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where = fo,! a@nd are cl osed- | oop resonance f requency
F, X and danpi ng of the system respectively. For appl yi ng nax-
(O i rumdanpi ng to an SOOF, the characteristic equation of
t hemshoul d be t he sane. Thi s neans that, by conparingthe
m denoni nat or of thefractioni nequatbpasd @) and equat -
i ng the pol ynomial coeffcient of themnaxi numdanpi ng
T nethodw || be appliedto SDO-system Thiscreatesthefol -
| ow ng equat i ons:
F,
k NDF 4 =2 (78
(42+2) 2= 2+1 (7¢
272 272727277
4 3=(2 + ) (7D

Figure 1. One degr ee of freedomsyst emosci | | ator wi thanactive
NOFcontrol | er.

‘= 2 (78

_ (4 By consi deri ngt hese f our equati ons, the NOFcontrol | er par a-
net er s can be def ned based ont he cl osed | oop danpi ng. From
equation{ g, it canbe easily concl udedt hat

=V (8)

= (4F This equation inplies that the resonance frequency of the
cl osed | oop syst emcan be det er mi ned by t he cut of f f requency
After appl yi ng Lapl ace transformto equat8&suid @3¢, of thecontroller. A soconsidering equat Boasd @), t he
t he perfor mance i ndex of the systemin the cl osed | oop elampi ngrati oof thecontroll er can be extract ed:
fguration (theratio of displacenent to disturbanceforce) in

s la

|—‘dr

(48

Lapl ace donai ni s ext ract ed and present ed i n bel ow - 2 (9)
NaE
Y_ t+2 B 2 _ .
e (F+1)(Tt+2 F 2+ T (5) By putting equati oB) intothe equatiah, the controller

) ] cut of f frequency par anet er can be det er m ned:
The above equati on represent s t he per f or nance i ndex of t he

NCFcontrol I er onthe SDOFsystemandtoi ncreasethe ef f c- =(22+1) -2/ 2+ L(For < 1) (108
acy of acontroller it is desiredto nininizethe val ue of the
per f or mance i ndex, i norder tohavel oner di spl acenent when
hi gher di st urbances are appl i edtot he system The NOF con-
trol | er shoul d be desi gned i n away whi ch mi ni nii zes t he per -

(22+1)+2+/ 2+ 1(For > 1) (10G¢

f or mance i ndex of system The par anet er of det ernines t he di st ance bet ween t he con-
trol l er cutoff frequencytotarget ednode. Based on naxi num
2.1 Maxi mumdanpi ng et hod danpi ng net hod, this val ue i s dependent onthe cl osed | cop

danpi ng val ue. onsi deri ng equati GhB49), thecontrol | er
For mninmzing the performance index, frst a naxi mugai nparaneter i s extracted:

danpi ng nethod is utilized. Maxi numdanping is a very
ef f ecti ve net hod whi ch ensur es achi evenent of hi ghest danp- _4 < Vol 1 > _ (11)
i ng possi bl e af ter cl osi ngthel oop, by fndi ng best candi dat es Naya
for | ocations of thecontroller pol es. Based on t he naxi num
danpi ng net hod, i n t hese ki nds of systens, the best pol @pfi N overal| based on the naxi numdanpi ng net hod, the
NOFi s at | ocati onwher ecreat es bot hof t hecl osed- | oops pbfFegar aneters are defned by equati on®)11). Al of
wi thanequal danpi ngratio. By consi deringthi s net hod &figse paraneters are dependent on t he cl osed | oop danpi ng
t he per f or mancei ndex of t he cl osed | oopsyst emcanbewri fte@ndt heref orethese equations arerewittendependent only
as: cl osed | oop danpi ngi nt he bel owt abl e.
) So, all of the paraneters of the control |l er are det erm ned
sz fr2 ® (6) @ a function of closed | oop danpi ng based on naxi mum
G (t+2 T 2? danpi ng net hod and presented in tablle Havi ng tabl &
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Table 1. Paraneters of control | er asafunctionof closedloop for al | frequenci s,nethodis preferred. Based onthe

d i ng. 0o 2
il opti m zati on net hod, the val uef#fg) d shoul d be mn-
0

a<l a>1
) ) i mized. AccordingtoQandaFlU[B2M for ageneral transfer
a (2" +1) =2/nP+1 (27" +1) +2ny/n? +1 functi on such as:
2n 2n
5 \/(2772""1)_277 /n2+l \/(2772+1)+277 /772+1 ((.).: g?"' Q?"’ @-Fl- 6 . (13)

Bf+ B¥+ B¥+ B B

4 20 —2ny/n?+1 4 20’ +2ny/m2+1 . . . .
B 77(\/(27]2+1)2nm 7 @Dzt The cost functionfQp normfor thistransfer functionis:
T 1+ 1o+ I3+ |
o | [rpa= BERLETIE g
and consi dering equati oAd), 4 F and @ B, al | of paranet - . 2

ers of equati o2 ( i s def ned based on naxi numdanpi ng
method. Al of these paraneters are dependent on t he cl vbetie
| oop danpi ng val ue whi ch shoul dbedeterninedoptinally. In ¢
the next step an opti nization nethod i s depl oyed t o det erm /1=E(BB—BB) (158
i ne the val ue of cl osed | oop danpi ng (and consequent |y t he
control | er paraneters) optinal ly.

l= B(-2GG) (15¢

2.2.H, opti m zati on et hod

/3= -2 15
In previous section, the candi dates for naxi numdanpi ng : B(é QG) (15D

net hod ar e ext ract ed. Thesei nf ni t e nuniber of candi dat es can

be cal cul at edf or eachval ue of cl osed | oop danpi ng f r omzer o [4= g( BB- BB) (158
toone. Inthenext stepanoptim zationnet hodshoul dbe con- B

sideredtofndanoptinal oneanongal | of the candi dat es for

thecontrol | er. Theopti m zati onnet hod canaffect t heopti nal %= B(BB— BRB) — Bé: (15K

val uefor cl osed | oop danpi ng si gni fcant | y. Two net hods can ] _
be consi der ed f or opt i ni zat i on whi ch)arreet hod and ) oo Based ont hese equat i ons, the cost function of the systemper-

net hod. ), net hod ni ni i zes t he magni t ude of per f or nancd OF Mance i ndex (equat i oi?) ) are extracted. The cost func-
index inall of the frequencies fromzero to infnity ithQHeS dependent onthe cl osed | oop danpi ngratio:

opti m zati on procedur e, whi)lLe nini mzes t he magni t ude (4 2+1) 2416 2-2 +1
of perfornancei ndexonl ythenatural frequencyof pl ant. Even A= 163 : (16)
t hough) ., can| eadt o hi gher val ues f or cl osed| oop danpi ng, v

it canconetothepriceof vibrationnagnifcationinthefeeder tofndtheoptinal val uefor cl osed- | oop danpi ng, t he
quenci es whi chwas not consi deredi nthe process of opti bzt function (after putting equaD)oinnf o equat i ofg)
ation. This caneasily cause | oner phase margi nor i nst aaslditfy erenti at ed w t h respect to cl osed- | oop dgnpindg (
i ssuesintheclosedloop. Therefore, it ishighlyreconmang@d ngt he extract ed equat i ontogg@gd 0) vi el ds:
toconsi der, nethodinwhichall of frequencies (fromzero
toinfnity) areconsideredintheprocess of optinization. This > 1 <1 .
canguaranteethe stability of theclosed | oop systemw th an opt = 0:41056 Nooptinal \al ue’
accept abl e amount cl osed | oop danpi ng. o

Inthissecti onanet hodi s usedt odet er mi net he opt i nal For the condition of cutoff frequency | ower than targeted

val ue of the cl osed | cop danpi ng. The optinal val ue of ( < 1)theoptimzedval uefor cl osed| oop danpi ngi s

cl osed | oop danpi ng shoul d be chosen in order to nini 41056 andfor the condit ion of cut pff f requency hi gher t han
i ze the perfornance i ndex of the system For this purpéégeted nodg > 1) thereis nooptinal val uefor closed-
frst the performance i ndex of the systemis rewitten bQgydanpi ng. These cost function for various cl osed-10op
on the cl osed | oop danpi ng and control | er cutoff frequiAgl Ngareplottedinthef garfer bot hcondi tionstoshow
paranet er () (whi chis al so dependent on cl osed | oop danpl€Tesul tsinsightfully (Zgure _ _

i ng (equati OI’].Q)) 0o, by pUtti ng equati emghd Q) into By )onethod, inthecaseok 1thereisanoptinal val ue

equati on@), the perfornance i ndex equation af ter appl Phd Ne cl osed-1 oop danpi ng around 0. 41056. However, inthe
naxi mumdarnpi ng can be ext r act ed as: case > lthereisnooptinal val uefor thecl osed-1 oop danp-
ingandinthisconditionas tihacreases fromzerot o one,

Y F+4 R 2 the cost function decreases dranatical ly. Therefore, for hav-
6 (t+2 Ve )2 ingabetter performanceit isinclinedtoconsider theconditio
of < 1whichneansthat thecutoff frequency of controll er
Ther e ar e several ways t o nini m zet he above equat i on. Hivewer t han t arget ed node. Thi s has a beneft of danpi ng t he
ever, i norder toreduce undesi redi npact s of t he cont r ol favtguenci es after thetarget node as wel | .

(17)

4
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by decreasi ngthegai nof control |l er aswel | . Al so, t he ef f efiteof r equency response f gure shows that i ncreasing the
the cut of f frequency par anet éri(s not i gnorabl e. | nordervab ueof , decreasestheeffect of control | er onvi brati onreduc-
increasethestability of system it is preferredto hatédngheunt around the natural frequency, slightly. n the
di stance betweent he cut of f frequency andt het ar get ed rmideer hand, decreasi ng t he val ue ofncr eases t he vi bra-

Thi s neans t hat choosi ng a cut of f frequency near tothetfannagnifcationlevel around the natural frequency but it
get ed node (before or after the node) i ncreases t he possidm creat es a pi ck at | oner frequenci es whichis unsettling.
ilityof instabilities. For this reason, usual |y NOF cénbt bkt émnportant point isthefact that theroot | ocus fgure
iscutting off the control actionfar fromnatural fregiews ehat decreasi ngthe val ue ofay | ead t he systemt o

associ atedw th control | ed nodes. becone close toinstability. This fact was al so showninthe
tabl .

Al of theseresults showthat the controller danpingratio
has a very high i npact on the systemresponse and shoul d
Inthissection, anNDFcontrol | er i nthe condi téorafs P& chosen adequately. Gherwise, it can easily cause | over
eval uated. For this purposethe effect of changi ng t he dPEERLMaNCes i nthe response or eveninstabilities. I'nanot her
| oop danpi ng (), control | er danpi ngrat)odontrol | er gaiY’Prd’ th.e I\D:cpnt rol | erisvery selj5|t|ve w th t he val ue of
(), controll er cutoff frequehayn(t he f requency r esponsé he danpi ngrati oandthi s val ue cani npact hi ghly ont he per-
and root | ocus are i nvestigated separately. Asinpl e siRt@nceinclosed | oop.

w ththe specifcationshE 1kgand L= 1Nm ! is con-
si dered andt he response of t he syst emf or di fferent condi ti ons
arecal cul ated and conparedw theachother indetail. 4.3. Effect of changingcontrol | gr gain

4. NDF controller fora< 1

Inthefguré®, the effect of the changi ngcontroller danpi ng
gai n () onthe frequency response and root | ocus are shown
Inthefgur®, theeffect of thechangi ngcl osed-1 oop danheRgr at el y.

() onthe frequency response and root | ocus are eval uat efhe results shows clearly that, enlarging the val ue of
separatel y. (control l er gain) rises the anount of vibration reduction
Inthe frequency response, it has been shownthat i nceeggnd the natural frequency. Hwever, this causes a pick at
i ng t he val ue of cl osed-1oop danping till the optinal V&g, frequency whi chis unfavorabl e. Al'so, thesideeffect of
i ncreases the danpi ng of structure. |ncreasing the chiogber gainistheprobabilityof instability. Therefore, itis

| oop danpi ngnoret hant hat, creat es nor e vi br at i onr edudtgasimended t o i ncrease t he gai n hi gher than optinal gain.
around t he t ar get ed node, however it al so causes hi gh vifirgmthe root | ocus pl ot it i s obviousthat i ncreasingthe gain
tionnagni fcationat | ower frequenci es. Hence, i ncreasi Agdhes t han 40%of the optinal val ue, can causeinstability.
val ue of increases the vibration reduction anount ar ol phenonenon vas di scussedinta®as vel | .

the natural frequency, but this conestothe price of vibrddrhe other hand, reducing the val ue of dw ndl es

nmagni f cati onat | ower frequenci es whi chis not desi rabl eheogffect of controller and declines the vibration reductic
t he ot her hand, decr easi ngt he val ug décr eases t he vi br aanount around t he nat ural frequency.

tionreduction amunt aroundthe natural frequency and sys-

temdanpi ng. Therefore, thereis a conpronise betweenthe

vi br gti on.reducti onaroundt he_nat ural freguency a_nd v? by aki OB f ect of changi ng cont rol | er cut - of f B)equency (

nagni fcationat | ower frequenci es. Theopti numchoi cei sthe

opti nal val ue of cl osed| oop danpi ng. The opti nal nagni tueethe fgures, the effect of the altering controller cut-off
of has aninpressive vibrationreduction around nat ur af riaggiency () on the frequency response and root | ocus are
quency W t h | ess undesi rabl e ef f ect on | ower frequenci efr esent ed separ at el y.

The | ocat i ons of NOFpol es for vari ous val uessok al so  F gures(b) shows that decl i ni ngt he val ug(athi chr ep-
presentedinfguré&b)—(d). Inall of them the cl osed Ir®gents control | er cutoff frequency) drops t he danpi ng of t he
pol es are i ntersecting at one | ocation and that is fe&@\stemfand consequent |y decreases the amount of vibration
naxi numdanpi ng net hod. I nthecaseof = ou=2theNDF reducti onaroundthenatural freguency.
pol es are i magi nary and bef ore t he t ar get ed node. But i nt @ the other hand, enl arging the val ue ¢f gure6(c)),
caseof = gxand =2x oxtheNOFpolesarereal i ntheises the systems danpi ng and t he vi brati on reducti on | evel
hori zont al axes. Thi s shows t he i nport ance of the | ocat ias®@hd the natural frequency. However, this conmes wth
pol es of NOF on t he cl osed | oop danpi ng. | nfga(el) root price of vibration nmagnifcation in the |ower frequencies

| ocus of t he syst emwi t hopt i ndls present ed. (fgures(a)). A so, fgubec) shows that increasingthe con-
troller cutoff frequency par anet er, canl eadt he syst emt ocl 0se

nargins of instability.

I nthefreguency response (fgéfa)), al | of t heresponses
Inthefgurd, theeffect of the changi hg controll er dangoegt hr ough one f xed poi nt whi ch consi der ed as af xed poi nt
rati o() ont hefrequencyresponseandroot | ocus ar e pr eseaf eche system Thi s fxed poi nt, has a |l ower frequency than
separatel y. t ar get ed node.

4.1 Effect of changi ng cl osed | oop dampi ng

4.2. Effect of changingcontroller danpifigratio
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(@

(b)
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Figure 3. (a) Performanceindex for vari ous val ugs oft he condi ti onef< 1 and (b) root | ocus fipe= 2 x nopt. (€) Root | ocus for
1= nopt/2. (d) Root | ocus f @r= nept.
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