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ABSTRACT

Development, Modeling and Design Optimization of a Variable Stiffness and Damping
Bypass MR Fluid Damper with Annular-Radial Gap

Moustafa AbdalazizZPh.D.
Concordia University, 2ZP.

Magnetarheological (MR) fluid dampers (MRFDaje adaptive senactive devices thatold
great promisdor reattime vibration controlapplicationsdue totheir field-dependent damping
properties, fadsafe featurefast response (in millisecondsind lov power requirementWhile
MRFDshave been successfully developedonroad vehicles and civéngineeringapplications
very limited studies have been conducted on the developmeRtRéDs for off-road and
particularly trackedehicles. Furthermore, MRFDs with combined annular and radial bypass fluid
channels have recently shown superior performance compared with those conventional MRFDs
with single annular/radial fluid gaps. However, limitstuidieshave been dedicated toward
developing such MRFDs with the combined fluid flow patherearealso limitedresearchstudies
onMRFDs with variable damping and variable stiffness (VSMijich can significantly enhance
thevibration isolation performance as compared with traditioagbble damping MRFDs. Many
key aspects of VSVIMRFDs, such as design, phydiased modelling, and experimental
characterization, have yet to be addressed. The existing VSVD devices are complicated in design
and have a limited capacity to be implementepractical applications.

To address the abowveentioned knowledge gaps, in thesearctdissertation, a largscale
bypass MRFD with an annutaadial valve was designed and developEde developed MRFD
possesses VSVD properti@sdcan be implemented off-road tracked vehicles. For this purpose,
first, a quasistaticphysicbasednodelof the proposed MRFD was formulatesingthe Bingham
plastic characteristics of the MR fluids. The magnetic circuit of the MR valve (MRV) was
analyticallyformulated tcevaluate the magnetic flux densities in MR fluid gap regions. Magneto
static finite element model of the MR valve has also been conducted to verify the analytical results.
A design optimization problem was subsequently formulated to identifgpti@al geometrical
parameters of the MRV to maximize the damper dynamic range under specific volume,
geometrical andhagnetic field constraints. The optimized MR&htheoretically generate an-on
state damping force and high dynamic range of 7.4 kN andr@léra piston velocity of 12.5
mm/s The dampealsohas a large piston stroke of 180 mm that makes it suitable fooaxdf
vehicle applications.

In the next stepa physiebased model was developed to theoretically investigate the non
linear dynamic behaviowf the proposedRFD. The developed physitased model, which is
alsobased on MR fluid Bingham behaviour, can consider the unsteady behaviour of the MR fluid.
In contrast to widely use phenomenological modelsich are experiment based in which their
characteristic parameters must be identified from experimental data, the proposed dynamic model
depends only on the physics of the problem with no parastetére identified experimentally.

This is of paramount importance ftre analysis and design of MREBDat earlydesignstage.
Resultsfrom the modebkuggesthat theMRFD experiences nehnear hysteresis behaviour due

to the unsteady MR fluid behaviour at high loading conditions (e.g., large deformation and high
frequency). The dynamic model was furthesdified to consider the fluid compressibility effect,



which has been mostly neglectedprevious studiesdespite its significant contribution to the
hysteretic response of MRFB$low-velocity regions

The proposed MRFD was fabricated angberimentallycharacterized to validate the design
optimization strategyand examineghe developed quasstatic, dynamic, and modified dynamic
models. Extensive experimental tests were conducted to investigate the dynamic characteristics of
the proposed RFD considering wide ranges of excitation frequency, loading amplitude, and
electrical currentsFigure of meritsincluding equivalent viscous dampirand dynamic range
obtained from experiential datader variedoading conditionsvere in good agreemewith those
obtained theoretically. Results also sugdhstproposednodified physicbaseddynamic model
could provide an accurate description of the -hoear hysteresis behaviour of the MRFDs
observed experimentally.

Finally, the developed bypass MRHAias been designed and integrated with a mechanical
spring to realize VSVD capability for the MRFD. Theoposedoypass VSVBMRFD with an
annularradial gap was also experimentally characterized. The dynamic characteristics of the
VSVD-MRFD were conductednder a wide range of excitation frequency, loading amplitude, and
electrical current. The foredisplacement, and the foreelocity hysteresis curves were obtained.
Both the equivalent stiffness and damping, dynamic range, and their dependency onitige load
conditions were investigated. The results revealed that the M8RBD is capableof adjusting
its stiffness and damping properties to a large extent, thereby providing a high damping force and
dynamic range.

The developed dynamic phydi@ased mdel can provide an essential guidance on
development of bypass MRFD with annutadial gap at early design stagébe proposedovel
VSVD-MRFD canalsobe potentiallyemployed in offroad suspension systems for suppressing
the vibration amplitude under unexpstioading conditions.
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CHAPTER 1

INTRODUCTION AND SCOPE OF THE THESIS

Vibration has a significant adverse effert human operating ground vehicles which may
range from chronic neck and back pain and reduced functionality to spinal injury under prolonged
exposure to wholdody vibration(WBV) [1i4]. Moreover, excessive vibration can cause the
premature failure of elementn vehiclefs,6]. The vehiclé primary suspension system plays a
major role in the mitigation oWWBV [7,8]. Suspension systems can be categorized as passive,
active, and serrmactive systems. The passive suspensimtens typically consist of spring and
damping elemesin which theirconstanparameters amesignedor specific operating corgbn
(e.g., around a fixed frequencyAlthough passive systems have been widely used in vehicle
suspensionsystems due to their reliability and costffective features, they have shown
performance limitations under varied operating condit[®hsThe active suspension systeoas
perfectly neutralize vibratiom a broad range of excitation frequencies by providing variable
externalactuationforces However, the practical implementationsafchactive systems has been
generally limited mainlypartly due to the complex control hardware and large power requirement
to generatehe required control forcesapart from reliability issuef]. Semtactive suspension
systems, alternatively, are able to provide a unique compromise between the passive and active
suspension sgems. Since they have a faife system, thereby providing the reliability of passive
systems while maintaining the fast response and adaptability of active systems without requiring
complex control systems and large pojd€)i 12]. Semiactive systems are being designed based
on smart materials, in which their properties can be reversibly controlled via external stimuli.
Among many smart stimuliespmsive materials for developing semttive systems, magneto
rheological (MR) materials (MR fluids and elastomers) have shown great promise for such
applications as they possess fast and adjustable properties in response to an external magnetic field.
Compaed with MR elastomer devices, MR fluizhsed devices, such as MR fluid dampers
(MRFDs), have received growing interest in developing ssstive seat suspensions. This is due
to the unique capability of MR fluid devices that can provide variable larg@idgnforce by
changing their rheological properties (yield strength and apparent viscosity) through the
application of an external magnetic field while, more importantly, allowing larger

stroke/deformation as compared with MR elastomer based d¢iBjes



MRFDs consist of typical cylindgsiston units integrated with an MR valve. MRFDs ais0
be classified into internal and external (or bypass) configurations depending locatien of
their MR valveq14i 17]. The internal MRFDs typically offer a more compact design as compared
to bypass MRFDdnternal MRFDs howevercan generate quite lower damping force, and they
also offer lower stroke limits in comparison with bypass MRFDs. Moreover, the assembly,
fabricaton and maintenance of the internal MRFDs are associated with many complexities and
limitations. In contrast, bypass MRFDs can provide larger damping force and permit larger strokes
with easy maintenance and design modifications compared to internal MB#izss MRFDs
unavoidably require more space to be integrated within mechanical systems as compared with
internal MRFDs.

MRFDs, typically possess annular or radial fluid paths, can offer mainly variable damping
characteristics without offering any signdiat stiffness modulatiofi8]. MRFDs with combined
annular and radial fluid channels have recently shown superior perfaraancompared with
those conventional MRFDs with single annular/radial fluid §E§ 21]. Nonetheless, mited
studies havdocused on developing MRFDs with a combined anniddral gap. Besides, the
current statef-the-art MRFDs have been designed and commercialized in-sce# sizes for
applications in ofroad vehicle§22,23] However, the development of largeale MRFDs has
been mainly limited to civil infrastructurg®4,25]. Limited works have considered designing
MRFDs for oftroad vehiclegspecially tracked vehicles, which generally operate in extreme road

excitation conditions that affect the vehicl e

Vehicle suspension systems consist mainly of two major components, the elastic element and
the damping element. Apdrom damping elements, #ise controllability of the elastic elements
increass, they can provide better vibration isolation performance unaexider range of
frequencies[26]. Recently, MRFDs with variable stiffness and variable damping (VSVD)
capabilities have become increasingly desirable as they can provide vibration control over a wider
range of fequencies compared with traditional MRFDs with just damping variability. The
damping adjustability can only reduce the vibration amplitude, particularly at the resonance
frequency, whereas stiffness tuneability can vary the natural frequency, therebstinyti
vibration significantly. Using VSVD devices, the transmission of vibrations across a wide range

of frequencies can be efficiently redud@d,28]. Furthermore, being able to vary the stiffness



allows for good ride comfort without sacrificing good handling. This is because good ride comfort
requires a softuspension, whereas good handling demands a stiffer suspension-MBW¥Ds

are currently in their infancy stage. The design, and developments of WERADsS, have yet to

be addressed. It is also worth noting that most of the developed models that pegningesi
MRFDs in their early stage of design, &a&sed orguaststaticmodels While these models can
effectively use to predict the damping force as wethagquivalent viscous and MR effethey

are not able teapture the dynamic hysteresis behavimuMRFDs due to ignoringhe unsteady
behaviour of MR fluidsMoreover, @spite the important effect of fluid compressibility, it has been
mostly neglected in the literatuf@9,30] Hence, the developmenf physicbased dynamic

models for MRFDs has also yet to be addressed.

This dissertation research, thus, presents the development, modelling, optimal design, and
dynamic characterization of largapacity bypass VSVIMRFDs with annularadial MR valve
(MRV) for applications in offfoad vehicles. A theoretical quasatic model was firstly
formulated using the Bingham plastic behavioli¥R fluids. In parallel, analytical and numerical
evaluations have been implemented to analyze magnetic flux dengity thié magnetic circuit
of the designed MR valve. In order to achieve a high dynamic range, the magnetic circuit
parameters and geometrical dimensions of the MR bypass valve were optimized. The dynamic
range is defined as the ratio of the maximum damfonge occurring at the maximum applied
current to the corresponding damping force at thestaffe condition. In the early stages of the
design process, without experimental identification of the damper's parameters, alphysis
dynamic model based dhe Bingharrplastic model was also developed to predict the proposed
MRFD behaviour considering unsteady fluid behaviour. The proposed model was further modified
to consider the fluid compressibility effect on the hysteretic responses of MRFDs. Foralidat
of the design optimizatiostrategy, theleveloped quasstatic, dynamic, and modified dynamic
models, a comprehensive experimental dynamic characterization of the fabricated MRFDs has
been conducted under various magregchanical loading conditior(slisplacement, rate, and
current). The dynamic properties of the proposed VSWRFD in terms of dynamic range,

equivalent viscous damping, and equivalent stiffness were also investigated.



2.1 Literature review

In this section, thepertinentreported studiesefated to the development MRFDs and
VSVD-MRFDs are briefly discussed to illustrate the critical knowledge gaps and formulate the
dissertation's scope. The subsequent chapters summarize the reported studies relevant to the

specific topics.

2.1.1MR fluid

Magretorheological (MR) fluids are smart materials that thelmaviourcan be varied under
theapplication ofamagnetic fieldMR fluid (first discoveredy Jacob Rabinow in the late 1940s
wasemployed in the development of adaptive variable damping devices that were realized in the
early 1990931,32] The rheological propertie¢e.g., apparent viscosity) of MR fluids can be
rapidly, reversibly, and dramaticalbhanged by applying an external magnetic fiSlignificant
resarch was conducted by Lord Corporat[88] to design and fabricate different types of stable
MR fluids that could be practically liied under different environmental conditiofihe MR
fluid is basically composed of micresized ferromagnetic particles such as carbonyl iron particles
dispersed in a carrier liquid such as silicon eilrfactants and other additives for improving
oxidation stability Typically, ferromagnets that cause changes in fluid properties are preferred to
have high saturation magnetization amplitudes, low coercivity and are coated with anticoagulant
materials of low densitj13]. Optimizing the volume fraction of the particles is essential since a
lower volume fraction makes sedimentation easier to controglboi results in lower yield stress.
These particles within a specific diameter size distribution (approximately in the range of 0.1 to
10em) can have a maximum volume fraction withcg
field-viscosity. Ideally, carier fluids shouldhavelow viscosity, high lubricity low-temperature
viscosity dependergroperties, and low cost. They also shouldbepatible with ferromagnetic
particlesandbe environmentally friendl{34]. Surfactantsuch agerrous naphthenate, stearic and
oleic acidsare generally added to reduce the sedimentation of the heavy magnetic particles in the

liquid medium and also to enhance the distribution of the particles in the ¢a%br&qd.

In the absence of the applied magnetic field, the MR fluid particles are randomly dispersed
inside the fluidic medium, as shown kigure 2-1(a). Once the maggtic field is applied, the
magnetic particles form chalike structures along the direction of the applied magnetic fasld,
shown inFigure 2-1(b), thus varying the rheological properties (yield strength and apparent



viscosity) of the MR fluid. Therefore, MR fluids can vary from ffemving fluid condition to a
semisolid state thragh variation in the applied magnetic fieldke other noANewtonian fluids,

the MR fluid does not flow (prgield) until the induced shear stress reaches and exceeds the yield
strength of the material (pegield). The yield strength and apparent visgosif MR fluids

directly depend on the applied magnetic field and increase by increasing the applied magnetic field
intensity. It is preferred that MR fluids have low zefield viscosity and coercivity of particles

and can achieve maximum yield stresshi@ presence of the magnetic field. The MR fluid yield
stress can be increased by increasing the volume fraction of MR patrticles or increasing the strength
of the applied magnetic field. However, increasing the volume fraction of MR particles results in
increasing the materia@l overall offstate viscosity besides increasing the weight of theldsed

devices. On the other side, increasing the magnetic field demandsadagler requirement.

| |
Figure2-1. Effect of magnetic Field on MR fluid (a) magnetic field off and (b) magnetic field
on.

It has been shown that the developed shear yield stress in MR fluids can be approximated as
eithertheexponential function or the polynomial function of order twthoee with respect to the

applied magnetic field density g&7]:
Exponential function 0O t |10 (2-1)
Polynomial function t'0 + 60 60 60 (2-2)

Theexponential function can accurately predict ti@gneticsaturation of MRF vyield stress;
however, at lownagnetic fieldsit exhibits large errordVhen thentensity of theapplied magnetic
field is low, the polynomial function is effective at predicting MRF yield stress. Furtheriinare,
higher order polynomials can preditte yield stress more accurately. Practically, third order
polynomials are appropriate. Polynomial functions, however, caacaiately describe the
saturation of yield stresses. Consequently, a saturation constraint needs to be included in the

function.



It is noted that MR fluids in MR fluibased devices may operate under the valve (flow), shear,

squeeze, combined valve and shaad pinch modes, as shownFigure2-2 [38].
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Figure2-2. MR fluid operation modef38]
(a) valvemode, (b)hear mode, (3queeze mode, (¢hinch mode

In the flow mode, showm Figure2-2(a), the pressure difference between two points on the
fluid path causean MR fluid to move between two parallel surfaces (pla##. valve or flow
mode is typically used iIMRFDs for primary vehicle suspension systems and seat suspg&iion
41], bridges and buildingstablecableq42i 44] and recoil systes{45]. Also, the flow mode can
be used in landing gef6] and vibration isolation mountsiféarge magnitude excitatidd7].

The shear mode is illustrated kigure 2-2(b), in which fluid flons between twqarallel plates

due totherelative motiorof one plate with respect to the other pl&imce it requires a large area

to generate enough force, the shear modgereerallyless efficient tharthe valve modg48].
Vibration isolation mounts for small magnitude excitatjéf,50], MR fluid brakes [51i 53] and

MR fluid clutcheg54] typically operated in the shear modesqueeze mode, exhibitedkingure

2-2(c), involves the fluid being squashed between two parallel plates moving perpendicular to the
fluid flow direction. In order to squeeze the MR fluid, a considerable amount of force is dequire

thus the squeeze mode is used in locking deviaed vibration isolation systems for small



magnitude excitations, such as the engine mf@jf journal bearing38] and MR fluid dampers
[56]. In the pinch mode, depicted Figure 2-2(d), the magnetic poles are arranged axially with
the MR fluid flow and separated by a Roragnetic material. Consequently, the magnetic flux
passes in a parallel direction to the fluid flow and generates-amifmrm concentratednagnetic
field in the vicinity of the normagnetic spaceil his mode is utilized inontrollable orifice valves
[57,58]and medical applicatioris9].

Modelling of MR fluids is a fundamental necessity for thevelopment ophysicbased

modeling and optimal design of MR fluid basgelices. Different models have been formulated
to describe the linearisco-elasticity (preyield region) and viscplasticity (postyield region)
behaviourof MR fluids. Maxwell and KelviihVoigt models[60] have beemnidely employedto
describethelinear viscoelastibehaviourof MR fluids in preyield region. INMRFDs, MR fluids
are mainly operating in posgteld region and thus the effect of pyrield region is generally
neglected61i 63]. The Bingham plastic and the HerscBellkley models[64,65] are the most
popular visceplastic moded to describe the paegield behaviourof MR fluids. Bingham plastic
model has been widely used to model the MR fluids shear-stness straimratebehaviourin the
postyield region[66,67]. At a very high shear rate, MR fluids may experience shearitigjror
shear thickeningpehaviour HershelBulkley's model has been effectively utilized to capture these
phenomend68]. The Bingham and HershBlulkley models can be described by the following
equation in which n=1 represents the Bingham model while (n<1) and (n>1) represent the Hershel
Bulkley model addressinipe shear thinning and shear thickenlmghaviouy respectivly.

Q6

Qw

Figure2-3 shows thébehaviourof MR fluids based on these models in the pasid region.

Tt (2-3)

It should be noted that in the pyeeld region, MR fluids typically behave like linear viscoelastic

materials with fielddependent complex shear modulus.
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Figure2-3. Generabehaviourof MR fluids in postyield region

2.1.2MR fluid dampes (MRFDs) Technology

MRFDs are semiactive adaptive devices that utilize the fielependent properties of MR
fluids to generate controllable damping forcesrf@ny vibration control applicationé. typical
internalMRFDsmainly consists of a piston with an orifice and embedded magnetic coil travelling
inside a cylindrical housing filled with the MR fluid, an accumulator with a diaphragm, and
sealing, as shown Ifigure2-4(a). In bypass MRFDs, the MR valve is placed outside of cylindrical
housing as shown irthe doubleended bypass MR damper showrrigure 2-4(b).

Fg ™= ==

- -

Accumulator Diaphragm Coil MR Fluid  Wires to Coil

(@)

Reservoir Cylinder

Check Valve

A
)

Bypass Valwve

(b)
Figure2-4. Construction oMRFD (a)internal valvg37] (b) bypass valvg69].



MRFDs are mainly operating in valve mode. The MR fluid passes through the small orifice
in the piston(also MR valvedue to the pressure drop across the orifice caused by the movement
of the piston inside the cylinder. The MR fluid is then magadlyi activated through therifice
passage using an embedded electromagnet. Through the application of the magnetic field, the
apparent viscosity and yield strength of the MR fluid vary and subsequaathgehe equivalent
viscous damping of the devicehus, by applying current to tieectremagnetic coil, the damping
force can be continuously controlled. The amount of damping force is proportional to the applied
current and excitation velocityut only can be controlled via the applied current

MRFDs have been implemented in various applications including suspension systems of
many luxury cars[70,71] motorcycles[72], military vehicles [73i75], helicopters[76],
ambulance$77] and railway[78], vehicles seat suspensipf9,80], civil buildings and bridges
cushiong24,81], medical applications such as prosthetic leg, dental implant surgery and robotic
surgery[82,83], washing machinef4], aircraft landing gear85,86], and gun recoil systems
[87,88] The performance of differetlIRFDs usedin various applications is represented in
Appendix A The data manifest that MRFDs can offer a wide range of force, velocity and
displacement for integrating with reabrld applications. The force scales of MRFDs in
automotive applications are relatively lower than those being used for radwdycivil
applications. In the households and prosthetics applications, the scale of damping forces is
significantly smaller than in the other applications mentioned. Also, commercial MRFDs for
automotive applications operate at low values of motion freguend amplitude. However,
military tracked vehicles operate at a wider range of frequencies anestaigeamplitudes. In
addition, these types of vehicles require high damping forces and dynamic [&8es
Nonetheless, designing largeale MRFDs are associated with many challenges as compared with
smallscaleMRFDs, largelydue to the effects of inertia (which can cause unsteady behafiour
MR fluid), turbulence, viscoelasticity and fluid compressibilgy,20]. MRFDs can be classified
according to the design and application requirements into three types: theubef@l], the
twin-tube [92], and the doublended[93]. Among them, he mor-tube MRFDs are the most
common and widely used/RFDs due to their simple design and compactness. Another
classification ofMRFD is based on the number of coils knoassingle coil and multiple coils
MRFDs [94,95]. Singlecoil MRFDs are compact and have less design complexity, but they have
lower dynamic range, efficiency and responsivefi@sks According to geometrical arrangements

9



of the fluid gapsMRFDs may also be categorized into annular gaps, radial gaps and multiple
annular and radial gap84,97] Advantages of the annular gapNtRV's include but not limited

to compact design, faster response time and high efficiency in on/offa8atelowever, it leads

to elongation of th&RV, especially when high damping force is required. On the other tiend,
radial gapMRV's have the flexibility to generate high damping force with the shorter longitudinal
flow channellength Besides, they are easier to be fabricated. Howdweradial gapMRVs are

hard to be designed in a compact g28]. Multiple annulafradial MRV's can attain greater
performance by producing higher yield stress, but they &avenplex design andre difficult to

be manufactted[19,100,101]An annulafradial gapsVIRV was investigated by Wang et[aD2].

In contrast to other types MRV, this arrangement @ffed a higfpressure drop.

MRVs are the main unit of th®IRFDs, whichare responsible for controlling the damping
forceand magnetic actuatiqa03]. According to the placement of the MR valh respect to
the MRFDs cylinder, these valves can be categorized as internal (bypass) Md¥e$07] and
external (bypass) valvd408i 111], as shown irFigure 2-4. Internal valves are typically fitted
within damper main pistons, with their magnetic circuits supplied by current flowing through the
piston rod[106]. The viscous damping force is controlled by changing the ratio of the MR fluid
gap crosssectional area to the piston crasstional ared75]. Due to their high peofmance,
compactness, sedimentation controllability, and ease of design, internaMRRBs have been
implemented in a variety of applicatiof5,93,112,113] The internavalve MRFDs, however,
have many drawbacks, such as limited damping force and stroke in a specific volume, and
restricted valve installation space. In addition to wiring complexity, difficulty in fabrication,
assembly, maintenan@nd modifications excesive thermal heat affects the operation of the
magnetic circuif114]. External coilor bypassMRFDs are simpler in design, have more heat
transfer capability, and more purtantly, offer higher damping force as compared with internal
MRFDs[94].

The bypass valve is not integrated into the damper main piston, thus there is no need for the
magnetic wire to pass through the piston[ti@D,111] The performance of the bypad&RFDs is
largely dependent on thBIRV materials properties, piston area, cylinder length, thickness and
arrangement of bypass fluid flow gaps mentioned above, titdRFDs with bypassMRV can
provide large damping forcas well asa dynamic range while also providing larger stroke

10



[105,115] Idris et al [105], for instancedevelopedan external bypasMRFD thatoutperformed

1.5 timegheconventionaMRFDs Pladng thebypass valve outside the damper cylinder has many
benefits such as easy installation, maintenance, design modification and easy accéssibility

the valve componentdloreover, there areo constraints on théR valve dimensionslue to the

size of the damper piston and cylindddowever, the current statd-the-art bypass MRFDs
possess either an annular gap or radial gap, thereby relatively having a bulky configuration, as
shown inFigure2-4(b) when a large damping force is required. As a result, the development of a
compact bypassIRFD to be installed in a specific spaceofgparamount importance.

The magnetic circuits iIMRVs are being designed in sualway thatthe apparenwviscosity
and yield strength of the MR fluidre maximumin the presence dhe magnetic field In some
MRFDs a permanent magnet is combined with an electromagnet to shift tbataffiscosity of
the MR fluid to a specific value, while the electromagnet is used to control the variations around
this value[37]. In order to calculate the controlled damping force nilagneticcircuit should be
fully analyzed Solving the magnetic cirducan be accomplished using two approaches: analytical
analysis and numerical analysis using the finite element method (FEM). By applyipgres
circuital law to a magnetic circuit with constant flard assuming uniform flux density and linear
relation between magnetic flux density (B) and magnetic field intensity @r),analytical
procedurecan beformulated forMRVs to evaluate the magnetic flux density in the fluid gap
regions. Magnetostatic finite element models can proaigeore accurateestimaton of the

generateahortruniform magnetic fluxdensity in MR fluid gaps by relaxingeabove assumptions

The generated damping force in iRFD depends on the analysis of both electromagnetic
and fluid systems. Therefore, improviMRFDs performance depds on themultidisciplinary
design optimization MRVsonsideringgeometrial dimensions and magnetic circuit parameters.
The objective function may includbe damping force, dynamic force randel 6], inductive time
constant of thedamper[117], valve ratio[97,118] control energy, time response or power
consumption119]. Rosenfield and Wereld$20] presente@nanalytical design optimization for
their proposedVIRV magnetic circuit to prevent the magnetic citdudom premature saturation.
Gavin et al.121] optimized arMRFD by considering force capacity, electrical characteristics, and
the size of the damper to minimitlee power consumption and induction time constant. The
optimized damper generated! kN force atlO A current butfor avery short period of time &

11



few milliseconds. Nguyen et dlL18] established an analyticdesign optimizatiomethodology

for maximizing the damping force of 8¢MRFD in a constrained specific volume. Nguyen and
Choi [122] also optimizedVIRV dimensions for vehicle suspension systems by finite element
analysis to maximize the damping force and dynamic range.

Despite the fact that MRFO=smnexhibit exceptional characteriss theirinherent nodinear
dynamic hysteresis behaviour is a major drawlfackpractical implementation. Therefore, the
development olynamicmodels that can accurately predict the hysteresis behaviour and generated
MR damping force at any time instas of paramount importance ftiredesigncontrol synthesis
and practical implementatioof reattime vibration control applications. Different models have
been developed to predict the generated damping force and hysteresis behdiRieD& These

models may be classified into quastatic and dynamic models.

Quasistatic models have been investigated in many studies and they are generally based on
Bingham and Herschd@uckley fluid behaviou{123i 125]. Philips[67] used the Bingham model
to determine the gradient of pressuin a parallel duct using a set of nondimensional variables.
Using the same approach, Gavin et[4R6] developed an axisymmetric model to describe the
MR F D Qusstistatic behavior. Kamathand Wereley[127] developed an axisymmetric quasi
static model foran MRFD with anrular gaps and assumed constant yield stid&mg and
Gordaninejadl125] and Lee and Wereld$28], describedhe MR fluid shear thickening/thinning
characteristis using the HershdBulkley model. However, the abovementioned gaststatic
models contain many assumptions such as incompressible -stasslyfluid, laminar flow,
axisymmetric flow, unidirectional flow and pressure variationgarerallythegravity and inertial
effects are being neglectedMore importantly, while the significant effect of MR fluid
compressibility on MRFDs hysteretic response have been confirmed in severabfpcootept
investigations, they have not been considered in rabshe developed model®espite the
limitation of quaststaticmodels these modelsan providerelatively good estimation of damping
force and MR effectMoreover, theycanreasonablypredictthe forcedisplacement and foree
velocity behaviar of MRFDs operating undewery low frequences and small amplitude

excitatiors.

Various dynamic models haadternatively beendevelopedo alleviate thebovementioned

shortcomings of quasitatic models in describifdRFD nonlineaibehaviouf123]. For instance,

12



fluid compressibility, inertia, viscoasticity and potential turbulence are the main factors that
contributeto hysteretic behaviourwhich is a nonlinear phenomen@8b,129,130] Dynamic
models can be classified into parametric and-pamametric model§l30]. Parametric models
such as the Bingham, Bod&en, and modified BoudVen models[42,90,131]are based on
mechanical idealization involving different arrangements of springs and viscous dashpots.
According to Stanway et .dlL32], a dashpot is placed parallel to a Coulomb friction element in

the simple Bingham model. Gamota andkl[133] proposed a viscoelastptastic model based

on the Bingham modeA smooth hysteretic model has been formulated and generalized as the
Bouc-wen model[134,135]which is capable of capturing the force ralff in the lowvelocity
region thatis observed in the experimental testing. Based on the-Bfrc hysteresis model,
phenomenological models fMRFDs have beemproposed to describe a wide range of hysteretic
behaviour[42]. Several nonlinear hysteresis systems have been modelled using théVBouc
model, which can captera wide range of hysteresis loop shapes in a continuous manner.
Nevertheless, determininfpe BoucWen model parameters is a complex and tooesuming
processand also require extensive experimental deltés model is also not suitable for varying
loading conditions since these parameters are only valid uspkific excitation condition.
Therefore, the estimatghirameters must be-evaluated if a differentombination of excitation

parameters is desiretihis can be extremelyumbersome and computatally expensivg136].

Non-parametric models aralsqg being developed usinggression modelg/shose parameters
are identified though curviitting procedure using available experimental datsese curve fitting
methods are included bubtlimited toChebyshev polynomiald.37], the blackbox mode[138],
the multifunction mode[139], the querybased mode]140], the neural network modé§l41],
Ridgenet mod€142] and selftuning Lyapunovbased fuzzy mod¢143]. While these models do
not possess the physical elements representing the mechanics MREias like those in
parametric models, thdyavebeen shown tde robust and applicable to linear, Aorear and
hysteretic systemfd2] These models can also be effectively utilized for the development of
inverse models, which greatly facilitate the control synthesidRFDs [129,130]

The current statef-the-art develped dynamic models are generallgmpirical as their
characteristicbébs parameters must be identifie

may be efficiently used for the development of control strategies, they are mainly applicable to
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excitation onditions considered during experimental tests. Moreover, they do not provide any
physical insight on the behaviour of tRlRFD and thus cannot be used to evaluate the dynamic
performance oMRFDs at early stages of desidgfor instanceNguyen and ChdR9] developed
aphysicbaseddynamic model based on unsteady MR fluid behaviour through an annular duct to
describe the hysteresis behaviourafelectrorheological (ERJlamper. Simulation results were
validated with experimental data. The parameters identification of the model did not require any
experimental measuremeriowever, the fluid compressibility was neglected in their analysis.
Nguyen and Choi[122] also proposed another dynamic model udimg lumped parameters
method for the same ER damper. Unsteady fluid behaviour and fluid compressibility were
considered in this model. The simulation results were compared with experimental results under
various piston rod excitatiou et al[144] recently developed a dynamic model for predicting

the unsteady behaviour of MRiild in an MRFD. But the fluid compressibility has been neglected

in their analysis. However, the literature lacks a phgsiged dynamic model for the MRFDs

considering both the compressibility and unsteady behaviour.

2.1.3Variable stiffness and dampifgRFDs.

MRFDs with variable stiffness and variable dampifdgSVD) capability have recently
received growing interest as they have shown better performance to control vibration in a broad
range of frequencies compared watimventionaMRFDs with only damping vaaibility. Damping
is mainly effective to reduce vibration amplitude, particularly at the resonance frequency. In
contrast, variation in the stiffness allows to adaptively vary the natural frequency of the system.
This is extremely important as the transedtvibration can be efficiently attenuated over a broad
range of frequencig®7,145] Moreover thestiffness variability permits overcoming the conflict
between ride comfort and good handling of suspension stiffness design as good ride comfort
requires a soft stiffness while good handling and vehicle stability requires the suspensian syste
to be stiff.Liu et al [146] proposeda VSVDstructure and the experimental results marefdisiat
the systemequipped witran MRFD exhibited perfect vibration isolation perfoance[147,148]

Sun et al[149] experimentallyproved that the sprung mass acceleration of quarter car system with
theVSVD suspension can be reduced significantly. Besides, it can improvedtmndort when
comparing with other types of the suspension system. Dend E5@]integrated &/ SVD device

in an offroad military vehicle seat suspension subjected to harsh operation excitations with low

frequencies and large amplitudes. The resaitealedhe importancef theVSVD characteristics
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in reducing the vibration amplitude at resonance and changing the natural frequency of the system,

respectively.

MRFD can control the system stiffness through two working principles. The first one is a
series connection betwedme MRFD and stiffness elemeras shown irFigure2-5(a). This type
is easier to be applied in the suspension vibration control. The seconddyaeabel connection
and itis alsocalled Voigt element as shown iRigure 2-5(b). This kindof variable stiffnesss
suitable for large stiffness variation range applicatj{@d4]. The configuration, however, will be

bulky and costlyThe equivalent stiffness and damping relationsfopgach type can be derived

as:
Connection in Series _ X
6 o 2 (2-)
W] Q
wQ
0 2-5
W] Q (2-5)
Connection in Parallel , M0N0 o
V] g 7 7, (2_6)
W] Q 0Q
@ Q
0 - - - 2-7
° Q0 2-1)
Zs T Zs T

— A

w2 K C Zm_T / |C ZmT

K1
Z;T Zr T

() (b)

Figure2-5. VSVD working principles (afonnection in Series (lgpnnection in Parallel

Based on these twworking principles, there are three methods to accomplish stiffness
variability by using MR elastom¢152i 154), air spring based ddRV (damper) or a mechanical
system[148,155]. Analysis of Table B1 in Appendix Bshows thathe development oVSVD

systems using MR fluid dampers in connection with spring elements manifests the importance of
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such systems in vibration isolation. While there are a number of studies to realize the stiffness and
damping variability devices and several conceptualgdsshave been provided, the research in

this area is still at the early stages.

Pneumaticsprings generallypffer high payload, good reliability, low maintenance cost, and
low natural frequency that can meet wide applicatj@s$]. However,VSVD systemdeaturing
MR air springhave alsanany drawbacks associated with the high cost anecompactness as
well as the complex control design due to the coupling between the dynamics of the fluid and
pneumatic dynamic®tobtain the required damping fordun and Hac[155] proposed VSVD
suspension system based on using air spring. The system stiffness varied between theee definit
values. This system was tested experimentally{dgémonstratethe effectiveness of stiffness
variability on vibration control. Li et aJ157] developed a system based on the variation of the air
spring stiffness and damping by controlling the applied current passing throulytRtiecoil.
Zhang et al[158] presentecan MR fluid with VSVD isolator. Stiffness variability was attained
usingMRYV to control the MR fluid flow between two connectd#RV can control the tlid flow
by applied external currenandconsequently the stiffness and damping characteristics can be
controlled.However, the developed VSVD isolatas very bulky, thus limiting its practical
application Moreover, armir pump or accumulatakasr e qui red t o contr ol t h
lead to the high cost and complex design and corthal.et al [156] proposed aMRFD with an
embedded pneumatic vibration isolator in a compact structure. The stiffagadjusted through
changing the average pressures of the working gas chaodiegéour pneumatic high speed-on

off valves

Generally, the developed W® mechanical systentsavea bulky design as they require two
spring elements and two controllable geers to achievevariable stiffness and damping
independentlyLiu et al [148] proposed a compawtSVD system by using two Voigt elements in
series and thegubsequently utilizetivo independent MR controllable dampers to mitigate the
lateral vibration for a single DOF stgm. They also explored different control strategies to
demonstrate theffectiveness of the system wibrationisolation It is noted that although the
stiffness of the spring elements is constant, the equivalent stiffness of the system varies ¢y varyin
the damping coefficient in the Voigt elemefithey showed that thequivalent stiffness and
damping coefficient of the single DOF systeanbevaried by 2.8 and3.6times respectivelylt
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was also found that the stiffness variation significantigpends on the ratio between the two

springs. The smaller the stiffness ratio, the larger the stiffness variation.

Sun et al[145] proposed a mechanical system based on a series connection. The system
consists of two damping cylindefapper and lower)hat are connected in series using a spring
element. The stiffnesand damping can beaned through the application of the current to the
upperand lowercylinders respectivelySun et al[159] later enhanced their design by presenting
another mechanical device based on the parallel connection assembly of two coaxial damping
cylinders, two springs, and two connectorbe results stated that the diiag frequency has a
negligible effect on the equivalent stiffness and damptioyvever,the two designs proposed by
Sun[145,159]have a short stroke thamits their applications, in addition to design complexity,
unreliability, stiffness control difficulty, and high cost associated with two dampers and other
componentsWhile the design proposed by Zbtial [27] seems to be compact willarge stroke
of 105 mm their cost is high due to requiring another adjustable damper for mchigeth
dampingand stiffneswyariability. Although the proposed system of Petter ef1d0] is a simple
design with no moving parts, it is not suitable for application due to complex control between
stiffness and damping, and discrete stiffness variaffldre maximum achievable stroke by

previous designs is not suitable for-affad vehicles that require a large stroke.

In summary, the compact design, low cdstited stiffness variation, small strokemd
independent stiffness and damping control are the major challenges that are facing the design of
VSVD devices The current VSVD MR based adaptive systems have many issues concerning
practical implementation and compactness. Moreover, the current ddsgesa limited
variability of stiffness and damping besides restricted stroke for adaption in real applications. The
detailed modellingand characterization of théSVD MR based devicesuitable for offroad

vehicles haveotyet been addressed. adapte8WD suspension system

2.2 Motivations and objectives

Although considerable research has been conducted on the development efcalaall
MRFDs for cars and seat suspension, as presented in previous sections, these dampers are only
able to control the energysdipation properties (damping). Many applications require {acgée
controllable MRFDs for vibration suppression. Limited studies have been conducted on the

development of largecale MRFDs suitable for automotive applications, especially feroaff
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and tracked vehicksuspension system. Also, developing a high dynamic force range with a large
damping force MRFD required developing a long annular gap MR valve which necessities
complicated design and manufacturing of MR valve. To develop an MRFD witthadynamic

range that can be fitted in a specific space in the vehicle, it is essential to develop a practical design
optimization strategy for the MR valve geometrical parameters. There are no studies on the design
optimization of annularadial MRFDsthat can generate high damping force suitable for tracked
vehicle suspension systems. Development of pHyssed models that can accurately predict
dynamichysteresis behaviowf MRFDs are of paramount importaragearly design stage$he

reported quasstatic and dynamic models are not able to fully predict the hysteresis behaviour of
MRFDs. The development of largeale MRFDs featuring variability in damping and stiffness

suitable for offroadvehicleshave not been yet addressed.

The overall goal bthis dissertation research is thus the development of asaeje VSVD
MRFD with a bypass MR valve with an annutadial gap capable of generating high damping
force and dynamic range for applications inmfé&d tracked vehicles. The specidibjectives of

this research dissertation are summarasd

Development of aquasistatic model to predict the generated damping foraad force
displacemenbehaviourof the propose®RFD with anannulafradial bypass fluid valve.
Development of anultidisciplinary design optimization strategfor the proposedMRFD
considering botlthe geometric and magnet circuit paramesarslesign variablede maximize
the dynamidorcerangeof the MRFD.

Development ofa physicbased dynamic modetonsidering both fluid inertia and
compressibility to accuratebapture the nonlinear hysteresis behaviour of the propdR&dD.
Fabrication and experimental characterization of the proposed optimally delsiBfdaiunder
different excitation conditions to validateetldlesign optimization strategy and the developed
physicbased modsl

Characterization of theroposedVSVD-MRFD under different loading conditions and
magnetic field excitatiorto investigateits dynamic propertiesand stiffness and damping

variability.
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2.3 Organization of the Dissertation

This dissertation has been compiledcording tother equi rement s descri b
Preparation and Thesis Examination Regul ati on
Concordia University. This dissertation research is organizedixthapters which address the
research goals mentioned abdwroduction and critical literature review are included in Chapter
1, while Chapter 6 concludes the dissertation with some recommendations for futurd vgork.
noted that the research has resulted in 4 journal articles representing £h&pt€hese dicles
are published/summited in premium journals in the area inclutiegurnal of smart materials
and structures (SMS, published), Journal of Intelligent Material Systems and Structures (JIMSS,
under review), Journal of Sound and Vibration (JSV, unediew) andournal of smart materials

and structures (SMS, under review)

In Chapter Zirstly a quasistatic model was formulatdazhsed on the quastatic Bingham
plastic characteristic of MR fluid. he magneti ¢ fl ux denssisdlved i n t h
analytically and the solution was compared numeriazding the developed magnetostatic finite
element modelNext, a multidisciplinary design optimization problem has been formulated to
identify the MR valve geometricahnd magnetiparametersat maximize the damper dynamic
range under specific volume and magnetic field constraliits proposeddesign optimization
formulationallowed torealizea miniaturized MR fluid bypass valve with both annular and radial
gaps to generate a relatively ladpgmping force and dynamic ranfpe the MRFD

The optimized MRFD can theoretically generate 1.1 kN of thestate damping force and
7.4 kN of controllable damping force at 12.5 mm/s damper piston velocity. The proposed damper
was also designed in suctway that permits the realization of a large piston stroke of 180 mm.
The optimally designed MRFD was subsequently fabricated and experimentally characterized to
investigate its performande view of peak damping force, equivalent viscous damping coefficie
and dynamic range tealidate the developed model. The results show that the proposed MRFD
damper is able to provide large damping forces with a high dynamic range under different

excitation conditions.

In Chapter 3 a netinear dynamic model was formated to predict the unsteady behaviour
of the designed MRFD with an annuladial bypass valve under sinusoidal excitation on the basis

of MR fluid Bingham plastic behaviour. Using the Laplace transform technique and Cauchy

19



residue theory, the velocity gfile and the pressure drop have been derived by solving the fluid
momentum equation. The dynamic model was further modified to consider the fluid
compressibility effect on the hysteretic response of the designed MRFD. Thelfgplzcement

and forcevelocity results based on the formulated dynamic and modified dynamic models were
then compared with those obtained based on the-gte& model as well as experimental results
under varied mechanical and magnetic loading conditions. Results showed thREL2
experience noiinear hysteresis due to unsteady behaviour at high loading conditions. Also, fluid
compressibility is the main source of the Amear hysteresis behavio@wspecially at low velocity

regions

Chapter 4 presents a comprehensive ewygrtal characterization of the designed large
capacity MRFD equipped with a compact anruadial MRV. Extensive experimental tests were
conducted to investigate the dynamic characteristics of the proposed MRFD considering wide
ranges of excitation fregumcy, loading amplitude, and electrical current. The equivalent viscous
damping together with the dynamic range were calculated as functions of loading conditions
considered. A maximum damping force and dynamic range of 5.54 kN and 2.3, were, obtained,
regectively under a maximum current of only 1.5 A using the initial MB&&ign The
effectiveness of the proposed MR damper was subsequently identified by comparing its dynamic
range with other conventional MR dampers in previous studies. The results confirmed the potential
of the proposed MR damper for the development of highlptadgaground vehicle suspensions
for off-road wheeled and tracked vehicles. The MRS furthemodifiedto expand the damping
force and dynamic range of the MRFD. The modification yielded dramatically higher dynamic

indices, including a maximum dynamiauge of 5.06 and a maximum damping force of 6.61 kN.

Chapter 5 presents the development and experimental characterization of a novel compact
largescale VSVDMRFD with an annularadial bypass valve. A wide range of excitation
frequencies, loading amplitusleand electrical currents was used to determine the dynamic
characteristics of the proposed MR dampeesponses includindorce displacement, and
hysteresis forceelocity curves were obtained. Further investigation of damper dynamic
properties was condted in terms of equivalent damping, equivalent stiffness dynamic range, and
their dependence on loading conditions. Results show a good damping force, a high dynamic
range, and a good stiffness variability for fveposedchovel VSVD MR damper.
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CHAPTER 2

QUASI-STATIC MODELING AND DESIGN OPTIMIZATUON OF A
LARGE -CAPACITY ANNULAR -RADIAL BYPASS
MAGNETORHEOLOGICAL DAMPER

3.1lIntroduction

The MR fluid valves typically consist of a magnetoonductive body withan embedded
electromagnet whicltan magneticallyactivade the MR fluid during passage throughvalve
orifice. This will yield variation in the fluidapparnetviscosityand yeld stengththat results in
resistance to the fluid flojd61]. The MR fluid valve is typically fitted internally in thMIRFD or
externally socalledas a MR fluid bypass valve. The configuratmfrvalve gag can be annular,
radial oracombimation of loth. The geometrical structuref MR valves cansignificantly impact
its dynamic performancehus optimizing the valved geometrical structure is a crucial part of
designing MR valvesirrespective oftheir application. For instancahe gap size has been
identified as an important parameter to be optimized as it significantly affects the dynamic
performance of the MR valgd162,163] Wider gaps generally reduce viscous and controllable
yield damping force, while a smaller gap increases the pressure drop but it may also cause valve
blockage. Practically, the gap size rangesveen 0.5 mm and 2 mi®4,163,164] degending on
the design requirements

At theearly design stages MRFDs, the Bingham plastic model based on ggtaic fluid
behaviouhas been extensively used to predict the damping force as a function of applied currents
[165]. Later in the design process, phenomenological or parametric dynamic models can be applied
to predict the dmping forces based on the magnetic field, excitation frequency, and displacement
amplitude Significant research studies have been conductétkeaiesign and optimization of MR
valves to maximize dynamic range (high -state and low oftate damping faes) while
minimizing the time respongd.16,166,167] Rosenfeld et al[120], for instance, presented a
design strategy guideline for analytical optimization under constrained volumes based on assuming
a constant magnetic flux through the magnetic cirdiits assumptiomnay result in suboptimal
results since the MR valve performance depends on the magnetic circuit astheljeometrical
dimension of the valve. Nguyen et |@l66] introduced an optimal design ftire determination of

geometrical dnensionsof MR valves featuringannular configurations to minimize the
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electromagneticoil energy consumption and time response. The geddetion algorithm and

local quadratic fitting technique were used as optimization methods to find the optimtignsolu

The results asserted the importance of the optimal design of the MR valve structural parameters.
It was also reported that the wire diameter has less importance and thus can be neglected in
minimizing power consumption. Nguyen et[dll8] later presented analytical dgs optimization

for the identification of geometrical parameterssimigle and double coil annular MR valves that

are constrained in a specific volume to maximize the controllable pressure drop. The optimum
analytical solution was verified with a finitéeenent optimal solution. The error between the two
method wasreportedto beless than/ % . Hadadian et a[168] proposed an optimum design
strategy for an annular MR valve with a singt®l constrained in a specific volume. They
developed smooth response surface functions for magnetic field intensity in active MR fluid region
usingtheresponse surface method and design of experiments. The genetic al§Gthamd the
sequential quadrat programming(SQP)methodology were used to capture the global optimum

solution.

Most ofthe abovementionedstudies have conductéesignoptimization ofMR valves based
on annular gap configuratiotdowever, enhancing the valve dynamic performance generally
requires increasing the annular gap length or increasing the number of coils which both
substantially increase the MR valve size, complicity and cost. The amadlalintegration
design may oveome the limitatioaassociated wittheannulargap designln a few studies, the
integrated annularadial gap design has been successfully applied to the development -of high
performance MR vahaf169,170] Hu et al[171], for instance, developed an MR fluid valve with
a tundle conical annular gap betweemin to 2 mm by rotating the valve spool to increase the
pressure drop without enlarging the valve size or consuming more pdveegxperimental results
showed that the pressure drop could fluctuate betweekpEd 1150kpa. They later proposed
an annularadial MR valve with variable radial gaps to meet different working condifb6].
The gap variability has been achieved by replacing washers with different thicknesses. A
maximum damping force @f.72 kNat applied current 2 A areldynamic range of nearly 7 were
achieved. Imaduddin et 4lL72] proposed a MR valve with multiple annular and radial gaps in
order to extendhe MR fluid path. Also, the effect of the gap size on the pressure drop was
discussed. The experimental results reported that the valve could cause a pressure drop of more
than 25 Mpa.
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Although the reported studies focusing on designMB valves with anularradial gap
confirmed that the dual gagnfigurationscanoffer high damping force and dynamic range, the
currentdesignamaynot suitable for ofroad vehicles s t hey dondt permit | ar
large dynamic force and dynamic rangieshould be noted thaiff-road vehicles arenormally
subjeced to harsh loading condition®.g., highfrequencies and amplitudethat require high
damping forceand dynamic rangetogether withlarge piston strokeFurthermorethe current
designs do not meet tmeasonably weltompact design requirement to be easily integrated into
such applications.

In thischaptey a compact bypass annuleadial MRFD adapted for offoadtrackedvehicles
has been developed, modeled and optimally desig The mathematical formulation was
established based on the MR fluid Bingham plastic model. gdréormance of thevalve's
magnetic circuit has bedirst evaluatedanalytically by calculating the magnetic flux density in
the MR fluid active region. Thanalytical results were then verified usiagmagneticfinite
elemenmethod.The valve's geometrical dimensions have been subsequently optiogtue\e
a high dynamic rang&he GA and SQP algorithnis a successive manner wertdized to obtain
theglobal optimum solutionlhe developed optimally designBtRFD has been finally fabricated,
assembled and experimentally tested. Vakdation of the analytical model and high dynamic

range of the propose@dRFD were furhter provided

3.2 Principal and configuration of the proposedMRFD

3.2.1Principal of the design.

The proposedMRFD was designed to be adapted for-féd tracked vehicles operating in
harsh conditions for defense applicatiqasreview of tracked vehicles suspension system is
presented inAppendix Q. Even at low excitation frequencies and modest displacement
amplitudes, these vehicles require substantial damping force, high dynamic range, and a large
stroke shock absorbéerhe focus in this research is b 13 tracked vehicleGAppendix Q. The
existing hydraulic shock absorber of M113 tracked vehicles, shokigume3-1, limit the vehicle
mobility, speed, maneuverability and adaptability for various operating conditions and excitations
[120]. Thus, it is importanto develop a compact VS\VAMRFD with a large strokevhile
providing largedynamic range in view of both the stiffness and damping variabilibe

conventional dampersed in M113as a stroke of 180 mm and it can generate a constant damping
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force equal t@167N atlow pistonrod speed of 12.5 mmj473]. As a result, the propos@&dRFD

in this studywas developeth orderto match the size and capacity ofth M1 13 tr acked v
shock absorber that has the dimension shottigare 3-1(b). The aim is to replace the passive

shock absorber witlan MRFD havng large dynamic range and stroke to reduce the vehicle
vibration under a wide range of loading circumstanttes noted that while the focus in this

research is on the development and design of MRFDs for this type of tracked vehicles, the
developed moelling and design optimization strategies da generally appliedo MRFDs

designed for other types of vehicles.
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Figure3-1. M113 offroad vehicle suspension system (a) M113 tracked vehicle
undercarriage componenfis’/4dJand (b)jshoc k absor ber 6s di mensi

3.2.2Configuration of theMRFD

The proposedMRFD, shown inFigure 3-2, consists of a single rod cylindpiston and
integrates an external MR bypass valve. The cylindrical housing is composed of two chambers,
upper and lower chambers which are filled with M&Rdl As shown irFigure3-2, the piston rod
has & internalhole from one side, while from the other side is connected to the end connectors.
Conventionally, gas chambers have been employed to compensate the added volume of the rod
entered into the cylinder. To compensate for volume change and also preventittigoicay
phenomenon, occurred on the lower pressure side of darapdrdernal sprindpas been placed
inside the internal hole of the piston rod andlpexled witha floating piston, as shown kigure
3-2. The proposed internal springovides a more compact designd allows increamg the

damper strokeven for largescale applicationbasedVIRFDs compared with conventional gas
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accumulatorThe piston rod is attéied to the housing by a sealed sliding guider. The MR valve,
shown inFigures 22(a) and (b)onsists of an outer shell, a bobbin with an embedded coil and a
spacer. The designed MR valve has both the annular and radial fluid flow channels, thereby
dramaically increasing the resistance to the fluid passing through the MR valve, as shown in
Figure3-2(b). The MR fluid moves from thiewer chambercompressionjo theupper chamber

(rebound during downward moveent of piston, thusreating damping force.

It is worth noting that the desigd®RFD with a MR valve having both the annular and radial
fluid flow has a large stroke of 180 mmlso, the assembly and maintenance of pineposed
damperas well as MR valvarequite simple due to the absence of the gas chamber and internal
MR valve.

_~— End cap

_~—Piston rod
-~ _~—Guider

— Cylinder cover

Connecting pipe —
_—— Upper chamber

Internal spring
Bobbin —.
™

|| — Floating piston
Orifice flow

Radial flow 1

Coil —"

" Main piston
Valve housing .

~— Cylinder housing

Annular flow

Lower chamber

End cap
Radial flow 2

(a) (b)
Figure3-2. Crosssectional view of the proposed outer byplstsd-D (a) its related MR valve

consists of both annular and radial fluid flow chanagld(b). annularradial MR fluid bypass
valvegaps.
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3.3 Quaststatic Formulation for the MR fluid damper

The proposed MR bypass valve is used to regulate the dampingvi@@etivation of MR
fluids passing througivoth annular and radial gaps as shownFigure 3-2(b). By assuming
Bingham plasticharacteristics for MR fluidnd neglecting the unsteaR fluid effect,friction
force,inertia effect and compressibility of the MR fluid, the generai¢al damper force can be

written as:
O 06 0O 6 (3-1)
where0 and0 respectivelyare the pressure in the lower and upper chaniberand 0

respectively, are the crosgectional area of the piston and piston Widequiibrium position the
pressure inside the lower and upper chambers of MR Fluid dampers with an accumulator chamber

can be expressed as follaws

0edn 0 O Y0 (3-2)

where0 is the pressure inside the accumulator chamber. The total damping force can be

calculated as:
0 06 Y0ob b (3-3)
In the proposed MRF[&afloating piston connected to a mechanical spring is used to serve as

an accumulator. The accumulator fooambe approximateds a spring forgehus:

00 Qg (3-4)
Now, the total damping force can lepresenteds:
O QYOO b (3-5)
Thegeneratedotal damper force canmalsobe written as:
O 0 O O (3-6)
The total damper force is a combinatiohthe spring force("O ), viscous forcqO), and
controllableyield force("O). "O and"Oare, respectivelygelated to the pressure drop dueistous
resistancéY0 ) and yield shear stre€¥0 ) generated due to the application of the magnetic field
to MR fluid through gapsHence Eq(3-6) may be writteras:
'O 0 YO YO 6 o (3-7)
whered0 ando respectively, are the cressctional area of the piston apidton rod.
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Based on the Binghaiplastic model, the mathematical expression describing the pressure
drop in the annular gap/0 ) and the pressure drop in the radial fyaf) ) due to viscous and
fluid shear stress and the pressure drop in the odfice(Y0 ), due to viscous damping can be

formulated as:

o pebd w0 O

YO Yo Yo 0 0 o T O (3-8)
or  ur  ux @0 .0 et 6
YO Yo Yo ) I I,O o) O © (3-9)
or P GCHD 0
Yo —— 3-10
1] ’O ( )
where
O 0o Q (3-11)

where intheabove equation¥0 ,Y0 ,Y0 ,andYd are the pressure drop due to viscous and
shear stress in the annular and radial gaps respectivslthe flow channel annular or radial gap
size,d is the fluid base viscosity (theeld-independent plastic viscosity),is the volume flow
rate,0 is the orifice duct length,a is the length of the annular flow dutt,is the MR valve coil
length,Dm is the annular channel diametBx,andD, represent the radial duct lengtlorin input

to the output of the flow channél(B) is the fielddependent yield stress of the MR fluilis the
magnetic flux densityw, and® are the flow velocity profile function coefficieraf the annular

(radial) gap.

Since the MR fluid bypasglve consists of two orifices, two radial gaps and one annular gap

thenthe total pressure drop within the MR va#® can becalculatedas:
Yoo Y0 YO YO YO o ¢Y0 (3-12)
Thus, by subsituting Eqs(3-8) to (3-10) into Eq.(3-12), the total pressure drop can be
expressed as:
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w0 07 wO 0OfF
Q Q
It is noted that thé in Eq. (3-8) can be obtained as:
0 6 06 W (3-14)

where® is the piston velocityw , the flow velocity profile function coefficientdf the annular
(radial) gap whictcan be evaluated with respect to the ratio between pressure drop due to field
dependent shear stress to the viscousspre dropd  ranges from a minimum value of 2.07 to

a maximum value of 3.07 based Bqg. (3-15) or it can be calculated approximately uskg.
(3-16), which is described if166] as:

. Y0

) ~L8TR Vi P
©o ot 0 (3-19)
u(); o p o
o Yo v
d  c8ry PO~ (3-16)

PO- py O QY
Hence, hetotal damping forcepresentedn Eq. (3-6) can also be described in the following

form:

O 0 O w O "Q (3-17)

where® is the passive viscous coefficient. T8ping force can bealculatedas:

.. 0 0O

0 Q—u— © (3-18)

where'Qis the stiffness coefficient of the inner spring that is se2@tkN/m, and is the floating
piston aredfloating piston diametelQ his equal to 19.05 mmUsing Egs. (3-7) and(3-12) to
(3-14), thecd and’Chcan be obtained as:

peb ps; ;0
“OQ "“Q (0]

06 © (3-19)

and
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The equivalent fieldlependent viscous damping coefficiemy alsobe formulatedas:

. O 0 w d "Q
o S (3-21)

It should be noted thatr@viding a wide control range of thdRFD force depends orthe
dynamic range of the dampéirisdefined as the ratio of the peak damping force under a maximum
current input to the damping force generated under zero current Alfguhatively,it is the ratio
of the total force to the viscous force and can héwematically described as:

O O 0 0 O 0 w dQ®
= 0 'O O O 0 w

TheemployedMR fluid (MRF-132DQ for the proposeRFD is purchased from thieord

corporation[175]. This MR fluidshas a dark gray appearance with viscosity of 0.118 &=

(3-22)

average density of 3.05 g/énUsing available experimental testing of the MRB2DG [176],
Figure3-3 shows the varation between shei@d strength of MRA.32DG and applied magnetic
flux density.

50

45 /l’—l
40 /./.
y

35

30

Shear yeild strength (kPa)

Fitting data

5/ B Experimental
0
0

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Magnetic flux denisty (Tesla)

Figure3-3. Shear yeld strength of MRA.32DG
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UsingFigure3-3, field-dependenshealyield stresgt 0 ) in the annular and radial gaps

t can be estimateasing followingpolynomialequation of order 3:

T 0 c®edp c@&O o @R T 0 ¢ (3-23)

By evaluating the magnetitux densityin the annual and radial gapt different applied
currens, thet 0 can be calculatedsingEq. (3-23). Subsequently bizavingthe geometrical
parameters of the MR valyeamper and piston velocjtyhe generated damping forcan be
subsequently determinegsing Eqgs. (3-17) to (3-20). In this study, the initial geometrical
parameters of thRIRFD valve geometrical parametgshownin Figure3-4) arechosen based on
the capacity, size and damping force of the conventional shock absorber of M113 tracked vehicle,

mentioned in sectioB.2 Thesegeometricaparameters areummarizedn Table3-1.

e | | —
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Figure3-4. MR fluid bypass valve maidimensions

Table3-1. The proposeMRFD initial parameters

Parameter Symbol  Value (mm)
Duct gap Q 0.9

Coil width 0 7

Piston diameter 0O 55

Piston rod diameter 0 30

Radial duct outer diamete (@) 32.1

Radial duct inner diamete 0 10

MR valve whole diametet (@) 90

Annular duct length 0 50
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Coil length 0 10
MR valve height 0 67.8

3.3.1Analytical analysis of MR valve magnetic circuit

In this study, the magnetic circuit analysis has been conducted to evaluate the magnetic flux
density in the MR fluidvithin active region®f the MR valvefor different coil currentsFirst an
approxi mate analytical a p p rbeea formulabted ané the resuits t h e
have then been compared with those found using numerical approach basedmentwirce
magnetestatic finite element methadagnetic (FEMM) softwar€el heequivalentmagnetic circuit
pathfor the proposed MR fluid bypass valve with annular and radial gaps is sh&iguie 3-5.
Using the Ampereds | aw, the r gandthaappliedbugdantwe e n

through the MR valve coil can be described as:

00 "00 (3-24)
where0l is the number coil turns in the electromagii@s,the applied currenfQ is the magnetic

field intensity for@ circuit links (or elements) aridl is the effective length of this link. The

mathematical expression for the magnetic flux conservation through the circuit as well as the

relation between the magnetic flux density and the magthetiintensity can be written as:

n 606 (3-25)

6 " 0 "0 (3-26)
wheren is the magnetic flux passing within the circuit ands the effective crossectional area
at the midpoint of@h link, 6 is the magnetic flux density of tiéh link.* is the magnetic
permeability of free spacé ( 1* p 1 H/m)and s the relative magnetic permeability of
the material, \wich has a considerable effect in the evaluation of the magnetic flux density. It is
noted that at low applied magnetic field the relationship betwesmdOis linear, however as the
applied magnetic field intensity increases, the relationship becoonéeear due to the saturation
of the magnetic induction at high magnetic fields. This is mainly due to the dependéndyp of

the applied magnetic field, as the magnetic field intensity increases. In analytical magnetic circuit
analysis, it is assumebat the applied magnetic field intensity is well below the saturation so that

the linear assumption is valid.
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The magnetidlux within the designed MR valvgerpendicularly crossdmth the annular and
radial gaps as shown, respectivelyFigures 25(a) and (b) The magnetic circuit of the single
coil MR bypass valve configuration for both gaps isdkdd into total eight linksSix of these links
represent the metallic core links for bobbin andrdraainingtwo links represent the MR fluid
within two gaps. Hence, Eq8-24) and(3-25) can be formulated for the annular and radial gaps
as:

50 00 QO (3-27)

n 60 060 (3-28)
where’O andd are magnetic flux intensity and densibyoughthe MR fluid gaprespectively.
By substituting Eq(3-26) into Eq.(3-27), the Eq(3-27) can be further simplified as:

00

5
50 — co— (3-29)

It is noted that is the permeability of the valve core and housing material ansl the

permeability of the MR fluidSubsitutingthe Eq.(3-33) into Eq.(3-29) yields:

600
0

5
CQ— (3-30)

or
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where

Now usingEg.(3-31), the induced magnetic flux density in the MR fluitthin active regions

00 06 0

“0 Q

can be estimated as:

where"Yi s

t

he tot al

vy

HQ¢ e ¢ 0 @O
-0 O h
T

QET H'QOOD

r el

u cwhighncandbaelesdribed ds:e

3

(3-31)

(3-32)

(3-33)

bobbi

(3-34)

nos

The magnetic circuit parameters for both annular eadial gaps of the MR valve have been

formulated and are summarizedTiables 32 and 33 respectively The number of coil turns in
electromagnet can also be estimated using relation reporeddijas:

v 0 (3-35)
P
Table3-2. Magnetic circuit parameters of the MR fluid bypass valve (Annular.gap)
Link No Length0 Area0 ReluctanceY
1 O ¢u o v v o0 qu vy 2
T q g 0
O 0O cQ O 0O ¢ O dO ¢Q . v
2 c“ Y .
T G 1 0
3 U V] 5 ‘ 3 O O cQ v 2
G T T 0
4 0 0 < . - O 0 ¢@ 0 d0 g¢o . o
T S g 0
5 O «¢U o 0 0 o0 ¢ v i‘)“
T G 1] o]
n , , 0
6 0] 0] 5 . O «¢u v
q q 0




Table3-3. Magnetic circuit parameters of the MR fluid bypaat/e (Radial gap)

Link No Len gth:l = Area:.:.v_ii Reluctan Cd |§;§;§;§
. O ¢Q ¢v b 0 ¢O O ¢gv . 0
1 0] - (0] c“ Y s
T C g 0
, ;90 @ .0 00 ¢ v
q T T (0]
' ' ) 0 0 0 O 0 0
3 O c¢Q c¢u 5 o C C v
T q 1) o
" “ U
4 0 22 2 5 -0 o Y ——
T T 0
' V]
5 0 0 5 © «u Yy —
C o
’ 13 U
6 0 L U 60 60 -0 © Y —
T T 0

3.3.2Magnetastatic finite element analysis

Finite element analysis of the MR fluid bypass valve has also been conducted using an open
source Finite Element Method Magnetics (FEMM) softwai#]. FEMM can be effectively used
to accurately predict the intensity and distributionmafgneticflux in the magnetic circuits (DC
or low frequency applied currents) on tgonensional axisymmetric domain. The FE model was
then developed using FEMM corresponding to the designed MR fluid bypass valvei Fihe B
curves of the employed MR fluid (MRE32DG)and the magnetic material of the valve core and

housing (AISI 1006) are shown kigures 26(a) and (b)respectively.
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Figure3-6. The B-H curve of MR fluid and bypass valve material (aHRurve MRF132
DG [175] and b) BH curve steel 1006L79].
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Using the curvditting, the following piecewise linear relations can be used in FEMM to

describe the B4 behaviourof MR fluid as well as magnetic core material and housing as:

T8 T 10w hm O ¢mnm

o) T YPp UBINNP TN'0 XN (3-36)
p®h O XN
ot h 0 p
5 PHT @ x@tp WOwh p O om (337)
Brwowdinoh om O onmn
cah O OTNm

whereo is the MR fluid magnetic flux densityaidi s t he magnetic flux de

material (AISI 1006).

The MR valve co wire is chosen to be Gauge 22 AWG copper wire with a resistance per unit
|l ength of 52.96 mY/ m and!.mMsa mentooehbetore phe fielld c ur
dependent yield strength of the employed MR fluid, MEB2DG, under varied applied magnetic
flux density can be obtained using E823). The average magnetic flux density in the MR fluid
active regions for annular and radial gaps has been evaluatetaging the induced magnetic

flux density along the length of the annular and radial gaps using the following relation:

2 o i (3-39)
3.4 Design optimization formulation of the of theMRFD

The dynamic range of the MR fluid bypass valve is an important performance index to be
considered in design optimization BRFDs. Increasing the dynamic range of M&FD will
greatly enhance its capability to attenuate vibration under wide range ofrfogggi€l’ he objective
of the proposed design optimization iSaomulate a multidisciplinary problem in orderitentify
the geometrical and magnetic circuits parametetsch maximize the dynamic range of the

proposedVIRFD under given volume, magnetic and damping force constraints.

The main design variables that represent the geometrical parametersviitFikeand MR
fluid bypass valve and its magnetic circuit @ RO RO HO HOROM) ) and0, as shown in
Figure3-7. For the sake of clarity, the description of the design variabigsther with their lower
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and upper boundsre summaged inTable3-4. The MR fluid and the magnetic circuit properties

are also provided iable3-5. The piston velicty is conidered to be 12.5 mm/s.
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Figure3-7. By-passMRFD with main identified design parameters.

Table3-4. Main design parameteasd their assigned lower and bounds.

No  Description Variables Bound
(mm)

1 Duct gap w Q 0.52

2 Coil width w 0 5-20

3 Piston diameter w 0O 40-70

4 Piston rod diameter w 0O 20-50

5 Radial gap outer diamete w O 10-80

6 Radialduct inner diamete @ O 5-30

7 MR valve whole diameter ®w O 50-90

8 Annular gap length w 0 20-70

9 Coil length w 0 5-25

10 MR valve height W 0 50-80

Table3-5. MR fluid and valve material properties.

Parameter Symbol  Value Unit
MR fluid density 3050 kg/m®
MR fluid viscosity - 0.112 pa.s
MR fluid relative permeability ‘ 5
Steel (1006) relative permeability ‘ 1404

Permeability of free space ‘

TAPT TmA?

Copper wire (gage AWG22) diamet Q 0.7131 mm
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Constraintamposed orthe MR fluid bypass valve have been categorized into geometrical,
and physical (e.g.magnetic circuit constraints. Side constraints are considered for all design
parameterssgeTable 3-4), so that design optimization can be conducted within a given design
space anglolume(w , thus allowing a compact design of the MR fluid bypass valve. Moreover,
the induced magnetic flux density in the MR
saturation limit of the MR fluidThis avoid temprature rise in the caliereby alowing valve to
operate continuiously over a longer period of tilAklso, the magnetic flux saturation of the MR
valved sore material should not occur before that of MR fliddre a factorr() is defined as the
ratio of the magnetic flux in th#R valve bobbin to that in the MR fluid. To guard against
saturation limits and also provide compact design the fadtas been limited to be between the
range of 1.02 to 1.0[A80]. It is noted that the saturation limit of the MR fluid is approximately
1.6 Teslg as shown irFigure 3-6(a) andthe core gteel AISI 100§ is saturated approximately at
2.5 Tesla

The off-statedamping force should not be less t##Y N based on the specification of the
vehicle conventional shock absorberRigure 3-1. The minimum yield damping forcef the
MRFD is also considered tbe at least 95N to assure dynamic range of greater than 2.
Consideringthe abovementioned design requirementise design optimization problem can be
formally formulated as:

Find® O HO HO RO FOROM) R A) , a design variable vector of dimension ten, to
minimize

0O 0 w O p

Q0 5% & o & O

(3-39)

Subject to

37



p Tt b

I’ T 8 X Iy
e — o b e
I'p WU T I'p
(I ) o
(I prem— a a gy
LI p p Tl P

I’p
I’p

U'p @ G i U'p
W ocau (3-40)
[y L W CTa [y
P T T W XTAA v
oM o uvma lF
LT
o L @ oma .,
p U @O wmda
P CTT @ XTaa oy
'y L ® Cuwa LIy
Vg VT W g a o

The formulateddesignoptimization problemwas successfullgolved using thesuccessive
implementation 0GA, which is astochastiebased optimization techniguendthe SQP algorithm,
which is a powerfuhonlinear gradieAbased optimization technique, to accuraiedypturethe
global optimum solution. Due to its stochia nature, the GA can provide near global optimum
solution. The optimum solution from GA is then used as the initial poith&8QP algorithm to
accurately catch thglobaloptimum solution. Using this hybrid approach, same optimal sokition

wereobtaned using different randomly generated initial populatiortHeiGA.

3.5Results of Simulations

The performancee(g.,damping force and dynamic range) of the initial design of the MR
bypass valveTable 3-1) are firsty evaluated and compared with those of optimally designed
MRFD. The results of He magnetic circuitanalyses including analytical and numerical

approaches, have also been presented in this section.

3.5.10ptimization results
As mentioned in sectioB.4, the optimization problemwassolved using a hybrid approach by
combining GA and SQP algorithms to capture the true global optimum solutiotingtasing

different initial populatios for GA resuled in different optimum solutions near the global
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optimum.Table 3-6 provides the sample of optimum points obtained using GA. Using optimum
GA values inTable 3-6 as initial points forthe SQP algorithmhas rendered anique global
optimum solution provided iffable3-7. The iteration history of the SQP using different initial
points Table3-6) is shown inFigure 3-8.
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=-u-=Point 3|7

0.4r

0.35r

0.3

0.25r

Objective function

0 1I0 2I0 3‘0 46 56 60
No of iterations
Figure3-8. Iteration history of the optimized parameters.

The optimized damper can generatestate damping forcef 7.41 kNand dynamic range of
6.7 under applied current df.5 A However, the initially designed dampéiable 3-1) revealed
on-state damping force .63 kN and and dynamic range df The optimizedand initially
designedyeometricaparameterare compared and summarized able3-8. As it can be realized
the dynamic rangef the optimized dampehnas been improved b§7.36 as compared with
initially designed damper. Using E(R-35), the number of coil turns in optimal configuration is
175

Table3-6. Genetic Algorithm optimum points in (mm).

Design variables

Iteration No
1 2 6 50 40 50 10 50 60 24.6 80
2 0.9 12.3 70 21.2 25.6 5.1 51.3 35.5 13 50.5
3 0.5 4.4 47.2 34.9 26.8 5.3 80 30 10.3 80
4 0.6 15 65 30 49 6.5 90 26 13 60.3
5 0.7 7 69.9 30.6 45 10 70 30 11 61.6
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Table3-7. SQP global optimum solution (mm).

0.788 7 50 30 38.1 10 64.5 43.9 10.7 55.5

Table3-8. Initial basedesign and Optimized geometrical dimensions and performance indices

Parameter Symbol Initial Design (mm) Optimized Design (mm)
Duct gap Q 0.9 0.788
Coil width 0 7 7
Piston diameter 0 55 50
Piston rod diameter (0] 30 30
Radial duct outediameter (0] 32.1 38.1
Radial duct inner diameter (6] 15 10
MR valve whole diameter (0] 90 64.5
Annular duct length 0 50 43.9
Coil length 0 10 10.7
MR valve height 0 67.8 55.5
Performance Indices:

Damping force (fielebff), kN O 0.91 1.1
Max damping force (fielebn), kN "0 3.63 7.41
Dynamic range _ 4 6.7

3.5.2Magnetic circuit results
The solution of the magnetic circuit for the optimized MR valve was estimated analytically.
The density® and intensity ) of magnetic flux were approximately evaluated for both the

annular and radial ducts under different excitation currents, as givebie3-9.

Table3-9. Analytical results for annular and radial ducts magnetic circuit.

Annular duct Radial duct
Current Magnetic Magnetic Magnetic Magnetic
0) flux density  field intensity ~ flux density  field intensity
(Tesla) (A/m) (Tesla) (A/m)
0.10 0.054 X o pT 0.0455 @e8toc p T
0.25 0.135 P w p T 0.1138 pB p p T
0.50 0.270 o P pT 0.2277 o8tg pTm
0.75 0.405 VB X P T 0.3420 ®opm
1.00 0.540 X @ pTmt 0.4553 e8tT p T
1.50 0.621 g T pT 0.5236 eT p T

The magnetic circuit analytical results were then compared with simulation results based on

the magnetic circuit finite element model developed in FEMM. A triangular mesh of 9327
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elements and 4822 nodes were created with a precisionQff. Tlehe meshingral the magnetic

flux density distribution in the MR valve gaps and the MR valve linkages under excitation current
1.5 A are shown irfrigure 3-9. The results for magnic flux density and the distribution of the
magnetic field intensity along the annutadial path length (from A to F shownkigure3-9) are
shown inFigures 210 and 211, respectively. The average results of the numerical solution for

the magnetic circuit for different applied currents are summarizédbie3-10.

MRF L
2.255e+000 : >2.373e+000

2.136e+000 : 2.255e+000
2.017e+000 : 2.136e+000
1.899e+000 : 2.017e+000
1.780e+000 : 1.899e+000
1.661e+000 : 1.780e+000
1.543e+000 : 1.661e+000
1.424e+000 : 1.543e+000
1.305e+000 : 1.424e+000
1.187e+000 : 1.305e+000
1.068e+000 : 1.187e+000
9.403e-001 : 1.068e+000
8.307e-001 : 9.493e-001
7.120e-001 : 8.307e-001
5.934e-001 : 7.120e-001
4.747e-001 : 5.934e-001
3.561e-001 : 4.747e-001

1006 Steli 01008 Steel

22/ AWG
[Cail Circuit:1175]

o

2.374e-001 : 3.561e-001
1.187e-001 : 2.374e-001

<8.344e-005 : 1.187e-001
ensity Plot: |B|, Tesla

Figure3-9. Magnetic flux distribution at excitation current 1.5 A.
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Figure3-10. Magnetic flux density along the annuladial path length undelifferent
applied current.
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Figure3-11. Magnetic flux intensity along the annuiadial path length under different
applied current.

Table3-10. Average nmerical results for annular and radial gaps magnetic circuit using
FEMM.

Annular duct Radial duct
Current p) Magnetic flux Magnetic field Magnetic flux Magnetic field
density (Tesla) intensity (A/m)  density (Tesla) intensity (A/m)

0.1 0.058 X® pTt 0.0504 o pTI
0.25 0.146 pRUL p T 0.125 PO Y p 1T
0.5 0.293 oxgg pm 0.253 os T pTm
0.75 0.426 Vg o pTm 0.378 U pTI
1 0.584 XX p pT 0.504 0P pT
15 0.667 U wpT 0.58 XX pT

The comparison of the numerical and analytical results for the average magnetic flux density
in the annular and radial gaps are showRigures 212(a) and (h)respectively. Results show a
reasonably good agreement between the analytical and numesigés.r@esides, results show
that the relation between magnetic flux density and applied coil current is linear when coil current
is below 1 A, irrespect of the gap type. Furthermore, the induced magnetic flux density is relativley
higher within annular gathan that of radial gap, irrespecitve of coil current.
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Figure3-12. Magnetic flux density at different coil currents éapular gap and (kadial

gap.
3.6 Experimental Method

A prototype of the propos@dRFD is fabricated based on the optimal geometric and magnetic

circuit parameters with some modificatiofsgure 3-13 shows the componentand assembled

configuration of the fabricateMRFD. Thesecomponents have been fabricated with the proper

tolerances and surface roughnésfoy steel 4140 is selected as the material for cylinder housing

and piston rod, while low carbon steel 111%&atected for the main and floating pissomhe

damper is filled with thecommercial MR fluid 132DG from Lord coporation.A three

dimensional model and the detailed drawing of the propbE&ieD can be seen iAppendix D
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(a) (b)
Figure3-13. FabricatedMRFD (a) MRFD components and (lthe prototypeMRFD.

Due to the limitation of the manufacturing tools and processing as well asffertiveness,
the manufactureMRFD slightly differs from the optimizetMRFD. MR valve has a fluid gap of
1.2 mm instead of the optimal value of 0.778 mm while maintainingythamic range of at least
2 by enlarging the damper main piston diameter to 70FhieMR coil wire is chosen to be Gauge
24 AWG copper wirethusthe number of coil turns was increased to 215 turns to enhance the time
response and overcome the skartuit problem that occurred. The core material is chosen to be
steel AISI 1117 that hasrelative permeability of 1777 for overcoming the magnetic saturation
due to increasing the number of turns. All the amendments are summarizaolé3-11. The
performance of the MR valve in terms aff-statdamping force, maximum damping force, and
dynamic range has been subsequentheviauated based on the fabricatellRFD, via the
mathematical formulations presented in Sec8dh Table3-11 also compares the performance
indices of the fabricated MR valve with the firstly optimized MR valve uageak piston velocity
of 12.5 mm/s. As it can be realized the fabric&#FD hasnearly the same performance indices

as the optimized configuration.

An experimental test has been designed to validate the simulation results for magnetic circuit

of bypass MR valve and also to validate the predicted damping forces and dynamic range. Also,
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the fabricatedMRFD has been experimentally characterized for evaluating its dynamic

performance.

Table3-11. Comparison between the parameters and performance of the optanidzed
fabricated MR bypass valve

Parameter Symbol OptimizedMRFD  Modified MRFD

(mm) (mm)
Duct gap Q 0.788 1.2
Coil width 0 7 7
Piston diameter O 50 70
Piston rod diameter 0O 30 30
Radial gap outer diameter O 38.1 38.1
Radial gap inner diameter O 10 10
MR valvewhole diameter (6] 64.5 64.5
Annular gap length 0 43.9 43.9
Coil length 0 10.7 10.7
MR valve height 0 55.5 60
Copper wire gauge Q AWG22 AWG24
Number of coils (turns) Nc 175 215
Bobbin core material AISI 1006 AISI 1117
Performance Indices:
Damping force,(fielebff), kN O 1.1 1.16
Max damping force (fielebn), kN O 7.41 5.78
Dynamic range _ 6.7 4.98

3.6.1Experimental validation of the magnetic circuit model

The FE model developed for solving the magnetic circuit of thevilRe (along the annular
MR fluid gap was validated by measuring the steathte magnetic flux density in the MR fluid
gap. As it was not possible to directly measure the magnetic flux densitg MR fluid gaps
regions insitu, the measurement has beeonducted in the absence of MR fl(id the air gap)
by removing the valve from its enclosure. Then, the magnetic flux densityeasure@dlong the
annular MR fluid gapThemagnetic flux density distributiamsing FEMMat the excitation current
of 2 A is shown inFigure 3-15. The results were comparéathose obtained experimentally by
locating Gaussmeter at different locations along the annular gap. The setup of the experiment is
shown inFigure3-14. The MR valve coil was energized with different applied currents using a
DC power supply10 A, 100 V)
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Figure3-14. Measuement of the magnetic flux density along MBFDG annular gap.

1.092e+000 : >1.149e+000
1.034e+000 : 1.092e+000
9.769e-001 : 1.034e+000
9.195e-001 : 9.769e-001
8.620e-001 : 9.195e-001
8.045e-001 : 8.620e-001
7.471e-001 : 8.045e-001
6.896e-001 ; 7.471e-001
6.321e-001 : 6.896e-001
5.747e-001 : 6.321e-001
5.172e-001 : 5.747e-001
4.598e-001 : 5.172e-001
4.023e-001 : 4.598e-001
3.448e-001 : 4.023e-001
2.874e-001 : 3.448e-001
2.299e-001 : 2.874e-001
1.724e-001 : 2.299%e-001
1.150e-001 : 1.724e-001
5.752e-002 : 1.150e-001
<5.913e-005 : 5.752e-002

ensity Plot: |B], Tesla
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Figure3-15. Magnetic flux distribution at excitation current 2 A.
The experimental results fireaverage magnetic flux densajong the annular gap and their
comparison with FE resultss in suksection3.3.2under different applied curreare shown in
Figure3-16. Results are suggestive of a relativlety well agreement between the experimentally and

numerically obtained magnetic flux density.

46



0.16

0.14 | _-e

0.1+ ‘

0.08 | ,

0.06 ,

Magnetic Flux Denisty (Tesla)
‘\

0.04 °

002+ )/ 1
é »  Experimental
= © -=FEMM

0 0.5 1 1.5 2
Current (A)

Figure3-16. Comparison of the measured and FE estimation of the average magnetic flux
density along the annular gap of the MR valve.

3.6.2Experimental validation of thetimizationstrategyof the fabricatedMRFD

Experimental characterization of the fabricatédFD was performed to verify thaodeling
and design optimizatiorformulation of the proposed bypasMRFD. The measurements were
performed on a Material Testing System (MTS) machine, as showigumne 3-17. The MRFD
was fixed between the upper and lower horizontal crossbeams of the loading frame of the MTS
machine. The lower crossbeam contains a servo actuator that can apply sinusoidal excitations to
t he da nipderrAdsiltincLinear Voltage Displacement Transducer (LVDT) measures the
displacement of the damper cylinder. The upper crossbeam contains a load cell to measure the
damping force. The measurements are transmitted to a National Instruments Datdiérquis
board (DAQ)andthen digitized and monitored on a PC using LabView software. The experimental
measurements were performed for measuring fdigglacement and foreeelocity of theMRFD
at low frequencies (1 and 2 Hz) and amplitudesrahirespectigely and under different excitation
currents (E2A).
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A1

Actuator controller Power supply

Figure3-17. Test setup of the fabricated bypa&sRFD.

Experimental characterization of th®IRFD is conducted by measuring the force
displacement and force velocity at each loading condikmure 3-18 shows forcedisplacement
and forcevelocity hysteresivehaviourof MRFD under harmonic excitation with frequency of 1
Hz and loading amplitude of 1 mm, respectively. The presented resufigure 3-18 were
obtained at applied input current of20A). Figure 3-19 shows similar results for the excitation
frequency of 2 Hz and loading afitude of Imm. The results show that the area encircled by the
force-displacement curve (representing the energy dissipation) substabtially increases with
increasing the applied current. The fokadocity curves also show that the damping force
increass with increasing current as well as velocity. For instance, the damping force at a frequency
of 2 Hz and displacement of 1 mm (peak velocity of 12.5 mm/s) ranges between 1.31 kN to 6.61
kN from off-state to on state (current 2 A), yielding a large dynaamge of nearly 5.06. These
experimentally obtained indices are in good agreement with those indices presé@iatdd3al 1,

which were obtained using analytical relation in SecBdh
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Figure3-18. The measured data at excitation frequency of 1 Hz and displacement of 1 mm
(a)forcedisplacement and (liprcevelocity.
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Figure3-19. The measured data at excitation frequency of 2 Hz and displacement of 1
mm(a)forcedisplacement and (liprcevelocity.

In order to validatéhe developednathematical model of the propodd&RFD, the measured
data has been compared with thesign optnization resultsFigure 3-20 shows the comparison
of the controllable damping forcebtained experimentally and using an analytical approach, Eq.
(3-20), under varied applied currents and different excitation conditions. It is noted that the yield

stress in the active region of annular and radial MR fluid ghps ( 6 was obtained using Eq.

(3-23). The yield stress depends on the magnetic flux density, as obtained using magnetic circuit
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analysis in Eq.(3-33). Figure 3-21 also illustratesthe equivalent damping coefficient
evaluated experimentally using the energy dissipation obtainedtfroenclosed area in foree
displacement hysteresis loofpsdures 218 and 219) and also analytically using E(-21). The
variation of theMRFD dynamic rangevaluated experimentally and analytically (using Be22)

with resgect toapplied currentinder different excitation conditioasealso shown iFigure3-22.
Results shova reasonably goodgreement between the simulation and experimental results and
confirm the significant fieledependent controllability of the damper at different operation
condtions. The slight deviation between the experimental and simulation modelingbsasved

This may be partly attributed to the quatatic modeling based on the Binghaastic fluid
behaviourin which other factors such as the inertia effect, flamhpressibility non-uniform

distribution of the magnetic flux and temperature effdtdése been ignored
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Figure3-20. Variation of the controllable damping force with applied currene(@ajation
frequency of 1 Hz and amplitude of 1 mm anddiitation frequency of 2 Hz and amplitude of
1 mm.
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Figure3-22. Variation of the dynamic range of the noRFD with respect to the applied
current (a)excitation frequency of 1 Hz and amplitude of 1 mm andego)tation frequency of 2
Hz and amplitude of 1 mm.

3.7 Summary
In this chapter a compact annulaadial magnetorheological damper has been modaited
optimdly designed for the replacement of conventional shock absorberstioaoffapplications.
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Using the Bingham plastic modelgaaststaticmodel for determining the total damping force as

a function of the MR bypass valve geometrical parameters, pistooityehnd MR fluid yield

shear stress has bedgvelopedThe magnetic circuit of the MR fluid bypass valve has been solved
analytically to obtain the magnetic flux density through the MR fluid annular and radial gaps under
different applied currents. Timeagnetic finite elemeranalysis haalsobeen conducted to validate
theanalyticalmagnetic circuit model and also better realize the distribution of the magnetic field
in the MR fluid active regions. A formahultidisciplinary optimizatiorproblem base@n both
geometrical and magnetic circuit parameters wablsequentlyformulated to maximize the
MRFD's dynamic range in a constrained specific volume to meebaff vehicles requirement.
Using a combination of GA and SQP algorithms, the global optimum solution was accurately
evaluated. The optimally designBtRFD with some slight modifications has beibricatedand
experimentally testetb evaluate the damper performance under different applied currents and
excitation conditionsA steadystate magnetic flux density in the annular MR fluid gap was
experimentallymeasured to validate the FE model depeld for solving the magnetic circuit of

the MR valve Results showedery good agreement between simulation and experimental results
for both magnetic circuit and damper performance (dynamic range and damping force). Under
applied current of 2 A, the sirfation and experimental results revealed a large damping force of
6.61 kKN and 7.41 kN, respectively, as well as a high dynamic range of 5.06, and 6.7,
correspondingly, under piston velocity of 12.5 mm/s. The prototjye&D can be effectively
employed fowibration control applications, particularly, in effad tracked vehicles.
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CHAPTER 3

DYNAMIC PHYSIC MODELING OF ANNULAR -RADIAL
MAGNEORHEOLOGICAL DAMPER

4.1 Introduction

Utilizing semtactive adaptive devices such as magnetorheological (MR) dampers can
atteruate undesirable vibration in many application systdfos.this, many models have been
developedo predictdamping force behaviour dIRFDs under varied excitations and applied
magnetic fields. Such models can eeffectively facilitate the eartgtagedesign process and help
design optimization, control and prototype developments. These models may be classified into
guaststatic and dynamic models. Most of the studies have focused on developing thgtafi@asi
models, which generally have consideregytaim plastic (BP) and Hersckelickley (HB)
behaviourfor MR fluids as[123/125,181183]. These models are useful in early design,
understanding the working principles along with optatian of MRFDs and have the ability to
describe their dynamiosehaviour However, the quasitatic models mainly assume the MR flow
behaviourin steadystate conditions and mostly neglect the gravity and inertial eféscigell as
fluid compressibility. Tiese can lead to a considerable error when one would predict the unsteady,
particularly rapid transient response of MR fluids/dampers as well as the dynamic hysteresis
response oMRFDs [43]. MRFDs typically demonstrate hysteredighaviourat low velocity

region anchawe non-zerodampng forces at instantaneous locations of zero velocity.

Alternatively, to alleviate the shortcomings associated with egtaic models, several
dynamic models have been proposed. These models can be classifipthyisittbased and
phenomenological modelPhenomenological models can also be classifiedgatametric and
nontparametric models. Parametric models include the Bingham model, and mathebaestchl
models, such as Chebyshev polynom|ja&/], the BoueWen model and the modified BoWgen
model[42,90,131,184,185which the latter gnap usually consists of several springs and viscous
dashpots, apart from a hysteresis operator. Thgoamametric models are included but not limited
to the blackbox model[139], the quernybased moddil40], the neural network modgl41], the
Ridgenet mode[142] and seHltuning Lyapunovased fuzzy{143]. Except for physibased
model s, t he r earacterstiparameterarereqdiredtosbéidentified via costly

experimental data. These experimentally derived dynamic models have been successfully
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developed andnproved for capturing thMIRFD hysteresis phenomena accurately at the cost of
expensive experimental characterizatidfang [43], for instance, proposed a dynamic model
based on the Botd/en hysteresis model incorporating the excitation current to describe the field
dependent hysteresghenomenon in a fubcaleMRFD. They demonstrated a good agreement
between the modgdredictedbehaviourand the experimental results. Dominguez et{E86]
developed a model based on the modified B@en model considering frequency, amplitude and
current excitation as input variables to efficiently predict the hysteresis phenomel&F&f
under varying mechanical and magnetic field exictet The developed model was able to
accurately capture the hysterdsehaviourof theMRFD under varying mechanical and magnetic
field excitations. While the dynamic models are able to capture theneam hysteresibehaviour

of MRFDs, they are expenentbased, thereby lacking physical insight and thus not suitable for
analysis and design &IRFDs at the early stage of design. Typically, the dynamic models with
experimentally derived parameters are being developed to charactetiebhav@urof thetested
MRFDs under specific excitation conditions and must beviauated if a different combination

of excitation parameters is desired. Therefore, thesedéaitzed models may not be efficient in
predicting theMRFDs 6 n o bdhaviouedaerto the cosiderable influence of the rheological
properties of MR fluids, particularly under higher loading r§#&s187 189]. It is noted that the
nortlinear behaviourof MRFDs can be in part attributed to the mechanical properties of the MR
fluid, such as fluid compressibilift89i 191], magnetic saturatigi92], viscoelastic effedtl91],
unsteady fluidbehaviour (fluid inertia effect, slow and rapid transient flow)]193], heat
generation, dry friction between damper components and wet friction between MR fluid and
damper componen{63,189,191,194]Among the aboweentoned factors, the unsteady flow of
MR fluids, which is due to the unsteady laminar boundary layer flow in a ndorgyvgap of
MRFDs [195], has been investigated to a far lesser extent. Thus, it is essengaetopdmodels
(particularly physiebased) to predict such nonlindsghaviourof MR fluids, especially in large

scaleMRFDs under a wide range of loading conditions.

There are, albeit, a few studies that have developed a giasgc dynamic model to preti
the unsteadpehaviourof electrorheological (ER) fluids and MR fluids, especially within the gap
channels of ERMRFDs. For instance, Chen et[&4P6] took advantage of Laplace transform to
derive the velocity profile and subsequently model the pressure gradient of unsteady ER fluid
passing unidirectionally between parallel plates. This method was further expanded in another
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study by Yu et al[29] for the ER dampers. They developed a dynamic model considering the
unsteadypehaviourof the ER fluids with experimental identification of the paesens. Using the
variable separation method and considering the Bingham PlastibéBBYiourfor the ER fluids,
they analyzed the unsteady ER béhbviourdspecidllpay on t
high excitation frequencies. A smakkaleMRFD was modeled to predict the unsteady fluid
behaviourunder sinusoidal excitation using NaviStokes equatiof80]. Employing the average
inertia method, Mao et dl197] presented an unsteady flow model, based on the Bingham plastic
behaviourof MR fluids. Despite the fact that the abewentioned studies were able to consider

the unsteadipehaviourof MR fluids but thg could not epture thehysteresibehaviouof MRFDs

at low velocity regionsDu et al.[144] recently developed a dynamic model based on the BP
behaviourof MR fluids for estimating the unsteady and hysteréghaviourof an MRFD.
However, in their analysis, the effect of loading displacement, and compressibility were not
consdered. More importantly, the parameters of the developed model for predicting the hysteresis

phenomenon require experimental data.

It is worth mentioning that the MR fluid compressibility caonsiderablycontribute to the
hysteresisbehaviourin MRFDs, gart from the friction force of the dampdr4,189,190,198]
The compressibility effect can be attributed to the existence of air/gas volu#HDs that
result in reducing the bulk modulustbe fluid. The lower value of the fluid bulk modulus results
in a wider hyst er et[198]pradicteddhe peffoemance af MMRFBunder En g i n
low displacementate conditions using a quastiatic BP model. In their model development for
predicting the hysteresis behaviour of MMI&FD, an algebraic modification was applied to the
model using several experimentatlgrived parameters. Apafitom BP fluid behavour, other
guastistaticmodels such alderschelBulkley fluids model have also been developed to represent
the hysteresis behaviour BIRFDs [124,190,199] These model developments mostly represent
the compressibility effect ty sndea rathevuthao the fwid o f t
bulk modulus. However, thaitilization of the fluid bulk modulus in representing the
compressibility effect permits the employment of different bulk moduli in compression and
rebound chambers. Having considered varied buldutnan compression and rebound cycles has
yielded a more accurate estimation of MR fluid compressibility effecM&¥D behaviour
However, the contribution of the MR fluid compressibility on the hystelegaviourof MRFDs
has been mostly neglectfgB,189]
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All in all, despite the recent advancements in modeling the unsteady and hysteretic
characteristics oMRFDs under quasstatic conditions, much work is needed to look at the role
of such nonlineabehavour of MRFDs under dynamic loading conditions. When it comes to
bypassMRFDs, however, modeling these nonlinear features can be nontrivial in many cases,
especially when the geometry valves become complicateld as that fobypassMRFDs with
annularradal MR valves These MRFD#$iave shown superior performances (high damping force
and dynamic force range) compared with annular or radidFDs only [200i 203]. Thus,
developing dynamic models for predicting these types of danhaVviourincluding unsteady

and hysteretic characteristics, is required for the accurate analysis and design of ddRiidsd

In this chapter a physiebased dynamic model was developed to predict thelinear
dynamic response of a large capacity bypstsdFD with an annularradial MR valve. The
proposed model considers the unsteady tha@baviouras well as the fluid compressibility effect
on the hysteresis response with no experimenthilyen parameters. For this, the dynamic
pressure drop was firstly derived frahe fluid momentum equation based on BP fhedhaviour
in a rectangular channel. The Laplace transform technique combined with the Cauchy residue
theorem was effectively used to analytically solve the governing equation of motion for the
velocity profileand pressure drop of the unsteady MR fluid. Utilizing the derived dynamic pressure
drop, the nodinear hysteresibehaviourof the annularadial bypass valve due to unsteady fluid
behavioumwas captured. The dynamic model was subsequently modifiednsydeoing the MR
fluid compressibility effect on the hysteret.i
moduli. The continuity equation was utilized to evaluate the actual volume flow rate through the
determination of the pressure inside the dbers of the MRD. The results based on the
developed theoretical dynamic model were afterward compared with those obtained from the
guastistatic formulation and experimental results to reveal the important effect of the unsteady

fluid flow and the compredslity on the MRFD dynamicbehaviour

4.2 Configuration of the annular-radial MRFD

A bypass MR damper with an annutadial MR valve is designed and prototyp&ture
4-1(a) shows its schematic. As shownHigure4-1, an internal spring was employed instead of
an accumulator gas chamber, typically used in conventional MR dampers. Thisbsseéaly
volume compensator has been integrated inside the dampach a way that its upper side is
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attached to the piston rod and from the lower side is connected to a floating piston, thereby
providing a compact design. The springdbés role
due to the movement of thaston rod within the cylinder. The external bypass MR valve
comprises an outer shell and a bobbin integrated with an electromagnet coil. The valve is designed
with both the annular and radial fluid gaps for generating high damping force in a given specific
volume. The main geometrical parameters of the designed MR valve are sheiguarev-1(b).

The commercial MRA32 DG from Lord Corporation is used fill the MRFD. The damper
geometrical and material parameters together with the MR fluid 132 DG progeitiesfied in

Chapter 2jarerepeatedn Table4-1 for sake of clarity.

o Guider

.

_— Upper chamber

_— Piston rod

MR bypass valve — _—— Internal spring _l | . d

L]
_Lo_|
]
'
T
L d

_—— Floating piston ] 1

S |
“—DMain piston T

-
“— Cylinder

“~— Lower chamber

(a) (b)

Figure4-1. (a) AnnularradialMRFD, (b) MR bypass valve geometrical parameters
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Table4-1. Annularradial MRFD parameters and MR fluid properties

Parameter Symbol Value Unit
Duct gap Q 1.2 mm
Coil width 0 7 mm
Piston radius Y 35 mm
Piston rod radius Y 15 mm
Floating Piston radius Y 9.525 mm
Radial duct outer radius Y 19.05 mm
Radial ductnner radius Y 5 mm
MR valve whole radius Y 32.25 mm
Annular duct length 0 48.5 mm
Coil length 0 10.7 mm
MR valve height 0 60 mm
MR fluid density ” 3050 E@
MR fluid viscosity - 0112 P&
Copper wire (AWG24) diamete  Q 0.511 -

4.3 Quaststatic model of MRFD with bypass annularradial gaps considering friction effect

Prior to formulating the proposed dynamic model, this section presents the derivation of a
guaststatic model for predicting the force response of the designed byji&ISB. As shown in
Figures 31(a) and (b)the clearances between the outer shell and bobbin create an annular and
two radial gapsin the absence of an external magnetic field, the damping force is only generated
by the viscous fluid resistance in the alannadial MRV. However, in the presencetbieapplied
magnetic field, additional damping force will be generated due to the MR fluid yield stress. This
generated damping force can be continuously varied by controlling the applied current to the
electromgnet coil. The direction of the magnetic flux in the active radial and annular regions is
perpendicular to the MR fluid flow motios discussed in Chapter Ry assuming quasstatic
BP rheological fluid behaviour and neglecting the unsteady fluid balwaand compressibility of
the MR fluid, the generated force by th#RFD consists of the contribution of the viscous force
and yield stress. These forces can be related to the pressure drop within the valve as well as the
spring force due to the interngrgng embedded with the piston rod according to the configuration
of the designed MR valvelhe detailed derivation ofjenerated static damping forc® is
described in sectioB.3 in Chapter 2. It is noted in secti@3, the effect of friction forces was
neglected. Considering the effect of static and dynamic fridienquasstatic damping force can

be modified as:
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O O YWo6 6 O Qi
oy wn (4-1)
O Yo YO O 0O O Q&
in which"O is the friction forcedue tothe sealing @ings embedded between the piston and

cylinderas well as friction between MR fluids anginder internal surfaces

In a similar approach described in sectih, the quasstatic damping force considering
friction effect can be writteas:

O O 60 w 0 M»w O Qo 4-2)
It is noted thatotal friction force friction force,"Ohcan be represented as the summation of

static and dynamic components as:

"0 0 'O (4-3)
where, "'Oand’O are the static friction of thRIRFD and the dynamic friction due to the friction
between the MR fluid and MRsurfaces, respectively. The static friction can be estimated by the
following relation as reported {204]:

1 8

O o¢C— (4-4)
C

while thedynamic friction can bdeterminedas[205].

5
O Y b — Y Y — (4-5)

wherd isthe dynamic friction coefficienthich is assumetb be0.075 asreportedn [205] and
‘* is the magnetic permeability of MR fluidn above equatior§ andd are estimated using
magnetostatic finite element model (sect®8.2 and using Eq(3-38) under varied currents for
the modified optimally designed MRFD. Results fori@aon of6 andd with respect to current,

I, are shown irFigures 32(a) and (b)respectively.
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Figure4-2. Variation of the magnetic flux densityith respect to current in (@hnulargap and (b)
radial gap.

Consideringrigure4-2, the followingequations represent the relation between the magnetic
flux density and applied current for the annular and radial gaps as:

6 ™Woep Q8 (4-6)
6 ™moep QF (4-7)

It is worth mentioning that thaboveexponential functiongan accurately describdate

magnetic saturation phenomenavserved at high magnetic field

4.4 Dynamic Modelling of bypassMRFD
In the followingsectionsfirst mathematical model considering unsteady fhetiaviourdue
to MR fluid inertia is developed. The model is subsequently refined by considering the MR flui

compressibility.

4.4.1 Mathematical modeéig of unsteady fluidoehaviour

The quasistatic model of théMRFD assumes steadyehaviourof the MR fluid flow annular
and radial gaps. This assumption is valid only for small stroke dampers that operate at low
frequencies and no longer suitable for large stroke dampers under high frequency excitations.
Quaststatic models may represent thecmdisplacemenbehaviourof MRFDs with reasonable
accuracy however t heglocity hystaiesibetlawicursof MRFBs. It thie f or c

section the dynamic modelling of the proposed MR fluid bypass valve with amadlat fluid
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gaps is carri@ out by considering the unsteady unidirectional fluid flow through parallel
rectangular plate. Parallel rectangular passage is a resorbable as the mean diameter of annular duct
is much large than the gap (more than an order of magnitude). For revealinfuence of the

unsteady fluidbehaviouron theMRFD behaviour the fluid is assumed to be incompressible and
operating to in the | aminar regi me. Gravity a
chambers are also neglected. The MR fluid is restricted between two parallel plates of length L
and width w, ashown inFigure 4-3. Considering differential fluid element shown kigure

4-3(b), the governing dynamic momentum equation of flow motion can be written as

4 \ 5 oy ’ T T 3 roor oy \ 5 6 N7y ’ oy )
Gw VLQw T —Qwl Qw U T—‘Qwu Qwt VQwT (4-8)
T w T ®
wherethe element mass can be expressed as
a " 0w (4-9)
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—dx
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Figure4-3. (a) MR fluid in rectangular flow duct schemadicd (b) differential fluid element

By substituting Eqg.(4-9) into Eg. (4-8), the momentum equation of the flow can be

represented as

CA

” T_é l T_ (4-10)

rom w1

8‘

whereo is the flow velocity and  is the shear stressim  wplaneAssuming the BP behauio

for the MR fluid, the fluid shear stress can be described as:
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T T 1o 4-11
T o (4-11)

wheret is the yield shear stresSubstituting Eq(4-11) into Eq.(4-10) yields:

o
As it can be observed fromigure 4-3(a), the fluid velocity profile, between two parallel
plates, can be separated into three regions: the viscous regiongi€¢R4, 111), as well as the
plug region (Preyield, 1I). The shar stress is higher in the viscous zones than yield shear stress,
consequently, the fluid flows with a velocity varying from rsdip zero velocity to the plug region
velocity5 . The plug region has lower shear stress than the yield region, so there is no shear

flow and the fluid moves as a rigid body. As a result, the following boundary conditions are held

as:
6 T (4-13)
16 QR 4-14

Having known the fluid flow rate) 0 and formulating the mass conservation law, yields:

. . . o
YooRRe 6 dRe 6 00 —— (4-15)

C

whereo is the inlet fluid velocity and is the maximum height of the plug region, which can be

determined from the plug flow equilibrium equation B&3]:

fo (4-16)

<5
5

Yo

Using Laplace transform, the E{4-12)- (4-15) can be transferred to Laplace domain as:

och i . Q 0ah
1 foai P

Tw v - Qw

(417

6 T (4-18)
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Qo"QnN 419
— (419

C-

6ci Qu 6 i Q (4-20)

n |

Y Qh Qo

where
- (4-21)

and- andu are the dynamic and kinematic viscosities. The general solution ¢4-H#d) can be

written as:
oafi 6Q° &Q T (4-22)
whered , 6 hand are integration constants ahdjs the particularsolution. Under harmonic

excitation, we can write:
6 6 0 0gFlo (4-23)

whered and| are amplitude and excitation frequency, respectively. Laplace transform of Eq.

(4-23) yields:
o (4-24)

Appling, the boundary conditions presented in Eg$:18) and (4-19) and the mass
conservation law in E@4-20), the general solution for the flow velocity in the gaps can be written

using the method of separation of variables as:
Qo 4-2
£ 0 (429

S| ©

oati T p

>

in whicha - . The detailed derivation of E@1-25) is provided inAppendixE. The particular

solution can also be represented as:
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O i 4%

| %@ aq - (420
wherez-and can be determined as:

3 AT OEKY Q (4-27)

N TmE R R (4-29)

Finally, the flow velocity can be described by substituting(B«6) into Eq.(4-25) as:

. i 0 i QAT @AEQ w Al @EQ Q 429
° & Q-

The pressure gradient due to damper piston excitation can also be calculated by substituting

velocity in Eq.(4-25) into momentum equation, E(1-17), as:

, p'Q O
= 4-30
el ——5s (4-30)

Q OH
" 4-31
00 i (4-31)
QOafi L6 iae 432
Qo ae aQ

By taking the Laplace inverse for the flow velocity profile in E4:29) using complex
variable theor206] and applying residue theorelppendixE), the flow velocity profile in the

time domain can be expressed as:

~ 6 'Q ~ ~
O, (d’ D‘ “l (d’ I "(2-| 'Q “I (ﬂ i’Q‘l ‘Q
‘Q

01 1 0Q i Q Q ofi ® Q
VI ,

It is noted that the volume flow rate through the anntddral MRvalve can be obtained as:

bo o6 0 odh (4-34)

Also, in a similar manner, the pressure gradient ir{4=8R) for duct with length L can be

obtained as:
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where
, Q p ® 1 Q Q | QQ Qi QeQ 0O (4-36)

The pressure drop in EGJ-35) is a combination of pressure drop due to viscous and field
dependent yield stress as represented in{£&=t).. The pressure drop due to yield stress fluid is
not generally affected by the fluid unsteady behanj@9] and can b represented as:

., Wb
Yo T (4 37)

The pressure drop due to the viscous contributéin can be derived by making the distance

from the centreline to the point that the fluid begins to yield as showigume4-3 equals to zero

(Q m).Y0 thus, can be represented as:

o 00 . o~
YO c 3 Q Q 3 'QQ
A | Al 1690 (4-38)
¢ 0 | 0 | QOEBIQ
where
ADERGQ
3 i (4-39)

A@QERQ OEIGER

The pressure drop through the designed MR valve showigure4-1 can be obtained by
superposition of the pressure drop through the annular and two radial gaps, which can thus be

obtained via Eq(4-35). The total pressure drop for the designed MR valve can be represented as:
Y0 ¢Y0 Y0 ¢Y0 (4-40)

where
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v " 0 0710 o o
Yu c 3 QOQ 3 QQ
"5 0 8100 | AT10Q0Q pa
° 1 0 1 | Q0BT Q (4-42)
w0 0t
Q
YY1 o o
Yu c 3 QOQ 3 QQ
vV 5100 | AT10QQ paa
¢ oy 0 1 ] QoEl (4-43)
®Y Y1
Q

where, he fielddependent yield streds  for the MRF132DG in the annular and radial gaps
can be estimateaccording tdeqg. (3-23).

Thus, the dynamic damping for@@ of the designed bypass MR damper with annrddial

MR valve can be finally represented as:
'O 0 YO b8 6 O "Q&y (4-44)

4.4.2Modified dynamicmodel considering théluid compressibility effect

As discussed in the introduction section, MR fluid compressibility can considerably contribute
to the hysteretic response of MR dampers. Therefore, in this section, the developed dynamic model
in the previous section (see E@-44)) is further modified to also predict the MR fléid
compressibility effect on the hysteretic response of the designed MR damper. As the piston moves
downward due to the excitation conditidhe pressure inside the lower (compression) chamber
increases, compressing the internal spring while increasing the air pressure inside the spring
chamber. When the pressure exceeds the minimum pressure drop of the MR valve, the MR fluid
moves from thedwer chamber to the upper (rebound) chamber. When the piston motion is

reversed, the MR fluid moves from the upper chamber to the lower chamber, releasing the spring
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force and reducing the air pressure. Due to the compressibility effect, this process aause
significant norlinearity in theMRFD behaviarr. For considering the compressibility effect, the
volume flow rate in Eq(4-34) should be reevauated through the determination of the dynamic
pressure inside the upper (rebound) and lower (compression) chambers instantaneously using the

continuity equatiorfi207]. The continuity equation in the upper chamber can be represented as:

0 6 0 W _ T (4-45)

in whichw and 6 are the initial volume and bulk modulus of MR fluid in the upper chamber,
respectively. It is noted that the last term, in @ed5) represents the compressibility effect in the

upper chamber. The initial volume in the upper chambehcan be evaluated as

W 0 0 0 (4-46)
whered is the length of the upper chamber. In a similar manner, the continuity equation in the
lower chamber can be described as:

v e W 0w 0w
0 Qo

T (4-47)

in whichw and 6 are the initial volume and bulk modulus of MR fluid in the lower chamber.
The last term in Eq4-47) also represents the compressibility effect in the lower chamber. The

initial volume in the lower chambér hcan also be written as:
w 00D (4-48)

in which0 is the length of the lower chambEne piston motion contributes to the dissolution of
air bubbles in the MR fluigi208]. The variation of bulk moduli for the diluid mixture of the

upper and lower chambers can be calculatdS4:

5 2 (4-49)
(0] 0

5 £ 2 (4-50)
(0] (0]
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0 and6 are the reference bulk moduli of the MR fluid and air, respectively.

e ande are the air volume fractions in upper (rebound) and lower (compression) chambers,
respectively. Moreover, the variation of the bulk modulus in the compression chamber is also due
to the variation of the pressure inside the spring chamber. Thus, thigrprekeuld be added to

the calculated pressure inside the compression chamber. The variation of the gas pressure in the

spring chamber can be obtained via assuming adiabatic process, as:

. W
w o0w
in whichr is adiabatic gas index which is about 1.4 for thelair, is the reference atmospheric

pressure, and is the initial volume of the spring chamber which can be obtained as:
w 00 (4-52)

in whiché AT A are the crossectional area and length of the cylindrical spring chamber,
respectivelyAir content in the compression chamber is typically higher than rebound chamber air
content due to the presence of air in the spring chamber. However, improper sealing caused by
piston rod motion may result in aeration in the rebound chamber. It is also possible that dissolved
air bubbles in the MR fluid is responsible for the air in ldtambersThus, the bulk modulus in

the rebound chamber is generally much higher than that in the compression chamber. It is assumed
that the air volume fraction in rebound is 0.0001%, while the air volume fraction in the
compression chamber is assumed@00.01%The required data to consider the compressibility
effect are listed iMable4-2. It is noted that Eq94-45) and (4-47) are solved with the volume

flow rate based on the unsteady flbehaviourdescribed by E(4-35) to determine the pressure

inside each chamber. Thus, the pressure drop between the upper and lower chamber can be

evaluated with considering the unsteady MR flogdhaviourand compressibility effect
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Table4-2. Main parameters of the model

Parameter Symbol Value units
Reference bulk modulus of MR flui o) 1.05 Gpa
Reference bulk modulus of air o} 0.142 Gpa
Length of the upper chamber 0 0.02 m
Length of the lower chamber 0 0.16 m
Length of the air chamber 0 0.064 m
Atmospheric pressure 0 1.013 bar
Adiabatic coefficient of air r 1.4

4.5 Validation of the Dynamic modeling

The optimally designedMRFD has been experimentally characterized under harmonic
excitation tovalidate the proposed analytical dynamic modéle experimental test setup and
procedurevereexplained in sectioB.6.2 The results presented kigures 34 to 36 compare the
MRFD response predicted by the quasitic and the proposed analytical dynamic model based
on the unsteady fluidehavioumwith those obtained experimentally. The fedisplacement and
force-velocity results are obtained under an excitation frequency of @&nHamplitude of 1mm
at applied currents of 0.5 A, 1 A and 2 A. Results reveal relatively a good agreement between the
guastistatic model and dynamic model (ignoring effect of fluid compressibility) at low excitation
conditions. This is partially due tdeé fact that at relatively lower levels of frequency and
amplitude the effect of the unsteady flbighaviouiis not notable. Both static and dynamic models
were able to accurately predict the peak damping force compared with experimental results. It is,
however, noted that the hysteresis observed in the experimental/&dooity curve, as shown in
Figures 24(b),3-5(b) and 36(b) could not be captured by the static model and developed dynamic
model in which the effect of fluid compressibility has begmored. The forceelocity hysteresis
characteristics are in part attributed to other factors, such as the viscoelastic effect and fluid
compressibility effect. Also, the quastatic and dynamic models have a dead zone or
discontinuous jumjn force-velodty responsenear zero velocity regiorrhis jump is due to the
fact that these models utilize Bfehaviourwhich can only describe pegield region ofMRFD
[165,209,210]
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Figure4-4. MRFD characteristics under sinusoidal excitation of frequency 2 Hz and
displacement of inm at applied current of 0.5 A(Brcedisplacement, (borcevelocity.

3 3
6 x10 6 10
s atles P
‘ s s gttt e, ;3"':‘:‘:‘——‘:“
- + *
G * 1’&
4 ¥ 4 - *
- : Wt =" +
. +
. +
+ -
* + * *
2 3 ¥ 2 + B
+ + +
. . . +
e . = .
= * + = + +
g o ¥ g o0 ¥
S - . s + +
= . = +
+ * * *
+ "
+ * + +
2 2
+ . N +
+ +
. + +
b
. * =]
+ - + D
Ny eeerrr L=z et g
=N T e e
% -6
15 -1 0.5 0 0.5 1 15 -0.015 -0.01 -0.005 0 0.005 0.01 0.015

Displacement (m) <107 Velocity (m/s)

(@) (b)

Figure4-5. MRFD characteristics under sinusoidal excitation of frequenidy and
displacement of inm at applied current of 1 £a) forcedisplacement, (bjorcevelocity.
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Figure4-6. MRFD characteristics under sinusoidal excitation of frequenidy and
displacement of inm at applied current of 2 fa) forcedisplacement, (borce-velocity.

To highlight the influence of the unsteady flbiehaviouron the damper hysteresishaviouy
the MRFD response was simulated by the proposed static and dynamic models at a higher loading
frequency and displacement. For instanEgures 37 and 38 show the predicted foree
displacement and foreeelocity of the MRFD under an excitation frequency of 20 Hz and
amplitudes of 10 mm and 30 mm, respectively. The simulation results are obtained at an applied
current of 1A. These figures reveal that the effect of the unsteady [flefgaviouris remarkable
at higher rages of loading conditions. By increasing the excitation amplitude from 10 mm to 30
mm, a low to a medium deviation between the gattic and dynamic results is observed, as
shown inFigures 37 and 38. Thus, for higher amplitudes, thHdRFD shows a hystresis
phenomenon due to the effect of the unsteady Belthviouy as shown irFigures 37(b) and 3
8(b). Figure4-9 shows the forcelisplacement and foreeelocity characteristics at an excitation
displacement of 30 mm but at a higher loading frequency of 40 Hz. Results demonstrate a
considerable differemc between the quastatic and the dynamic modelling by increasing
frequencies due to the effect of the unsteady thetaviour The hysteresis in the quasatic
modelling in the posyield region is due to the high stiffness of the spiiaged volume
compensator and the friction force as presented ir{Z=t). and shown irFigures 37(b) and 3
8(b) and 39(b). Therefore, the quastatic modding is not valid at high frequencies and

amplitudes conditions. As a result, the dynamic maugbased on the unsteady fllidhaviour
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