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When the disturbances periodic and continuouslyexcites the structurethe vibration continuesat
steadystate mainly atthedisturbingfrequenciesThis forcedvibrationattenuatiorproblem known asvi-
brationabsorptionor sometimegalledvibrationcancellationcanbeaddressedy introducingcontrolled
excitation (forces/momentdp the structureswith appropriateamplitudesandphaseanglesat disturbing
frequenciesFeedforvard, in generalandadaptve feedforward, in particular controlarewidely usedas
vibration cancellatiortechniquesThesemethodsareextensvely usedin active noiseabatementaswell.

1 Feedbrward Control

A simple single frequeng feedforward controller appliedto a noise cancellationproblem,is depicted
in Figurel. FP is the forward path betweenthe disturbancanput andthe audiblenoiseat the output.
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Figurel: Singlefrequeng feedforward controller

For a single sinusoidalinput the outputwill alsobe a sinusoidat that frequeng, but with an amplitude
which s theinput amplitudemultiplied by somegain G anda phaseshift ¢. The phaseshift andgainon
the controlleraremanuallyadjusteduntil the total gainfrom error pathandcontrollermatchess andthe
total phaseshift from error pathandcontrolleris 18%° out of phasewith @. This is the basicprinciple of
feedforward control.

The feedforward control systemshouldcausecompletecancellationof the disturbanceeffectsat the
sensoyif the gainof the controlleranderror pathcombined matcheghe forward pathgain exactly, and
if combinationof the controlleranderrorpathis exactly 18(° out of phasewith theforward path. When



theseparameterarenot exact,thecancellatiorwill be somavhatlessthanperfectandin severemismatch
casesthefeedforward controllerwill actuallyworsenthe systemdisturbanceesponse Consideringhe
importanceof gainandphasematchingin feedforward control, it is desirableto implementsometype of

adaptve algorithmto minimizetheseerrors. A leastmeansquarg(LMS) algorithmbasedon minimizing

themeansquareof the disturbanceaesponsegcommonlyusedin noiseandvibrationcontrol, will beused
in thiswork.

2 The LMS Adaptive Feedbrward Control

The essencef the LMS algorithmwas presentedy Widrow andHoff in 1960. The basicconceptand
developmentof the LMS algorithmis asfollows. Giventhe systemin Figure 2, the single sinusoidal
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Figure2: Basicadaptve algorithmblock diagram

disturbancewill passthroughthe plant P1with somegain G and phaseshift ¢. It is desiredto usethe
disturbanceesponsesignal,referredto asthe error signal,e(n) to adaptthe controllerP2in sucha way
soasto minimizetheerrorsignalin a meansquaresenseln orderto do this the controller which will be
a simplefinite impulsefilter (FIR) filter, will have to have atleasttwo coeficientsto provide the desired
gainandphaseshift.

Typical meansquareerrorsurfacevs. the two coeficientsof the adaptve filter, shovn in Figure3, is
a paraboloid.It canbe seenthatthereexists only onecombinationof the two coeficientsthatyieldsthe
minimumor leastmeansquarecerror. Furthermorefor suchasurface,asimplegradientdecentalgorithm
may be usedto adaptthe coeficientsin orderto obtainthis minimum. The methodof steepestiecents
oneof thepossiblegradientdecentalgorithms,usedfor adaptation.

The methodof steepestlecentstatesthat aniterative approachcanbe takento obtainthe minimum
point of meansquarecerror, in which eachcoeficient (optimizationvariable)is updatedoy thefollowing
scheme

Wit 1 = Wk — Uk 1)
Here, w1 is the new coeficient value,w is the previous coeficient value, v/ is the gradient,andp is
the adaptatiorcoeficient. The adaptatiorcoeficient determineghe stepsizeusedfor eachiteration,and
mustbe setsmallenoughto maintainstability of the adaptatioralgorithm. The gradientcanbe expanded
in thefollowing form
_ OE[e*(n)]

V=" = —2E[exy] (2)



Figure3: Typical errorsurface

Here,E[-] denoteshe expectationoperatoy e is the currenterrorsignal,andxy is the currentinputsignal.

This expressioncanbereducedf the assumptioris madethatthe expectedvaluecanbereplacedy the

instantaneousaluesof the input and error. They shaved that using the instantaneousalueswill, on

averageadjustthe coeficientsin suchaway asto reducethe meansquarecerror. This simplificationwill

greatlyreducethe computationaheedof the adaptatiorandmalke its real-timeapplicationpossible.
Theequationfor updatingthe coeficientsw thusbecomessfollows

Wi 1 = Wi + 216X 3)
For corveniencethetwo, 2, is oftenabsorbednto the adaptatiorcoeficientu. Theblock diagramfor this
adaptve algorithmis illustratedin Figure4.
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Figure4: BasicLMS algorithmblock diagram

Theresultsof applyingthe LMS algorithmto anN—stagdappeddelayline (TDL) filter (anN-th order
FIR filter) anda sinusoidainput sampledat therate1l/T wereinvestigatedy researchersHe startswith
a very basicLMS algorithmasillustratedin Figure5. The sinusoidalreferencesignal, resemblingthe
disturbancecanberepresentedsxy = H coguwy kT + 8) whereH is theamplitudeof thereferencenput,
wy is thefrequeng of thedisturbancenput, and® is somearbitraryphaseshift. Glover shavs thatunder
certainconditionsthe systeminsidethe dashedox canbe approximatedy a lineartime invariantfilter
G(z) betweere, andyk. Thedetailedderivationcanbefoundin literature. The endresultof thederivation
is Equation4 thatrepresentsheinput/outputrelationshipof thefilter in the zZ-domain.
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Figure5: Glover'sbasicLMS algorithm

where N T
sinNwy
T,N) = ———

U(z) =1/z—1, a isaconstantandTV representshe undesirabldime-varyingterms. Frominspection
of theseequationsit is clearthatreasonableneasuref therelative strengthf thetime variantandtime
invariantcomponent®f the outputY (z) would betheratio B(w T, N)/N. Whenthis ratiois muchsmaller
thanunity, we would expectthe contribution of time variantcomponentso beinsignificantcomparedo
thetime invariantcomponentsin fact,we would preferthatf3/N = 0 in which caseonly thetime invariant
componentsemain.Theratio 3/N canbe madesmallby either makingN large,or by selectingT in such
away asto make [3 exactlyzeroThesecondnethods knownassyndronoussampling In orderfor (3 to be
exactly zero,the numeratoiof 3 mustbezero,while thedenominators non-zero.Giventheseconditions

sin(NexT) =0 (5)

Realizingthattheterminsidethe sinemustbe anintegermultiple of rtyields

T
= Ney (6)
which meanghatthe samplingfrequeng f would be
N ooy
f = — 7
- ()
= 2Nf, (8)

Thusthe samplingfrequeng mustbe exactly 2N timesthe referencdrequeng. It is for this reasorthat
themethodis known assynchronousampling.SinceN mustbeatleasttwo, the samplingratemustbe at
leastfour timesthereferencdrequeng. Glovergoesonto shav thatthe frequeng responsef theentire
systemis thatof a notchfilter centeredat thereferencdrequeny f, andwith abandwidthof (Na)/(2T)
radiansper second.This finite bandwidthis a resultof thetime varying coeficientsof the adaptve filter,
sincea constantcoeficient filter could only producean outputat the referencerequeng andcould not
affectneighboringrequenciesThissystems equialentto usinganadaptve bandpasélter asafeedback
controllerbetweerE(z) andY (z).



2.1 Filtered—XLMS Feedbrward Control

ThebasicLMS algorithmcould be implementedgxactly asdescribedabove, if therewereno error path
dynamicsin the system. In practice,thereare dynamicsinvolved in the error pathfrom the controller
to the outputsensor This problemwasaddresse@stimatingof the error pathbe usedto filter the input
signaljustbeforeenteringthe LMS algorithm. It wasfoundthatthis effectively compensatefor theeffect
of the error pathon the control signal. This methodof compensatiomombinedwith the LMS algorithm
later becameknown asthe filtered—X algorithm. The stability of the filtered—X algorithmwas explored
by Morgan. He shaved thatif the adaptationcoeficient 4 were madesmall enough the coeficients of
the adaptve filter would corverge to the optimal values,even with errorsin the phaseof the error path
estimateof upto 90°. A block diagramof thefiltered—Xalgorithmis illustratedin Figure6.
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Figure6: Block Diagramof Filtered—XSystem.

Although the block diagramsof 4 and 6 give the impressionthat the measureof disturbancejn its
entirety shouldbe available to the controller and adaptationroutine, it shouldbe notedthat only the
periodicity attribute of the disturbances measure@ndmadeavailableto the adaptve controlscheme.

Example 2.1: Adaptive feedforward control in milling

The effectivenessof the LMS adaptve feedforward controlleris illustrated by cancellingthe harmful
effects of cutterrunoutdisturbanceejectionin a milling process. The cutting force componenin the
feed direction was measuredvith a platform dynamometer A piezoelectricstackactuatoris usedfor
introducingthe control to the machineby manipulatingthe table, holding the part. A angularvelocity is
used asthereferencesignal,for feedforward controladaptation.

Referringto Figure6, the errorpathblock describeshetransferfunctionmappingthe control,i.e., the
tableposition,to the cutting force. The forward pathblock describeshe mappingbetweencutterrunout
andthe cuttingforce. The X block is thefiltered—XLMS algorithmadaptingthe controlfilter. Error path
blockis a simplifiedmodelof the errorpathwhich asstatedearliercanhave up to 90° of phaseerrorwith
theactualerrorpathdynamicsandstill make the adaptatiorroutinecorverge.

Systemdentificationor asimplifiedanalyticalmodelingapproacktanbeusedio constructhis model.
A secondorderdiscrete—timaenodelpresentedby a differenceequationshovn in Equation9,

f (k) = 0.0016u(k— 1) — 0.0013u(k — 2) 4 0.6722f (k— 1) + 0.3264f (k— 2) 9)

hasbeenidentifiedto maptheactuatorforce (u) to thecuttingforce(f). Identificationhasbeenperformed
cuttinganultrahighmoleculamweightpolyethelenavith afour flute, 30° helix angle,7/16 diameterend-



milling cutter The cutting parametersisedin this experimentalmodelingwere: Radialandaxial depth
of cutof 0.05and0.6in, respectrely, feedrateof 3 in/min, spindlespeedf 210RPM, andsamplingrate
of 360/revolution. Notethatthisis the error pathmodel,but sincethe purposeof this numericalexample
is theillustration of the mechanicof adaptve feedforward control strateyy, appliedto cutting processes,
this secondorderlinear modelis usedfor forward path. The simulationof the error, i.e., the deviation of
the cuttingforce from the desiredvalueis shown in Figures7, 8, and9.

Figure7 illustratesthe effectsof consideringnorethanoneharmonicof the disturbancenput, using
an 8 tapfilter and adaptatiorcoeficient of p= 0.05. Figure 8 shaws the effectsof having feedforward
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Figure7: Theeffectof consideringhigherorderharmonicsof cutterrunoutdisturbance

controlfilter with 2, 4, 6, and8 taps,respectrely, on the performanceAll of thesesimulationsaredone
with the adaptatiorcoeficient of u= 0.05 andwith two harmonicsof the disturbanceresent.As indi-
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Figure8: Theeffect of varyingthe numberof tapsin the controller

catedin Figure8, theeffectivenes®f thecontrollerandtherateof corvergenceof theadaptationncreases
with increasingthe numberof taps. The costfor usinghighernumberof tapsis morereal-timecompu-
tationsto comeup with the highernumberof filter coeficients,i.e., the optimizationvariables.Figure9
demonstratethe influenceof the adaptatiorcoeficient on the corvergencespeedof the adaptation.The



adaptatiorcoeficientsusedarep = .02,0.05,0.1,and0.12. An 8 tap controlleralongwith two harmon-
ics of the cutterrunoutdisturbancenput areconsideredor all of the adaptatiorcoeficientsusedin this
simulation. As the adaptatiorcoeficientincreasesthe speedof corvergenceincreaseseadingto higher
performancean termsof disturbanceejection. As expected,too high of an adaptationcoeficient, e.g.
pn=0.12in this simulation,resultsin instability of the controlledsystem.
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Figure9: Theeffectof varyingthe adaptatiorcoeficientin the controller




