially, SVDs were used in vehicle suspension control due to

their reliable design [64]. Later on, MR dampers became popular and favoured over ER,

since the latter require high control voltage up to 5 kV. On the other hand, MR dampers

require significantly lower control voltage up to 25 V and control current up to 2 A [14].

Cylindrical housing filled with MR fluid is the main part of the MR damper (see

Figure 1.5). MR fluid is one of the intelligent materials which is a composition of mag-

netically polarizable particles suspended in non-magnetic carrier fluid, e.g. mineral oil,

synthetic oil or glycol [124]. The suspended particles, a few micrometers in size, are

made of ferromagnetic material with high saturation magnetization, commonly pure

iron is used. Additionally, the polarizable particles are intentionally covered by polymers

or silica in order to prevent coagulation occurring in the MR fluid. The fluid can be

applied in different operational modes, e.g. flow mode, shear mode and squeeze mode

[124], while flow mode is used for linear MR dampers.

Figure 1.5: Construction of MR suspension damper presented in [81]: 1 - coil wires, 2
- piston rod, 3 - bearing and seal, 4 - MR fluid, 5 - ring, 6 - coil, 7 - orifice, 8 - piston,

9 - diaphragm, 10 - gas accumulator

MR fluid is flowing through gaps built in the MR damper piston while the piston is

moving. In the vicinity of the gaps, coils are located and supplied with control current

by wirings. When subjected to magnetic field induced by piston coils, particles of MR

fluid are polarized and create chain-like structure along the magnetic field lines and



Chapter 1. Introduction 8

perpendicularly to the direction of fluid flow. Chains of polarizable particles suppress

the flow of MR fluid through piston gaps. Consequently, changes of damping parameters

of MR damper in the macroscopic scale are observed [137].

Measurement results performed for MR damper using MTS experiment set-up con-

firmed the expectations about MR damper response for different control currents (see

Figure 1.6). It was shown that the greater control current, the greater the average

damping of MR damper and consequently, the greater generated force. All plotted

force-velocity characteristics cover only two quadrants of the coordinate system. Thus,

measured force and relative damper velocity are always conforming, which confirms the

dissipative nature of MR dampers.
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Figure 1.6: Characteristics obtained for MR damper (manufactured by Lord Corpora-
tion) controlled with different currents and subjected to sinusoidal kinematic excitation
of frequency 2 Hz and amplitude 25 mm: a) force-velocity characteristics, b) force-

displacement characteristics

1.3.2 Application of MR damper in vibration control

There is a wide range of applications of linear MR dampers in vibration control

starting from large structures, e.g. cable-stayed bridges [21, 51] or seismic protection of

buildings [139] and ending with smaller mechanical systems, e.g. typical vehicle suspen-

sion systems [29] or seat suspensions [124].

Semiactive dampers are commonly compared with passive and active systems using

force range diagrams [126] (see Figure 1.7). Force range diagrams related to viscous

dampers indicate possible force which can be generated by the device with respect to its
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bound and rebound velocity. The available force generated by real passive, active and

semiactive devices is limited due to their physical features.

Passive

v

Semiactive Active

F

F

v

F

v v

F

v

F

v

F

Figure 1.7: Comparison of passive, semiactive and active mechanical systems with
respect to their force range characteristics

An active suspension can be assembled by building force generators into the typical

suspension system. Force range diagram obtained for an active device, generally, shows

independence from their relative velocity. Active devices allow to add extra energy to the

mechanical system which significantly improves performance of vibration control. How-

ever, high energy-consumption and resultant complicated construction of the suspension

system are the main disadvantages of the presented solution.

Invariant passive dampers exhibit only one force-velocity characteristics correspond-

ing to their damping parameters. Semiactive MR damper can be treated as the improved

passive damper which offer different shapes of force-velocity characteristics for different

levels of the control current. Force range region covered by the family of characteristics

is called the dissipative domain of the MR damper [126] (see Figure 1.6). It can be

shown that the controllability of MR dampers is limited to cases when vibration energy

is dissipated, which corresponds to only two quadrants of force range diagrams. Thus,

typical control schemes cannot be used in MR damper-based systems.

MR dampers give a possibility of adaptive changes in the vehicle suspension damp-

ing. Hence, the suspension can be tuned and prepared for the instantaneous road con-

ditions. In the case of a vehicle traversing a smooth road, the vehicle speed is increased

and greater effort of the controller should be put on a driving safety. For rough road
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both, the ride comfort and driving safety quality indices need to be taken into account.

Both the research and commercial applications of the MR dampers in vehicle suspension

were presented in the literature and are available on the market. The semiactive Skyhook

algorithm, which was introduced in [64], is commonly used for vehicle vibration control.

Nowadays, one of the main commercial semiactive suspension system based on the

MR dampers is being developed by BWI Company [149]. The system was introduced

by Delphi Company [150] as MagneRide and applied in Cadillac Seville model. Later

on, MagneRide was installed in e.g. Audi R8, Chevrolet Camaro ZL-1, Range Rover

Evoque (see Figure 1.8). Lord Corporation company [154], which is a designer of devices

based on intelligent materials, especially MR dampers and MR brakes, offers another

suspension control system for seats and cabs.

Due to significantly nonlinear behaviour of the MR damper, research in the field

of vehicle vibration control by means of MR dampers is still performed by numerous

institutes over the world, e.g. Virginia Tech Institute [2, 135], State Key Laboratory of

Mechanic Transmission [29], AGH University of Science and Technology [123], Silesian

University of Technology [79].

(a) (b)

Figure 1.8: Road vehicles equipped with commercial Magneride semiactive suspension:
a) Cadillac Seville [152], b) Range Rover Evoque [153]

Research presented in the current dissertation is related to a semiactive vibration

control system installed in an experimental off-road vehicle [79] (see Figure 1.9). Original

shock absorbers of the vehicle were replaced by MR dampers of type RD-8040-1 and RD-

8041-1 manufactured by Lord Corporation (see Appendix A). The vehicle is of real size

and commercially available; it is 2 metres long, 1 metre wide and it weights 340 kilograms.

Measurement part of the system includes numerous sensors, e.g. accelerometers,

gyroscopes and vehicle speed sensors located in the vehicle body as well as installed

near vehicle wheels. The control part of the system includes peripheral units responsible
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Figure 1.9: An off-road vehicle equipped with suspension MR dampers and semiactive
suspension control system

for acquisition of measurements and generation of control signals which are transformed

to values of current supplying MR dampers. Detailed description of the experimental

vehicle is given in Appendix B.

1.4 Thesis of the dissertation

The objective of the dissertation is to develop semiactive vibration control system

based on MR dampers installed in an experimental off-road vehicle. The task was as-

sembling the system as well as development, implementation and validation of vibration

control algorithms dedicated to MR dampers.

The main thesis of the dissertation is formulated as follows:

Selected algorithms used in control of a vehicle suspension with magnetorhe-

ological dampers and utilization of information related to the road profile

allow for improvement of the ride comfort, road holding and mitigation of

the averaged suspension deflection.

The following particular goals are formulated:

• Creating the MR damper model and its inverse equivalent as well as their applica-

tion in both simulation and experimental research.

• Development, validation and selection of non-adaptive and adaptive algorithms for

MR damper control including utilization of preview information about the road

profile.
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• Implementation and validation of selected vibration control algorithms based on

the semiactive suspension control system installed in the experimental vehicle.

1.5 Summary

Semiactive vehicle suspension systems were developed over years by commercial and

scientific institutes. Controllable suspension elements allow to adapt to the instantaneous

road conditions and varying control goals. Herein, semiactive devices represented by MR

dampers are favoured over active ones for their low energy-consumption and inherent

stability. Behaviour of MR dampers is significantly nonlinear and their operation is

limited to energy dissipation only. Thus, application of MR dampers is challenging

and requires the resultant control algorithms to be complex. Well-known developments

in the field of modelling and semiactive control were referred within the chapter and

related to the literature. Combination of MR dampers application, analysis of vehicle

vibrations in different road conditions and advanced control algorithms makes a lot of

future developments possible in the field of semiactive vehicle vibration control.
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Vibrations in road vehicles

Construction of a road vehicle is adapted to its general application, which is mainly

determined by road conditions and types of transported objects. Since every real road

vehicle exhibits significant nonlinearities, vehicle response requires nonlinear analysis.

Main nonlinear behaviour of semiactive suspension is introduced by MR dampers. Due

to the complexity of semiactive suspension systems, different classes of road irregularities

need to be modelled and applied separately in order to properly identify the model of

vehicle vibrations, strictly - its certain parameters, and to validate vibration control

algorithms for different road conditions.

Two main questions arise for moving road vehicles: if the destination will be reached

and how this task will be accomplished. The former question is strictly related to the

analysis of driving safety, the latter one is related to ride comfort which should be anal-

ysed both generally and with respect to passengers located in the vehicle. Hence, main

goal of a vibration control algorithm is to improve ride comfort while not deteriorating

driving safety significantly.

2.1 Road-induced excitation of vehicle vibrations

Generally, roads are classified with respect to their irregularities using IRI (Inter-

national Roughness Index), which includes a measured road profile and response of the

reference vehicle averaged over time [127]. Among all devices used for evaluation of

road profiles, low-speed and high-speed road profiling systems can be distinguished. The

13
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former ones are called profilographs [127], the latter ones are commonly equipped with

inertial sensors and distance sensors such as ultrasonic sensors [16] or laser scanners

[97, 158]. Nowadays, commercial profiling systems are widely developed and offered in

the market, e.g. Dynatest [151].

Vehicle response to single-road-bump excitation and continuous road irregularities

are commonly analysed when dealing with vehicle vibration control. Bump excitation

induces vehicle vibrations in wide frequency band in the form of free vibrations. In the

case of continuous excitation, the vehicle response is described as forced vibrations of

frequency band determined by road profile. The latter type is further divided into a

general case, i.e. wideband stochastic excitation and a special case, i.e. deterministic

multiple-bump or sinusoidal road profiles [48]. Modelling of road profile is relevant when

optimizing suspension control algorithm for certain road conditions. For continuous

excitation, the characteristic features of the road-induced excitation can be identified

during ride and such additional information about the road can be used for prediction

in the adaptive control algorithm.

The current chapter introduces different types of continuous stochastic and deter-

ministic excitation as well as it defines single-road-bump excitation. Since deterministic

sinusoidal excitation allows for detailed analysis of vehicle vibrations performed in fre-

quency domain, it is used in further chapters together with single-road-bump excitation

for the purpose of validation of vibration control.

2.1.1 Stochastic wideband excitation

Since the first profilographs were introduced, measurements of vertical displacement

were taken for different classes of roads. Road irregularities are treated in such case as

continuous road-induced stochastic excitation. Measurement results were summarized

and general classification of roads was reported in ISO 8608:1995(E) standard [58] in the

form of displacement PSD characteristics defined with respect to spatial frequency p and

further denoted as Φz. The examined roads were described within the range of classes

from A to F ordered with descending road quality. Range of roughness degree, which

is defined using limiting values of displacement PSD Φz(p0) for a reference road spatial

frequency denoted as p0 = 0.1 [cycle m−1], is a characteristic parameter of a certain

road class. For the purpose of further studies, centres of roughness degree ranges for
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classes A - F were used for evaluation of a corresponding road profile in spatial domain

(see Figure 2.1). The characteristics indicate that amplitude of a component of road-

induced excitation is inversely proportional to its spatial frequency, which is specific

for continuous stochastic road profile. Spatial displacement PSD Φz(p) characteristics

presented in [58] were transformed into temporal PSD characteristics denoted as Ψz(f)

and approximated by the following temporal PSD function:

Ψz(f) =
4γrσ

2
rαrvp

4π2f2 + γ2
rα

2
rv

2
p

, (2.1)

where f denotes temporal excitation frequency, which is related to spatial excitation

frequency according to the following formula:

f = vpp. (2.2)

Symbol σ2
r denotes variance of road roughness, vp denotes vehicle speed specified in

metres per second, αr depends on the type of road surface and γr was introduced in

order to influence the cutoff frequency of the transfer function (2.1). Displacement PSD

(2.1) is a modification of the relation presented in [47] and applied for validation of vehicle

vibration control in [35, 48, 142]. The approximation (2.1) was validated by comparing

it in both spatial and temporal domains with characteristics presented in ISO 8608 for

different road classes (see Figure 2.1).
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Figure 2.1: Power spectral densities of continuous stochastic road-induced excitation
evaluated based on ISO 8608 for different road classes A-F: a) spatial domain, b) tem-

poral domain for vehicle speed of 20 ms−1

Different methods can be used for generation of road-induced excitation of certain
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road class, e.g. inverse FFT can be applied [62] or a linear filter can be excited with

white noise of certain variance [47].

2.1.2 Continuous sinusoidal excitation

Roads with repeatable structure, e.g. a road made of cobblestones represent a

special deterministic case of narrowband excitation which can be modelled as multiple-

road-bump or sinusoidal excitation. It is usually expressed in the form of displacement

excitation denoted as z̃r,f . It can consist of a single component of one dominant frequency

denoted as f or a group of N harmonic Fourier components with constant amplitudes

Af,j and phase angles φf,j where j denotes a number of a consecutive component. Such

excitation is simulated according to the following expression:

z̃r,f (t) =
N−1∑
j=0

Af,jcos(2πjft+ φf,j). (2.3)

The presented deterministic excitation defined in the form of sinusoidal excitation using

only parameter Af,0 is mainly used in further simulation-based validation. It is mostly

used for evaluation of transmissibility characteristics for proposed semiactive vibration

control schemes. Aim of the author was to retain similar conditions of MR damper

operation for all tested dominant frequencies f . It was reached by retaining the constant

variance σṽr,f of road excitation velocity denoted as ṽr,f . Consequently, the variance of

excitation displacement denoted as σz̃r,f was obtained based on Ψz for a certain reference

frequency fvs and bandwidth Bvs. The σz̃r,f is inversely proportional to the dominant

frequency f :

σz̃r,f =
f

fvs

fvs+1/2Bvs∫
fvs−1/2Bvs

Ψz(ν)dν, (2.4)

where Ψz depends on the corresponding road class and vehicle speed. In order to cover

resonance frequencies of typical vehicle suspension systems (see e.g. Table 1.1), values

of the reference parameters were assumed as follows: fvs = 1.5 Hz and Bvs = 1.5 Hz.

Simulations of applied sinusoidal road excitation are presented in Figure 2.2.
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Figure 2.2: Example of continuous sinusoidal road-induced excitation simulated for
frequency of 1 Hz, road class E and vehicle speed of 15 ms−1.

2.1.3 Single-road-bump excitation

Single road bumps and holes are road irregularities which are mostly noticeable

by the driver during real road experiments. Single road bumps cannot be predicted

without additional road profile scanning aimed into the road in front of the vehicle.

Thus, synthesis of efficient control algorithms which are dedicated to such excitation is

challenging. For the purpose of further analysis, the single-road-bump excitation denoted

as ẑr is defined assuming that both dimensions of the road obstacle and vehicle wheel are

similar to those used in actual road experiments (see e.g. Chapter 7). The road obstacle

is of square cross-section shape where its height is equal to Hb = 0.085 m, while diameter

of the vehicle wheel is denoted as Dt = 0.6 m (the radius of vehicle wheel is denoted as

Rt). The road-bump excitation is defined in the form of switching function dependent

on a spatial variable l as follows:

ẑr(l) =



√
R2
t − (l − Lb)2 −Rt +Hb for 0 ≤ l < Lb

Hb for Lb ≤ l < Lb +Hb√
R2
t − (l − Lb −Hb)2 −Rt +Hb for Lb +Hb ≤ l < 2Lb +Hb

0 for 2Lb +Hb ≤ l

, (2.5)

where

Lb =
√
H2
b +DtHb. (2.6)

Symbol Lb denotes the distance between the vehicle wheel and the approaching obstacle.

Simulation results of single-road-bump excitation for vehicle speed of 3 ms−1 performed
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are presented in Figure 2.3. Road-induced displacement and velocity are assured to be

constrained in order to reflect to the real road-induced excitation and keep numerical

solvers of differential equations well conditioned for simulation-based research.
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Figure 2.3: Single-road-bump excitation: a) spatial model, b) simulation performed for
vehicle speed of 3 ms−1.

2.2 Analysis of human body and vehicle vibrations

Resonance frequencies of human body and road vehicles have dominant influence

on their response to road irregularities. Analysis of vehicles and passengers vibrations

needs to be started with their modal analysis (see e.g. Chapter 1). Further analysis

of vehicle vibrations can be carried out with respect to both ride comfort and driving

safety, where the former is generally related to vibrations of passengers and the latter

describes vibrations of the vehicle.

Different goals of vehicle vibration control imply application of different quality

indices. Vehicle vibrations can be analysed in all or a certain direction which commonly

is the vertical one. Consecutive derivatives of kinematic quantities from displacement to

acceleration and jerk, describing motion of passengers and certain elements of a vehicle,

are analysed in the literature. Depending on classes of road-induced excitations, free

or forced vibrations of the vehicle are induced, which requires application of different

quality indices expressed in time and frequency domains. Goal of the vibration control

system is inversely proportional to the defined performance indices since the latter are

related to the level of vehicle vibrations which are to be mitigated.
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2.2.1 Analysis of general vibrations in time and frequency domain

Vibrations of a vehicle are commonly measured in selected directions by inertial

sensors, e.g. accelerometers or gyroscopes. Later on, sampled measurements are used

for vibration control and assessment of its quality. The analysis of vehicle vibrations

is focused on frequency band up to 30 Hz, since components of higher frequency are

damped by the mechanical elements of the vehicle [126].

Generally, vibration level is examined regardless of features of objects transported

in the moving vehicle. Different quality indices are applied in order to compare results

obtained for continuous road unevenness or single road bumps. Absolute scalar quality

indices, e.g. RMS value, are recommended for simplification. Level of vibrations of a

vehicle can be initially analysed based on RMS value which is related to the power of

vibrations signal [17]:

Ix =

√√√√ 1

N

N∑
n=1

{W (z−1) · x(n)}2, (2.7)

where x denotes a certain measurement or estimated signal related to a selected part of a

vehicle or passenger. Different physical quantities can be used, from displacement applied

for analysis of suspension travel or tyre deflection to jerk, which well indicates influence

and harmfulness of vibrations on human body [52]. An optional transfer function W

corresponds to weights set on vibrations signal in frequency domain, which can be related

to e.g. ride comfort or driving safety issues. Symbol N denotes number of analysed

samples. For the sinusoidal excitation of dominant frequency f or single-road-bump

excitation, the quality index is denoted as Ĩx(f) or Îx, respectively.

Analysis in frequency domain expressed by transmissibility is recommended when

analysing the influence of control algorithm on all vibrations modes of a vehicle. Trans-

missibility is evaluated for a signal path from input to output, which are denoted as u

and y, respectively. Different definitions of transmissibility are used depending on the

type of applied road-induced excitation. Generally, the spectrums Y (f) and U(f) are

computed for the corresponding input and output signals by means of discrete Fourier

transform and included in the following definition:

Tu,y(f) =
Y (f)

U(f)
. (2.8)
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Presented form of transmissibility (2.8) requires wideband stochastic road-induced exci-

tation for correct estimation within the desired frequency range, which is a significant

limitation of such estimation method. Moreover, frequency analysis is performed for

a controlled nonlinear suspension system, which requires atypical approach due to its

multi-harmonic response. Thus, definition (2.8) is only used for final validation of vibra-

tion control. For research and initial validation, the following is used:

T̃u,y(f) =
Ĩy(f)

Ĩu(f)
, (2.9)

where Ĩy and Ĩu denote values of quality indices estimated for input and output sig-

nals for a suspension system subjected to sinusoidal road-induced excitation. Both Ĩy

and Ĩu are defined according to a special case of quality index Ix (2.7) which is depen-

dent on dominant frequency of excitation. Amplitude of road-induced excitation u(f) is

dependent on its dominant frequency according to the temporal displacement PSD (2.1).

Single road bump ẑr represents another group of road-induced excitations of finite

duration and wideband frequency profile. Response of the vehicle suspension to bump

excitation denoted as ŷ consists of dominant vibrations modes. For analysis of the vehicle

body vibrations, the heave, pitch and roll modes are dominant. Commonly, analysis of

bump response is limited to estimation of features which are typical for analysis of general

damped free vibrations. Mainly, the RMS value denoted as Îy can be estimated according

to Equation (2.7) based on response signal ŷ or the maximum amplitude of vibrations is

analysed as follows [17]:

Ây = max
n
{ŷ(n)}. (2.10)

2.2.2 Comfort-related performance indices

Early studies related to ride comfort showed that vibrations in different frequency

bands have different influence of human body organs [27]. As a result of further studies,

acceleration was proposed for assessment of ride comfort [132]. Moreover, it was stated

that jerk can be used as an additional measure of passenger discomfort [54]. List of

human body resonance frequencies [17] shows that commonly the frequency band from 3

Hz to 25 Hz needs to be taken into account. Moreover, frequencies lower than 1 Hz induce

motion sickness [95], [87]. Furthermore, comprehensive analysis of motion sickness was
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performed with respect to pitch and roll oscillation [63]. Studies on influence of vibrations

on human body were summarized and reported as the standard ISO 2631 [57]. Estimation

of power absorbed by the human body in the form of vibrations based on acceleration

weighted in frequency domain was proposed in [88]. Comprehensive review of available

performance indices related to ride comfort felt by human body was also presented in

[40]. However, analysis of vibrations can be also related to specialized vehicles, e.g.

off-road or military vehicles [109].

In conclusion, proposed ride comfort and motion sickness quality indices are com-

monly related to the analysis of vibrations power estimated based on vertical acceleration

measurements, which was recently confirmed in [73, 126]. Additionally, weighting func-

tion defined in frequency domain W can be applied as proposed in Equation (2.7). It

can be related to human body only [104] or it can be extended to more general case of

objects which exhibit certain resonance frequencies. Generally, analysis of ride comfort

is performed within the frequency range 0 - 25 Hz.

Several types of ride comfort criteria related to the type of road-induced excita-

tion are presented based on definitions introduced in [126]. All such quality indices are

evaluated in the form of integral estimated within the selected frequency range based

on transmissibility spectrums defined by Equations (2.8, 2.9). Generalized ride com-

fort criterion is defined assuming the vehicle suspension is subjected to the continuous

sinusoidal road-induced excitation z̃r,f :

J̃RC =

√√√√√ 25Hz∫
0Hz

[T̃ar,as,j (f)]2df, (2.11)

where ar denotes vertical acceleration of the road-induced excitation and as,j denotes

vertical acceleration of the selected part of vehicle body.

Motion sickness induced by frequencies lower than 1 Hz belongs to another group

of human ride discomfort. Such motion influences the human labyrinth and creates

inconsistency between visual and auditory sensations. It was confirmed that pitching and

rolling can induce motion sickness as well [63]. Thus, a quality index related to motion

sickness was defined within the frequency range up to 1 Hz and can be additionally used
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for validation of overall discomfort felt by vehicle passengers:

J̃MS =

√√√√√ 1Hz∫
0Hz

{[T̃ar,εsp(f)]2 + [T̃ar,εsr(f)]2}df, (2.12)

where εsp and εsr denote angular pitch and roll acceleration of the vehicle body, re-

spectively. The J̃MS performance criterion is defined assuming the vehicle suspension is

subjected to sinusoidal road-induced excitation.

2.2.3 Driving-safety-related performance indices

Vibration control of the vehicle body part commonly increases deviation of suspen-

sion travel. Since design of a real suspension system is limited by the minimum and

maximum stroke of its shock-absorbers, the suspension deflection is recommended to op-

erate within the linear zone in order to avoid discontinuities [40]. Thus, the greater ride

comfort is desired, the more attention should be paid to the condition of shock-absorbers.

General criterion related to averaged suspension deflection within the frequency range

from 0 Hz to 30 Hz [126] is defined assuming the vehicle suspension is subjected to the

sinusoidal road-induced excitation:

J̃SD =

√√√√√ 30Hz∫
0Hz

{[T̃zr,zusf (f)]2 + [T̃zr,zusr(f)]2]}df, (2.13)

where zusf and zusr denote vertical deflection of the front and rear vehicle suspension,

respectively.

Similarly to the suspension deflection, deviation of the vehicle tyre deflection is

contradictory to the ride comfort. Road holding quality index assesses the ability of a

vehicle to keep contact to the road, especially for higher frequencies [34, 119]. If wheel

vibrations occurs close to their resonance, i.e. wheel hop, the amplitude of tyre deflec-

tion significantly increases. Consequently, the danger of loss of tyre-to-road adhesion

significantly increases. In order to improve driving safety with respect to road holding,

the tracking of wheel to the road should be maximized [126], which is expressed by the
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following performance index:

J̃RH =

√√√√√ 30Hz∫
0Hz

{[T̃zr,zruf (f)]2 + [T̃zr,zrur(f)]2]}df, (2.14)

where zruf and zrur denote vertical deflection of the front and rear vehicle tyre, re-

spectively. The J̃RH performance criterion is defined assuming the vehicle suspension is

subjected to the sinusoidal road-induced excitation.

2.3 Summary

The way how the road vehicle reacts to road irregularities and how vehicle vibra-

tions need to be analysed strongly depends on the type of road-induced excitation as

well as parameters of the vehicle suspension system. Application of road vehicles, e.g.

transportation of passengers or other objects definitely influences the analysis of vehicle

vibrations. A road vehicle can be subjected to different types of road unevenness, i.e.

single road bumps or continuous road irregularities as well as stochastic or determinis-

tic excitation. Since the real vehicle suspension equipped with MR dampers is strongly

nonlinear, it has to be analysed and validated for different road conditions. The suspen-

sion control system is obligated to detect if the vehicle is traversing rough off road or

smooth highway and needs to solve the compromise between ride comfort and driving

safety. Both criteria need to be properly assessed and applied by the vibration control

algorithm.



Chapter 3

Modelling and application of MR

dampers

MR dampers give a possibility of adaptive modification of the suspension charac-

teristics. It can be accomplished at significantly low cost since changing parameters in

semiactive devices requires much less energy than generating force in the active ones.

Due to the complex structure of MR fluid, behaviour of the MR damper is strongly non-

linear. The force response depends on both kinematic and control current excitations as

well as on the temperature of the housing. In order to cope with such phenomena and

apply MR dampers in vibration control systems, it is recommended to at least partly

describe and map their behaviour. Simulation-based research and validation of control

algorithms require reference MR damper model to be used, while partial linearisation of

MR damper behaviour using inverse modelling improves quality of vibration control.

3.1 Procedure of MR damper investigation

Procedure of MR damper investigation is divided, according to [134], into the fol-

lowing phases:

• Configuration of experimental setup including selection of excitation signals.

• Conduction of identification experiment and measurements preprocessing.

• Model selection.

24
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• Estimation of model parameters.

• Model validation.

The three initial phases are strictly related to each other. Selection of excitation

signals applied during identification experiment is strictly related to the class of model

which is to be identified. However, complexity of MR damper model needs to take

into account limitations of the experimental setup, i.e. its parameters which influence

available types of excitation signals and its sensors, which define the set of available

measurement data. Finally, estimation procedure for MR damper model parameters and

their validation similarly depend on the model structure which is to be identified.

3.1.1 Acquisition of measurements

Behaviour of MR dampers was investigated using MTS. Identification experiments

were performed for linear suspension MR dampers of type RD-8040-1 (55 mm short

stroke) and RD-8041-1 (74 mm long stroke) manufactured by Lord Corporation (see

Appendix A), which are both installed in the presented experimental vehicle (see Figure

1.9). Both types exhibit maximum allowed generated force equal to 8896 N [25]. Since

measurement results obtained for RD-8040-1 and RD-8041-1 were similar, the further

analysis was focused on behaviour of the latter one.

During every experiment, the damper piston was subjected to kinematic excitation

defined as axial sinusoidal displacement of certain amplitude and frequency (see Figure

3.1). In order to generate a PWM control current signal for the damper, the semiactive

suspension controller was used which is actually installed in the experimental vehicle (see

Appendix B). Both the MTS and suspension controller were operating simultaneously

during each experiment. All experiments were performed for control current generated

in the form of multi-step function within the range from 0 to 1.33 A of averaged control

current (see Figure 3.1). Levels of consecutive control current steps were increasing, since

the relation between control current and force response is strongly nonlinear. Later on,

separate analysis of MR damper behaviour for different invariant control currents was

performed.

The identification procedure took advantage of the following measurement data.

Damper piston displacement and MR damper force response were taken by MTS with
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Figure 3.1: MR damper experimental setup: a) MR damper investigated using MTS, b)
exemplary measurements of force response to control current excitation and sinusoidal

displacement excitation of amplitude 25 mm and frequency 1.5 Hz

sample rate of 1 kHz. The averaged control current signal was taken by the suspension

controller with sample rate equal to 500 Hz. Additionally, a temperature sensor was

attached to MR damper for safety issues in order to avoid its overheating. Different MR

damper models were proposed in literature which include information about temperature

of MR damper housing [32]. However, the temperature measurements were not included

in the identified MR damper model. Availability of measurement data determines the

class of MR damper model to be identified and type of identification algorithm to be

used. In order to identify the most MR damper models, piston velocity and acceleration

were estimated based on displacement measurements using central difference method.

Two types of identification experiments were performed. Firstly, the MR damper

was investigated for different excitation frequencies and invariant amplitude of piston

displacement excitation equal to 25 mm in order to study its dynamics for wide range

of experimental conditions. Later on, since resonance frequencies of the vehicle body for

common road vehicles vary from 1 to 2 Hz (see Table 1.1), selected MR damper models

applied in control schemes were identified based on measurement data obtained for ex-

citation frequency equal to 1.5 Hz. Secondly, behaviour of MR damper was additionally

analysed for piston velocity excitation of different frequencies. Since behaviour of MR
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damper mainly depends on piston velocity, it was ensured for such experiments that the

amplitude of velocity was invariant over consecutive experiments. Such requirement was

met by decreasing the amplitude of excitation displacement while increasing excitation

frequency.

Exemplary measurement results are presented in Figure 3.1 for damper piston sub-

jected to sinusoidal displacement excitation of amplitude 25 mm and frequency 1.5 Hz.

Every experiment was preceded by zeroing of force measurements. Force offset value

can be influenced mainly by the weight of MR damper as well as reaction of the built-in

gas accumulator [124]. Thus, within further identification procedures only the dynamic

features of MR dampers were studied.

3.1.2 General form of MR damper model

MR damper model is described as nonlinear two-input dynamic system, in which

control current and kinematic excitation of damper piston correspond to the inputs, while

force generated by MR damper corresponds to the output [124]. Thus, two input-output

signal paths can be distinguished for the analysis of MR damper behaviour. Both signal

paths exhibit dynamics and significant nonlinearity.

In order to analyse damper behaviour, two types of characteristics are plotted.

Commonly, each characteristics is measured assuring one of MR damper excitations is

invariant. First group consists of characteristics related to damper piston motion, i.e.

piston displacement against force or piston velocity against force characteristics esti-

mated for different invariant values of control current. Due to MR damper behaviour,

which is related to viscous damping, the force-velocity characteristics are commonly anal-

ysed. Second type of characteristics, which are related to control current, are generated

assuming invariant piston velocity. Experiments performed for simultaneously varying

both control current and kinematic excitations require complex experimental setup and

are not considered in the further analysis.

The MR damper model can be decomposed into a nonlinear static shape function

and dynamic components which are included in both input and output signal paths (see

Figure 3.2). Hysteretic behaviour dependent on the piston velocity and indicated in

force-velocity characteristics is an example of dynamics of kinematic signal path denoted
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as Hv. Dynamics of the control signal path denoted as Hi is influenced by parameters

of the supplying electrical circuit [124]. Output dynamics of MR damper denoted as

HFmr defined from Fmr to F ∗mr is assumed according to experimental results of time

response estimations presented in [72]. Moreover, dynamics of both signal paths are

strictly related, i.e. force response to kinematic excitation is related to the control current

[81], while dynamics of the control signal path depends on the velocity of damper piston

[72].

mrv

mri
mrF *

mrF

vH

mrFH
iH ()f

mrmrmr avz ,,

*

mri

*

mrv

Figure 3.2: General MR damper model including dynamics of kinematic and control
current excitation inputs as well as dynamics of force response output

Current excitation is controllable, while kinematic excitation is treated as a non-

controllable input, i.e. disturbance. Thus, for the purpose of vibration control appli-

cations, the MR damper model can be presented in the form of single dynamic signal

path related to control current. Such control signal path is modulated by piston motion,

which indicates the maximum possible rate of vibration energy dissipation [77].

3.1.3 Estimation and validation of model parameters

Presented studies were mainly focused on experimental identification performed for

the velocity to force signal path including the input dynamicsHv related to the kinematic

excitation. Parameters of the input dynamics of the control signal path Hi as well as

parameters of the output dynamics HFmr were established based on the results presented

in the literature. The displacement, velocity and acceleration measurements of the sinu-

soidal kinematic excitation were treated as inputs of the identified model. Identification

of the selected MR damper model was performed in two stages, i.e. separate identi-

fication performed for different control current values as well as final identification of

the model which include additional dependencies on current evaluated in the first stage.
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Within the first stage measurement data were separated into several data sets dedicated

to different excitation frequencies and different values of control current. Consequently,

the identification procedure was performed for the each group separately. Next, rela-

tionships between estimated parameter, control current and excitation frequency were

analysed, approximated and used for synthesis of the final model. In the end, within the

second stage, the final MR damper model was identified simultaneously for all current

values and for the selected excitation frequency. Identification algorithms applied for

both stages stand for optimization carried out according to the following mean square

expression:

Θ̂mr = arg min
Θmr

1

N

N∑
n=1

{
Fmr(j)− Fmr,model(n, zmr, vmr, amr, imr,Θmr)

}2
, (3.1)

where Fmr,model denotes response of MR damper model which is defined by estimated

parameters Θ, while Fmr denotes measurements of force generated by the actual MR

damper. Measurements of kinematic excitation, i.e. displacement, velocity and accel-

eration are denoted as zmr, vmr, amr, respectively, while control current is denoted

as imr. Different optimization algorithms were applied for solution of expression (3.1).

Quasi-static and linear models, e.g. Bingham model [120] can be identified using classical

gradient-based or least-mean-square optimization algorithms. In the case of models which

consist of nonlinear differential equations, e.g. Bouc-Wen, Spencer [137], a multimodal

solution space needs to be analysed, which requires nonlinear stochastic optimization

algorithms, e.g. evolutionary algorithms [12].

Different validation approaches proposed in [124] are based on comparison of force

diagrams in the time domain as well as displacement-force and force-velocity character-

istics [137]. In order to select the most appropriate MR damper models, results of the

first and second identification stage are validated using the following quality index:

Jmr =

√√√√√√√√√√
N∑
n=1

{Fmr(n)− Fmr,model(n, zmr, vmr, amr, imr,Θmr)}2

N∑
n=1

{Fmr(n)}2
. (3.2)
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The quality index (3.2) indicates fitness of the model response to force measure-

ments. Moreover, in further studies force-velocity characteristics are compared and dis-

cussed in order to assess the quality of hysteretic behaviour modelling.

3.2 Analysis of velocity to force signal path

Analysis of the velocity-to-force signal path reveals strongly nonlinear behaviour of

the MR damper including regions of force saturation and hysteresis loops. Moreover, the

shape of such force-velocity characteristics significantly depends on the frequency and

displacement amplitude of piston excitation signal (see Figure 1.6, Chapter 1). Numerous

models were proposed in the literature, which can be divided into three classes, i.e.

phenomenological models, behavioural models and input-output models.

Phenomenological MR damper models take advantage of two common physical

rules, i.e. Navier-Stokes equations, which describe dynamics of MR fluid flow, and

Maxwell’s equations, which describe electromagnetic field induced by electromagnets

[68]. What is more, MR fluid subjected to the magnetic field changes its properties and

needs to be assumed as non-Newtonian. Consequently, structure of MR damper is de-

scribed using nonlinear partial differential equations which are mutually dependent on

each other since MR fluid and magnetic field interact. Such equations can be solved only

numerically. Thus, high effort needs to be expended to apply phenomenological models

in simulation and control. Phenomenological models exhibit huge number of parame-

ters, which makes them sensitive to inaccuracy of estimation procedure. Moreover, such

models tend to be over-parametrized and not consistent with the actual MR damper.

Commonly, they are defined on the basis of available MR damper design data [33, 147],

which are hardly accessible. The complexity of phenomenological models makes them

inapplicable in the real-time vibration control application.

In order to apply MR damper models, a compromise needs to be found between

accuracy of model description and applicability. Some authors present an approach

of MR damper description which is not made with respect to MR damper physical

structure but with respect to dominant phenomena, resulting in behavioural models.

Other applications require the MR damper model to be further simplified to the modelling
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of only input-output relations regardless of the occurring phenomena, which results in

input-output models.

3.2.1 Velocity to force characteristics

Dynamics of the velocity-to-force signal path is mainly indicated in the form of hys-

teresis loops shown in the force-velocity characteristics. Numerous models of hysteretic

behaviour, especially for MR dampers or similar devices, were proposed in the literature.

Preisach hysteresis model [37, 112] describes dynamics of various smart materials and ac-

tuators such as SMAs (smart memory alloys), piezoceramic [55] as well as MR [128] and

ER [45] fluids and dampers. It merges numerous transition functions of relay elements,

which in result gives smooth shapes of hysteresis loops. Thus, a large number of model

parameters is required, which is its main disadvantage. Bouc-Wen hysteresis component

is an example of more compact hysteresis model, which includes single nonlinear differ-

ential equation [137]. Hysteretic behaviour can be mapped using switching MR damper

model for positive and negative part of the hysteresis loop. Switching is triggered using

relative piston displacement or acceleration and can be applied for all non-hysteretic MR

damper models [24, 29, 143, 161].

All models presented above can be called the input-output models of hysteretic

behaviour. Furthermore, acceleration-based models are quasi-static and map hysteresis

loops only for sinusoidal kinematic excitation. Apart from the input-output modelling

approach, the behavioural approach was proposed in the literature. According to [3],

hysteretic behaviour can be modelled using input linear dynamics Hv (see Figure 3.2).

Moreover, in the case of such models, the hysteresis component is excluded from the static

nonlinear shape function, which simplifies the model. Behavioural hysteresis modelling

is also confirmed in further analysis [124, 136].

Parameters of dynamic model Hv, strictly its phase shift denoted as ϕHv , were

identified separately for different values of control current and excitation frequencies fmr

according to the method proposed in [81]. Amplitude of the piston excitation velocity was

ensured to be invariant for all experimental cases. Identification procedure of the phase

shift parameter is based on minimization of estimated area encircled by the hysteresis
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loops, according to the following expression:

ϕ̂Hv(fmr, imr) =

{arg min
ϕHv

∑
vk

[Fmr(v
∗
mr,a+)− Fmr(v∗mr,a−)]2 ; v∗mr,a+, v

∗
mr,a− = vk}

∣∣∣∣
fmr,imr

,
(3.3)

where vk corresponds to consecutive point of the force-velocity characteristics. Symbols

v∗mr,a+ and v∗mr,a− denote piston velocities vmr which are delayed by phase shift of ϕHv .

They are related to the positive a+ and negative a− piston acceleration, respectively.

Symbols Fmr(v∗mr,a+) and Fmr(v∗mr,a−) denote force measurements which were synchro-

nized with v∗mr,a+ and vmr,a−, respectively.
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Figure 3.3: Modelling of hysteretic behaviour as Hv input dynamics of velocity to
force signal path for different excitation frequencies: a) force-velocity characteristics
for control current of 1.33 A, b) phase shift characteristics of desired Hv dynamics

Results of identification (see Figure 3.3) show that the phase shift is inversely pro-

portional to the excitation frequency. Moreover, phase shift decreases with increasing

control current. Thus, it is recommended, within the future studies of the vibration con-

trol, to apply a frequency-dependent MR damper model. Such model needs to take into

consideration dependencies occurring between shapes of hysteresis loop and excitation

frequency.

3.2.2 Behavioural versus input-output models

In contrary to phenomenological models, behavioural models describe MR damper

in macroscopic scale instead of analysing certain phenomena in microscopic scale. Three

main behavioural components can be used, i.e.: perfect elastic body (Hooke’s body),

perfect viscous body (Newtonian body) and perfect plastic body (Saint-Venant body).
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The Bingham model [120] includes two of the components (see Figure 3.4), i.e. Coulomb

friction and viscous damping, which can be corresponded to the perfect plastic and

perfect viscous body models, respectively. In order to map hysteretic behaviour using

Bingham model, an additional expression dependent on piston acceleration needs to be

used, resulting in the following form of Bingham model:

Fmr,bh = −fbh · sign(vmr − γbh · amr)− cbh · vmr − δbh, (3.4)

where fbh denotes a Coulomb friction parameter, cbh denotes viscous damping param-

eter, γbh influences hysteretic behaviour of the model and δbh denotes the force offset

component.

bhmrF , bhmrF ,

mrmr av ,

bhc

bhf

Figure 3.4: Mechanical representation of Bingham MR damper model

Bingham model can be extended to Bingham body model [121] by taking into ac-

count an additional component of perfect elastic behaviour, represented in the mechanical

diagram as a spring connected in series. Further extension, i.e. Gamota-Filisko model

was presented in [121, 137] as three components connected in series, i.e. Bingham model,

Kelvin-Voight body and Hooke body models. The Kelvin-Voight body model describes

a solid body accompanied with relationship between maximum damper length and ap-

plied force [19]. Moreover, pre-yield and post-yield behaviour phenomena were taken

into account in behavioural MR damper models in [89, 148].

Some phenomena which are observable in MR damper behaviour, such as frequency

dependence or additional backlash of couplings inside the damper, are still not fully ex-

plained. However, they should be mapped, which can be solved by neglecting physical

explanation and using input-output models. Such approach allows to more efficiently

fit the model response to measurement data for certain experimental conditions. Ap-

plication of polynomials as an example of input-output models allows to simplify the

model structure as well as the identification process [24, 29]. The model of MR damper
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including hysteretic behaviour which is based on polynomials is defined by the following

expression:

Fmr,pn =


−

N∑
j=0

bpn,a+,j · vjmr for amr ≥ 0

−
N∑
j=0

bpn,a−,j · vjmr for amr < 0

, (3.5)

where bpn,a+,j and bpn,a−,j are parameters of the polynomial models related to the posi-

tive and negative piston acceleration, respectively. Lack of mechanical representation of

input-output models is their characteristic feature.

Another method of input-output modelling is to construct a biviscous model [42,

148]. Such models involve switching between lower and higher viscosity parameters

dedicated to pre-yield and post-yield behaviour, respectively. Other modelling methods

are based on neural networks [8, 31, 108] as well as on trigonometric [68, 106] and

hyperbolic [121, 124, 136] functions, which serve as shape functions included in the MR

damper model.

In conclusion, behavioural models can describe MR damper in wide range of exper-

imental conditions. However, they are limited to the known phenomena, which cannot

fully describe the damper behaviour. An input-output model can become a complete MR

damper model but it tends to be over-parametrized and valid only for specific experimen-

tal conditions. Thus, usually mixed models are used, e.g. Bouc-Wen and Spencer-Dyke

models as well as the model based on tanh function. Such models include classical stiff-

ness and viscous damping behavioural components, while some phenomena are mapped

using input-output modelling approaches, e.g. using hyperbolic functions or Bouc-Wen

hysteretic component.

3.2.3 Bouc-Wen and Spencer-Dyke models

The Bouc-Wen model was formulated based on studies introduced in [11] and [146].

It includes the Bouc-Wen component, i.e. an input-output model which can be used

for mapping of the velocity to force hysteretic behaviour of MR damper. Additionally,

behavioural components are included in the model describing stiffness (partly related

to the damper accumulator) and viscous damping parameters denoted as kbw and cbw,

respectively. The hysteretic displacement of the Bouc-Wen component denoted as pbw is
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evaluated using first-order nonlinear differential equation:

ṗbw = −γbw · |vbw| · pbw · |pbw|nbw−1 − βbw · vbw · |pbw|nbw +Abw · vbw, (3.6)

where vbw denotes relative velocity of the Bouc-Wen model. Parameters γbw, βbw and

Abw define shape and size of hysteresis loops observable in force-velocity characteristics.

Resultant force generated by Bouc-Wen model is defined as follows:

Fmr,bw = −αbwpbw − cbwvbw − kbwzbw − δbw. (3.7)

The Bouc-Wen model was improved in [137] and proposed as enhanced Bouc-Wen or

Spencer-Dyke model. Apart from kbw and cbw parameters, additionally stiffness ksc and

viscous damping parameters csc were included. Mechanical representation of Spencer-

Dyke model is shown in Figure 3.5. Behavioural part of the model is defined by two

interchangeable equations:

Fmr,sc = −αbwpbw − cbwvbw − kbwzbw − ksczmr − δsc,

Fmr,sc = −csc(vmr − vbw)− ksczmr − δsc,
(3.8)

where pbw is hysteretic displacement simulated according to the Equation (3.6). Relative

velocity of the internal Bouc-Wen model within the Spencer-Dyke model is defined by

the following expression:

vbw =
1

cbw + csc
[cscvmr − αbwpbw − kbwzbw]. (3.9)

scmrF , scmrF ,

bwbw vz ,

bwc

Bouc-Wen

bwk

bwbwp

scc

sck

mrmr vz ,

Figure 3.5: Mechanical representation of Spencer-Dyke model
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Bouc-Wen and Spencer-Dyke models were identified based on measurement data

obtained for excitation frequency equal to 1.5 Hz and different values of control current

varying from 0 to 1.33 A. Parameters of the models were estimated by minimizing the cost

function according to Expression (3.1). Quality of fitness for both models was compared

using the quality index (3.2) and listed in Table 3.1 where lower values correspond to

better fitness. Results obtained for all values of control current confirmed the superiority

of Spencer-Dyke model over Bouc-Wen model. Significant deterioration of fitness quality

for both models can be shown for control current equal to zero.

Table 3.1: Values of fitness quality index Jmr evaluated for Bouc-Wen and Spencer-
Dyke models in the case of excitation displacement amplitude of 25 mm, excitation

frequency of 1.5 Hz and control current varying from 0 to 1.33 A

imr [mA] 0 67 133 200 333 667 1000 1333 AVG

Bouc-Wen model
Jmr · 10−3 117 52 49 50 53 53 58 56 61

Spencer-Dyke model
Jmr · 10−3 115 36 27 26 27 35 56 52 47

The force-velocity characteristics plotted for force measurements and responses of

both models confirm results of validation performed based on quality indices (see Figure

3.6). Both Bouc-Wen and Spencer-Dyke models accurately map the shape of force-

velocity characteristics, particularly, hysteretic loops and force saturation phenomena,

with the predominance of the latter model.

3.2.4 Tanh-function-based model

Commonly, inverse MR damper models are applied in semiactive vibration con-

trol. Bouc-Wen or Spencer-Dyke models can be inverted only numerically [77], which

leads to processor-intensive calculations not recommended in real-time applications. The

characteristic shape of the MR damper force-velocity characteristics can also be mapped

using trigonometric hyperbolic tangent function [62, 69, 124, 136] or cyclometric inverse

tangent function [68, 106]. Such functions serve as a backbone of model which maps

behaviour occurring close to zero velocity and for force saturation regions. Furthermore,
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Figure 3.6: Quality of modelling of MR damper behaviour performed based on measure-
ments obtained for excitation displacement amplitude of 25 mm, excitation frequency
of 1.5 Hz and separately for all values of control current varying from 0 to 1 A: a)

Bouc-Wen model, b) Spencer-Dyke model

application of Tanh model as an inverse model in the control algorithm while Spencer-

Dyke model is included in the vehicle suspension model resembles the real case, for which

the model of MR damper is not known exactly.

Contrary to Bouc-Wen or Spencer-Dyke models, the Tanh model is a quasi-static

model. It includes both behavioural and input-output tanh-based components, which is

illustrated in the form of mechanical representation (see Figure 3.7). It can addition-

ally include piston displacement or acceleration signal, which maps hysteretic behaviour.
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Acceleration measurements are commonly burdened with measurement noise which sig-

nificantly influences behaviour of tanh-based model. However, in the case of identification

experiments where the MR damper piston is excited by sinusoidal kinematic excitation,

both piston displacement [26, 43, 125] and acceleration signals can be applied to mod-

elling hysteretic behaviour. The given form of Tanh model is defined by the following

expression:

Fmr,th = −αthtanh(βthvmr − γthamr)− cthvmr − kthzmr − δth, (3.10)

where αth, βth, γth, cth and kth denote parameters of the model, while δth denotes a force

offset component.

mr,thF mr,thF

mrmrmr avz ,,

thc

tanh

thk

th

Figure 3.7: Mechanical representation of tanh-function-based model

Similarly to previously given models, the Tanh model was identified based on mea-

surement data obtained for excitation frequency equal to 1.5 Hz and different values of

control current varying from 0 to 1.33 A. Values of fitness quality index evaluated for

the Tanh model are listed in Table 3.2.

Table 3.2: Values of fitness quality index Jmr evaluated for Tanh model in the case of
excitation displacement amplitude of 25 mm, excitation frequency of 1.5 Hz and control

current varying from 0 to 1.33 A

imr [mA] 0 67 133 200 333 667 1000 1333 AVG

Jmr · 10−3 113 33 26 26 31 35 34 34 42

Similarly to Bouc-Wen and Spencer-Dyke models, significantly higher value of qual-

ity index for zero control current indicates that MR damper exhibits different behaviour

for off state. Results of identification are additionally shown in the form of force-velocity

characteristics plotted for force measurements and responses of Tanh model (see Figure
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3.8). Besides, comparison of all analysed models is presented based on fitness quality in-

dices, which shows that the Tanh model exhibits best mapping of MR damper behaviour.

The average value of quality index listed in Table 3.2 confirms such observation.
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Figure 3.8: Quality of modelling of MR damper behaviour performed based on measure-
ments obtained for excitation displacement amplitude of 25 mm, excitation frequency
of 1.5 Hz and control current varying from 0 to 1 A: a) force-velocity characteristics for

Tanh model, b) comparison of Bouc-Wen, Spencer-Dyke and Tanh models

3.3 Synthesis and application of MR damper model

Application of MR damper in control systems requires identification of at least

coarse model of the signal path from control current to MR damper force response.

Such signal path is deteriorated by both static nonlinearities as well as dynamics of the
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electrical supply circuit and MR fluid reaction to changes of magnetic field. Both types

of dynamics are marked in the general MR damper (see Figure 3.2) as Hi and HFmr ,

respectively, while static nonlinearities are marked as the arbitrary nonlinear function.

Commonly, approximation of static relationships from control current to parame-

ters of velocity to force models is used. In the case of inverse model evaluation, the

approximation approach requires the resultant MR damper model to be invertible with

respect to control current. Certain values of control current have different influence on

MR damper behaviour, e.g. its force saturation level, shape of hysteresis loops. Apart

from saturation which is revealed in the force-velocity characteristics, the saturation in

the control current to force signal path can be noticed. Thus, nonlinear functions are

used for approximation, e.g. polynomials [29] or square root functions [108].

3.3.1 Dynamics of control current to force signal path

Dynamics of the input electrical circuit supplying coils located in MR damper piston

is mainly influenced by its resistance and inductance parameters. Generally, the RL

oscillating input circuit is modelled as a SISO dynamical system with input related to

control voltage and output related to control current. Numerous studies presented in

literature proposed modelling approach of the input circuit [123, 159]. In the case of the

analysed MR damper of type RD-1005-3 (i.e. predecessor of RD-8041-1), parameters of

its resistance and inductance were adopted by other authors at values of 5 Ω and 100 mH

which results in time constant of 20 ms. Other comprehensive studies on MR damper

dynamics were reported in [72], where response time of the input circuit of suspension

MR damper varies from 1 ms up to 12 ms and depends on the control current.

Despite the fact that MR dampers are directly controlled by PWM voltage, com-

monly, the averaged value of the resultant control current is stabilized using dedicated

voltage to current converters, e.g. Wonderbox produced by Lord Corporation [154]. Such

controllers significantly improve the voltage to current time response. Moreover, for the

purpose of given studies, the MR damper behaviour is identified with respect to control

current, which is directly related to magnetic field induced within the damper piston.

Thus, dynamics of the MR damper input circuit denoted as Hi is neglected in the further

analysis, i.e.:

Hi = 1. (3.11)
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Further simulation research takes into account the output dynamics of the control

current to force signal path. Response of the MR fluid itself influences the finite time of

MR damper reaction to changes of control current, which is observable in macroscopic

scale. Results of force response estimation were presented in [72, 123], where MR damper

was subjected to a triangular kinematic displacement excitation. Such excitation ensures

the velocity to be invariant during the test. Meanwhile, the step excitation of the control

current was generated and the force response time was estimated. It was shown in [72]

that the response time depends on both control current as well as kinematic excitation of

damper piston. However, based on reported results, the response time can be assumed

with high accuracy as invariant and equal to 20 ms, since it increases only for piston

velocities close to zero. Thus, for the purpose of further studies, the output dynamics

of MR damper model denoted as HFmr was modelled by a first-order inertia filter with

response time equal to 20 ms, as follows:

HFmr(s) =
1

1 + s · 0.0067
. (3.12)

3.3.2 Relationship between model parameters and current

Relationship between current and parameters of Spencer-Dyke or Tanh models is

strongly nonlinear. Thus, many approximation methods were proposed in the literature,

e.g. polynomials [29] or neural networks [108]. Other authors showed in [160] that in the

case of Spencer-Dyke model, three parameters, i.e. αbw, cbw and csc should be related to

control current using polynomials of the third order. Thus, in the further analysis these

parameters of Spencer-Dyke model defined by Equations (3.8-3.9) were assumed to be

dependent on current as follows:

θsc =
3∑
j=0

(θsc,j · ijmr) for θsc ∈ {αbw, cbw, csc}. (3.13)

Other parameters are assumed as invariant. The identification procedure was performed

for extended set of parameters, while a quality index was minimized which was evaluated

according to Equation (3.2) based on force responses obtained for all control current

values. Estimated parameters are listed in Table 3.3. It can be noticed that due to the

additional requirements related to dependence on control current, the quality of model

fitness to force measurements was deteriorated compared to results obtained for separate
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identification (see Table 3.1). However, functionality of such extended current-dependent

model allows for its application as a reference model within studies of semiactive vibration

control.

Table 3.3: Parameters of Spencer-Dyke model

Estimated parameters

nbw = 2 Abw = 45.8275 [-] βbw = 379780 [m−1]
γbw = 49867 [m−1] kbw = 997.04 [Nm−1]

[ αbw,0 , αbw,1 , αbw,2 , αbw,3 ] = [ 0.1533 , 3.4150 , -3.4799 , 1.2127 ] · 105 [Nm−1]
[ cbw,0 , cbw,1 , cbw,2 , cbw,3 ] = [ 0.9779 , -0.4317 , 2.7046 , -1.4410 ] · 103 [Nsm−1]

δsc = -8.2892 [N] ksc = 0 [Nm−1]
[ csc,0 , csc,1 , csc,2 , csc,3 ] = [ 0.0128 , 1.1688 , -0.7145 , 0.1960 ] · 105 [Nsm−1]

Fitness quality index Jmr = 86 · 10−3

Most algorithms applied for MR damper control require an inverse MR damper

model in order to make the MR damper generate force which is as close as possible

to the force desired by the algorithm. On the one hand, the inverse model should fit

well to measurement data. On the other hand, possibility of analytical inversion of MR

damper model is recommended in order to avoid numerical inversion due to computation

limitations of real-time application. Thus, a square root function was proposed for Tanh

MR damper model in [69] to approximate its dependence on control current. For the

purpose of the dissertation, two parameters of Tanh model defined by Equation (3.7)

were related to control current as follows:

θth = θth,0 + θth,1 ·
√
imr for θth ∈ {αth, cth} (3.14)

while other parameters were assumed as invariant. Similarly to extended Spencer-Dyke

model, the identification procedure was repeated for extended set of Tanh model param-

eters. Estimated parameters and corresponding value of fitness quality index are listed

in Table 3.4.

Force responses obtained for extended Spencer-Dyke and Tanh models are compared

with force measurements and presented in Figure 3.9. It can be noticed that despite the

additional control-related requirements set on both models, they still fit to measurement

data with high accuracy, which allows for their application in further studies.
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Table 3.4: Parameters of Tanh model

Estimated parameters
[ αth,0 , αth,1 ] = [ 0.0624 , 1.3398 ] · 103 [N]

βth = 39.955 [sm−1] γth = 0.4127 [s2m−1]
kth = 170.0436 [Nm−1] δth = -0.8072 [N]

[ cth,0 , cth,1 ] = [ 802.8 , 488.53 ] [Nsm−1]

Fitness quality index Jmr = 127 · 10−3

3.3.3 Inverse modelling: evaluation and validation

In the case of semiactive vibration control, partial compensation of the strongly

nonlinear behaviour of MR damper is recommended. Linearisation of nonlinear relation-

ship between control current and damper force significantly simplifies the applied control

scheme. Two approaches, which are based on feedback and feedforward control, can be

distinguished. The former one is based on feedback control algorithm which adjusts

the actual MR damper force. Such algorithm takes advantage of measured MR damper

force, which is its limitation, since additional force sensors need to be installed in the

vehicle suspension. The latter approach is based on inverse modelling of MR damper, a

well-known idea in vehicle vibration control.

The inverse MR damper model can be evaluated analytically by inversion of the

static nonlinear part of MR damper model (see Figure 3.2). Numerous structures of

inverse MR damper models were proposed in the literature [69, 84, 107]. For the further

analysis, the inverse Tanh model is used which was obtained based on Tanh model defined

by Equations (3.14) and (3.10). Such inverse model was evaluated as follows:

imr,th =

[
−Falg − αth,0tanh(βthvmr − γthamr)− cth,0vmr − kthzmr

αth,1tanh(βthvmr − γthamr) + cth,1vmr

]2

, (3.15)

where all parameters are listed in Table 3.4. The inverse model gives a value of current

denoted as imr,th, which should be used for control of MR damper in order to make the

damper generate force denoted as Falg, which is desired by the control algorithm. How-

ever, the current imr,th needs to be limited to positive values, which is a characteristics

feature and limitation of semiactive systems.
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Figure 3.9: Quality of modelling of MR damper behaviour performed based on measure-
ments obtained for excitation displacement amplitude of 25 mm, excitation frequency
of 1.5 Hz and simultaneously for all values of control current varying from 0 to 1 A: a)

Spencer-Dyke model, b) Tanh model

Validation of the inverse model is performed using reference Spencer-Dyke and

inverse Tanh model connected in series (see Figure 3.10). Such connection creates the

main component of the simulation environment for vehicle vibrations. Since MR damper

cannot generate force which is outside its dissipative domain, i.e. is indivertible, the

desired force denoted as Falg is also simulated using the reference model. Such validation

approach ensures that inaccuracy of generating Fmr based on Falg is caused only by

inaccuracy of the inverse model and not by force constraints related to the dissipative

domain. Thus, in the case of ideal inverse model, the force generated by the final reference

model Fmr should be the same as the desired force Falg.
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Figure 3.10: Validation procedure for Tanh inverse MR damper model and Spencer-
Dyke reference model

The validation is done using control current excitation signal denoted as ialg rising

from 0 A to 1.33 A. Both reference and inverse models are subjected to the same kine-

matic sinusoidal excitation of frequency equal to 1.5 Hz defined by zmr, vmr and amr.

The validation procedure can be based on comparison of desired imr and reference ialg

currents or comparison of actual Fmr and desired Falg forces. Initially, validation pro-

cedure was tested using Tanh model as a reference model. Finally, both Spencer-Dyke

and inverse Tanh models were tested, which is shown in Figure 3.11 in the form of time

diagrams obtained for the control current and force signals. In order to improve clarity

of figures the diagram of desired control current was smoothed using Savitzky-Golay

filter with polynomial order equal to 1 and window size equal to 301. Since reference

and inverse models exhibit different structures, an inconsistency between time diagrams

can be seen. The force generated by the final Spencer-Dyke model is underestimated for

lower and overestimated for higher control current values.

Besides, it was noticed that slight numerical errors included in the damper piston

acceleration signal significantly influence the control current imr given by the inverse

model. Such errors were common not in the case of identification experiments but for

the simulation and experiments of the vehicle suspension. Thus, the γth parameter

describing hysteretic behaviour was decided to be set to zero for the purpose of further

validation of control schemes.
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Figure 3.11: Validation of tanh-based inverse model versus Spencer-Dyke reference
model for excitation displacement amplitude of 25 mm, excitation frequency of 1.5 Hz
and control current varying from 0 to 1.33 A: a) desired imr and reference ialg currents,

b) actual Fmr and desired Falg forces

After the modification was proposed, two approaches to the Tanh model identifica-

tion was distinguished. For the first one, an initial identification of Tanh model including

hysteresis is performed and consequently the γth is neglected. For the second approach,

a direct identification of the Tanh model without hysteresis is performed. The model

without hysteresis unfavourably tends to describe the hysteretic behaviour using stiffness

parameter, while it gives only slight improvement in identification results. Thus, the first

two-step method was applied for the inverse model evaluation.

3.4 Summary

Specific features of MR dampers such as inherent stability and low energy con-

sumption make them widely applied in the vibration control systems. The possibility

of adjusting damping parameters of a vibrating mechanical system allows to adapt the

system to instantaneous ambient conditions. However, application of MR dampers re-

quires analysis of their nonlinear behaviour. Both nonlinear signal paths, defined for

the control current and kinematic excitations to force response, are recommended to be

modelled. Thus, analysis and comparison of selected models including Spencer-Dyke

model were carried out, as well as Tanh inverse model was evaluated and validated for

further application in vibration control algorithms.
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Dynamics of vehicle suspension

system with MR dampers

Modelling of vehicle vibrations is recommended for different types of systems in-

stalled in road vehicles, e.g. related to suspension diagnosis or control. On-line iden-

tification of a vehicle model can be used for tracking vehicle parameters and detecting

suspension damage. Furthermore, the identified model of vehicle vibrations can be used

for preliminary synthesis and tuning of the control algorithm as well as its final validation.

It is recommended to at least coarsely analyse the dynamics of the object in order

to make the structure of the algorithm more appropriate for the desired application. The

more information about vehicle vibrations are available, the better performance of the

algorithm can be obtained. The identification procedures can also be included in the

control algorithm in order to make it adjustable to varying vehicle parameters and road

conditions.

All control algorithms need to be validated before they can be applied, since no

ideal control optimization method can be found. Generally, several stages of algorithm

validation can be distinguished. The earlier the validation process starts, the shorter its

length is. Herein, two validation methods can be distinguished, i.e. simulation-based

studies and hardware-in-the-loop approach, both of which require a model of vehicle

vibrations. All arguments presented above confirm that modelling and analysis of vehicle

vibrations is inevitable for synthesis and validation of vehicle vibration control.

47



Chapter 4. Dynamics of vehicle suspension system with MR dampers 48

4.1 Modelling of road-induced vehicle vibrations

Model of vehicle vibrations can be assumed as MIMO dynamic system (see Figure

4.1). It takes into account two groups of excitation signals. The first group includes

road-induced excitations of vehicle wheels in the form of vertical displacement, velocity

and acceleration, denoted zr, vr, ar, respectively. The second group includes control

currents of MR dampers installed in the vehicle, denoted as imr. The latter signals are

generated by the vehicle vibration control system, while the former ones are treated as

disturbances of the system, i.e. they are measurable but cannot be influenced by the

control algorithm. All measurable quantities describing the motion of the vehicle are

grouped and assumed as the output of the system denoted as y.

rrr a,v,z

mri yroad 

vehicle

Figure 4.1: General road vehicle model including MR dampers

Generally, a behavioural approach to modelling of vehicle vibrations is applied which

reflects the actual construction of the road vehicle. Further analysis will be limited to

low frequencies since vehicle vibrations related to ride comfort or driving safety are

analysed within frequency bandwidth up to 25 Hz or 30 Hz, respectively (see Table 1.1).

Commonly, multi-body vehicle models are used [101], [56], where the vehicle construction

is divided into a finite number of rigid elements connected with stiffness and viscous

damping elements, which is described by the following general form of matrix differential

equation:

Mq̈ + Cq̇ + Kq = u, (4.1)

where M , C and K denote mass, damping and stiffness matrices, respectively. Symbol

q denotes a vector of generalised coordinates and u denotes a vector of applied forces.

Generally, models of vehicles equipped with automotive MR dampers are decomposed

into a linear model of vehicle vibrations and separate MR dampers models. Then, vector

u includes both the kinematic excitation signals and forces generated by MR dampers.

The more degrees of freedom are included in the vehicle model, the more accurate

model can be obtained. However, higher number of parameters requires longer and
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more complex identification procedures. Thus, in the case of vehicle suspension analysis,

such models can be limited to the most relevant components, e.g. wheels or vehicle

body which makes them applicable and less computation-intensive. Models of vehicle

vibrations proposed in literature are usually divided with respect to the number of DOFs.

Dynamics of various vehicle components can be taken into account, e.g. vehicle engine

and its suspension in heavy vehicles [162], passengers seats [39] or passengers themselves

[15]. The classical full-car model which exhibits 7 DOFs takes into account heave, pitch

and roll motion of the vehicle body as well as vertical motion of each wheel [29].

4.1.1 Half-car model with 4 DOFs

The full-car model can be simplified in justified cases to longitudinal half-car model

which exhibits 4 DOFs, e.g. for the symmetrical road-induced excitation or if the sym-

metry of the vehicle construction is indicated (see Figure C.1). The half-car models can

also be directly applied for description of dynamics of bicycle vehicles. Vibration modes

of the presented half-car model are related to heave and pitch vehicle body dynamics

and vertical motion of wheels. Influence of a human body on the response of the vehicle

is neglected in the further analysis.
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Figure 4.2: Half-car model of vehicle vibration model with 4 DOFs including suspension
MR dampers

The vehicle body is modelled as a 2-dimensional beam of length denoted as L.

Subscripts f and r denote the front and rear parts of the vehicle, respectively. The
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vehicle body beam exhibits the following features: the center of gravity whose distances

from the ends are Lf and Lr, the mass of the vehicle body ms and the moment of inertia

about the pitch axis denoted as IsL. The sprung and unsprung parts of the vehicle are

denoted using subscripts s and u, respectively.

Additional masses moving only vertically, denoted as muf , mur, are included in

the model. They are related to the vehicle front and rear wheel. Vehicle body mass

and wheel masses are connected by linear springs ksf , ksr and viscous dampers csf , csr,

which stands for the front and rear parts of the vehicle suspension system, respectively.

Road-induced kinematic excitation influences the half-car model via springs kuf , kur and

dampers cuf , cur, which are related to parameters of tyres and are connected to the front

and rear wheel masses. Since it was assumed that pitch angle varies in small range, the

trigonometric relationships of half-car model description were neglected.

Additionally, for the purpose of further vibration control analysis it is assumed that

the vehicle is equipped with a road profile measurement system, which is aimed at the

front of the vehicle and gives information about road-induced excitation in advance. This

excitation is available in the form of vertical displacement, velocity and acceleration of

the road profile, denoted as zpv, vpv and apv, respectively. Such measurement data can

be used by the so-called preview control in order to improve vibration control.

Differential equations describing half-car model with 4 DOFs were obtained using

Euler-Lagrange equations including Rayleigh dissipation function (see Appendix C), re-

sulting in the following:

msz̈s =− ksf (zsf − zuf )− csf (żsf − żuf ) + F ∗mr,f sin(αmr,f )

− ksr(zsr − zur)− csr(żsr − żur) + F ∗mr,r sin(αmr,r),
(4.2)

IsLϕ̈sp =Lf
[
ksf (zsf − zuf ) + csf (żsf − żuf )− F ∗mr,f sin(αmr,f )

]
−Lr

[
ksr(zsr − zur) + csr(żsr − żur)− F ∗mr,r sin(αmr,r)

]
,

(4.3)

muf z̈uf =− kuf (zuf − zrf )− cuf (żuf − żrf )− F ∗mr,f sin(αmr,f )

+ksf (zsf − zuf ) + csf (żsf − żuf ),
(4.4)

murz̈ur =− kur(zur − zrr)− cur(żur − żrr)− F ∗mr,r sin(αmr,r)

+ksr(zsr − zur) + csr(żsr − żur),
(4.5)
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where vehicle body heave displacement and pitch angle are denoted as zs and ϕsp, re-

spectively. Additional inclination of MR dampers is included in the half-car model by

introducing angles αmr,f and αmr,r. Symbols zuf and zur denote vertical displacement

of wheels. Vertical displacements of the vehicle body zsf and zsr are defined as:

zsf = zs − Lfϕs, zsr = zs + Lrϕs. (4.6)

Parameters of the half-car model were obtained by rescaling these presented in [29]

for a full-car model by the factor 0.47 (see [75], Table 4.1), which is evaluated based

on comparison of mass of the reference full-car model and mass of the experimental off-

road vehicle (see Figure 1.9 in Chapter 1). Parameters of tyre damping were obtained

assuming that damping ratio of majority of road vehicle tyres varies close to 0.05 [70].

Modal analysis of the half-car model excluding models of MR dampers was performed,

showing 4 resonance frequencies equal to 1.90, 2.13, 7.06 and 13.79 Hz and corresponding

damping ratios equal to 0.19, 0.48, 0.46 and 0.28, respectively. First two vibration modes

are related to vehicle body, while the latter two correspond to vertical vibrations of

wheels.

Table 4.1: Parameters of 4-DOFs half-car model for vehicle pitch dynamics

Vehicle body and suspension system
ms = 348 kg IsL = 359.0 kgm2

L = 2.348 m Lf = 1.116 m Lr = 1.232 m
ksf = 28.0 kNm−1 ksr = 30.4 kNm−1

csf = 971 Nsm−1 csr = 2464 Nsm−1

αmr,f/mr,r = 63 ◦

Vehicle wheels and tyres
muf = 23.7 kg mur = 64.3 kg

kuf/ur = 169 kNm−1 cuf = 200 Nsm−1 cur = 330 Nsm−1

Damped natural frequencies fn and damping ratios ξ
front wheel rear wheel body heave body pitch
13.79 Hz 7.06 Hz 1.90 Hz 2.13 Hz

0.28 0.46 0.19 0.48
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4.1.2 Different types of road-induced excitation

The level of vehicle vibrations depends not only on the transmissibility of vehicle

suspension, but also on the type of road-induced excitation. In the case of the half-

car model, heave and pitch vehicle body vibrations are influenced by the relationship of

excitation signals of the front and rear vehicle parts. Two particular cases of synchronous

and inverted front and rear road-induced excitation can be distinguished for a selected

sinusoidal component of an arbitrary spatial displacement PSD function Φz (see Equation

(2.2) in Chapter 2). In the case of synchronous excitation, the heave vibration mode is

mostly excited, while the inverted excitation influences mostly the pitch vibration mode.

Those two types of excitation are mainly considered within further simulation-based

analysis. They are hardly found in reality but they are very useful for the validation of

control algorithms, since they cover a wide range of realistic types of road excitation.

Road-induced excitation of the half-car model can be decomposed into the heave-

and pitch-related components, denoted as hzr and hϕrp , respectively, according to the

following formulas [75]:

hzr(f) =
|Zr(f)|
|Zrf (f)|

=
1

Lfr

√
L2
f + L2

r + 2LfLrcos(2πftd,fr) (4.7)

and

hϕrp(f) =
|Φrp(f)|
|Zrf (f)|

=
2

Lf + Lr

∣∣∣∣sin(2πf
td,fr

2

)∣∣∣∣ , (4.8)

where Zr(f) and Φrp(f) meet the following equations:

Zrf (f) = Zr(f)− LfΦrp(f), Zrr(f) = Zr(f) + LrΦrp(f). (4.9)

The components, described by Equations (4.7) and (4.8), indicate the contribution of

heave and pitch to the overall road-induced excitation of the half-car model. Symbol

td,fr denotes time delay between excitation signals of the front and rear vehicle parts

and is defined as follows:

td,fr =
L

vp
, (4.10)

where vp is assumed as constant and denotes progressive velocity of the vehicle.

In the case of deterministic excitation (i.e. sinusoidal), the vibration control schemes

are initially synthesized and validated for both synchronous and inverted cases. Quality
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of heave vibration control is tested for the first case, while pitch vibration control is

analysed for the second case. Finally, the algorithms are validated for typical road-

induced excitation where the relationship between the front and rear excitations depends

on both the temporal excitation frequency and the vehicle speed, which is indicated by

hzr and hϕrp (see Figure 4.3). The characteristics of heave-related component indicates

that the heave component is always greater than zero, which is caused by asymmetry

exhibited by the analysed half-car model.
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Figure 4.3: Heave- hzr and pitch-related hϕrp
components of sinusoidal road-induced

excitation for vehicle speed of 20 ms−1

4.1.3 Decoupling of vehicle vibrations

Vibration control performed separately for each DOF within one multi-DOF system

is applied in many cases in order to simplify the control system. Generally, each separate

algorithm is adjusted using the appropriate quarter-car model obtained by vibration

decoupling performed for the analysed system. In the case of the 4-DOF half-car model,

two quarter-car models can be obtained, which exhibit 2 DOFs each (see Figure 4.4). Due

to their low complexity, they can be additionally applied in theoretical analysis of the

suspension dynamics and are used for preliminary analysis of various vibration control

algorithms. Moreover, quarter-car models are suitable to describe vertical dynamics of

other vehicle parts, such as engine suspension or passenger seats.

Vibrations decoupling performed for half-car model is based on decomposition of

the vehicle body mass into the equivalent configuration of the three masses. The two

masses denoted as m∗sf , m
∗
sr, respectively, are related to the front and rear vehicle body,
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Figure 4.4: Half-car model of vehicle vibrations decoupled into quarter-car models with
2 DOFs including suspension MR dampers

while the last supplementary mass, a so-called coupling mass denoted as m∗COG, either

positive or negative, is located in the vehicle body centre of gravity. The coupling mass

indicates the level of mutual influence of the vibrations of front and rear vehicle parts.

Thus, commercial road vehicles are designed in a way which minimizes the absolute

value of the coupling mass [99]. The decoupling process must retain three properties of

the vehicle body mass, i.e. location of center of gravity, vehicle body resultant mass and

moment of inertia. Thus, the decoupled configuration of vehicle body masses is evaluated

due to the following requirements:

m∗sfLf = m∗srLr, (4.11)

ms = m∗sf +m∗sr +m∗COG, (4.12)

IsL = m∗sfL
2
f +m∗srL

2
r . (4.13)

The presented 2-DOF quarter-car model includes two masses and a group of springs

and dampers which are related to stiffness and damping of vehicle suspension and tyres.

The quarter-car model is defined using two differential equations, where motion of the

vehicle body is expressed as follows:

m∗s z̈s = k∗s(zs − zu) + c∗s(żs − żu) + F ∗mr sin(αmr), (4.14)
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while dynamics of vehicle wheel can be defined according to differential equations shown

in (4.4-4.5). Symbols m∗s, k∗s and c∗s denote mass, suspension stiffness and damping of

the decoupled quarter of the vehicle and are equivalent to suspension parameters of the

half-car model. Parameters of the decoupled front and rear quarter-car models were

evaluated using Equations (4.11-4.13) and are listed in Table 4.2. Results of modal

analysis excluding models of MR dampers reveal that resonance frequencies of both

quarter-car models are close to the corresponding frequencies of the half-car model,

where the wheel-related frequencies are close to 7 and 14 Hz and the vehicle-body-related

frequencies vary close to 2 Hz. Moreover, decoupling results indicate significant value

of the coupling mass, which justifies application of multi-dimensional control algorithms

(see details in Chapters 5, 6 and 7).

Table 4.2: Parameters of decoupled 4-DOF half-car model for vehicle pitch dynamics

Front quarter-car model Rear quarter-car model
m∗COG = 87 kg

m∗sf = 137 kg m∗sr = 124 kg
kuf = 169 kNm−1 cuf = 200 Nsm−1 kur = 169 kNm−1 cur = 330 Nsm−1

ksf = 28.0 kNm−1 csf = 971 Nsm−1 ksr = 30.4 kNm−1 csr = 2464 Nsm−1

Damped natural frequencies fn and damping ratios ξ
front wheel front vehicle body rear wheel rear vehicle body
13.76 Hz 2.09 Hz 6.85 Hz 2.23 Hz

0.28 0.20 0.47 0.52

4.2 Analysis of vehicle vibrations

Spencer-Dyke model of MR damper dynamics introduces significant nonlinearity

into the half-car vehicle model, which limits the analysis to the simulation-based or ex-

perimental approaches. Thus, the analytical approach can be applied only for validation

of the simulation environment after excluding MR dampers models. Furthermore, in

the first stage of research, the simulation approach is favoured over experimental one,

since different scenarios can be validated which are impossible to be tested in reality in

a repeatable manner.

Studies presented in the current chapter are commonly performed in frequency

domain and based on frequency-related quality indices for quasi-passive suspension, i.e.
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controlled with invariant MR damper current. Frequency-based analysis can clearly

reveal important features of vehicle vibrations, such as resonance frequencies or damping

ratios depending on different types of road-induced excitation or applied control currents.

Since presented studies are dedicated to the physical off-road vehicle (see Figure 1.9),

operation of the vehicle suspension is analysed within further parts of the dissertation

for road classes in range from D to F class. Speed of the moving vehicle is assumed at

the standard level of 15 ms−1. Besides, influence of suspension configuration on trade-

offs of ride comfort versus road holding and ride comfort versus suspension deflection

are studied. The vehicle suspension model is subjected to sinusoidal road excitation

z̃r,f of compatible and inverted types, which allows to analyse the suspension response

for different dominant excitation frequencies f . Meanwhile, the vibration decoupling

of half-car model is presented and results for both original and decoupled models are

compared.

4.2.1 Description of simulation environment

Simulation environment consists of vehicle vibrations simulator and controller mod-

ules. The simulator, whose structure is presented in Figure 4.5, includes linear half-car

model of vehicle vibrations described by Equations (4.2-4.6). Additionally, two nonlinear

Spencer-Dyke models of MR damper (analysed in Chapter 3) defined by Equations (3.6-

3.9) are considered including polynomial relations between current and parameters (see

Equation 3.13). The input-current-related dynamics of MR damper model is neglected

(see Equation 3.11), while the output dynamics is modelled by Equation (3.12).

Both the vehicle simulator and the controller operate in different time domains,

which reflects the situation of the real experiments when only a finite sampling frequency

can be reached. The vehicle simulator operates in so-called quasi-continuous time do-

main, since the related linear and nonlinear differential equations describing the overall

vibrations of vehicle are solved numerically using Runge-Kutta method with varying

integration step.

All measurement signals are sampled with a longer sampling period denoted

as Ts = 2 ms. Thus, the control scheme is evaluated in discrete-time domain, while

control current signals are fed back to the simulator module after reconstruction using
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Figure 4.5: Block diagram of the vehicle vibrations simulation environment

zero-order hold. Herein, a vector of general vehicle response signals yhc is available for

the controller, while additional measurements of relative MR damper motion zmr, vmr,

amr and road profile zpv, vpv, apv are distinguished separately.

4.2.2 Validation of simulation environment

After excluding Spencer-Dyke model, the linear part of the simulation environment

was validated by comparing model responses obtained analytically with those of two

cases evaluated numerically. Response of the linear part is influenced by the sinusoidal

road-induced disturbance z̃r and forces F ∗mr generated by additional dampers. In order

to validate both disturbance-related and control-related signal paths the parameters of

suspension viscous damping parameters csf and csr were doubled, comparing to those

listed in Table 4.1. In the first numerical case, viscous damping parameters were modified

without using any additional damper. In the second case, additional linear dampers were

introduced in the model in place of MR dampers.

Results obtained for analytical case were compared with those obtained for numer-

ical approach assuming similar viscous damping parameters. Transmissibility charac-

teristics obtained for acceleration of front and rear wheels as well as heave and pitch

vehicle body vibrations within frequency range of 20 Hz were used for validation (see

comparisons in Figure 4.6). Since the consistency between characteristics is shown, it is

stated that the simulation environment was implemented properly and may be utilized

for further research.
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Transmissibility characteristics for both numerical cases were plotted according to

the definition of ride-comfort-related acceleration transmissibility defined in Equation

(2.9). In the case of analytical approach, the transmissibility characteristics were evalu-

ated after reformulating differential Equations (4.2-4.6) of the linear half-car model into

the general matrix form representation of the mechanical system presented in Equation

(4.1). Moreover, such matrix form is converted into the matrix form of state xhc and

output yhc differential equations as follows:

ẋhc = Ahc · xhc + Bhc · uhc~�q̇hc
q̈hc

 =

 0 1

−M−1K −M−1C

 ·
qhc
q̇hc

+

 0

M−1

 · uhc,

(4.15)

yhc = Chc · xhc + Dhc · uhc, (4.16)

where matrices Ahc, Bhc, Chc and Dhc are used for analytical evaluation of the trans-

missibility characteristics. Extended description of characteristics evaluation process as

well as consecutive steps of half-car model reformulation are presented in Appendix C.

Selected types of transmissibility dedicated to sinusoidal excitation are applied

within the further analysis. In the case of safety issues, the suspension deflection and road

holding quality indices are evaluated based on T̃zr,zus,j and T̃zr,zru,j transmissibilities, re-

spectively. Symbol j denotes front or rear vehicle part. Moreover, description of wheel

acceleration is used in the preliminary studies performed based on T̃ar,au,j . Vibrations of

the vehicle body part can be analysed using T̃ar,as,j , T̃ar,as or T̃ar,εsp for the front or the

rear vehicle body parts as well as heave and pitch vehicle body vibration modes, respec-

tively. Conclusions drawn in Chapter 2 suggest analysis of vibrations power with respect

to human body and comfort issues based on vertical acceleration measurements. Thus,

an averaged effective value of vehicle body acceleration was derived based on vertical

acceleration signals in the front and rear vehicle body as follows:

as,avg =

√
1

L

∫ L

0
a2
s,ldl, (4.17)

which stands for an averaged integral of squared acceleration taken for all points of

vehicle body part, where acceleration of certain vehicle body point is denoted as as,l.
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Figure 4.6: Validation of linear part of the simulation environment for doubled sus-
pension viscous damping parameters using acceleration transmissibility characteristics
obtained for: a) front wheel, b) rear wheel, c) vehicle body heave and d) pitch vibrations

Such quality signal is mainly used in further analysis related to ride comfort in the form

of vehicle body acceleration transmissibility denoted as T̃ar,as,avg , evaluated for both the

compatible and inverted road excitation.

4.2.3 Analysis of decoupled vehicle vibration model

Decoupling procedure of half-car model vibrations including Spencer-Dyke models,

which was reported in Section 4.1.3, was validated numerically. Three cases related to

different models of vehicle vibration were analysed, i.e.: the half-car with modified vehicle

body mass, decoupled front and rear 2-DOF quarter-car models as well as the nominal

half-car model before modification. Vehicle body mass of the modified half-car model

was changed by subtracting the coupling mass m∗COG value from the nominal vehicle

body mass in order to make the ideal vibrations decoupling possible.
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Validation of the decoupling process was performed for sinusoidal road-induced ex-

citation of road class F. Responses of the front and rear vehicle body parts were compared

using comfort-related acceleration transmissibility characteristics evaluated according to

expression (2.9) within frequency range of 25 Hz (see Figure 4.7). Consistency between

results obtained for the modified half-car model and those obtained for the separate de-

coupled quarter-car models indicates correctness of the vibration decoupling. Besides,

in order to study influence of the decoupling-related modification on model features, the

characteristics evaluated for the nominal half-car model is shown. It is indicated within

results of the modal analysis shown in Tables 4.1 and 4.2 and by comparing the nom-

inal and modified half-car models that due to the decreased vehicle body mass, both

heave and pitch resonance frequencies increased. Such observation was confirmed by the

increased values of resonance frequencies of the front and rear vehicle body vibrations,

which is shown in the given frequency characteristics.
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Figure 4.7: Validation of vibrations decoupling procedure for modified and nominal
4-DOF half-car models as well as decoupled 2-DOF quarter-car models in the case of
road class F, using acceleration transmissibility characteristics evaluated for: a) front

vehicle sprung mass, b) rear vehicle sprung mass

4.2.4 Characteristic features of nonlinear vehicle suspension

Nonlinearity of the applied Spencer-Dyke MR damper models requires the analysis

of vehicle vibrations to be related not only to different control current value, but also

to different types of road-induced excitations and their amplitudes. Further analysis

is focused on nonlinearity introduced by MR dampers. Road vehicles are additionally

susceptible to significant discontinuities caused by limitation of suspension deflection and
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wheels loss of traction phenomena. However, such phenomena are not taken into account

in the presented analysis.

Both the control currents and amplitudes of the road-induced excitation influence

the resultant linearized damping caused by automotive MR dampers. A series of vehicle

body acceleration transmissibility characteristics is shown in Figure 4.8 for compatible

and inverted front and rear road excitation. The results were evaluated for control current

values of the front and rear MR damper varying from 0 to 0.4 A and road classes D, E and

F, respectively. Despite the fact that the MR damper was examined for control current

values up to 1.3 A (see Chapter 3), the current value of 0.4 A already gives a significant

increase in suspension damping parameters. Thus, evaluation of the transmissibility

characteristics for greater currents is omitted.

Invariant points of the transmissibility characteristics are inherent features of certain

vehicle suspension model. For the half-car model, the invariant points were revealed for

2.4 Hz and 2.9 Hz for compatible and inverted types, respectively. Furthermore, such

invariant points exhibit similar values of transmissibility characteristics for all analysed

road classes which can facilitate associating the different experimental cases performed

within future research.

The results obtained for all considered road classes also show that the greater control

current value, the stiffer the vehicle body is fixed with wheels and more features of the

reduced-order 2-DOF half-car are exhibited by the 4-DOF half-car model. Such reduced-

order model has heave resonance frequency equal to 4.2 Hz, which is noticeable in the

given characteristics and was confirmed based on modal analysis performed for linear

half-car model with significantly increased suspension damping parameters.

Response of the vehicle suspension with MR dampers is significantly related to

the type of road-induced excitation. Due to saturation regions in force-velocity charac-

teristics of MR damper, its resultant linearized damping decreases with respect to the

amplitude of piston excitation. Comparison of acceleration transmissibility character-

istics evaluated for values of control current equal to 0, 0.05 and 0.2 A are shown in

Figure 4.9. It is shown that the greater the amplitude of road-induced excitation (worse

road class), the greater value of current needs to be generated in order to reach similar

resultant suspension damping parameters.
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Figure 4.8: Comparison of body acceleration transmissibility characteristics evaluated
for different values of control current and two types of road-induced excitation, i.e.
compatible and inverted sinusoidal excitation: a-b) road class D, c-d) road class E, e-f)

road class F

4.2.5 Ride comfort versus suspension deflection and road holding

Ride comfort, road holding and suspension deflection indices are strictly related to

each other and are recommended to be analysed simultaneously. Since they are related
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Figure 4.9: Comparison of body acceleration transmissibility characteristics evaluated
for compatible and inverted excitation, as well as different road classes and control

currents equal to: a-b) 0 A, c-d) 0.05 A, e-f) 0.2 A

to the level of vehicle vibrations which are to be mitigated, goal of the vibration control

system is to minimize their values as much as possible.

In the case of passive suspension system, improving ride comfort always deterio-

rates the latter indices. During the design process of road vehicle, parameters of its

suspension system are adjusted in order to obtain certain goals, resulting in comfort- or
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safety-targeted vehicle suspension corresponding to damping ratios equal to 0.3 or 0.7,

respectively (see Chapter 1).

The below-presented diagrams of road holding and suspension deflection versus ride

comfort indices were obtained using definitions of indices J̃RH , J̃SD, J̃RC for sinusoidal

excitation introduced in Equations (2.11), (2.13), (2.14). The analysed indices were

normalised according to the following formula:

NJRC =

√√√√1

2

(
J̃2
RC,comp

J̃2
RC,0,comp

+
J̃2
RC,inv

J̃2
RC,0,inv

)
, (4.18)

where J̃RC,0,comp and J̃RC,0,inv denote reference ride comfort indices which in the pre-

sented case were obtained based on analytical results given by the linear part of nominal

half-car model (see Table 4.1). Subscripts comp and inv indicate compatible and in-

verted types of road excitation. Similarly to NJRC , the normalized indices dedicated

to suspension deflection or road holding were defined and denoted as NJSD or NJRH ,

respectively.

Different scenarios were analysed, including the linear half-car model and its non-

linear representation with MR damper models (see Figure 4.10). Initially, diagrams for

linear half-car model were analytically evaluated, assuming that damping parameters of

the front and rear suspension cs were changing from 40% to 600% of their nominal values.

Additionally, suspension damping parameters were modified for consecutive experiments

in such a way that damping ratios related to sprung masses obtained for the resultant

decoupled quarter-car models (see Table 4.2) were equal to 0.3 or 0.7 which are related

to a comfortable road vehicle or a racing car [56].

Further analysis is performed for nonlinear vehicle suspension including MR damper

models, for road classes D, E and F. Such diagrams are evaluated for values of control

current varying from 0 to 0.4 A, whereas control currents were the same for the front and

rear suspension parts. It can be noticed that different types of road-induced excitation

result in different shapes of shown diagrams. Since curves obtained for the nonlinear

cases do not overlap the one obtained for linear suspension, detailed analysis of nonlinear

suspension is especially recommended. Besides, the effect of MR damper nonlinearity is

shown where for lower amplitude of road excitation the results can be obtained which

indicate higher equivalent suspension damping parameters.
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Figure 4.10: Comparison of performance of linear vehicle suspension including comfort-
and safety-targeted configurations as well as of MR-damper-equipped vehicle suspension
subjected to road-induced excitation of different road classes: a) road holding and b)

suspension deflection indices versus ride comfort index

4.3 Summary

Modelling of vehicle vibrations plays a crucial role in vehicle vibration control. The

more parameters are included in such model, the more difficulties are involved in model
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analysis and application. Thus, the model of vehicle vibrations was simplified and de-

scribed using 4-DOF half-car and decoupled 2-DOF quarter-car models. Two approaches

to the analysis of vehicle vibrations were applied, i.e.: comfort-related acceleration trans-

missibility characteristics as well as diagrams of road holding and suspension deflection

indices versus ride comfort index. Both approaches confirm the complexity of nonlin-

ear vehicle suspension equipped with MR dampers and its responses varying for different

types of road-induced excitation. Results and conclusions drawn in the presented chapter

were used for comparison and analysis in further Chapters related to semiactive vehicle

vibration control.



Chapter 5

Semiactive control of vehicle

vibrations

Vehicle suspension systems with MR dampers are controlled by adjusting their

damping parameters. Thus, they belong to the group of bilinear dynamic systems [105].

Bilinear systems represent a specific case of nonlinear systems which are uncontrollable in

zero state. Such feature can be clearly shown in the case of unmoving vehicle suspension,

when the state of the installed MR dampers cannot be influenced.

The complexity of semiactive suspension controller is additionally increased because

of the significant nonlinearity of MR damper behaviour. Generally, control schemes

related to MR dampers are decomposed into separate inverse models of the MR dampers

and main vehicle suspension control (see Figure 5.1). The main control algorithm gives

a desired forces Falg which are to be generated by the MR dampers for the front and

the rear vehicle parts. The inverse models take advantage of signals describing relative

motion of damper pistons, i.e. zmr, vmr and amr. Such models are used for partial

linearization of MR damper characteristics and give values of control currents imr.

Vehicle suspension control can be divided into adaptive and non-adaptive or feed-

back and feedforward control approaches. The feedback control is applied using signals

of the vehicle response yhf while the feedforward control can be added using signals zpv,

vpv, apv which describe the road profile in front of the vehicle. Moreover, suspension

control algorithms can be grouped with respect to their scalability to different road ve-

hicle constructions. The current chapter is related to the well-known classical semiactive

67
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Figure 5.1: Block diagram of the simulation environment for a vehicle suspension con-
troller

control algorithms which are non-adaptive and belongs to the group of feedback control

schemes, as well as are dedicated to automotive MR dampers.

5.1 Topology of suspension control

Vehicle suspension control system can be organised in a hierarchical topology in-

cluding layers related to optimization, vibration control and MR damper force control

(see Figure 5.2). The optimization layer is responsible for solving a trade-off between

contradictory goals, i.e. ride comfort and driving safety. The solution can be obtained

based on instantaneous road conditions using online analysis and classification of road

situations in relation to corresponding responses of the vehicle. Algorithms for prediction

of a vehicle rollover, loss of traction or detection of suspension bottoming out and its

failure can be applied herein.

Since the vehicle suspension, which is controlled, is strongly nonlinear, for some

cases it is recommended to solve the ride comfort versus driving safety trade-off in real

time during vehicle ride. Algorithms of the optimization control layer are commonly

implemented in the supervisory control unit and can take advantage of different sophis-

ticated artificial intelligence methods, e.g. neural networks or evolutionary optimization

algorithms which operate with longer time periods in comparison to algorithms within

lower control layers. Consequently, results of higher level analysis are passed in the form

of desired control gains to the lower vibration control layer.
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Figure 5.2: Topology of the semiactive control system for vehicle suspension

5.1.1 State-of-the-art in vehicle vibration control

The vibration control layer is responsible for transforming solutions of ride comfort

versus driving safety trade-offs to appropriate desired forces which are to be generated

by the actuators, i.e. MR dampers. Several criteria of grouping of vibration control

algorithms can be distinguished. Control algorithms can be differed based on type of

their structure or the quality index which is to be minimized. Furthermore, adaptive

control schemes form a separate group apart from the non-adaptive control approaches.

This chapter is focused on non-adaptive control, while adaptive algorithms are proposed

in Chapter 6.

General structure of semiactive control can be introduced as a composition of

feedback and feedforward components, as it was presented in Figure 5.1. The mixed

feedforward-feedback control structure for the mitigation of vehicle vibrations is distin-

guished in the literature as the preview control. In the case of feedforward control, the

finite response time of the semiactive devices can be compensated using additional ref-

erence signal obtained as road profile measured in front of a vehicle. Such reference

signal can be collected by an additional road scanning devices, such as laser scanner

or ultrasound sensor. Studies on preview control were started based on a simplified

quarter-car model assuming that active suspension elements are applied [48]. Further-

more, the analysis was extended to semiactive suspension dampers [49] and a half-car
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model [50]. Within the further research different vehicle models and different types of

vehicle suspension presented in the literature [46, 94, 114] were analysed.

All algorithms presented above are synthesized in order to minimize a quadratic

quality function in the infinite-time or finite-time horizon. Contrary to that, some au-

thors proposed synthesis of control schemes based on a quality index defined using an

infinity norm, which results in a robust control formulated for both active and quarter-car

[117] or semiactive and half-car [111] models. Since mitigation of vibrations of selected

vehicle parts can be assumed as critical as well as semiactivity itself introduces additional

constraints set on control forces, the robust control approach is recommended in some

cases.

Feedforward control applied in vehicles requires additional measuring devices. Thus,

common vehicle suspension control systems are limited to feedback control, which sim-

plifies the structure of the control system and implementation of the control algorithm

as well as reduces cost of future commercial applications. Generally, classical LQ control

is applied and adjusted to semiactive devices resulting in clipped-LQ control. Optimal

LQ control was initially proposed for active vehicle suspensions [52, 53, 82], while further

studies were aimed at its application for automotive MR dampers [75, 76, 130]. Simi-

larly to LQ control, the feedback robust control, i.e. H∞ is applied for vehicle vibration

control and presented in [23, 30, 44, 133].

LQ control applied to vehicle suspension can commonly be optimized for certain

vehicle body vibration modes, i.e. pitch or heave as well as for wheels vibrations, resulting

in specific Skyhook or Groundhook control algorithms. For such algorithms, the vector of

feedback variables is limited to vertical velocities of the vehicle body or wheels comparing

to LQ control which takes advantage of a full vector of state variables. The Skyhook

algorithm was introduced in [64] based on a quarter-car model. Further applications

of Skyhook algorithm were presented in the following papers related to the quarter-car

[22, 42, 79, 93, 108, 122], half-car [77] and full-car [56] model.

Some types of vehicles, e.g. heavy vehicles are particularly exposed to loss of traction

while performing road manoeuvres, which is induced by significant mass of their vehicle

bodies. They require paying more attention to vibrations of wheels in order to improve

driving safety. Thus, LQ control was optimized for wheel vibrations resulting in Ground-

hook control [56, 126]. Skyhook and Groundhook control approaches were extended to
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Hybrid approach, where influence of both algorithms is weighted depending on instanta-

neous road conditions. Both algorithms can also be applied in the so-called On-Off MR

damper control approach, where damping coefficients are not adjusted smoothly using

inverse MR damper model, but switched between two control current values [1, 92, 104].

However, the control based on the inverse model is commonly applied.

Numerous nonlinear control approaches were proposed in the literature. Initially,

the linear feedback applied in Skyhook control was replaced by a nonlinear one in [85],

while H∞ was extended to LPV (linear parameter-varying) controller [110]. Other

authors proposed application of fuzzy controllers [84, 91, 101] and neural networks

[41, 75, 76, 113] in both active and semiactive vehicle control. Genetic algorithms are

widely used for offline optimization of vibration control algorithms, apart from being

applied within the already mentioned online optimization layer [20, 29, 101]. However,

long time response and difficulties in implementation and real-time execution make it

difficult to use such algorithms in wider applications related to road vehicles, especially

commercial.

5.1.2 MR damper force control layer

The MR damper force control layer is used for generation of the appropriate control

current signal which gives the control force generated by the MR damper close to that

desired by the vibration control layer. The main disadvantage of vehicular applications,

including the analysed experimental vehicle, is a common lack of force sensors and dif-

ficulties related to their assembly. Such limitation requires application of feedforward

control of MR damper force based on the MR damper inverse model which partially

linearises the relationships defined from damper piston motion to force and from control

current to force. Semiactive behaviour, inaccuracy of the inverse model and changes in

MR damper parameters during its exploitation are the main sources of errors in predict-

ing the appropriate value of control current.

Ideal inversion of the MR damper model would occur if an actual MR damper was

fully compatible with its model. Such case shows the maximum range of possible forces

generated by the MR damper for its instantaneous state. It is a hypothetical case, since

MR damper behaviour is strongly nonlinear and no ideal inverse model can be obtained.

Furthermore, constraints set on control current, i.e. the lower and upper bounds limiting
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current to realistic, only positive values introduce semiactivity into the system and cannot

be overpassed. Such constraints can be presented in the form of a dissipative domain of

the MR damper - it cannot be improved even if the inverse model is ideal (see Figure 5.3).

Desired force value Falg which is outside the dissipative domain should be automatically

transformed to this realistic one (denoted as Fmr) which is inside it. The MR damper

dissipative domain is obtained by evaluating force-velocity characteristics for all possible

control currents which range from 0 to 1.3 A. Such characteristics is obtained for the

reference Spencer-Dyke model and for compensated force-velocity hysteretic behaviour

(see Chapter 3 and Appendix A).
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Figure 5.3: Dissipative domain of automotive MR damper obtained using the reference
Spencer-Dyke model

The half-car model of a vehicle with MR dampers can be decomposed into primary

and secondary signal paths [67]. The primary signal path corresponds to dynamics

defined from the road-induced excitation, treated as a system disturbance, to selected

vibration modes of the vehicle body which are minimized by the control algorithm. The

linear part of half-car secondary signal path is the dynamics defined from MR damper

force Fmr to vehicle body motion yhc and described by the transmissibility TFmr,yhc . Full

secondary path consists of the inverse Tanh model included in the controller, the reference

Spencer-Dyke model included in the vehicle model and the transmissibility TFmr,yhc (see

Figure 5.4). For ideal inverse modelling, the inverse and the reference models can be

simplified to one force saturation block which corresponds to the MR damper dissipative

domain.

Analysis of the linear part of secondary signal path was performed for vehicle body
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Figure 5.4: Secondary signal path for vehicle suspension with MR damper and its
simplification for ideal inverse modelling

heave as and pitch εsp signals since they clearly define motion of the vehicle body. The in-

fluence of forces generated by both front Fmr,f and rear Fmr,r MR dampers was shown in

the form of characteristics evaluated for transmissibilities denoted as TFmr,f ,as , TFmr,r,as ,

TFmr,f ,εsp and TFmr,r,εsp defined from selected MR damper forces to selected vehicle re-

sponses (see Figure 5.5). Such characteristics indicate that the vehicle responses can be

influenced by the control forces Falg for the whole frequency band from 0 to 25 Hz, while

vibration control for heave and pitch resonance at 1.90 Hz and 2.13 Hz, respectively, are

particularly preferred. However, it is also shown, that heave and pitch related control is

significantly deteriorated for front and rear wheel resonance at frequencies equal to 13.79

Hz and 7.06 Hz, respectively.

5.2 Synthesis of classical control schemes

The following analysis of classical control schemes which are presented in the current

chapter and in Chapter 6 is mainly focused on Skyhook control related to the quarter-car

and the half-car models. These algorithms are commonly presented in the literature as

a reference in semiactive control of vehicle suspension due to their low complexity and

reliability. The LQ control is not recommended to be included in the final comparison

of semiactive control since it requires all state variables whereas not all of them are
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Figure 5.5: Transmissibility characteristics of linear part of the half-car model secondary
path for forces generated by the front and the rear MR dampers: a) heave acceleration,

b) pitch acceleration

measurable. The immeasurable signals can be additionally estimated which makes the

algorithm more complex and sensitive to measurement noise. They can be also assumed

as available within simulation-based research which favours the LQ control over simplified

Skyhook control schemes. It was shown that Skyhook control scheme has its origin in

LQ problem [64]. Thus, the analysis of the full-state LQ control scheme is followed

by description of Skyhook algorithm and presented as an introduction to the classical

semiactive control scheme.

Validation of the presented algorithms is accompanied by application of the inverse

Tanh model, which was evaluated in Chapter 3. It was indicated that numerical er-

rors included in the simulated signals of damper piston acceleration amr significantly

deteriorate the control current imr obtained from the inverse model. Thus, in the fur-

ther studies the acceleration amr was neglected within the inverse model by setting its

hysteresis-related parameter γth to zero.

5.2.1 LQ control related to MR dampers

In LQ control all excitation signals of a vehicle which cannot be influenced by the

controller need to be assumed as disturbances. Thus, state and output matrices defined

by Equations (4.15-4.16) are reformulated by separating road-induced excitations and
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control forces as follows:

ẋhc = Ahc · xhc + Bhc,F · Falg + Bhc,r · ur, (5.1)

yhc = Chc · xhc + Dhc,F · Falg + Dhc,r · ur, (5.2)

where matrices Bhc,F , Dhc,F and Bhc,r, Dhc,r are related to control forces and road-

induced disturbances, respectively. Thus, previously defined general excitation of the

system uhc used in Equations (4.15-4.16) was decomposed into a vector of control forces

generated by front and rear automotive MR dampers Falg = [Falg,f , Falg,r]
T and a vec-

tor of derivatives of road-induced excitation signals of the front and rear vehicle parts

ur = [zrf , vrf , arf , zrr, vrr, arr]
T .

The time-infinite quadratic cost function which is to be minimized by LQ control

is defined as a weighted sum of squared state variables of the half-car model xhc and

control forces Falg as follows:

JLQ =

∞∫
0

[xhc(τ)TQxxhc(τ) + Falg(τ)TQFFalg(τ)]dτ. (5.3)

Synthesis of the algorithm is initialized by indirect definition of diagonal weighting ma-

trices Qx and QF according to the Bryson’s rule (5.4), see e.g. [13]:

Qx = Sx
−2, QF = SF

−2, (5.4)

where Sx and SF denote diagonal matrices which include constraints set on consecu-

tive state variables and control forces. For control approach dedicated to ride comfort

improvement only the constraints set on vehicle body heave velocity, pitch velocity and

control forces denoted as svs , sωs and sFmr , respectively, are significant. Constraints

set on other state variables are neglected and equals infinity. Constraints set on MR

damper forces sFmr were assumed based on maximum available force (see dissipative

domain in Figure 5.3) and equal to 2000 N. The time-infinite LQ problem was evaluated

by obtaining solution P of the continuous time ARE (Algebraic Riccati Equation) which

is defined as follows:

Ahc
TP + PAhc − PBhc,FQF

−1Bhc,F
TP + Qx = 0. (5.5)
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Matrix of control gains denoted as GLQ is obtained using ARE solution P matrix as

follows:

GLQ = QF
−1Bhc,F

TP . (5.6)

Block diagram of the vibration control layer based on LQ algorithm is presented

in Figure 5.6. Generally, only limited number of state variables are measurable in real

objects. However, all state variables are assumed to be available which makes it a

reference for further algorithms with limited state variables. Force values of the front

and rear MR dampers are evaluated by multiplying a vector of state variables by the

matrix of control gains (see Equation 5.6) according to the following:

Falg = −GLQ · xhc. (5.7)

Consequently, the inverse MR damper model is used to evaluate appropriate control cur-

rent imr for both MR dampers. Evaluated currents should give the generated forces Fmr

as close to the desired ones Falg as possible. Constraints set on control currents mainly

limiting them to positive values are critical and characteristic for semiactve systems

which significantly deteriorates the quality of the classical LQ control.
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Figure 5.6: Block diagram of the vibration control layer for LQ control of automotive
MR dampers

5.2.2 Coupled and separate Skyhook control of vehicle body vibrations

The analysis presented in the dissertation is mainly focused on improving ride com-

fort. Thus, the optimization of vibration control layer is to be performed for only heave

and pitch vehicle body velocities denoted as vs and ωsp. Besides, the solution is applicable

since such signals can be easily estimated or measured in a vehicle using accelerometers
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and gyroscopes. Similarly to the LQ control, matrix of control gains is evaluated for

previously selected constraints Sx and SF and limited to heave and pitch velocity de-

pendent gains resulting in GSH2 matrix. It includes four parameters related to heave

and pitch velocities which are applied for evaluation of control forces as follows:

Falg = −GSH2 ·

 vs
ωsp

 ,where GSH2 =

gvs,f gωsp,f

gvs,r gωsp,r

 ⊂ GLQ. (5.8)

Some control systems due to their computational limitations require further simpli-

fication of control schemes resulting in the separate Skyhook control of the each quarter

of a vehicle suspension. Herein, the Skyhook algorithm dedicated to quarter-car model

minimizes vibrations of the front and rear vehicle body parts. It can be synthesized based

on LQ control defined for a quarter-car model and simplified similarly to the half-car re-

lated Skyhook control. According to the separate Skyhook control, the control forces are

evaluated using vertical velocity of the front or rear vehicle body parts as follows:

Falg = −gSH1 ◦

vsf
vsr

 ,where gSH1 =

gvsf ,f
gvsr,r

 . (5.9)

Operation marked as "◦" is a Hadamard product, corresponding to the element-wise

product of vectors.

5.3 Optimization and validation of vibration control

Nonlinear behaviour of MR dampers requires the analysed algorithms to be vali-

dated for different control goals and road conditions. Two types of road-induced exci-

tations were taken into account, i.e. continuous sinusoidal and single road bumps. For

sinusoidal excitation different road classes were analysed while the suspension was sub-

jected to compatible and inverted front and rear excitation signals. Shape of the road

bumps was assumed to be consistent with that applied during real road experiments (see

Chapter 7). Results obtained for the following algorithms are compared using several

quality indices. Normalized ride comfort, road holding and suspension deflection indices

for continuous sinusoidal excitation were evaluated according to Equation (4.18). Stan-

dard deviation for single-road-bump excitation was evaluated according to Equations
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(4.17) and (4.18), while maximum value was evaluated based on Equation (2.10). The

vehicle speed was assumed at the standard level of 15 ms−1 for continuous excitation

and approximately 2.8 ms−1 for single-road-bump excitation.

5.3.1 Optimization of LQ and Skyhook control of a half-car model

Optimization of LQ control and Skyhook control synthesized for a half-car model

(denoted as SH2) was performed assuming both constraints svs , sωs related to body heave

and pitch velocities varies from 0.1 to 0.6. Validation of LQ control was performed in

order to study the influence of additional state variables on control quality. Preliminary

studies of presented algorithms were carried out in a wider range of the constraints.

However, it was stated the solution space of the control optimization problem is uni-

modal and consequently the range of analysis was limited.

Optimization spaces for LQ and SH2 were evaluated for road classes of D, E and

F of the sinusoidal excitation and presented in Figures 5.7 and 5.8, respectively. The

minimum values indicated for ascending road classes are equal to 0.91, 0.89 and 0.87 in

average for LQ and SH2 control schemes. It can be noticed that for higher road classes

and amplitudes of road-induced excitation the quality of vibration control was improved.

It is related to nonlinearity of MR damper model which is described more accurately for

higher damper piston amplitudes by the inverse model included in control algorithm.

For LQ control the minimum values were found for heave and pitch velocity con-

straints equal to 0.3 and 0.3, respectively, for all road classes. Results show that changing

road class of the excitation presents negligible influence on optimized parameters of the

LQ control of MR dampers.

Optimization of SH2 control results in optimized heave and pitch velocity con-

straints equal to 0.3 and 0.3, respectively, for road class D as well as 0.4 and 0.4 for

road classes E and F. Similarly to results obtained for LQ control, the optimized SH2

parameters are hardly changing for different road classes.

Moreover, the diagrams show that over-parametrized LQ control for narrower svs

and sωs constraints introduces higher deterioration of quality of vibration control in

comparison to under-parametrised control for wider constraints. The On-Off Skyhook

control exhibits similar disadvantage as a representation of a boundary case of analysed
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Figure 5.7: Optimization solution spaces evaluted for LQ control scheme and different
road classes: a) road class D, b) road class E, c) road class F

"continuous" Skyhook control with narrow constraints. Since presented values of NJRC

are normalized, it can be stated that 10 percent improvement was reached by both LQ

and SH2 algorithms in comparison to passive suspension with uncontrolled MR dampers.

5.3.2 Optimization of quarter-car model related Skyhook control

The Skyhook control synthesized for a quarter-car model (denoted as SH1) rep-

resents an approach based on separate control of each vehicle suspension part. Such

algorithm is favoured for its simplicity which is recommended especially in commercial

application of MR dampers. However, it does not take into account vibration control of

half-car model modes, e.g. pitch motion. The optimization space dedicated to SH1 is

presented in Figure 5.9.
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Figure 5.8: Optimization solution spaces evaluated for SH2 control scheme and different
road classes: a) road class D, b) road class E, c) road class F

It was evaluated for parameters of Skyhook control (denoted as gSH1) of the front

and rear vehicle suspension varying in range from 500 to 6000 Nsm−1 (see Figure 5.9).

The following minimum values was obtained for road classes D, E and F, respectively:

0.91, 0.89 and 0.87 which are similar to those represented by both LQ and SH2 control

schemes. For all three road classes the optimized values of Skyhook parameters gvsf ,f

and gvsr,r are equal to 2000 and 3400 Nsm−1, respectively. Contrary to LQ and SH2,

disadvantage of over-parametrization is not clearly visible since parameters of SH1 were

optimized in a narrower range.
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Figure 5.9: Optimization solution spaces evaluated for SH1 control scheme and different
road classes: a) road class D, b) road class E, c) road class F

5.3.3 Analysis of LQ and Skyhook control schemes in frequency do-

main

Optimized configurations of LQ, SH2 and SH1 control were analysed in frequency

domain based on vehicle body acceleration transmissibility denoted as T̃ar,as,avg evaluated

for continuous sinusoidal road-induced excitation for compatible and inverted synchro-

nization (see Figures 5.10, 5.11, 5.12). Results obtained for semiactive control were

compared with those obtained for passive suspension with uncontrolled MR dampers.

It can be stated that all three semiactive control schemes improve the vibration

control at similar level for both compatible and inverted road excitations. Thus, the SH1

control scheme is recommended to be applied for the analysed half-car model since it is

the least complex and easily applicable. Furthermore, the control quality is retained for

all analysed road classes from D to F. Differences visible between results of passive and
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Figure 5.10: Comparison of body acceleration transmissibility characteristics evaluated
for different semiactive control strategies and road excitation of D class: a) compatible

excitation, b) inverted excitation
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Figure 5.11: Comparison of body acceleration transmissibility characteristics evaluated
for different semiactive control strategies and road excitation of E class: a) compatible

excitation, b) inverted excitation

semiactive control represent 10 percent improvement indicated by NJRC quality index.

Such improvement is focused on frequency range from 1 to 4 Hz and is critical since

many of human body resonance frequencies are covered by such frequency range (see

Table 1.1).

5.3.4 Ride comfort, road holding and suspension deflection diagrams

More detailed analysis of semiactive vibration control in road vehicles requires tak-

ing into account not only the ride comfort issue but also influence of the control on both



Chapter 5. Semiactive control of vehicle vibrations 83

0 2 4 6 8 10 12
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

frequency [Hz]

T
a
r
,a

s,
a
v
g
[-
]

 

 

Passive

LQR

SH2

SH1

(a)

0 2 4 6 8 10 12
0

0.2

0.4

0.6

0.8

1

frequency [Hz]

T
a
r
,a

s,
a
v
g
[-
]

 

 

Passive

LQR

SH2

SH1

(b)

Figure 5.12: Comparison of body acceleration transmissibility characteristics evaluated
for different semiactive control strategies and road excitation of F class: a) compatible

excitation, b) inverted excitation

road holding and suspension deflection issues. Similarly to the analysis performed for

passive suspension system, the following is carried out based on ride comfort versus road

holding or suspension deflection diagrams. The aim of the vehicle vibration control pre-

sented in the dissertation is to minimise the ride comfort quality index but taking into

account other ride safety related indices.

The ride comfort versus road holding diagrams (see Figure 5.13) were evaluated for

road classes D, E and F. Results obtained for passive suspension and constant values

of control current varying from 0 to 0.4 A are marked by a solid line while results

obtained for semiactive control are marked in the left bottom side of the diagrams. Since

the normalization of quality indices was performed with respect to results obtained for

uncontrolled MR dampers the line dedicated to passive suspension starts from (1,1)

point. Increasing control current leads to deterioration of both ride comfort and road

holding. It can be stated that the semiactive control significantly improves ride comfort.

However, the improvement is reached with the cost of slight deterioration in road holding

quality which is equal approximately to 5 percent for all analysed road classes.

Presented ride comfort versus suspension deflection diagrams (see Figure 5.14) were

evaluated for road classes D, E and F . Similarly to previous diagrams, results for passive

suspension are visible in diagrams as solid line starting from reference (1,1) point. Results

obtained for LQ, SH2 and SH1 control schemes are marked in the left up part of diagrams.

They show that for greater value of control current the suspension system stiffens which
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Figure 5.13: Ride comfort versus road holding diagrams obtained for semiactive con-
trol and passive MR damper equipped vehicle suspension subjected to road-induced
excitation of different road classes: a) road class D, b) road class E, c) road class F

leads to the decrease of suspension deflection index. Besides, semiactive control causes

improvement not only in ride comfort but also in the suspension deflection by 5 percent

comparing to uncontrolled suspension MR dampers.

5.3.5 Analysis of semiactive control for single-road-bump excitation

Single-road-bump excitation represent one of main causes of passenger inconve-

nience during vehicle ride. Both passive and semiactive control were validated for such

excitation defined according to the description presented in Chapter 2. Similarly to the

previous analysis related to continuous excitation, the following was performed using an

averaged vehicle body acceleration by evaluation of its standard deviation and maximum
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Figure 5.14: Ride comfort versus suspension deflection diagrams obtained for semiactive
control and passive MR damper equipped vehicle suspension subjected to road-induced
excitation of different road classes: a) road class D, b) road class E, c) road class F

values which are denoted as Îas,avg , Âas , respectively. The "hat" symbol stands for ex-

periments performed for single-road-bump excitation. For the purpose of further analysis

both quality indices are normalized resulting in NIas,avg and NAas , respectively.

Analysed optimization spaces evaluated for LQ, SH2 and SH1 algorithms are pre-

sented in Figures 5.15, 5.16 and 5.17, respectively. The presented spaces were generated

using the NIas,avg quality index. Optimized values of heave and pitch velocity constraints

differ more significantly from each other in comparison to those obtained for continuous

sinusoidal excitation. For LQ control it is suggested to define the svs and sωs equal to

0.3 and 0.8, respectively. Contrary to LQ control, the optimized parameters are equal

to 0.4 and 0.6 for SH2 algorithm. Finally, for SH1 optimized control parameters dedi-

cated to the front and rear vehicle suspension parts are equal to 2400 and 1300 Nsm−1,

respectively.
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Figure 5.15: Optimization solution spaces evaluated for LQR control scheme using
different indices evaluated based on vehicle body acceleration: a) standard deviation of

averaged acceleration, b) acceleration maximum value
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Figure 5.16: Optimization solution spaces evaluated for Skyhook control scheme dedi-
cated to half-car model using different indices evaluated based on averaged body accel-

eration: a) standard deviation, b) maximum value

In the case of LQ and SH2 control schemes both minimum values of NIas,avg were

indicated at the level of 0.93 and 0.94, respectively. The level of NIas,avg is similar and

equal to 0.94 for SH1 algorithm. Thus, presented results indicate close performance

of three presented semiactive algorithms for bump excitation. Validation was also per-

formed assuming that the NAas quality index is used. Such approach gives significantly

different parameters i.e. (0.7, 0.1), (0.7, 0.1) and (7000, 2800) for LQ, SH2 and SH1

control schemes, respectively.

Similar analysis was performed for MR dampers controlled using constant values of

control current varying from 0 to 0.4 A (see Figure 5.18) which is the same for front and

rear MR dampers. It can be stated based on both NIas,avg and NAas quality indices that
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Figure 5.17: Optimization solution spaces evaluated for Skyhook control scheme ded-
icated to quarter-car model using different indices evaluated based on averaged body

acceleration: a) standard deviation, b) maximum value

best performance of vibration control is reached for uncontrolled MR damper. Increase

of control current leads to the increase of both indices and deterioration of vibration

control quality.
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Figure 5.18: Optimization solution spaces evaluated for passive suspension using differ-
ent indices evaluated based on averaged body acceleration: a) standard deviation, b)

maximum value

All results obtained for passive and semiactive control, which was optimized with

respect to NIas,avg , were concluded in time diagram which presents single response of a

half-car model (see Figures 5.19 and 5.20). Time diagrams were plotted for both as,avg

and as quality indices. It can be noticed that vibration control for passive suspension

is significantly worse comparing to semiactive control. As a confirmation of previous

analysis it can be stated that performance of three semiactive control schemes is similar.
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Figure 5.19: Comparison of vehicle body acceleration response to single-road-bump
excitation in time domain for passive and semiactive control
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Figure 5.20: Comparison of vehicle body heave acceleration response to single-road-
bump excitation in time domain for passive and semiactive control

5.4 Summary

Appropriate synthesis of semiactive control dedicated to automototive MR dampers

has decisive influence on further quality of vibration control. Dissipative domain of MR

damper significantly increases difficulties in optimization and application of classical con-

trol schemes. Three algorithms were validated, i.e. LQ control and Skyhook synthesized

for half-car or quarter-car models. All algorithms were optimized numerically assuming
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the vehicle is subjected to continuous sinusoidal excitation or single-road-bump excita-

tion which can be assumed as common excitation during exploitation of typical road

vehicles.

Further analysis of optimized algorithms performed in time and frequency domain

as well as based on ride comfort versus road holding and suspension deflection diagrams

indicated significant improvement of semiactive algorithms in comparison to passive con-

trol. Furthermore, similar performance was shown for all three analysed algorithms. Re-

sults obtained in the presented chapter were used for comparison in the following chapter

considering adaptive control algorithms.



Chapter 6

Adaptive control of suspension

system with MR dampers

All road vehicles exhibit changes in parameters during their exploitation. Varying

dynamics of vehicles can be induced by varying weight of vehicle load, wearing out or

damage of suspension system elements as well as by varying pressure levels of tyres.

In the case of vehicle suspension systems equipped with MR dampers significant non-

stationarity is revealed by MR dampers themselves. MR dampers are known to exhibit

different behaviour for different types of road-induced excitation and different ambient

temperatures. Thus, it is recommended for a suspension control system to include al-

gorithms which are responsible for online observation, analysis and diagnosis of vehicle

vibrations. Moreover, it is desired to adaptively adjust control algorithms while the

vehicle is moving in different conditions.

6.1 Introduction to adaptive control of MR dampers

An adaptive controller generally consists of two control loops, i.e. the first is related

to the normal feedback or feedforward with the process and the other is related to the

adjustment loop for control parameters. Thus, according to [6] "an adaptive controller is

a controller with adjustable parameters and a mechanism for adjusting the parameters".

"Online determination of process parameters is a key element in adaptive control", where

90
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process parameters can be influenced by varying parameters of the controlled object or

variable character of disturbances.

Each layer of the vehicle suspension control scheme (see Figure 5.2) can separately

include an adaptation mechanism. Parameters of the inverse MR damper model included

in the force control layer can be adjusted to the varying conditions of the MR damper

operation. The adaptive mechanism can be included in the vibration control layer in

which it is responsible for identification of vehicle vibration model and online adjustment

of control gains. Finally, the optimization control layer can include algorithms which are

dedicated to a long-term analysis of vehicle vibrations and are responsible for diagnosis of

the vehicle suspension elements. The goal of the optimization control layer is to improve

vehicle lifetime by appropriate adjustment of parameters of the lower vibration control

layer.

6.1.1 Classification of adaptive control

Adaptive control algorithms can be characterized with respect to different criteria,

i.e. feedforward and feedback are distinguished or direct and indirect control methods

can be applied. In the case of direct control, parameters of the control algorithm are

directly estimated. Whereas for indirect control, the synthesis of a controller is performed

separately, while its parameters are calculated according to the estimated parameters of

the process [6].

Generally, adaptive algorithms presented in the literature and dedicated to auto-

motive MR dampers are focused on two goals which are related to the vibration or force

control layer. Both mentioned adaptive approaches are responsible for improving vibra-

tion control of certain vehicle parts. Such algorithms can be synthesized assuming both

feedback or feedforward control structures. In the case of the force control layer, the feed-

back approach requires force sensors to be installed in the automotive shock-absorbers.

The feedforward force control, which is based on the inverse MR damper model, does

not need additional sensors. Thus, it is commonly applied in the semiactive vibration

control.
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Similarly to the force control layer, both the feedback and feedforward control strate-

gies can be applied in the vibration control layer. The feedback control approach com-

monly take advantage of inertial sensors installed in the vehicle body and underbody

parts. Contrary to feedback control, the feedforward vibration control can compensate

the finite response of MR dampers. However, it requires the additional sensors scanning

the road surface in front of the vehicle in order to track the road-induced excitation in

advance. Both direct and indirect control methods reveal their advantages and disad-

vantages which is referred in the current chapter.

6.1.2 Adaptive devices versus adaptive control

Idea of application of adaptive vibration controllers is well-known in the literature

for active elements, see examples given in [61] and [71]. The first paper deals with

vibration control of a composite beam. The control is presented as semiactive despite

the fact that typically active elements are used such as piezoelectric actuators. Vibration

control is performed according to LMS algorithms which represent the direct method of

the adaptive control. The second paper presents an application of adaptive algorithms

in control of a vehicle suspension using active elements. Adaptability presented in that

article is an example of the indirect adaptive control. It is based on two separated

blocks which are responsible for identification of the vehicle vibration model and for the

suspension control.

Adaptive control of the vehicle suspension presented in the literature is commonly

dedicated to active suspension elements. Control of semiactive automotive MR dampers

is more complex due to the constrained MR damper dissipative domain and significant

nonlinearities in its behaviour. Moreover, adaptive control of MR dampers presented in

the literature is very often dedicated to vibration control of structures, strictly, buildings

in case of earth-quakes. Herein, two cases of adaptive devices needs to be distinguished,

i.e. those which are controlled using adaptive algorithms and those which are adaptive

itself, due to the fact that their parameters can be adjusted online, e.g., control of MR

dampers in buildings presented in [10] and [9] based on the PID controller. Another

example of adaptive impact absorbers, but not adaptive control, can be found in [96].



Chapter 6. Adaptive control of suspension system with MR dampers 93

6.2 Modified FxLMS for automotive MR dampers

A novel adaptive approach was proposed for the vehicle suspension control using

MR dampers in [74] which is based on the classical LMS adaptive algorithm. The LMS

algorithm is commonly applied in the noise control due to its scalability to the different

types of controlled objects. It also allows for simple switching between different control

goals and offers feedforward control structure. However, semiactive nature of the MR

damper requires additional modification of the LMS algorithm in order to retain the

algorithm’s stability and performance since it is dedicated to active elements. The idea

was improved by applying FxLMS with normalized adaptation step for both quarter-car

[77] and half-car [78] models. It is referred in details within further parts of the current

chapter.

6.2.1 State-of-the-art in semiactive adaptive control

Adaptive algorithms related to control of MR dampers applied for vehicle suspension

are commonly synthesized assuming feedback structure. Algorithms of such type which

are presented in the literature can be distinguished with respect to their complexity

starting from those which are based on quasi constant MR damper current control and

represent indirect adaptive method [135]. Second group represents the adaptive indirect

method, as well, and is constituted by algorithms which include classical non-adaptive

control schemes, such as Skyhook, sliding mode control or fuzzy control and additional

modules responsible for online identification. Last group of adaptive control represents

the adaptive direct method including application of LMS or FxLMS algorithms and offers

both feedback or feedforward structure.

Applications of adaptive algorithms dedicated to analysis of both the character

of disturbances or the dynamics of the controlled object are widely presented in the

literature. The adaptive notch filter was proposed in [108] for analysis of road-induced

excitation. Its application was presented in [80] where it was applied for tracking of

vehicle engine speed based on acceleration measurement. Moreover, excitation frequency

tracking was presented in [144] for adaptive adjustment of tuned mass damper applied

in vibration control of buildings.
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Another approach of indirect adaptive control is related to identification of the

controlled object. Application of identification modules in vibration control of buildings

is very popular in the literature. Numerous papers present methods of selective [90] or

overall identification of structures including masses, stiffness and damping parameters

[18, 19, 140]. Applications of indirect control of vehicle suspension are also presented in

the literature, however, they are commonly dedicated to the simple quarter-car model

[100, 103, 163] which is not sufficient for accurate mapping of road vehicles dynamics.

Contrary to indirect adaptive method, application of direct method is very often

based on classical feedback control algorithms whose parameters are tuned via an adap-

tation mechanism. Similarly to indirect methods, many articles presents the direct adap-

tive methods for vibration control of buldings including sliding mode controller which

adaptively adjusted gains [102] or fuzzy controller whose weights are tuned using neural

network [118]. Papers related strictly to vibrating models which are typical for vehicle

suspension control are also presented, e.g. [28] which shows adaptation of fuzzy controller

dedicated to quarter-car model.

All above presented adaptive algorithms are synthesized assuming feedback struc-

ture. Moreover, they are not scalable, their synthesis is complex while control goals

cannot be simply switched from one to the another depending on instantaneous road

conditions or passengers needs. Additionally, in the case of semiactive devices the control

current is limited to only positive values which makes the optimization of the algorithm

complex. Such disadvantages confirm the need of developing adaptive control which

is based on modified FxLMS algorithm easily applicable for different constructions of

vehicle suspension systems and for varying road conditions.

6.2.2 Decomposition of MR damper dissipative domain

Well-known control algorithms, e.g. robust or optimal control (including LQ con-

trol presented in Chapter 5), assumes that an ideal actuator is applied which exhibits no

limitations or output force dependent on its internal state. It was shown that the shape

of the dissipative domain of the MR damper is far from the typical shape of force range

covered by active elements (see Figure 1.7). Thus, a modification of an MR damper

dissipative domain was proposed in the literature for synthesis and optimization of the

semiactive control. A straight-forward method is based on decomposition of a dissipative
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domain into a characteristics of a so-called linearised nominal damping parameters eval-

uated based on the dissipative domain and a modified control force range of a fictitious

quasi-active element [126]. Such approach additionally ensures constraints of control

force to be symmetrical with respect to the zero force axis. Improvement of the pro-

posed decomposition method was presented in [77, 78] for semiactive adaptive control

and is applied in the further analysis.

From the controller’s point of view only the Tanh MR damper model identified

for piston excitation of 1.5 Hz plotted for the control current range from 0 to 1.33 A,

presented in Chapter 3, is available. Thus, it is applied for the mentioned procedure of

decomposition. Furthermore, similarly to the assumption which was made in Section 5.2,

the damper piston acceleration amr was neglected within the inverse model by setting

its parameter γth to zero. Characteristics of the proposed nominal damping cavg can

be defined as an average of the dissipative domain evaluated with respect to the certain

piston velocity according to the following formula:

Favg(vmr) =
1

2
[Fminmr,th(vmr) + Fmaxmr,th(vmr)], (6.1)

where

Fminmr,th(vmr) = Fmr,th(vmr, i
min
mr ) , Fmaxmr,th(vmr) = Fmr,th(vmr, i

max
mr ). (6.2)

Symbols iminmr and imaxmr denote lower and upper limits of the control current equal to

0 and 1.33 A, respectively. Both boundary characteristics Fminmr,th, F
max
mr,th of the MR

damper dissipative domain and force characteristics Favg of the nominal damping cavg

are presented in Figure 6.1.

A control algorithm, which was synthesized based on the decomposed dissipative

domain, generates desired force F ∗alg around a working point defined by the nominal

damping coefficient cavg. Thus, it is assumed that an additional fictitious nonlinear

passive damper of nominal damping cavg is included in the suspension system. Such

additional damping needs to be included in the vehicle suspension model applied in

adaptive vibration control in the form of secondary signal path model (see Subsection

6.2.4). The algorithm operates assuming not MR damper but the quasi-active fictitious

element is applied. In order to obtain the resultant control force Falg, which is processed
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Figure 6.1: Boundary characteristics of MR damper dissipative domain and the nominal
damping characteristics Favg

by an inverse MR damper model, the preliminary control force F ∗alg is summed with that

generated by the nominal cavg (see Figure 6.2).
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Figure 6.2: Modification of MR damper dissipative domain related to the semiactive
control: a) decomposition of dissipative domain, b) control force range of a fictitious

quasi-active element

Despite the fact that MR damper dissipative domain was modified resulting in

the quasi-active force range (see Figure 6.2b), the main disadvantages of the semiactive

damper have been maintained. Firstly, the lower piston velocity - the less controllable

such quasi-active element. Secondly, application of the MR damper adds additional feed-

back loop into the suspension model. Force generated by the MR damper is dependent

on and influences the piston velocity, simultaneously, which introduces the additional
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self-stabilizing feedback mechanism and limits the maximum available force generated

by the damper.

6.2.3 Synthesis of the modified FxLMS control scheme

The classical LMS algorithm represents a group of adaptive feedforward control [83],

it origins in gradient descent optimization methods, but significant modifications convert

it to a separate group of control algorithms [65]. The LMS algorithm tends to minimize

variance of a selected error signal for a disturbed system using a given reference signal.

Strictly, the algorithm minimizes cross-correlation between the error and reference signals

since the reference signal is correlated with the disturbance of the system.

In the case of simultaneous minimization of multiple error signals, a so-called multi-

channel LMS algorithm was proposed in the literature [59, 164]. Furthermore, in order

to improve convergence of the LMS algorithm, an extended FxLMS algorithm was in-

troduced which take advantage of the estimated model of the secondary path as well as

it includes normalization of the adaptation step, see e.g. [78]. Zero mean value of the

control signal is an additional characteristic feature of the LMS algorithm. Thus, for the

MR damper control, the FxLMS needs to be modified and suited for the assymetrical

shape of MR damper dissipative domain.

The vibration control applied in vehicles takes advantage of an error signal which

is defined as a signal describing vibrations of the selected vehicle part or the selected

vibration mode which are to be stabilized (see control block diagram in Figure 6.3).

Furthermore, it is assumed here that the reference signal related to the road profile is

obtained using an additional laser sensors aimed at the front of the vehicle.

The applied adaptation mechanism related to the FxLMS includes two error signals

dedicated to the vehicle body heave and pitch velocities denoted as vs and ωs, respec-

tively, and is described as follows [83]:

hf/r(n+ 1) = hf/r(n)−

− µ ·
[
αvsvs(n) ·

rf/r,vs
(n)

rf/r,vs
T (n) · rf/r,vs

(n) + ζ
+ αωsωs(n) ·

rf/r,ωs
(n)

rf/r,ωs
T (n) · rf/r,ωs

(n) + ζ

]
,

(6.3)
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Figure 6.3: Block diagram of the modified FxLMS control related to the MR dampers

where µ denotes the adaptation step of the algorithm, while ζ is used in order to avoid

the division by zero in the case of zeroing of the vectors r. Symbol hf/r denote vectors

of filters parameters Hf and Hr of length denoted as M . Both components of the

adaptation formula are weighted using parameters αvs and αωs , where αvs + αωs = 1.

The parameter µ is additionally normalized by expression rT · r. Similarly to vector hf

and hr, vectors rf and rr consist of M samples of signals rf and rr, respectively, which

are evaluated as follows, assuming the preview signal of vertical road velocity vpv is used

as a reference signal:

rf/r,vs(n) = T̂Fmr,f/r,vs(z
−1) · vpv(n),

rf/r,ωs
(n) = T̂Fmr,f/r,ωs(z

−1) · vpv(n).
(6.4)

Symbols T̂Fmr,f/r,vs and T̂Fmr,f/r,ωs denote the estimated models of dynamics of the front

and rear secondary signal paths for respective error signals assuming the linearised MR

damper nominal damping ĉavg is additionally included in the vehicle suspension model
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(see Subsection 6.2.4). The resultant control force is evaluated as follows:

Falg,f/r = F ∗alg,f/r + Favg, (6.5)

where the preliminary control forces F ∗alg,f/r are evaluated as a response of FIR filters

Hf/r:

F ∗alg,f/r(n) = Hf/r(z
−1) · vpv(n). (6.6)

The symmetry of control force domain related to F ∗alg ensures the FxLMS algorithm to

operate properly since it generate only zero mean value control signals.

Finally, desired forces Falg,f and Falg,r generated by the front and rear MR dampers,

respectively, are led into the inputs of the inverse MR damper models resulting in the

control currents imr,f and imr,r, respectively.

6.2.4 Linearised nominal damping of the MR damper

Classical FxLMS algorithm assumes linearity of the controlled objects. It takes

advantage of the secondary signal path model which is assumed to be linear as well. It is

recommended to apply at least coarse estimation of the secondary path models T̂Fmr,f/r,vs

and T̂Fmr,f/r,ωs in order to improve the algorithm convergence and stability. However,

the complete models of the secondary paths TFmr,f/r,vs and TFmr,f/r,ωs for the analysed

vehicle suspension including MR damper model are nonlinear due to the characteristics

of nominal MR damper damping cavg. Such nonlinearity causes different model response

for different road classes and different frequencies of road-induced excitation.

For the purpose of FxLMS algorithm a linearised MR damper nominal damping ĉavg

was estimated separately for different frequencies of sinusoidal road-induced excitation.

Moreover, the estimation was performed for front and rear vehicle suspension parts as

well as for compatible and inverted synchronization between the front and rear road ex-

citation. Next, after combining MR damper model responses for different cases averaged

linearised damping parameters were obtained for different road classes and vehicle sus-

pension parts. Estimation was performed for all above mentioned averaged experimental

conditions according to the following formula:

ĉavg = arg min
Θavg

{JFavg(Θavg)}, (6.7)



Chapter 6. Adaptive control of suspension system with MR dampers 100

where the relative quality index JFavg being minimized is defined as a root mean squared

error estimated between forces of the nominal damping Favg and linear damping model.

The JFavg is normalized by multiplying it by the root mean squared force of nominal

damping as follows:

JFavg(Θavg) =

√√√√√√√√√√
N∑
n=1

{Favg(n)−Θavg · vmr(n)}2

N∑
n=1

{Favg(n)}2
. (6.8)

Expression Θavg · vmr corresponds to the model of the linear viscous damping.

Estimated values of averaged linearised nominal damping of MR damper are as

follows for ascending road classes respectively: 7517, 3634, 2031 Nsm−1 for the front

vehicle suspension and 8786, 4139, 2280 Nsm−1 for the rear vehicle suspension. Such

results need to be converted to the vertical equivalent damping by including information

about MR damper inclination described by αmr,f and αmr,r giving the following: 6698,

3238, 1810 Nsm−1 for front vehicle suspension and 7829, 3688, 2032 Nsm−1 for rear

vehicle suspension. It was indicated that for higher classes of road excitation, i.e. greater

amplitudes, the linearised nominal damping decreases. Such dependency results mainly

from the nonlinear MR characteristics saturated for greater piston velocity amplitudes

for which the linearised damping decreases. Furthermore, it can be noticed that the

averaged nominal damping parameter obtained for the front vehicle suspension part is

smaller in comparison to the rear vehicle suspension damping parameter for all analysed

classes of road excitation.

Consequently, the linearised damping ĉavg was used to derive the linear estimations

of the secondary signal path models T̂Fmr,f/r,vs and T̂Fmr,f/r,ωs for the different road

classes as well as applied in the proposed modification of the FxLMS algorithm.

6.2.5 Stability of the modified FxLMS control scheme

Original FxLMS algorithm assumes no actuator constraints. It increases power

and modulates the control signal till compensation of a system disturbance is reached.

For constrained actuator despite the continuous increase of control signal energy is not

transferred to the system and disturbance cannot be compensated. Thus, an FxLMS
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with leakage was proposed in the literature (example of Leaky-FxLMS given in [141])

and commonly applied in noise and vibration control.

Contrary to the active elements, MR dampers exhibit the inherent constraint of the

output force. Such constraints ensure that even if the adaptive algorithm is unstable the

whole mechanical system is always stable. The problem of the force saturation reveals in

any cycle of MR damper vibrations (see Figure 6.2). Consequently, the minimization of

the cross-correlation between reference and error signal cannot be reached in the case of

semiative elements as for active devices controlled by the LMS algorithm. Experiments

performed for modified FxLMS applied for MR damper control indicated that the Leaky-

FxLMS needs to be used which results in the following modified adaptation mechanism:

hf/r(n+ 1) = γhf/r(n)−

− µ ·
[
αvsvs(n) ·

rf/r,vs
(n)

rf/r,vs
T (n) · rf/r,vs

(n) + ζ
+ αωsωs(n) ·

rf/r,ωs
(n)

rf/r,ωs
T (n) · rf/r,ωs

(n) + ζ

]
,

(6.9)

where γ denotes a parameter which controls leakage of the FxLMS and stability of its

adaptation process.

Selected results of the modified FxLMS adaptation process are presented in Figure

6.4 and related to the road-induced excitation of the F class. Both control forces and

forces generated by MR damper models are dedicated to the front part of the vehicle

suspension system. Results obtained for the modified FxLMS including leakage were

compared with those generated for the FxLMS algorithm without leakage. It is shown

the leakage mechanism stabilize the adaptation process efficiently.

6.3 Optimization and validation of adaptive control

Presented modified FxLMS algorithm is favoured for its adaptability and scalability.

Mainly, four elements of FxLMS need to be parametrized, i.e.: adaptation constant,

leakage parameters and weights of heave velocity versus pitch velocity denoted as αvs ,

αωs as well as model of the secondary signal path need to be estimated. However, it

was stated that all parameters apart from a pair of αvs , αωs can be derived coarsely and

influence the algorithm convergence rate rather than its final performance of vibration
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Figure 6.4: Stability of FxLMS adaptation process with/without leakage applied: a)
control force desired by an algorithm, b) force generated by MR damper model

control. Initially, the adaptation constant and leakage parameters were optimized. In

the case of optimization performed with respect to the secondary signal path models, all

combinations of the road classes and models were validated. Similarly, to the classical

semiactive control schemes presented in Chapter 5, the analysis is carried out for the half-

car vehicle model. Since adaptive algorithms require continuous excitation in order to be

properly tuned, the research presented in the dissertation is limited to the simulation-

based validation.

6.3.1 Optimization of the modified FxLMS parameters

Quality of vibration control was analysed based on the normalized ride comfort

index NJRC . Initially, the adaptation constant parameter µ was analysed in the range

from 0.003 to 0.040, while the leakage parameter γ was validated in the range from 0.990

to 0.9995. Results obtained for defined experimental cases are presented in Figure 6.5.

Smaller values of adaptation constant decreases the algorithm’s convergence rate, while

its larger values deteriorate the vibration control quality. Taking into account both,

above mentioned, contradictory criteria, µ = 0.007 was assumed as the optimized value.

The greater the value of the leakage parameter the more deteriorated the convergence

rate of the FxLMS algorithm is. Thus, γ = 0.997 was assumed as the optimized value,

which simultaneously retains stability of the FxLMS algorithm.

Models of the secondary signal path were validated while the quality of the FxLMS

control was tested for the vehicle suspension subjected to the road classes D, E and
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Figure 6.5: Optimization of FxLMS parameters: a) adaptation constant, b) leakage
parameter, c) heave and pitch velocity weights

F. Different models of the secondary signal path were used which include previously

evaluated values of the averaged linearised nominal damping estimated for different road

classes (see Subsection 6.2.4). Results of the control quality evaluated based on the

normalized ride comfort index NJRC were averaged over different classes of the road-

induced excitation. Model of the secondary signal path including linearised nominal

damping evaluated for the road class E revealed the best performance for FxLMS control

of vehicle suspension subjected to road excitation of all three road classes. Thus, such

model of the secondary signal path was applied in further simulations.

Besides, partly adjusted FxLMS algorithm was validated for different weights of

heave and pitch velocities in range from 0 to 1.0 defined for αvs weight (see results in

Figure 6.5). It was stated that αvs = 0.5 and αωs = 0.5 represent optimized combination

of parameters.
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6.3.2 Adaptive modified FxLMS versus classical Skyhook control

The presented comparison includes classical non-adaptive feedback control schemes

analysed in Chapter 5 as well as the proposed modified FxLMS algorithm dedicated to

MR damper. Results obtained for all algorithms were presented in the frequency domain

for range from 0.5 to 12 Hz and road classes from D to F (see Figures 6.6, 6.7 and 6.8).

The FxLMS algorithm take advantage of heave and pitch velocity signals, and of preview

signal as well as of signals describing MR damper piston motion. In order to retain the

similar number of the available state variables in comparison to the FxLMS algorithm,

only SH2 and SH1 were taken into account in the presented comparison. Since the LQ

control requires all state variables, results obtained for it were excluded.
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Figure 6.6: Comparison of body acceleration transmissibility characteristics evaluated
for different non-adaptive and adaptive semiactive control strategies and road excitation

of class D: a) compatible excitation, b) inverted excitation

Based on the presented characteristics it can be stated that the lower road class

and lower amplitudes of road-induced excitation the worse results are obtained for adap-

tive FxLMS algorithm for higher frequencies. Such conclusions suggests application of

adaptive control for more rough roads. In the case of the road class F quality of vi-

bration control offered by the FxLMS is slightly better comparing to that obtained for

classical non-adaptive control approach. The improvement can be noticed for the whole

frequency range and the both compatible and inverted types of the road-induced excita-

tion. Adaptability and no requirement of the fine parameter adjustment for the FxLMS

algorithm gives another reason for its application.
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Figure 6.7: Comparison of body acceleration transmissibility characteristics evaluated
for different non-adaptive and adaptive semiactive control strategies and road excitation

of class E: a) compatible excitation, b) inverted excitation
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Figure 6.8: Comparison of body acceleration transmissibility characteristics evaluated
for different non-adaptive and adaptive semiactive control strategies and road excitation

of class F: a) compatible excitation, b) inverted excitation

6.3.3 Analysis of road holding and suspension deflection versus ride

comfort

In order to perform detailed analysis, the road holding and suspension deflection

indices were evaluated for the Skyhook and FxLMS algorithms under consideration (see

Figure 6.9). The presented diagrams show values of the normalized indices evaluated with

respect to the reference passive suspension obtained for three road classes. The reference

passive case is marked by (1,1) point. Both Skyhook algorithms exhibit improvement

of vibration control approximately equal to 10 percent for road classes D and E and 12
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percent for F class. For FxLMS the vibration control is improved by 5 percent for road

class D, by 10 percent for road class E and by 15 percent for road class F in comparison

to passive suspension.
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Figure 6.9: Road holding versus ride comfort diagrams obtained for non-adaptive and
adaptive semiactive control for vehicle suspension subjected to road-induced excitation

of different road classes: a) road class D, b) road class E, c) road class F

Simultaneous improvement in road holding offered by the FxLMS algorithm is its

significant advantage; the results are better than obtained for both passive suspension

and Skyhook control. In the case of Skyhoook algorithm, improvement in the vibration

control was always achieved at the cost of deterioration in road holding, where differences

between both control algorithms varied from 2 to 10 percent depending on the road class.

Similar analysis was performed for influence of ride comfort on suspension deflection

issue (see Figure 6.10). It can be stated that the FxLMS algorithm significantly improves

suspension deflection index, simultaneously, retaining quality of vibration control. Such

feature is desired since it can significantly extend the time of vehicle exploitation avoiding

failures of the vehicle suspension.
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Figure 6.10: Suspension deflection versus ride comfort diagrams obtained for non-
adaptive and adaptive semiactive control for road-induced excitation of different classes:

a) road class D, b) road class E, c) road class F

6.4 Online identification of the MR damper model

Dynamics of the vehicle with MR dampers is commonly modelled separately using

a composition of the simplified vehicle vibration model and a more complex MR damper

model. Behaviour of the MR damper is dependent on different ambient conditions and

character of the road-induced excitation. Furthermore, since generally the MR damper

force control layer is based on the inverse MR damper model, the appropriate estimation

of the inverse model has a decisive influence on the vibration control quality. Thus,

many papers related to the indirect adaptive control separate identification mechanisms

related to the models of the vehicle and the MR damper, and focuses on the latter one.
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6.4.1 State-of-the-art in online MR damper model identification

It is important to analyse the MR damper behaviour during vehicle ride together

with parameter estimation of the MR damper while the vibration control algorithm is

executed. Most papers presented in the literature related to the MR damper modelling

refers identification algorithms executed offline and apart from the system and the vi-

bration control scheme, where the adaptive inverse model can be included [72, 81, 122].

Other authors [5] proposed an online identification of the MR damper dynamics by ap-

plication of the modified LuGre model as an adaptive one. Since the modified LuGre

model of dynamic friction is linear in parameters, it significantly simplifies the required

estimation mechanism.

Further research on online MR damper identification resulted in execution of the

identification procedure concurrently with the control algorithm. Different approaches

were presented in the literature for the modified LuGre model [100, 140], bilinear model

with hysteresis corrected using neural network [145] or the Bouc-Wen model [129]. The

latter paper presents online identification in the case of concurrent execution of the H∞

control.

Generally, all papers presented in the literature related to the online identification

of the MR damper and its inverse model, especially those mentioned above, require

measurements of force generated by a MR damper. It is a significant limitation since

contrary to the inertial sensors which can be easily fixed with the vehicle body and

underbody parts, the force sensors requires modification or even redesigning construction

of the vehicle suspension system and, especially, construction of shock-absorbers.

A new approach was proposed for online identification in [66], which requires only

inertial measurements of the vehicle response. Since such measurements are commonly

used by the classical vibration control, their application in the MR damper identification

do not generate any additional costs. The proposed algorithm was initially introduced

for the quarter-car model and extended to the half-car model with vibration decou-

pling in [67]. Moreover, since the applied MR damper model based on tanh function is

significantly nonlinear and identification is performed indirectly based on inertial mea-

surement, the evolutionary optimization algorithm was used for parameter estimation.

In summary, the presented identification approach allows for adjusting the inverse model
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not only to the instantaneous road conditions but also for detecting failures in the MR

damper operation.

Since the proposed algorithm is executed separately for the front and rear vehicle

part, it is especially recommended for vehicles which exhibit significant vibration decou-

pling between their front and rear parts. According to [99], it is a very common feature

of commercial road vehicles. Thus, the presented algorithm is meant to be a promising

idea which can be applied for such vehicles. For the purpose of further simulation studies

presented in the dissertation, the half-car model with vibration decoupling was applied,

which was defined in Subsection 4.1.3.

A part of the simulation environment, which is dedicated to the controller, consists

of the classical Skyhook-1DOF dedicated to the quarter-car model and two additional

modules related to the identification algorithm. The main module of the identification

algorithm represents an optimization evolutionary algorithm and the second module is

responsible for estimation of immeasurable components of vehicle body acceleration (see

Figure 6.11). Similarly as for direct adaptive methods, parameter γth of the inverse Tanh

model is neglected in the further analysis.
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Figure 6.11: SH1 control including algorithm of inverse Tanh model adaptation

6.4.2 SH1 control for multiple-road-bump excitation

The half-car model was subjected to the multiple-road-bump excitation. Such road

excitation origins in the single-road-bump excitation defined in Chapter 2 and previously

used within the analysis presented in Subsection 5.3.5. Herein, the single road bump
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was multiplied in order to simultaneously apply a road excitation of bump type and

an excitation which is continuous and allows for execution of adaptive identification

methods. An example of simulation of the multiple-road-bump excitation is presented

in Figure 6.12a.
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Figure 6.12: Optimization of SH1 control for the decoupled half-car model subjected
to the multiple-road-bump excitation: a) simulation of the road excitation for vehicle
speed of 3 ms−1, b) standard deviation of the averaged body acceleration NIas,avg

for
different control parameters

Vibration decoupling performed for the half-car model assures that dynamic analysis

of the front and the rear vehicle part can be performed separately as for the quarter-car

model. Meanwhile, analysis of the coupled quantities of the vehicle body motion (i.e.

heave and pitch) is still possible as for the classical half-car model. Since identification

procedures related to the quarter-car model are used, application of the SH1 for separate

control of suspension quarters was the most suitable. Different configurations of the SH1

control were defined with parameters gvsf ,f and gvsr,r related to the front and the rear

suspension part, respectively (see Subsection 5.2.2).

Optimization of the SH1 control was performed for parameters gvsf ,f and gvsr,r

varying from 500 to 7000 Nms−1. The optimization was performed using NIas,avg quality

index, i.e. standard deviation of the averaged vehicle body acceleration normalized

with respect to the results obtained for the passive uncontrolled vehicle suspension (see

Subsection 5.3.5). The optimization space is presented in Figure 6.12b. The minimum

value is equal to 0.92 which reflects values of gvsf ,f and gvsr,r equal to 2800 and 1300

Nms−1, respectively.
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6.4.3 Estimation of immeasurable signals of quarter-car model response

Using only inertial measurements was an additional requirement for the identifica-

tion algorithm. Thus, the component of the vehicle body response needs to be evaluated,

which is dependent only on the MR damper force. Acceleration of the front or the rear

vehicle body part denoted as asf or asr, respectively, was selected from the set of kine-

matic quantities since they are directly related to force generated by MR dampers, see

Equations (4.2)-(4.3) in Chapter 4. The aim of the estimation algorithm is to obtain the

component of acceleration asf or asr dependent on the force Fmr generated by the MR

damper, which are denoted as asf,F ∗
mr,f

and asr,F ∗
mr,r

, respectively.

In order to apply the proposed method, the vehicle body acceleration and velocity

of damper piston need to be measured. Besides, evaluation of the models of primary and

secondary signal paths requires the vehicle model (excluding the MR damper model) to

be known, i.e. its stiffness and damping parameters as well as masses of the body and

underbody parts. Taking into account that the vehicle model (except the MR damper

model) is linear, it can be decomposed for the vehicle body acceleration into the primary

and secondary signal path. The decomposition is performed with respect to two road-

induced velocity excitations vrf , vrr and two force excitations F ∗mr,f , F
∗
mr,r related to the

front and the rear vehicle part and influenced by the output dynamics HFmr of the MR

damper model (see Subsection 3.3.1).

For the half-car model, four signal paths would be distinguished for each acceleration

signal asf and asr, i.e.: primary and secondary signal paths for the front vehicle part

defined using transfer functions denoted as Tvrf ,asf , Tvrr,asf , TF ∗
mr,f ,asf

, TF ∗
mr,r,asf and

signal paths for the rear vehicle part denoted as Tvrf ,asr , Tvrr,asr , TF ∗
mr,f ,asr

, TF ∗
mr,r,asr .

Since the half-car model with vibration decoupling is used, the coupled transfer functions

can be neglected, i.e. Tvrr,asf , TF ∗
mr,r,asf and Tvrf ,asr , TF ∗

mr,f ,asr
are close to zero. Apart

from vehicle body acceleration, similar analysis can be done for vehicle body velocity vsk

as well as velocities of damper pistons vmr,k which are used in further analysis. Herein,

symbol k denotes a certain quarter of the half-car model.

Decomposition of the k quarter of the half-car model (k ∈ {f, r}) into primary

and secondary signal paths performed for ask, vsk and vmr,k as well as estimation proce-

dure are presented in block diagram in Figure 6.13. The algorithm is executed counter-

clockwise for the initial value of ask,F ∗
mr,k

equal to zero. Models of the primary and
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the secondary signal paths are organized in pairs which include their direct or inverted

representation. As a result two coupled models are constituted: Task,vmr,k
arising from

Tvrk,vmr,k
and inverted Tvrk,ask as well as Tvmr,k,vsk arising from TF ∗

mr,k,vsk
and inverted

TF ∗
mr,k,vmr,k

. Such configuration allows for cancellation of unstable poles of the neigh-

bouring discrete-time inverted models.
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Figure 6.13: Block diagram for estimation of immeasurable signals (k denotes f - front
or r - rear vehicle part)

Within further iterations ajsk,vsk is obtained by subtracting estimated ajsk,F ∗
mr,k

from

the measured sample ask. The superscript j indicates the number of the current itera-

tion. Next, an estimate of vjmr,k,vrk is evaluated using the resultant primary path model

Task,vmr,k
. The vjmr,k,F ∗

mr,k
is obtained by subtracting the estimate vjmr,k,vrk from the

measured sample vmr,k and processed using the resultant secondary path model filter

Tvmr,k,vsk . Consequently, it is differenced resulting in an estimate of acceleration denoted

as ăjsk,F ∗
mr,k

, which is a preliminary result of the current iteration. The final result of the

loop ajsk,F ∗
mr,k

is calculated by low-pass filtration using the previous value aj−1
sk,F ∗

mr,k
and

the current one ăjsk,F ∗
mr,k

according to the following relation:

ajsk,F ∗
mr,k

= (1− µe) · aj−1
sk,F ∗

mr,k
+ µe · ăjsk,F ∗

mr,k
for abs(ăjsk,F ∗

mr,k
− aj−1

sk,F ∗
mr,k

) > δe, (6.10)

where the stop condition is indicated during the estimation process using δe = 10−5 and

the adaptation step µe = 0.01. Symbol z−1
j denotes a delay operator with respect to

iteration number j.
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Results of the estimation procedure given as values of asf,F ∗
mr,f

and asr,F ∗
mr,r

for

the front and the rear half-car model part, respectively, are shown in Figure 6.14. They

were compared with the appropriate reference signals which were obtained by filtration of

immeasurable, but available in simulation, forces F ∗mr,f and F
∗
mr,r using transfer functions

of the force-related secondary signal paths TF ∗
mr,f ,vsf

and TF ∗
mr,r,vsr , respectively. The

results indicate high accuracy of the estimation algorithm for both vehicle parts.
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Figure 6.14: Performance of the iterative algorithm for estimation of the vehicle body
acceleration components dedicated to: a) the front and b) the rear vehicle parts

6.4.4 Evolutionary algorithm for MR damper model identification

Estimation of the Tanh model parameters is the main task of the identification

module. However, it operates on response forces generated by Spencer-Dyke model, since

it was applied in the vehicle model as a reference MR damper model. Block diagram for

the Tanh model identification is presented in Figure 6.15. It shows a quarter k of the

simulated vehicle model which mainly includes a part of the linear half-car model and

the nonlinear Spencer-Dyke model (see Subsection 4.2.1). Force Fmr,k generated by the

Spencer-Dyke model is influenced by the MR-damper-related model of output dynamics

HFmr and results in F ∗mr,k. Estimate of the component of the vehicle body acceleration

ask,F ∗
mr,k

is obtained using model of the secondary signal path TF ∗
mr,k,ask

. Besides, for the

sake of simplification of further analysis, a damper-related transfer function TFmr,k,ask

was defined as a composition of the HFmr and the TF ∗
mr,k,ask

transfer functions.

Similar signal paths were constructed within the controller starting from the Tanh

model generating F̂mr,k and including transfer function TFmr,k,ask resulting in an estimate
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Figure 6.15: Block diagram for identification of Tanh model (k denotes f - front or r -
rear vehicle part)

âsk,F ∗
mr,k

according to the following formula:

âsk,F ∗
mr,k

(n) = TFmr,k,ask · F̂mr,k(θth,k(n), zmr,k(n), vmr,k(n)), (6.11)

where θth = [αth,0, αth,1, βth, kth, cth,0, cth,1] are being estimated. Both ask,F ∗
mr,k

and its

estimate âsk,F ∗
mr,k

, which is given by the controller module for iterative estimation, are

used for evaluation of an error signal ek. The error signal is included in the identification-

related quality index which is to be minimized within the identification procedure and

it is defined as follows:

JFth
=

√√√√ N∑
n=1

[ask,F ∗
mr,k

(n)− âsk,F ∗
mr,k

(n)]2. (6.12)

Choosing the appropriate optimization algorithm needs to take into consideration

the complexity and nonlinearity of both the Spencer-Dyke and the Tanh models which

are used for evaluation of quality index JFth
. Moreover, it was indicated that shape of

the solution space defined by JFth
with respect to Tanh model parameters is complex.

Despite the fact it represents the uni-modal shape in macroscopic scale, further analysis

revealed fluctuations of the JFth
with respect to parameters. Features mentioned above
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are shown in Figure 6.16 by values of JFth
evaluated with respect to αth,1 for the front

vehicle part.
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Figure 6.16: Fluctuations of the solution space evaluated using JFth
quality index for

the parameter αth,1 of the Tanh model

As a result of analysis, the stochastic optimization of JFth
was applied using evolu-

tionary optimization algorithm (see e.g. [36]). Generally, parameters of the Tanh model

can be identified online for the identification algorithm operating on limited number of

samples. In the analysed case the length of the identification time window was equal

to 10 s. After a certain number of samples were taken, the optimization algorithm was

launched as well as parameters of the Tanh models, which are used for inverse modelling

in the front and rear vehicle part, were updated and applied for control within the next

identification period. The applied evolutionary algorithm was operating on a population

of 100 optimization candidates. Furthermore, quality of identification process depends

of selected crossover and mutation operators of the evolutionary algorithm. As a result

of crossover operation the child candidate obtained based on two parents candidates is

located close to the parent with better value of quality index in the line containing both

parents. In the case of the mutation operator a random value generated according to the

uniform distribution with zero mean value is added to the child candidate.
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6.4.5 Vibration control using adaptive inverse MR damper model

Single experiment consists of 3 phases, i.e. initial simulation, further MR damper

model identification and second simulation performed for the updated inverse model.

In the case of both simulations 10 seconds of the half-car model response to the multi-

road-bump excitation is generated while the vehicle model is controlled by the optimized

SH1 algorithm. During each initial experimental case the applied Tanh inverse model

was deteriorated by multiplying its parameters by a deterioration rate denoted as ηth

selected from a set ηth ∈ { 0.25, 0.5, 0.75, 2, 3, 4 }.

At the beginning of the identification phase, the estimation of the component

ask,Fmr,k
is performed for the front and rear vehicle parts. Next, simulated and esti-

mated data are used for identification of Tanh model, separately for both vehicle parts.

Due to the complexity of the identification solution space (see Figure 6.16) and as a

result of application of the stochastic optimization method, slightly different results of

consecutive executions of identification algorithm were obtained. Thus, the evolutionary

algorithm was launched 30 times for each case distinguished by ηth in order to statistically

analyse its performance.

Finally, within the last phase simulations were performed for the half-car model

taking into consideration all sets of updated Tanh model parameters. Quality of vehicle

body vibration control was validated for simulation results obtained in the initial and

second phase using the NIas,avg quality index (i.e based on the normalized standard

deviation evaluated for the averaged vehicle body acceleration).

Statistical analysis of results take advantage of the mean values and the 3σ de-

viations evaluated for the values of quality index NIas,avg , which were obtained for all

considered ηth. Comparison between control quality values obtained for initially deteri-

orated and corrected inverse model are presented in Figure 6.17. It is shown that in the

case of consecutive iterations the quality of vibration control is in majority improved in

comparison to that obtained for the initial inverse models. Only sporadic cases reveal

further deterioration of the vibration control which is visible for ηth varying from 0.75

to 2. Such observations are confirmed by an analysis performed for mean values and

3σ deviations which indicate that the majority of identification executions significantly

improves vibration control quality in the case of all values of ηth. The algorithm can be
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executed iteratively for more time periods which would allow for further inverse model

adaptation and improvement of vibration control quality.
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Figure 6.17: Influence of initial inaccuracy and further identification-based corrections
of the inverse Tanh model on the quality of vibration control

6.5 Summary

Adaptive control is favoured for its scalability to different controlled objects. It is es-

pecially recommended in applications of vibration control for road vehicles, where param-

eters of both vehicle vibration model and of automotive MR dampers are time-varying,

depending on passengers and ambient conditions. Modification of the well-known and

robust multi-channel FxLMS control was proposed in order to control semiactive devices,

strictly MR dampers. Results were evaluated for the proposed adaptive FxLMS control

of the vehicle suspension model with MR dampers. The adaptive algorithm was validated

in frequency domain for different road classes. Besides, analysis based on road holding

and suspension deflection versus ride comfort diagrams was performed. It was indicated

that the performance of the FxLMS algorithm strongly depends on the considered road

class, where better performance was achieved for larger amplitudes of road-induced ex-

citation. It was also shown that significant improvement of road holding and suspension

deflection can be reached using FxLMS algorithm simultaneously retaining the level of

ride comfort.
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Moreover, a proposition was given which deals with the inverse model adaptation

while control algorithm is being executed and it requires no force measurements. Such

algorithm belongs to the group of indirect adaptive methods and consists of two com-

ponents, i.e. procedure of iterative estimation of immeasurable signals as well as Tanh

model identification using evolutionary optimization. Since the algorithm is executed

separately for each quarter of the vehicle, it is recommended to be applied for vehi-

cles which exhibit significant vibrations decoupling between front and rear parts. It

was shown that inaccuracy of the inverse model can be significantly compensated by

introducing its corrections during vehicle ride. In conclusion, both direct and indirect

adaptive methods, which face the problem of varying road conditions, vehicle and MR

damper parameters as well as control goals changing during ride, allow for improvement

of vibration control quality.



Chapter 7

Vibration control of the

experimental off-road vehicle

Experimental validation plays a key role in synthesis of a control algorithm and its

application using a target controller. Due to inaccuracy of the vehicle vibration model,

despite the validation of control algorithms in simulations, they need to be additionally

tested and adjusted after implementation. Road experiments allow for checking if the

control algorithm is applicable for a real-time suspension control. Experimental valida-

tion of the vibration control system can give a final confirmation if the analysed control

approach is successful or it shows phenomena which have not been taken into account.

7.1 Studies on the experimental set-up

All road experiments were performed using a real-size off-road vehicle manufactured

by ATV-Sweden of type Allroad 500. It is 2 metres long, over 1 metre wide and 1 metre

high as well as it is commercially available on the market which allows the presented

control system for being directly applied in typical road vehicles (see Figure 7.1).

The experimental vehicle is equipped with a suspension control system involving

measurement and control parts. The control part includes four automotive MR dampers

(manufactured by Lord Corporation). Construction of the vehicle suspension system

consists of four independent parts which allows for controlling all MR dampers separately.

119
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accelerometers

MR dampers

main controller with 

wireless communication

peripheral MCU

vehicle speed 

sensors

Figure 7.1: Suspension control system based on automotive MR dampers installed in
the experimental off-road vehicle

Numerous sensors included in the measurement part as well as wireless access to the

controller using a supervisory unit allows for tracking vehicle motion in real time.

Performing experiments dedicated to the vehicle vibration control is demanding.

Ensuring repeatable conditions requires both dedicated platform for generation of dif-

ferent types of road-induced excitation as well as a specialized laboratory where local

conditions can be stabilized and made independent from weather conditions. Further-

more, large masses are a characteristic feature of road vehicles and require high power to

be used by mechanical exciters. Finally, dynamics of off-road vehicles is complex. Nu-

merous significantly nonlinear phenomena, e.g. tyre loss of traction, limits of suspension

deflection, varying position of passengers or varying ambient conditions contribute to the

overall non-stationarity of the target object.

7.1.1 Topology of the measurement and control system

Presented suspension control system is organised in three layers, i.e. a supervisory

layer, main control layer and peripheral control layer (see Figure 7.2 and Section 5.1).

Four peripheral MCUs (Measurement and Control Units) which belongs to the lower

control layer are responsible for measurement and control for the quarter of the vehicle.

The MCUs collect measurement data transferred from accelerometers located in the

vehicle body part and in the vicinity of a wheel, from a vehicle speed sensor as well as

data transferred from the additional sensor measuring the MR damper control current.
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In the case of accelerometers the measurement data are sampled with frequency of 400 or

500 Hz depending on the system configuration while the vehicle speed sensor allows for

lower sampling frequency equal to 100 Hz. Unfortunately, the road-induced excitation is

not known nor measured by a scanning device as assumed in simulations, and can only

be indirectly estimated based on the motion of wheel axles.

All measurements taken in the vehicle body part can be related with each other

assuming that bending of the vehicle body is negligible. Furthermore, speed measure-

ment taken for all four vehicle wheels are also related with each other. Such redundancy

of sensors can be used, e.g., for validation of vehicle body sensors, improvement of im-

measurable quantities estimation as well as for detection of wheel loss of traction or

corrections of the vehicle speed indication.

main suspension

controller

front right 

peripheral MCU

supervisory unit (PC)

rear right 

peripheral MCU

rear left 

peripheral MCU

front left 

peripheral MCU

acceleration

vehicle speed

CAN CAN
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WiFi

control current 

via PWM 

sensors                 MR damper

sensors , MR damper sensors , MR damper

sensors , MR damper

CAN

Figure 7.2: Topology and components of the suspension control system

Measurement data are transferred from MCUs to the main suspension control via

CAN bus. Control algorithms related to both vibration control and MR damper control

layers are located in the main controller rather than in the supervisory unit due to their

significant time and computation requirements. Resultant values of control currents are

transferred to selected MCU and consequently used for control of MR dampers.

Process of measurement and control tracking can be inspected in the supervisory

unit. It is possible to check if experiments are valid just during their performing. Af-

ter the experiment is finished, all measurements and debug data are transferred to the
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supervisory unit which is used for their further processing and analysis.

7.1.2 Single-bump excitation during road experiments

Experimental analysis was performed using only a single-road-bump excitation due

to difficulties related to generation of the other, e.g. continuous excitation. The single

road bump belongs to the group of impulse excitation and induce simultaneously all

vibration modes of the vehicle. Dominant modes, i.e. related to vibrations of vehicle

body and wheels, are mainly revealed. During experiments the bump excitation was

generated using a wooden beam, 85 milimetres high and wide as well as 2 metres long

(see Figure 7.3). The beam was fixed with concrete blocks which allowed for retaining its

position unchanged over consecutive rides. The modelling approach used for such bump

excitation was presented in Chapter 2.

Figure 7.3: Single-road-bump excitation of the experimental vehicle

7.1.3 Sources of measurement noise

Vibrations of vehicle wheels and body covered by frequency range from 0.5 to 30 Hz

(see Table 1.1) are desired by the suspension controller while vibrations outside that range

are treated as a disturbance. The engine and tyres of the experimental vehicle are main

sources of measurement noise. Some rotational energy of the engine is converted into

vibrations, propagate to acceleration measurement points and influences measurements.

The engine-induced measurement noise is significant, since it allows for tracking the

vehicle engine speed based on only acceleration measurements taken in the vehicle body

part which was shown in [80] by application of the adaptive LMS algorithm.
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The experiments were performed for unmoving and moving vehicle. In order to

capture features of vibrations generated by vehicle engine, its speed was set on the

following revolutions per minute: 2700, 3000, 3300, 3600, 4000, 4300. Due to safety

issues road experiments were performed for vehicle speed up to 30 kmh−1 (8.5 ms−1)

which is related to the range of engine speed up to 4300 revolutions per minute (72

revolutions per second).

Acceleration measurements were taken for the vehicle body and underbody parts

during the experiments. It was stated based on the frequency domain analysis that

obtained resonant frequencies are consistent with the vehicle speed shown in the vehicle

dashboard. Exemplary temporal PSD for vehicle engine equal to approximately 3800

was presented in Figure 7.4. It can be noticed that both the fundamental frequency

component (marked by gray dots) located at 64 Hz and the second component located

at 128 Hz are significant as well as the third one located at 192 is still noticeable. Such

measurement signal interference requires application of the higher sampling frequency in

order to meet the Nyquist-Shannon sampling theorem.
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Figure 7.4: Harmonic components of vehicle engine-induced measurement noise and
engine speed of 3800 rpm analysed in frequency domain based on acceleration measure-

ments: a) front and b) rear vehicle body parts

Experiments performed for moving vehicle revealed second dominant source of un-

desired vibrations generated by tyre thread where size of thread in the case of off-road

vehicles is significant. Several experiments were performed for different values of vehi-

cle speed while acceleration measurements taken in the vicinity of wheels were analysed

for each experiment. Results showed that frequency of fundamental component of tyre-

induced vibrations is directly dependent on vehicle speed (see Figure 7.5).
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Figure 7.5: Relation between fundamental frequency of tyre-induced noise and rota-
tional speed of wheel for different vehicle speed values

Besides, it was stated for harmonic analysis and confirmed based on observations

of the tyre that a single revolution of wheel consists of approximately 23 thread pulses.

Results for both unmoving and moving vehicle were compared in Figure 7.6 in order to

indicate two sources of measurement noise.
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Figure 7.6: Vehicle engine- and tyres-induced noise in frequency domain based on
acceleration measurements taken for engine speed of 3000 rpm: a) front vehicle wheel,

b) front vehicle body part

7.2 Analysis of the vehicle vibrations

Automotive MR dampers installed in the experimental vehicle give the possibility

to examine dynamics for different values of suspension damping parameters by simply

changing control currents. It is possible to check how varying suspension damping pa-

rameters influences the ride comfort and driving safety issues.



Chapter 7. Vibration control of the experimental off-road vehicle 125

The analysis presented for the experimental vehicle and the road bump excitation

was performed based on acceleration measurement obtained in selected parts of the

vehicle body and underbody. Finally, ride comfort indices were evaluated, based on

RMS and maximum value of different acceleration quantities according to Equations

(2.7) and (2.10), respectively, and compared for different current values. However, due

to the measurement noise and since velocity quantities are also used in the analysis, the

data preprocessing is required.

7.2.1 Measurement data preprocessing

Several kinematic quantities describing motion of the vehicle were used, i.e. vertical

and angular pitch velocities and accelerations of the vehicle body parts as well as simi-

lar measurements of wheels vibrations. Thus, the goal of preprocessing algorithms is to

improve quality of available acceleration measurement and to estimate velocity signals.

The following is involved: conversion and space transformation of acceleration measure-

ment, compensation of an acceleration offset induced by the gravitational acceleration,

estimation of velocity signal and evaluation of vehicle body pitch-related signals.

Acceleration measurements are available in the form of three-axis components given

for 8 measurement points located in the vehicle body and underbody parts. In order to

obtain vertical acceleration the measurements are transformed using orientation matrices

which describe position of the each accelerometer with respect to the vehicle-related co-

ordinate system. Since only vertical acceleration signals were needed, the transformation

is performed according to the following formula:

ak = racck ·


ak,x

ak,y

ak,z

 , (7.1)

where ak denotes resultant vertically oriented acceleration for a certain acceleration mea-

surement point numbered by k. Symbol racck denotes a part of complete orientation ma-

trix, which is related to the vertical direction. Symbols ak,x, ak,y, ak,z denote acceleration

taken for x, y and z directions of the sensor-related coordinate system, respectively.
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An offset value of acceleration measurement ak was removed using a digital first

order highpass filter, as follows:

âk = 0.999 · 1− z−1

1− 0.999z−1
ak, (7.2)

where âk denotes vertical acceleration signal with filtered offset value.

It was previously stated based on measurement noise analysis that both tyre-thread-

and engine-induced vibrations are outside the 30 Hz frequency band which is considered

for vibration control. Thus, it was proposed to apply lowpass filter with a cutoff frequency

equal to 30 Hz in offline analysis. Results presented in Figure 7.7 were generated for

the experimental vehicle traversing the obstacle while MR dampers were uncontrolled.

It was indicated that application of the lowpass filter significantly improves quality of

acceleration data which is required to analyse the bump response.
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Figure 7.7: Improving quality of measurement using preprocessing algorithms for single-
road-bump excitation: a) before and b) after filtration

Velocity signals can be estimated based on acceleration (with or without lowpass

filtering) as follows:

v̂k =
1

1− 0.99z−1
âk, (7.3)

where v̂k denotes velocity signal estimated for certain measurement point k. Finally, the

pitch acceleration ε̂sp and velocity ω̂sp are evaluated using âf , âr and v̂f , v̂r, i.e. signals

estimated for the front and rear vehicle body parts, respectively, as follows:

ε̂sp =
1

L
(âsr − âsf ),

ω̂sp =
1

L
(v̂sr − v̂sf ).

(7.4)
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Main disadvantage of the proposed lowpass filter is significant delay time which dis-

qualifies its application in real-time vibration control. However, experiments performed

using the suspension control system indicated that the integration by itself filters out the

high frequency measurement noise in a very efficient manner. Thus, in real-time control,

the lowpass filter was not included in control algorithms which was based on velocity

signals. Furthermore, estimation of displacement signals was neglected due to the signif-

icant measurement noise. It was concluded that future studies will require extension of

the measurement part with suspension displacement sensors.

7.2.2 MR dampers supplied by constant current

Series of road experiments with constant current supplying MR dampers were per-

formed for single-road-bump excitation assuming 10 different current values varying from

0 to 0.66 A. It is difficult to meet repeatability over consecutive experiments, e.g. results

depend on both vehicle speed, direction of obstacle traversing, position of the driver.

Thus, experiments for a certain current value were performed 10 times and the most

similar 4 were chosen according to the fitness index, based on MSE. After the each ex-

periment, position of the obstacle and concrete blocks were checked in order to obtain

repeatability as much as possible.

Collected signals were averaged resulting in 10 smoothed cases related to each cur-

rent value. Described operations were executed for all measurement and estimated signals

from velocity to acceleration for all measurement points. Exemplary time diagrams of

estimated and averaged velocity obtained for uncontrolled suspension MR dampers are

presented in Figure 7.8.

Results present vertical velocity of wheels and vehicle body taken in the front and

rear vehicle parts. It can be noticed that the time delay between front and rear vehicle

excitation is equal to 0.44 s while, according to the approval documents of the experi-

mental vehicle, the distance between axles is equal to 1.29 m. Thus, the vehicle speed

was estimated at the level of 2.9 ms−1, i.e. approximately 10 kmh−1, which is consistent

with the values indicated by available vehicle speed sensors.

Furthermore, it is shown for both front and rear vehicle parts that rising time of

wheel velocity is much greater than rising time of vehicle body velocities which is caused
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Figure 7.8: Estimated vertical velocity signals for the front and rear part of vehicle
body and wheels for uncontrolled MR dampers: a) front and b) rear vehicle parts

by differences between parameters of tyres and the vehicle suspension where the latter

one exhibits low damping and long time decay. Finally, for all performed experiments

nonlinear phenomena were clearly revealed, i.e. tyre loss of traction and elongation

constraints of shock-absorbers, which is recommended to be taken into account in future

models of vehicle vibrations.

7.2.3 Analysis of ride comfort

The ride comfort issue was analysed for the experimental vehicle according to the

standard deviation of averaged body acceleration Îas,avg as well as maximum absolute

acceleration values Âas . Both quality indices were normalized with respect to the results

obtained for passive suspension and denoted as NIas,avg and NAas , respectively (see

definition in Subsection 5.3.5). Such quality indices were evaluated for the each control

current value based on measurements of acceleration averaged over consecutive vehicle

rides (see Figure 7.9).

Diagram ofNIas,avg shows deterioration of the ride comfort for the increasing control

current. Despite the fact that a result obtained for control current equal to 0.07 A

presents an exception, it still offers worse performance in comparison to that obtained

for uncontrolled MR dampers. Given conclusions are consistent with those presented

based on NIas,avg for simulation-based research (see Figure 5.18 in Chapter 5), where it

was shown that higher control currents cause the vibrations of wheels propagate to the

vehicle body parts. Such observations were qualitatively confirmed by the driver of the
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Figure 7.9: Ride comfort evaluated for passive suspension using different indices based
on vehicle body acceleration: a) standard deviation of averaged acceleration, b) accel-

eration maximum value

experimental vehicle. In the case of NAas variation of results is more significant but still

better results were obtained for lower control currents while the majority of worse ones

were obtained for higher currents.

Additionally, time diagrams of results obtained for the averaged body acceleration

as,avg as well as for the vehicle body pitch acceleration εsp are presented in Figure 7.10

for boundary values of control current equal to 0 and 0.66 A. Previous conclusions about

deterioration of ride comfort for increasing control current are confirmed.
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Figure 7.10: Results of vibration control quality for different values of control current:
a) standard deviation of averaged vehicle body acceleration, b) vehicle body pitch

acceleration
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7.3 Control of the suspension system

Two main approaches of semiactive suspension control using Skyhook algorithm

were validated during road experiments, i.e. separate control related to quarter-car model

and control of vehicle body pitch velocity. The algorithms are denoted as SH1-gvsf ,f ,gvsr,r

(or single parameter is used in case of parameters equality) and SH2-pitch-gωsp (defined

in the following section), where gωsp is the parameter of the SH2-pitch algorithm. For

detailed description of the algorithm parameters see Subsection 5.2.2. Furthermore, for

separate Skyhook control two MR damper control approaches were examined, i.e. con-

tinuous (SH1) and on-off (SH1-onOff-imaxmr , where imaxmr is the parameter of the algorithm

denoting the maximum control current). For continuous control approach the Tanh in-

verse model was applied. Similarly as was tested in simulation, the parameter γth of the

inverse model, which is related to the damper piston acceleration, was zeroed.

Results for each experimental case were obtained several times and the final were

evaluated by averaging the most similar ones according to the MSE-based fitness index.

Comparison is presented in time domain as well as based on quality indices related to

ride comfort issue. Commonly, the normalized standard deviation of averaged vehicle

body acceleration NIas,avg and vehicle body pitch acceleration NIεsp (defined in the

following section) were applied as well as the normalized maximum value of vehicle body

acceleration NAas was used.

7.3.1 Separate Skyhook control of suspension parts

For the purpose of analysis of separate Skyhook algorithm and its implementation

in suspension control system, the Equation (5.9) can be reformulated as follows:

Falg,k = −gvsk,k · v̂sk, (7.5)

where Falg,k denotes vertically oriented force desired by SH1 algorithm generated for a

quarter of vehicle suspension denoted as k, while gvsk,k denotes the control gain. MR

dampers installed in the experimental vehicle are leaning with respect to vertical direction

which is taken into account in the following:

Fmralg,k = (rmrk )−1 · Falg,k, (7.6)
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where Fmralg,k needs to be generated by the MR damper and rmrk describes orientation of

the MR damper numbered by k. Finally, control current obtained for the SH1 algorithm

can be generated for certain part of the vehicle suspension using inverse Tanh model of

the MR damper as follows:

imr,k = imr,th(Fmralg,k, v̂mr,k). (7.7)

It was indicated based on simulation research presented in Chapter 5, that con-

straints set on imr,k limiting it to positive values are sufficient for appropriate applica-

tion of the Skyhook control. Generally, additional switching rule is being proposed in

the literature [64] which activates the inverse model only if vs · vmr is positive. Such

modification of the Skyhook control algorithm is defined as follows:

imr,k =

imr,th(Fmralg,k, v̂mr,k) for v̂sk · v̂mr,k > 0

0 for v̂sk · v̂mr,k ≤ 0
, (7.8)

where MR damper piston velocity vmr can be evaluated as follows:

v̂mr,k = (rmrk )−1 · (v̂sk − v̂uk). (7.9)

In order to simplify the SH1, the control current can be switched between only two values

resulting in the modified control approach denoted as SH1-onOff and described as follows

[122]:

imr,k =

imaxmr for v̂sk · v̂mr,k > 0

0 for v̂sk · v̂mr,k ≤ 0
, (7.10)

where imaxmr is a parameter of SH1-onOff control and denotes the maximum value of

current.

Values of quality index NIas,avg were evaluated for all cases of SH1 control as well as

for the continuous and on/off MR damper control approaches. In the case of continuous

control the SH1 with parameter equal to 3000 gave best results while for the on/off control

best results were given for a maximum value of current equal to 0.1 A. Time diagrams

of vehicle body vertical velocity are presented for the best tuned algorithms in Figure

7.11. Results show worse performance of the on/off control approach in comparison to



Chapter 7. Vibration control of the experimental off-road vehicle 132

the continuous approach which is indicated by greater value of maximum pick-to-pick

amplitude.
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Figure 7.11: Results based on vehicle body vertical velocity obtained for Skyhook
control schemes for continuous and on-off MR damper control approaches: a) front and

b) rear vehicle parts

7.3.2 Skyhook control of the pitch vibrations

Multi-dimensional nature of the experimental object offers wide spectrum of possi-

ble applications and control goals. Since multiple MR dampers can be utilized in multiple

combinations in order to meet a single control goal, other goals can be simultaneously

taken into account during control synthesis. Optimization of efficiency of forces gener-

ation by MR dampers or minimization of resultant power consumed by the suspension

control system are examples of such additional goals.

The aim of the Skyhook control for a half-car model was to minimize vibrations

of the vehicle body pitch acceleration. Thus, it is stated that the following standard

deviation of the vehicle body pitch acceleration response to single-road-bump excitation

is used for validation of the control scheme:

Îεsp =

√√√√ 1

N

N∑
n=1

{εsp(n)}2, (7.11)

while NIεsp denotes Îεsp normalized with respect to results obtained for passive sus-

pension with uncontrolled MR dampers. The following pitch related control scheme

SH2-pitch was synthesized assuming that all control currents are equal to each other.
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Such feature simplifies the control scheme since only a single current value needs to be

evaluated and transferred to all MCUs. The algorithm take advantage of the vehicle

body pitch velocity signal ωsp, as follows:

Malg = −gωsp · ω̂sp, (7.12)

whereMalg denotes a resultant moment of force desired to be generated by MR dampers

while gωs denotes a control gain.

Position of the gravity centre of the experimental vehicle body is not known exactly.

Thus, it is assumed for the SH2-pitch that Lf = Lr = 0.5 · L. Furthermore, it is stated

that due to the symmetrical road bump excitation piston velocities of right and left

MR dampers are similar, i.e. v̂mr,fr = v̂mr,fl = v̂mr,f and v̂mr,rr = v̂mr,rl = v̂mr,r.

Such assumption simplifies the experimental vehicle to the half-car model, where the

desired control forces correspond to the front and rear vehicle parts. Finally, the inverse

model was applied based on the Tanh Equation (3.10). Additionally, due to the noise of

the piston acceleration measurements âmr, the parameter γth of the inverse model was

neglected resulting in the following modification:

Fmr,th = −
(
αth,0 + αth,1

√
imr
)

tanh(βthvmr)−
(
cth,0 + cth,1

√
imr
)
vmr, (7.13)

which can be reformulated for the purpose of further control derivation as follows:

Fmr,th = Fth,0 + Fth,1 ·
√
imr. (7.14)

Both control goals related to vibration mitigation and algorithm simplification can

be met if instantaneous states of MR dampers allow generating forces consistent with

those desired by the control scheme defined by Equation (7.12) in both front and rear

vehicle parts. In such a case the inverse MR damper model can be formulated involving

the model reformulation (7.14) and the assumption about the equality of currents as

follows:

imr,th,ϕsp(Malg,vmr) =

−Malg

Lfr
− rmrf Fth,f,0 + rmrr Fth,r,0

rmrf Fth,f,1 − rmrr Fth,r,1

2

. (7.15)

Apart from situations when for both front and rear vehicle parts the desired forces can

be generated, it also happens that only certain vehicle part can be controlled in a desired
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manner or none of MR dampers is able to generate desired control force. All above

mentioned cases need to be taken into account in the final switching rule of the SH2-

pitch control as follows:

imr =



imr,th,ϕsp(Malg, v̂mr) for ω̂s · v̂mr,f < 0 and ω̂s · v̂mr,r > 0

0 for ω̂s · v̂mr,f ≥ 0 and ω̂s · v̂mr,r ≤ 0

imr,th(
Mmr

alg,f

Lf
, v̂mr,f ) for ω̂s · v̂mr,f < 0

imr,th(
Mmr

alg,r

Lr
, v̂mr,r) for ω̂s · v̂mr,r > 0

, (7.16)

where

Mmr
alg,j = (rmrj )−1 ·Malg. (7.17)

In the case of vibration control limited to only certain MR dampers, the control is

simplified to the SH1 where desired control force is generated based on desired moment

of force Malg.

Three cases of SH2-pitch control were validated, i.e. for parameters equal to 6000,

8000 and 10000, where results for boundary cases are presented in Figure 7.12 in the

form of time diagrams of vehicle body pitch velocities. Additionally, it can be stated

that gωsp = 6000 Ns rad−1 gives best results with respect to both NIas,avg and NIεsp

quality indices.
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Figure 7.12: Results of vibration control quality based on vehicle body pitch velocity
obtained for different parameters of Skyhook algorithm dedicated to pitch control
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7.3.3 Comparison of different Skyhook control approaches

The following analysis is performed based on normalized standard deviation and

maximum values of the averaged vehicle body acceleration denoted as NIas,avg , NAas ,

respectively (see definition in Subsection 5.3.5), as well as normalized standard deviation

of the vehicle body pitch acceleration denoted as NIεsp (see definition in Subsection

7.3.2). Mainly, three groups of semiactive control algorithms are compared including

the Skyhook control with on/off or continuous MR damper control approaches as well

as Skyhook control of vehicle body pitch vibrations. Furthermore, the SH1 control

schemes with different parameters corresponding to the front and rear vehicle parts were

validated. All quality indices were normalized with respect to thosed obtained for a

passive suspension system with uncontrolled MR dampers.

Initially, results of the NIas,avg quality index (i.e. normalized standard deviation

of the averaged vehicle body acceleration) was analysed and presented in Figure 7.13.

It is shown that simplification of the SH1-onOff algorithm can be applied at the cost of

worse performance than obtained for the continuous MR damper control approach. Thus,

application of SH1 control is recommended in actual vehicles rather than application of

SH1-onOff control.
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Figure 7.13: Comparison of normalized standard deviation evaluated based on averaged
vehicle body acceleration for different semiactive control algorithms
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Similar performance with respect to NIas,avg was obtained for the best cases of

both SH1 and SH2-pitch control algorithms, while SH1 with parameter equal to 3000

gives the best results. It improves vibration control by 10 percent in comparison to

passive suspension, which is consistent to improvement rates obtained for simulation-

based research (see Subsection 5.3.5).

For NAas quality index (i.e. normalized maximum value of the vehicle body accel-

eration), best performance was offered by the SH1 algorithm (see Figure 7.14). Addi-

tionally, the SH2-pitch control with parameter equal to 10000 appeared to be the best

one in minimization of the maximum values of vehicle body acceleration in comparison

to other pitch related algorithms.
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Figure 7.14: Comparison of normalized maximum values of vehicle body acceleration
evaluated for different semiactive control algorithms

The NIεsp quality index is appropriate for validation of semiactive control dedi-

cated to pitch vibrations (see Figure 7.15). It was indicated that SH2-pitch algorithm

gives better results in comparison to algorithms from other groups including previously

favoured SH1 control.

In conclusion, the SH1 with parameter equal to 3000 offers quite good performance

according to all presented quality indices. Finally, it should be noticed how important

the appropriate configuration of semiactive control algorithms is. Not only class of a

semiactive algorithm needs to be adjusted to its application but also its parameters

should be carefully tuned.
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Figure 7.15: Comparison of normalized standard deviation evaluated based on vehicle
body pitch acceleration for different semiactive control algorithms

7.4 Summary

Possibility of on-line adaptation of the vehicle suspension allows for significant im-

provement of the vibration control for different road conditions. The suspension control

system was installed and configured for an actual real-sized off-road vehicle which is

available on the market. Thus, the proposed solutions can be directly transferred to

commercial applications. Semiactive control of vehicle vibrations using MR dampers

is challenging due to significant nonlinearities revealed for both the vehicle vibration

model as well as for MR dampers. Several problems were solved which are related to

tyre-induced and engine-induced measurement noise as well as to other difficulties in ex-

perimental studies. It was shown that improvement of vibration control can be reached

with respect to different control goals, i.e. related to vertical or angular acceleration,

and different on/off or continuous MR damper control approaches.



Chapter 8

Conclusions and perspectives

This dissertation refers control methods dedicated to automotive MR dampers in-

stalled in vehicle suspension systems. Significant advantages of MR dampers were con-

firmed by numerous institutes over the world. Control schemes related to ride comfort

and driving safety needs to be applied for varying road conditions, manoeuvres per-

formed by a driver and subjective feelings of passengers whereas possibility of tuning

MR dampers during ride is desired. The analysis is focused on improvement of ride

comfort which is assessed using acceleration based quality indices while driving safety

related issues are simultaneously observed.

MR damper is an example of semiactive device which can only dissipate energy.

Analysis of the suspension control system needs to be performed for different classes

of road-induced excitations varying from single road bumps to continuous excitation.

Commonly, the sinusoidal excitation of different frequencies and amplitudes was used in

order to analyse response of complex nonlinear suspension in a wide frequency band.

General model of MR damper can be decomposed into two nonlinear signal paths

related to piston velocity and control current. Nonlinearity of the first is revealed in the

form of force saturation for greater piston velocities and hysteresis loops for lower veloci-

ties. The second is caused by nonlinear relationships between parameters of MR damper

model and control current. The Spencer-Dyke model was proposed for simulation-based

studies as a reference model while an additionally identified Tanh model was reformulated

into an inverse MR damper model, validated and applied in the analysis of semiactive

control.

138



Chapter 8. Conclusions and perspectives 139

Simulation-based studies were focused on a longitudinal vehicle model, i.e. the 4-

DOF half-car model, since road obstacles which are taken into account and construction

of the experimental vehicle can be approximately assumed as symmetrical. The half-

car model consists of linear part including vehicle body, suspension system and wheels

where their stiffness and damping are represented as springs and dampers included in the

model. Common nonlinearity of the model is contributed by the Spencer-Dyke model.

Furthermore, the control force generated by the MR damper is additionally influenced

by the vehicle vibration model, mainly by the damper piston velocity. The resultant

vehicle vibration model was validated for different types of excitation while results showed

correctness of the simulation environment as well as significant dependence of the vehicle

response on road classes.

Generally, three control layers can be distinguished for suspension control systems:

optimization layer, vibration control layer and MR damper force control layer which

includes the inverse MR damper model. Classical semiactive vibration control is repre-

sented by Skyhook control algorithms related to both separate control of each suspension

quarter or coupled control of vehicle body vibrations. The LQ control was additionally

validated since the Skyhook control has its origin in it. All presented algorithms were

optimized with respect to quality indices related to ride comfort.

In the case of adaptive control of MR dampers the direct and indirect approaches

can be distinguished. The FxLMS algorithm, which is an example of the direct adaptive

control, was applied in the dissertation. Contrary to classical control schemes which have

to be optimized before their application, the proposed adaptive algorithm requires only

coarse preliminary tuning of its parameters which influence its convergence rate rather

than the quality of vibration control. Furthermore, the proposed algorithms allows for

improving quality of vibration control for larger amplitudes of road-induced excitation.

It is recommended to identify MR damper model during vehicle ride since MR

dampers are sensitive to both their piston motion, degree of wear and tear as well as to

ambient conditions. The proposed method, which is an example of the indirect approach,

does not require force measurement but takes advantage of kinematic signals of vehicle

response which limits the list of required sensors. Application of evolutionary optimiza-

tion algorithm allows for identifying the most significant parameters of the inverse MR

damper model and consequently improve quality of vibration control.
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Road experiments were carried out using an off-road vehicle in which original shock-

absorbers were replaced by MR dampers. Measurement data generated by numerous

sensors installed in the vehicle allow for tracking motion of selected vehicle parts during

experiments and are used for generation of control current. Experiments were performed

for a single-road-bump excitation while the following control strategies were successfully

validated, i.e.: separate Skyhook control of suspension quarter or Skyhook for pitch vibra-

tions of the vehicle body. Results indicated improvement of the vibration control whose

rate is similar to that obtained for simulation-based research. Validation performed for

different parameters of algorithms showed how important is their optimization. Difficul-

ties related to the optimization process favour future application of adaptive control for

the experimental off-road vehicle.

In conclusion, simulation- and experiment-related contributions of the dissertation

can be formulated. Developing the idea of vibration control using MR dampers in road

vehicles can be presented as a general contribution. The author believes that applica-

tion of the modified FxLMS algorithm in adaptive control of automotive MR damper

model including utilization of road profile obtained in advance is one of main contribu-

tions. Furthermore, synthesis of the estimation procedures for online identification of

the MR damper using only kinematic quantities were proposed. The author believes

that the main and innovative technical contribution of the dissertation was to develop

the fully functional suspension control system for an experimental off-road vehicle with

MR dampers. Within experimental studies the synthesis, implementation and validation

of the selected vibration control algorithms, including different types of the Skyhook

algorithm were performed. Furthermore, the MR damper was analysed in details in-

cluding analysis of the different approaches to modelling of the MR damper behaviour

and modelling of the MR damper velocity-force hysteretic behaviour using the transfer

function with desired phase characteristics.

Future studies of semiactive suspension systems can be focused on two main direc-

tions of research. Initially, the current control system is to be developed and extended

with additional sensors, e.g. suspension deflection sensors which generate reliable mea-

surement of MR damper relative displacement. Additionally, gyroscopes can be used for

measuring orientation of the vehicle body. Further research can be carried out in the

field of scalable adaptive control dedicated not only to the analysed experimental vehi-

cle suspension, but also to other types of road vehicles. Second direction of the future
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research is dedicated to the control of driving safety. MR dampers create new possibility

of suspension configuration targeted on preventing skidding or vehicle rollover during

dangerous manoeuvres. Deteriorated ride comfort leads to inconvenience of passengers

while deterioration of driving safety can lead to much more critical severe injuries of pas-

sengers. Thus, further research related to driving safety of MR damper based suspension

control is particularly desired.
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Appendix A

Specification of the applied

automotive MR dampers

MR damper is widely applied for control of vehicle suspension systems. Its typical

construction is based on cylindrical housing filled with MR fluid (see Figure A.1a). MR

fluid belongs to the group of intelligent materials. It is a composition of magnetically

polarizable particles suspended in non-magnetic carrier fluid, e.g. mineral oil, synthetic

oil or glycol [124].

(a) Construction of automotive MR damper presented in [81]: 1 -
coil wires, 2 - piston rod, 3 - bearing and seal, 4 - MR fluid, 5 - ring,
6 - coil, 7 - orifice, 8 - piston, 9 - diaphragm, 10 - gas accumulator

(b) Automotive MR damper manufactured by Lord Corporation

Figure A.1
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During operation of the MR damper, the MR fluid is flowing through the piston

gaps, where electric coils are located. Control current which supplies the coils induces

magnetic field and, consequently, modifies properties of MR fluid. Particles of MR

fluid are polarized and form chain-like structures along the magnetic field lines and

perpendicularly to the direction of suppressed fluid flow, which occurs through the piston

gaps.

Two types of MR dampers manufactured by Lord Corporation, i.e. RD-8040-1 and

RD-8041-1 (see Figure A.1a), are installed in the experimental vehicle. Most impor-

tant parameters of the applied MR dampers are listed in Table A.1 according to the

specification [25].

Table A.1: Selected properties of MR dampers [25] installed in the experimental vehicle
of types RD-8040-1 and RD-8041-1 manufactured by Lord Corporation

Type of MR damper RD-8040-1 RD-8041-1

Mechanical properties
Stroke 55 mm 74 mm

Maximum length 208 mm 248 mm
Body diameter 42.1 mm
Shaft diameter 10 mm

Electrical properties
Input current <1 A ( continuous for 30 s), <2 A (intermittent)
Input voltage <12 V (DC)
Resistance 5 Ω (ambient temperature), 7 Ω (71 ◦C)

Operating properties
Tensile strength <8896 N
Damper force
(Peak to Peak)

>2447 N (0.05 ms−1, 1 A), <667 N (0.2 ms−1, 0 A)

Response time <15 ms
Operating temperature <71 ◦C

Both types of MR dampers differ in the stroke equal to 55 mm or 74 mm and,

consequently, in the maximum length equal to 208 mm or 248 mm for the RD-8040-1

or RD-8041-1, respectively. Other mechanical properties, including body diameter and

shaft diameter are similar for both dampers.

The dampers can be controlled by a limited current value: not greater than 1

A continuously for 30 s and not greater than 2 A intermittently where input voltage
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is limited to 12 V DC. The resistance of the electric coils varies with respect to the

temperature of the damper housing from 5 Ω for ambient temperature to 7 Ω for 71 ◦C.

According to the given operating properties, maximum tensile strength of both

dampers should be not greater than 8896 N. Manufacturer states that Peak-to-Peak

amplitude of the minimum force possible to be generated by the damper is not smaller

than 2447 N for the relative piston velocity equal to 0.05 ms−1 and the input current

equal to 1 A. The maximum force generated by the damper is equal to 667 N for piston

velocity equal to 0.2 ms−1 and control current equal to 0 A. Results of experiments which

were presented in the dissertation showed that maximum Peak-to-Peak amplitudes of

forces varied from 640 N to 3715 N for control current varying from 0 A to 1.33 A (see

Figure 3.1). Generally, the minimum force is recommended to be as small as possible

and the maximum force should as great as possible which makes the limits presented in

the specification are confirmed by the experimental results.

The MR dampers exhibit the response time not greater than 15 ms according to the

specification. Furthermore, it is recommended not to overheat MR damper during its

operation over 71 ◦C, where such requirement was met during the identification experi-

ments. Finally, information about hysteretic behaviour of the MR damper are omitted in

the specification while such feature can be clearly indicated in the MR damper response

(see Section 3.2).



Appendix B

Specification of the experimental

all-terrain vehicle

The experimental vehicle of type ATV-Sweden 500 Allroad (see Figure B.1) is the

key element of the vehicle suspension control system. Four original shock-aborbers lo-

cated in the front and rear suspension parts were replaced with MR dampers of type

RD-8040-1 and RD-8041-1, respectively.

Figure B.1: The experimental vehicle ATV-Sweden Allroad 500

Selected properties of the vehicle, which are listed in Table B.1 according to the

approval certificate [115], were divided into three groups: vehicle dimensions, engine

properties and operating properties.
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Table B.1: Selected properties of the experimental vehicle ATV-Sweden Allroad 500
according to [115]

Vehicle dimensions
Length: 2.18 m Width: 1.17 m
Height: 1.23 m Weight: 337 kg

Axles distance: 1.29 m Wheel distance: 0.92 m
Front overhang: 0.44 m Rear overhang: 0.39 m

Engine properties
Engine type: 4-stroke Number of cylinders: single

Engine capacity: 500 cc (0.5 l)

Operating properties
Maximum speed: 70 kmh−1 Drivetrain: 2- or 4-wheel-drive

Construction of suspension system: independent for each wheel

The vehicle is 2.18 m long, 1.17 m wide and 1.23 m high; it weighs 337 kg. It

is equipped with the 4-stroke petrol engine including single cylinder. The detailed de-

scription of the engine operation was presented in Subsection 7.1.3) which deals with

the analysis of significant engine-induced deterioration of measurement quality. The in-

dependent suspension of each wheel which allows for separate vibration is the another

characteristic feature of the vehicle.



Appendix C

Mathematical description of the

4-DOF half-car model

The half-car model presented in Figure C.1 is considered in the dissertation. The

vehicle body is modelled as a 2-dimensional beam of length denoted as Lfr. Subscripts

f and r denote the front and rear parts of the vehicle, respectively. The vehicle body

beam exhibits the following features: the center of gravity whose distances from the ends

are Lf and Lr, the mass of the vehicle body ms and the moment of inertia about the

pitch axis denoted as IsL. The sprung and unsprung parts of the vehicle are denoted

using subscripts s and u, respectively.

Additional masses moving only vertically, denoted as muf , mur, are included in

the model. They are related to the vehicle front and rear wheel. Vehicle body mass

and wheel masses are connected by linear springs ksf , ksr and viscous dampers csf , csr,

which stands for the front and rear parts of the vehicle suspension system, respectively.

Road-induced kinematic excitation influences the half-car model via springs kuf , kur and

dampers cuf , cur, which are related to parameters of tyres and are connected to the front

and rear wheel masses. Since it was assumed that pitch angle varies in small range, the

trigonometric relationships of half-car model description were neglected.
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Figure C.1: Half-car model of vehicle vibration model with 4 DOFs including suspension
MR dampers

C.1 Equations of dynamics

Derivation of a mathematical description of the half-car model was based on the

Euler-Lagrange equations of the second kind:

d

dt

(
∂L

∂q̇hc

)
− ∂L

∂qhc
+

∂<
∂q̇hc

= Fhc, (C.1)

where the vector of generalized coordinates is denoted as qhc and the vector of generalized

forces is denoted as Fhc. They are expressed as follows:

qhc =


zs

ϕsp

zuf

zur

 , Fhc =


F ∗mr,f sin(αmr,f ) + F ∗mr,r sin(αmr,r)

−LfF ∗mr,f sin(αmr,f ) + LrF
∗
mr,r sin(αmr,r)

−F ∗mr,f sin(αmr,f )

−F ∗mr,r sin(αmr,r)

 , (C.2)

where vehicle body heave displacement and pitch angle are denoted as zs and ϕsp, re-

spectively. Forces generated by MR dampers for the front and the rear vehicle part

are denoted as F ∗mr,f and F ∗mr,r. Additional inclination of MR dampers is considered in

the half-car model by introducing angles αmr,f and αmr,r. Symbols zuf and zur denote

vertical displacements of wheels.
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The Rayleigh dissipation function, which is included in the Euler-Lagrange equa-

tions (C.1) was denoted as <. After including relationships for vertical displacements of

the vehicle body zsf and zsr, which were defined in Equation (4.6), the < can be defined

by the following formula:

< =
1

2
csf (vs − Lfωsp − vuf )2 +

1

2
csr(vs + Lrωsp − vur)2

+
1

2
cuf (vuf − vrf )2 +

1

2
cur(vur − vrr)2

(C.3)

. Furthermore, the Euler-Lagrange equations include the Lagrangian denoted as L:

L = T − V, (C.4)

where T and V denote the total kinetic and potential energy of the system, respectively.

The total kinetic energy is described by the following formula:

T =
1

2
msv

2
s +

1

2
IsLω

2
sp +

1

2
mufv

2
uf +

1

2
murv

2
ur. (C.5)

The potential energy is expressed as follows:

V =
1

2
ksf (zs − Lfϕsp − zuf )2 +

1

2
ksr(zs + Lrϕsp − zur)2

+
1

2
kuf (zuf − zrf )2 +

1

2
kur(zur − zrr)2.

(C.6)

For the considered half-car model and assuming the given description of the total

kinetic energy (C.5), total potential energy (C.6) and the Rayleigh dissipation function

(C.3), the Euler-Lagrange equations given in Equation (C.1) can be simplified into the

following:
d

dt

(
∂T

∂q̇hc

)
+

∂V

∂qhc
+

∂<
∂q̇hc

= Fhc, (C.7)

where their consecutive components are obtained as follows:

d

dt

(
∂T

∂q̇hc

)
=


msas

IsLεsp

mufauf

muraur

 , (C.8)
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∂V

∂qhc
=


ksf (zs − Lfϕsp − zuf ) + ksr(zs + Lrϕsp − zur)

−Lfksf (zs − Lfϕsp − zuf ) + Lrksr(zs + Lrϕsp − zur)

−ksf (zs − Lfϕsp − zuf ) + kuf (zuf − zrf )

−ksr(zs + Lrϕsp − zur) + kur(zur − zrr)

 (C.9)

and

∂<
∂q̇hc

=


csf (vs − Lfωsp − vuf ) + csr(vs + Lrωsp − vur)

−Lfcsf (vs − Lfωsp − vuf ) + Lrcsr(vs + Lrωsp − vur)

−csf (vs − Lfωsp − vuf ) + cuf (vuf − vrf )

−csr(vs + Lrωsp − vur) + cur(vur − vrr)

 . (C.10)

As a result, the equations of dynamics are evaluated for the half-car model in the following

matrix form:

M · q̈hc + C · q̇hc + K · qhc = uhc, (C.11)

where the separated equations of dynamics, which are presented in the dissertation in

(4.2) - (4.5), can be obtained based on Equation (C.11). The symbol uhc denotes vector

of excitation forces for the half-car model, which is expressed as follows:

uhc =


F ∗mr,f sin(αmr,f ) + F ∗mr,r sin(αmr,r)

−LfF ∗mr,f sin(αmr,f ) + LrF
∗
mr,r sin(αmr,r)

−F ∗mr,f sin(αmr,f ) + kufzrf + cufvrf

−F ∗mr,r sin(αmr,r) + kurzrr + curvrr

 . (C.12)

Besides, the mass M , stiffness K and damping C matrices, which are required by the

matrix Equation (C.11), are defined by the following:

M =


ms 0 0 0

0 IsL 0 0

0 0 muf 0

0 0 0 mur

 , (C.13)

K =


ksf + ksr −Lfksf + Lrksr −ksf −ksr

−Lfksf + Lrksr L2
fksf + L2

rksr Lfksf −Lrksr

−ksf Lfksf ksf + kuf 0

−ksr −Lrksr 0 ksr + kur

 (C.14)
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and

C =


csf + csr −Lfcsf + Lrcsr −csf −csr

−Lfcsf + Lrcsr L2
fcsf + L2

rcsr Lfcsf −Lrcsr

−csf Lfcsf csf + cuf 0

−csr −Lrcsr 0 csr + cur

 . (C.15)

C.2 Evaluation of the state-space representation

For the purpose of the simulation-based studies, the matrix Equation (C.11) can be

reformulated into the following state-space representation:

ẋhc = Ahc · xhc + Bhc · uhc, (C.16)

where matrices Ahc and Bhc are defined by the following:

Ahc =

 0 1

−M−1Khc −M−1C

 , Bhc =

 0

M−1

 (C.17)

and the vector of state variables xhc = [qhc q̇hc]T .

The second component of the Equation (C.16), i.e. the excitation vector uhc can

be further decomposed into two parts which are related to the kinematic and force

excitation signals. Such transformation is required in order to evaluate the LQ controller

(see Subsection 5.2.1). The modified state matrix equation is of the following form:

ẋhc = Ahc · xhc + Bhc,F · F ∗
mr + Bhc,r · ur. (C.18)

The output matrix equation is defined for the half-car model as follows:

yhc = Chc · xhc + Dhc,F · F ∗
mr + Dhc,r · ur. (C.19)

The state equation (C.18) depends on state-related matrix Ahc and matrices denoted as

Bhc,F , Bhc,r related to the control forces and kinematic road-induced excitation signals,
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respectively. They are defined by the following:

Bhc,F =


sin(αmr,f ) sin(αmr,r)

−Lf sin(αmr,f ) Lr sin(αmr,r)

− sin(αmr,f ) 0

0 − sin(αmr,r)

 (C.20)

and

Bhc,r =



0

0

kuf cuf 0 0 0 0

0 0 0 kur cur 0


. (C.21)

Herein, vectors of force and kinematic excitation signals are formulated as follows:

F ∗
mr =

F ∗mr,f
F ∗mr,r

 (C.22)

and

ur =
[
zrf vrf arf zrr vrr arr

]T
. (C.23)

The matrices Chc, Dhc,F and Dhc,r, which are included in the output matrix

equation (C.19), are defined in such a way to make all signals, which are necessary for

the simulation-based analysis, be included in the vector of output variables yhc. Thus,

the yhc consists of the following:

yhc =[
xhc

T ,

as, εsp,

vsf , vsr, asf , asr,

zusf , zusr, zruf , zrur,

zmr,f , zmr,r, vmr,f , vmr,r, amr,f , amr,r
]T
.

(C.24)

The symbols as and εsp stand for the second derivative of zs and ϕsp, respectively.

Velocities and accelerations of the front and rear vehicle body parts are denoted as vsf ,

vsr and asf , asr, respectively. Furthermore, suspension and tyres deflections are denoted
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as zusf , zusr and zruf , zrur. Finally, relative displacements, velocities and accelerations

of the front and rear MR dampers pistons are denoted as zmr,f , zmr,r and vmr,f , vmr,r

as well as amr,f , amr,r. The latter signals are evaluated taking into consideration the

inclination angles in the form of sin(αmr,f ) and sin(αmr,r).
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