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Abstract

The head-positioning accuracy of hard disk drives must be improved to meet today’s in-
creasing demand for storage. In the head-positioning system of a hard disk drive, various
disturbances worsen positioning accuracy. Therefore, compensating for the disturbance in the
head-positioning system is important for improving positioning accuracy.

There are two ways of compensating for the disturbance in the head-positioning system: us-
ing disturbance cancellation control and increasing the servo bandwidth. Using disturbance
cancellation control enables to improve the positioning accuracy by decreasing the sensit.iw}ity
function at the disturbance frequency. Increasing the servo bandwidth also enables to improve
the positioning accuracy by increasing the loop gain of the control system. However, mechan-
ical resonances of the head-positioning system limit the achievable servo bandwidth and the
frequency of cancelable disturbance. To solve this problem, the head-positioning systems with
additional sensors or actuators have previously been reported. However, these systems cannot
keep production costs low.

In response to the above-mentioned problems, I studied the head-positioning systems that
improve the head-positioning accuracy without using additional sensors or actuators. I had two
targets to achieve and used two methods in developing my proposed head-positioning systems.
The two targets were “disturbance cancellation control at high frequency” and “increasing the
servo bandwidth.” The two methods were “integrated design of a controller and a structure”
and “controller design based on mechanical structure.”

In my study on “disturbance cancellation control at high frequency” using “integrated design of
a controller and a structure,” I have developed a control system that can decrease the sensitivity
function beyond the first-order resonant mode (called “primary resonant mode” hereafter) of
the mechanical system using high-order resonant modes. This method uses the vector locus of
an open-loop transfer function to design the controller and the structure. Application of the
method to a hard disk drive showed that it can decrease the sensitivity function’s gain and
cancel disturbances at all mechanical resonant frequencies.

In my study on “disturbance cancellation control at high frequency” using “controller design

based on mechanical structure,” I have developed a control system that can cancel disturbances



beyond the primary resonance using a virtual resonant mode. The virtual resonant mode is a
digital filter that works like a mechanical resonant mode. In the first method, stable high-order
resonances can suppress disturbances beyond the primary resonance. However, it is not easy to
design characteristics of mechanical resonances with a high degree of accuracy. Using the virtual
resonant mode, stable resonant modes in the control system can be designed withya,ccuracy, and
it can suppress the disturbances above the primary resonance. Application of this method to
a hard disk drive showed that it can cancel the repeatable runout (periodic disturbance caused
by disk rotation) in which the frequency is higher than the primary resonance.

The best way to enhance data transfer of a hard disk drive is by increasing its spindle speed.
Therefore, the effect of windage vibrations (mechanical vibrations caused by airflow) increases
with spindle speed. Servo bandwidth is limited by the primary resonant frequency of the me-
chanical system. However, the frequencies of windage vibrations are higher than the primary
resonant frequency. Accordingly, these frequencies are too high to be controlled by a conven-
tional control system. To solve this problem, I have developed two methods for designing a servo
control system that can compensate for windage vibrations. The first proposed method uses a
stable mechanical resonant mode and the other uses a virtual resonant mode. By using these
methods, the head-positioning system can cancel the disturbances above the frequency of the
primary resonance and the servo bandwidth. Application of these methods to hard disk drives
showed that they can cancel windage vibrations in which peak frequencies are about six times
the servo bandwidth.

In my study on “increasing the servo bandwidth” using “integrated design of a controller
and a structure,” I have proposed a head-positioning system that can increase the servo band-
width achieved by designing the modal shape of the primary resonance. To increase the servo
bandwidth, a mechanical system in head-positioning system should be improved because the
effects of the primary resonant mode limit the servo bandwidth. I showed that the servo band-
width limiters are not only the peak frequency of a primary resonance but also its residue. The
method decreases the negative impact of a primary resonant mode through a newly designed
modal shape and increases the servo bandwidth without the addition of sensors or actuators.

I verified the effectiveness of this method by designing an actual servo control system and ex-
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perimentally measuring its high bandwidth. This means that the method increases the servo
bandwidth without increasing the production cost.

In my study on “increasing the servo bandwidth” using “controller design based on mechanical
structure,” I have proposed a method for designing a high-bandwidth controller that takes
into account the primary resonant mode. First, 1 discuss the application of discrete-time Heo
synthesis to the head-positioning control system for high servo bandwidth. This method can use
a mathematical model to take into account the mechanical resonant mode. I then analyze the
structure of the discrete-time H, controller and show that it can increase the servo bandwidth by
2nd-order filter shaping the primary resonance characteristic. After that, I describe a method for
designing a high-bandwidth controller using primary resonance compensation without discrete-
time Ho synthesis. This method allows to design high-bandwidth and low-order controllers
without the need for complicated calculations involving matrices.

This paper is aimed at improving the head-positioning accuracy in hard disk drives. It de-
scribes a control system that can decrease the sensitivity function beyond the primary resonant
mode using high-order resonant modes, a control system that can cancel disturbances beyond
the primary resonant modes using a virtual resonant mode, a control system that can compen-
sate for windage vibrations using resonant modes, a head-positioning system that can increase
servo bandwidth achieved by designing the modal shape of the primary resonant mode, and
a design process of a high-bandwidth controller that takes into account the primary resonant
mode. Every proposed method can indicate the effectiveness by experimentally measuring of

actual hard disk drives.
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G(s)

K(s)

Fig. 2.2 Continuous-time Hs problem
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LRED. TTTK(s) ZEGRMHHEITHS. k7, G(s) @—LTS > hEFFIN
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U

A ‘ By Bs
Gu G2
G(s): =1 Ci 1Dy Dyg |> (2'19)
Ga1 Ga
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EB 1 EGEREL Ho SIEIRIE & 3ROSR 20T @GR RIMER K (s) 2RO 5METH 5.
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2. wh'b 2z FTCOMERME Gu(s) LERT B L, HBEEALNIL NNyl T
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Fig. 2.3 Discrete-time Hy, problem
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Fig. 3.1 Hard disk drive
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Fig. 3.2 Head-positioning system
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Fig. 3.4 Model of power amplifier and VCM

Fig. 3.41C/8T—7 YT VCM DETINWVERT. TITT, K, &30 —7 > THIIEEDHEIE
B, K; GHOEH, R & VOM OIA U, Lo (& VOM DAV E Y ZU R, K, (SHEENE
B, R, ZEB/HET «— F/\y ZRIBOEH, +EI/TV—7 >V TOMRMBEE, v 3R~y R
TdH5. Fig. 34 kb, 7V TOBEMMENMEEDOANERE u HhSHITER |  TOMERFEI

~ Ka K,

“ILns+Ru+FB Ki LmstRntR K 3.1)

i, TTTC, K3+ KREWVETHSDEREL K, -0 &3 5. Thiuckyh BRI

Eixs. TOXSET Y TIEFER EMEN, AV OHIINIEEMN IR LaWEE TR, 7
YIRME T AV 1R, b 5B, TOBRE, I NVORERRHEE N OREERZIT V. —7,
HEED +E ZHIZ 2WIICB T, 74— BNy ZI—TOMRN k%, 707
FEE ANV ORELCPEEENOREZSUREL XS, AFRX TR, BREMNOELZNT F
OA4  THIHROBEWNRETEOT, 7y TRERZERTF A Ve RETILETS.

VCM DORET BH:H f OGN v FLiE z £ TORMED Ny FOLEROBRTRO T B it
Bt s. ERy bATY T OEERED) S#RAN Y K £ TOEMZ r,, HSA OBEIREIED D
DEHE—AV R J, VCMBPRET S Lo &L E LI E, HMANHE m, Sl f 13

m= (3.3)
Tg

=k (3.4)
Ty

ELTREBEIND. URY MRTFUVIOEEAREE LTS E, 74042 TEFRFOMINE
BIERREIC BT DSy FiiB sz~ ry-0 LT BT LAARETHS. Lichi->T, B
WV IS ZAMHE I D DRERAN  FALE E TORERMER 1/(ms?) (RAlAE—F) &%&%. LHLE

23



M5, HSA I3 FOEMAARED L LROBBItRZA L TV, Fig. 35 ICFHMHEN f HhEw
R« ¥ TOMKEISED ~HlZ/RT. Fig. 3.5 105733 &5 22O RE— RMRET S HRIC
HLTiE, E—FOFRHDRICLDZET) D FENHDTH S 2. CTOETFTY VT ETIIHH

FRETI Po(s) ZLAFD K S ICET 5.

" : 3.5
Fm(s) m Z 52 + QCIW’M" + Wm ( )

CTT, NRBEFVFCHOEBE— R, v BBEE—FOE— FESEE, v, 38E—FOD
B IRENEL [rad/s], G I3RE— FOMERRAE LT, ThH0/85 A— 2 IEEF VA RBEILS
DRABERSRE BT 2 LI EI NS, L LANS, HEORERSRICIE, VOM 7> 70
FERINEROTER T A AT ENDS. Lo TR T, HHRRIROREN SR P.(s) I$ERT 1~

K, %2\
N
K
P.(s)=K : (3.6)
;[J ¥ I .
; ""2 =+ 2C-iwrii'q = '-"-’ni'2
KT B.

0
=
hJ
e 20|
0
o

401

' e

Frequency [Hz]

0
e ‘JO'
=]
2 Ll
- — 180
£
=
& -270

360

10

Frequency [Hz)

Fig. 3.5 Frequency response of mechanical system
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Fig. 3.6 Power spectrum of positioning error signal
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4.2.1 METSZHIEHFHEDES
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N
-
(s) = K, , : . 4.1
i h] i=1 52 + 2€iwnis + i-'-»'m2 { )
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P(s) O7 BViIEEZ Fig. 4.2 OEBIC TR, BT 2 HIRDEHTSH - 72856, Hikel e it
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Fig. 4.3 Control system
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Fig. 4.5 Frequency response of Fzap - Fi
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Fig. 4.6 Nyquist diagram
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Fig. 4.9 Frequency response of controller
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5.2 {RABIHRET— RAEES FAIEREE

HIEIC BT, AR SO SRR E D b NS AVIE, WEROHT B
SHRO MR REEILT 5T LT, FEHEE D &V RRRIC UREIIECEIET 5T L
AEETHBHT LR L LSRG, MEROIRMIEZ ERICHRIT 5T L@l %
DRI B (B PEIIRIE OZILIZ S IE5 DX BIFIET 5. £ <IE, RRO ORIHRANY |
v EOIIRRE R RIT B T L IBRAHICEL .
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—H, TATENVT 2V 2IE, 71 R0l & ORGSR EHICRETTRETH D, B
HIRRHED & 5 AAEREPRERHORICHS E5 DXL FEELAV. ZTTABIETE, &
EEHRREZ T P27 o VRIS K D EB T B RERE— REEET 3.

FIDIZ, T4V ENVT LK D RET BREMIRE— %

Ky
K
P2 + 2 ywnoy S + wnp? '

£9%. TCTT, k BE-FREEE, ¢ BEEREE wn ZREERZET. ([ERDERE
ROGERBUE Ps(s) & LIZIGE, Po(s) IKRBHIRE—F F.(s) ZINZ % &

F.(s) =

(5.1)

Py(8) + Fr(s) = Py(s) - (1 + ZEZ;)’ (5.2)
k5. BRI
F.(s)
1+ P’ (5.3)

ZHENRICEIEET S LT, MEROBERICREIRE— FZIINTESL2RLT
W3, LA LADS, P(s) WAEEBHAEETZEE, (6.3) NI RELGERELES. %
T, BRI ETIV M, (s) ZEAT S, M.(s) &, TR TEERE-TLLTS.

o NEEBRARREIIZV.
o F /M, B0 —{mZ W TH 5.
o (EHIRE— FAEERE5X BRABBICT, P(s) D2+ EHMETEULTYS.

(5.3) ROMKER P(s) BEEITTILET IV M, (s) ICBEM|ABT LT,

F.(s)

1+MM@’ (5.4)
LW EELGERTRES T LAHKS.
Hig S P (5.4) REEIFEES LIAZERE P,
Pv:P-(l-Fﬂ), (5.5)

BT R L E 5 C LT, BT — KRN L HERELRTES. ZOMERD
Ty ZEE Fig. 5.1 DX S IORT T LAHKRS. ERRE— FE2HERICRET BICA,
(5.4) REBE 2 ZHIC L DBERIL LT« P 2VT V2 ZAVS.
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5.3 HIEREET

KBTI, EUHRTE — RIC & 5 HERLIZ Fig 5.2 OBICRT~ KRS BRI
HLTIFS. ST, WEROY YT > FIE 40us, RESKHHRILS 150s THB.

531 ETEFUT

3 Cahlc, dikiRFlR TORENRET IV Po(s)
. i m H,i
Fs) =5,y . (5.6)

5 ;
= + 2Ciwnis + i

DHIE L HREUEE E BT BEIICBINTA—RZEEETS. m=T14R) LLTETIV Y

TRIToT-#5E, K, =43 x 107 210, FOMODI8T A—AE Table 5.1 IR EiE -1 K
F o EFIILOMEEISE 2 Fig. 5.2 ORBUCRT. BERESRIROS S P&, P.(s) 2 BEKEF
S 0XE—IL Fic Tk L T:kpb LT 5.
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Fig. 5.2 Frequency response of mechanical system
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Table 5.1 Parameter of F.(s)

mode (i) | wn; [rad/s| Ky ¢

mode 1 0 1.0 0

mode 2 | 27w x 4100 —~1.3 | 0:01

mode 3 2mrx 5700 | —0.03 | 0.01

mode 4 2rx 6200 | —0.08 | 0.01

mode 5 2mx 7650 0.12 | 0.02

mode 6 2mrx 8900 | —0.13 | 0.02

mode T 2= 9800 | —0.35 | 0.03

5.3.2 {RAEIIRE— FORH

AWFZETIE, HIEEEA 1 kHz & U, (RAAHERE— FICX O #ifd 2 0 fEL2 7« A 7 [0lds
JHIEEOD 42 % (T018Hz) ICHIX49 % RRO L9 5. (RAUHRE— FOHdRIRER | B2 IS 7
$THD 7018 Hz £ 35, (BT — FOE— FIUSEiuE, RUILHRE— FAHY 1R & [E4H
OHIREE D LS ICHOBERE LTEET S, -, (ARIRE— F T, HEEOYELA B
NTRTA AN EL BB EHNEELL. T T, 7018 Hze TORTA 2 ZATAHLSICE—
R BB E M ERROMBADEERA L, (AEIRE—F F 2 FadO K S ic#E L.

Ky

.Fr’("") = .‘;2 + 2C,_wrs + u}.rz [}

(5.7)

K, = —0.001, ¢ = 0.000001,w, = 27 x 7018. (5.8)

ERTAEETIV M, (3515 & 3 2 0 EUE RS B TG IROKIEN RET )L P ORE%E
£ Z0ENH 5. Fig. 52 X0, P. OF A B K UAHEEICIE 7018 Hz (HTICHBNT
g L IZ B S NE. FCT, Fcisd 20t bET V2 M, &L, LLFOXS
HRHAET NS TET VLT 5.

Mifa) = ——2. (5.9)
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Fig. 5.3 DFMUC M, ORFEBUCEZ, Fig. 5.4 OFMIC F./M, OPEISEZ /Y. £z, Fig
5.5 OIS, (RAILIRE— R E KNSR P,

F,
PP (1+ Mr). (5.10)

OIS E 2R, 2O 7-8, Fig. 5.5 ORHICRAEIHRE— OB S P £/Rd. <
DRI S, AT FIVIROIRE— FAHFEENELOF(ET 5 7018 Hz ICRIREN TV BT L
EWERTE 5.

Pt LT, FHRE RAEHRE— RONY BV A 4 A R Bl TH Y Vi 2@
T BRRICH — RS C, 2iGT 5. C, 13, Pllead 7402 C, 8/ v F 7 4V E C,, DRE
LTHZB. C, 3Y—RREMNT 52 DOKUTEE L MIRE— FRLELT 2 MHESBRHED 5
MEns. O, 3 BRI A 0BRGN L TERT 2. 702207 L2 e LTH
WRIC ST BRI, O, B REBENNT, C, ZHFEBT Y T— T ER KLz
WTEEIIE S A, RN 1 kHez, A >R 5 dBLLE, (R 30° LLE, B AHHRE 50 °
PLEREBITE LSS, C, DI MAARRE C, ONMHEBNRZRE LIZRR, C, & C, BT

EalckET=.
_2.44(s + 27 x 200)?

Cpls) = s(s + 27 x 2800) ° (5-11)
82 + 2Cpws + w?
r(s) = o.12
Cn(s) 82 + 2qws + w?’ (2)
KEL,
Cn = 0.01,(y = 0.13,w = 27 x 4500. (5.13)

KE -1 C, OMHHBUISEA Fig. 5.6 IORT.
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5.4 SREEFFE

RAUHRE— RIS P LT O 2@ LIS e LT, sttt I aL—
T a UHERZ Fig. 5.71C, N7 MIVEEFZ Fig. 5,813, CORED, RE - -HlERE, il
i 1 kHz, 74 2 R5dBLLE, (iHR#30° LAE, B (iR 50 ° L EERBL, it
ik & AR E— R EMHRMFICTRERL TWA T L 2R TES.

RAIRE— FORMBR2RLET 272, REHHRO I aL—ar&2{r>7. 7018 Hz {1
DD T A R % Fig. 5.9 1R, HEE, RAERE— FAFERENS P, I LT
H—RHES C, @A LIS RTH D, WS HREIRE— F2 AN LauwkiEng picrL
TC,ZEHLIAERTHS. TORENS, FHEGET LA RE— FIZ, HERBHETSHS
7018 Hz TSR 2 KIEIcSE LoD, HEAERBLN Ot 2 L8 Twiand &
Wahs.

(AR E— RO RA RIS 5 EBRATT> 7. Fig. 5.10 12 7018 Hz (fiEOfIERDFEES
OIRT—ARY MU (48 fARRIRE— FA D, B (KEERE— ML) 2779, CORR
Mo, RAERE—FIE, REOKRZELEEE ST LB HEORARY FIVIROMIENELZ
ML TV AT L &R TES.
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Fig. 5.7 Open-loop characteristic
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5.5 HBEDIELD

AZETIE, BHILRT— B 2 Sl 29 5 EHRE— FafluiciERomiZ{r- 7.
RAEIRE— FE2HVSC LIck D, WEROAT 2 IRFME 2 Bl fat T &, EHIRED S
EVEEEIC B A IRE A SRS ICHIMT A T EANREL 255, ARE Tk R R D au
FFBUCAEES 2 RROC O Ll L7oAs S, M 1 kHz O~y FOGERSFRICH LT,
OFEEHOERZ X E S L, T018 Hz ICfiEd % RRO ZHif{i T 5T & &2 L.



FoeE HIRFMEEFIALRILMEE

6.1 ZAEDIEEE

HDD I BT, F—2OlnkMtieRm X 851clE, T4 A7EEBZMNEE5 I LhRE
MRNTHSB. L LEHNS, T A7 EERBOEII AR I D BiiRE) (a5 O
WERMAKTE, Ny FAEROHEOEL 2 <.

JRELIC & 2 BERHRENE, RIANRNIC E > T L3 vy FIEETORZENZHT 5 E—
Rick->THRAET S, COXSHE— R, ~y FETERENZHT 25 31 UIE TN
EEIEVE—FIBIKE RS 128, v ROERSEIEFRIC & > T8 DA EExE—
Re#isd., £-T, VOM ZHWHERTEREOEE 2 8(FT LT LR ATETHS. Kk,
AR T 3 2 A SLIE R AR K D & @SUO RIS EET A7z, T OMREN & HIERIC K > THI
fiid 5 LIIEHTIE A0,

COXS ERIEIC LT, AETREEANITEAE AT 2 RE— F 2O TEERE) O
w2 (k4 2 SR HE (EELE & PSR £ DRSS, DI 4 ETRRELICHEERO
G BEEREIHRERAT 2 HETH Y, MAIEH 5 S TRELEIRE— FZ2FHAT
ZHETHD. SO ORI BN L, BN 6 (5O NI {AE T B Ja LR E)
Ol z175.

6.2 v MIBERDHEHRICE S EEIRE

HDD O~y R RDEIHR TIE, B B HREED Y AfES 5. Fig. 6.1 fAEME IR
F— KAERT. (a) R RIZ TEEE) THY, ZOBKRNS X TSAE—F] L0538/
Tt@@h%iit.unB&Uuﬂuﬁfﬁﬁmﬁ%ﬁwﬁ?é%mﬂﬁ?bé.:n%w%—
KOS5, (a) & (b) &, BISETHEAY FAELREATHZIMIVIENENZHT S L
5, BN BELEE— FESA5. A, () DE—FR, Ny FiERRENZHT D,



A NVONENENZA T EWS, A OARESZE—FTHS. LK-T, N FHLER
HHMERICEST, () DI HE—FOWZTRBRMFTHLEAIETHS. )5, T1AZMA
Rl S HiRIRIIIC E > TIE, Ny FITETOREN ZHT 5E— RIZIEFHICHE LTV E—
FTHs. 2D, (o) FREIMRNICEDEE NS AELOEHZELTWDESZS. T
B, EEIC KB ME)E, EHIRK D & &VEEBOHRTE L TRIBENSMENAESUICH ST 3.

(a) (b) (¢)

Fig. 6.1 Modal shape

6.3 EREHEILIRE AU TCEELMHE

AELIEA v RIIERSHERD S EATEELRE— FORMTH S /28, TOE—FO#EE
HERICE>THET ST LIZRMTHD. L LENS, Ny FIERSHIEZROHFNEAN >
RO BRHHEEEIA ST L TH A, MELICKENy FIEOMRKREZROMEROE—F
%ﬁofmﬁﬁ%:t?.Avmeﬁmwﬁ%%ﬁﬁﬁéctﬁﬂ%&%i%hé.%:T$
HiTIE, 534S TIRE U EEROEIHRE AT 5 /7R & O BELHMETZTTS.



6.3.1 HENREETI Y

BRSO i R R LALLM 2 175 72dicid, BELDHFEET 2 FEic L T E itk
LAk & B HREE A B L 72 B . ARTZETIX, FEM BT FICRDZMELORERN E LS E—F
L 1A Ui 3R & [AlA & 2 2 R LR E 4 2w FRIERO MR ZF L. &8, #
WRORGH T 0 IC M L TRAROBE L 13155 -H8E T 5. Fig 6.2 OHEICTRIELE
BEROBMBEISEZRT. T CTIE, BELCERTZE—FE, EHREFMICE S &R HR
136.1 kHz £7% X9 st Tu05.

Fig. 6.2 ORISR TEMFRONEAUICH LT, (3.6) AOBNRETIL

N
Kq

P(B) =) 52 + 2Gw
i=1 ¢

(6.1)

ni8 + Wni2’
ERHW-ETFTY #2175, E—FEINE5, K, E3.7 X 107, ZOfh0d735 A—Z (& Table 6.1
IRtk -1, Fig 6.2 DRI TRE > ERBRET IV P(s) DRREISE 21T

HENRICTEND 0XF—IVE Fzop % (3.7) X, MEKRFRIRHE Fy 2 (3.8) NCTET U >
45, Zhuckh, Sl ROBEEISE P(jw) &,

P(jw) = P(jw)  —————e T2, (6.2)

EEFIEENG. TTT, B2 FINT,, SRR T, @ BICEN T B RrUC E D
2T

T, =50x107%, T4 =15x107°, (6.3)

LY B,

Table 6.1 Parameters of P.(s)

mode (i) | wni [rad/s] | Ki #,

mode 1 0 1.0 0

mode 2 27rx 3950 | —1.0 | 0.035

mode 3 27 x 5400 0.4 | 0.015

mode 4 27x 6100 | —1.2 | 0.015

mode 5 27 x 7100 0.9 | 0.060
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6.3.2 HIEREE

HIERIE Fig. 4.3 1 REN5EDOZMVS. Table 6.1 &0, HIEHROAT ZEXEROS 5
E—R3LE—RIMNERR (E—F2) Lifll, E—FANERIREVIHITHS A DS,
Ff, E—F5RE—25 A NI VTHHBERICGAZENE BT, 5T, £
R3DRIC/ v F T4 NRCEDTA VKA BHAL, Fiike€—F 430K D Zeed
BHEFZRRT D, £, COBMSRTIIMILIREE 6.1 kHz IC{7{Ed % C LAMEFTHD,
GEAHBILIETHEIE— F 4 L ZOREBN R L TB T ENHETE 5.

T4 — K23y ZHifite C 13, “Pl-lead filter €, & “notch filter Cy" OKIELT}ZX 5. E—
K3DE— 244 bR Flic BV T HFNTNELED DI Co(s) ZRUFD K S I

ATz,
82 + 2Cws + w?
8) = - 6.4
Cals) 82 4 20qws + w? (6:4)
CCT
Cn =0.05,(q = 0.3, w = 27 x 5400. (6.5)

“Pllead filter C” 135 A > &4 4.5 dBLLE, (FERH30° LALE, B “AHIRH 50 ° BLE, il
R 1kHz 95 &5 1, (HERENHIIONT SUR RO T 217 > 2R,

1.60(s + 27 x 100)*(s + 27 x 8000)

; (6.6)
s(s + 27 x 3000)(s + 27 x 4000)

Ci(s) =




ERE-T. TTT, Ci(s) M -REMICKOERILENEEDL L, Oufs) 3EERBTY Y —
T EN - RERCTHRIEE N2 80T 5. @6t Lz 7 «— By JHIEEE C OREIREISE
# Fig. 6.3 OFMUCT, - WmEREORGHERAE Fig. 6.4 OFRUCT, FAF A MM EORY
ROV O it 4S9 & Fig. 6.5 ORFRICT/RY.

7, MELMEEITDEWVWRGELT, E=—F3EE—F4X/vFTANEICK DT A EH
UL, 71 oRea.5dBLLE, (iHIER30° LLE, S 0HIERE 50 ° LA L, HlfEHiH%2 1kHz
EFBEINCT +— By VHIRIROFGE 211572, Ci(s) & Co(s) DILEHRERZLL FISRT.

~1.60(s + 27 x 100)*(s + 27 x 6000)

Ci(s) =
1(8) = =05 2 < 3000)(s + 27 x 4000) firt
2 .2 2
5% + 2(niwis + w;
Ca(s) = _
Z{Q) ; 52 + 2(qiwis + wi2 ’ (6 8)
TCTT
Cnt = 0.05,(a = 0.3,w; = 27 x 5400,
(6.9)

C"-z = 0.(]3.((12 = ”.3.u..'2 = 27 x 6100.
WEF LT 7 40— B3y & MR O 8 U SE & Fig. 6.3 OBERICT, SR oatatfi Rz
Fig. 6.4 OBFICT, F4F A MRK LON T VIO ZEHRER%Z Fig. 6.5 ORBARIC TR
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6.4 {RIEHIRE— FZAVTREMHE

BRSRO f kR Z O 72 B EL AT, RELATTOO 8 W E 2200 7 SRS SR I K D Pz &
nacbbinsd TORKRE FLOXSZMESANEZLNS.

o BMILIROE— V7 A V2 IEMICRAT A LIIN#THS. L ->T, BMRZIFEKL
FORMBEERZRET 2T, ASLMEICHHT 26 @ REZ UL 2 2 LA TE a0,

e HDD Ti&, BLEQASIERMIEOZ(LIC K > TRREROAEHD H L RIEE(LTH L
HukE Yy 59, EELO R L SRHRO B EN M T 2 G AN 5.

FC T, AT, —HHOMELME L LT, Boslic TR LARAIHRE— F2RHWZE
EBIc OV TGS 5.

6.4.1 IR

RARRTE — Ric & 2 AFELHE R 2 RGET 4 72Hicld, EELIREIN (FEd B BRUC f Uk
ROGEE LUV Y RILEROEERSLETHS. AHTIE, @RREIIC TNy FAIERD
Z OB IR OB EBAVNE WL, W5 ETHV Ay RIERS R2 S E LTHhS S
red s, LEH-T, RIS SRR E T LRl 4O €T INE T X TH 5
LAl —-Ld 3. K, TOMMSRTIESIREIOMN X 6.65 kHz THS.

HIEFRE Fig. 5.1 lcREh3 60205, B TOREUHRE- FOMRTHHTZMANT b
VIROMTENFLE Z R, REURIIE S Z2REOMEBIREZR >Rt e L TRl En s, £
T, (RAEIHEE— F F, (3 EHEE RS LT 100 Hz LA OB 2§ > THRENZ Y 5 & 51
gz AEREIO RS 6650 Hz THAHOT, (EMLRE—F F.(s) (3L FOK D ISkt
%

h‘,f -
F.(s)=Kp- ; 6.10
() P g2+ 2Cpwys + wy? 16:0;

i
i
A

K, =43 x 107,k = —0.2,
’ F (6.11)

¢y = 0.003,wy = 27 x 6650.



BATHEET IV M, 13, (REULIRE— RASEEZ5 X % 6 kHz 705 7 kHz ISV Ttk sk
ORBEHRET IV P OFPEZRBIT S K5
2

M(s) = K, 3 S . (6.12)

= 52 i 2Cm-iw7ui"" + W'mz2

o (il 11
Kml = —1.3,1‘?,2 = —0.06,Cnin = 0,
' " & (6.13)
Cmz2 = 0.01,wm1 = 0, w2 = 2w x 6200,

Ltz L7z, Fig. 6.8 OWEHIC P OMEEBUGT %, Fig. 6.8 OURUC M, OIHEEICHE 257
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H—Rulifites C, 1, M5 e, Fid® Pl-Lead 74 IVRZ C, £/ v FT7 4V E C, DRIE

LTHEXS.
_ 2.44(s + 27 x 200)?

Cols) s(s + 2m x 2800) (6.14)
8% + 2Cws + w?
Gnle) = §2 4+ 2Cqws + w?’ (O:10]
il

Cn = 0.01,(y = 0.13,w = 27 x 4500. (6.16)

T T, HEEEIE 1 kHe THD. 70— F28w ZHilifilds C &

F,

c:c,,-cn-(qu). (6.17)
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(14 F /M) I3BG : BHICKOEEBUE LIz, RE-S7T 4 — Koy ZHif#8 % Fig. 6.9 OFHUC
T, HCERHEOREHERE Fig. 6.10 ORHUCT, FA4F A MR EORY B ILEBFORGHES
% Fig. 6.11 OEHRCTRT.

JRELHHOMBRZ RS B 12oic, T —RHliHEE C, OHTT ¢ — K3 7 #ifl{ds 2 R L7z 5
BOMERICOVTERAT 2. TOBADT +— F23y Z4ifilidi TH S C, DMHEEIEZ Fig.
6.9 DIEFIC T, EUEREORHERA Fig. 6.10 OMRIC T, F A F A MK EOXT FL
ORI S RE Fig. 6.11 OFRIC TRT.
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Fig. 6.9 Frequency response of controller
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Fig. 6.10 Open-loop characteristic
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—— With windage compensation
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Fig. 6.11 Nyquist diagram
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6.4.2 =8B

Fig. 6.9R9 7 4 — B3y Z#ifas Z HO T EEZ T 72, Fig. 6.12 I EERI RO RIERE R
(SRR - RELAAEAE D, W mELEIATIE L) Z2/Rd. ok, MELMEIC X > T 6.65 kHz D
EREBEAFI 6 AdBHE TN TWA T e bh %, Fig. 6.13 ICEROMAE(S DN T— AT
b LOBGERSHE (AR JRELMEETE D, R EELMITUR L) Zacd. JRELHIITIE L OB 5 0%
R b, AEOEBEA6.65 kHz THBHZ ENMRETES. F/, MELAHIIC X O RELREIAK)
8dBEEINT WA L2MHETES.

—— With windage compensation
1= - Without windage compensation

s gl waw
PM ’

Gain [dB]

- | |
\

,6 - B

6000 6200 6400 6600 6R00 7000

Frequency [Hz]

Fig. 6.12 Experimental result for [S(s)]
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Fig. 6.13 Power spectrum of positioning error signal

6.5 HFEDIXELS

AT, 74 A7 8o n IS BEURBIOMINC G 5728, ikttt ef
T % IR 2 O T O ORMELMIIO SEARE L. -DRE 5 MTHREL BB ROAT
DR E T 2 HETH D, 3N 6 S TRE LEIHRE— F2FINY 2 TS
Z. ChbLONEENWSC EIckD, THRE D &OMBEEIC/AES 2 RGN Z #iflTd 2
CLhalEE . EERIC KD, HRET B MELAME RO 6 {50 ARBIC{AET 5 M
FLicRFT AhiERd#EEEKELAHT ST LEMHELT.
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BTE T FRIKEETIC K BH/EFED SFEL

7.1 FEOERS

A~y B R Hll 0 RO S L R R O SRR EIC X ORI E 5 728, Sl Eic
FHRIERRATOWRRIZT T BMRFEONRNIRETHS. TOLS REICHLT, 6
el TR U N & B BRI B L T E A, & 585 EIRISRE O
Wt e > TS,

ABETIE, FIEMROSHEEE THE £ T 2BMRFEIC OV TRGEIT 2. TOB, 74— F

L5, dUsHIc, BHEREELSRIERROSHEc G 2 82BN, HlEGERZ IR 5
FEA R IHRO LRGSR & T— PSR TH Y, HIRAKRBOMN FOHTEL E— FE#E
EROMERIC X » A Om EARETH AT LA RT. THIC, 4Mi) > 7RZILH L/
BRI R RE L, T— FBR&GD S FIHROE— Rz Ems g5 Licky, il
fE A ) FAJRETH B T L ARBIC K D EET 5.

7.2 HlERE & EHIRFFEORR

F 02 D R L D & S E, BT E AT EARIC KD
HMEBXhBC L end. FOT, AHTRERRICHET 13 A-2HLEDL L i LS
R N FT RN S, BT OBBRET LG THIRE—F) & [ER) KOS h
% Pn(s)

1 Ki

== : gl
Rt + 2Cwys + we? (1)

Pn(s) =
VlREE D, CTT, kldE— FEEEH, ¢ 3R, w BIHRARRTHS. T HROE—
F%giﬁMﬁwﬁfﬁb.M@%Hiﬂﬁ%mm%ﬁtfﬂmmféc&%%&51%.it
AyFmgmm%mmbamﬁﬁkUWEAWFmﬁﬂi?@ﬁ&%ﬁmﬁﬁﬁ%ﬂﬂﬂ@{*'



& AR,
ntsz
s2 + 2Cws + wf2 '

LEZBNG. HIEMEEICH S AL, Table 7.1 10Rd 7 MEOMBRT IV P, ZAVLTT
5. GIERS Pl2] 1 P(s) % MEARSRIT 2 0 A—/L RICCEEIL L CET 3. 2T T, ¥
S TR T, & 35 s, ZAEEEKEERNIE 15 us L IRET 5. |

In(s) =1+

(7.2)

Table 7.1 Parameter of plant

Case | 2nw; [Hz] | k¢ G
1 5500 —-1.01]0.03
2 4950 —1.0 | 0.03
3 6050 -1.0 | 0.03
4 5500 -0.5 | 0.03
5 5500 ~1.5 | 0.03
6 5500 -1.0 | 0.01
7 5500 -1.0 ] 0.05

7.2.1 74— FI\y ORESRORER

AETIE, EHIEEEAERE S 5 % 5 HBERAND T LNENTSH S, T4— KRy 7
BRI E— R & E IR G TS 2R E 7« L2 THAHT LML T3, ZLT,
T4 — K3y 2 HillEE C[2] & “Pllead filter Cy[2]” ¥ “notch filter Cylz]” DMET 5. Ci[2] &
F e RRE T B 7D ORUE L BT — R ERECT B HAES D SERENS. Col2]
BN B AR L LT 5. C1l2] (SEEHRRT T 4 L& Ci(s)

k(s + 27 x 200)°
Cl (S) - S(S i acl) ’ (73)
EWN—REBTHEICIVERTS. 2 W EGRIR 7 2 V2 Cas)
2
Cs (8) - 82+ 2(conwe2s + we2 (7‘4)

82 + 2(pqwe28 + wea?’

BERRT) T — T EW— KRBT BT LIc K DEET S, S URM A5 dBILE, (IHRA
30° LLE, STAHERM50° L ERSLE LT, HEEENERLES LT C OFTRUEBE

66




& Co DAFIEBNE#HET 5. Table 7.1 IR T & Py WG LI HIHFR 2RI LI-EE, &8
S A—ZF Table 7.2 I3 {HE - f=.

Table 7.2 Parameter of controller

Case ke (8751 Ce2n <c2d We2

1 2.528x 108 | 2rx 4000 | 0.05 | 0.2 | 27wx 6700

2.071x108 | 2rx 3500 | 0.05 | 0.15 | 2w x 5400

2.716x10% | 2rx 4000 | 0.05 | 0.2 | 27w x 8500

3.709x 108 | 2w x 5000 | 0.05 | 0.2 | 2w x 7000

1.925x10% | 27rx 3400 | 0.05 | 0.2 | 27 x 6700

2.526x108 | 27x 4000 | 0.05 | 0.2 | 27wx 6700

LSS T < S (5 T Y~ IV B )

2.524x108 | 27w x 4000 | 0.05 | 0.2 | 27w x 6700

7.2.2 HIEABRMAICKZEE

TR OB E A NS 250, Table 7.1 ICBWTHMEREE ©— FREBEEA R —TH
% Case 1 (HLIRFEIEL : 5500 Hz) , Case 2 GHHIRRIBEK : 4950 Hz) LU Case 3 GLIRAHEL -
6050 Hz) OHEISREHW-IESOREHEELRET 5. & Pu(s) DRABEISEZ Fig. 7.1 (a)
12, & Pn(s) DA F—2 > A% Fig. 7.1 (b) IaR”d. &z, Fig 7.2 (a) i — AR DA
WSS, Fig 7.2 (b) IKF A F A MRRETYT. ChHORMTIE, RS FEHIRM B 5500
Hz(Case 1) D&%, WHRIE ¥ HIRH BEAS 4950 Hz(Case 2) DUIT%Z, — AR R
#h8 6050 Hz(Case 3) DIBFEZRY .

Fig. 7.1 &0, A F—2 ¥ ARG EHIRABEBICKZ < KFET B EeAThB. Fig. 7.2 (a)
&b, Case 1(2mw, = 5500) TOHIEFEKIZ 1650 Hz, Case 2(2mw; = 4950) TORIEAIFTIENX 1550
Hz, Case 3(2mw, = 6450) TOIEHIEKIE 1750 Hz L& o fe. & OERN S, HlEHEEIE R
BBk B L =R 5. £, Fig 7.2 (b) K&K D LT NOHIEFR & FHRE MM TEEIL
TW3 T e ZHRTE 5.
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Fig. 7.2 Frequency response of control system

7.2.3 E—FEETHICLSESE

T— Rl Mo R M5 1-HIC, Table 7.1 ICBWTIHMEFRBE RN B - TH B
Case 1| (T— FESEH : —1.0), Case 4 (E— FEEEN ' —05) BXU Case 5 (E—F¥
B —1.5) ORI S22 SO RIEAT R e 5. & Pa(s) OEEBISE % Fig. 7.3
(a) 1T, & Pn(s) DA F—% > A5k % Fig. 7.3 (b) I”d. 7z, Fig. 7.4 (a) I 8 EERMED
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JAREISEZ, Fig. 74 (b) I F A F A MEMAERT. ChoDXTIE, EEIZE— REETEN
—1.0(Case 1) DIFE %, WHRIZE— FEBTHD —0.5(Case 4) DGR, —MHfIZE— FICE
BN —1.5(Case 5) D EHEIRT.

Fig. 7.3 &0, A7 —2 AR E— FICEEBICKZIKGET ST LMD %, Fig 74 (a)
&b, Case 1(k; = —1.0) TOHIHAFEE 1650 Hz, Case 4(k, = —0.5) TOHilEHEIE 1900 Hz,
Case 5(k; = —1.5) TONlfEWIHKIX 1500 Hz & >7=. TORUDS, ik EIEE— Rz
ICkFT 5L 55X %. £72, Fig. 74 (b) K Kb WFHOKlEHR S EIRENHTLERLLTVS
TERMRTES.

——r——r ——— =~ —— ——————y——y—y ”
’ === —o‘s‘ A
= o — 10 /
= . Rhal 1S ;
= o / ‘
& 7
o /
S ’ /
’ ‘/
= =6 S
o' 8 7
E | /'..
0 o o
— _ggh R
=0 3 - P
ﬁ _—- 3 7
p 180 —— -
= s===0% . LT
= 2700 —-1.0 ! A
aneslls e ool
-360' = P S e e 4 .
10 10 oo 1500 2000 2500 3000 3500 4000 4500 5000
Frequency [Hz] Freguency [Hz]
(a) Mechanical system (b) Inertance

Fig. 7.3 Frequency response of Py,
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Fig. 7.4 Frequency response of control system

7.2.4 HMHFREICKIER

(RO R BB T8I, Table 7.1 ICBWVTE— FEEER L MHREKEDE - TH S
Case | CKSPEIZEL : 0.03), Case 6 CRSMEMREL: 0.01) XU Case 7 CKEMEFREL : 0.05) il
G O T ORI 2 LT B, 15 P (s) OEEBULEZ Fig. 7.5 (a) IS, & Pa(s) DA
F— %2> AFEPE% Fig. 7.5 (b) &R d. £z, Fig. 7.6 (a) i S {mERME O R W BUCE %, Fig.
7.6 (D) IcF A F A MRMEZ LT, CHLDORMTIE, FHUIHIERED 0.03(Case 1) DRHE%Z, W
HUTEETE RIS 0.01(Case 6) D&%, BB KT REDS 0.05(Case 7) D E 2T

Fig. 7.5 & 0, A F— %> ARPEIRMARBICZ E A BIREEL AW T EAA . Fig. 7.6 (a)
kb, TARTOBES TOHREHKIZ 1650 Hz £ >7z. TORRED S, HEGEIXMEREICE
PAREHIE LR WE SX 5. £, Fig. 7.6 (b) i Kb LWIFhofilER s Hitkz M HTLEE L
TWAT L ERTES.
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725 AF—R2VATA ICK BT

PLEOKY E b, JBIATHEA I R D A F— 2 AT A VL E(kT B LT
5B, T, HIEE S D RS RO A F— 2 > AR L TIRET NS T LZRL TV S. T
c G, ABIETE, AF— 2 VAT T BiEEELT, AF— AV AT AN+ 3dB &
AR (+ 3 dB AR EMTS) IKAHT 5.
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Table 7.1 & Table 7.2\ /RTINS E 7 «— F2vy FHifHEEZH W B EICBY 5, +3dB
JE B L IS OM{® A& Table 7.3 1RT. TOREED, + 3 dB ABEA @ U RBIN]BE
IEEREASE < 2B T e A, DE D, RO G L2 BT B 1cdIc i, BilR
O+ 3 dB [EREDHNT 5 & SRR EZEBTNIERVWESA S,

T TR PN E VW EIRGET B L, + 3 dB BN HER KRR QLD EE<ED
EJEHES

Kt
W 2
(I
rLTHALBNS. EXHhSE, WEIHKO IR & 7% % & 0l FHARO iR & €— FigH™
EHTHBT LS.

< 0.4125, (7.5)

Table 7.3 Parameter of control system

+3 dB inertance | Servo bandwidth | Case | w, [Hz| | &y Q)
2557 Hz 1500 Hz 5 5500 | —1.5 | 0.03
2678 Hz 1550 Hz 2 4950 | —1.0 | 0.03
2073 Hz 1650 Hz 6 5500 —1.0 | 0.01
2075 Hz 1650 Hz 1 5500 | —1.0 | 0.03
2979 Hz 1650 Hz 7 5500 | —1.0 | 0.05
3272 Hz 1750 Hz 3 6050 ~1.0 | 0.03
3703 Hz 1900 Hz 4 5500 —0.5 | 0.03

7.3 BwiEbE B LIHER - BIERMaLEEt

ChEToOBRINC LY, SBIATHE &R EREE RO R RS L T— FREEESICIKIES
BT Lot RO IHRIEH ST HSA ORRICKFS 2EMES, T A7EZNEL
4 2O EO /N L Tl RN EIIRETHD. LA LEND, T AT7EDN
BEIEF— 2 AROE FlcohhA B7-8, HDD OKAER(EICIIERT AL %%, ZCT, &
MZETIE, FHROT— FEEEE R 5 C Lick D, HSA ORREZZ X §ICHIHF Uz M
Ed By RATERS RO RZBZ HiET.
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7.3.1 RO v FHIERHIBIER

EHRGHC KB~y FALERO BT OIS E# Fig. 7.7 OEBIC T, filfln Sois:
FFRIRETIL%Z (3.6) RIS L1

N
K
}:)(. 8= ¢ . ; : ‘ | |
(s) f\P (Z 52 4 2Ciwnis + l'-'-'mz) .

i=1

YIRGET B, B35 A— 2% Fig. 7.7 ORFURTHERDNy FOLETR DR R O I8 1 BUc S 2
ARTALIICHRELIESER, T—FRNIZ4, EBT AV K& 3.7 X 107, FOMHDINT A—
21 Table 7.4 \RTM & 22 72, Fig. 7.7 ORI K E - 7= I R OMEHHREHERE 7L O 5
BISE %Y. Table 7.4 & Fig. 7.7 X b B4R (£— F 2) ORIHEELE 5700 Hz, €— FR2#E
X -1.7THBHeHhhsb.

EkEEIC X B HSA DA Fig. 7.8 (a) IC, FEM finsiGons: kiR €— FIERZ
Fig. 7.8 (b) lcRd. ChHOME D, GERFEFHC X5 EHIRINRAIT 35 % 2 VALE & BIR
THEMENY FBICTEMOREVE—RIBREAS>TWAB I AN S, TORRE, N
KALERDEIEHRICET S EHIROE— FEEERRBKEWEL T 5.

0
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Fig. 7.7 Frequency response of conventional mechanical system
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Table 7.4 Parameter of conventional resonant mode

mode (i) | wy; [rad/s] Ki €

mode 1 0 1.0 0

mode 2 29056 9ir00 —1.7 | 0.025

mode 3 27 x 8000 —(0.8 0.1

mode 4 | 2wx 10800 | 0.5 0.05

mode 5 | 2mx 11400 0.6 | 0.015

v &
9
\
sy
NE

A
Q'AVAYAV

F‘
A

VAN
.%ﬁﬁw

5

o
K/

(a) Mechanical structure (b) Modal shape of primary resonance

Fig. 7.8 Conventional design

7.3.2 A8 7BIBIC K SEIEREE

AT, BN THEZNY FUETOE— FEUZNELTHIHOFERELT, 4HY
SR A Hi Y > O BERE A L7z

v R BT HSA Mt 283 5. CHIE HSA DT — L
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LOTHS. TTT, 4E) > VBBICBIL TRBICHIHT 5. Fig. 7.9 (a) \WRTHIK) > 788
WMEEZ2. CCTY Y 7BEOELIEICHENDMEHT S L ER, HIORT WBMEHT S &
5. CTOHE, AHBEZO) 2 7RGENS Fig. 7.9 (b) IRTEEZ L, [HzHuLsast) >
JOFEICENS. COREEEFOMAEBEZAIO2 K0 » 7 OLNTHY, V2 IOMEMOEE
W& D(EEOMBICHEIZHOERIZ T ENTES. Ko T, Ny FAEICHY T 25 Rl
LR RITAT ET, Ny FAATOE— FAMZWMPEEE eMnlfel s, 4 Mgzl
BRo) HSA IO L= K% Fig. 7.10 (a) IC3d. O HSA &, 7— L5 OumilOEz/NE <
Lo E KELTHT EICKD, T—LEGM 4 > 7BRICHLOZEE 2D LS IC
BE LI OTHD. BET S FikE, RO HSA KL TT7—LEHO/ICIRICEEZMA S ©
DTHH, B OBINEEDFICEBIAETH S. FEM HN S5 0/2T 0O HSA TO £
HHEEODE— FIBIR%E Fig. 7.10 (b) IS5RY. COME D, REFEIC KD EHARGBIN TS 5
LAy FRIENE— RO Z->THD, BRSOZMNINEVE—FEIREG->TWVA T LD
D, TORE, ~v RAIERSHERICHT S EHHROE— FEEEBII NIV HE RS T
EMWIFTES.

Rigid body
. Rotation center
—— Link ; J/
Force input
(a) Basic structure (b) Deformation behavior

Fig. 7.9 Mechanism of four-bar linkage
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(b) Modal shape of primary resonance

{a) Shape of HSA

Fig. 7.10 Proposed design

Fig. 7.7 OXBU ST HERDON Y RO DB R L (A2 HDD # 4 i) > 7 BRE %8 L
RSB LR O B RS E R T

IEL

v

T HSA ZHIWTalfEL /=, Fig. 7.11 OEBUHKME LIz~ y B
9. R ONFMHINFRE T IV P %2 (3.6) XL, #2855 A—2 &R B2 G814 3 &
DNCHGE LIASSH, E— FEIN 34, EHT A2 Kyl 3.8 X 107, ZO100/85 A— %3 Table
TSI A>Tz, Fig 7.11 DERRICRE > 72 P OIS E%2 7. Table 7.5 & Fig. 7.11
KD R (E—F 2) OMREUS 4800 Hz, E— FHEEERIE 02 THET EHONS.

Fig. T12IC P, DA F— 2 AFE A Rd. TCTT, LEIZ AT > 2% 7= HSA Ic &
HRIRZRL, WRIEIOREGTO HSA ICK B850 ART. CORENDS, BEFEICES+3dB
J RS 3000 Hz TH D, KRN K5+ 3 dB JEEIE 2450 Hz THZ T LH0h 5. T4b

b, BETBAM) > 7 EMERUV T HSA IZTERERFO HSA & HAT + 3 dB F R 20 %LU

B LT3,
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Fig. 7.11 Frequency response of proposed system

Table 7.5 Parameter of proposed mechanical mode

mode (i) | wy; [rad/s] Ki ¢
mode 1 0 1.0 0
mode 2 2w x 4800 | 0.2 | 0.04
mode 3 | 27x 6850 | —0.9 | 0.008
mode 4 27 x 8000 | —0.5 | 0.1
mode 5 | 2mx 14000 | 0.2 0.04
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Fig. 7.12 Frequency response of inertance gain
7.3.3 HIEREET

74— Bxy Z4EES 2] 1l 7 2 L& C(s) 2R RAEBIC K D Bk d 5 2 L TR
%. AWITHGEd S HSA T, BRI 20HBENMICIE /v F 7 L2 ZRHT 5 X
D &I UE RS & B N HBEN IO AR TH > 7. Ko T, C(s) ISR 5<

Pl-Lead-Lag 7 ¢ L RICTHRBT B & T 5. Fig. 7.11150n9 Ny FIIEROHER R TIE, Table
75 M5E—R3FEMHR (E—F2) LlMHORIRTHL LADNS. £/, T—F4ELE—F
5@E—=25 14 U hVNE W HRGRFICIRATE 28095, Lieh->T, 74—F
23w 7 WA ER & € — F 31OR T @R T HEEL T 2 K S G T UER Y. A

VR 45 dB AL, DTS 30 ° LALE, S5 TR 50 ° DL EOSMA FIC LTl

KEED XD Cs) DITRUE B A it LTAs R,

6.117(s + 27 x 200)(s + 27 x 7000)
Cls) = s(s + 27 x 4200)(s + 27 x 6000) ° e,

Lo, Fig 7.13 ORBIKE - 12 Oz] ORBBUSE 2R
Le#go T8, Fig. 7.7 1R REELFHT K By FAERDERERICT LT T +— K23y 2 Hifg
Iz &itd 5. TR 45 dBLLE, AIHERTE 30 ° DAL, S iHIER# 50 ° LA EOSRMFIC
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BOTHEREARAK L XD X1 C(s) Zatat LIZAR,

_ 2.316(s + 21 x 100)*(s + 27 x 6000)

CL.
(s) s(s + 27 x 3000)(s + 27 = 4000)

(7.8)

& -7z, Fig 7.13 OWRIC TRE - 12 Clz] OMEEBULTE &R
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Fig. 7.13 Frequency response of feedback controller
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Table 7.6 Simulation result

Conventional design | Proposed design
Servo-bandwidth 1400 Hz 1700 Hz
Gain margin 4.6 dB 4.5 dB
Phase margin 30 deg. 31 deg.
Second phase margin 66 deg. 68 deg.
1| S]|ac 3.7dB 8.7dB

o
=
=
8 | 2]
204 - = - Conventional v |
—— Proposed
30 — "
10

10’

0
= =90
=11
a
=
u 180+
3]
=
A« -270H - - - Conventional
— Proposed
360

1
10
Frequency [Hz|

Fig. 7.14 Simulation result of open-loop characteristic
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Fig. 7.15 Simulation result of nyquist diagram
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EER, A s, i, B OAIHRNE K UCEEEO H VL ERT. Fig 7.16 1S
R OB EUE S ®, Fig. TATICHAF A RRMZ R, WINORE, RISRET
HIC X AR, BEIIITEREGHC K ARERRT. ¥ Ial—a JAREEKIC, ThE0%
Eafs R, REFENHIENIEZY 20 % Lol § AT LZRLTV S,

Fig. 7.18 |CREERIOMERE R (26 SR Tk, M6 iORRED Znd. oKD, #
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Table 7.7 Experimental result

Conventional design

Proposed design

Servo-bandwidth 1400 Hz 1700 Hz
Gain margin 4.5dB 4.6 dB
Phase margin 30 deg. 31 deg.

Second phase margin 71 deg. 66 deg.
[| S]]oc 9.2dB 9.2 dB
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5 0 g :
= - ===
‘m 10f R
O .
20H° 'Convennonalj ]
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10 10
Frequency [Hz|
0
o R
Y . '
= T (L
3 ——— \ ) ‘
— | T TS F=== | N
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—— Proposed v : 3
360 : 1 I .
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Fig. 7.16 Experimental result of open-loop characteristic
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Fig. 7.17 Experimental result of nyquist diagram
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Fig. 7.18 Experimental result of sensitivity function
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7.4 XBEDF L

ANTIE, EIROE— MRS & BRI G E R U 1XCHIC, HHR
FEHE ST O TSI 5 % B IR, BB FIR S 5 B B PR OO SR 2
B E— FEBENTHD, HREENROM OB TR E— FPEEROERIC & b fiEss
DR EAFRETH BT L RREMIC LI, E512, 4810 > 5 BHEIGA LI BRRBIRIC X b,
FIROE— FIBBRHE G S SRR LT TS5 T LR RBIC R DB L.
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o BHITHIEENRETHD, FHEBORBERE.
o ML A RIEIC BT B 720, AHTAROREE & MFIHY IR SRR AR T E L.
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o PEREROREIC THESEERAETSHS
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1 R 22 4 8 L 7o BRI ] H o qat 2175
2. RE - BB H M3 6, FIHEFEZ M 2ME28HT 5.

3. H U 7= Wi 2eRnE & IR (CTHERRENMIGD 2B GDE T, - mEREC
IS LWt FiER T 5.

£ FIRIC K 2 filEes o @it 2 B9

8.2 HBftENEFRE H . &%t

Ho ORI 7 4 — FE28y ZHlC X > T A SN il BOREEZH HMLLFICT
HETAICHB. o, RE—NTA VERERRAT S LICKD, R TTHNR btz
ITABEWVHI T LW RELENATHS. L Lahb, KR TIE He Rt K503 MRE
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o AWIFETO Ho it HWNE T IHIREE 2 258 U 7= ahifi3s G O8N TH o, a/sZ e
(LI A ST TCOAEN R T R0,

8.2.1 EFHEETIV

LIS, RENSELTETFLE LT ERER STREHET IV (L SFIVETIL P[2)
2T B, ABTTHIWV 2 BRI IR CORIEN S (VT VT5 2 ) OREEIGEZ Fig. 8.1 0D
KU TT . Plz] BEEHASIIRTHZ T LD, ETMEHIFHITET IV Pu(s) ZIFRL, Po(s) 28
BRRER 2 8 0 Koh—)L I THEIE L T Pu[2] 2R BT L &9 5. MEHHIETIL Po(s) 1,
(3.6) TR T

Ky

N
s = K% : 8.1
F (ﬁ) hi ; 8% 4 2Ciwn;s + l-l-'m'z ( )

ELTHAS. FIENSROFEZERTSX 08T A—-2ZIELTRHER,

N=2,K,=25x10%k; =1,62 = —08,
(8.2)
¢1 =0.3,( = 0.05,wn1 = 27 X 60, wn2 = 27 x 4400,
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Fig. 8.1 Frequency response of real plant and nominal model
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Fig. 8.2 Generalized plant

8.2.3 EHAH

f A, RN R Tl 8 L 72 BB A RIS K D BERUE L TIES 5. T OB%, B
HE R & AR BB O BIEAS 2 B L ad' D, EHMEEL FO XS Hiait TEET 5.

o {K/E L TOMEMBRKIKT 5 KD I W, Z&atT 5.
o RIS HECT OISR OBINAMZ S X 5 I W, Zltitd 5.
o (HMTECTOR M CINEZ BT B K S5 1 Wy, &2 &itT 5.

KES T2, MR TOEBMEE (8.6) Nlc, EHABMOY 1 Rt %E Fig. 8.3 ILRT

§2 +2.0 % 10%s + 1.0 x 10°
s2 4+ 1.5 x 1025+ 1.5 x 10-3°

W, =10.15 X

s +3.4x 10%s + 3.6 x 10®
Wim = 2.2 X — . (8.6)
tm X2+ 75x 1085 + 3.9 x 10°

Wia = 2.0.
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Fig. 8.3 Frequency response of weighting function
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Fig. 8.5 Sensitivity function
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s . — Co—sensitivity function
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Fig. 8.6 Co-sensitivity function
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5, 740% 12 RONHERGHMIBTH S LT BN, 7107 2 EBEBEREYSZ
Offyx 2T 5 LIZHLL.

FCC, /IFTNETIVEICTANZ 208MEEESIRG LIRS, EOX5GMRE2HDD
AT S, FOSER Fig. 88IC/Ad. TORMNG, 74002 2%/ IFIVETIV R, ST
FTAH LK, HIRFFEDEEREECBII L 2O XS GRE e ks e nhd. T4b
B, 740 % 2ORERFMEICK D, P, OIRYAEICK BT 1 2O 5 VD Z2HIEL, 71
2 2 ORISR e LTftnEha o e & d. RS, #HilicidRmzimd s
Flckh, BEHROWEF IV EMEBICRIEEa LR LT, REAREEICEIE 1
HNEMMA S LN TEXEAMETHS. COLSIRMEICED, ERFMHIC K BHERAD
HilfAERE N, FEROSHELDATREL & 5.

Table 8.1 Structure of controller

Zero Pole

C Frequency ¢ Frequency

a = 458 Hz

0.72 | 7030 Hz
b - 6650 Hz

0.61 9930 Hz | 0.52 | 11600 Hz
d

e

0.068 5180 Hz | 0.08 | 6620 Hz
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Fig. 8.8 Effect of compensation
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8.3 FHIRHEICKZEwEILERET
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8.3.1 FHIRHWM®T «IL2DEK
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D712
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82 + 2Ciw1s + wi?  we?
Fala) = - C—, 8.7
re(s) 52 + 2Cown s + wo? w2 ( )

AT B, RIS, w & G RTERRO LD EIRRE2ZEBT 5K 51

wy = 27 x 4450, ¢; = 0.08, (8.8)
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sl

2. @A B A REM
3. EHIRFEEHEIC B L e

THa. 7, NiniE(bR 4 & TaBusRic B 2Lt ZERLAEND wy BT 3.
COMETEL—FAT7OBRICH D, w, Z@ RET BICHEL, @i REHE 2D, &8
FBUIETOMMBIDONA T A ANENER A LA —/SVEOAHERENET. Z2 TAMETIE, &
JA P B T DLEM = E L

ot

[eh1 ]
(o]
—
St

Wy = 21 X 5 (8.9)
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Fig. 8.9 Primary resonance compensator
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(s 4 2w x 100)?

Ca(s) = ky s(s + 27 x 10000)°

(8.11)
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