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SUMMARY

Magnetorheological (MR) fluids enable the rapid and continuous alteration of flow
resistance via the application of a magnetic field. This unique characteristic can be
utilised to build semi-active dampers for a wide variety of vibration control systems,
including structural, automotive, and aeronautical applications. As an example, MR
fluids could enhance the performance of aircraft landing gear, which are subject to
widely varied and unpredictable impact conditions with conflicting damping
requirements.

In this thesis, a numerical sizing methodology is developed that enables the impact
performance of MR landing gears to be optimised. Using real data provided by landing
gear manufacturers, the sizing methodology is applied to both lightweight aircraft. and
large-scale commercial jets in order to demonstrate scalability. For both aircraft types,
results indicate that the peak force and the severity of fatigue loading can be enhanced
over a wide range of impact conditions. However, it is shown that MR landing gears
can be heavier than passive systems. To validate the numerical approach, a prototype
MR landing gear shock strut is designed, fabricated, and tested. Good correlation
between the model and cxperiment is demonstrated, particularly for low velocity
excitations.

MR dampers exhibit highly non-linear force-velocity behaviour. For landing gear
impacts, it transpires that this behaviour can be used to an advantage, where it is shown
that an acceptable performance can be obtained using open-loop control i.e. with a
constant magnetic ficld. However, this non-linear behaviour is highly undesirable for
other scenarios (e.g. an aircraft taxiing), and as a consequence, the choice of an effective
control strategy remains an unresolved problem. A further aim of this thesis is therefore
to develop effective control techniques for broadband excited MR vibration systems.

Through an extensive series of numerical and experimental investigations, case studics
representative of the general single-degree-of-freedom and two-degree-of-freedom
vibration isolation problem are presented. In the experiments, the hardware-in-the-loop-
simulation method is adopted, which provides an excellent means to bridge the gap
between theory and practice when the behaviour of a specific component is complex.
Here, the MR damper is physically tested, whilst the remainder of the structure is
simulated in real-time. The results demonstrate that the chosen control strategy can
provide significant performance benefits when compared to more commonly used
strategies and cquivalent passive systems. Furthermore, the control strategy is shown to
be insensitive to factors such as the type of input excitation.



MR Shock Absorbers Acknowledgements

ACKNOWLEDGEMENTS

I would like to thank my supervisors, Dr Neil Sims and Dr Roger Stanway, for their
help and support throughout this project. 1 am most grateful to Dr Neil Sims for his
technical guidance, and for the numerous opportunities he has made available e.g.

conference trips, future research posts.

I would also like to thank cveryone from the department who have aided this rescarch,
particularly Mike Rennison and Jamie Booth for their help with the design and
manufacture of the test facility, Bob Mills, John Goodliffe and John Wilkinson for
assisting with electrical design aspects, Pae Huyanan for helping with computer

problems, as well as the sceretarial and administrative staff.

This research was madc possible by the support of the EPSRC and the European
Commission under project reference No. FP6-502793 (The ADLAND project). [ would
also like to acknowledge the ADLAND partners, especially Messier Dowty and the
Polish Institute of Aviation for providing the landing gear data, and the Fraunhofer

Institute for supplying the MR fluid.

Finally, I would like to give thanks for the support of my partner Hannah, my family

and friends, and all those who have worked along side me in the office.

1il



MR Shock Absorbers Table of Contents

TABLE OF CONTENTS

NOMENCLATURE. ...ttt esns s sssassssessesanens 1
ABBREVIATIONS .ottt intes st csseesssesssnsssnesassssnessesssssnsaas 5
CHAPTER 1. INTRODUCTION ...oociiriniriinnineiisnincinesnennesessessesessessesssssesnens 6
1.1 The relative merits of passive, active, and senii-active suspensions ................ 7
1.2 SIAFE fTUIAS oo 12
1.3 Background, objectives and OUILINE. ....................c...ccooiiiiiiii 14
CHAPTER 2. LITERATURE REVIEW ..c.cociiiiiiiiirinnnncenennsenesnsssssseesneens 21
2.1 A TStory of Smart JIUIdS ..o 21
2.2 Smart fluid devices. o 03
2.3 Modelling of smart fIUIAS ...........ccocooviiiiioiiiiie e 26
24 Control of smart fluid devices. ... 31
2.5 Landing gear shock absorber deSign ... 34
2.6 Summary of Chapters 1 and 2. 44
CHAPTER 3. MR LANDING GEAR - A DESIGN METHODOLOGY ............ 57
3L TRIFOAUCHION ..o 57
3.2 The Design Methodology ..o 38
3.3 Oleopneumatic shock strut modelling...................o.ccooiciiiiiiiiiii 61
3.4 The landing impact MOdel..................ccoiiiiiii i 66
3.5 MR Valve geometry OpHIUISALION..............ccccioiiiiiiiiie e, 67
3.6 MR landing gears for ghtweight aircraft. ... 73
3.7 MR landing gears for large-scale aiverdft.. ... 83
3.8 Summary of CRaprer 3. 91
CHAPTER 4. MR LLANDING GEAR - VALIDATION USING
EXPERIMENTAL DATA .coooiiiriiiirerntrreneesesesseesenesessseseosesesessessnessesessassssasssssas 113
4.1 Design and manufacture of the MR shock strut..........................ccoo 114
4.2 Dynamic model of the MR shock strut...............c.oocooiiiiiiiii 116
4.3 Description of the (est facility. ..o 117
4.4 Quasi-STeAdy ARALVSIS ..o 118
4.5 DYRAMIC QRALVSIS o 121
4.6 DUESCUSSIOM .o e 128

v



MR Shock Absorbers Tuble of Contents

4.7 Summary of CRAPICE 4 .....c.cooiiiiiiiii i 129
CHAPTER 5. CONTROL OF MR DAMPERS - A NUMERICAL
INVESTIGATION...ccciiiieiceiteitintt e st sssssesssesesesesasssssessssessncessassssesassonsasses 143

5.1 INEPOAUCHTON .o 143

5.2 MR damper model.. ...t 145

3.3 Feedback lineariSAtion .................c.ooi v, 146

5.4 VALIAQUION. ..o 148

5.5 SDOF STUAY......oicooi e e 149

5.6 2DOF SHIAY .oovoiioioee e 156

5.7 DISCUSSION ..o 164

5.8 Stummary of CHUprer 5 ... 165

CHAPTER 6. CONTROL OF MR DAMPERS — AN EXPERIMENTAL

INVESTIGATION. ..ottt sesssss s s ssessesssassesanssanessasssasosnessansnes 177
6.1 THIPOAUCEION (... 177
6.2 The HILS 1eSt fACIIy .. ....ccccoooiiiiiiiiii i 179
6.3 SDOE STUAY . e e 180
0.4 2DOF SHUAY (oo e 187
6.5 Summary of CIapier 6 ........c.ccccoiiiiiiiiiii e 194

CHAPTER 7. CONCLUSIONS AND FURTHER WORK.........ccccovveiurecrecrensncns 207
7.1 CONCIUSIONS. ..o e 207
7.2 FUFLREr WOFK ..o 211

REFERENCES ...ttt esseresssereessessssssssssssosesesssssssesesssesesess 207

APPENDIX A: ABSTRACTS OF JOURNAL PUBLICATIONS AND
SUBMISSTONS ..ttt sae s st s sasssssssassssssessesseenes 229

APPENDIX B: DERIVATION OF THE MASS FLOW CONTINUITY
EQUATION .ttt st sssne essre sesasesssanesessnsssnnessassssanses 234



MR Shock Absorbers Nomenclature

NOMENCLATURE

a Amplitude of sine wave signal
ajo Outer cross-sectional area of the cylinder containing gas
s Piston area
as Outer cross-sectional area of the cylinder that seals against the piston head
a, Cross-sectional area of a passive orifice

A Energy absorbed by the shock strut

A, Cross-sectional area of the bobbin core

A Cross-sectional arca of the flux return

A; Cylindrical area at the interior of the bobbin flange

A, Cross-sectional arca of the copper wire

Ay Pole area of the fluid

A Pole area of the valve material

b Mean annular circumference of the valve

B Feedback gain

By Magnetic flux density i the fluid

B, Magnetic flux density in the valve material
c Tyre constant
C Road surface fitting constant
Cy Discharge coefficient
G, Passive damping cocfiicient
Crose | Post yield damping cocfficient
Cpre Pre-yield damping coefficient
C Damping coecfficient of the tyre
d Mean valve diameter
d, Orifice diameter of the passive valve
D Set-point gain of the linearised system
Dy Maximum shock strut displacement during an impact
D, Piston head diameter
D Shock strut displacement at the maximum piston velocity

Dig Set-point gain of the fully active skyhook system

Dism Set-point gain of the fully active modified skyhook system

Dunr Set-point gain of linearised skyhook system

Durm | Set-point gain of the linearised modified skyhook system

Dy Set-point gain of the ideal secmi-active skyhook system

Dyasm | Set-point gain of the idcal semi-active modified skyhook system

f Frequency

F Actual damping force

Fy Set-point damping force

F, Gas spring force

I, Hydraulic damping force

F, Maximum damping force requirement of the landing gear
Foav Maximum shock strut force during an impact
o Shock strut force
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F, Tyre force
F, Yield force
g Acceleration due to gravity (9.8 lms'z)
G Feedforward gain
G(s) | Transfer function of the yield stress response
h Valve gap height
he Coil height
Hy Magnetic field strength in the fluid
H; Magnetic field strength in the valve material
1 Current
lor Constant current level of the open-loop system
I Inmitial current
g Final current
Lnax Switching current of the on/off controller
k Linear stiffness of the fluid
K Vehicle suspension stiffness
Kico Stiffness of SDOF mass-isolator
K. Linear tyre stiffness
/ Length of individual valve
l Active valve length
L. Length of wire
L, Length of the passive valve’s orifice
[, Total length of the muiti-staged valve
L Lift
L, Inductance of the coil
Ly Length of flux path through the valve material
my Mass representing fluid inertia
n; Mass of piston head
m Gas exponent
my, Distributed mass of aircralt
ni, Mass of valve )
m,, Mass of wheel and tyre assembly
M Mass of SDOF mass-isolator
M. Mass of vehicle
n Number of individual valves/stage number
N Number of turns
p Power
P Pressure
P, Fluid pressure in chamber 1
P; Fluid pressure in chamber 2
P, Gas pressure
P Initial gas pressure N
Q Volume flow rate
o Volume flow rate into control volume
o Volume flow rate into chamber 1
O Volume flow rate into chamber 2
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Omar | Maximum valve flow rate during impact

O Volume flow rate out of control volume
Qo) Volume flow rate out of chamber 1
(o) Volume flow rate out of chamber 2
r Tyre exponent
R, Resistance of coil

Re Reynolds number
Re, Critical Reynolds number

N Laplace operator
S(y) | Displacement power spectral density of road surface
t Time
t, Bobbin core radius
Iy Bobbin flange height
ty Instant of time when shock strut deflects
v Fluid volume
Vg Initial fluid volume in chamber 1
Vg Initial fluid volume in chamber 2
Vg Gas volume
Vao Initial gas volume
V Piston velocity
Ve Horizontal vehicle velocity

Viar | Maximum piston velocity
Vank 1| Adrcraft sink velocity

w Road surface exponent
W, Cotl width

/4 Aircraft weight

X Displacement of the shock strut

X Displacement of the mass representing fluid inertia
X2 Displacement of the piston head

Xp Displacement of the base

X, Displacement of the vehicle mass

X Displacement of the isolated mass

Xy Road surface height

X Displacement of the wheel mass

X Distance along the mean valve radius

z Displacement of SDOF impact system

Zp Displacement of distributed aircraft mass

Zy Displacement of wheel and tyre assembly

Critical acceleration that causes shock strut deflection

o Modified skyhook weighting parameter
Jij Bulk modulus of fluid
4
S

Quasi-steady MR damping function
Dimensionless valve length

Amy Extra mass of fluid

AP, Pressure drop across the inactive valve length
AP, Pressure drop across the active valve length
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APy Zero-field pressure drop
APy Maximum valve pressure drop (Active + inactive) o

At Time delay associated with the actuator dynamics

AQ Net volume flow rate
B ¢ Magnetic flux S
Y Magnetic flux in the fluid
4 Magnetic flux i the valve material

@® | Volume fraction of iron }?zirliAcrlcs VVVVVVV
L Phasc associated with the actuator dynamics -

7 Shcar rate
o Control ratio . I 7 -
;7)“ Viscosity of MR fluid N -
My Magnctic constant (47 X ,‘1__(‘_)?1!/111)

P Density of hydraulic oil -

Dk | Density of MR fluid o o - o
& |Resistivityofcopper o T
¢ | Timeconstant o

z'\.“ MR fluid yicld stress - I ]
© o Maximum MR fluid vield steess

Ly | Waveenumber - S

- e - - - e

& | Dampmgratio e

Zon Minimum damping ratio :
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ABBREVIATIONS

ADLAND | European project name — ‘Adaptive landing gear for improved impact
absorption’

CBA Car Body Accelcration

ER Electrorheological

FEA Finite Element Analysis

GM General Motors

B HILS Hardware In the Loop Simulation

LSL Large Scale Levered

LST Large Scale Telescopic

LVDT Linear Variable Displacement Transducer

PSD Power Spectral Density

| NASA | National Aeronautics and Space Administration

RMS Root Mecan Square

SDOF | Single Degree Of Freedom

SWS Suspension Working Space

—

WCF Wheel Contact Force
2DOF Two Degree of Freedom J
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CHAPTER 1. INTRODUCTION

The theory of vibration within an engineering context has been studied for over a
century [1, 2]. This carly research was fuelled by the need to understand and hence
better control the vibrations in machines and structures (such as rotating shafts, turbine
blades, buildings and bridges), which were ever increasing in size and complexity [2].
The original solutions described by Timoshenko [2] and Den Hartog [1] were often
based upon the use of passive devices such as the addition of springs, dampers and/or
masses. However, achieving a desirable performance over a wide range of excitation
conditions was soon recognised as a problem [1]. This ‘passive’ limitation led to the
development of active and semi-active systems, which can alter their suspension
characteristics in response to scnsed variables [3].  One of the most novel
methodologies to date incorporates the use of smart fluids, which can be used to build
semi-active devices. Such fluids cnable the rapid and continuous alteration of flow

resistance via the application of an clectric or magnetic field [4].

In what follows, the relative merits of passive, active, and semi-active vibration control
methodologies are described with particular emphasis on the use of ‘resilient isolation’
[5] or suspension systems. This will serve to highlight the significant benefits that can
be gained by employing smart fluids in such systems. Particular attention is given to
aircraft landing gear and vehicle suspensions, which are the key systems investigated in
this thesis. The introduction concludes with some background information, and the

outline and objectives of the present research.
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1.1  The relative merits of passive, active, and semi-active suspensions

Passive suspensions are the most frequently adopted solution to vibration control. This
is due to their inherent simplicity, reliability and low cost. To give just a few cxamples,
passive suspensions are utilised in automobiles, aircraft, locomotives, and buildings [5].
As shown in Figurc 1-1, passive systems typically comprise masses, springs and
dampers, which are “passive” in the sense that a power source is not required [6]. Thus,
the suspension elements can only store and dissipate energy associated with local
relative motions.  Moreover, this encrgy cannot be controlled, as the suspension
propertics remain fixed for all time. This characteristic represents the passive system’s
most significant shortfall, as the suspension parameters will only be optimal for specific
conditions [7]. Therefore, where structures are subject to a wide varicty of cxcitation

conditions, performance will suffer,

As an example, aircraft landing gears arc subjected to a wide range of impact conditions
due to variations in sink speed, angle of attack and mass. The landing gear must be able
to absorb sufficient energy in scvere impacts or crash landing scenarios in order to
minimisc structural damage. To accommodate this requirement, the performance for
more common (1.e. less severe) impacts will be compromised, and this will reduce the
aircraft’s  structural fatigue life and increase levels of passenger discomfort.
Furthermore, the damping requirements during taxiing conflict with the impact phase of
landing. For example, a low damping rate is required such that the full stroke of the
shock absorber 1s utilised in the face of high velocity impacts [8].  During taxiing, a
high damping rate is required in order to accommodate the lower velocity excitations
and thus prevent excessive heave and pitch motions [8]. Similar performance trade-offs

exist for vehicle suspensions. Large variations in road surface conditions, vehicle mass,
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and driving style result in conflicting suspension configurations that provide optimal
performance. For example, Sharp and Hassan [7] showed that to obtamn good
performance over many different road surfaces with a fixed suspension working space,
wide variations in the suspension parameters are required. Another classic performance
trade-off can be explained by comparing sports cars with conventional family vehicles.
Whilst sports cars have stiff suspensions to maximise handling, this degrades the ride
quality. On the other hand, family cars have softer suspensions to improve passenger
comfort, but this is at the detriment of road holding [3]. Clearly, such performance

conflicts cannot be overcome with passive suspension elements.

To overcome the limitations described above, considerable attention has been paid to
active suspension systems [9-14], which began to be developed most notably in the
1950’s and 60’s [3]. Typically, a hydraulic actuator is used to both supply and dissipate
energy to and from the vibrating structure. Here, electro-hydraulic servo-valves control
the flowrate of high-pressurc fluid that is pumped into and out of the actuator.
Consequently, using appropriate sensors and control logic, significant vibration

performance can be achieved over wide ranging excitation conditions.

As an example, McGchee ef al. [9] presented an experimental investigation of an active
landing gear, and demonstrated that the initial decelerating force during touchdown
could be reduced by 32% under certain conditions. In passenger vehicles, Crolla noted
that an active system could enhance ride comfort by 35% [15]. However, in the samc
article, Crolla also pointed out that the development of active vehicle suspensions has
been “dropped”. This is due to the associated high cost, power consumption, weight

and complexity, which significantly outweigh the potential performance enhancements.
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For example, Csere [16] noted that the Nissan Infinity active suspension was $5500
more expensive than a conventional suspension, 202lbs heavier, and absorbed 3-5
horsepower.  Again, due to the increased weight, cost and complexity, active landing
gears have not been introduced onto production aircraft [8], in spite of the significant

research developments in this ficld [9, 10, 17-19].

Semi-active systems offer an attractive compromise between passive and active
suspensions.  Such systems provide a means to control cncrgy storage and/or
dissipation. However, unlike active systems, semi-active devices cannot increase the
energy of the system, thus the power requirements are significantly lower. Furthermore,
their performance can approach that of fully active systems [7, 20], whilst their weight,

cost and complexity is potentially more comparable to passive devices.

Arguably, the most significant semi-active control policy to date was described by
Karnopp, ¢r al. [6]. The concept was based on work by Bender, ef a/. [21], where linear
optimal control theory was used to derive the optimum control force for a single-degree-
of-freedom (SDOF) system. It transpired that this optimum force could be rcalised by
the series combination of linear passive clements shown in Figure 1-2. This is called
skyhook damping, as in most practical cases it is not possible to connect the damper to
an inertial reference [6]. The performance advantages of skyhook damping are
llustrated in Figure 1-3, which shows typical transmissibility plots for SDOF systems.
In contrast to a passive system (Figure 1-3(a)), skyhook control enables the significant

attenuation of the resonant peak without degrading the high frequency response (Figure

1-3(b)).

9
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To emulate the skyhook configuration, an active system is required to generate the
necessary force imputs. However, Karnopp [6] described how this policy could be
implemented in a semi-active manner, by adopting what is commonly referred to as a
clipped optimal approach. Esscntially, a semi-active damper generates the skyhook
force when there is a requirement for energy dissipation. As shown in Figure 1-4(a),
this occurs when the skyhook forcc has the same direction as the relative velocity across
the damper. When an energy input is required, the semi-active device produces no force

at all, or (at least) the level of energy dissipation is minimised.

Various semi-active dampers have been proposed, which are often controlled by altering
the geometry of the oil flow passages or orifices. Karnopp [6] proposed the electro-
hydraulic device shown in Figure 1-5, which enabled the separate control of
compressive and rebound forces using solenoid operated poppet valves. Cebon er al.
[22] investigated a valve adjustable semi-active damper for lorry suspensions. These
authors pioneered the hardware-in-the-loop-simulation (HILS) method, which enabled
various controller designs to be investigated experimentally. Here, the semi-active
damper was physically tested with a hydraulic actuator, whilst the remainder of the
vehicle was simulated in real-time.  Using realistic road excitations and a skyhook-
based controller, it was shown that vehicle body accelerations could be reduced by 22%

over an optimally damped passive system [22].

Semi-active damping has also been investigated for aircraft landing gear. Ghiringhelli
ping g g g
[23] used an electro-hydraulic servo-valve to alter the orifice shape during the impact
phase of landing. The device was shown to outperform an cquivalent passive system

with an optimised orifice. Maemori ¢f al. [24] used a stepping motor to rotate a
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“control tube” that altered the flow passages during landing impacts. In another study,
Kriiger [8] numerically investigated the control of semi-active landing gears for aircraft
taxiing manocuvres. A time constant of 25ms was used to account for the control valve
dynamics, although the actuation methodology was not addressed. In that study, Kriiger

demonstrated reductions in RMS vertical cockpit acceleration of up to 40%.

Despite the significant advantages associated with reduced power consumption, semi-
active devices utilising variable orifice methods are still potentially unfeasible. For
example, they require a large number of moving parts, and components are often similar
to those used on active systems (e.g. clectro-hydraulic valves). Consequently, they can
be as complex, costly and bulky as active devices. Smart fluids on the other hand,
provide an cxcellent, and arguably the most superior means to provide vibration control.
Such fluids permit semi-active damping via alteration of the fluid properties rather than

the flow gecometry. Their key advantages are as follows:

¢ The fluid properties can be rapidly and reversibly changed using a low power
electrical source. For example, the smart fluid shock absorber produced by Delphi
(known as MagneRide [25]) has a peak power of 20W, and the RMS value is just a

small fraction of this [206].

e The response times, which are typically under 10ms, are faster than other semi-

active shock absorbers [20].

e Smart fluid devices are fairly straightforward to design within the constraints of

existing passive designs.

11
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e No small moving parts are rcquired. Carlson [26] noted that Delphi’s MagneRide
shock absorber has 60% fewcr parts than their previous electro-mechanical semi-

active damper system.

In conclusion, the cost-cffectivencss and simplicity of smart fluid devices could
approach that of passive systems, unlike other active/semi-active systems. Combining
this with their potential to provide performance benefits that approach active systems,
smart fluids are clearly a superior solution to vibration control. The above factors have
contributed to the significant commercial success of smart fluid devices, [26-28], which

has not been experienced by any other active/semi-active system.,

At this stage, it is appropriate to give a more detailed description of smart fluids, which

is dealt with in the next section.

1.2 Smart fluids

There arc two main classes of smart {luid - the first exploits the electrorheological (ER)
ceffect, and the second utilises the magnetorheological (MR) effect. ER fluids comprise
micron-sized semi-conducting particles dispersed in an insulating oil. On the other
hand, MR fluids consist of micron-sized magnetisable particles (typically iron)
suspended in a non-magnctisable liquid such as mincral oil, silicone oil or water.
Microscopically, when the appropriate field is applied (magnetic or electric),
polarisation causes the formation of particle chains as ilfustrated in Figure 1-6(a). The
strength of these chains, which is detcrmined by the intensity of the applied field,
provides an increased resistance to flow. In macroscopic terms, this increased
resistance exists in the form of a controllable yield stress, which is much like a Bingham

plastic as shown in Figure 1-6(b). It is this yield stress phenomenon that can be utilised

12
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to build highly controllable semi-active devices such as dampers, clutches, actuators,
and brakes etc. In the “Field-Off” condition, the response is often approximated to that
of a Newtonian fluid i.e. where the shear stress is linearly proportional to the shear rate

(see Figure 1-6(b)).

Although practical ER fluids were produced over twenty years ago [29, 30], a mass-
produced device is yet to be seen in the market. Considerable developments in MR
fluid technology occurred nearly a decade later [28], yet they have had significant
commercial success, most notably in the automotive industry. For example, General
Motors have featured MR shock absorbers on many of their Cadillac and Corvetic
vehicles since 2002 [26]. The reason for this present difference in commercial viability

is largely associated to the fluid properties.

ER fluids have lower controllable force levels and require very high voltages in order to
generate elcctric fields of up to 6kV/mm [4]. Also, ER fluids have a narrow working
temperature range (typically between 15°C to 90°C [31]), which makes them unsuitable
in hostile environments. As an example of how this has restricted commercialisation,
the use of ER fluids in the acrospace industry was ruled out, owing to a reluctance to
provide the necessary voltages [4]. Furthermore, the extreme temperatures associated
with high aircraft altitudes would have provided an additional barrier. In contrast to ER
devices, MR fluids can be powered by a low voltage source and can operate between
-40°C to 150°C [28]. Consequently, they are far better suited to acrospace applications,

and the morce recent developments in MR fluids have lead to a renewed interest in this

field.
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Despite the present success of MR fluids, a wide variety of control strategies are in use
(either experimentally or commercially) and as yet, there is no consensus on how best to
perform automatic control. This is primarily due to the inherent non-linear behaviour of
smart fluid devices, which can bc observed by considering the simplified behaviour
shown in Figure 1-6(b). This behaviour makes the goal of tracking a prescribed force
demand a challenging task, which has often led to the development of relatively

complex semi-active controllers.

1.3 Background, objectives and outline

A significant part of the present rcsearch has been carried out under the Europcan
ADLAND project [32] — “‘Adaptive landing gear for improved impact absorption’. The
ADLAND partners have investigated the feasibility of incorporating various semi-active
devices within aircraft landing gear. Onc key method involves the design of aircraft
shock absorbers incorporating MR fluids, which is a key focus of this thesis. MR fluids
were chosen (rather than ER) due to their superior commercial potential, particularly for

acrospace applications as outlined in Scction 1.2.

The feasibility of MR landing gears will depend on whether specific design and
packaging requirements can be met, since space and weight are vital design

considerations. Consequently, one key aim of the present research is:

To develop and experimentally validate cffective device design and sizing procedures

Jfor MR landing gears subject to packaging constraints.

The design methodology will primarily focus on the impact phase of an aircraft’s

landing. Here, the landing gear loads arc at their largest and most unpredictable levels,

14
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thus the effect on the load and fatigue life of structural components is most significant.
Furthermore, the methodology must consider the effects of fluid compressibility and
high velocity flow, which are particularly significant in an impact scenario. Opcn-loop
control studies will also be performed to illustrate the potential of MR landing gears to

adapt to a wide range of impact conditions.

As described in Section 1.2, the choice of an effective control strategy in MR
suspension systems remains an unrcsolved problem. A further key aim of the present

thesis is thercfore:

To develop effective closed-loop control methodologies that can overcome the inherent

non-linearity of MR dampers.

This thesis will focus on two general case studies — (1) a broadband excited SDOF
mass-isolator, and (2) a 2DOF mass-isolator subject to realistic roadway excitations.
Such configurations are highly representative of vehicle suspensions and aircraft taxiing

manocuvres.

The thesis is organised as follows. Chapter 2 presents a review of the literature, which
serves to highlight the novelty of this thesis. This begins with a history of smart fluids,
and a description of the various configurations of device. The key modelling formats
and control methodologies are then described, paying particular attention to flow mode
damping devices similar to that used in this research. Due to the significant landing
gear focus of this thesis, the literaturc review concludes with a detailed history of

aircraft shock absorber design.

15
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In Chapter 3, the MR landing gear design methodology is described. Using real data
provided by landing gear manufacturers, the methodology is applied to both lightweight
aircraft, and large-scale commercial jets in order to demonstrate scalability. To validate
the numerical approach, a prototype MR landing gear shock strut is designed,
fabricated, and tested, which is the subject of Chapter 4. Here, the purpose built damper

test facility that was used to perform the experiments is also described.

In Chapters 5 and 6, the focus is moved away from the specific problem of landing gear
applications, and the more general issuc of closed-loop control is considered. This is

relevant to aircraft taxiing scenarios and the ride characteristics of automotive vehicles.

In Chapter 5, a control methodology is described that overcomes the inherent non-linear
behaviour of smart fluid devices. This methodology is illustrated numerically through a
series of investigations of SDOF and 2DOF structures. In Chapter 6, experiments are
performed in order to further validate the efficacy of the control approach. The HILS
approach is adopted, where a commercial MR damper is physically tested and the
remainder of the SDOF and 2DOF structures is simulated in real-time. Finally,
Chapter 7 presents the key conclusions of this research and some suggestions for further

work.
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(a) (b)
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Figure 1-1: Passive suspension configurations. (a) Single-degree-of-freedom mass-isolator and (b)
two-degree-of-freedom “quarter car” suspension model.
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Figure 1-5: The electro-hydraulic semi-active damper proposed by Karnopp, et al. [6].
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CHAPTER 2. LITERATURE REVIEW

2.1 A history of smart fluids

Willis Winslow was the first to describe the formulation of ER fluids in the 1940’s [33,
34].  However, the properties of these early fluids were found to be abrasive,
chemically unstable, and liable to rapid deterioration [4]. Consequently, early
commercial exploitation was not possible. It was not until the 1980’s that more usable,
non-abrasive ER fluids were developed [29, 30]. MR fluids were also discovered in the
1940°s by Jacob Rabinow [35], although considerable developments did not take place
until the late 1980°s / early 1990’s [28, 36]. This renewed interest led to the significant
commercial exploitation and mass production of MR fluid devices, which was largely
fuelled by research conducted at Lord Corporation [37]. The advances in other
technologies such as microprocessors, scnsor technologies, computer processing speeds

and battery power, no doubt aided the commercial exploitation at that time [306].

Commercialisation began with the development of MR fluid rotary brakes for usc in
aerobic equipment in 1995 [26]. In 1998, MR dampers were introduced into the heavy-
duty truck market for suspension seat applications [26]. However, the most significant
commercial activity for MR fluids has been in primary vehicle suspensions. In 2002,
General Motors (GM) introduced the first primary MR suspension on the Cadillac
Seville STS [26]. The shock absorbers, known as MagneRide [25], are manufactured
by Delphi Corporation but incorporate l.ord Corporation’s MR fluid [26]. Since 2002,
GM have used MagneRide shock absorbers on the 2003 and 2005 Corvette, two of the
2004 Cadillacs (SRX and XLR), and three 2005 Cadillac models (STS sedan, SRX

roadster, and XLR SUV) [26]. Carlson [20] also noted that MR shock absorbers would
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feature on the 2006 Cadillac DTS and the 2006 Buick Lucerne. Most recently, it has
been announced that Delphi’s MagneRide system will also feature on the 2007 Ferrari

599 GTB Fiorano [38] and the 2007 Audi TT [39].

Various other commercial devices have been developed by Lord Corporation, which
include MR rotary brakes for force-feedback clements in steer-by-wire systems, and
large-scale MR dampers (up to 180kN) for civil engineering applications c.g. for
carthquake protection. To accommodate this wide range of commercial devices, Lord’s

MR fluid production levels in 2004 were in the order of tens of thousands of litres [26].

Clearly, MR fluids have had substantial commercial success, but the first mass-
produccd ER device is yet to be developed. The key reasons for this can largely be
explained by considering the relative merits of ER and MR fluids. Carlson, er al.

™ International

presentcd a key paper that addressed this issue in 1995 at the 5
Conference on ER fluids, MR suspensions and Associated technology [28].  After
describing the relative merits of ER and MR fluids, Carlson went onto describe the first
mass-produced MR devices. Sims, ef a/. [4] noted that it was only at this time that ER

specialists became aware of the immense progress that had been made at Lord

Corporation. The key points that Carlson addressed were as follows:

e ER fluids exhibit yield strengths in the range of 3-5kPa, whereas MR fluids arc
capable of delivering yield strengths of up to 100kPa. Consequently, an ER
device must have an active fluid volume (i.e. the volume exposed to the
electric/magnetic field) that 1s two to three orders of magnitude greater than an

equivalent MR device.
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e ER fluids have a narrower operating temperature range. Typically, ER fluids must
operate within 15°C to 90°C [31], whereas MR fluids are usable over the range -

40°C to 150°C [28].

e An ER device must be supplied with a very high voltage source in order to
produce the necessary electric field strengths (2-5kV [40]). On the other hand,
MR fluid devices require a low voltage source (12-24V [40]), which can be
provided by more conventional power supplies. Note that the power requirements
of ER and MR devices are similar (=50W) duc to the contrasting current

requirements (1-10mA for ER, and 1-2A for MR) [40].

e Unlike MR fluids, ER fluids are highly sensitive to the presence of contaminants.

Clearly, MR fluids have a grcater potential for commercial exploitation. This is
particularly true for aerospace applications, where the use of ER fluids was ruled out

due to a reluctance to provide the necessary voltages [4].

2.2 Smart fluid devices

Smart fluids arc suited o a wide variety of applications, by using the ER/MR effect in

one of three possible modes of operation:

The first mode of operation is the flow mode, which is illustrated in Figure 2-1(a).
Here, the fluid is forced between two stationary clectrodes (ER) or poles (MR). The
resistance to flow can then be controlled via the application of an electric/magnetic
field, which is perpendicular to the direction of flow. This configuration is widely used
to build controllable damping devices such as that shown in Figure 2-2(a). Here,

motion of the piston rod forces fluid through an annular orifice. Activation of the
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ER/MR fluid enables control of the pressure drop and hence damping force due to the
development of a fluid yield stress (see Figure 1-6(b)). The flow mode configuration
can also be used to build hydraulic control devices, servo-valves and actuators.
Kordonsky [41] demonstrated how a series of ER/MR valves could be utilised to control
the motion of a hydraulic actuator. This is illustrated in Figure 2-2(b), where the
flowrate through the two inlets (2 and 4) and the two outlets (1 and 3) can be readily

controlled to generate the desired actuator motion.

The second mode of operation is the shear mode, which is illustrated in Figure 2-1(b).
Here, relative motion between the electrodes/poles places the smart fluid in shear. This
relative motion can be either translational or rotational, and activation of the fluid
enables direct control of the force or torque required to cause displacement. Shear
mode configurations can be utilised to build dampers [42], clutches [43], brakes [44],
and structural composites [45]. Examples of rotary MR clutches are given in Figure
2-3. Such devices could replace torque converters in automatic driveline transmissions
in order to provide better control during vehicle launch, and to improve high-speed
efficiency (by reducing slip) [43]. Smart fluid clutches could also be utilised to provide
more precise control of engine fan speed and hence temperature. General Motors have
developed such a system and state an improvement in fuel economy between 1-3% [46].
With regards to shear mode dampers, Lou, er al [47] developed an ER device for a
landing gear, which is illustrated in Figure 2-4. This uses a screw-nut mechanism to
convert translational motion of the piston rod into rotational motion between shearing
disks. Variation of the ER fluid yield stress thus provides controllable torque and hence

axial damping force levels.
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The third key mode of operation is the squeeze mode, which is illustrated in Figure
2-1(c). Here, the electrodes are frec to translate in a direction parallel to the applied
field, which subjects the fluid to tension, compression, and shear forces [4]. This mode
1s particularly suited to vibration isolation applications requiring small displacements
(typically a few millimetres) and large forces [4] e.g. automotive engine mounts.
Squeeze flow devices have also been developed to control the vibration of flexible rotor

systems [48].

There also exist additional ‘mixed” modes of operation, which use a combination of the
above three. Perhaps the most commonly used mixed mode device is the shear/flow
mode damper, which is illustrated in Figure 2-5(a). Here, an annular orifice is formed
between the piston head and the cylinder wall. Piston motion results in the
simultaneous relative motion between the valve walls (shear mode), and the flow of
fluid through the annular orifice (flow mode). Berg and Wellstead [49] developed
another type of mixed mode device for an aircraft landing gear. Their device, which is
presented m Figure 2-5(b), combined the shear and squeeze modes of an ER fluid.
Here, the relative translation of the charge plates shears the fluid, whilst simultaneously

squeezing it between the opposing peaks and troughs.

The present thesis predominantly focuscs on the flow mode configuration of device,
which is arguably the most suited to damper design. This is particularly truc where

sizing constraints are a vital concern, which is often the case for aircraft landing gear.
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2.3  Modelling of smart fluids

Accurate modcls of smart fluids are vital, as they enable the effective design and sizing
of devices, and aid the development of high performance controllers. Furthermore, they

permit an assessment of the feasibility/commercial viability of new applications.

There are two main classifications of model: (1) Quasi-steady models and (2) Dynamic
models. Quasi-steady models predict the behaviour (e.g. pressure drop or damping
force) during steady flow conditions i.c. where the fluid shcar rate is constant. Such
models are uscful for initial device design and sizing purposes. Dynamic models
account for the transient flow behaviour, which can include effects such as fluid
compressibility and fluid inertia. Consequently, they are better suited to accurately
predicting device performance as part of a complete vibrating structure, and thus enable
the more effective development of control strategies. In what follows, a review of both
quasi-steady and dynamic modelling formats is presented. Particular attention is given

to smart fluid dampers, which are the kcy focus of this thesis.

The quasi-steady behaviour of smart fluids is commonly characterised as a Bingham
plastic (see Figure 1-6(b)). Bingham fluids exhibit a yield stress phenomenon, where
flow will only occur once this critical yicld stress value has been exceeded. Much
attention has been paid to the development and validation of quasi-steady models for
Bingham plastic flow through annular ducts, which is the most common configuration
for an MR damper (see Figure 2-2(a) and Figure 2-5(a)). Kamath, et al. [50] developed
one-dimensional axisymmetric models for both flow mode and mixed mode ER
dampers. A mixed mode device was fabricated and experimental results strongly

Supported Bingham plastic behaviour. However, the yield stress and viscosity
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predictions were poor, where fluid property values had to be updated before good

correlation was achieved.

To simplify the quasi-steady analysis, annular passages are commonly approximated to
parallel flat plates. The constitutive equation describing Bingham plastic flow between
parallel flat plates is well known and can be found documented in various textbooks
[51].  Numerous investigators have shown analytically that the parallel plate
approximation compares well with morc complex axisymmetric models [52-54]. In
general, this is valid provided that the valve gap is sufficiently small, and that the mean
annular radius is sufficiently large for curvature effects to be negligible [55]. Various
non-dimensional forms of the Bingham plastic equation for parallel plate flow have also
been derived [55-57]. Such forms are advantagcous as they enable design concepts to

be tested at model-scale before full-scale prototypes are built [57].

The performance of smart fluids can deviate from idealised Bingham plastic behaviour,
particularly at high velocities. With reference to Figure 2-6, smart fluids may exhibit
shear thickening or shear thinning behaviour, where the apparent viscosity tends to
increase or decrease with increasing shear rate. Various authors have characterised this
effect using the Herschel-Bulkley model [58-60], which assumes that the shear stress is
proportional to a power law of the shear rate. As a simplification to the Herschel-
Bulkley model, Dimock, er al. proposed using a bi-lincar post-yield viscosity function
in the Bingham plastic equation [61]. Here, a critical shear rate was used to define a
region of high shear rate flow and a corresponding reduction (shear thinning) or
increase (shear thickening) in the fluid viscosity. Peel and Bullough [55] developed an

alternative approach, which used empirical cocfficients to modify the equation for
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Bingham plastic flow between parallcl flat plates. Furthermore, dimensionless variables
were used, thus enabling the updated model to be effectively applied to any other

geometry of device.

Whilst the above models are effective at predicting the post-yield quasi-steady response,
they do not account for the significant dynamic behaviour that is observed in real
devices. To give an example of this behaviour, Figure 2-7 shows the sinusoidal
force/velocity response of Lord Corporation’s RD-1005-3 MR damper [62]. Also
shown superimposed is the quasi-stcady response for Bingham plastic flow between
parallel flat plates. This clearly illustrates the inadequacy of the quasi-stcady model
under dynamic conditions. With reference to the experimental response, the key
dynamic effects are in the form of a hysteresis loop, which has been attributed to fluid
compressibility [63], and the appearance of underdamped oscillations, which are
associated with the fluid inertia [63]. Furthermore, the pre-yield response appears to be
viscoelastic in nature.  This is in direct contrast with the quasi-steady model, which

assumes rigid pre-yield behaviour.

Stanway, er «l. [64] made the first step towards the development of effective dynamic
models [4]. The authors proposed a phenomenological model of an ER damper, which
used the parallel arrangement of a viscous damper (to model the post-yield response)
and a Coulomb friction element (to model the yield stress). The form of the model is
shown in Figure 2-8(a). Gamota and Filisko [65] proposed an extension of this model
n order to account for the viscoclastic pre-yield behaviour. The extended model, which
is shown in Figure 2-8(b), could more cffectively account for fluid compressibility

effects. However, it is significantly morc complex due to the increased number of
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parameters and degrees of freedom. Furthermore, the governing equations are stiff and

therefore numerically difficult to solve [66].

Spencer, er al. [66] proposed the use of a Bouc-Wen model, which can effectively
capture the hysteretic behaviour, whilst being more numerically straightforward to
solve. The most basic configuration is presented in Figure 2-8(c), which uses a non-
parametric element in parallel with a viscous damper and a spring. This provides
acceptable predictions of the experimental response, although 1t was shown that an
additional degree of freedom is required for significant accuracy [66]. A key
disadvantage of the Bouc-Wen model is that it requires the identification of a large
number of parameters. Consequently, many investigators have focused on the

development of effective system identification techniques [67-69].

Kamath and Wereley [70] developed another dynamic modelling approach. The authors
proposed a viscoelastic-plastic model in order to enhance the predictions of the pre-
yield (viscoelastic) behaviour and the transition to post-yield (plastic) flow. The form
of the model is shown in Figure 2-8(d). Here, non-linear shape functions are uscd to
determine the weighting of two linear shcar flow mechanisms — one that describes the
pre-yield behaviour (parallel viscous damper and linear spring) and one that describes
the post-yicld behaviour (viscous damper).  Various other non-parametric techniques
have been developed for the dynamic modelling of smart fluid dampers. For example,
Gavin, er al. [71] fitted Chebyshev polynomials to experimental data, and Choi, et al.
[72] fitted 6" order polynomials. Chang and Roschke [73] developed a neural nctwork

of an MR damper, which was trained using a Bouc-Wen model.
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Many of the above model formats arc highly complex and require the identification of
many parametcrs. Furthermore, the parameters can often lack physical significance and
the models are usually developed in parallel to existing laboratory devices.
Consequently, the model is likely to be well suited to a particular device, and thus
cannot be used for different designs. Sims, e al. [74] developed a more general
modelling approach that overcomes the above shortfalls. The form of the model is
presented in Figure 2-8(c), and comprises a quasi-steady damping function in series
with two masses and a linear spring. The linear spring accounts for the fluid
compressibility, whilst the masses n; and m> represent the fluid inertia and the piston
head mass respectively.  Furthermore, the damping function can be derived from
analytical modcls such as the Bingham plastic cquation for flow between parallel flat
plates [63]. This physical significance mcans that the model parameters can initially be
based upon constitutive relationships using fluid properties (e.g. bulk modulus) and
device gcometry, rather than using observed experimental behaviour. Thus, an accurate
dynamic model can be developed prior to device manufacture, which is vital for
prototyping. Nonetheless, the format of the model also enables an updating or system
1dentification procedure to be performed. An accurate representation of many real
devices is therefore possible. Sims, ef al. [74] details an effective system identification
procedure, and 1t is shown that the resulting model is extremely efficient in reproducing
an MR damper’s behaviour with broadband mechanical and electrical excitation. This
model is used in the present study in order to develop effective control strategies for

MR mass-isolators and vehicle suspensions.
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2.4  Control of smart fluid devices

There are two key objectives that must be addressed in order to design effective

controllers for smart fluid based vibration systems:

1. To calculate the desired damping force that will provide the optimal

performance.

2. To determine the corresponding input current/voltage that achieves this desired

force.

To achieve thc above, a wide variety of control strategies arc in use (either
experimentally or commercially) and as yet, there is no consensus on how best to
perform automatic control. A key reason for this is the inherent non-linear behaviour of
smart fluids, which makes the goal of tracking a prescribed force demand a challenging
task.  Consequently, investigators have focused on the development of relatively
complex semi-active controllers, in an attempt to fully exploit their potential within
automatic control systems. For example, L.yapunov stability theory and clipped optimal
control strategies have been implemented in structural control with some success [75-
77] and have becn shown to compare well with equivalent ideal semi-active and fully
active systems [78]. Neural networks have been investigated for both structural [79]
and automotive [80] applications, as well as fuzzy control schemes [68, 81, 82] and H .
controllers [83, 84]. Investigators have also implemented sliding mode control for both

automotive [85, 80] and aerospace [87] applications.

With many of the above control strategics. investigators often simplify the force

tracking strategy by using on/off or bang-bang methods. Examples include the clipped-
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optimal control of structures [76-78], and the skyhook control of vehicle suspensions
[20, 88] and automotive engine mounts [89]. Here, the smart damper’s current/voltage
supply 1s switched to a pre-determined level when a dissipative force is required within
the controllable range of the device. Sims, et al. [20] concluded that the on/off
approach is effective under sinusoidal excitation but breaks down under more realistic
random inputs. Also, Simon and Ahmadian [88] demonstrated that an on/off controller

can enhance RMS vibration levels, but at the detriment of the peak value.

Alternative force tracking methodologies include the development of approximate linear
relationships between the control current and the desired damping force [78]. Also,
Choti, et al. [72] used a polynomial modcl of an MR damper to analytically generate the
inverse damper dynamics (i.c. the required current for a given force). In a more recent
study, Du, et al [84] used this methodology to implement H., control of an MR vehicle
suspension. However, the authors concluded that the desired force could not be tracked
accurately due to the insufficiency of the polynomial model to describe the low velocity
behaviour. More complex force tracking strategies have utilised neural networks, which
are trained to predict the control current for a given force [90-93]. As an example, Kim
and Roschke [90] trained a neural network using experimental MR damper data, and
iHlustrated that the force/velocity response could be lincarised. Chang and Zhou [91]
used a Bouc-Wen model for training, and tracked force demands from optimal control

laws for both singlc and multi-degree-of-frecdom systems.

Many of the above control methodologies are likely to be sensitive to parameter
uncertainty. This is because they are derived using specific experimental or numerical

behaviour, and thus the force tracking accuracy will suffer if this behaviour changes e.g.
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due variations in temperature and hence viscosity, or due to differences in fluid
properties between batches. Research at the University of Sheffield has pursued an
alternative approach to controller design, which helps overcome this problem. The
control strategy uses force feedback to linearise the force/velocity behaviour of a smart
fluid damper [94, 95]. This feedback lincarisation permits accuratc set-point force
tracking within the control limits imposed by the fluid properties and device geometry,
thus enabling various control algorithms to be implemented effectively. Moreover, as
the damping force is used as an error signal, the strategy desensitises control system

performance to parameter uncertainty.

In a previous numerical study based upon an ER damper [96], fecedback linearisation
was shown to be effective for a single-degree-of-freedom (SDOF) mass-isolator with
sinusoidal excitation. A later article [20] extended this work to investigate an ER
vehicle suspension, where a 32% reduction in car body acceleration was demonstrated
with the linearised controller. In that study, although a broadband mechanical excitation
was used, the model had not been formally validated under such circumstances, and the
excitation conditions were not representative of actual roadways. One aim of the
present thesis is to overcome these issues raised by the earlier work, and to illustrate the
performance of the feedback linearisation strategy in comparison with on/off control

schemes. Furthermore, the control methodologies will be investigated experimentally.

The experiments are performed using the hardwarc-in-the-loop-simulation (HILS)
Method, which provides an excellent mcans of bridging the gap between theory and
practice when the behaviour of a specific component is complex.  Besinger, Cebon,

and Cole pioneered this technique in the 1990’s, with particular emphasis on heavy road

(98]
OS]
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vehicles [22, 97]. Here, a semi-active damper was physically tested, whilst the
remainder of the vehicle was simulated in real time. However, this work did not
consider the use of MR dampers, which pose additional problems due to their highly
nonlinear behaviour [77]. More recently, researchers from the smart materials
community have considered the use of HILS techniques for MR engine mounts [89] and
suspension scat applications [98]. MR vchicle suspensions have also been considered
[85, 99], although these contributions did not accurately model the roadway excitation
conditions. This is particularly important for MR dampers as the non-linear behaviour

means that the performance can be especially sensitive to the excitation.

2.5 Landing gear shock absorber design

A key focus of the present thesis is related to the design and sizing of MR landing gear
shock absorbers. 1t is thereforc appropriate to review the previous and existing designs,
which is the subject of this section. This will serve to highlight the significant
advantages of an MR landing gear, and will enable an enhanced understanding of the

performance requirements.

A landing gear has two key tasks. First it must absorb the kinetic energy of the aircraft
during initial touchdown i.e. the impact phase of landing. Secondly, it must both
Suspend the aircraft and provide adequate isolation from surface irregularities during
taxiing.  Although the tyres play a role, it is the shock absorbers that have the main

Iesponsibility for fulfilling these tasks [100].

The main types of passive aircraft shock absorber can be grouped as follows — (1) Those
using a solid spring made of steel or rubber c.g. coil or leaf springs, (2) those using a

fluid spring with gas or oil, and (3) thosc using a mixturc of gas and oil, which are
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generally referred to as oleopneumatic [101]. To characterise the impact performance

of landing gears, the shock absorber cfficiency is commonly defined as [101]:

Lificiency (%)= 4 x 100 (2-1)

max max

where A is the energy absorbed by the shock absorber during its stroke (obtained from
the area beneath the force/displacement curve), and F,,,, and D,,, are the maximum
force and displacement during the impact respectively. Currey [101] compared the
cfficiency and relative weights of the basic passive configurations, which is shown in
Figure 2-9. Clearly, oleopncumatic shock absorbers provide the most superior impact
performance, with an efficiency of up to 80% (Figure 2-9(a)). Furthermore, they have
the lowest weight penalty compared to any other design (Figure 2-9(b)). Consequently,
oleopneumatic designs are the most widcly used configuration on modem aircraft,
which are therefore the focus of this rescarch. Nonetheless, some of the other
configurations arc still in use on lightweight aircraft, which is largely due to their

simplicity, reliability, maintainability and low cost [101].

A passive oleopncumatic shock absorber is shown schematically in Figure 2-10. When
the shock strut compresses, fluid is forced turbulently through the main orifice in the
piston head, resulting in a quadratic damping effect, and thus absorbing energy. The
fluid subsequently compresses the gas in the upper chamber, providing a non-linear
stiffness effect, and therefore enabling the aircraft to support its own weight. A typical
landing impact response that would be obtained from this configuration is illustrated in
Figure 2-11. Here, the total shock absorber force is the sum of the damping and spring
forces. With reference to Figure 2-11(a), the damping force reaches a peak during the

Initial stages of the impact i.e. when the piston velocity is at a maximum. The gas
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spring force peaks at a later stage when the shock absorber reaches full compression.
Consequently, the sum of these forces results in an oscillating response with two
maxima. The corresponding total force/displacement response is shown in Figure
2-11(b). Through consideration of the shock absorber efficiency (Eq.2-1), the optimal
impact performance will result in the most rectangular force/displacement response as
indicated in Figure 2-11(b). This provides the lowest possible peak force, and also

reduces fatigue loading due to elimination of the force fluctuations.

Several numerical studies focusing on passive oleopneumatic landing gears can be
found in the literature. Milwitzky and Cook [102] described a two-degree-of-freedom
(2DOF) impact model of a telescopic (or cantilever) type landing gear. The telescopic
configuration, which is illustrated in Figure 2-12(a), is the most widely used due to its
superior cost and weight effectiveness [103].  Milwitzky and Cook’s model was
comprehensive, and accounted for the hydraulic resistance of the orifice, the non-linear
gas spring force (using the polytropic gas compression law), the tyre force/deflection
characteristic, the internal friction, the wing lift forces, the inclination of the landing
gear, and the effects of wheel spin-up loads. The model was shown to be accurate,

Where numerical predictions correlated well with experimental landing impact data.

Wahi [104, 105] extended certain aspects of this model in order to account for dynamic
affects. In particular, fluid compressibility was included via the incorporation of a bulk
Modulus term. Furthermore, a variable polytropic exponent was introduced in the gas
law (Milwitzky and Cook [102] assumed a constant value), which is more consistent

with the heat transfer characteristics within the device [105].
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Reddy, et al. [106] presented a 2DOF model of a levered landing gear configuration,
which is illustrated in Figure 2-12(b). Such configurations incorporate additional
mechanical arms and hinges, which help reduce the bending loads and hence the
excessive bearing frictional forces that arc induced during wheel spin-up. Yadav and
Ramamoorthy [107] numerically investigated both telescopic and levered landing gear

configurations within a 4DOF heave-pitch model.

In the literature, many passive solutions are described that attempt to improve the
impact efficiency and enhance the impact/taxiing performance over a wide range of
conditions. For example, metering pins (illustrated in Figure 2-10) are commonly used
to improve the device’s efficiency by changing the damping characteristics during
impact. Flugge [108] presented a methodology for optimising the shape of the metering
pin. However, this was based on one landing case, and the author noted that the

resulting shape would not be optimal for different excitation conditions.

Taxiing performance can be improved using a double acting shock absorber, which is
illustrated in Figure 2-13 [101]. The problem ariscs from the inherent non-lincar gas
Spring characteristic, which results in an excessive suspension stiffness under static
loads. By incorporating a low and a high pressure gas chamber in to the shock strut, a
More linear stiffness results, which gives rise to a softer suspension during taxiing.
Messicr Dowty dcesigned an adaptive double stage nose landing gear in the 1990°s
(100]. Essentially, the pilot could switch from a single stage function, which is used for
the impact phase, to a double stage function during take-off and taxiing manoecuvres.
Reductions in landing gear loads of 20% and 8% were achieved during taxiing over

Tepaired and unprepared runways respectively | 100].
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Schnitzer [109] drew attention to another performance limitation that exists in
conventional landing gears. He noted that, whilst the shock absorber may perform well
over smooth runways or during low velocity impacts, excessive loads would be
generated when loads are applied rapidly e.g. over rough surfaces or during heavy
landings. This is a direct result of the quadratic nature of the damping force, which
causes the shock absorber to behave in a rigid manner at high velocities. In another
sense, Kriiger [8] noted that the low damping requirement for hard landings results in a
damping factor that is too small for taxiing conditions. This is exactly related to the
problem that Schnitzer addressed. As a passive solution to the problem, Schnitzer
proposed a rate-actuated metering pin or valve [109, 110], which provides velocity
dependent damping control. A schematic diagram of such a device is presented in
Figure 2-14. During low rates of compression, fluid is able to fill the restriction tube
fast enough to balance the pressures and maintain the plunger in its equilibrium
position. However, for high rates of compression, the fluid cannot fill the restriction
tube quick enough. Consequently, the plunger is lified, which causes an increasc in the

- orifice size and hence a reduction in damping levels.

Many of the above passive solutions are still limited in performance, as they will be
tuned to specific landing impact/runway disturbances. Consequently, to accommodate a
Wider range of input conditions, investigators have sought alternative solutions, for

CxXample using active landing gear.

Substantial research efforts at NASA Langley Rescarch Center have focused on the
design of active landing gears since the 1970°s [111]. Three possible actuator

configurations were originally considered — (1) series-pneumatic, (2) parallel-hydraulic,
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and (3) series-hydraulic [111]. The series-pneumatic approach rcgulated the gas
pressure in the upper chamber using two gas accumulators and electronically controlled
valves. In the second approach, a hydraulic actuator was used in parallel to the spring
and damping elements of the existing shock strut. The series-hydraulic configuration
regulates the fluid pressure in the lower chamber as illustrated in Figure 2-15(a). This
was found to be the most feasible active solution [111}], and has been investigated in all

subsequent active landing gear research at NASA.

Ross and Edson [112] presented an analytical and experimental active landing gear
investigation of the series-hydraulic configuration. Results were presented for vertical
drop tests (where zero horizontal velocity was assumed), and also for impact and roll
conditions onto both flat and sinusoidal runway surfaces. The control strategy used
energy relations to maximise the shock strut stroke for any given impact, thus
minimising the force transmitted to the aircraft. Essentially, this was achieved by
comparing the kinetic energy of the aircraft with the work potential of the shock strut.
When the work potential exceeded the kinctic energy, the hydraulic actuator was
initiated, and the present value of the wing/gear interface force was set as the desired
value for the remainder of the impact. Results indicated that the reduction in peak force
over a passive system was between 9-31%, depending on the aircraft sink speed and the
static gas pressure. In a separate report, Ross described the controller, hardware, and

sensors used to implement this active control concept in more detail [17].

Ross and Edson also demonstrated the performance of an active landing gear while
rolling over repaired bomb craters [113]. During rolling, active control is initiated only

when the wing/gear interface force exceeds a presct tolerance or limit about the static
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value. The commanded force to the actuator is then set to this limit value until the
actual force is back within range. Using dynamic simulations, the authors demonstrated

that the peak wing/gear interface force could be 74% lower than with a passive system.

McGehee and Dreher [9] presented an experimental investigation of an active landing
gear. The authors used a specially constructed carriage equipped with the active gear,
which could be both propelled and dropped along a runway with various surface
irregularities. The control methodologies for impacts and taxiing were based on thosc
used in previous studics, as described above. For vertical impact tests, the authors
demonstrated that the percentage reduction in force improved as the aircraft sink speed
was increased (c.g. from 8% at a sink rate of 0.9m/s to 32% for a sink rate of 1.7m/s).
However, for more realistic impacts performed with an initial forward velocity, the
control effectiveness reduced with increasing horizontal speed (e.g. for a sink rate of
1.7m/s, performance improvements were 31% at 8 knots and 11% at 80 knots). This
was attributed to the larger strut binding-friction forces, which the actuator cannot
control. Such forces are generated as a result of the moments applied to the gear during
wheel spin-up, or whilst traversing surface irregularities during rolling/taxiing. The
-authors also presented the taxiing performance using step bump excitations of various
frequencies. It was found that the control effectiveness reduced with an increased

frequency, which was due to the low bandwidth of the actuator.

In a more recent investigation, Horta presented a different configuration of the series-
hydraulic landing gear, wherc electro-hydraulic servo-valves were connected to both the
upper and lower fluid chambers [10]. Using sinusoidal runway disturbances,

experimental results indicated that closed-loop control could reduce vibrations around
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the natural frequency by factor of four when compared to the open-loop system. The

control of impact forces was not investigated.

The above review of active landing gears has indicated that significant performance
benefits are possible over conventional passive devices. However, such active systems
are inherently bulky, heavy, and have relatively complex actuation devices requiring
large power supplies. As a result, active systems are yet to be introduced onto

production aircraft [8].

Semi-active systems represent an attractive compromise between passive and active
systems, where existing solutions aim to regulate cnergy dissipation through semi-active
damping. This type of device is illustrated in Figure 2-15(b), where damping forces can
be controlled either by altering the orifice shapc (e.g. using a servo-valve or piezo-
valve) or by changing the fluid properties (e.g. using smart fluids). Research conducted
in the 1980’s at Messicr Dowty investigated the use of servo-valves to control orifice
diameter [100]. However, the reduction in loads during tests was found to be
negligible.  Ghiringhelli [23] presented a numerical and experimental study of semi-
active landing gear impacts, which also used servo-valves to control the orifice shape.
Energy relations were used to calculate the desired/optimal load profile according the
input conditions, and numcrical results indicated load reductions of up to 15%. The
cxperimental results contained high frequency oscillations due to inadequate filtering of
the sensor signals. Kriiger [8] presented a numerical study of a semi-active aircraft
landing with a variable orifice diameter. Input cxcitations representative of actual
runways were used to investigate taxiing performance, and a first-order low-pass filter

with a 25ms time constant was used to account for the system dynamics. Skyhook,
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fuzzy-logic and state-feedback based controllers were shown to perform well, where
reductions in vertical cockpit acceleration were between 25-40% depending on the
aircraft mass, speed and runway conditions. The fuzzy-logic and state-feedback
controllers were particularly superior at damping higher modes of vibration. Maemori,
et al. [24] used a stepping motor to alter thc flow passages during landing impacts.
Optimal orifice areas were calculated for a range of aircraft masses such that the
acceleration of the fuselage during impacts was minimised. Numerical results indicated
that the scmi-active device could handle mass variation much better than the optimum

passive device.

The ADLAND project partners have developed another semi-active approach, which
uses piezoelectric material to alter the orifice gecometry [114]. This is known as a piczo-
valve and the concept is shown schematically in Figure 2-16. Here, a stack of
piezoelectric material expands and contracts under the application of a voltage. This in

turn displaces a poppet, which modifies the flow gcometry of the main orifice.

Considering specifically the use of smart fluids in landing gears, various shock absorber
designs have been proposed in the literature. For cxample, Lou, ef af. [47] presented a
shear mode ER shock strut, which was described previously (see Figure 2-4). To
control the impact response, the authors used kinctic energy relationships to calculate
the lowest possible landing gear force that results in the most efficient or “box-like”
force/displacement response (see Figure 2-11(b)). Simulated results indicated that the

peak acceleration could be reduced by 23%.

Another ER landing gear was proposed by Berg and Wellstead [49]. The authors used

a shear/squeeze mode device (see Figure 2-5(b)) in scrics with a conventional passive
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shock strut. Particular attention was given to fail-safety, where the inclusion of a
locking mechanism could revert performance to that of the passive device. In terms of
control, the authors suggested that the ER damping coefficient should be altered
according to the frequency of the input excitation, although an exact methodology was

not described.

Choi and Wereley [87] investigated the use of a flow mode ER/MR landing gear shock
strut for the control of impacts. The authors developed a sliding mode controller that
was designed to be robust against variations in aircraft mass, lift force, viscous
damping, and the gas spring stiffness. Numcrical results indicated that the acceleration
and displacement response of the aircraft could be significantly improved using sliding

mode control.

Whilst the above ER/MR investigations have helped to demonstrate the benefits of
using smart fluids to implement semi-active control in landing gear, they have often
overlooked packaging requirements/constraints, and the effects of fluid compressibility
i numerical models. Sizing constraints are vital for acrospace applications such as
landing gear, and will be used as a key constraint in the present study. The
consideration of fluid compressibility is particularly important when considering
impulsive loading, as fluid compression will reduce valve flow and hence
controllability. Therefore, the present thesis aims to develop a dynamic model of the
MR shock strut that accounts for fluid compressibility. Wahi [105] modclled fluid
Compressibility in passive landing gear, however this analysis did not consider the two
fluid chambers separately (one cither side of the main orifice), as is the intention of this
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2.6 Summary of Chapters 1 and 2

The first two chapters in this thesis have described the limitations of traditional passive
suspensions, whilst highlighting the advantages that can be gained using semi-active
devices. Moreover, magnetorheological fluid based devices were identified as a
particularly superior means to provide semi-active vibration control. For example, an
MR fluid based aircraft shock absorber could be utilised to enhance both the landing
impact and taxiing performance, thus improving fatigue life and levels of passenger
discomfort.  Although this application has been considered in previous research,
specific design and packaging constraints were overlooked. Furthermore, the effects of
fluid compressibility were neglected in numerical models. Fluid compression degrades
controllability by reducing valve flow, and this will be particularly significant in impact
applications. Consequently, the above issues will be given special attention in the

present work.

Chapters 1 and 2 also drew attention to the non-linear behaviour of MR dampers. This
makes the objective of achieving a desired force (and hence the application of classical
control techniques) very difficult. Consequently, there is no general consensus on how
to best perform automatic control. Previous research at the University of Sheffield has
focused on a methodology known as feedback linearisation, which simplifies this force
tracking issue. However, this research did not formally validate the approach under
realistic broadband excitations. Furthermore, the approach is yet to be investigated

experimentally as part of a complete vibrating structure.

This discussion underpins the principal objectives of this thesis that were described in

Section 1.3.
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Figure 2-1: Smart fluid modes of operation. (a) Flow mode, (b) shear mode, and (c) squeeze mode.
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CHAPTER 3. MR LANDING GEAR — A DESIGN

METHODOLOGY

3.1 Introduction

As discussed in Chapters 1 and 2, aircraft landing gears are subjected to a wide range of
excitation conditions, which result in conflicting damping requircments. A novel
solution to this problem is to implement semi-active damping using MR fluids. In this
chapter, a design methodology is developed that enables the performance of MR
landing gears to be optimised, both in terms of the damping and magnetic circuit
performance. Unlike previous work [42, 87], the sizing methodology incorporates the
packaging constraints of the existing passive design. This is an essential feasibility

consideration as space and weight are vital performance indicators in landing gear.

The design approach focuses on the impact phase of an aircraft’s landing, where large
variations in sink speed, angle of attack, and aircraft mass makes an MR device very
attractive. To implement the design procedure, two numerical tools arc developed - a
valve size optimisation spreadsheet, and a landing gear impact model. The landing
Impact model is based upon that developed by Milwitzky and Cook [102], but is
extended to account for thc MR flow behaviour and the fluid compressibility. This
latter aspect is important in impulsive loading applications such as aircraft landing, as

fluid compression will reduce valve flow and hence the controllable MR effect.

The design approach is initially demonstrated by presenting an in depth case study of
the Polish Institute of Aviation’s 1-23.  This is a lightweight aircraft for

personal/business use, but to demonstrate scalability, case studies for large-scale
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commercial jets are also presented. This was made possible using landing gear data

provided by the ADLAND partner Messier Dowty [103].

This chapter is organised as follows. To begin, the MR landing gear design philosophy
and the numerical tools required to implement it arc described. These tools include a
landing impact simulation, where both MR and passive shock strut models are derived.
The passive simulation will serve to validate the landing impact modcl in general via
comparisons to experimental drop test data. A valve sizing spreadsheet tool 1s then
derived, which enables the simultaneous optimisation of the magnetic circuit and
damping performance. Next, the methodology is illustrated using case studies for both
lightweight and large-scale aircraft. Finally, a gencral discussion of the results is made
and the key conclusions are drawn. The research in this chapter formed the first part of
a two-part journal paper submission [116], and the abstract for this work is given in

Appendix A.L. In addition, two conference papers were produced [117, 118].

32 The Design Methodology

In this section, an MR landing gear design methodology will be developed. The aim is
to find a way of designing the device so that it can achicve an optimal performance over
a range of impact scenarios. This must be achieved without excceding the packaging
constraints of an equivalent passive device. Furthermore, the magnetic design of the

MR valve must be considered.

The MR valve configuration investigated in this study is shown in Figure 3-1. Here,
fluid flows through an annular orifice and the magnetic flux is generated via a coil

Wwrapped around a steel bobbin. The active section of the valve (i.e. the length exposed
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to the magnetic field) is where the path of magnetic flux crosses the annular orifice.

The fluid volume adjacent to the coil remains inactive.

It will be shown that the geometry of this device can be optimised from a magnetic
perspective using analytical methods, and that this magnetic behaviour is relatively
insensitive to the valve gap 4. In contrast the damping behaviour is difficult to optimise
because of the nonlinear interaction between fluid flow, tyre deflection, and shock strut

gas compression. It is, however, highly sensitive to the valve gap 4.

The design approach used is summarised in Figure 3-2. To begin, the MR shock
absorber is sized to be that of the equivalent passive device, in terms of its length and
diameter. This dictates values for the external geometry of the MR valve (length / and
diameter D,). Initial estimates for the valve’s flow diameter d and active length /, can
then be determined. At this stage the precise values are not important because they will

be optimised later, from a magnetic standpoint.

Landing impact simulations are then performed, using data for the actual aircraft
structure, to predict behaviour. This is performed for the case where the fluid yield

stress is at its maximum value 7, , and the impact scenario is at its most severe.

Consequently, for less severe impacts with lower damping requirements, the yield stress
can be controlled to give superior performance over the existing passive system. In this
worst-case simulation, the valve gap / is modified to achieve desirable landing
behaviour, which can be compared to experimental data from the passive device.
Essentially, the aim is to achieve an equal balance between the damping and gas spring

forces. From this result, the pressure drop AP, at the maximum valve flow rate O,
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is determined, and the two properties [AP,uy, Onay] are used to characterise the

requirement of the valve.

The task now is to optimise the magnetic performance of the valve, whilst still
achieving the desirable [AP,,, Omw] characteristic.  Furthermore, the aim is to
maximise the controllability of the valve, thus maximising the range of impact
conditions that can be optimally damped. This involves revising the valve’s mecan
radius and active length, choosing the electric circuit configuration, and finally
modifying the valve gap so as to maintain the [AP,,,., O] characteristic. Because the
magnetic behaviour is relatively insensitive to the valve gap, it is not normally
necessary to repeat the magnetic optimisation once the valve gap /i has been finally

chosen.

With the optimal valve geometry, the landing impact simulations can be repeated to
check that the performance is close to that found for the preliminary design. Because the
(4P, Ouar] characteristic is unchanged, the damping performance will not differ

greatly between the magnetically optimised design and the preliminary design.

The design approach requires two modelling approaches: a time-domain landing
simulation including MR damping, and an analytical approach for optimising the
magnetic design of the valve. These numerical tools are derived in the following

sections.
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3.3 Oleopneumatic shock strut modelling

3.3.1 MR shock strut model

A schematic diagram of an MR oleopneumatic shock strut is shown in Figure 3-3. This
is similar to a typical passive device (see Figure 2-10), except that an MR valve replaces
the conventional circular orifice and the metering pin.  The key equations used to
formulate the dynamic model are also shown in Figure 3-3, which are described as

follows.

Neglecting internal friction, the shock strut force Fy is readily derived using the

following pressure-area balance:

Fo=(P,—-B)a, +Ra,, =F, +F, (3-1)
where P, and P are the pressures in chambers ‘1 " and ‘2°, ay and a5, are the inner and
outer cross-sectional areas of the cylinder that seals against the piston head, F) is the
hydraulic damping force and Fy is the gas force. The present study has assumed that the
pressure in chamber ‘1 1s equal to the gas pressure in chamber ‘a’. This is valid when
the fluid inertia is negligible and if the mass of the dividing piston is small. For the
shock struts considered in this study, the fluid and gas volumes are mixed (i.e dividing

piston mass = Okg) and fluid inertia has been neglected for simplification purposes.

The gas pressure P, (and hence chamber ‘1’ fluid pressure) is determined from the

polytropic law for the compression of gases:
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m

V
P(=P) =Py 2 5-2)

4]

where P,p 1s the initial gas inflation pressure, v, is the initial gas volume, v, is the
current gas volume, and m is the polytropic exponent. For passive landing gears, 1 is
often assumed as 1.1, which has been shown to corrclate well with observed behaviour

when the fluid and gas volumes are mixed [101].

Dynamic effects are incorporated in the form of f{luid compressibility using a bulk
modulus term. This is a vital consideration for shock absorber modelling, especially for
Impact scenarios. Assuming constant density, it can be shown that the general mass
flow continuity equation accounting for the fluid compressibility of a control volume is

(sec Appendix B):

dv L(JP B

o Oi X (3_3)
dt  pgdt <
where v is the control volume (which changes according to piston position and/or fluid

compression), A is the bulk modulus, P is the pressure, and Q; and Q, arc the volume

flow rates into and out of the control volume respectively.

With reference to Figure 3-3, Eq.3-3 is applied to cach fluid chamber, which introduces
non-linear stiffness terms into the model. During compression, O, = Q,, = 0, where
subscripts “/” and ‘2’ denotc chambers / and 2, respectively. Also, assuming there is no
compression in the valve, then O, = Q;; = Q. Finally, assuming a constant bulk

modulus, the mass flow continuity equation for each chamber is:
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_n  mdh

3-4
dt p dt -4

0

—0= dv, e dP, (3-5)
d [ dt

Here, v, =v +v , — (¢, —a,)x—v_ and v, =v, —a,.x, where x denoles the piston
> 1 10 al} 20 2i a 2 20 2

displacement, and the subscript ‘0’ represents the initial conditions. Equations 3-1 to
3-5 were formulated in Simulink and the corresponding block diagram is shown n
Figurc 3-4. Here, Eq.3-4 is solved for v,, whilst Eq.3-5 is solved for P,. The gas
volume v, is then deduced by geometry, which in turn gives P, = P, (Eq.3-2). This

model formulation is necessary as it avoids the presence of an algebraic loop.

Finally, in order to model the MR effect, a look-up table containing the pressure-
flowrate (AP-Q) characteristics of the MR valve as a function of yield stress is
generated. The term AP is calculated by summing the individual pressure drops across
the active and inactive regions of the valve. The active pressure drop is determined by
the solution of the Buckingham equation for Bingham plastic flow between parallel flat
plates [55].  This has been shown to characterise smart fluids well for annular flow,
where the height of the valve gap is negligible in relation to the mean valve diameter.

The corresponding Buckingham equation is as follows:

3
/ / 124l
4 —— r‘:—S L ir o+ 1~#Q- =0 (3-6)
hap, | hAP, )~ bh” AP,

Here, AP, is the active valve pressure drop, /, is the active valve length (equal to 27, in

Figure 3-1(b)) and b is the mean annular circumference of the valve (equal to 7 in

Figure 3-1(b)). The two key unknowns in Eq.3-6 are the Bingham plastic yicld stress 7,
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and the viscosity x4, which can be estimated from the MR fluid manufacturer’s data.
The inactive pressure drop is readily determined using the cquation for Newtonian flow

between parallel flat plates, i.e. Eq.3-6 with 7, = 0.

By specifying the valve geometry, fluid yield stress and volume flow rate, Eq.3-6 can be
solved for AP. Therc 1s only one physically meaningful root to this equation, which is
obtained using Newton’s mcthod. It can be shown that the first guess of AP given by

Eq.3-7 will have converged on the desired root by ten iterations [119].

APY = 3, + 124Q

h hi’

This initial guess ensures that the most positive root of Eq.3-6 is converged upon, which
represents the only root where the maximum shear stress in the fluid is greater than the
Bingham plastic yicld stress, hence representing fluid flow. Equation 3-6 was solved in
Matlab for a range of yield stress and volume flow rate values, which results in a look
up table with flow rate and yield stress as the input and pressurc as the output.
Howecver, from Figure 3-4 it can be observed how the inverse of this is required to solve
the dynamic model i.e. pressure is required as the input and flow rate is required as the
output. This was achicved using interpolation by sampling the previously generated
pressure/flow rate curves at equally spaced pressurcs, and then repeating the procedure

at cqually spaced yield stresses.

A final important point is that the pressures in the dynamic shock strut model were
found to drift when subject to several excitation cycles. The author belicves that this is
duc to a lack of mass continuity in the model as a result of the constant density

assumption in Eq.3-3. Nonctheless, the model was considercd to be accurate over a
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single cycle, particularly during the compression phasec, which is the most important for
landing impacts. For longer simulations, the pressure drift problem can be overcome by
linearising the stiffness term in Eq.3-3 i.e. the ratio v//3 becomes a constant. It should
also be noted that the derivation of Eq.3-3 has somc similarities to the wave equation
used in acoustics [120]. As further work, it would thercfore be interesting to use the

theory of acoustics to derive the model without the assumption of constant density.

3.3.2  Puassive shock strut model

It 1s desirable to model the landing impact responsc of the existing passive shock strut.
This enables the complete landing impact model to be validated before performing
equivalent simulations of the MR device. The passive shock strut model is recadily
derived via substitution of Eq.3-6 with the well-known equation describing the

discharge through an orifice, that is:

Q=C,a, 2(P1 ——;) (3-8)
P
where ( is the volumetric flow rate, Cy is the coeflicient of discharge, «, is the cross-
sectional arca of the orifice and p is the density of hydraulic oil (872.6 kgm™ for
Acroshell 41 which is a standard oil used in landing gear shock absorbers [121]). An
uncertainty arises here regarding the value to be taken for the cocefficient of discharge.
The nominal valuc for a sharp edged orifice is 0.6 [122], although there is evidence of
appreciable variation in the discharge coefficient with Reynolds number during an

Impact [102]. Nonetheless, this value serves as an intuitive first guess.
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3.4 The landing impact model

In this section, a two-degrec-of-freedom (2DOF) landing impact model is derived. For

simplification purposes, wheel spin-up forces have been neglected.

A free-body diagram of the 2DOF impact model is shown in Figurc 3-5. This
corresponds to a telescopic type of landing gear, which is consistent with the majority of
aircraft considered in this thesis. Here, the relative displacement between the airframe
and wheel assembly corresponds to the displacement of the shock strut. The equations

of motion for the system arc as follows:

myz =m,g—L—-1I (3-9)
mz, =m. gl +F (3-10)

wherc m, is the distributed aircraft mass i.c. the cffective aircraft mass that acts over a
single shock absorber, m,, is the mass of the wheel/tyre assembly, z, and z,. arc the
displacements of the drop mass and the wheel/tyre assembly, L is the acrodynamic lift
force from the wings, F, is the shock strut force (Eq.3-1) and 7, is the tyre force. The
aircraft 1ift maintains a constant value equal to a percentage of the aircraft’s weight W,
Normally, L = 0.67W for lightweight utility aircraft and L = W for larger transport
aircraft [101]. The tyre force F, was approximated using the following power law,
which was shown by other investigators [102] to correlatc well with observed

behaviour:

Fo=cz (3-11)
Here ¢ and r arc empirical constants. For simplification purposes, tyre hysteresis was

neglected.
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An added complexity in the model arises due to the initial shock strut inflation pressure
P.y, which gencrates an extension force. Assuming that the shock strut is rigid in
compression and bending, the wheel and drop mass cffectively remain locked until this
initial force 1s overcome, i.e. the system behaves as a single-degree-of-freedom (SDOF)
system [102]. Therefore two separate models arc required with the SDOF model
triggering the 2DOF model at the instant this initial force is exceeded. The equation of

motion for the SDOF system is:

(m, +m)e=(m,+m)-L-F (3-12)
wherc z=z, =z . The initial condition for this SDOI model is set in terms of the sink

velocity, Vi (=2(0)). At the instant 1 = ¢, when the shock strut begins to deflect,

F =P a

al™" 20

(sec Eq.3-1 and note that P,=P,=P,,). Substituting this cxpression into

Eq.3-9 and noting from abovc that Z, = Z gives:

o meg—-L-P. u,
Z' - Po al™" 20 (3_13)
i

n,

Eq.3-13 rcpresents the critical acceleration to be cxcecded to cause shock strut
deflection and Eq.3-12 is solved until this value is rcached. The 2DOF system is then

triggered with the resulting initial conditions from the SDOF system at time 1 = 1.

3.5 MR Valve geometry optimisation

The complete MR landing impact model has now been derived, and what remains is to
determine the optimal MR valve geometry. In this scction, a methodology for

Optimising the performance of MR valves subject to sizing constraints is presented.
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With reference to Figure 3-1, it is desirable to achieve large magnetic fields in the fluid
(hence a large MR fluid yield stress), passing through a large active length. Also, to
minimise the power requirements for a given fluid yield stress, a large number of coil
turns arc required. However, due to packaging constraints on valve diameter and
length, this will reduce the active length. Furthermore, a larger coil will reduce the
cross-sectional areas of the magnetic circuit, which may cause saturation of the valve
material. This demonstrates the balance that is required between power and active
length in order to optimise a gcometrically constrained valve. A sizing methodology
that addresses this balance will now be derived in terms of the valve geometry and valve

performance.

3.5.1  Geometry formulation

Rosenfeld and Wereley [123] developed a set of analytical rules to describe an optimal
geometry of an MR valve. The gcometry was optimal in the sensc that saturation of the
magnetic circuit is avoided as far as possible. For completeness, the approach is briefly

summariscd below.

Three critical valve areas of the MR valve shown in Figure 3-1 are first defined, and it is
important that the material in these arcas does not reach magnetic saturation. The areas
are the circular cross-scction of the bobbin core 4, the annular cross-section of the flux
return 4, and the cylindrical area at the interior of the bobbin flanges A4; [123]. The
valve geometry that best prevents magnetic saturation is achicved when these critical
areas are equal. This helps maintain a constant flux density throughout the magnetic
circuit so that a particular region does not saturate prematurely. With reference to

Figure 3-1(b), these critical areas can be described by the following equations:
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A =71, (3-14)
4, = 7l0.25D2 ~ (1, +w, + )*) (3-15)
Ay =2m1.1, (3-16)

where #, 1s the bobbin core radius, D, 1s the constrained MR valve diameter (which
corresponds to ay; in Figure 3-3), w, s the coil width, and ¢, is the bobbin flange height.
Setting Eq.3-14 equal to Eq.3-15 results in a quadratic equation in 7, for which the

caningfi . o is:
meaningful positive solution is

a

¢ :0.5(—(wl,+h)+ 0.51);—(\4)(.1‘/7)7) (3-17)

With D, constant, Eq.3-17 is solved for a variety of coil widths w,. and for a constant
valve gap h. The term w, was calculated as the multiple of the coil diameter for 24-

gauge copper wire (diameter = 0.510mm) with the number of coil wraps. Thus a ‘10
wrap’ coil corresponds to a width of 10x0.516mm. Setting Eq.3-14 equal to Eq.3-10

gives the bobbin flange height 7, as {ollows:

t, =0.5¢, (3-18)

From Figure 3-1(b), it can be seen that the active valve length /, 1s thus:

1(1 = 2[[) = [u (3_1())

An ideal valve would have a fully active length thus it becomes uscful to define a

dimensionless valve length o

o=1/1(0<56<]) (3-20)
wherc / 1s the total length of the valve (which is constrained to a fixed value), and 0= 1

represents the ideal case. Finally the coil height /. is given by:
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h.o=1-1, (3-21)
To calculate the number of turns N, the value of 4, was rounded down to the nearest
multiple of the coil diameter. This height in coil diameters was then multiplied by the

wrap number to give an approximate value for V.

Through inspection of Eq.3-17, it can be observed how the bobbin core radius, and
hence the active valve length (Eq.3-19), are independent of the total valve length. Thus
for a fixed valve length, the packaging constraint on diameter may result in low
dimensionless valve lengths, and hence performance could suffer. One method to
overcome this constraint is to size a valve with a reduced length and then to stack
identical valves together such that the total length remains unchanged. The geometry of

an individual valve is then formulated for a valve of length:

[ =1/n (3-22)
where /, 1s the constrained total length of the stacked valve and n is the number of
individual valves (or stage number). This is shown schematically in Figure 3-6 for n =
1 to n = 2. Note that the wire in each adjacent coil must bc wound in opposite

directions to ensure the correct direction of magnetic flux.

3.5.2  Performance

An efficient MR valve will be able to achieve the maximum fluid yield stress without
saturation of the magnetic circuit and without exceeding the maximum operating current
of the solenoid wire. To assess the above requirements, an analytical methodology is
developed, which proves to be relatively straightforward due to the equal critical areas
of the valve. This method allows the optimal valve geometry to be rapidly and

efficiently determined in a spreadsheet. This approach differed from that used by
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Rosenfeld and Wereley [123], who resorted to a more complex and time-consuming
finite element analysis (FEA). In the present study, FEA will be used to later validate
the analytical approach. The analytical methodology mentioned above, and some

important performance indicators arc now derived.

First, the magnetic flux density B, and the magnetic field strength 7/, are specified

according to the maximum fluid yicld stress 7. . This information is obtained from

the MR fluid manufacturer’s data sheets. Next, the required magnetic flux in the {luid

@y was calculated as:

¢, =B A, (3-23)

wherc Ay ( = ndty) 1s the pole area of the fluid. Using the principal of continuity of flux,

the flux density in the valve material B, was determined as:

where ¢, and 4, are the flux and pole area of the valve carrier matenal respectively.
Also, A; 1s the bobbin core cross-sectional area (Eq.3-14), which is equal to A4, and A4;
(Equations 3-15 and 3-16). The carrier material was assumed to be mild steel due to 1ts
high magnctic permeability and good saturation properties. The magnetic circuit can be
considered capable of achicving the maximum fluid yield stress if B, < 1.3T, which
approximately corresponds to the saturation level of the stecl. Next, the current /
required to generate the magnetic ficld is determined using Kirchhoff’s law. This
should not exceed 2.5A, which is a rcasonable maximum current for 24-gauge copper

wire [123] and is given by:
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I=(HL,+H2h)/N (3-25)
where N is the number of turns (as calculated in Section 3.5.1), H, is the magnetic field
strength in the steel, and L, and 2/ are the length of the flux path in the steel and fluid
respectively. The term H, was readily determined using a B-H curve for 1018 steel.
The parameter L, is not as straightforward to calculate and was approximated as the

distance around the centre of each steel section.

Another important performance indicator is the power p required to generate the

maximum fluid yield stress, which was determined as follows:

nl’ol,

p=nl’R = (3-26)

where R, is the resistance of the coil, o is the resistivity of copper (1.72x10™® Qm), 1. is
the total length of wire (estimated by summing the circumferential length for each turn),
and A. is the cross-sectional arca of the wire. Also, it is noteworthy that for a multi-
stage design (n >1), Eq.3-26 holds regardless of whether the valve windings are

arranged in series or in parallel.

The time constant was calculated using the analogy of a resistance and inductance in

series:

L, _ Ny _Ngd,

[$

R IR, Iol,

= (3-27)

where L. 1s the circuit inductance and ¢ (=¢,=¢;) is the magnetic {lux.

Valve controllability was characterised in terms of a control ratio A, which is defined as

follows:
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A sy (3-28)

0

A

Here, AP

max

is the maximum-ficld pressure drop (at = ), and AF, 1s the zero-ficld

pressure drop i.e. where the entire vaive length is inactive. The term AP was

max
calculated using Eq.3-6 by summing the pressures across the active and iactive (7. =

OkPa) regions of the valve.

Reynolds number Re was also uscd as a performance indicator. This is important as the
MR effect is strongly dependent on laminar flow, and previous rescarch has suggested
that turbulent flow regimes could reduce device performance [124]. For an MR landing
gear, the onset of turbulence is more probable due to the associated higher velocities
during impacts. Valve Reynolds number was therefore calculated using the parallcl
plate approximation as follows:

Re = Pur ¢
Y

(3-29)
where pyr is the density of MR f{luid, and b (=7m/) is mean annular circumfcrence. For
flow to remain laminar, Re must remain below the critical value Re.. However, an
uncertainly arises as MR fluids are non-Newtonian and Re, for such fluids is unknown.
As an approximate benchmark, the critical valuc for Newtonian flow between parallel

flat plates was assumed. By using the hydraulic mean diameter and by assuming a

critical value of 2000 for pipe flow, this can be approximated as Re.= 1000.

3.6 MR landing gears for lightweight aircraft

In what follows, the design methodology outlined in Figure 3-2 is applied to a real

aircraft using the numerical tools described in Sections 3.3-3.5. Here, the aim is to size
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an MR nose landing gear for the Polish Institute of Aviation’s [-23, which is a
lightweight personal/business aircraft. With reference to Figure 3-2, the results in this
section arc organised as follows. First, the landing gear system is defined, along with
the corresponding parameter values required by the numerical tools. To validate this
system, simulations of the existing passive landing gear are performed and compared to
experimental drop test results. Next, a preliminary design study is presented in order to
calculate the desirable MR valve performance [A4P,.. Oma].  This desirable
performance is then used to calculate the ‘optimal’ valve size, which fully considers the
constraints of the magnetic circuit.  FEA is also used to validate the magnetically
optimised design and hence the sizing methodology. Finally, the impact performance of

the optimal design is investigated.

3.6.1 Parameter definition and validation

To begin the design process, experimental drop test data from a worst-case impact on
the 1-23 landing gear was provided by the Polish Institute of Aviation [125]. The
Institute’s test facility is shown in Figure 3-7, which has the capability of simulating
aircraft lift forces using pneumatic actuators as well as wheel acceleration forces by
applying an initial wheel angular velocity. However, experiments were performed
without initial wheel spin-up in order to permit direct comparisons with the model. To
generate the worst-case impact, a drop mass corresponding to maximum payload, and
the worst-case sink velocity was used. An equivalent model of this drop test was then

developed using the numerical approach described in Sections 3.3 and 3.4.

Table 3-1 lists the parameters used to construct the equivalent model. With reference to

Figure 3-8, the shock strut model parameters Pug, Vg, Vio, Voo a2, and aa, correspond to
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the actual [-23 nose gear values. The gas constant m was estimated as 1.1, which is a
good approximation when the fluid and gas volumes are mixed [101]. With regards to
the impact model (Figure 3-5), the parameters m,, m,, L, and V,,; correspond to the
experimental drop test conditions. The tyre law constants ¢ and » (Eq.3-11) were
determined by curve fitting to the compression phase of the tyre response from an
impact test. This is illustrated in Figure 3-9, where the displacement of the dropped
mass has been subtracted from the shock strut deflection and plotted against the
measured tyre force. As shown, acceptable correlation is achieved during compression

of the tyre.

In order to validate the landing impact model, a passive simulation was performed (by
replacing Eq.3-6 with Eq.3-8) and compared to the worst-case experimental drop test
data. The result is presented in Figure 3-10, which shows the force/time and
force/displacement responses for two values of discharge coefficient. For C;= 0.52 the
model accounts well for observed behaviour, particularly in terms of impact duration
and maximum deflection. The simulated peak force is overestimated, although this
could be due to errors and/or a variation in the lift force during the cxperiment.
Furthermore, the discharge coefficient is lower than the nominal value of 0.6 for a sharp
edged orifice, although this could be explained by the larger pressure loss duc to friction
in the Smm long valve (see Figurc 3-8). In other words, the “sharp edged” orifice
assumption is not valid. A variable discharge coefficient may also contribute to this
inaccuracy. It can also be observed that the reduction in force with displacement during
the rebound phase does not corrclate well with the experimental data. This is because
the model does not account for the cffcct of the recoil orifices (shown schematically in

Figure 3-8), which is a secondary issuc at this stage of the design and is outside the
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scope of the present study. A final point from Figure 3-10 is that the point where the
shock force becomes negative represents the tyre leaving the ground. Beyond this
point, the model is invalid. In conclusion, the overall correlation shown in Figure 3-10
is good and the landing impact model was considered to be of sufficient accuracy
during the compression phase to be used as a tool for investigating the performance of

the MR dcvice.

Before presenting the MR landing impact and sizing results, the MR fluid properties
must be defined. Experimental validation of these properties is dealt with in Chapter 4.
In the present chapter, properties for Fraunhofer’s ADS7 MR fluid were assumed [1206],
and of key importancc are the bulk modulus, yicld stress, and viscosity. The bulk
modulus of MR fluid is unknown, but the base value for a standard hydraulic oil (f =
1.7GPa [127]) serves as a rcasonablc approximation. The viscosity and yield stress
were calculated from the fluid manufacturer’s data, which is shown in Figure 3-11.
With reference to Figure 3-11(a), the viscosity was estimated as 0.1Pas. This is an
extrapolated value as the shear rates in a flow mode device may be two to three orders
of magnitude greater than that shown in Figure 3-11(a). In terms of Reynolds number,
this 1s a conservative estimate (Reynolds number is inversely proportional to the

viscosity). From Figure 3-11(b), thc maximum fluid yield stress 7 was taken as

HFnax

55kPa, which is generated at a flux density of 0.7T and at a magnetic ficld strength of
230kA/m (Figure 3-11(c)). The above properties are summarised in Table 3-2. The
MR fluid’s density pu 1s also given, which was used to calculate the Reynolds number

(Eq.3-29) and the mass of the fluid.
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3.6.2  Preliminary MR design

As shown in Figure 3-2, the first stage of the design process is to determine a desirable
valve performance (Steps ‘A’ to ‘E’). This 1s achieved by calculating the MR valve
geometry without a detailed consideration of the magnetic circuit. The MR shock strut
design considered in this study is that shown in Figure 3-3, where the existing passive
orifice (Figurc 3-8) has been replaced with an MR valve. With reference to Figure
3-1(b), the total length /, and diameter D, of the MR valve are 45mm and 36mm
respectively, which correspond to the geometrical constraints of the existing passive
device. The mean valve diameter ¢ and the dimensionless valve length & were chosen
intuitively as 10mm and 0.5 respectively, giving an active valve length /, equal to
22.5mm. The valve gap A is then determined using an iterative process by performing a

worst-casc landing impact simulation to achieve the desired performance at the

maximum fluid yield stress (z, = 55kPa).

Figure 3-12 presents the corresponding results, which shows the shock strut’s force/time
and force/displacement responses for a range of valve gap sizes. The worst-case
experimental drop test data are also shown superimposed, which provides a useful
performance benchmark. Clearly, /7 = 0.5mm results in large damping forces during the
initial stage of the impact. For 4 = 0.65mm, damping levels are insufficient, and this
results in large forces at the end of the impact due to excessive gas compression. The
optimum response that provides the lowest peak force occurs when 7 = 0.57mm.
Furthermore, 1t could be argued that this MR response is inherently superior to the
passive system. For example, the fluctuation in force is less severe and maintains a
more constant value throughout the impact. In other words, the MR response has a

superior impact efficiency (Eq.2-1), which would provide an enhanced fatigue life for
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the aircraft. This is a direct result of the Coulomb-viscous nature of the MR damping
function, which provides large forces at low velocities. In contrast, the passive system
has a quadratic damping function (Eq.3-8), which results in larger fluctuations in the

overall shock strut force.

Referring to the design flowchart (Figure 3-2), the desirable valve performance was
then determined as AP,,,, = 12.2MPa, which occurred at O,y = 2x107 m’s™ during the

optimum impact response (/1 = 0.57mm).

3.6.3  Optimal MR design

In what follows, a sizing study is presented that uses the magnetic circuit thcory
presented in Section 3.5 to optimise the internal valve geometry (Steps ‘F’ to ‘I’ in

Figure 3-2). The key aims are as follows:

e To achieve the desirable valve performance [AP,,, Qo] at the maximum

yield stress.

e To achieve thc maximum yield stress without saturation of the steel, and

without exceeding the maximum current rating of the copper wire.

o To maximise the control ratio, and hence the range of impacts that can be

optimally damped.

Figure 3-13 presents the performance results of each valve for wrap numbers between
4-16 and for stage numbers equal to I and 3. Where applicable, the results were

calculated with the maximum flow rate from the preliminary design

(Omax = 2x107 m? s'l), and at the maximum yicld stress T, = 55kPa. Furthermore, the
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results are shown for two valve gap sizes - the preliminary valve gap size (1 = 0.57mm),
and 4 = 0.59mm, which transpires to be the optimal design, as will be illustrated in the

following analysis.

First, Figure 3-13(a) plots the magnetic flux density that will result in the steel in order
to generate maximum yield stress in the fluid. This is shown as a function of wrap
number and since the critical arca is independent of the total valve length (Equations
3-14 to 3-10), the results are independent of the stage number. The observed increase in
magnetic flux density with wrap number is a dircct result of the reduced steel cross-
sections due to a larger coil. The saturation limit of the steel (1.3T) is also shown and is
exceeded for valve geometries with a wrap number greater than 12. These geometries
were thercfore eliminated from the design process, as magnetic saturation could prevent
the maximum fluid yield stress from being generated. Also, it is important to notc how

the magnctic flux density is independent of the valve gap size.

Figure 3-13(b) shows the control ratio for cach valve configuration. Due to a larger coil
size, and hence a smaller active valve length, the control ratio reduces with increasing
wrap number. This result illustrates the key advantage of stacking geometrically similar
valves together, where superior performance is achieved with increasing stage number.
It can also be observed how the effect of the valve gap size /1 on the control ratio is
fairly significant. This is because of the cubic influence of /1 on the pressure drop in the

Buckingham cquation (Eq.3-0).

The above results suggest that the optimum valve design must have a low wrap number
and a high stage number. However, they fail to recognise the implications that such

valve configurations have on the required current, which is now addressed in Figure

79



MR Shock Absorbers Chapter 3: MR Landing Gear — A Design Methodology

3-13(c). As shown, higher currents are associated with a decreasing wrap number and
an increasing stage number, which is a result of the lower magneto-motive force that a
smaller coil generates. As 2.5A was considered as the maximum safe operating current
for the copper wire, this eliminated a 4-stage valve design (not shown in Figurc
3-13(c)). The 3-stage-12-wrap design appears to provide the optimal configuration
where supcrior control ratios are achieved with acceptable current levels. Furthermore,
note how the valve gap size has no significant impact on the required current, and hence

the optimal wrap and stage number.

A further advantage of a multi-valve configuration is a reduced time constant, which is
observed in Figure 3-13(d) for incrcasing stage number and decreasing wrap number.
Note that the reduction in time constant for large wrap numbers is due to saturation of
the steel. Again, as with the previous performance indicators (except control ratio), the

time constant is largely independent of the valve gap size.

Next, the Reynolds number (which is independent of stage number) is investigated in
Figure 3-13(c). Clearly, the Reynolds number remains below the critical value at the
maximum anticipated flow rate during the impact. This is a promising result and
suggests that valve performance should not be inhibited by turbulent flow. Also, the

valve gap size has a negligible influence on performance.

Using the above results, it can be deduced that a 3-stage-12-wrap valve provides the
optimal configuration. However, obtaining the desired maximum field performance
(4P,0y = 12.2MPa) has so far been neglected, which is now addressed in Figure 3-13(f).
As 1llustrated in the above results, the valve gap size /& has no significant effect on the

optimum wrap and stage number. Therefore, it is straightforward to tune / as a final
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step in order to achieve the desired pressure drop.  This is shown in Figure 3-13(f),
where it can be observed that the optimum 3-stage-12-wrap valve correlates well with

the desired performance when /71 is cqual to 0.59mm.

The key geometrical parameters and performance indicators of the optimal 3-stage-12-
wrap valve design are given in Table 3-3. In summary, this design maximises the
dimensionless valve length (6 = 59%) and hence control ratio (4 = 2.20), without
magnetic saturation (By < 1.3T), and without significantly exceeding the 2.5A rating of
the copper wire.  For example, the maximum yicld stress is achieved at 2.6A, which
could be sustained for short periods of time. Furthermore, this was found to require just
16.5W of power, and could be supplicd by a low voltage source of 2.1V, or 6.3V,
depending on whether the individual stages arc wound in parallel or series. Also, the
optimal design has a time constant of 19ms. In practice, if a current driver is used (the
definition of time constant in Eq.3-27 assumes constant voltage) and the coils arc
arranged n parallel, the time constant will be lower than this [53]. Finally, Table 3-3
presents figures regarding the extra mass of the device. As the MR fluid is
approximatcly four times denser than conventional hydraulic oil, the fluid 1s 0.8kg
heavier. The mass of thec MR valve is 0.4kg, which is not likely to be significantly
heavier than the existing passive valve. Therefore, the additional mass of a single shock
strut should not exceed one kilogram, which 1s approximately 0.2% of the distributed

aircraft mass m,, (sec Tablc 3-1)

To further clarify the performance of this optimised geometry, Figure 3-14 compares its
quasi-steady pressure/flowrate characteristic with the preliminary valve design. Good

corrclation is observed, which suggests that the desired impact performance will be
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achicved. Furthermore, it can be observed that the optimal valve has a slightly superior
control ratio. This is a result of the conservative estimate of dimensionless valve length

(0= 50%) that was assumed in the preliminary sizing analysis.

3.6.4 LA of the magnetic circuii

[n order to validate the sizing methodology, an axisymmetric FEA of the optimal valve
gecometry (see Table 3-3) was performed. This was investigated using the software
package FIIMM [128], and in order to model the magnetic characteristics of the MR

fluid, the fluid manufacturer’s By//1, data (Figure 3-11(c)) was used in the simulation.

Figure 3-15(2) shows the flux density contour plot from this analysis. This corresponds
to a current of 2.6A (as determined in Section 3.6.3), wherc the aim 1s to achieve a fluid
flux density of 0.7T across the active valve gap (thercfore achicving the maximum f{luid
yield stress). The distribution of {lux density is highly uniform within the critical valve

areas, and the circuit remains unsaturated as expected.

Figure 3-15(b) plots the variation of the fluid flux density normal to the valve gap, as a
function of the distance ‘X’ along the mcan valve diameter (as indicated on Figure
3-15(a)). As shown, the flux density across the active valve gap adjacent to the MR
fluid 1s approximately 0.65T, which is 7% lower than the desired value. This is duc to
flux leakage into the bulk of the MR fluid at the valve cntry/exit, which is observed in
Figure 3-15(a). In contrast, the flux density in the active lengths constructed from two

adjacent valves is observed to be 0.71 as desired (Figure 3-15(b)).

The above finite clement analysis validates the analytical magnetic circuit analysis

presented in Section 3.6.3. Idcally, the analytical approach should be updated to
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account for flux leakage, but this is likely to have no significant influence on the

optimised geometry and performance, especially for a multiple-stage design.

3.6.5 MR landing gear impact performance

In the following discussion, the optimal valve geometry is investigated within the
aircraft landing gear impact simulation. It is assumed that the full MR fluid yield stress
range can be generated, which is a valid assumption after consideration of the FEA

results in the previous section.

First, Figurc 3-10 presents the worst-case landing impact results, which is compared to
the experimental (passive) data, and to the preliminary valve’s performance. As shown,
the desircd performance is still maintained, and no further refinements to the valve
design arc necessary. This demonstrates the robustness of the proposed design

methodology.

Next, the effect of fluid compressibility on the MR landing impact responsc is
investigated in Figure 3-17. Here, the worst casc landing impact response is shown for
a range of bulk moduli, which represent different amounts of entrapped air within the
fluid. As seen, the effect of reducing the bulk modulus is to reduce the damping force
and increase the maximum deflection. This is because fluid compression prevents valve
flow, and such effects are likely to be of particular importance when investigating
control. For example, Figure 3-17(a) illustrates a slight change in the rate of increase in
force with reduced bulk modulus. This effect could contribute significantly to the total
device time constant where fluid compression is preventing valve flow and hence
controllability. Experimental validation is required to get a better indication of typical

bulk modulus values, which is dealt with in Chapter 4.
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Finally, to illustrate the controllability of the optimiscd design, Figurc 3-18 presents the
impact responscs of the shock strut with less severe input conditions. The results are
shown in open-loop control i.e. where the yield stress is maintained constant throughout
the impact. In Figure 3-18, results for two diffcrent input excitations are shown. The
‘soft impact’ uses the original drop mass (sce Table 3-1), but lowers the sink velocity to
the minimum anticipated value: V,x = Im/s. The ‘very soft impact’ also has a sink
velocity of ITm/s, but simulates a drop mass of just 284kg, which is 60% of the original

(maximum) value.

For the soft impact, it can be obscrved that lowering the yield stress from 55kPa (the
maximum value) to 6kPa, best minimises the force during the impact. Furthermore, the
maximum vyicld stress response is a good indicator of the wide range of controllable
force that is available. As before, the MR 1mpact response is inherently cfficient

without the need for closed-loop control.

For the very soft impact, the control limits of the design can be observed. For example,
it could be argued that the damping provided by the base viscosity of the fluid (7. =
OkPa), results in damping forces that are slightly high during the initial stages of the
impact. This is best observed in Figure 3-18(b), where it can be observed that the forces

at the end of the impact are lower. Nonetheless, the impact cfficiency is still good.

To summarise, the feasibility of incorporating MR landing gears onto lightweight
aircraft has been demonstrated.  For example, highly controllable and reasonably
lightweight devices can be designed that accommodate a wide range of landing impacts.
The next step is to investigate the scalability of MR landing gears by performing similar

sizing studies for large-scale aircrafl.
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3.7 MR landing gears for large-scale aircraft

The following case studies focus on two different landing gear shock struts produced by
Messier Dowty. The first sizes an MR device for a telescopic landing gear, wherce the
shock strut displacement is equal to the relative displacement between the airframe and
wheel (Figure 2-12(a)). In the second case study, the design of an MR shock strut for a
levered configuration is investigated. Here, the relative displacement between the

airframe and wheel is greater than the shock strut displacement (Figure 2-12 (b)).

3.7.1  Large-scale telescopic (LST) landing gear

The aim of this study is to size and optimisc the performance of an MR valve for a
large-scale telescopic or LST landing gear. To recap, the sizing approach (Figure 3-2)
aims to achicve an acceptable worst-case landing impact performance in the maximum
fluid yield stress condition. Conscquently, lower damping levels arc available for less
scvere impacts. Furthermore, by maximising the device control ratio 1.c. the ratio of
pressures between the maximum-fictd and zero-field conditions, the range of impacts

that could be optimally damped 1s maximiscd.

An existing LST landing gear and an equivalent MR shock strut arc shown
schematically in Figure 3-19. Here, the MR valve is constrained to the existing internal
diameter of the passive device (1), = 1 1 mm), and a constraint of 100mm was placed on
the valve length /. Furthermore, extra fluid passages must be included to prevent the

formation of a vacuum between the piston rod and the outer cyhinder.

To aid formulation of a realistic landing impact model, actual aircraft data was provided
by Messier-Dowty [103]. The model parameters used in the analysis are given in Table

3-4. Here, the aircraft 1ift force was assumed to be cqual to the aircraft weight, which is
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normal for large-scale aircraft [101]. Values were also assumed for the wheel mass, and
the parameters used in the tyre deflection law. For the shock strut model, the gas law
parameters were chosen to give an equivalent spring force F, to the existing passive
strut. The corresponding gas law is shown in Figure 3-20. Note that the modelling
complexities associated with the existing orifices and metering pin (see Figure 3-19(a))

meant that a passive shock strut model was not developed for this study.

After using the landing impact modc! to calculate the desirable MR valve performance
(steps A-E in Figure 3-2), thc magnetic circuit design and device controllability were
optimised (steps F-G). The corresponding geometry and performance of the optimised
designs arc given in Table 3-5. Here, two diffcrent MR fluids were used to optimise the
valve (Fraunhofer’s ADS57 and AD275 [126]), and the recasons for this will become clear

in the following discussion.

The optimal configuration with AD57 MR fluid has a single valve stage, and a good

control ratio (A = 2.05 atr_ , (J,u). Furthermore, the maximum yicld stress can be

achieved without saturation of the steel (B, = 0.81T < 1.3T), and without exceeding the
maximum current of the copper wire (/ = 2.28A < 2.5A). Vitally, the desirable MR
valve performance is close to being achicved, thus an acceptable worst-case impact
performance should result. However, the maximum Reynolds number is about 3.6
times greater than the critical value, which could cause performance to suffer. An
effective way to overcome this is to usc an MR f{luid with a higher off-statc viscosity.
However, this higher viscosity may cause the control ratio to suffer due to the larger off-

state force.
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Fraunhofer’s AD275 is an MR fluid with a larger viscosity. This is illustrated in Figure
3-21(a), and can partly be explained by the slightly higher volume fraction of iron
particles (ADS57 = 35% and AD275 = 30%). As a consequence of this larger iron
content, AD275 also has a higher maximum fluid yield stress equal to 65kPa (Figurce
3-21(b)). This larger viscosity and yield stress is an effective combination as it permits
a new MR valve to be sized with a lower Reynolds number (due to the larger viscosity),
but without significantly affccting the control ratio (due to the larger yield stress). This
result is illustrated in Table 3-5, which also presents the optimal valve configuration
with AD275 MR fluid. Here, a viscosity of 0.2Pas was assumed, which is an
extrapolated estimate from the viscosity/shear stress response in Figure 3-21(a). Also a
slightly higher fluid density of 3570kgm™ was used due to the higher iron content. As
shown, the maximum Reynolds number has been reduced by a factor of 1.9, whilst the
control ratio is only 4% lower than the design with AD57 fluid. Although the Reynolds
number is still nearly twice the critical value, this serves as a useful example to illustrate
how higher viscosity/higher yicld stress fluids could be exploited in devices to maintain

the Reynolds number within laminar values.

The other important performance indicators are the maximum power, time constant and
the increased mass, which arc fairly similar for both designs. Focusing on the AD275
design, the maximum power requirement is S6W, which could be supplied by a voltage
sourcc of 15V, or 30V, depending on whether the individual stages are wound in
parallel or series. The time constant of the magnetic circuit is quite large (74ms), but
the usc of a current driver would improve this. The extra mass of fluid Ani; (compared
to the passive device) is approximately 16.7kg.  When combined with the mass of the

valve, the total extra mass of a single shock strut will be around 22kg, which includes a
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2kg deduction for the mass of the existing passive valve and metering pin. Although
this is just 0.2% of the distributed mass, this is a notable increase that could render the
solution as unviable. However, it is feasible that an enhanced fatigue lifc will result in
weight savings for other aircraft components. Furthermore, it is possible that the overall
diameter of the shock strut could be reduced, thus lowering the extra fluid mass. This
design would also benefit from a lower maximum Reynolds number due to a smaller
piston area. However, the pressure drop required to produce an cquivalent damping
force [, would be increased, which could result in a larger wall thickness and hence
additional mass. Fluid compressibility effects would also be amplified, and the scaling
efficiency could be degraded. A more detailed analysis of this kind of device is outside

the scope of the present study, and requires further investigation.

To better illustrate the performance of the optimised design, the worst-case landing
impact response for the valve designed with AD275 MR fluid 1s shown in Figure 3-22.
Here, the sink velocity was sct to 3.06m/s, and the yicld stress 1s at its maximum level
(r, = 65kPa). TFurthcrmorce, Figure 3-22(b) presents the corresponding experimental
force/displacement response. As expected, the performance of the optimised MR shock
struts is good i.e. the pcak force is minimised, and thus the impact efficiency is
maximised. In comparison with the experimental data, the impact efficiency is supcrior
for the MR design, in spite of the use of a metering pin in the passive device (see Figure
3-19(a)). This inherent open-loop cfficiency of the MR design could be particularly
beneficial for large-scale devices, which have larger time constants.  For example,
closed-loop control may not be required and thus the magnitude of the time constant is

less crucial.

88



MR Shock Absorbers Chapter 3. MR Landing Gear — A Design Methodology

Figure 3-23 presents the numerical landing impact performances with less severe input
conditions. Here, Vi = 2ms‘], and the aim 1s to lower the MR fluid yield stress such
that the peak force is minimised. As shown, an efficient impact response is provided

when 1, = 3kPa, which provides further scope to optimisc even less severe landings.

3.7.2  Large-scale levered (1.SL) landing gear

The following investigation represcnts an intercsting addition to the previous case
study, as the levered configuration will provide lower piston velocities. The existing
shock strut design and an cquivalent MR device is illustrated in Figure 3-24. As shown,
the diametrical constraint on the MR valve was 133mm, and the constraint on piston

length was 50mm.

Again, the aim of this study 1s to maximise the device control ratio whilst generating a

desirable pressure drop A7, at Quav, 7, . However, the available landing gear data

may

did not permit determination of the desirable performance in the usual manner i.¢. using
impact simulations. Instcad, information about the maximum permissible shock strut

forces was used (o size the device as follows.

First, the maximum piston velocity V. (and hence Q,.) was calculated using
experimental data from a worst-case impact on the LSL landing gear. With reference to
Figure 3-25(a), which illustrates a typical velocity/displacement response, this was
determined as 1.26ms™ for a sink velocity of 3ms™. Next, data describing the maximum

permissible shock strut forces was used (o calculate the damping requirement /7, at

this velocity.  This is illustrated in Figure 3-25(b), which shows the maximum

permissible shock strut force as a function of displacement.  As the forces due to
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friction and gas compression arc also superimposed, the maximum damping force can

be determined.  With reference to Figure 3-25(a), the maximum piston velocity occurs

at the displacement D = 30mm. Thus from Figure 3-25(b), the maximum damping

s

requirement /5, was dectermined as 300kN.

o

The next step 1s to determine the maximum pressure drop AP, that corresponds to

F, . This was readily calculated as 21.6MPa using a pressure/area balance on the

man

shock strut. Finally, the magnetic circuit sizing methodology (Section 3.5) was used to
determine the optimal valve geometry that generates this desired performance at Q,,,.,

7. . In this study, propertics for AD275 MR fluid were used (7, = 65kPa, yu ~=

0.2Pas), as thcy werc previously shown to provide a superior Reynolds number

performance without significant detriment to the control ratio.

Note that the above methodology will not be as accurate as that used in the previous I-
23 and LST casc studies, where preliminary impact simulations were used to determine
the desired performance.  This is because it does not fully consider the non-linear
interaction between fluid compressibility, tyre deflection and the shock strut’s gas
compression.  Furthermore, due to the inherent differences in damping behaviour
between the passive and MR landing gear, the maximum piston velocity in the MR
device 1s likely to differ from that in Figure 3-25. Nonetheless, the above methodology

will provide good ballpark results, and will enable a useful asscssment of feasibility.

The geometry and performance of the optimised MR valve is given in Table 3-5. As
shown, this 1s a single stage design, and the maximum fluid yicld stress can be achicved

without cxceeding the current rating of the wire, and without magnetic saturation.

90



MR Shock Absorbers Chapter 3: MR Landing Gear — A Design Methodology

Furthermore, the maximum power requirement (25W) could be readily supplied from a
10V source. With /i = 0.82mm, the desired valve pressure drop of 21.6MPa is achieved,
thus an acceptable worst-case landing impact performance should result.  Furthermore,
the control ratio is reasonably high (4 = 1.81), thus accommodating a large rangc of

impacts.

The most significant difference with the previous LST design is the maximum Reynolds
number, which remains sub-critical. This is a result of the lower piston velocitics
associated with the levered design, which outweigh the increase in piston diameter (and
hence force) that is required to absorb an equivalent amount of energy. Thus it could be
argued that MR landing gears for large-scale aircraft are particularly suited to levered

configurations.

3.8 Summary of Chapter 3

In this chapter, a sizing mcthodology was developed for MR landing gear shock struts.
Using packaging requirements as a key constraint, the sizing methodology maximised
the device’s control ratio, whilst accommodating for a worst-case 1mpact.
Consequently, the semi-active landing gear can produce desirable behaviour for a wide

range of impact conditions, unlike a passive device.

A 2DOF landing impact modcl, and a valve size optimisation tool were developed to
implement the design methodology. The impact model was designed to be equivalent
to cxisting landing gear drop tests, which permitted accurate design assessments.
Furthermore, the model accounted for fluid compressibility. This is important when
considering device control, cspecially under impulsive loading. The valve sizing

mcthodology included an analytical asscssment of the magnetic circuit, which was
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formulated in a spreadsheet. This permitted the fast and efficient determination of the

optimised geometry, which was validated using a finite element analysis.

To illustrate the proposcd design methodology, three case studies were presented — onc
for lightweight aircraft and two for large-scalc aircraft with different landing gear
configurations (one telescopic and onc levered). The methodology proved to be very
robust, where the desired worst-case impact performance of the magnetically optimisced
valves was accurately achieved.  Morcover, widely adjustable valve control ratios
resulted in damping levels that could accommodatce a large range of impact conditions.
Therefore, when combined with an appropriate control stratcgy, the optimised designs
should demonstrate significant advantages over passive systems. Even in open-loop
control (i.e. constant yield stress), it was shown that thc MR ecffect provides an
inhcrently superior damping performance over conventional passive orifices.  For
example, the impact cfficiency, and hence the severity of fatigue loading was
significantly improved. This could be particularly beneficial for large-scale landing

gears, which suffer from larger time constants.

A key issuc that arose for large-scale tclescopic landing gears was the excessive valve
Reynolds number, which could cause performance to suffer. To overcome this, it was
shown how MR fluids with larger viscositics and yield strengths could be used to lower
the Reynolds number, without significant detriment to the control ratio. Furthermore, 1t
was shown that levered configurations are particularly advantageous, where the lower
piston velocitics provide an inherently low Reynolds number.  Smaller piston arcas
could also be used, although the effect of this on the structural integrity, scaling

cfficiency, and fluid compressibility would require investigation.
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MR landing gears will inevitably weigh more than their passive counterparts becausc of
the high fluid density. For example, for both small and large-scale aircrafi, the extra
mass of an MR shock strut was approximatcly 0.2% of the distributed mass. However,

an enhanced fatigue life should provide weight savings for other aircraft components.

Feasibility will also be dependent on fail-safcty, which was not directly considered in
this study 1.c. in the event of a power failurce, and the subscquent loss of the MR effect,
the landing gear must provide acceptable damping performance during a worst-case
landing. A novel solution might incorporate a permanent magnet within the MR valve
[129], which could be designed by updating the numerical sizing tools presented in this

chapter.

In conclusion, this chapter has made an important first step to help demonstratc the
feasibility of MR landing gears for small and large-scale aircraft. However, the results
were based on a time-domain model that has assumed values for certain parameters.

Consequently, the model needs validating, and this will be addressed in Chapter 4.
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Parameter Symbol/unit | Value
Initial gas pressure P,y /bar 9.5
Initial gas volume Voo fem® 170
- Initial fluid volume of chamber 1 Vi fem® 201
g Initial fluid volume of chamber 2 Vag lom” 132
; Inner area of the inner cylinder (1_7,‘/011]2 10.18
g Outer area of the inner cylinder a>,/cm” 13.85
7 Diameter of the existing main orifice dy/mm 4.8
Length of the existing main orifice Ly/mm 5
Gas constant m/- 1.1
Distributed aircraft mass my/kg 473
- Mass of whecl/tyre assembly m,/kg 4.7
= Lifi force L/N 3120
E Sink vclocity Veinid ms™' 2.43
— Tyre constant c/- 8 x 10°
| Tyrc exponent /- 2.26

Table 3-1: Landing impact model parameters for the I-23 nose gear.

Paramet—gﬂf_" Symbol/unit | Value
Maximum yield stress v, /kPa 55
Flux density at T‘ B/T 0.7
Magnetic field strength at 7 H//kAm'l 236
Bulk modulus S /GPa 1.7
Viscosity 4 /Pas 0.1

Density pA/,R/kgm'} 3290

Table 3-2: Properties for ADS7 MR fluid [126].
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Paramecter Symbol/unit | Value
Total constrained length of valve stack [, /mm 45
Constrained valve diameter D, /mm 36
Stage number n/- 3
- Coil width w./mm 0.19
g Valve gap height It /mm 0.59
S Bobbin corc radius t. /'mm 8.88
&) Flange height 7, /mm 4.44
Mean valve diameter d /mm 30.72
Dimensionless valve length - 0.59
_ Number of turns of gauge-24 wire N/- 132
Flux density in the steclat 7, Bs/T 1.2
Current to achieve 7, I/A 2.6
Power to achicve 7, P/W 16.5
= Desired MR valve pressure drop AP,/ MPa 12.2
< .
E Maximum pressurc drop at T, Onax AP /MPa 12.3
= .
b Control ratio at 7, Quay A/- 2.26
u nan
A Reynolds number at Q4. Re/- 680
Time constant 7/ms 19
Mass of valve m,. /kg 0.4
Extra mass of fluid Amykg 0.8

Table 3-3: Geometry and key performance indicators of the optimised I-23 valve

Parameter Symbol/Unit Value
Distributed aircraft mass my/kg 12790
- Mass of wheel and tyre m/kg 30
= assembly
5 Lift force L/kN 125.8
- Tyre constant /- 16x10°
Tyre exponent /- 2.20
Initial gas pressure Py /bar 19
§ Initial gas volume Voo Jent® 3494
E Piston rod area/refcrence u/(/c'mz 77.24
g ' area ,
7 Piston head area asilem” 96.77
] Polytropic cxpo‘h’ént m/- 1.2

Table 3-4: Parameters used in the LS'T landing gear impact model.
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LANDING GEAR/FLUID
Parameter Symbol/unit LST/ LST/ LSL/
ADS7 AD275 AD275
Total constrained length of valve stack I, /mm 100 100 50
Constrained valve diameter D, /mm 111 111 133
Stage number n/- 2 2 1
? Coil width w./mm 5.16 6.19 8.26
£ Valve gap height h /mm 1.12 1.38 0.82
S Bobbin core radius t, /mm 35.97 35.26 42.27
© Flange height 1, /mm 17.98 17.63 21.13
Mean valve diameter d /mm 83.38 84.3 101.86
Dimensionless valve length - 0.72 0.71 0.85
Number of turns of gauge-24 wire N/- 270 336 224
Flux density in the steel at 7 . Bg/T 0.81 0.84 0.84
Current to achieve Tl I/A 2.28 2.21 2.16
Power to achieve Ty PIW 56 65 25
3 Maximum flowrate O m’s’! 0.0291 0.0291 -
g Desired MR valve pressure drop AP,,./MPa 19.3 19.3 21.6
:c: Maximum pressure drop at 7 Biids O AP /MPa 19.4 19.4 21.6
b
A Control ratio at 7 g Omax M- 2.05 1.94 1.81
Reynolds number at O, Re/- 3644 1955 976
Time constant 7/ms 72 74 91
Mass of valve m, /kg 747 747 9%
Extra mass of fluid Amgkg 15 16.7 unspecified

Table 3-5: Geometry and performance of the optimised large-scale landing gear designs.
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Figure 3-1: A flow mode MR valve. (a) Valve configuration and (b) valve nomenclature.
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Figure 3-2: A flowchart deseribing the MR landing gear design methodology
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Figure 3-3: Summary of the dynamic MR shock strut model
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Figure 3-4: Simulink block diagram of the dynamic MR shock strut model.
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Figure 3-5: Free-body diagram of the landing impact model.
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Figure 3-6: Improving the dimensionless valve length using the stacking method.
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Figure 3-7: The Polish Institute of Aviation’s landing gear drop test facility [125].
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Figure 3-8: Schematic diagram of the existing I-23 nose gear.
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Figure 3-11: Properties of Fraunhofer’s AD57 MR fluid [126]. (a) Viscosity versus shear rate
without magnetic field, (b) shear stress versus magnetic flux density at a shear rate of 1s™, and (¢)
magnetisation measurements (B—~H, curve). Data measured at 25°C.
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CHAPTER 4. MR LANDING GEAR - VALIDATION USING

EXPERIMENTAL DATA

In Chapter 3, a methodology for optimising the impact performance of MR landing
gears subject to packaging constraints was detailed.  The methodology was
demonstrated by sizing MR devices for both lightweight and large-scale commercial
aircraft.  Using equivalent landing impact models, it was shown that appropriate
damping levels could be achieved for a wide range of impact conditions. However, the
model format and its parameters were not validated experimentally. In particular, the
MR fluid’s yield stress, viscosity, and bulk modulus propertics were not known
accurately. The gas cxponent, which is used to model the shock struts non-lincar

stiffness, must also be validated.

The aim of the present chapter is to experimentally validate the MR landing gear model
developed in Chapter 3. This model was based upon that developed by Milwitzky and
('ook [102] and so in this work, the authors will focus on validating the novel aspects of
the revised model. Thesc were: the inclusion of shock strut fluid compressibility, the
model of the MR flow bchaviour, the magnetic design, and the device time constant.
As the validity of the landing impact model is well established [102], these novel
aspects can be investigated by considering the MR shock strut independently from the
rest of the landing gear structure, using various configurations of excitation velocity.
As a result of this validation cxercise, the model and design procedure described in
Chapter 3 can be used to predict the MR landing gear performance prior to device

manufacture.
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The present chapter is organised as follows. First, the design and manufacture of the
MR landing gear shock strut is described along with the corresponding dynamic model
of the device. After describing the cxperimental facility, an investigation is then
presented which aims to validate the quasi-steady performance of the MR valve. Here,
the accuracy of the yield stress and viscosity predictions is tested. After validating the
MR luid’s bulk modulus and the gas spring function, the sinusoidal response of the
shock strut is then compared to model predictions.  Furthermore, an analysis of the
device’s time constant is given, which is a vital performance indicator when considering
potential control strategics. After a discussion of the results, the main conclusions are
drawn. The rescarch in this Chapter formed the second part of the two-part journal

submission [ 130], and the abstract for this work is given in Appendix AL

4.1 Design and manufacture of the MR shock strut

In order to fabricate an MR landing gear shock strut for this investigation, it was
decided to retrofit an MR valve to an existing passive device. The passive shock strut
was acquired from a RALLYE, which is a lightweight trainer/tourer aircraft built by the
Socata Aircraftl company some years ago [131]. A schematic drawing of this shock

strut is shown in Figure 4-1(a).

In order to retrofit an MR valve, some design modifications were necessary and these
are illustrated in Figurc 4-1(b). The MR valve is incorporated within the inner cylinder,
and the gas transfer tube has been removed, as this posed significant restrictions on the
magnetic circuit.  The MR valve is secured into place by the piston head, which
completely seals against the outer cylinder. Therefore to prevent the formation of a

vacuum, four fluid transfer orifices were included within the piston rod, which werce
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sufficiently large so that the pressurc drop across them was negligible. To accurately
characterise the performance of the MR valve, two static pressure transducers [132]
were incorporated (once on either side of the piston).  These were rated at 0-207bar
gauge (0-3000 psig), and measured the fluid pressure on the ‘non-gas side’ of the
piston, and the gas pressurc on the ‘gas side’ (see Figurc 4-1(b)). The shock strut was
filled with ADS7 MR fluid [133], and charged with Nitrogen gas to a pressure of 7.5bar
(at full extension of the shock strut). By comparing the volume of MR fluid (173 ml)
with the internal volume of the shock strut, the initial gas volume v,y was calculated as

60cm’,

The geometry of the MR valve was determined using the magnetic circuit sizing
methodology developed in Chapter 3. Here, the valve gap size was fixed at 0.0mm, and
the optimum valve configuration was determined. This provided the greatest control
ratio, and could achieve the maximum fluid yield stress without magnetic saturation.
and without cxceeding the maximum current rating of the copper wire.  With reference
to Figure 3-1(b), the resulting valve geometry is given in Table 4-1.  The method of
assembly and manufacturc of this valve is illustrated in Figurc 4-2. The annular valve
gap was accurately maintained using two valve-gap support spiders. These spiders were
manufactured from titanium, whose non-magnetic properties direct the magnetic flux
into the active region of the valve. The flux return and valve core were manufactured
from a low-carbon mild stcel due to its high magnetic permeability. Also, the coil was
surrounded with a wear resistant resin that was machined to the same diameter as the
bobbin flange.  This protected the coil from the abrasion of iron particles and

furthermore, provided a smooth surface to encourage laminar valve flow.
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4.2 Dynamic model of the MR shock strut

In what follows, a summary of the dynamic MR shock model is provided. In this
discussion, attention will be drawn to the parameters that were assumed in Chapter 3,
and which therefore require validation. For a more detailed description of the modelling

format, the reader is referred to Section 3.3.

A schematic diagram of the MR shock strut and the key equations used to formulate the
corresponding model are presented in Figurc 4-3. As shown, the shock absorber force
F, 1s readily derived using a pressure/area balance. This is slightly different to that used
in Chapter 3, due to the difference in the configuration of device. The gas pressurc was
determined using the polytropic law for the compression of gases, where the key
unknown is the gas exponent m. In Chapter 3, this was assumed to be 1.1, which is
known to correlate well when the fluid and gas volumes are mixed [101]. Fluid
compressibility was modelled using the mass flow continuity equation. Here, the bulk
modulus f is unknown, and the base valuc for a standard hydraulic oil (1.7GPa) was
assumed as a reasonable approximation. Finally, the MR effect was characterised using
the Buckingham cquation for Bingham plastic flow between parallel flat plates [55]. In
order to formulate the quasi-steady valve function, the Buckingham equation is solved

in terms of the active pressure drop AP , for a range of flow rates Q and MR fluid yicld
stress values 7. Each AP term is then summed with the inactive pressure drop AP, ,

which is calculated using the Buckingham cquation for 7, = OkPa. Once arranged as a
3-D look-up table, the quasi-steady valve function can be used within the dynamic
model. The two key unknowns in the Buckingham cquation are the MR fluid viscosity

4, and the relationship between the MR fluid’s yield stress and the applied magnetic
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field/current. As described in Chapter 3, the viscosity was assumed as 0.1Pas for ADS57
MR fluid.  This is an extrapolated value taken from the manufacturer’s MR fluid
property data at 25°C (Figure 3-11). Calculation of the yield stress/current relationship

is dealt with in Section 4.4.

4.3 Description of the test facility

A photograph of the damper test facility 1s shown in Figure 4-4. A corresponding
schematic diagram is also provided in Figure 4-5, which illustrates the interaction
between the various hardware and software components. The setup comprised an
Instron PLL25K servo-hydraulic actuator [134], which was controlled by two high
response Moog servo-valves [135] and an Instron 8400 digital controller [134]. This
enabled accurate displacement feedback control, and the system could deliver £25kN
force, £50mm displacement and velocitics of up to +1ms”. A Kepco BOP amplificr

[136] also provided high bandwidth dynamic current control for the MR valve.

The MR shock strut’s displacement and current were controlled externally using real-
time control software. Here, a host PC running xPC target [137] was used to develop
the excitation signals and test automation scripts. This was coded in Simulink,
compiled as a C-programme, and subsequently downloaded onto a target PC, which
performed the real-time control of the actuator. The target PC comprised a 1.3GHz
AMD Athlon processor with 128Mb of RAM, which was booted from a floppy disk

containing the xPC operating kernel.

Data logging was achieved via a National Instruments PCI-MIO-16XE-10 data
acquisition card [138]. This was capable of sample rates up to 100kHz and supported

an interface board with eight 16-bit analogue differential input channels (A/D

117



MR Shock Absorbers Chapter 4: MR Landing Gear — Experimental Validation

conversion) and two 16-bit analogue output channels (D/A conversion). Once a test had
completed, the measurement data stored on the target PC’s RAM was uploaded to the
host PC ready for post-processing. This measurement data was acquired from an
inductive displacement transducer, which was also used for position feedback control of
the actuator, two static pressure transducers (as described in Section 4.1), and an Instron

+25kN dynamic load cell (IST Dynacell {134]).

Finally, to permit continuous testing without overheating of the shock strut, copper

tubing was coiled around the shock strut body and fed with mains water.

4.4 Quasi-steady analysis

In this section, an analysis is presentcd that aims to validate the quasi-stcady
pressure/flowrate function of the MR valve i.¢c the Buckingham equation (see Figure 4-3
or Eq.3-6). The validated function can then be used as a look-up table within the shock

strut model to predict the dynamic behaviour.

The experimental quasi-steady behaviour was determined using a constant vclocity
excitation, where the aim was to achieve a steady-state pressure drop. This was applied
in the compression phase of the shock strut’s stroke only. The extension phase was not
considered as the initial shock strut pressurc was not high enough to prevent cavitation
of the fluid. The valve pressure drop was then calculated by subtracting the static
pressure sensor readings. Here, 1t is assumed that the gas pressure is equal to the fluid

pressure in the piston rod, which is a valid assumption as there is no dividing piston.

A typical result from this test is shown in Figure 4-6. This 1s shown for a step-velocity

. . | | . . .
excitation from Oms™ to 0.Ims™ at time 7s, and for a range of input currents between
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0A and 2A. Clearly, steady-state conditions arc soon achieved after the step velocity
change is applied. The quasi-steady pressure drop can therefore be determined, which
was calculated as the mean value over the second half of the response. This was
repeated for velocity excitations between 0.01ms” and 0.4ms” in order to form the

quasi-steady valve function.

Before the numerical model can be correlated with experimental data, the yield
stress/current relationship of the MR valve must be determined. This was calculated by
performing a 2-D axisymmetric finite clement analysis (FEA) of the MR valve, which
was carried out using FEMM software [128]. FEA was used instcad of the more
straightforward analytical analysis presented in Part 1, as it permitted the effects of flux
leakage to be more accurately accounted for. In this analysis, the mean flux density
across the active valve length was calculated for cach current magnitude. The yield
stress corresponding to this mean applied ficld was then dctermined using the fluid
manufacturer’s data (Figure 3-11(b)). Conscquently, the Buckingham cquation can be

formulated and compared to the experimental quasi-stcady valve performance.

The corresponding results are shown in Figure 4-7 for the OA and 1A responses. In the
initial model, a viscosity cqual to 0.1Pas was assumed (as described in Section 3). Also,
the initial yield stress for the 1A response (10kPa) was calculated using Fraunhofer’s B-
[, data for AD57 MR fluid. Clearly, the numerical results do not corrclate well with the

cxperimental behaviour, since the viscosity and yield stress predictions are too low.

To improve correlation, these parameters were updated, and the corresponding results
are also shown in Figure 4-7. Here, the viscosity was incrcased to 0.14Pas, and the

yield stress for the 1A response was incrcased to 43kPa. The higher than predicted
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viscosity may partly be due to temperature cffects. For cxample, the fluid
manufacturer’s viscosity information was mecasured at 25°C, but the actual {luid

temperature was likely to be lower than this duc to the presence of the cooling circuit.

As shown in Figure 4-7, the updated paramecters significantly improve the model’s
prediction of the low velocity bechaviour, particularly for the 1A response. However,
correlation deteriorates at high velocities, where a larger resistance to flow is observed
in the experimental data. This could be attributed to a shear-thickening phenomenon,
where the apparent viscosity increases with increasing shear rate.  The Buckingham
cquation, which uses the Bingham plastic rclationship between shear stress and shear
rate (sce Figurc 1-6(b)), does not account for such behaviour. Another rcason might be
due to the valve gap support spiders (sce Figurc 4-2). which obstruct flow. The
quadraiic nature of thc quasi-steady response could be a result of turbulence caused by

this obstruction.

To summarisc the yicld stress results, Figure 4-8 comparcs the F'EA predictions with the
updated experimental values between OA and 2A. The error between the predicted and
obscrved yicld stress values is clearly very large when Fraunhofer’s (FhG-1SC) B/,
data arc used in the FEA analysis. This crror is partly due to repcatability problems,
which is indicated in Figure 4-8 by the triangular markers. Here, the quasi-stcady test
was repeated for certain current values, which has resulted in a reduced yield stress.
This could be due to increased amounts of entrained air as a result of mixing with the
gas. Another reason might be due to a better homogeneity of iron particles, which has
developed during the final higher velocity tests. This 1s fairly probable because the

ADS57 MR fluid was found to suffer significantly from sedimentation problems.
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Nonetheless, the error between the repeated experimental results and the numerical
predictions with FhG-1SC’s data is still very large. It was originally thought that this
was due to a poor tolerance on the valve gap, although this was found to be
insignificant. Another reason might be due to a variation in the fluid propertics between
batches. However, 5/, measurements that were later provided by a different
ADLAND partner (Cedrat [139]) indicated that the crror was most likely caused by
inaccurate B/l data. This result is also illustrated in Figure 4-8, where the FEA
analysis was repcated with Cedrat’s By-f, data in order to predict the yield stress.
Clearly, the accuracy of the yicld stress predictions is significantly improved,

particularly when correlated with the repeated test results.

Further credence to the above result 1s given by considering David Carlson’s empirical
cquation [26], which is known to provide a useful prediction of the By-I1; responsc for

virtually any MR fluid:

B, =1.910" |1 - exp(~10.97 1,1 ) |+ g1, 11, (4-1)
Here, @ 1s the volume fraction of iron particles and 4 is the magnetic
constant (4nx107H/m). As shown in Figure 4-9, Carlson’s equation correlates very
well with Cedrat’s B//; measurements, but the correlation with Fraunhofer’s data is
poor. This further suggests that Fraunhofer’s 5,-//,data are inaccurate, thus giving risc

to the poor yicld stress predictions shown in Figure 4-8.

4.5 Dynamic analysis

In the following analysis, the aim is to accurately predict the dynamic response of the
MR shock strut. First, the bulk modulus of the MR fluid, and the shock strut’s gas

spring function are validated. The validated parameters and the updated quasi-steady
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valve function (from Section 4.4) are then used to predict the sinusoidal response of the
shock strut. Finally, an investigation is presented 1o identify the time constant, which is

an important performancc indicator when considering potential control strategies.

4.5.1  Fluid compressibility

The compressibility of a fluid directly determines the rate of change in fluid pressure.
An effective way to investigate this, and hence validate the associated bulk modulus /3,
1s to analyse the pressure transicnts in a step-vclocity test. Here, an incompressible

fluid would correspond to an instantancous deveclopment of the quasi-steady valve

pressure drop.

The results from this analysis are shown in Figurc 4-10 for a step velocity input between
Oms™ and 0.1ms™, and for current excitations of 0.5A and 1A. The updated quasi-
steady valve function has been included in the model, which is accurate for the chosen
input conditions (see Figure 4-7). As indicated by the steep pressure gradients, the
numerical responsc with = 1.7GPa is too ‘stiff’. By updating the bulk modulus to
0.3GPa, i.c. to a morc compressible (or less stiff) value, the correlation in slope with the
cxperiment is improved. However, the model does not account for the higher order
dynamics observed in the experiment. For example, the rate of change in pressure in
the experiment is morc gradual at the beginning than at the end of the response.
Furthermore, the experimental responsc has an ‘underdamped’ nature.  This could be
attributed to fluid inertia, which 1s not accounted for in the model. Nonctheless, the
gencral slope of the experimental responsc corrclates well with the model, and thercfore

serves as a useful methodology to approximate the bulk modulus of the MR fluid.  The
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lower observed value of 0.3GPa is probably due to entrapped air, which may have been

introduced during mixing of the fluid prior to filling.

4.5.2 Gas model

Before the dynamic responsc of the shock strut model can be investigated, the gas faw
(see Figure 4-3 or Eq.3-2) must first be validated. The key parameters that require

validation are the initial gas volume v, and the gas cxponent nz.

As mentioned in Section 4.1, the initial gas volume was calcuated to be 60cm’.
However, due to filling difficulties, a degree of crror was probable in this calculation.
Consequently, v,y must be validated, and this was cffectively achicved using the
following isothcrmal analysis. In the ecxperiment, pressure measurements were taken in
2mm increments across the full stroke of the shock strut. Between each measurement,
enough time was allowed to ensure that the pressure had reached a steady isothermal
value. The experimental results arc shown in Iigurc 4-11(a) as the ‘stationary
measurements’. The results are then compared to a simulation of the gas pressure in the
dynamic model with m = 1 1.e. an isothermal compression, and with g = 0.3GPa (the
updated valuc). Also, the mnitial gas pressure (£,) was determined according to the
cxperimental reading. As shown in Figure 4-11(a), by updating the initial gas volume

3 . . . . .
from 60cm” to 66em’, excellent correlation in the isothermal gas pressure is achieved.

Identification of the gas exponent is addressed in Figurc 4-11(b). Here, the numerical
and experimental gas pressure responscs arc compared using sinusoidal excitations. As
shown, by updating the gas exponent from m = 1 to m = 1.33, good correlation is
achieved. This suggests that the gas compression is more adiabatic than expected,

where m = 1.1 was originally assumed (Section 4.2). The rcason for this could be
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explained by considering the difference in flow regimes between passive and MR shock
struts.  For ecxample, the assumed value was based on typical behaviour from
conventional passive shock struts [101], which rely upon turbulent flow. In contrast,
MR damping is based upon laminar flow. Thercfore, in the passive shock strut, more
energy is likely to be transferred away from the gas as a result of the more
vigorous/turbulent mixing with the fluid. Consequently, the gas exponent will be more
isothermal in nature. Further credence is given to this point by considering a passive
device that uses a floating piston to separate the fluid and gas. Currcy [101] suggests
that the morc adiabatic valuc of m = 1.35 should be used, which correlates well with the

observed MR behaviour.

A final point is how the model does not account for the observed hysteresis in the
cxperimental response. This is attributed to the heat transfer processes within the shock
strut, which is associated with a variable gas cxponent m. Wahi [105] described how
this variation could be modelled in landing gear.  However, for the purpose of the
present study, thc accuracy obtained with the cexisting model was considered as

acceptable (Figure 4-11(b)).

4.5.3  Prediction of the sinusoidal response

In this section, the updated quasi-stcady valve function (Scction 4.4), bulk modulus
(Scction 4.5.1), and gas law (Section 4.5.2) arc used to validate the dynamic behaviour
of the shock strut model. This is investigated using two types of sinusoidal cxcitation.
First, complete cycles were used to validate the low velocity behaviour.  Here, the
velocity and current was limited in order to prevent fluid cavitation during the extension

phase of the stroke. Thercfore, to investigate higher velocity/higher current behaviour,
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half cycles were applied in the compression phase only. In the analysis, shock strut
pressures are modelled rather than forces. This enables the effects of friction to be
eliminated, which were found to be fairly significant. For example, Figure 4-12 shows
the friction force response as a function of displacement (Figure 4-12(a)) and velocity
(Figure 4-12(b)) for various sinusoidal excitations. The responses were estimated by
subtracting the pressure/arca balance (using the pressure transducer readings) from the
measured force. Clearly, the friction force tends to decrease with increasing velocity.
This could be attributed to fluid escaping under the scals, or even an incrcase in scal
temperature. The friction is also higher towards maximum compression, which is duc
to the more significant compression of the rod scals under higher gas pressures (see
Figure 4-1(b)). Furthermore, friction slightly increascs with the current magnitude.
This could be due to compression of the piston head scal under the higher pressures on
the non-gas side. In conclusion, the behaviour of the scals is highly complex and thus
difficult to analytically model. An empirical model could be developed, but this would
be very device specific.  Furthermore, it is likely that the device/seal design could be
altered in order to make the frictional forces less significant. For the purpose of the
present study, it is therefore appropriate to ncglect friction and to concentrate on

modelling the fluid pressurc.

Figure 4-13 compares the fluid pressure predictions with the experiment, for a full
sinusoidal cxcitation with amplitude ¢ = 25mm, and f{requency /= 0.5Hz. Here, the
fluid pressure on the non-gas side of the piston (72, in Figure 4-3) is shown as a function
of displacement. Displacement is used becausc it provides a better insight into the gas
spring effect, which contributes significantly to the response (due to the large strokc).

Furthermore, the updated yield stress values in the model correspond to thosc from the
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initial quasi-steady experiments (see Figure 4-8). This is because the full sinusoidal
tests were performed before the quasi-steady experiments, thus the fluid behaviour
should more accurately correspond to the initial test. Clearly, the correlation between
model and experiment in Figure 4-13 is excellent throughout the range of excitation

currents.

As a further example, Figure 4-14 presents the results for a full sinusoidal excitation
with ¢ = 10mm, and f= 0.5Hz. This time, the fluid pressure is shown as a function of
velocity, which is more appropriate as the damping cffect dominates the response.
Again, excellent correlation is observed, particularly in the post-yield behaviour. The
fluid compressibility effect can be observed through the hysteresis in the pre-yield
behaviour. The observed inaccuracies in this region may be attributed to the un-
modelled higher order dynamics (see Figure 4-10). Nonetheless, correlation is still

good.

The higher velocity responsc is presented in Figurce 4-15, where a half cycle excitation
with ¢ = 25mm, and /= 3Hz was used. This result is cffectively represented in terms of
the pressure drop as a function of velocity. Also, note that the updated yield stress
values correspond to those from the repeated quasi-steady experiments (see Figure 4-8).
This is because the half-sine tests were performed after the quasi-steady experiments.
As expected, Figure 4-15 illustrates good prediction of low velocity response, but the

model breaks down at higher velocities due to the quadratic damping behaviour.

4.5.4 Device time constant

The time constant is a vital performance indicator and will have a large mfluence on

potential control strategies. The power supply, the magnetic circuit design, and the
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smart fluid rheology all contribute to the time constant associated with a change in the
excitation current. Furthermore, fluid compressibility will have an affect, and this must

be isolated from the other contributors.

In the present study, the time constant was investigated by applying a step change in
current, from /7, to I, during a constant velocity excitation. The corresponding yield-
stress response in the dynamic shock strut model was then simulated using the

following transfer function G(s) [74, 94].

Gs) = (4-2)
s+ 1

Here, ris the time constant, and s is the Laplace operator. To identify the time constant,
the transient behaviour between the steady-state pressure levels can be corrclated. The
numerical and experimental step responses are shown in Figure 4-16 for /; = 1A and />
= 2A. The initial current for both cases corresponds to 7, = 0.5A. Also, the numerical
yield stress values correspond to those updated inlinc with the repeated quasi-steady
test. This is because the time constant analysis was performed «fter the quasi-steady

experiment.

With reference to Figure 4-16, the ‘ideal response’ assumes that the step change in yield
stress 1s generated instantaneously. This represents the effects of fluid compressibility
only. Therefore, the observed error between the ideal casc and the experiment
corresponds to the time response of the power supply, magnetic circuit, and fluid
rheology. As shown in Figure 4-106, the time constant associated with thesc factors was
identified as 7 = 1.8ms, where excellent correlation with the experiment is obscrved.

Due to the use of a current driver in the experiment, this is approximately 80% lower
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than predicted in the sizing analysis, where a constant voltage source was assumed
(Eq.3-27).  This rapid response suggests that the landing gear shock strut would be

highly suited to feedback control strategies (and the usc of a constant current source).

The time constant of the complete experimental response (i.c. including fluid
compressibility cffects) was also calculated to be 2.5ms, which is the time taken for the
pressure to reach 63% of its final value. Therefore, the overall time constant is
increased by 28% duc to compression of the fluid. This is likely to become even more
significant at higher velocities, but could be improved via the removal of entrapped air

prior to filling e.g. using a vacuum pump.

4.6 Discussion

In the present study, it has been shown that an accurate modcl of the MR valve’s quasi-
stcady performance will result in good predictions of the shock strut’s dynamic
bechaviour. However, using the cxisting Buckingham cquation for Bingham plastic
flow, only the low velocily behaviour produced good agreement duc to a quadratic

damping effect.

The Bingham plastic model could be modified to better characterise the MR fluid’s high
velocity behaviour. For example, Peel and Bullough [55] adopted a dimensionless form
of the Buckingham equation, and demonstrated how empirical relationships could be
defined to describe shear thinning behaviour. This mcthod could be adopted to further
update the model and hence enhance predictions of the high velocity response.
Moreover, due to the dimensionless form of Pecl and Bullough’s approach, the updated
modcl would not be device specific, thus enabling new valve geometries to be

accurately characterised prior to manufacture. However, this approach is only vahd if
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the quadratic damping behaviour is a property of the fluid e.g. shear thickening. If the
valve gap support spiders affected the response, then the quadratic behaviour would be a
property of the device. To determine this, highcr velocity shear stress/shear rate
characteristics of the MR fluid is required. For example, fluid data for AD57 MR fluid
is available at shear rates up to 1000s” [126], but in the flow mode shock strut, shear

rates werc found to be two orders of magnitude greater than this.

In Chapter 3, it was suggested that turbulence could hinder device performance as a
result of the large impact velocitics associated with landing gear. However, the test
facility was limited to operating at relatively low/sub-critical Reynolds numbers.
Nonetheless, there is the possibility that turbulence has occurred unintentionally, due to
the obstructions to flow in the valve design. This may have led to the quadratic
damping effect that is observed in Figure 4-7 and Figurc 4-15. Here, it can be seen how
a deteriorating control ratio with increasing velocity is exacerbated by the more
substantial quadratic damping in the zero-field condition. However, if this phenomenon
is a result of shear thickening rather than turbulence, then it is possible that the control
ratio might be so low at high Reynolds numbers that the effects of turbulence are
insignificant. Again, fluid property data at significantly higher shear rates is required in

order determine the cause of this quadratic damping phenomenon.

4.7 Summary of Chapter 4

In this chapter, the manufacturc and testing of an MR olcopncumatic landing gear shock
strut was described.  This was sized and modcelied using the numerical approach
described in Chapter 3, where the aim was to validate the MR landing gear design

methodology.
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In a quasi-steady analysis, it was found that the initial analytical predictions of yield
stress and viscosity were poor. The error in the yicld stress results was largely due to
the use of inaccurate magnetic fluid property data (thc B/, curve). Here, correlation
between model and experiment was significantly improved using a new B,-[; curve.
which was later validated. Using updated viscosity and yicld stress values, the
prediction of the low velocity behaviour was significantly improved, but correlation at

higher velocitics deteriorated due to a quadratic damping effect.

In a dynamic analysis, the bulk modulus of the MR fluid was identified as 0.3GPa. In
general, this resulted in a good prediction of the pressurce transients, but thec model failed
to account for higher order dynamics, and fluid incrtia. The gas exponent was identified
as 1.33, which is higher than the value commonly used for an equivalent passive shock
strut. It was thought that this could be attributed to the differing valve flow regimes,
and hencc heat transfer characteristics between passive and MR devices.  After
formulating the dynamic shock strut model with the updated parameters, excellent
correlation with the experimental behaviour was demonstrated using low velocity
sinusoidal excitations. Thercfore, if an accurate model of the quasi-steady behaviour

can be developed, a good prediction of the dynamic shock strut performance will result.

However, m order to validate the landing gear design methodology, the quasi-steady
MR valve function must be analytically formulated throughout the velocity range of the
device. The dimensionless model updating approach described by Peel and Bullough
could be adopted to achieve this [55], but only if the observed quadratic behaviour is a

property of the fluid and not the device - behaviour such as shear thickening. This will
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be dependent on acquiring more detailed fluid property information at significantly

higher shear rates.

The lack of repeatability in the experimental results presented a further problem. It was
found that the yield stress tended to decrease after many tests. This could be attributed
to mixing of the fluid with the gas, or even a lack of homogencity between the iron
particles and the base fluid i.c. sedimentation. This could prove a significant problem in
landing gears, which are only in use for a fraction of an aircrafts flight. Large degrees
of sedimentation will incvitability cause cxcessive damping forces during mmpact.
Consequently, there is a strong requirement for sedimentation resistance in MR fluids

for landing gear applications.
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Parameter Symbol/Unit | Value
Valve length //mm 14
Valve gap height h/mm 0.6
Bobbin core radius t, /mm 5.79
Flange height 1, /mm 2.89
Mean valve diameter d/mm 20.42
Outside diameter D, /mm 28
No. of turns of
copper wire (Diameter = 0.45mm) Al L

Table 4-1: The optimised valve geometry.

€))
GAS Rod seals Orifices Piston NON-GAS
SIDE
» A
Gas chamber Gas transfer tube Fluid Gas valve port
(b)
Pressure sensor ports
Chevron rod
- Piston rod seals Outer gylinder
0
GAS SIDE NON-GAS SIDE
Nitrogen gas Fluid transfer Piston head MR valve
valve port orifices

Figure 4-1: Schematic diagrams of the oleopneumatic shock struts. (a) Commercial passive shock
strut taken from a RALLYE aircraft and (b) modified shock strut with MR
valve.
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Figure 4-2: MR piston head design
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Figure 4-3: Summary of the dynamic MR shock strut model.
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Figure 4-4: Photograph of the experimental facility (without damper installed).
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Figure 4-5: Schematic diagram of the experimental facility.
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Figure 4-7: A comparison between the modelled and experimental quasi-steady pressure/velocity
characteristics.
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Figure 4-8: A comparison between the predicted and updated yield stress values.
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Figure 4-9: A comparison of the B~H characteristics for AD57 MR fluid.
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Figure 4-10: Identification of the MR fluid bulk modulus £ using the pressure transients in a step-
velocity test. Initial velocity = 0ms™ and final velocity = 0.1ms™.
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Figure 4-12: Estimation of the frictional force during sinusoidal excitations. Frequency = 0.5Hz.
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Figure 4-13: Simulated and experimental pressure (non-gas side)/displacement response for a
sinusoidal excitation. @ =25mm, /= 0.5Hz.
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CHAPTER 5. CONTROL OF MR DAMPERS - A NUMERICAL

INVESTIGATION

5.1 Introduction

In Chapter 3, open-loop control was shown to be effective for enhancing the cfficiency
of landing gear impacts. However, open-loop stratcgics will not be cffective for other
broadband cxcited systems such an aircraft taxiing or a road vehicle suspension. For
thesc systems, feedback control is required to provide any significant performance

cnhancements over conventional passive systems.

The non-lincar behaviour of smart fluid dampers provides a major barrier towards the
development of effective control strategies. More specifically, the goal of tracking a
prescribed force demand is a difficult task. As discussed in Chapter 2, rescarch at the
University of Shefficld has developed an approach that first lincarises the damper’s
behaviour using force feedback [94, 95]. This feedback linearisation makes the
objcctive of achicving a desired force more straightforward, and will be investigated

cxtensively in the present thesis.

The approach is illustrated by implementing skyhook-based control laws for single-
degree-of-frcedom (SDOF) and two-degrec-of-frecedom (2DOF) vibration systems
subject to realistic broadband excitations.  Furthcrmore, the lincarised systems arc
benchmarked against more simplistic on/off control schemes, as well as idealised
passive, semi-active and fully active dampers. This is important, as previous studics
have not always compared the performance to equivalent passive systems, alternative
control designs, or idealiscd active systems. As a result, it is often difficult to comparce

the performance of different smart damper control strategies.
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The present study is based upon the MR damper model developed by Sims, et al. [74],
which was briefly described in Section 2.3. New experimental results are used to
validate the model under closed-loop conditions with broadband mechanical excitations.
Two numerical case studies are then investigated: an SDOF mass-isolator with a variety
of broadband excitation signals, and a 2DOF system excited by realistic road profiles
[140, 141]. The 2DOF model is configured to represent a vehicle suspension, although

the results from the study should be equally applicable to an aircraft taxiing.

At this stage, it is worth pausing to consider the motivation for this generic approach to
the control problem, rather than focusing on the specific problem of aircraft taxiing.

The key reasons for this generic approach are as follows:

Vehicle dampers are commercially available. In fact, this study begins by testing

Lord Corporation’s automotive seat damper [62].
e Roadway models are clearly defined and so excitations can be realistic.

e Hardware-in-the-loop-simulation (HILS) testing (Chapter 6) can be achieved on

full-scale vehicle dampers, but not on large-scalc aircraft landing gear.

e The control principles are relevant to SDOF systems and vehicles, as well as

aircraft.

The present chapter is organised as follows. First, the modelling strategy for the MR
damper is described. Next, the theory of feedback linearisation is summarised and
experimental results are compared to model predictions. After that, the SDOF control
systems are described before presenting the corresponding results, and the 2DOF

investigation is then presented in a similar manner. Finally some general issues are
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discussed and conclusions are drawn. The research described in this chapter was
published in reference [142], and the abstract for this work is given in Appendix A 1L

Also, much of the SDOF study was presented at the 11" SPIE International Symposium

on Smart Structures and Materials, San Diego, USA [143].

5.2 MR damper model

In ecarliecr work [74, 144] a general modclling approach was described that can be
applied to a varicty of smart fluid devices, and enables a model updating or system
identification procedure to be performed so that the model can be adjusted in line with
observed behaviour. In the present study, the model developed by Sims ef al. [74] will

be used, and this model is summarised here for the sake of completeness.

The model is based on Lord Corporation’s RD-1005-3 MR damper [37] and a schematic
drawing of this device is shown in Figure 5-1(a). This is a flow mode device (sce
Figure 2-1(a)) where movement of the piston rod forces fluid through an annular orifice.
An accumulator is also incorporated to accommodate for the change in the working
volume caused by the presence of the piston rod.  This introduces an clement of
stiffness to the damper response, however this was found to be insignificant when
compared to the suspension stiffness terms i the SDOF and 2DOF models.
Conscquently, the effect of the accumulator has been neglected in the development of

the MR damper model.

The form of the model is a bi-viscous damper in series with a mass and a lincar spring,
as shown in Figure 5-1(b), and can be strongly linked to the constitutive behaviour of
the device. For example, the valve flow (which 1s assumed to be quasi-steady) is

represented by the non-lincar function y and is a function of the quasi-stcady vclocity
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% and the control signal / to the smart damper. The spring clement of stiffness & 1s

1
incorporated to account for fluid compressibility and the lumped mass mi; represents

fluid inertia. The co-ordinate v, corresponds to the displacement of the damper piston.

The resulting physical significance means that paramcters can initially be chosen based
on constitutive relationships using fluid properties such as bulk modulus, viscosity and
yield stress [63]. However, in practice, fluid propertics may vary between devices, for
example due to environmental effects or manufacturing tolerances. Consequently, a
model updating procedure is desirable so that the model accurately predicts observed
behaviour. This procedurc has been adopted to form an accurate model of the
commercial MR damper usced in this study. A description of this model updating

procedure is dctailed by Sims et al. [74].

Figure 5-2 compares a typical sct of predictions {rom the updated model with the
corresponding test data for a range of sinusoidal cxcitation conditions. The model
results agree very well with observed behaviour. The previous study [74] also validated
the model under non-sinusotdal test conditions, making the model an appropriate tool
for the present investigation. Furthermore it was demonstrated that the dynamics of the
clectro-magnetic circuit and smart fluid rheology could be modelled using a first order
lag term, wherc a time constant between 3-5ms was shown to be adequate. Throughout
this study, a 3ms device time constant has been uscd as part of the controlled MR

systems.

5.3 Feedback linearisation

The non-lincar behaviour of smart fluid dampers makes the objective of achieving a

desired force very difficult. Researchers at The University of Sheffield have developed
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one solution to this problem using feedback linearisation, which is briefly summarised

below.

The control strategy is shown in block diagram form in Figurc 5-3(a). Here, feedback
control is being used to implement a semi-active force generator. Through appropriate
selection of the feedforward gain G, and the feedback gain B, it can be shown how the
actual damping force [ becomes equal to the desired sct-point damping forece 7y [94].
If the sct-point force is proportional to the piston velocity then the force/velocity
response is lincarised. The values of G and B were previously determined through
extensive experimental testing on the MR damper, which led to G = 0.0015 and B = 0.0.
For a detailed description of the methodology that was used to arrive at these values, the

reader is referred to Sims, ef «l. [94, 95].

Figurc 5-3(b) shows schematically how feedback lincarisation can be integrated within
a vibrating structure such as a mass-isolator or vehicle suspension. Here, the lincarised
damper is able to track a force demand derived from a scparate controller, for example a
skyl_look or optimal controller. However, the desired force will only be met if it lies
within the control limits imposed by the device geometry and MR f{luid properties. This
is better described with the help of Figure 5-4, which illustrates the control envelope of
thc MR damper. If the desired force lics within this envelope, then feedback
lincarisation can accurately achicve that force. However if an energy input is required
i.e. the desired force lies within quadrants 2 and 4, or if a dissipative force requirement
(within quadrants 1 and 3) is lower than that governed by the base viscosity of the fluid
(I=0A), then this force cannot be achieved. In this scenario, the MR damper will remain

in its ‘off” state to minimisc the energy dissipated. Alternatively, if the desired force is
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a dissipative one and exceeds the upper boundary of the control envelope (I=2A), then
the damper current will saturate at its maximum level to maximise the energy

dissipated.

5.4 Validation

In previous work, the proposed linearisation technique was shown to be effective for an
ER damper under sinusoidal mechanical excitation {94, 95]. However, the present
study was based upon a model of a commercially available MR damper and the
simulated mechanical excitation was non-sinusoidal. Consequently it was necessary to
validate this model under closed-loop conditions with a broadband mechanical

excitation.

To achieve this, the MR damper was mounted in the servohydraulic test machinc
described in Section 4.3, and excited with a broadband command signal. This was
generated by filtering a white noise signal to reduce its high frequency content (i.c.
above 25Hz) to within the duty of the MR damper. Meanwhile, the xPC real-time
digital signal processing system (see Figures 4-4 and 4-5) was used to implement the
feedback linearisation strategy. With reference to Figure 5-3(a), the set-point F; was

made proportional to the mechanical excitation velocity:

F, =DV (5-1)
Here, V' is the damper excitation velocity (equivalent to.x, for the model shown in

Figure 5-1) and D is a controller set-point gain. The feedback strategy should result in
viscous damping behaviour with an effective damping rate equal in valuc to the

controller gain D.
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Figure 5-5 shows a sample of the input displacement signal and Figure 5-6(a) shows the
resulting experimental force/velocity responses for a range of set-point gains between D
= 2kNs/m and D = 20kNs/m. Shown superimposed arc straight lines of slope D, which
represent the idealised responses. Very good linearisation is demonstrated for values of
D between 2 and 10kNs/m thus validating the controlicr’s behaviour under broadband
excitation. For the set-point 1 = 20kNs/m, the control limits of the MR damper can be
observed. For example, the force beyond + 0.08m/s 1s less than the ideal viscous force,

resulting in a non-lincar response (owing to saturation).

To validate the model under closed-loop conditions, Figure 5-6(b) shows the simulated
lincarised responses under identical excitation and controller conditions as for the
experiment.  Again, highly linear characteristics can be observed with the actual
responses closely matching the ideal responscs. Morcover, the simulated results
correlate very well with the experiment and the onset of saturation in the response

(D=20kNs/m) is predicted accurately.

5.5 SDOF study

Having demonstrated the cxperimental and simulated performance of the feedback
lincarisation strategy under broadband excitation, the approach will now be used as part
of a simulated mass-isolator vibration problem. The performance will be benchmarked
against a range of idealised systems and an on/off control strategy. For cach system, the
input excitations and, where applicable, the MR damper model were identical in order
to permit a direct comparison between them. The mass-isolator and damper control

configurations are now described, before presenting the simulated results.
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5.5.1 Mass-isolator configurations

The basic parameters for the mass-isolator were chosen to give a system natural
frequency of 5Hz and a damping ratio of 0.1 when the MR damper was in its ‘off” state.
This frequency is well within the range of frequencics validated experimentally and
resulted in a mass M of 115kg and a spring stiffness Ky, of 113.5kN/m. Three different
broadband displacement inputs were investigated for cach system. The first input was
generated with a constant velocity amplitude (i.c. white noise) over the frequency range
0-100Hz. The second and third inputs were gencratcd by passing this signal through a
finite impulsc response filter, designed with a least-squares method to produce cut-off

frequencics at 25Hz and 10Hz respectively.
Five damper configurations were investigated and thesc are described below.
e Passive system

Previous studies have not always compared the performance of MR systems 1o
equivalent passive systems. For example, investigators commonly use the MR damper
in its ‘on’ or ‘off state to represent a passive suspension [85]. In the ‘off” state, the
damping is likely to be less than that of a well-damped passive device, whereas in the
‘on’ statc the damping will be higher than a well-damped passive device. A more
realistic passive benchmark was used in the present study where the damping force was
generated by a viscous damper with damping cocflicient €, as shown in Figure 5-7(a).
(, was varied to optimise the passive system responsc to enable a true performance

comparison with thec MR systems.
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e MR linearised skyhook control

As described in Chapter 1, skyhook control is where the damping force is proportional
to the absolute velocity of the isolated mass (sec Figure 1-2). This is optimal for an
SDOF system and enables the resonant vibrations to be suppressed without degradation
of the higher frequency response (see Figure 1-3(b)). Under certain conditions skyhook
control requires an energy input, but feedback linearisation can be utilised to accurately
achieve the skyhook force within the semi-active limits of the MR damper (see Figurc

5-4). With reference to Figurce 5-7(b), the set-point force is given by:

F

d

=D, X

m

(5-2)

MR-

The controller subsystem of Figure 5-7(b) corresponds to that shown m Figure 5-3(a).

e  On/off skyhook control

In semi-active vibration control, on/off skyhook control strategics arc commonly
investigated [22, 88].  The strategy involves switching the input current to a
predetermined and constant level when the force required by the skyhook control law is

a dissipativc onc:

I=1, :x,(x,—x,)>0- Energy dissipation required (5-3)

max

I=0: % (t,—x,)<0 - Energy input requircd (5-4)
The controller gain 7, dictates the current applicd in the ‘damper on’ condition.  Since
no force feedback is required, the need to measurc or estimate the damping force 1s
eliminated.  On/off skyhook control therefore represents a major simplification over the

linearised skyhook controller. However, the performance may suffer, and by studying
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the behaviour of the two controllers under identical circumstances, a fair comparison

can be made.

e Fully active skyhook control

In this system, the desired skyhook force was assumed to be produced by an ideal force
actuator capable of instantancously supplying and dissipating energy. This represents
the ideal skyhook system and will act as an upper boundary of performance for the MR
damper systems. The fully active system is shown in IFigure 5-7(¢c), where the force Fis

given by:

F=D,x,

(5-3)

15

e Ideal semi-active skyhook control

In this system the desired skyhook force is achicved only if the force is a dissipative

one, otherwisc zero damping force is transmitted i.¢:

F = DSAS ');.m xm ('X:m - 'x._[)) > () (5_6)

F=0 :%,(

m

—%,)<0 (5-7)

This will act as a more realistic upper performance boundary for the MR based systems.

5.5.2 SDOF Results

First, thc MR linearised skyhook system is comparcd with the fully active skyhook
system. Figurc 5-8(a) shows the transmissibility curves, obtained using Welch's
numerical method [145], for the displacement nput filtered to 25Hz. The passive
response for C, = 2kNs/m is also shown since, of all the passive damping rates for this

particular input, 1t had the lowest root-mean-squarc (RMS) acceleration, which is an
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important performance indicator. As expected, the fully active system improves both
the low and high frequency response with increasing controller gain D;¢ This 1s superior
to the MR system where a slight degradation in the high frequency response is observed
with increased controller gain D Nonetheless, there is a significant improvement

over the passive system.

Figurc 5-8(b) compares the transmissibility curves, again for the displacement input
filtered to 25Hz, between the lincarised MR skyhook system and the idcalised semi-
active skyhook system, which represents a more realistic performance benchmark. For
skyhook gains of 3kNs/m, it can be seen how the frequency response of the MR system
around the natural frequency is better than the idcal semi-active system, but worse at
higher frequencies. For skyhook gains of 6kNs/m, the semi-active system is superior

throughout the frequency range.

Figurce 5-8(c) compares the transmissibility curves between the lincarised MR skyhook
and thc on/off MR skyhook systems. Much like a passive system, there is a clear
com_promise between the low and high frequency performance of the on/off system with
increasing controller gain /,,,. For example, the low frequency response is superior to
the MR system for large gains, but this is at thc expense of a poorer high {requency

responsc compared to both MR and passive systems.

It is difficult to get a clear indication of the relative performance between the above
systems using transmissibility plots alone. For cxample, a tradc-off has been
demonstrated between the low and high frequency responses when the controller gain is
increased and thus it becomes difficult to dctermine an optimum value. Direct

comparison is made more straightforward when a conflict diagram is used. This is
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where the RMS value of one performance indicator is plotted against that for another, as
a controller gain is varied. This not only helps to optimise the control systems but also
gives clarity on the inevitable trade-offs betwecen the performance indicators
themselves.  Suitable performance indicators arc the RMS acceleration, which
represents the severity of the vibration of the mass, and the RMS working space, which
1s a common design constraint. The conflict diagram has also been used as a means to
compare the three different displacement inputs. Figure 5-9 presents the conflict

diagrams for each of the input excitations.

In the case of the input signals filtered to 10Hz (Figure 5-9(a)) and 25Hz (Figure
5-9(b)), feedback linearisation is seen to enhance RMS acceleration compared to the
on/off control strategy. For the unfiltered input signal containing frequencies up to
100Hz (Figure 5-9(c)), there appears to be no significant advantage gained by
implementing feedback linearisation, where RMS acceleration levels are similar to the

on/off system.

Witl_i regards to the benchmark systems, Figure 5-9 demonstrates how the ideal semi-
active and fully active skyhook systems are superior in terms of acceleration, but this 1s
at the expense of larger working spaces. Furthermore, the performance benefits of a
fully active system are substantially better than the ideal semi-active system if larger

working spaces can be tolerated.

To better illustrate the relative performance between systems, optimum controller gains
(i.e. Dyr, Dis, Dsas, Inar and Cp) were chosen for the input signal filtered to 10Hz such
that RMS acceleration was minimised. These gains, which are shown in Table 5-1,

were then maintained for all three excitation conditions and the resulting performance is
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indicated on Figure 5-9. Figure 5-10 then compares the percentage performance
improvements of the controlled systems over the optimised passive system at the chosen
operating points. For the signal filtered to 10Hz, this resulted in a 25% reduction in
RMS acceleration for the linearised system compared to a 15% reduction for the on/off
system. The optimised on/off system performs quite well, but when analysing the
position of the operating points on Figures 5-9(b) and 5-9(c), a key advantage of
feedback linearisation becomes apparent. From Figure 5-10, it can be observed how
RMS acceleration for the lincarised system remains consistently low regardless of the
input conditions. By comparing Figures 5-9(a) and 5-9(b), this ariscs because the shape
of the conflict curve, and thus the optimum controller gain Dy, remains unchanged.
On the other hand, the on/off system is very sensitive to the input conditions and RMS
acceleration levels are degraded as frequency content incrcases. This occurs because of
the change in shape of the conflict curve between Figures 5-9(a) and 5-9(b), which also
explains the improved working space levels. Thercfore the ‘straightforward’ on/off
system may in fact necd a rather more complex control strategy to alter the controller
gain according to input cxcitation. This would be necessary to ensure that its

implementation is justifiable against its passive counterpart.

For the linearised system subject to the unfiltered signal (Figure 5-9(c)), there is a
change in shape of the conflict curve compared to Figures 5-9(a) and 5-9(b). However
performance does not suffer due to its shallow gradient. It should be noted that the
accuracy of the results presented in Figure 5-9(c) and Figure 5-10(c) is less certain,
because the MR damper model does not take into account high frequency behaviour,
and has not been validated above 25Hz. At high frequencies, seal friction effects and

device joints may have an important role. Also, the attcnuation of high frequency
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vibrations is likely to be outside the duty of the isolator, due to the compliance of the

mechanical connections and bushings.

To illustrate performance of the benchmark systems, Figure 5-10(a) demonstrates a 64%
improvement in acceleration for the fully active system compared to 36% for the ideal
semi-active system. This is clearly superior to the MR systems, however the
corresponding working spaces are 58% and 18% worse than the passive system

respectively. This is a consistent result across the range of excitation conditions.

5.6 2DOF Study

The results presented so far have demonstrated the relative performance of two MR
damper control strategies, compared to ideal passive, secmi-active and fully active
dampers. In this section, the analysis is repeated using a two-degree-of-freedom system
that is representative of a vehicle suspension problem. As before, the same input
excitations and MR damper model (where applicable) were used for cach control system

in order to permit a direct comparison between the control strategies.

It should be mentioned that the MR damper under investigation was not specifically
designed for use in a primary vehicle suspension. However, the intention here is not to
fine-tune the actual device for a specific vchicle but rather to demonstrate the
performance potential of linearising an MR damper to implement semi-active vehicle
control strategies. For this purpose, a simplified vchicle model serves as a useful case

study. The vehicle model is first described before presenting the simulated results.
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5.6.1 Quarter car model

In the design of suspension for passenger vehicles, it is desirable to achieve low levels
of car body acceleration, thus ensuring passenger comfort, and adequate control of
dynamic tyre loads, thus ensuring vehicle safety and stability. The dynamic tyre load is
associated with the reduction in a tyre’s ability to generate shear forces if the load on it
is fluctuating substantially about the mean value. A relatively low value of dynamic
tyre load implies relatively little impairment of shear force generation and hence good
vehicle manoeuvrability due to road roughness [7]. This must be designed within a
finite amount of space, which acts as a constraint to the designer. The threc main

criteria often used to assess vehicle performance are therefore:

e RMS vehicle body acceleration,

e RMS dynamic whecl contact force,

e RMS suspension working space.

It transpires that these fundamental features of suspension design are effectively
captured in the quarter car model [15] which has therefore been used in this study.
Figure 5-11(a) shows a schematic quarter car model with an idealised passive
suspension. Parameters were chosen so as to represcnt a typical family saloon car and
arc shown in Table 5-2. To characterise performance, the above three performance
indicators were calculated, where lower values correspond to superior performance

levels.
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5.6.2  Quarter car configurations

Five configurations of suspension damper were investigated and these configurations

are described below.

e Passive

As for the SDOF study, the passive quarter car model (shown in Figure 5-11(a)) was
investigated to provide a useful performance benchmark to assess the MR systems. The
damping coefficient C,, was varied between 1kNs/m and SkNs/m, which approximately

corresponds to sprung mass damping ratios between 0.2 and 1.

e MR linearised modified skyhook control

For 2DOF systems such as the quarter car, it is well known that skyhook control
attenuates vibration at the natural frequency of the sprung mass but has an adverse
effect at the natural frequency of the wheel mass (wheel hop {requency) [3, 146, 147].
This has led to an alternative strategy known as modified skyhook control, which
combines the concept of skyhook damping with passive damping in an attempt to gain
the advantages of both [22]. This is particularly advantageous for a semi-active device
since the introduction of passive damping means that the control law will dissipatc
power more frequently. Consequently, the semi-active damper will approach more
closely the behaviour of an ideal actuator [3]. With rcference to Figure 5-11(b) and

Figure 5-3(a), the set-point control force F; is given by:

]7(/ - DMRm (a(x( - ').Cw) + (1 - a)‘x() (5_8)
Here, a 1s a weighting parameter between 0 and 1. o = 1 corresponds to a viscous set-

point damping force thus emulating the passive system and o = 0 corresponds to a pure
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skyhook set-point force. As before, the desired force will only be achieved accurately if

it is within the control limits of the MR damper (see Figure 5-4).

¢ On/off modified skyhook control

The input current for the on/off controller is given by:

I =1l (a(x, =X )+ (1 —a)x, }x. —x_.)>0 -Encrgy dissipation required (5-9)
I=(a(x, —% )+ (1 —-a)x )x, —x,)=<0 - Energy mput requircd (5-10)

e Fully active modified skyhook control
With reference to Figure 5-11(c), the ideal damping force 7 is given by:

F=D, (a(i, —x )+(-a)t) (5-11)

e ldeal semi-active modified skyhook control
Again referring to Figure 5-11(c), the ideal semi-active damping force is given by:

F=Dg, (a(x -x )+(1-a)x): x (x.,-x_)>0 (5-12)

F=0: % (% ~-%,)<0 (5-13)

5.6.3  Reul road disturbance

In order to realistically assess the capability of thc MR damper as part of a vehicle
suspension, a broadband random signal, representative of a typical road profile was
generated to provide an input to the quarter car model. The profile of a single track
along the length of a road surface can be approximately described by a displacement
power spectral density function (PSD) Say) at wave-number v (cycles/m) as follows

[140]:
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Sty = Cy ™ [w’f—j (5-14)

cycle/ m

Here, C and w are fitting constants describing the severity of road roughness. The
wave-number \y is given by f/V,, where f'is the vibration frequency and V. is the vehicle
speed. Consequently, for a given vehicle speed, the inverse fast Fourier transform can
be used to determine the road surface heights in the time domain [141]. Motorway,
principal and minor road excitations were generated with frequency content between 0
to 15Hz. Table 5-3 shows the corresponding values of €, w and V. and Figure 5-12

shows a typical motorway excitation in the time and frequency domain.

5.6.4 2DOF Results

To begin, Figure 5-13(a) shows the PSD of wheel contact force for the MR linearised
modified skyhook system. The responses shown arc for the motorway excitation and
are compared to the passive system with C,, = 2kNs/m, which corresponds to a damping
ratio of 0.4. For the MR system, responses are shown for a range of « with controller
gain Dy, = 3kNs/m. In the pure skyhook case (« = (), the vibration at the sprung mass
natu.ral frequency has been significantly reduced but, as expected, an adverse cffect at
the wheel hop frequency is observed. It can be seen how increasing « and thus
augmenting the system with passive damping, improves this by allowing the
magnitudes of the two resonant peaks to be compromised against one another. Through
appropriate parameter sclection, the MR system is clearly superior to the passive

system.

Similarly, Figures 5-13(b) and 5-13(c) compare the motorway PSD plots of the passive

system with the fully active and ideal semi-active modified skyhook systems
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respectively.  Skyhook gains equal to 3kNs/m have been used in both cases. A key
difference between the fully active/ideal semi-active systems and the MR lincarised
system is in the mid frequency range (3-9Hz), where the fully active/ideal semi-active
systems achieve much lower vibration levels. Reducing the damping rate at 0A, for
example by changing vehicle parameters or fluid properties, should improve the MR
system in this range and push the performance levels nearer to the ideal semi-active
system. It can also be observed how the performance levels of fully active and ideal
semi-active systems are similar for values of « which give acceptable levels of wheel

hop vibration.

Next, the on/off modified skyhook system is investigated.  FFigure 5-13(d) shows the
PSD of wheel contact force for the controller gain /,,,, = 0.06A. Again, the motorway
excitation has becn used as an example. The vibration at the sprung mass natural
frequency 1s clearly lower than the passive system, however the wheel hop response is

very poor with no significant gain in performance when «is increased. A pure skyhook

strategy (o = 0) is therefore optimal for the on/off control stratcgy.

As with the SDOF system, the conflict diagram can be used to optimisc and comparc
each control strategy. For the quarter car modcl, these have been constructed by
plotting RMS car body acccleration and RMS wheel contact force versus the RMS
suspension working space for each road excitation. Figurc 5-14 shows the resulting
conflict curve comparing each vehicle configuration subject to the motorway cxcitation.
The modified skyhook systems have already been optimised in terms of the controller
gain (D = 3kNs/m, Dy, = 3kNs/m and Dy g, = 3kNs/m) where that value which best

minimised car body acceleration was chosen.  With the exception of on/off control
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(where it has already been established that skyhook control is optimal), each curve
shown corresponds to the range o = 0-1. The on/off conflict curve corresponds to a

range of controller gains /,,, for @ = 0 and the passive response corresponds to the

range C), = 1-5kNs/m.

As shown in the SDOF study, the MR linearised modificd skyhook system is superior to
the on/off controller.  Nonetheless, the on/off controller does perform  well,
outperforming the passive system.  The superiority of the linearised system is more
obvious in terms of wheel contact force becausc, unlike the on/off controller, MR
linearised modified skyhook control is able to suppress the wheel hop vibrations.
However, RMS wheel contact force for the lincarised system is still on a par with the
passive system. This is partly due to the way in which the controller gains wcre
optimised in terms of car body acceleration as outlined previously. It is well known that
ride comfort will be traded off against vehicle handling and optimising the controller

gain in terms of wheel contact force should improve this result.

To investigate the effect of the operating conditions on performance, a specific
operating point (& or I,,) has been chosen and maintained for the three excitation
conditions (motorway, principal and minor road). The performance of cach controlled
system has then been rated as a percentage improvement over the passive system with
Cp=2kNs/m (which corresponds to a damping ratio of 0.4). The operating points were
chosen, using the motorway conflict diagram (Figure 5-14), so as to minimise car body
acceleration whilst maintaining adequate whecl contact force and suspension working
space levels that are similar to the passive system. The corresponding operating points

are indicated on Figure 5-14 and are tabulated in Table 5-4, and Figure 5-15 shows the
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results in graphical form. By first taking the motorway excitation as an example, the
linearised system demonstrates a 10% improvement in RMS acceleration whilst
maintaining similar wheel contact force levels to the passive system, whereas the on/off
system results in a 3% reduction in RMS acceleration but RMS wheel contact force is
4% worse than the passive system. There is a 9% and 13% improvement in RMS
suspension working space for the linearised and on/off system respectively. By
analysing the full excitation range, the results re-itcratc the key advantage in using
fecedback linearisation, which was demonstrated for the SDOF system. From Figure
5-15, it can be observed how the MR linearised operating point is insensitive to changes
in the input conditions. This is seen through the steady performance levels, which are
consistently superior to the passive system across the full excitation range.
Furthermore, the car body acceleration is similar to the fully active and ideal semi-
active systems. In contrast to the linearised system, the optimum controller gain for the
on/off controller is highly dependent on the input conditions. This is seen through the
progressive deterioration of suspension working space as the harshness of the road

surface worsens.

For some performance criteria, the MR systems can be observed to outperform the fully
active and ideal semi-active systems. For example, the RMS suspension working space
of the on/off system is superior for the motorway cxcitation (Figure 5-15(a)), and the
car body acceleration of the linearised system is slightly superior for the principal road
excitation (Figure 5-15(b)). However the fully active/ideal semi-active systems always

outperform the MR systems in two out of the threc performance indicators.
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5.7 Discussion

Using skyhook-derived control laws, this chapter has demonstrated for both SDOF and
2DOF systems, how feedback linearisation can better harness the controllability of a

smart fluid damper when compared to more straightforward on/off control strategies.

In the SDOF study, the fully active and ideal semi-active systems demonstrate superior
acceleration levels when compared to the MR systems but this is at the expense of
poorer suspension working space levels. Fully active control is particularly superior if
these larger working spaces can be tolerated. However, the 2DOF study did not
demonstrate such advantages with the ideal semi-active system closely approaching the
fully active system. This suggests that dissipative encrgy is required for most of the
time. Furthcrmore, the similarity between the MR and ideal semi-active system
suggests that the MR performance could be further cnhanced by designing the system

with a lower ‘off-state’ damping rate.

A key advantage of feedback linearisation is how the damping behaviour becomes less
sensitive to external changes. For example, environmental effects and manufacturing
tolerances, which would result in varying fluid properties, should have no major effect
on performance. On the other hand, it is probable that degradation in the performance
of an on/off system, and a shift in the optimum controller gain would be obscrved when
such effects play a role. When this effect i1s coupled with the changing optimum
controller gain due to variations in the input conditions, performance could seriously

suffer.
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5.8 Summary of Chapter 5

In this chapter, the author numerically investigated the feedback control of vibration
isolation systems using MR dampers. The vibrating systems werce investigated using
broadband mechanical excitations, and the results have been benchmarked against ideal

passive, semi-active, and fully active systems.

Two control strategies have been studied: feedback linearisation, and on/off control.
New experimental results have demonstrated that feedback linearisation is effective
under broadband mechanical excitation, and that the proposed MR damper model

remains valid under these conditions.

An SDOF mass-isolator problem was investigated, and MR lineariscd skyhook control
was shown to be superior to on/off skyhook control, demonstrating a 25% reduction in
acccleration over an optimised passive system compared to 15% for the on/off strategy.
The ideal semi-active and fully active systems outperformed both of the MR damper

systems in terms of acceleration, but this was at the expensc of larger working spacces.

A 2DOF system representing a vehicle was then investigated numerically. The MR
lincarised controller, in conjunction with a modified skyhook strategy, was able to
outperform the passive system by 10% in terms of car body acccleration and suspension
working space, whilst also maintaining slightly superior wheel contact force levels. In
contrast, the on/off control strategy provided just a 3% reduction in car body
acccleration, whilst wheel contact force levels were degraded. This is because an on/oft
controller is unable to suppress wheel hop vibrations, wherc it was shown that a pure
skyhook strategy is the most optimal. The fully active and ideal scmi-active systems

were generally superior to the MR systems, where performance was better in at least
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two of the three performance indicators investigated.  Nonetheless, car body
acceleration levels for the MR linearised system were comparable to the fully

active/idcal semi-active systems.

For both of the isolation systems, the feedback lincarisation strategy was shown to be
relatively insensitive to changes in the input excitation conditions. On the other hand,
the on/off strategy was highly sensitive to the input excitation. In the next chapter of

this thesis, the behaviour will be investigated experimentally using the HILS approach.
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Control strategy Controller gain
Passive (', == 3kNs/m
MR linearised skyhook Dy = 4kNs/m
On/off skyhook Ly = 0.5A
Fully active skyhook Dy = 7kNs/m
Ideal semi-active skyhook Dy = 0kNs/m

Table 5-1: Controller parameters for the optimised mass-isolator systems.

Parameter Symbol/unit Value
Mass of car body M./ kg B 300
Mass of wheel assmﬁbly M, / kg 7 - 35
Suspension stiffness K/Nm” B 20000
Tyre stiffness Ko /Nm' 200000
| Passive damping ratc C,/Nsm’ 1000-5000
Tyre damping rate C, / Nsm’ 80

Table 5-2: Quarter car suspension parameters.

Profile C w V. (miles/hr)
Motorway 7% 10" 2.5 70
Principal road 50 % 10® 25 60
Minor road 500 x 10°® 2.5 30
Table 5-3: Road profile parameters.
Control strategy " Controller gain o
Passive » _Lp = 2kNs/m -
MR linearised modified skyhook Dy = 3kNs/m 0.25
On/off skyhook | Ly = 0.08A 0
Fully active modified skyhook | 7”1315,,, = 3kNs/m 0.0
Idcal semi-active modified skyhook Doion = 3kNs/m 0.6

Table 5-4: Controller parameters for the optimised vehicle suspension systems.
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Figure 5-1: (a) Schematic diagram of the Lord Corporations RD-1005-3 MR damper [148] and (b)
the lumped parameter model [74].
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CHAPTER 6. CONTROL OF MR DAMPERS - AN

EXPERIMENTAL INVESTIGATION

6.1 Introduction

In the previous Chapter, numerical simulations were performed to show the
effectiveness of using feedback linearisation as a semi-active force generator. In
particular, it was demonstrated that significant performance enhancements are possible
when compared to more straightforward on-off control strategics and equivalent passive
systems. Furthermore, the MR systems compared favourably with the ideal semi-active

and fully active systems.

The present chapter aims to build upon this work by performing experiments of both
single-degrec-of-freedom  (SDOF) and  two-degrec-of-freedom  (2DOF)  structures
subject to broadband excitations. In a similar manner to Chapter 5, skyhook-based
controllers will be used to illustrate the effectivencss of feedback linearisation. The
experiments are performed using the hardwarc-in-the-loop-simulation (HILS) method,
which is illustrated in Figurc 6-1. Here, real-time control software is used to simulate
the non-physical elements of the system i.c. mass and stiffness. Using D/A conversion,
outputs from this simulation (damper displacement and control current) arc then uscd to
excite an MR damper using a servo-hydraulic actuator and current amplifier.
Simultaneously, an A/D converter provides the simulation with damping force data in
order to complete the solution of the equations of motion. This provides an cxccllent
means to bridge the gap between theory and practice when certain aspects of the model
have complex behaviour 1.e. the MR damper. However, due to the additional dynamics

that are introduced by the servo-hydraulic actuator, the HILS method must be validated.
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In the SDOF study, Lord Corporation’s RD-1005-3 MR damper [62] is used to perform
the HILS tests. By comparing the HILS results to numcrical simulations, both with and
without hydraulic actuator dynamics, the aim is to validate the use of the HILS method
to predict the relative performance of MR vibration control strategies. This is madec
possible using the previously validated model of the MR damper (Section 5.2) along

with a servo-hydraulic system model that was provided by the cquipment manufacturer

[149].

In the 2DOF study, Carrera’s Magneshock [150] MR damper is usced to perform HILS
experiments. This damper is made specifically for primary vchicle applications, and is
thercfore a morc appropriate device for quarter-car HILS tests. A model of this device
was not developed. Nonetheless, due to the large similaritics between the SDOF and
2DOF vibration systems, the SDOF investigation will help to validate the HILS method

in general.

The present chapter is organised as follows. First, the experimental HILS test facility is
outlined before presenting the SDOF investigation.  In the SDOF study, a numerical
model of this HILS system is described, which includes a validated model of both the
hydraulic actuator and MR damper. Comparisons arc then made between the HILS
experiments and the numerical simulations with and without actuator dynamics. Next.
the 2DOF study is presented, which comparcs HILS experimental results for a varicty
of controllers. Finally, a general discussion is made and the key conclusions are drawn.
The research in this chapter has been accepted for publication [151], and the abstract for
this work is given in Appendix A.IV. The SDOF study was also presented at the 11

ECCOMAS conference on Smart Structures and Matcrials, Lisbon, Portugal [152].
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6.2 The HILS test facility

With reference to Figures 4-4 and 4-5, the damper test facility (Section 4.3) was
configured for HILS testing as follows. First, Simulink was used to decvelop the
controllers and to model the non-physical system paramcters on the host PC. These
models werc then downloaded onto the target PC, which performed the real-time
simulation by transferring data to and from the hardware via the data acquisition card.
Here, the simulated damper displacement was sent to the Instron controller via the D/A
converter. Simultaneously, the damping force data (mcasured by the load cell) was sent
via the A/D converter to the target PC, thus permitting the real-time solution of the

cquations of motion.

At this stage, it 1s worth drawing attention to the test facility’s performance
specifications that are most relevant to the HILS method. To perform HILS tests
effectively, the servo-hydraulic system must have an cxccellent magnitude and phasc
response. In particular, the phase delay (i.c. the time difference between the desired and
actual actuator displaccment) must be minimised as large values can Icad to system
instability [153]. To maximise control system performance, the MR damper’s power
supply must also be dynamically responsive in order to minimise the time constant
assoclated with the MR effect. The specifications of the test facility that are most

relevant to these factors are as follows:

e The bandwidth of the scrvo-hydraulic actuator was rated at 40Hz. This is more than
adequate for HILS testing, where frequencies above 20Hz are outside the duty of

shock absorbers [7].
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e To regulate oil flow to and from the actuator, two 38l/min Moog D765 electronic
feedback valves were used [135]. These are two-stage servo-valves that incorporate
a position transducer (LVDT) and integrated elcctronics to control the main spool
and hence oil flow.  The frequency responsc curves of this servo-valve arc
provided in Figure 0-2, where excellent magnitude and phase response
characteristics can be observed. Also, the step response of the spool was rated at

2ms [135], which is far superior to conventional mechanical feedback valves.

e To power thc MR damper, a high specification Kepco BOP amplifier [136] was
used. This had a maximum DC output range of +36V and +6A. Furthermore, in
current control mode, the amplifier had a bandwidth of 13kHz and a rise / fall time
of 27us between 10%-90%. Therefore, the cffect of the power supply on the

response time of the MR cffect was negligible.

In summary, the dynamic characteristics of the scrvo-hydraulic system and the MR
damper’s power supply are more than adcquatc. Conscquently, the stability and

accuracy of the HILS tests, and the control system performance will be maximised.

6.3 SDOF study

The parameters used for thc SDOF system are defined in Figure 6-3(a). The mass
(M=80kg) and stiffness (K,=78.5kN/m) were chosen to give a system natural
frequency equal to SHz, with a damping ratio of 0.2 when the MR damper is in the ‘off
state. Each system was excited by the same broadband displacement cxcitation. This
was generated by passing white noise (with a constant velocity amplitude) through a 2™

order low-pass Butterworth filter, which was designed with a cut-off frequency at 25Hz.
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6.3.1  Numerical modelling

In this section, a numerical model of the experimental HILS system will be presented.
This will be referred to as a “HILS simulation”, and thc development of this model will
help validate the effect of the actuator dynamics on the performance of the controlled
SDOF systems. Conscquently, by removing the actuator dynamics in the numerical
model (giving an “idealised simulation”), the accuracy of using the HILS method to

cvaluate controller performance can be determined.

Figure 6-4 shows a schematic representation of the numerical model. In accordance
with Chapter 5, the dynamics of the electro-magnetic circuit and smart fluid rheology
are modelled using a first order lag term with a time constant equal to 3ms. In the HILS
simulation, the actual displacement across the MR damper model, which was described
and validated n Scction 5.2, differs in magnitude and phase to the desired displacement
due to the dynamics of the servo-hydraulic system. This was accounted for using
numerical models of the servo-hydraulic actuator, servo-valves, and controller, which

were provided by the cquipment manufacturer [149].

To validate the accuracy of the servo-hydraulic systcm model, a frequency response
analysis was performed. Here, the actuator was cxctted with a broadband displacement
signal that was passed though a low-pass Butterworth filter with a cut-off frequency of
50Hz. This cut-off frequency was chosen so as to just cxceed the bandwidth of the test
facility, which is rated at 40Hz. The frequency response between the demanded input
and the actual displacement was then calculated and compared to a corresponding
simulation of the test. The results are presented in Figure 6-5, where it can be observed

that the servo-hydraulic system model predicts both the magnitude and phase responsc
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well.  The magnitude of the actuator displacement remains largely unaffected in the
frequency range of interest, and it is the phase ¢ that is likely to have the most
significant effect on the HILS system performance. With reference to Figure 6-5(b), it

can be readily shown that a time delay 4r of approximately 6ms exists throughout the
frequency range (Ar = _%60/‘ , where the units of ¢ and fare mecasured in degrees and
hertz respectively).

6.3.2 Control

Three SDOF control strategies were investigated, which are summarisced below. For

more detailed descriptions, the reader is referred to Scction 5.5.1.
e Linearised system

Here, feedback linearisation i1s utilised such that the MR damper emulates a passive
damper with a linear damping rate 1.e. the set-point forcc to the semi-active force
gencrator (Figure 5-3(a)) is proportional to the relative velocity between the vibrating
mass and the base of the SDOF isolator. This system provides a uscful performance

benchmark.

e Linearised skyhook control

For this system, the semi-active force generator (Figurc 5-3 (a)) is used to track the
skyhook damping force (Eq.5-2). However, when implementing feedback control
within a HILS experiment or HILS simulation, a complication ariscs due to the phase
delay between the desired and actual MR damper displacements. This complication 1s

shown in Figure 6-6, which illustrates the implementation of lincarised skyhook control
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within an SDOF HILS system. Here, the phase delay means that the ‘simulated’
velocity of the mass, which is used to compute desired force (and hence control
current), does not coincide with the actual force and displacement that is being
measured. In order to correct for this, an additional 6ms time delay is applied to the
velocity of the mass (as shown in Figure 6-6), thus bringing the set-point and measured
forces back in phase. This is essentially a ‘virtual’ velocity sensor, and the above delay
helps it to function as similar as possible to the sensor that would be on a real system
incorporating a physical mass, spring and MR damper. Without this additional dclay,
the controller would be ablc to pre-empt the displacement of the MR damper, which is
not physically realisable. Notc that the value of 6ms corresponds to the time delay

associated with the phase response in Figure 6-5(b).
e On/off skyhook control

On/off control skyhook control represents a major simplification to the linearised
controller as it eliminatcs the need to measure/estimate the damping force.  With
reference to Equations 5-3 and 5-4, the current supplied to the MR damper is switched

{o a constant value when the force required by the skyhook law is a dissipative one.

For the reasons described above, a 6ms time delay was applied to the demanded control
current within the HILS experiments and HILS simulations. This ensures that the
timing of the demanded current corresponds to the actual actuator displacement (or
velocity) that was used in the simulation to determine when to switch the damper

current on. Thus the controtler will function as similar as possible (0 a real system

where all isolator components are physical.
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6.3.3 SDOF Results

For each control strategy, the following three SDOF mass-isolator investigations were

performed:
1. HILS experimental investigation (as described in Section 6.2).

2. Numerical study incorporating actuator dynamics i.e. the HILS simulation (as

described in Section 6.3.1).

3. Numerical study without actuator dynamics i.e. the idealised simulation. Here,
the servo-hydraulic system model has been switched out (see Figure 6-4) such
that the MR damper displacement has cxactly the same magnitude and phase as
the spring displacement.  This represents a simulation of the real system
incorporating physical mass, spring and damper components. The additional
6ms time delays that were incorporated into the controllers described in Section

6.3.2 were obviously removed in these systems.

Comparisons between the results of the above investigations are presented below.

HIILS experiment versus HILS simulation

Figure 6-7(a) compares the frequency responses of the HILS experiment with the HILS
simulation for the linearised skyhook system. The responses shown are transmissibility
estimates, which were obtained using Welch’s method [145]. Clearly, there exists good

correlation between the HILS experiment and HILS simulation, and this holds

throughout the range of set-point gains Dy = 1-5kNs/m.

In a similar fashion, Figure 6-7(b) presents the results for the on/off skyhook system.

The correlation between the HILS experiment and HILS simulation is good for the case
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Luae = 0.1A, but accuracy deteriorates as /,,, 1s increased. More specifically, the HILS
simulation contains greater damping levels than observed in the HILS experiment,
where the transmissibility is underestimated around the natural frequency and
overestimated at higher frequencies. This discrepancy is largely due to the inaccuracy
of the MR damper model i.e. it is likely that the fluid properties have altered since the
model was first developed. Morcover, this inaccuracy is not observed in the lincarised
skyhook system results (Figure 0-7(a)), which serves to illustrate a key advantage of
fecedback linearisation - it desensitises the skyhook controller to parameter uncertainty.
Device performance will thercfore be insensitive to fluid property variations that may

occur between batches, during long-term use, or due to environmental cffects c.g.

temperature.

The relative performance between the lineariscd and on/off skyhcok strategics can be
determined by comparing Figure 6-7(a) with Figure 6-7(b). Clearly, the lincarised
skyhook system can be tuncd to outperform the on/off system throughout the frequency
range. In particular, the lincarised skyhook system is superior at substantially reducing
the transmissibility around the natural frequency without significant degradation in
performance  at  higher  frequencies. Furthermore, the frequency when the
transmissibility is amplificd rather than suppressed with increasing set-point gain, is
superior for the lineariscd skyhook system. This will be referred to as the crossover
frequency and, with reference to Figure 6-7, this occurs at approximately 10 Hz for the

lincarised skyhook system and 8 Hz for the on/off skyhook system.

To further illustrate the above points, the performance of the various HILS experiments

and HILS simulations are compared using the conflict diagram.  This is shown in
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Figure 6-8, where the RMS acceleration is plotted against the RMS working space as
function of the control parameter. For each of the three controllers, the HILS
experiments correlate well with the HILS simulations, thus validating the numerical
model.  Furthermore, the conflict diagram effectively highlights the significant
advantages of using feedback linearisation to implement control, where much lower
acceleration levels are achicved for a similar working space. For example, for an RMS
working space of 3.6mm, the RMS acceleration of the linearised skyhook controller is
17.5% lower than the on/off skyhook controller, and 36% lower than the linearised

system. However, the cffcet of the actuator dynamics on the above results must be

validated.

HILS simulation versus ideal simulation

The results presented above validate the HILS simulation, where good correlation with
the experimental results has been demonstrated. This was particularly the case with the
linearised skyhook controller, and it was shown that the poor correlation associated with
the on/off controller was duc to a slightly inaccurate MR damper model. Therefore, by
removing the actuator dynamics from the HILS simulation (giving the idealised
simulation), a good indication of the performance of the real system will result.

Moreover, the effect that the servo-hydraulic system dynamics has on the performance

of the control systems will be cvident.

Figure 6-9 compares the transmissibility estimates between the HILS simulation and the
idealised simulation. In general, for both linearised (Figure 6-9(a)) and on/off (Figure
6-9(b)) skyhook systems, thc main cffect of the actuator dynamics is to shift the

transmissibility curves to larger values, and to reduce the crossover frequency.
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Furthermore, by observing the responses with the lowest set-point gains (Dyr and 1.y,
it can be seen how the actuator dynamics have slightly increased the damped natural
frequency. The performance of the control systems has therefore been reduced due to
the incorporation of the scrvo-hydraulic system dynamics in a HILS test. Nonetheless,
the relative performance between the linearised and on/off skyhook systems remains

largely unchanged, which validates the use of the HILS method to predict the

performance of controllers in MR vibration systems.

To further illustrate this point, Figure 6-10 compares the conflict curves between the
idealised and HILS simulations. As shown, the key effect of the actuator dynamics is to
degrade the RMS acccleration of the mass, but the relative performance of the
controllers remains largely unaffected. The shapes of the conflict curves are also
unchanged, which indicates that the optimum controller parameter determined from a

HILS test will remain optimal in the real system.

6.4 2DOF Study

In the previous section, it was shown that the cffect of the hydraulic actuator dynamics
in HILS tests is to reducc performance. However, the relative performance of the
control systems, and the optimum controller gains remain largely unchanged. This

result helps validate the use of the HILS method in general, which is now used to

investigate a 2DOF MR vibration system.

The system parameters for the 2DOF system were chosen to represent a small sized

passenger car as shown in Figurc 6-11. However, the Carrera MR damper that was used

in this study provided an cxcessive damping rate ¢ in the zero-field condition.
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Consequently, a scaling factor of 0.36 was applied to the measured damping force F in

order to give a zero-field damping ratio £ ~ 0.2.

To excite the quarter car system, broadband random signals representative of typical
roads were used. Motorway and principal road excitations were generated with
frequency content between 0-20Hz. For details on how the road signals were generated,

the reader is referred to Section 5.6.3.

6.4.1 Feedback linearisation

As with the previous control studies, feedback linearisation is utilised to provide
cffective semi-active force generation. For the Carrera damper, a new set of feedback
gains must therefore be dctermined and validated. Sims, er «/. [94, 95] described a
formal approach to identify the optimal values, but a more ad-hoc approach was
considered appropriate in the present study. Through trial and error, the feedback and

feedforward gains B and G were tuned such that the MR damping force correlated well

with the desired value.

In this study, values of G cqual to 0.001 and B equal to 0.8 were found to provide a
good response. This is illustrated in Figure 6-12, where the sinusoidal responsc of the
MR damper has been lincarised. Here, the set-point force to the controller is
proportional to the piston velocity through the damping constant D. As shown, when D
= 6kNs/m the responsc is highly linear. Moreover, the actual damping rate correlates
very well with the desired value, thus validating the accuracy of the controllers force
tracking capability. The responses for D = 2kNs/m and D = 10kNs/m represent the
control limits of the device. When D = 2kNs/m, the sct-point damping force is lower

than the minimum value that is governed by the viscosity of the MR fluid.
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Consequently, the current is set to OA, and the desired force is not achieved. Notc that
the yield stress effect that can be observed in this response is duc to seal friction. For D

= 10kNs/m, the set-point force is accurately achieved between £ 0.00m/s. Beyond +

(0.06m/s, saturation occurs as the maximum yield stress in the fluid has been reached i.e.

the current is at its maximum value. Consequently, the actual force falls short of the

sct-point value.

6.4.2  Quarter car controllers

The quarter car controllers are briefly described below, but more detailed descriptions
can be found in Section 5.6.2.  Where appropriate, 6ms time delays were also built into
the controllers in order to account for the 6ms phase difference between the desired and
actual MR damper displacement. As with the SDOF study, this ensures that thc
application of the desired current corresponds to the correct MR damper
displacement/velocity that was used to calculate it within the controller (c.g. Figure
6-6). Thus, the control systems will behave as similarly as possible to the real structure.

where all vehicle paramcters are physical.

e Open-loop

To provide a performance benchmark for the controlled MR systems, an open-loop
controller was investigated.  Here, the current supplicd to the MR damper was
maintained at a constant level 7, where values between 0 and 0.2A were investigated.

e Linearised

As a more realistic benchmark, the MR damper was lincarised using the semi-active

force generator that was first described in Section 5.3. As shown in Figure 6-12. this
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system is more representative of a conventional passive suspension with a linear viscous
damper. The set-point gain D was varied between 1kNs/m and S5kNs/m, which

approximately corresponds to sprung mass damping ratios between 0.2 and 1.
e Linearised modified skyhook control

Here, the semi-active force generator is used to achieve the modified skyhook damping
force (sec Eq.5-8). As shown in Figure 6-12, this set-point force will be accurately

achieved within the dissipative control limits of the MR damper.

e On/off modified skyhook control

The on/off controller switches the mput current to a predetermined and constant level
1. Wwhen the force required by the modified skyhook control law is a dissipative one
(sce Equations 5-9 and 5-10). This represents a major simplification over the linearised

modified skyhook controller as force feedback is not required.

6.4.3 2DOF Results

Frequency responses for the motorway excited linearised system are first presented in
Figure 6-13. The performancc is illustrated in terms of the power spectral density of the
car body acceleration (Figure 6-13(a)) and wheel contact force (Figure 6-13(b)). As the
set-point gain D (or the effective damping constant) is increased, the resonant peaks
corrcsponding to the sprung mass (1.6Hz) and unsprung mass (I 1.5H"/.,) natural
frequencies are suppressed. For large values of D, the masses are effectively locked
together and the system behaves as an SDOF system (as shown by the single resonant

peak). This behaviour is typical of a linear 2DOF vibration system, and gives the first
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indication that the HILS technique is providing reliable results, in spite of the scrvo-

hydraulic actuator dynamics.

In Figure 0-14, the PSD responses of the linearised modified skyhook system are
presented for the motorway cxcitation. Results are shown for Dz, = 4kNs/m where «
is varied between zero and one. Skyhook control (o = 0) is most superior in terms of

passenger comfort (Figure 0-14(a)), but wheel contact force levels at the wheel hop

frequency are poor (Figurc 6-14(b)). Augmenting the system with viscous damping

(0<a<l1) improves the unsprung mass vibrations at the expense of the sprung mass

performance.

The performance of the motorway excited on/off modified skyhook system is shown in
Figure 6-15 for /,. = 0.15A, where « is varied between zero and one. Much like the
lincarised modified skyhook system, purc skyhook control (& = 0) provides the most

superior response in terms of passenger comfort (Figure 6-15(a)). However, the on/off

controller is unable to significantly suppress the wheel contact force vibrations at the
wheel hop {requency when « is increased (Figure 6-15(b)). Although a slight
improvement can be observed for a > 0, an analysis of the area under the PSD curves
illustrates that there is no cnhancement in the RMS value. Thercfore, pure skyhook

control is optimal for a 2DOI on/off system.

The results of Figures 6-14 and 6-15 are promising as they directly concur with the

previous numerical findings in Chapter 5. Itis therefore apparent that the HILS method

provides accurate results for 2DOF MR vibration systems.
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To further illustrate the effectiveness of the semi-active force generator, the time
histories between the set point and actual damping forces have been compared. This is
shown in Figure 6-16 for the motorway excited linearised system. Clearly, the accuracy
ol the semi-active force generator is excellent, where the actual damping force tracks
the commanded value very closely. For the linearised modified skyhook system. the
desired force is not always dissipative, so it is interesting to investigate the tracking
accuracy for this controller. The force/time history for this system is shown in Figure
6-17, and the instants when an encrgy input is required are also indicated. During these
instants, the damper can no longer achieve the set-point force, and so the accuracy of
the semi-active force generator deteriorates. Nonetheless, when the required force is
dissipative, the force tracking accuracy is very good as before. Furthermore, it wus
found that an energy input was only required for 20% of the entire HILS test.  This
suggests that the performance of the semi-active MR system is likely to approach that of
a fully active system. In conclusion, the semi-active force generator performs extremely

well in the face of broadband random excitations.

In what follows, the performance of the various quarter car control strategics arc
compared through an analysis of the conflict diagram, which enables an enhanced
assessment of the relative controller performance. Figure 6-18 shows the conflict
diagram for the motorway excitation, where the RMS car body acceleration (Figure

6-18(a)) and RMS wheel contact force (Figure 6-18(b)) are plotted against the RMS

suspension working space. The variable parameter for each control system is as

follows:
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e Open-loop- /p, is varied between 0.05-0.2A
e Linearised— D is varied between 1-5kNs/m

e Linearised modified skyhook— Curves are plotted for Dasg, = 3kNs/m and 4kNs/m,

where o is varied between 0-1.

e On/off modified skyhook — As skyhook control is optimal for this system (see

Figure 6-15), o= 0 and /., 1s varied between 0.05A-0.2A.

With reference to Figure 0-18, the open loop system clearly has the worst performance.
This is likely due to the non-linear force/velocity characteristics, which creates a harsh
response when the velocity changes direction. The linearised system, which emulates a
passive device, improves on this response but it is the skyhook-based controllers that
provide the best performance. Moreover, the linearised modified skyhook system is

superior to the on/off skyhook system, where lower levels of car body acceleration and

wheel contact force can be achicved.

In Chapter 5, it was shown how feedback linearisation tends to desensitise the controller
performance to changes in the input excitation. This can also be observed in the HILS
results by comparing Figurc 6-18 with Figure 6-19, which shows the conflict curves for
the principal road excitation. Unlike the on/off system, the shape of the linearised
modified skyhook conflict curve, and hence the optimum controller gain, remains
unchanged. Again, this result illustrates the efficacy of the HILS method, where

identical conclusions to the previous numerical study of Chapter 5 can be drawn.
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To better illustrate the sensitivity to the input excitation, an operating point for each
control system was chosen such that the wheel contact force is minimised on the
motorway. These opcrating points are highlighted on Figure 6-18 by the circular
markers, and the corresponding controller values are given in Table 6-1. The
performance of the same controller configurations is also highlighted on Figure 6-19 for
the principal road excitation. With the exception of the linearised modified skyhook

system, wheel contact force levels are no longer optimal.

This result is summarised in Figure 0-20, which shows the performance of the
optimised controllers as a percentage improvement over the linearised system.
[inearised modified skyhook control is clearly superior for all performance indicators
and input excitations. For the motorway excitation, improvements in car body
acceleration (CBA), wheel contact force (WCF), and suspension working space (SWS)
arc 8.3%, 4.5% and 18.7% respectively. The motorway excited on/off skyhook system
also performs well wherc improvements are 6.2% CBA, 1.7% WCF, and 12.1% SWS.
However, when the input excitation changes, the on/off system performance is degraded
and no improvement in wheel contact force and suspension working space is offered.
On the other hand, the lincarised modified skyhook system maintains superior

performance, where improvements are 10.2% CBA, 5.4% WCF and 10% SWS.

6.5 Summary of Chapter 6

This chapter has presented a HILS experimental investigation of semi-active SDOF and
2DOF mass isolation systems. Here, MR dampers excited by a high response servo-
hydraulic actuator were used as the physical hardware components. Meanwhile, the

non-physical system components were modelled in a real time digital simulation. For
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each case study, the performance of feedback linearisation was investigated by
implementing skyhook-based controllers, where comparisons were made with more

simplistic on/off controllers and equivalent passive systems.

In order to validate the effect of the actuator dynamics on control system performance,
experimental data was compared to a numerical simulation of the HILS SDOF system.
This incorporated a previously validated model of the corresponding MR damper, and a
servo-hydraulic actuator model, which was validated herein. It was shown that the main
effect of the actuator dynamics was to lower performance, where a shift to higher
transmissibilitics and RMS accelerations was observed. Nonetheless, the relative
performance and the optimum controller gain of the various control systems remained

unchanged, thus validating the use of the HILS method to predict controller

per formance.

To give further credence to the efficacy of the HILS method, similar conclusions to the

SDOF and 2DOF numerical investigations of Chapter 5 were drawn. More spectfically:

For SDOF systems, it was shown that linearised skyhook control provides far

[ ]
superior transmissibility and RMS acceleration levels to on/off skyhook control.
Nonetheless, the on/off system performed well, outperforming the linearised
“passive” configuration.

e For 2DOF systems, linearised skyhook control is optimal in terms of passenger

comfort, and outperformed the equivalent passive and on/off skyhook svstems.

Augmenting the lincarised skyhook system with viscous damping (modified

skyhook control) enhanced the wheel contact force levels at the expense of car body
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acceleration.  On the other hand, an on/off modified skyhook controller cannot

significantly enhance wheel hop vibrations i.e. the pure skyhook system is optimal
al.

e Feedback linearisation desensitises the controller performance to parameter
uncertainty. In the SDOF study, this was indicated through the good correlation
between the HILS simulation and the HILS experiment, despite a slightly inaccurate
MR damper model. This slight inaccuracy could be representative of changes in the
fluid propertics duc to temperature effects, or variations in the fluid propertics due
to manufacturing tolerances or long-term usc ¢.g. in-use thickening |27]. In the
2DOF study, the performance of the linearised skyhook systems remained optimal

in the facc of roadway disturbance changes, unlike the on/off system

In conclusion, feedback lincarisation permits ver - :
Vvery accurate - for ek :
Y @ ate set-point force tracking in
the face of broadband random excitations. N '
. ot only docs this mi ;
permit superior
performance levels in comparison to more simplistic on/off methods, but also tl
, 1c
sensitivity to parameter uncertainty is significantly reduced.  In the previous t
- evious two
chapters, this was demonstrated for skyhook-based controllers, although the control
. 1tro
concept is equally applicable to other well-established control techniques. For exampl
. X¢& C.

the semi-active force generator could be used to track force demands derived fi
cd from

sliding mode or optimal control laws.
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Control strategy Controller gain o
Linearised D = 2kNs/m -
Open-loop I=0.075A -
MR linearised modified skyhook Ditrm = 4kNs/m 0.4
On/off modified skyhook Lo = 0.125A 0

Table 6-1: Controller parameters for the optimised 2DOF control systems.
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Figure 6-1: Schematic diagram of a HILS system.
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Figure 6-3: SDOF mass-isolator configuration.
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Figure 6-4: A schematic diagram of the HILS system numerical model.
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Figure 6-11: 2DOF quarter car configuration.
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CHAPTER 7. CONCLUSIONS AND FURTHER WORK

7.1  Conclusions

To conclude the thesis, a summary of each chapter is provided (Section 7.1.1). A list of
the key achievements is then presented in order to cmphasise the contribution to new

knowledge (Section 7.1.2).

7.0.1  Summary

The thesis began by describing the relative merits of passive, active, and semi-active
vibration control methods. [t was emphasised that semi-active schemes can offer an
attractive compromise between the low cost and simplicity of passive systems, and the
high performance of active systems, which are hcavier, more complex, and have
significant power requirements. In particular, MR dampers werce identified as one of the

most promising means to implement semi-active vibration control.

Onc application that could benefit significantly from an MR damper is an aircraft’s
landing gear. Whilst traditional passive devices arc optimised for a specific impact
condition, an MR device could better accommodate for the inevitable variations in sink
speed, angle attack and aircraft mass. Consequently, there is huge potential to improve

levels of passenger comfort and the structural fatigue life of the aircraft.

In Chapter 3, a sizing methodology was developed that enables the impact performance
of geometrically constrained MR landing gears to be optimised. More specifically, the
methodology permits the simultaneous optimisation of the device’s control ratio and the
magnetic circuit design. Consequently, the semi-active landing gear can produce

desirable behaviour for a wide range of impact conditions, unlike a passive device.
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Using real data provided by landing gear manufacturers, the sizing methodology was
applied to both lightweight aircraft, and large-scale commercial jets in order to
demonstrate scalability. For both aircraft types, results indicate that the peak force and
the severity of fatigue loading can be enhanced over a wide range of impact conditions.
However, it was shown that MR landing gears arc invariably heavier than passive
systems, which was largely due to the increased mass of the fluid. Nonetheless, an

improved fatigue life 1s likely to provide weight savings for other aircraft components.

The landing gear sizing methodology was validated in Chapter 4, where a prototype MR
Janding gear shock strut was designed, fabricated and tested. Here, good correlation
between the numerical predictions and the experimental behaviour was shown,
particularly for low velocity excitations. At higher velocities, correlation deteriorated
due to a quadratic damping effect. This may have been caused by shear thickening of
the fluid or even turbulence induced by flow obstructions in the MR valve. Higher

shear rate fluid property data would provide an enhanced understanding of this issue.

The complex non-linear behaviour of MR dampers has meant that the choice of an
effective control strategy remains an unresolved problem. For landing gear impacts, it
transpired that this behaviour could be used to an advantage, where it was shown that an
inherently cfficient impact response could be obtained using open-loop control i.c. with
a constant magnetic field. However, this non-linear behaviour is highly undesirable for
other broadband excited systems such as an aircraft taxiing or a vehicle suspension.
Consequently, the aim of Chapters 5 and 6 was to investigate control strategics for
broadband cxcited MR vibration systems. In particular, this thesis focused on a control

technique known as feedback linearisation, which uses force feedback to linecarise the
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force/velocity response of the MR damper. This permits accurate force tracking within
the semi-active limits of the device, and hence the cffective application of classical

control techniques.

In Chapter 5, numerical studies of both single-degree-of-freedom (SDOF) and two-
degree-of-freedom (2DOF) MR vibration systems were performed. Using skyhook-
based control laws, feedback linearisation was shown to outperform more simplistic
on/off controllers and equivalent passive systems, whilst approaching that of idcal semi-
active and fully active schemes.  Furthermore, the use of fcedback linearisation
desensitised the controller performance to changes in the input excitation. For example,
the performance of the on/off systems deteriorated under different excitation conditions,

whilst the controller configuration for the lincarised systems remained optimal.

The results from this numerical study were further validated in Chapter 6, which
presented experimental investigations of SDOF and 2DOF MR vibration systems.
Here, the hardware-in-the-loop simulation (HILS) method was adopted, which enabled
the complex behaviour of the MR damper and controller to be physically tested, whilst
the remainder of the system dynamics were simulated in real-time.  After validating the
efficacy of the HILS technique, feedback lincarisation was again shown to outperform
more conventional on/off systems, and to desensitise the performance to parameter

uncertainty.

7.1.2  Key Contributions

The key contributions of this thesis to new knowledge arc as follows:
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e A design methodology has been developed that enables the impact performance of
MR landing gears to be optimised. This used an efficient magnetic circuit sizing
spreadsheet, which incorporated the existing packaging constraints, and a dynamic
landing impact model, which accounted for the effects of fluid compressibility.
This is the first time that packaging constraints and fluid compressibility issues have
been considered in ER/MR landing gear research. Consequently, a unique tool for
assessing the feasibility of smart fluid landing gears has been developed, which

could also be applied more generally to other impact systems.

e A prototype MR landing gear was designed, fabricated and tested. In the
experiments, a method was developed to accurately validate the quasi-steady model,
and to mecasure the fluid’s bulk modulus. This method utilised pressure sensor
readings from a constant velocity test, which enabled the gas spring and frictional
forces to be neglected. A technique for identifying the device time constant of the
magnetic circuit/smart fluid rheology was also dcveloped. Here, the validated
dynamic shock strut model enabled the effects of fluid compressibility to be

eliminated from the identified value.

e The numerous publications from this thesis will help to promote the feasibility of
MR landing gears, and the various issues that must be addressed beforc the

technology can be commercialised [116-118, 130].

o Feedback linearisation has been more formally investigated within SDOF and
2DOF structures, where excellent force tracking accuracy has been demonstrated in
the face of realistic broadband excitation signals.  This was demonstrated

numerically, and validated experimentally using HILS. Furthermore, the HILS
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method was validated using a numerical model of the servo-hydraulic system

dynamics.

o The superiority of feedback linearisation over the more commonly used on/off
methods has been clearly illustrated. Conscquently, this thesis has made a
significant contribution to enabling the non-lincar behaviour of MR dampers to be
better controlled. The control based publications from this thesis [142, 143, 151,
152, 154] should help feedback linearisation become recognised as one of the most
cffective means to implement classical control techniques c.g. skyhook, optimal,

and sliding mode controllers.

7.2  Further work

In this section, the potential arcas for further research are described under the following

categories - MR landing gear design, and the control of MR dampers.

7.2.1 MR landing gear design

In the.analytical sizing spreadsheet, the magnetic performance calculations could be
improved by considering flux leakage effects in the fluid. This would further avoid the
necessity to perform FEA. Moreover, it would enable the full yicld stress range of the
MR fluid to be better exploited, which would enhance controllability. Flux lcakage
could be accounted for by increasing the pole area of the fluid (in Eq.3-23), but the

extent of this would require investigation/validation.

Another interesting topic would be to investigate the elfect of eddy currents on the
magnetic circuit performance. Eddy currents are induced when the solenoid current

changes, and they will act to oppose the direction of the desired magnetic field.
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Consequently, the eddy currents could degrade the time constant associated with the
generation of the fluid yield stress. Such effects arc likely to be particularly significant
in larger devices, and it would be interesting to investigate whether the choice of valve
material could improve performance. For example, silicon-iron alloy is known to
reduce eddy current losses due to its larger resistivity [155]. These eddy current effects
could be accurately investigated using a dynamic FEA software package ¢.g. FLUX

[139]. The FEMM software used in this thesis could only perform static analyses [128].

In Chapter 3, a numerical model of the landing gear was developed that included the
cffects of fluid compressibility. The model was not stable over many excitation cycles,
and this was thought to be due to the assumption of constant density in the mass flow
continuity equation derivation (see Appendix B). To try and overcome this problem, it
would be interesting to re-derive the model using a variable density. One method might
be to use the acoustic wave equation, which describes the propagation of pressure waves
in a compressible fluid [120]. The wave equation has some similarities to the model

used in the present thesis but it does assume constant density.

To experimentally validate the sizing methodology, this thesis focused on the relatively
low velocity behaviour of MR landing gear shock struts. This was due to the vclocity
limitations of the servo-hydraulic actuator, which was rated at #ims™. To investigate
higher velocity behaviour, future work should focus on the impact performance of the
MR shock strut. The existing test facility, which incorporates a sliding mass (see Figure
4-4), will have the capability to perform impacts up to 7ms’' once the drop mass

hoist/release mechanism, and the impact zone have been commissioned.
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Drop tests will enable an enhanced understanding of the force/velocity behaviour, the
fluid compressibility effects, and the device’s controllability under more realistic
conditions. Fluid compressibility is likely to be particularly important at higher
velocities, where in this thesis it was found that at just 0.1ms™, the time constant was
increased by 28%. Furthermore, drop tests would cnable the effects of valve turbulence
to be better understood, which still remains a largely unexplored research topic. In the
present study, maintaining a sub-critical Reynolds number was given particular
importance in the sizing analysis. This could be validated by correlating impact test
results with a dynamic MR shock absorber model.  Ahmadian and Norris [150]
performed a similar investigation and showed that performance deteriorated beyond a
certain Reynolds number. However, the Reynolds number calculations were based

upon incompressible flow, which is highly unrealistic in an impact scenario.

Another 1ssue that requires further investigation is the quadratic damping effect in the
prototype shock strut’s response. This effect could be a result of shear thickening of the
fluid, or even turbulence caused by the flow obstructions in the valve. Fluid property
data at significantly higher shear rates is required to investigate this. Such data cannot
be obtained using modern rheometers, although a way forward might be to test the fluid
in a bypass arrangement as shown in Figure 7-1. This would enable a parallel plate MR
valve to be tested, thus eliminating any obstructions in the flow path. If the quadratic
damping effect is found to be turbulence related, then an alternative method to construct
the annular passage must be sought. As shown in Figure 7-2, one solution might be to
use spot welds, which would provide less of an obstruction than the valve gap support

spiders (sce Figure 4-2). Furthermore, this method would be significantly more cost-
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effective, as it would eliminate the expensive wirc-cutting process required by the

existing design.

A further issue that was raised in this thesis was the lack of repeatability in the
experimental results. More specifically, the fluid yield stress reduced after performing
higher velocity tests. It was hypothesised that this occurred either as a result of fluid
mixing with the gas, or due to a reduced amount of iron particle sediment. It would
therefore be interesting to re-design the MR landing gear with a floating piston, which
would scparate the fluid from the gas, thus eliminating the former rcason. If
sedimentation transpires to be the problem, then it would be interesting to investigate
the use of shear-thinning gels as a base fluid. Such gels are often used to prevent
sedimentation in applications that do not see regular motion e.g. seismic dampers [27].
This is likely to be an important issue for MR landing gears, where sediment may build

up during flight.

This thesis has focused on the design of flow mode MR landing gears. It would also be
inlercsﬁng to investigate whether other modes of operation could be incorporated within
the packaging constraints e.g. shear, mixed. A shcar mode device could be
advantageous as the working volume of fluid, and hence the fluid mass would be lower.
Furthermore, a shear mode device would eliminate compression of the fluid. A device
combining shear and flow modecs is likely to yield similar conclusions to the present

thesis.

Finally, it would be interesting to investigate the use of IR valves in landing gears.
Traditionally, electrorheological (ER) fluids were ruled out {rom acrospacec applications,

owing to a reluctance to provide the necessary voltages (up to SkV). However, with
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more recent advances in acrospace technology, higher voltages are becoming more
acceptable. Although conventional ER fluids have lower yield strengths, they also have
a much lower mass than their MR counterparts, which could make them a strong
candidate for landing gear. One means to overcome the low yield strength of ER fluids
would be to consider the usc of multi-duct valves [157] as shown in Figure 7-3. The
ducts, which could either be arranged in series or paraliel, boost controllability by

enhancing the active volume of fluid.

7.2.2  Control of MR dampers

The present thesis has made a significant contribution towards the development of
effective controllers for MR vibration systems. In particular, using numerical and HILS
experimental methods, feedback linearisation was shown to provide superior
performance over more simplistic on/off strategies. The next step should be to devclop
a physical MR vibration system, which incorporates rcal masses and springs in addition
to the MR damper. In comparison to the HILS method, this would eliminate the effect
of the actuator dynamics and the need to use additional time delays that emulate the real
sensors (sce Figure 6-6). Conscquently, an enhanced understanding of the real control
system performance will result. To build a physical vibration system, the existing
damper test facility could be modified as shown Figure 7-4. Here, the servo-hydraulic
actuator provides the base input, whilst the drop test facility is used to constrain an

1solated mass in the vertical direction.

As a further extension to this thesis, it would be interesting to investigate sliding mode
controllers, which are inherently robust against paramcter uncertainty and external

disturbances [87]. To implement this strategy, investigators commonly assume a
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relationship between the smart damper’s yield force and the applied field {86, 87]. It
would therefore be interesting to investigate whether feedback linearisation could offer
any advantages over this method. Lam and Liao [85] used feedback linearisation to
track the sliding mode force for a quarter car system. However, the authors did not use
realistic broadband excitations, and the method was not benchmarked against other

controllers.

Another research topic would be to formally investigate the effects of temperature on
control system performance. More specifically, changes in temperature will alter the
MR fluid’s viscosity, and will have an impact on performance. Fluid temperature is
difficult to control experimentally, but analytical methods would provide an excellent
means to investigate this e.g. using uncertainty propagation techniques [158]. Here, the
ability of feedback linearisation to desensitise control system performance to parameter
uncertainty could be formally investigated. Furthermore, 1t would be interesting to
design a sliding mode controller that is robust against viscosity variations. To the

author’s knowledge, this has not been considered previously.

Finally, the stability of feedback linearisation should be formally investigated. Sims
investigated the limit cycle behaviour of linearised MR dampers [159]. This work
could be extended to consider the stability effects within a vibrating structure.
Furthermore, the effects of parameter uncertainty on control system stability (e.g.

temperaturc) would also form an interesting topic of research.
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217



MR Shock Absorbers Chapter 7: Conclusions and Further Work

/3 = Active length

Grounded
II electrodes

- Live
+Volts electrode

Figure 7-3: Multi-duct ER valve (ducts can be arranged in series or parallel).

Support frame

i Sliding mass

;I. Spring

MR damper

AN

Servo-hydraulic
actuator

I J

Figure 7-4: Experimental SDOF MR vibration system.
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Appendix A.I Smart Materials and Structures, Submitted

MAGNETORHEOLOGICAL LANDING GEAR.
PART 1: A DESIGN METHODOLOGY

D C Batterbee’, N D Sims', R Stanway', and Zbigniew Wolejsza*

'*'Department of Mechanical Engineering, The University of Sheffield,
Sheffield, S1 3JD, UK.

“The Institute of Aviation, Al. Krakowska 110/1 14, 02-256 Warsaw, Poland.

ABSTRACT

Aircraft landing gears are subjected to a wide range of excitation conditions, which
result in conflicting damping requirements. A novel solution to this problem is to
implement semi-active damping using magnetorheological (MR) fluids. This paper
presents a design methodology that enables an MR landing gear to be optimised, both in
terms of its damping and magnetic circuit performance, whilst adhering to stringent
packaging constraints. Such constraints are vital in landing gear, if MR technology is to
be considered as feasible in commercial applications.

The design approach focuses on the impact or landing phase of an aircraft’s flight,
where large variations in sink speed, angle of attack and aircraft mass makes an MR
device potentially very attractive. In this study, an equivalent MR model of an existing
aircraft landing gear is developed. This includes a dynamic model of an MR shock
strut, which accounts for the effects of fluid compressibility. This is important in
impulsive loading applications such as landing gear, as fluid compression will reduce
device controllability. Using the model, numecrical impact simulations are performed to
illustrate the performance of the optimised MR shock strut, and hence the effectiveness
of the proposed design methodology. Part 2 of this contribution focuses on
experimental validation.
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MAGNETORHEOLOGICAL LANDING GEAR.
PART 2: VALIDATION USING EXPERIMENTAL DATA

D C Batterbee, N D Sims, R Stanway, and M Rennison

Department of Mechanical Engineering, The University of Sheffield,
Sheffield, S1 3JD, UK.

ABSTRACT

Aircraft landing gears are subjected to a wide range of excitation conditions with
conflicting damping requirements. A novel solution to this problem is to implement
semi-active damping using magnetorhcological (MR) fluids. In Part 1 of this
contribution, a methodology was developed that enables the geometry of a flow mode
MR valve to be optimised within the constraints of an existing passive landing gear.
The device was designed to be optimal in terms of its impact performance, which was
demonstrated using numerical simulations of the complete landing gear system. To
perform the simulations, assumptions were made regarding some of the parameters used
in the MR shock strut model. In particular, the MR fluid’s yield stress, viscosity, and
bulk modulus properties were not known accurately.  Therefore, the present
contribution aims to validate these parameters cxperimentally, via the manufacture and
testing of an MR shock strut. The gas cxponent, which is used to model the shock
strut’s non-linear stiffness, 1s also investigated. In general, it is shown that MR fluid
property data at high shear rates is required in order to accurately predict performance
prior to device manufacture. Information regarding the likely variation in fluid
properties between batches is vital.  Furthermore, the study illustrates how fluid
compressibility can have a significant influence on the device time constant, and hence
potential control stratcgies.
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Vibration isolation with smart fluid dampers:
a benchmarking study

D C Batterbee and N D Sims
Department of Mechanical Engineering, The University of Sheffield,
Sheffield, S1 31D, UK.

ABSTRACT

The non-linear behaviour of electrorheological (ER) and magnetorheological (MR)
dampers makes it difficult to desigh effective control strategies, and as a consequence a
wide range of control systems have been proposed in the literature. These previous
studies have not always compared the performance to equivalent passive systems,
alternative control designs, or idealised active systems. As a result it is often impossible
to compare the performance of different smart damper control strategies.

This article provides some insight into the rclative performance of two MR damper
control strategies: on/off control and feedback linearisation. The performance of both
strategies is benchmarked against ideal passive, semi-active and fully active damping.
The study relies upon a previously developed model of an MR damper, which in this
work 1s validated experimentally under closed-loop conditions with a broadband
mechanical excitation. Two vibration isolation case studies are investigated: a single-
degree-of-freedom mass-isolator, and a two-degree-of-freedom system that represents a
vehicle suspension system. In both cases, a variety of broadband mechanical excitations
are used and the results analysed in the frequency domain. It is shown that although
on/off control is more straightforward to implement, its performance is worse than the
feedback linearisation strategy, and can be extremely sensitive to the excitation
conditions.
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Hardware-in-the-loop simulation of magnetorheological
dampers for vehicle suspension systems

David C Batterbee and Neil D Sims
The University of Sheffield

Dynamics Research Group, Department of Mechanical Engineering,

Mappin St, Sheffield S1 3JD, UK

ABSTRACT

Magnetorheological (MR) fluids provide an elegant means to enhance vibration control
in primary vehicle suspensions.  Such fluids can rapidly modify their flow
characteristics in response to a magnetic field, so they can be used to create semi-active
dampers. However, the behaviour of MR dampers is inherently non-linear and as a
consequence, the choice of an effective control strategy remains an unresolved problem.

Previous research has developed a method to linearise the damper’s force/velocity
response, to allow implementation of classical control techniques. In the present study,
this strategy is used to implement skyhook damping laws within primary automotive
suspensions. To simulate the vehicle suspension, a two-degree-of-freedom quarter car
model is used, which is excited by realistic road profiles. The controller performance is
investigated experimentally using the hardware-in-the-loop-simulation (HILS) method.
This experimental method is described in detail and its performance is validated against
numerical simulations for a simplified problem.

The authors demonstrate that feedback linearisation can provide significant performance
enhancements in terms of passenger comfort, road holding, and suspension working
space compared to other control strategies. Furthermore, feedback linearisation is
shown to desensitise the controller to uncertainties in the input excitation such as
changes in severity of the road surface roughness.
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Appendix B: Derivation of the mass flow continuity

equation
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With reference to Figure B.1, the mass flow continuity on a fluid control volume is:

d d
—m) =) = p0; - p,0, B.1)

where v is the current volume of the CV (which changes according to the position of the

piston), and subscripts ‘7> and ‘o’ denote ‘in’ and ‘out’ respectively.

Figure B.1: Fluid control volume (CV).

Also
d dv dp
A B-2)

The degree of compressibility of a fluid is characterised by the bulk modulus S, which is

defined by the equation [122]:

p=p- (B.3)

Next, substitution of Eq.B.3 into Eq.B.2 gives:

d dv v dP

— =p —+—— B.4
dt () p( d f dtj B4
Finally, by combining Eq’s B.1 with B.4 and assuming constant density, the general

mass flow continuity equation accounting for fluid compressibility is:

dv v dP 3

E'*'-ﬂ‘”d;—Qi_Qu (B.5)
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