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Problem Studied 
This project address^ by this report investigated a novel variation on the concept 

of a tuned viTjration absorber or damper: the State-Switched Absorber (SSA). The SSAis 
capable of ahering its stiffiiess state nearly instantaneously. The chaige m stiffiiess 
causes a change in the resonance frequencies of the system, thereby instantaneously 
'retuning' the SSA to a new frequency. The state-switching technique increases the 
effective bandwidth of the absorber, can be made to be effective against multiple 
fequencies within its bandwidth, and, in addition, holds forth the potaitial for umque 
applications, such as the preferential "pumping" of energy mto the absorber. 

The project investigated: 
1) Development of modeling methods for the absorber applied to common structural 
elements, e.g., beMis and plates. 
2) Development of switching rules for actuators 
3) Development of analysis methods for placement and optimization 
4) Development of desipi rules and SSA prototypes 
5) Control cireuit development 
6) Experimental examination of state-switched absorbCTS 

Summary Results 
The following briefly summarizes &c technical developments achieved during the course 
of the project, and available in archival and conference pubUcations. Key results mclude 
the development of effective simulation tools, theoretical and experimental validation of 
the control concept, and, development of prototype concepts. 

Simulation code was developed for a variety of dynamical systems, forcing excita^ns, 
and state-switching rules. The capability now exists to simulate state-switched absori^ 
appUed to single degree of freedom, two degree of freedom, beam, and plate systems. For 
the b^m and plate systems, the ability to consider point and distnbuted excitation, or 
both combined, were implemented. Simulation code to permit analysis of time-varymg 
aid random disturbances, eliminating the limitation of considermg combmattons of 
simple harmonic excitations, was also developed. Several switching control algorithms, 
including algorithms based on the objectives of maximum energy extraction, frequaicy 
time-sharing, and purely random switching, were implemented and evaluated. The 
maximum-work-extraction logic routinely demonstrated the best perfonnance over other 
logic schemes. In all cases anal>'zed, state-switched vibrations absorbers perform m 
general sipiificantly better than, and never worse than, passive vibration devices. 

The simulation tools were used to perform a detailed stady of the role that damping plays 
in the perfonnance of the state-switched absorber. Considering a number of damping 
models excitations, and systems, the damping conditions for which state-switching 
yields greater performance as compared to passive absorbers with equivalent tonping 
were determined. The performance benefits of the absorber were determmed to be 
insensitive to the particular damping model employed in the simulations. This increased 
the confidence in the robustness of the concept. 
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The predicted tiieoretical perfomance of the state-switched absoAer was confirmed 
expe^entally. A dynamic analog of the state-switched absorber apphed to a base mass 
wi constructed, comprising a 2-de;gree-of-freedom state-switched vibration absOTbor 
syst«n based on a switchable magneto-rheological clamping device. The state-switchm^g 
(introl of this system was implemented using a digital signal processmg systmi^Tnals 
clearly demonstrated that the state-switched vibration absoiber was capable of reducmg 
the bie motion of a two-degree of freedom system subjected to multiple haitnomc forces 
to a greater extent than a passive vibration absorber. 

In addition, a single-degree-of-freedom test system to vahdate analytical developments 
regarding en^gy absorption and optimal switch timmg was been constructed. Results 
dm this demonstrator indicate Aat the switch logic developed m thisresearch h^ clear 
advantages over other switching logic schemes proposed elsewhere. The state-switching 
control logic employed in this work was proven through expenment to provide smooth, 
stock-free operation. Further, control schemes as implemmted by others were 
Kcperimentally demonstrated to have the potential to generate significant mechamcal 
shocks, which may be undesirable. 

Beyond the above results, documented in the published literature, sipiificant results were 
acWeved m the area of optimizing placement of SSA absorbed on extended structur^ 
It in the development of Magneto-Rheological-based SSA's. This matenal has not yet 
been puWished. The following addresses each of these resuUs. 

A state-switched absorber design was developed whose size weight and ope^ationd 
frequency range is comparable to those used in commercial vibration suppression 
^^L lie design Inploys a Magneto-Rheological (WR) «!-*--^"^^^ 
Sil required for stififcess actuation of the device is mtegratM as part of &e ^ovrng t^s 
of thrabsorber. representing a novel means of reducing the complexity of the ov^l 
sy^em Protot^eTof the device have been constructed and t^ted, and demons.^ e 
fluency shi^on the order of 460%. Appendix 1 provides a draft paper describing this 
cotK^t in detail. 

In concert with this MR absorber desipi, low-cost sensor and control systems for 
practical appUcations were developed in concept. The basic conttol logic only requires 
LowledgTof the zero-deflection position of the absorber, and of the sign of the base and 
relative velocities. Since only the signs of tfie velocities are required the s^tem do^ n^ 
need precise. caUbrated measurement of these parameters. Low-cost optical sensors were 
determined to provide the means to detect the zero-deflection pomt, as well as the sipis 
of the velocities. 

With respect to placement optimization of SSAs on extended structures, a genrtic 
algorithm was implemented. It was discovered that the kinetic energy results m SSA 
systems are discontinuous. Essentially, a small perturbation in some parameter m the 
SSA system, does not necessarily give a small pertui-bation in the kmetic energy metna 
This iscontinuity is due to change in the time response of the system, thus potentially 
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F,8U« 1: Kinetic Energy of the Base as a Function f «--^^„^-^'!» S'' '°"'"""""" 
Frequency = 1.0226 and an Upper Tuning Frequency -1.028 

changing the occtmence of switch events. Even changing the occurr«>ce of one switeh 
ev^t cl cause large changes m 'M kinetic energy of the system. Because of ttas 
discontinuity, optimization is rather difficult through typical mettiods. 

Work was done on basic optimization of a cantilevered beam forced at the center with 
^ofeq^eS component forcing. The parameters checked for optumzatton were 
^oSSon and'lning frequLies. Fi^re I depicts the b^«^^- ^^f^^ 
function of location along the beam for a constant set of ^f S^^^""^". f^^^^ 
seen from Figure 1, the optimum location for a state-switched absorber is at the free end 
ofTctSil^ beam. It this location the kinetic er.^gy is at its ^west » ^^^^^^ 
seen in Figni^ 1 that there are locations at which the kmetic energy spikes and the SSA 
suppr^ses vibrations poorly. 

A similar investigation was done with tuning frequencies. The absorber location was 
QxT^^e free end of the cantilevered beam and the beam kmenc energy was 
det^n^for a range of tuning frequ«icies. The results of this investigation are shown 
fn S«1 In this Igure, the blue color corresponds to low kinetic ^ler^. m the bem 
and?Sdred- the red color corresponds to large kinetic snerp^ and is to be avoids 
^ can be stn the best performance occurs along the diagonal where the tuning 
fequScies iTeqi^ or close to being equal. When the tuning frequencies are equal, the 
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Figura 2: Klnrtle En«gy <rf Iha Bas« « a fm^m of SSA Tuning Fmquenctes With a Constart 
Location = 1 

absorber acts as a passive tuned vibration absoAer. From these P^f li^^i^f^ ^^^»^'*^ 
seems to be little advantage to state switching in the cantilevered be^ system. 
Currently, work is being done to try to expand the range of tumng frequencies 
c»nsidered. 
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Appendix 1 

The Analysis of a State-Switched Absorber Design Concept 
Anne-Marie Albancse. Kenneth A. Cunefare 

The Georgia Institute of Technology 

ABSTRACT 

A tuned vibration absoAer (TVA) is a spring-dan^er-mass system used in many industfes for the 
suppression of a specific vibration frequer^y, and has application for the suppression °f ^""f^ *^«f 
vto. A state-switched absorber (SS A) .s sinrilar to a TV A, except ftat one or «»2«^;°|»^ » ^ 
SSA is able to instantaneously and discretely change properties, thus mcreasu^ the effecwe bandwidtti of 
vltL suppression. In order to desip» a replaccn^nt SSA for the classic TVA,|e SSA rrmi^mm 
4e approprSe frequency range, be Ughtweight and compact An optjmal SSA ^11 also »^^ ™^ 
fefluency range that rt can switch between. This paper discusses the development of a magnetorheological 
(MR) sOiconc gel used as the SSA switchmg element, the shape required to mamtam a njgnetic flux pitti, 
Si Sbltion of the map«t-mass to frequency shifting. The MR gd .s .ro^^ed ^f^-^ - 
the presence of a magnetic field. During operation, the applied nrngnetic flux B ™»!?«d„ J/J"!^,^ .^ 
natwalfretpency. -Ae appUed flux requirerKM forces the SSA to be a small nng. The SSA is desipied to 

operate below 100 Hz. 

1. INTRODUCTION 

Tuned vibration absorbers (TVAs) are prevalent in many vibration control appUcatiom such as in 
aircraft fuselages due to their low cost and well-established vibration absorption capabilities. While active 
ITationcon^llers have been developed aiidoffered in the marketplace for years their nseasva^^^ 

cLol mechaxrisms have been limited for several reasons. Active vibration con^lters -^de they^»lf 
highly effective, possess costly and higUy sophisticated control algonte. In addition, dm to ften: real- 
tiTproperty-changing characteristics, an active vibration absorber subjected to an ™«ated 
exctati^ or one lat is improperly cwtroUed. can actually add eiKrgy mto the system and thus dnve it 

into ^^^^^^^^^^ ^^^^^^ ^^ft^ ,^ 33 ^ state-switching absorber or SSA in this pa^r, is a hybrid 
of the reliable TVA and the more effective active vibration controller. The SSA is capable of s^*J^ 
oL or more of its propert.es.mtUs case Its spring stiffness, bnt the control algonthmisfimcto 

different from the active vibration absorber in that it only allows switching to occ^ at J^«^ t^^^^^*** 
discrete states. In this way. the risk of addmg energy to the system ,s eluninated smce between states the 
SSA behaves as a classical, sable TVA. it*. 

Just because the SSA can control multiple vibration frequencies does not necessanly m*e it a 
TVA competitor. For the SSA to absorb vforation better than a TVA, the excitation so"^f ff Jf ^ 
variable-fequency one.[l] In addition, the SSA requires external energy to enable switching, both to Ae 
iSg mechaJsm and to the sensors that feed into the control algorito; this add,t»nal ene^y mmU 
^S The SSA must be comparable in size and mass to the TVA;alarge or bulky system will not do. 

It must also be able to operate within the same frequency range. 
TOs Mper will discuss the elements considered in designing an SSA. This includes a bnel 

ovemew of sSswitching and magnetics, the size and shape of an SSA. *« ™*°t    "^1 Mo'SSL 
enmloyed. and the contribution of the mass-magnet to the stiffness chmige^ Although conto^ algonttas 
arean taportant aspect of the SSA, the control algorithm implemented is dependent upon the nature of the 
excitation, and is be^nd the scope of this paper, 

2. M AGNETICSJ A REVIEW 

The switching aspect of the SSA developed for this work is a magnetorheological (MR) silicone. 
The MR silicone consists of a two-part siM=one with embedded iron particles aligned m chams, as seen 
below m figure 1   When a magmtic flux path flows through this composite matenal, the magnetic forces 
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will on»se any displacemrat the iron panicles experience away from their magnetic equilibrimn point 
This causes Ibe effective stiffiiess of the silicone to increase.[2] 

Figure I: A MR sflicone subjected to a magnetic flux B and tensile force F induces interaiolecular forces 

The force follows the inverse square law, as described below in equation (2.1) as 

where F„ is the attractive force from each iitm particle, r is the distance between each particle, and a„ is 
a coiBtant to be determined. While the particle-to-particJe attraction yields a stiffwss change, ^P^=^ 
change in stiffness is going to be due to the toge iron core halves. Tte attractive force of two "jagnet H«is 
togeAer, or in this case, two ends of the horseshoe-shaped iron halves, can be descnbed as equation (22), 

where m and m' are the magnet strei^ths of each attracting pole, related to magnetic flux B by 

5 = ifO^ ^ j is the distance between each pole, and ^ = 4;r x 10""^ is the magnetic permeabiUty, For 
Aw 

our setup, m and m' are equal and opposite, so that equation (2.2) beromes 

.  -mm F = - 
4«r' 

In designing our SSA, we wanted to have a maximum change in the magnetic strength. Since 
magnetic streng* is related to magnetic flux B, we designed our coil to be able to imgneticalty saturate Ae 
™^site.Alescnption of equations (2.4) and (2.5) can be foundmatutorid by MagnencP^^^^ 

Services, Inc. p]   A Une of current producer flux, but a coil of wires carrying a current of i Amperes 
eeneratts B Gauss of flux through the center of die coil according to equation (2.4) 
^ 0A9M-I 

B = u^ 4r 2' 

(2.1) 

(2.2) 

where s is the length of the coil in inches and r is the radius of 4e coil. Magnetic flux can be an^Iified tf it 
travels around a steel loop with a small air gap of size /, in inches, wl»se relationship to current is found m 
equation (2.5) 

B = 
0.49-10 ^-N-r 

I 
B describes the magnetic flux dcnsi^ through the steel coil. The Lord Corporation found that the flux 
density through a MR fluid, Bgg^, is 

5., .4, 
BsSA - 

_£sLJhL 
i'SSA 

(2.3) 

(2.4) 

(2.5) 

(2,6) 
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where ^SS^=^»'+-j 

steel coil.[4] 

^f^l]   ,ortheeffectivepolea.ea.and B,, = B = fl«x density gomg through the 

3. STATE SWITCHING: AN OVERVIEW 

The SSA is permtted to switch only at discrete times ar.d to Ascrete s«es. Between switches, the 

SSA hetovK as a classic TVA at its f state, as shown m figure 2. 

K '5S3 ssa 

Figure 2: An SSA, on left, represmted as one of many TVA's, onright. 

^     ^ f    5!Q A „v«- i. TV A liesi in is control algorithm. Although not a control algorilhm in 

a^Srnte at which possMe switch points the SSA should ,w,tch to gnre peater vibration 

absorption than ^TVA^    absorber exanuned m this work is effectively a toroid with a srnall air gap^ as 
seen in fil^t ThlS^onf con^site in the air gap behaves as a switchahle sprtng w.th losses. n>odeled 

as light dancing. 

Figure 3: Schematic of an MB. SSA. 

men no current rum through Ae wires, th, spring comttnt has some value ^ the equation of nation is 

The di^lacemeutvah^sxandydescribe the absorber and base cisplacciBent, respectively, as depicted 

above HI fii^^^ ^        ,^, fl^ ,a„,ed a particle-to-particle a^^^^n 

between AeS^cTes wi the s.hcone con.pos,te itself. However. tl« pmnary <=«-«f «f f *^;= 
ctoge w* l^e to the magnetic poles on tl.e large iron mass pieces themselves^ From ^'P-f" tf). the 
:S^tereiat,vedrspLmentbetwee«xandy,or r= x-y. ^r.cexandycons«t of srnall 
deviations abou, some mean displacement, r = (xo + x)-(VO+>')= (*0 - M)+(^ - J').-here X, 

(2.7) 
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and yo are nBan displaceironts. Assuming small deviations x and y, equation (2.3) becoiMS equation 
below. 

2r 

F = - 
AnM 7 L 

-i+4(--^) (2.S) 

where A, = x^t -yo;,tl«j*state'sstatic displacement Substituting into equation (2.7) and 

reairanging, we fiM that the differential equation for Ae fluxed case becomes espiation (2.9), below. 

We see tliat the net spring constant becoitKS 

%fl 

M) 

forB = 0 

else 

iitii 
(2.9) 

(2.10) 

The other effect can be seen in the righi-liand side of equation (2.9). The forcing constant n«am that te 
silicone will \x. forced to disptare stetically. If pavity is iwglected, one can see that the static displacement 
is in fact 3 fimction of tte magnetic strength, m,. 

4=L±a!!lL|     . (2.11) 

This inq>Hes that the magnetic strength forces the composite to statically compress. 

4. PHYSICAL DESIGN CONSIDERATIONS 
A MR silicone of length / whose stif&ess change is directly proportional to the magnetic flux fliat 

runs through it should have a maximum flux change for the least aiwMmt of power ii^t. Tterefore, two 
MR sihcones can be placed in parallel as seen below in figure 4, inodiKing two small gaps m a steel teqj. 

The coil must be able to fit inside tlie steel without constraining the MR silicone nmtion. This 
requirement is satisfied by adhering to (3.1) below: 

^<iffit..   ^]L_^i  , (3.1) 

\  'Wre y 
wbare iV^ is the numbsa- of coils, r^y is the average of the iimer and outer radii for the SSA, 5 is Ae length 
a side of tlK steel coil, and %^g is the radius of Ae magMt wire. The wire thickness rraist be chosen such 
that it can cairy die maximum current load necessary and still satisfy equation (3.1), 

10 
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Mnpiet 
Wlrti 

MR 
SUleoRc 

Figure 4: Final design for the SSA 

We wished to have an SSA with na:ural frecjuencies below the 100 Ife mark, but with a mixiiram 
natural frequency change between the unflmed and maximally fluxed cases. The spnng constant was 

presumed to be kgsA « ^^- Therefore, the sprmg stii&ess change was modeled as an elastic 

moduhs change. In addition, we wanwd an SSA that had no diroe:isicm larger than 3", and it should have a 
mass of less than 100 g. The end design can be seen in figure 4. 

5. EQUIPMENT 

A two-part silicone was mixed thorougUy with iron microparticles and then cured in the presence 
of a maraetic flux. The sihcone in question was a GE Silicone RTV6186, and the iron was fromlSP 
Technotogies by the name of R1430. The silicon was cured to roughly 150= F for 90 minutes m the 
presence ft a nignetic flux to align the ton particles. The power supply used to dnve current through Ac 
magnet coil was a KEPCO BOP36-6D. A low-carbon steel was used to constroct the steel JooP- The test 
^can be seen below in figure 5,  Siglab nK,del 50-21 provided a random n«f^»'»^,^'^'ff^^^'J , 
1000 Hz It was amplified by an IDS PA25E power amplifier, ar^l then actuated by an LDS shaker model 
V2.0.3. Data from the accelerometers, Kistler model 866 C5, were powered by a Kistler power supply 
mo<kl 5134, coflected by Siglab, and than eqsor^ to a PC. 

U 
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Figure 5: Tsst setup for the SSA. 

6. PROCEDURES 
Saicone was prepared by mixing the desired percent iron (R1430) to part B of tiie two-part 

siMcone mature. TTien m equal nass part A was added to the mixture. Silicone was raaed for ten mimrtes 
on a hot plate heated to 50'C (I22»F). The silicone mixture was then ci^d for 30 mmut« at«« ^kva^d 
temperawie under 4.5 A current. The silicone sample produced was cyhndncal w,th a 0.15 radius ai^ 

'^Se cured, the san^le %vas cut in half length-wise and each half was secured to the iron halves 
using Loctite 4S4 epoxy. Siglab was used to produce broadband white noise. deUvercd to the base nmsvia 
the Aaker. The accelerometers n«^sured the acceleration of both toe base and absorber mass which w«e 
then recorded. 

7. RESULTS 

It was found that better fliaa a 5:1 maximum to minimum natural fequency ratio could be 
achieved in the 3W5% iron by volume range, as shown in figure 6. TWs graph is somewhat misleading, 
though, because even a 0% iron induces a frequency change. However, this is not an mcre^mB natiral 
frequency with increasing coil cumnt Figure 7 shows that the natural frequency m fact decreases wrth 
increasing current 
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Frequency Ratio vs. Iron Percent 

10 20 30 

Iron Fraction (by vrtume) 

m 

Figure 6: Frequency chaise ratio for different iron ftactions 

0«e eaB also ob^ in figure 7 that there are different spring «>»^^/"'^l^^^ ^ 
IS because the elasticity of a matenal increases when particle fillers are inctadedj 7] AUnaten^ witb 
30%™ra«J below hL identical initial stiifaesses because talc powder was added to obtam a 30% 
particle con^cKition by volume to enhance rjje matenal strength. 

Average frequency vs. current, different Fe % 

Current, A 

Figure 7: Natural frequencies for different iron fiactJons at various current levels. 

8. CONCLUSION 

It tos been <temonstrated in this paper that a MR silicone am be med as a ^''««-*^^^^8 ^^1^'^^ ^ 
i^rber to produce up to a 5:1 natural frequency change. The dssjgn B tton-petcentege dep^dra^ and the 

and the whole device weighs less than 100 g. 

13 



01/09/03     16:47 FAX 4045621610 NAVAL RESEARCH ^017/017 

9, REFERENCES 

1. CuMfare, K.A., et al, Stateswitchal abmrba-for vibratim control. Journal of Intelligent 
Material Systems and Stnictares (accepted for publication), 2000. 

2. Cinder, J.M.S., W. F., Nichols. M. E., Magnetorheological elastomers in tunable vibration 
oftiorte-J.SPIE Strait Structures 2001,2001. ,    .^   .. ^AAI M «,.ri^ 

3. Nippes, P.I., Principles ofUagnetistn and Stray Currents m Rotating Machinery.. 2(H)1. Magnetic 
ProAicts and Services, Inc. 

4 Lord Corporation, M.D..Mag««acC»rc«ft Design,. 2001, Lord Corporanon. 
5. Cuncfare, K^.S.. Nader, Larson. Gregg. Fundamental Im'estigations of State-Switched Vibration 

6. (^E.^ Theory of filler reinforcement Journal of AppUed Phyacs, IW5.16(20): P^^25 
7. Davis, L.C„ Model ofmagnetorheoiogtcal elastomers. Journal of An>hed Physics., 1999.85(6). p. 

3348-3351.' 

14 


