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IC75%,

1 1\ ($*+0?

GM(S) B (JM +Jr - ;) ‘ ( w? ‘ s2+ w%) (323)
1 1 w?
Guls) = (JM T, ;) | (ﬁ) (3-26)
32D w,, w, iE, LFDEHICTE S,
= onf= K[+ L (3.3a)
w, = 2nf. = T 3a
w, = 2nf, = 1/5 (3.3b)
Ji

E— 2D PR (3.22) TER U KIERBEL £, 0T v 7 L HR
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Equivalent Rigid Velocity Motor VelocithLoad VelOCityW
Motor 1 17 s>+ wd? 0 wa’

—P g ey L.
torque Jut+Jr S S2+ P W S2+ Wa’

3.1: Block diagram
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DI=DICHREETE—A 2 1] &L, E—RIIROHISNTzya—&
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2
Y _1s0 (3.5)

2
Wy

L7zho T, HERADDET—XHE X TOMIL— T OLEEREE, Xk
Kk B,

Gonls) 1 K, o s+’
lose\S) = i
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w? P ' 21 2 2

1+ kdkv (0712, - 1) z + (,()% s S W, Wy
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2 TS R )
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r

. - -
§ s2+KdKV(w—g—l)s+a)% wy

(3.6)
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Vibration suppression loop

Torque . .. 2-mass system
reference; Equivalent rigid-| i
Velocity + + 1 body velocity o | @? > s>+ wa® | _>Mot0r
reference d ! s L T R P ‘= velocity
— L 1
K -
E< Different T *
velocity

3.2: Control block diagram of velocity P control including 2 inertia system

(Semi-closed control system)
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N O TR ATREZR E— 23 ED S HEE S 5,

3.3.1 1 XFTH—/\D5E

IREEZEIAN T NIV x(1), 1 ZoeDHE AT u@), 1 DXoTcOBERHET1 v() &9 %
&, HlERIELL TN OREEF R TR TZ %,

x(t)
W)

Ax(?) + bu(?) (3.7a)
ex(f) (3.7b)

TR MV 2D U CEEZRET 0 CELTE 50T, S
R& LT 3.7) DFREzE BRIICEE R T 5 &, XBRYDKIICES,

A=0,b=1c=1 (3.8)

X (3.7) DIRESHFERICEB VT, (6, ) ZBHITH 2D T, X (3.92) DIFE—X
TCA T — SRR T E, X (3.9b) TIRAEHEE MFEA S (M M A & O HEE i
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IE) = k() (3.9b)
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7(#) = ym(®) = () = yu(?) — €X(2) (3.10)

AT F—SWEDO T 0y 7 K72 U TE—ZEEE D B SR ARE R OHEE
DAEZZHRT % EX3.3(0b) L7455, EEFENAISRAT 2 )V 2 EEMET
Oy 7728 L CATY =N\ H1ENE, TOEDIE 3.2 HiofHRHIE O
MERUTH B,

B— S y, () & HEE U TSHBIRNAGERE D720 B A 7 — )\ 1 £ TOJEHE
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Velocity Feed back

Disturbance torque Motor

e
St o | § o o c&lﬂy
S2+a)r2 wd’ o ym

Torque
reference

Velocity
reference

Observer

Phase adjuster
LPF HPF
L S |, |Estimate

¢ T diff

stoL erent velocity

Vibration Suppression loop

(a) Observer block diagram designed using filter and gain

Velocity Feed back

Disturbance torque

Torque D/{otqtr
Velocity reference ol o . velocity
reference S2 +an? P » ym(t)

Observer %ﬁ_
Phase adjuster

LPF HPF
< oL s Estimate
‘ il
s+ar s+aw | different velocity

Vibration Suppression loop

(b) Equivalent transformation of observer block diagram

3.3: Vibration compensate method with equivalent Rigid-Body Observer
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3.4: Observer frequency characteristics by simulation
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3.5: Frequency characteristics by simulation of observer, phase compensator and

high-pass filter
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3.6: Effects of errors in the nominal model by simulation (transfer characteristics

from torque reference to observer output)
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3.7: Effect of nominal model error by simulation (transfer characteristics from

torque reference to gain K;)
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3.9: Time response waveform by simulation (AJ = —50%)
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3.10: Time response waveform by simulation (AJ = +50%)
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3.11: Time response waveform by simulation (K; = 0.0)
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3.12: Time response waveform by simulation (K; = 2.5)
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3.13: Time response waveform by simulation (K; = 5.0)
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3.14: Time response waveform by simulation (K, = 7.5)
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3.15: Frequency characteristics from differential velocity to gain K, by simula-

tion
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3.16: Time response waveform by simulation (w, = 661Hz+10%)
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3.17: Time response waveform by simulation (w, = 661Hz-80%)
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3.5 SRERER

X 3.18 IR T HEEZFHWTHERZITo 7, T OEEE, HEEAERIS, HIEH
ML Y a— Xz EL O HF gy T T T — R E— R E LT B,
TP a—%1F, IV —XA R AT L7Z2HERT 5DV %, [H
BRIC, —HRE—XICE TV O—ZHWO T 6N TED, EiflEsL Tt
T U—AXRVAT LZRHEERT BRI 5,

E— 2 OFEN IIHRR 2 B OINHY — R 7 > 72 v, & -
JEHIEZIT 9. IREFHECRMHENAY —R7 >V TICFE L EBRZ1T S,

X 319 ICHBEEDOE—Z MV I LE—ZEHE (I 7a—X RV AT
L) LE=ZMIVISHBI Y a—2dE (TN Ia—A RV AT L) £T
D BEME RS, £ 7 0—X RV AT LOEEREERHICERE I % & 3t
IR 198Hz THARE AN 662Hz TH > Tz, Fiz, 77— R
AT IO JE BRI S IR 1 5 D F T IR E D 662Hz TH - 7z,

Outer encoder
| and load Servo motor

Elastic coupling

3.18: Appearance of experimental equipment
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3.19: Frequency characteristics of experimental equipment

351 €3XI7/0—X K RT LOTREMIFIRHER
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FIRT BE T, WEIL—T 7 A U FFTOEIRIIIEZENT %, R
ZiEH L, IREMDMEIRT 2 0ERE T %, K 3.11C, EBRREDINT A—2 2R,
3.1 ORE/INT A—=RIZBWT, K3.3(b) DE—RHEET y,, () LHEE LI%E
MAIASEE DN ST A > Ky ORI E TORBEREE, K3.20 &%%, 72
72U, EERIIA T =N LTEREL-SD, ERINIZHIETE R >0
T, ¥aLl—alckoTRDTz, K3.20 K0, HrdEhZHNH Uiz JE R
TH% 673Hz LT A 2-0.477dB, (itH-23° L7&> T3, §45bb, #
TO#EFEZH 2D, FEFREFRMAHOIRBINHE SN TVWE T LIdx b,

X 3211t 2 70— R AT LOYREHIHIRIR OISR 2R, SREHT
HlHEZ M LaWGEE, 673Hz TIREIL TWADICH L, EETFEZEH
T 5 LIREDIIHI SN TS T &b %,
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% 3.1: Control gain

Semi Full

-closed -closed

Velocity loop
i ) 188.5/s 754.0/s
proportional gain

Equivalent rigid body
) 3958/s 2827/s
observer gain

Vibration Suppression loop
630Hz 450Hz
lowpass filter cutoff frequency

Vibration Suppression loop
) 15.5Hz 15.4Hz
highpass filter cutoff frequency

Vibration Suppression
3.0 -2.0

loop gain

WV — T DIEN TR T 5 1o DIIREF OB RO T 1 F A MK
K322 1R, K3.22 13D FFT 75 A4 P CHlE LTz, FeRFiEEH
R CIE RIS DR E R R L THNADICH LT, SEHB TS MTZEED
WEHEL TS, O ZRETFEOBEHNE CHEERIL— 7 ORI
322DX I LTED, HIREEDD QA 528 M5 9.0 NE FA> T
%o WEREICHE T 2 & 0.0095 05 0.0556 ICHM LTz & WA %,
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3.20: Frequency characteristics by simulation of the vibration suppression con-

troller
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3.21: Vibration suppression result by experiment of semi-closed system
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3.22: Open loop nyquist characteristic by experiment of semi-closed system
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3.23: Open loop frequency characteristic by experiment of semi-closed system

3.6 3EMEHRNDILIE
3.6.1 [FRIEDWEES
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DRI WIS HAES 2 T L3P anicd, £ 0LEER, 2 EEHHR
ROIREDNRTENE, Ho TR T )L 2 THHIL TEREZ, LH
L, FhC3BEMHIRRZRE & U &0 BREIHIHIIR DS 5 a0k
WtH s, AEITIE, £, WiHETX CTTHE LIcidZz 3 EEHRRICEH
B LEBEAD, MHORY, S L U TOFMMIKERZHHTE, &
BEE—XAVh2 1 eEL, K322 EMR%Z 3 BEIERICES A 72H
EPHIEZER %, HEREDDSE—EENDHIV— T DILERBIIRAT
HFzons,
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2 2 2 2
Kv.s +w, sT+w,

Gconv(s) = :
S Wy Wy,
2 2
wrlwrz
. 3.15
s+ ays? + ars? + ars + ag ( )
CCT
W} W),
ay = Kde 5 5 1 (316)
walwa2
@ = W+ (3.17)
w? w?
ap = KiK, ((‘L’il + W) Slwf - (W) + ‘Uzz)) (3.18)
al a2
a = Wi, (3.19)

X B17)WRT KD, X (3.15) OFHUHE 4 HORMEZHAIC BT % 2 JUH
FEMRIAA 7 — N X BRI X O 2LV, Thk D, Sk
TN K B HIRHE TR, 3EEEROBENA T TH S,

fzizl, WETA Y K, e L dK (3.15) OIS 4 HORHEZ HA D
FIENSEIHIANTICHENTONE, 3IEEIRRICHEEZSZ 5T &
MTE 5, ROMEHZTEE, HHREIEOM 1200 £ 7238857 U521
RGO EAINCATIT BT ETHB, EBLOEDEES, 2 MR HEE
5N, MOOLAIEBHICETET S, Ihzlitd 5720lc, BEET
M EBEZRAT %,

W EmE 1 ROINAISAT 4 )V R T O TR B s CHRAL, Ay 47
JEP BN IREN Z2 HH] U 72 VAR D & Tl m S RET %0 e & LT
AINAT V22BN U THE T 1y 7 X722 3.24 ISR,

X 3.24 I BT B iEER AN B E— ZEENDH I — TREBE IR TS
AbN%,
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3.24: Control block diagram of velocity P control including 3 inertia system

2 2 2 2
G ()_5's+wal.s+wa2
props - 2

§ wil Wy
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W55 (s + w
. S — 1’1, r2( , 2) , , (320)
s> +ays* +ajs3 + ajs* + als + aj
ZZ T,
W w?
a, = Kdev(wzlwzz - 1) +w (3.21)
al a2
w? W
ag:@mm%ﬁé§—q (3.22)
W W
al a2
1 1
%:(mﬁmeﬁwajﬂﬂT) (3.23)
al waZ
2 2 1 1
+((1)r1 +(,()r2)+ w—-2 —2+—2
wal waZ
, ) 2 2 1 1
a = (KdlKVa)wrlwrZ — (wy + wrZ)) oL + o
al a2
+w) W) (3.24)
a, = whwhow (3.25)

X GB2D) 5K (3.24) &b, Ky 721 Ky B2 (3.20) DA 4 FZHDIHD
FEZHAD 1 FEHMS4FBHOTICTENTWVAE T &N D, DT eh
5, X3.24 OfIEIT Ty ZH 3EEIIRS A7 LS T2 5RER 5 2 % nlRett
N5,

P, FMMAHEE IXEERIE T E RV, TP — N K> THEE
TNB, DFD, K3.241FK325DKSICEHEI NS,
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Velocity feed back

Torque Motor
reference 1 velocity

2 2 2 2 2 2
+ +
R D
/3 2

Velocity
reference +

| LPF HPF | Estimate
+ 3 ST@ sty 1 velocity
-K L -— Phase
L sto adjuster

Vibration suppression loop,

3.25: Vibration compensate method with equivalent Rigid-Body Observer

X 3.25 1SR I iR, 1X13.3(a) DRIEHEHEU D d= & T 1 >~ Kp ZINA
RS T, 74 ViBOH L TIEK 3.3(a) DOz £ IZIEERCTH S,
REFEZERGRET 55581, LTOEL 51179,

1 3 EMEHIRR THRAET 2RO ORENCN LT, 3.3.2 BilCRliioz
Fhid %o

2. TR e LTS BNA SR T 4 )V ZD Ay b A 7 JE 1 % k)
U T2 W EEEICH U T E W EREICERET %,

3. B Tem\ W T DIREIME T 2 XTI A 2 Kp 2 0D BIRRICKE L § %,

[X13.25 1333#E P HIENC LTV B D, WL — I eszBmlizo, s
HfEZ A U720 UTEEEBEOIRENMES NS,

3.6.2 IEET HHIENRERERE

AT, WY —RT > T ORFRGIEZEE LT 578, BRI X
HZALFREL TOEY, LAL, Y — RERBELEOBKEIHN & L TiE, R—
WRUECATAREZA IV TNV ED—RINICHNSENTNSDT, A
TlE, NG 2 DDOMERZESNCHAG DR T ZHIEN R E T 5,
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HEEEONBBEEZ K 3.26 1379, K326 Tld, E—ZWXAIIN
W ER=IVRUAT A ZZEH U TaRZEINT, Sl U2,
FrEOBMZNSRZE LD TR R, —RIICH =AW K HOWE NS R
TbH 5,

3.26: Appearance of experimental equipment

X 3.27 IZRBEED NV IIRAH 5 T— 2 HEFE TORBEEFIEZR LT
W5, REEEOMMKIIE I2ITRL TS,

F/z, K3.281K 327 2T IAL LT EEEETH %o RETEEER D2
RN B RERERZ RN T, EFVKIEIFELL ETFMEETh TV,
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Gain [dB]

Phase [° ]

7% 3.2: Mechanical parameters

Mechanical parameters
Parameters Description value
J Moment of all inertia [kgm?] | 0.396 x10~*
Lead pitch of ball screw[mm] 20
Stroke of ball screw[mm)] 540
pulley ratio 1:1
40 554[Hz]
x 843[Hz]
30 x
20
10
0
50
0
-50
-100
-150
-200
10 100 1000

Frequency [Hz]

3.27: Frequency characteristics of experimental equipment
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3.28: Frequency characteristics of simulation model

363 YIal—I a3 R

RELUIINEOEMMZ, X 3.28 OREIPERHEZ DI RIc T %
Sal—ra ko THERL T,

VIal—YarTHHLIEIRTGA—=2%2EK3IIITRT,

£ 33DRIEINT A—RICBNT, X3.3(b) 15249 2 AL, X3.29
5%, K329HDIFMIR E T T A2 2 (Kp) DNODHZETHD, K
3.3(b) TIEONARE L 2L HUICE S, —/, K329HOERRIZ VT
7422 (Kp) Z8OICHRELIEGETHB, XEVITTA22 (Kp) %0
ICRRE LTeaE, IRE 280 L 720 ERE T dH % 799Hz H 5 838Hz 4T
A V-4.40~-4.57dB, (itH-24~-26.7° Lix>TWV5B, —FH, Z2EVTTA
V2 (Kp) 72 8.0ICa%E LIcEa, IRd)z ] Lf’:b\}EJ?EZ%Z“C“Zé% 799Hz /1 5
838Hz ITIAT A >/-3.22~-3.31dB, fiitH-1.23~-249° L7x>THKHLH, X ¥
YITAY2 (Kp) BEATZTET, KO RREFAMHEICETDL CLh
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%o

V2 a b— g VIINERIETITY, RIS 1 K, 2 IRE D FA
TBHETHEMMUTz, K330 K S IHERIELLEI 1 > K, =942 /s T 799
Hz OIRBINFEE L7z, X3.3(a) OfillfizsZ2iEH 3 % L IR 7% < Ko Tz
3.34 ICHERIGEIETE D FFT ATk Rz 7”9,

Z D%, WERIELE T 2 K, ZE 5IEmEgize 25, K331IIRT
KO NSHERIELLHI T A > K, = 1382 /s T 838 Hz DIREIDFE LTz, TDY
A VT, K3.3(a) OfilfHigs CRRIRE 22 2Icifl T Rna Ehbh B, L
ML, X3.25Dfil#igaZztEiHd 2 EIRIMIE A <R o7z Kp 1 6~10 DHFIPHT
BN G T E 72D, SENEHPRIEE LT 8 28 Uiz, X 3.35 ICHFISEIK
D FFT MG R 2 7R T s

% 3.3: Setting parameters of Simulations

Setup parameters
Parameters Description value
Without vibration With vibration With vibration With vibration
suppression control | suppression control | suppression control | suppression control
(K =0) (Kp =0) (Kp #0)
Speed controller
K, proportional gain[1/s] 942 942 1382 1382
Ka Damping gainl [-] 0 2 2 2
K Damping gain2 [—] 0 0 0 8
Figure No. (X¥13.30) (X3.30) (X3.31) (X¥13.31)
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3.29: Frequency characteristics by simulation of the vibration suppression con-

troller
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B Without vibration suppression (Kv=942/s)

With vibration suppression (Kd2=0, Kv=942/s)
T T T

o
n
T

Torque Command[Nm]

1 1 L 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

(a) Time[ms]

3001

200

100~

Velocity Response[rad/s]

1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500
(b) Time[ms]

3.30: Simulation results of without/with vibration suppression control (K, =

942/s, K;» = 0). (a)Torque response, (b)Velocity response.
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Il With vibration suppression (Kd2=0, Kv=1282/s)
I With vibration suppression (Kd2+£0, Kv=1282/s)
I I

0.5

Torque Command[Nm]

-0.5
L L L L | 1 1 L
0 50 100 150 200 250 300 350 400 450 500
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=
§ 300 B
2
S 200 i
a
5]
=4
= 100+ =
R3)
5]
° 0 i i i i i i
> 0 50 100 150 200 250 300 350 400 450 500

(b) Time[ms]

3.31: Simulation results of with vibration suppression control (K, = 1382/s).

(a)Torque response, (b)Velocity response.

X 3.32 1% X13.30, [X13.34, [X3.31, [X3.35ICHhd 2@ERL—TDFA
FRAMIKZRLU TS, £z, X3.331&X3.32DREFRE (-1,0) {haziik
FRLIEXTH S, HERIELLH T 1> K, =942 /s D& &, HEHIEIIAEL
EWCE-Tes LA L, K 3.3(a) OfilifIzRZiEHd % & EMEERIEL TWa,
X 3.3(a) DfilfHiIZR 2@ H L 72 IRRED SIRFELLHI T A > K, = 1382 /s KT AV
Z EFBE, BUIRRBIIARNGEICRS D, K 3.25 OflHisszi#EHd 2 2 & TX
EMEIEEIET %,
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. Without vibration suppression (Kv=942/s)

. With vibration suppression (Kd2=0, Kv=942/s)
. With vibration suppression (Kd2=0, Kv=1282/s)
. With vibration suppression (Kd2#0, Kv=1282/s)

Imaginary Axis

_5 b L L L L
-5 -4 -3 -2 1 0 1

Real Axis

3.32: Nyquist diagrams by simulation of velocity open loop characteristic
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Il Without Vibration suppression (Kv=942/s)
. With vibration suppression (Kd2=0, Kv=942/s)
. With vibration suppression (Kd2=0, Kv=1282/s)

[ With Vibration Suppression (Kd2#0, Kv=1382/s)
1 \ ‘ ‘ -

(Kd1=0,Kd2=0 Kv=942) |

0.8 /

0.6 [ b
(Kdl =2,Kd2=0 Kv=1382)

04

Imaginary Axis

2.0 -1.5 -1.0 -0.5 0 0.5

Real Axis

3.33: Nyquist diagrams by simulation of velocity open loop characteristic (ex-

pansion)
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B Without vibration suppression (Kv=942/s) : 7
M With vibration s:uppress10n (KdZZO, :KV:94:2/S) 79§Hz
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3.34: FFT results by simulation of without/with vibration suppression control
(K, =942/s, Kpp = 0)
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150 , , ! | !
B With vibration suppression (Kd2=0, Kv=1382/s)
M With vibration suppression (Kd2=8.0, Kv=1382/s) § :
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3.35: FFT results by simulation of with vibration suppression control (K, =
1382/s)

3.6.4 HEHER

IREIFEAEIRFDINT A— 2GR T, B2 RN X e T4 1 (Ka)
HREINEA 2 X TIRRICET TV, ZEVYITF 11 (Ky) ZRELL
TIREN IR x5 L, HERMEEHT A2 K, ZEBICRELSTE S, WEE
HEDNSIRIAHORELES, XVEYTTF A2 (Kyp) ZIRBIDNA S %
TIRRICKEL T3, RETHHALIZ/INT A—2%EE 3.41TRT, X3.36 13,
PR RET B E T A > 72 LIFC, IR 755 X 951K 3.3(a) Difil
fHERAE M Uiz & EOWEEERT,
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Velocity command
B Without vibration suppression (Kv=1445/s)
With vibration suppression (Kd2=0, Kv=1445/s)

Torque Command
[Nm]

0 100 200 300 400 500
(a) Time [ms]

Velocity Response

0 100 200 300 400 500
(b) Time [ms]

660Hz

Velocity Response
[rad/s]
[e)

10 12 14 16 18 20
(c) Time [ms]

3.36: Experimental result of without/with vibration suppression control (K, =
1445/s, K4, = 0). (a)Torque response, (b)Velocity response, (c)Expand diagram of

Velocity response.
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% 3.4: Setting parameters of Experiments

Setup parameters

Parameters Description value
Without vibration With vibration With vibration With vibration
suppression control | suppression control | suppression control | suppression control
(K =0) (Kpr =0) Ky #0)
Speed controller
K, proportional gain[1/s] 1445 1445 2073 2073
K Damping gainl [—] 0 1.8 1.8 1.8
Kan Damping gain2 [—] 0 0 0 1.8
Figure No. (X¥3.36) (X13.36) (X337 (X3.37)

BV TTA V2 (Kp) &K 3.3(a) OFIHIGHCEE LRV, A 7=y
AV K, ZIRENE I L (ZIFTR U 600 Hz ISR L, #AEEIREIONIFEA T — X
JEDIRFNONAH L [F Ui/ % X 512 LPF 2 Uz, EIRT /1Y R Df=8ic
HPF % 15Hz ICRE LTz, COREMZHHL T, IREIMNHDLELSKEET
RETTAU T (Ky) ZRKEL U, MEHIEELHI 7 A > K, = 1445/s T
660 Hz DIRBIANFEA L, AiEiOHIEER 2@ A 9 5 & IRENIIH A 72,

X3.371F, HE, BMIRNRETZETT A2 LF 20l e, K
3.25 Oz ZEH Uiz & 2D LT,

IREID T % F T, X3.3(a) DFEIZROREICNAT, XEVYT
TA22 (Kpp) ZREL UTeo Ky DFHGTO HPF 3L CTH B 79, Ik
B2 ] U7z ORI K © i m SEE Uiz,

RG> K, = 2073 /s T 970 Hz DIREIAFHA L, X 3.25 Ol
PRZ TS B EIRENIIE A 2o

X 3.3(a) DHIEHZR T, REIHIRS TIWBDHHRIRIZD S, —77, BETF
T, HERIEEG S A Y K, 2 E SIS FFTIREE TR RE 2 0 g
HTEMTETCVS,

VIalb—Ya BRI A F X MREIC K D ZERDOZ(L 2 ERT 5.
KT — 2SIV A RIS LERFWTIRT —ART MVEKERRSD,
(LB HEE T % #HEE UTARZRBBUINTIE HED 2 EE)L— 772D T,
MR — 7 DI BRI 5, HUE U 7ol RV — 7 O 1rie B 5 7z bt
REUTGEMIL, K336 BXUCX337ICHYT 2T 1 F X MRKZHiE T %
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EX338 £IX3.391C7 %, X3.38 HDERRE, HIHRGIEHRIOIRE (1X3.36
DOBERRICHY) DFAFA MK TDH D, FRHREX 3.3(a) DIz Z#H L7z
IRAE (1X13.36 DERKRICHY) DF A F XA MRKTH S, HHRGIETESOLA,
PERE (-1,0) ZHICHE TE S TW DK 3.3(a) Dl 23 % 2 i K
D, FFE (-1,0) ZEICRTHEZ XS LTED, ZEEMRELTNS
WD %,

Z D%, BWIHEDSRETZE T A V& EIF35 T & THAF X MK
3.39 DELR (K13.37 DEARHEL) DX BT %, FAF X MK, FH
UEEAE (-1,0) ZHICARTHS K21CkD, ZEEMETFLTWAD, K3.25
OHIEHZRZEHT 5 & T, K339 D7 (X3.37 DFRERICHY) DX I
JERE (-1,0) Z2/ICRTHZ X SICZLLTHD, ZEHDREMNELTE %,
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Velocity command
W With vibration suppression (Kd2=0, Kv=2073/s)

B With vibration suppression (Kd2£0, Kv=2073/s)

o o
N
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0
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(a) Time [ms]
o 250
2
S 200
8 150
&S
> 3 100
.5 50 EEEEEEEEER
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§ 0 EEN :
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(b) Time [ms]

Velocity Response
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3.37: Experimental result of with vibration suppression control (K, = 2073/s).

(a)Torque response, (b)Velocity response, (¢)Expand diagram of Velocity response.

61



I without vibration suppression (Kv=1445/s)
[ With vibration suppression (Kd2=0, Kv=1445/s)
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3.38: Nyquist diagrams by experiment of velocity open loop characteristic (K, =
1445/S, Kd2 = 0)

M with vibration suppression (Kd2=0, Kv=2073/s)
I With vibration suppression (Kd2#0, Kv=2073/s)

Imaginary Axis

Real Axis

3.39: Nyquist diagrams by experiment of velocity open loop characteristic (K, =
2073/s)
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AEETREET UTRBIANSIHIEER L, ISR O 3 X G HERADILE
ZITH 4R Thbd, LHhL, ATHF=NFI1RXRTHD, BITI1IHNAS
AT IV EBXO1RO—ISRAT ¢ )V 2 ZEYICEE L TWAEETH 57280,
1 ROFGIHZZN 3~4 DFET B EEZS T LETES, B IEATERLHEHA
HOHZICKS T L 22 GEEANDILEZITS £2.7) £7&0, NHAY—KRY
Y TIHHPRAL T DT EZHBEREDOHZ Z T2 FRI>TWa, RET 578
TA=RZEF TP —INT 2D, "WANRT )NV EBLUCO—ISAT 4 )VEZT1
DFOTHY, RIBEZRETZEETTA N 1I~2 Dkn, £z, &
EREHEAEDPFEELRT VA TP =D/ I FIVEFIVOEEE— X I,
HEESRBIOIRIRIN T X 72 IZERR D OBRERENNEZG [ EE T ITH, wihd
BCETTAVRNAINAT 4 )VEDFPETHHTE S LNV THS, 5
IZ, ARETRGHUIREMHIEIHIEZE, EADT ¢ — RNy 7z TH % #
& PRI ING 2B L7 > TWVWa, FDize, 1.3 HISGRXRZFHY—KRT
YATRDEND 4 DDFIFIGMED S B, 3DZWE L TS, REDSEMET
HAHtIr7u—XFiilEIe 7))V 7 a—X REEOW FICEH TZ 5B LT
355 4 B THERT B,
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F4Z 7V 0O—X FHIHOHRES
1)

ARETE, 7)V7a—X RT3 % RIS I & O s HARIRE) 2 40
9% Sk BETd %,

4.1 FMAMEEEF 7Y —/ V% B U RS E

AHEITUE, SEBAEL S TICE STV 7 ua—X RHIEICBNT, (iE/HE
T4 — RN\ 7 EBIHBL Y a— 2 DOE5 2 U Haic 349 2 it
FRARE OHNH RIS DD TRETS %,

4.1.1 FIHREEIO R

B HL O 11 B Tz Y ONEE S O E AR 7 «— RN &
27NV 7a—X REEOLEREZ 2, COLE, HIENROMEREZ
X (3.2b) DX DI HHRIED IR 55 128, K 320071y 7 KX 4.1 D
X211k %, HERAED SHIRTIERBOE ) GEEEIC K, 2 %
TORIIV— T OEREEE, XXDXK 51k %,

KK, [ ?
Gopen(S) - K (s2 + w? - 1)

Kde —52
s s?+w?
2
_ —KiKys  w; 41
- 2 2 2 (4.1)
w:  §t+ w?

XN @) ZH3 Lt 7a—X RilElOEGE & RIRRICEEMIHRE (X (3.2)
EEBTENbh B, LiEh->7T, HHRHIEREO H N IREE DN T
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Do
HERAD S E—2HE X TOMIL—T DAL, XXD&H1cks,

2
Gclose(s) ! ]& zwr 5
1 +Gopen 5 8°+w;
2
_ K v
- _ KiKs ¢ 2 4+ )2
1 2 +w? r
2 2 2
5° + w; K, w;

21 )2 — e 2+ W2
sc+w:— KgK,s s 8%+ wz

- & “; 4.2)
s 82— KgKys + w? )

KX @4.2) &0, 77— XFEOBETH->TE K, DFFSZREICT S &
T2 EMROIIRICHEZIBINTES T b5,

¥7z, K4.17% 33X 33(a) DX DA TP =N a—ISRAT 1)L Z, 7N
ANRT A NWEZBEOTA VLS THREATSEXKA42D LS E 5,

Vibration suppression loop

Torque . ... 2-mass system
reference ; E%uhvalenlt rlgld-i — Load
Velocity __ o + , odgvelocity Jl|  @° || g oa
reference K > L T s+’ |} Velocity
- - 1
J— | R —— |
K. -
[ Ks [ Different + g
velocity

4.1: Control block diagram of velocity P control including 2 inertia system (Full-

closed control system)
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Disturbance torque
Load
Velocity _ _ ) velocity
reference + @ Torque reference + 1| o & o

_1i Js s
\
1
JV
Observer _yt
1
K. ]
i g
j
Phase adjuster
LPF HPF
i"l | +S Estimate
STy STWy |  Different velocity
Vibration suppression loop

4.2: Block diagram using observer and filters

4.1.2 ERIER

IV —A RV AT LTIy a—F 2R LU CGHEET +— )Ny o7
Zi19, B 7 U—A RV AT LOBGHELRRRICHIRT 5 X T, EEL—77
A 2% EF ORI 2B %, BEEZEHA L, REMMERT 20
il d %, £3.11C, EBKFONRT A—2%Z/RT, K43ICT)IVI/a—X Ry
AT L ORI RO RS R 2779, IREHNHRIHIEZ M H Uk 0igaid,
581Hz TIRENL T2 DICH L, REFEZEH T 2 LIREMHIEN TV S
ZENDOMN B,

W)V — T DRENEMERT B 12 DITHRERFEOBHREOF 1 F A MK
T 441", X 4.4 1ETHIRD FFT 7+ 5 A P CHIE LTz, IR T LT
EHIEIERDOALE 2R U TWBDICH LT, % TS M oE b s
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LTW3, TO&ZRERTHEOMEANTR CTHEERIL— 7 ORI 4.5
DEIICZEELTED, HIRETDO QMEA 329 M5 114 NE FHA>TN5B,
TREREICHE T 5 & 0.0152 05 0.0439 1MLz & Wz B,

T': 700 — Without proposed method With proposed method
£ 500

2

8 300

=

< 100

g

= 100

0 500 1000 1500 2000

Time[ms]

4.3: Vibration suppression result by experiment of full-closed system
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gqo

— Without proposed
method

— With proposed
method

R -7 -6 -5 -4 -

4.4: Open loop nyquist characteristic by experiment of full-closed system
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|| —— Without proposed method |- - oo om0

—— With proposed method

10 100 1000
Frequency[Hz]

4.5: Open loop frequency characteristic by experiment of full-closed system

REIOWRICK D, F 3T Tkt LIHililgsd, ZOFEx 7)1 o—X Kilil
TCH M TEACEDWERTE -, 2O D, 13 HITBRREZNHEY—
K7V FNRDEND 4 DOHFISAF TR TEIE L TWVWD T DR TE T,

4.2 NEUBL YLD 7107 0O—X REIHE

AHITE, SEMEL > IC KBS 77 a— X RHNCHWT, Bl E—
R ENTcL Y A—FZHET «— RNy ZITHH LTSI E T 5K
HIRIRB OIIHITIEC DV THETS %,

69



4.2.1 RHERIEFREDAHZXL

A= VR UEOEMILRERE D2 E— 2R ZX 4.6 IR XD %2
BHHIRREINET % L, 7V 7 a— X RHITEES Y 2550F—% L
7 b Sl G O@ g F ¢ oEE) S FERIE 4.3), @4 LB [50]

1 oL 1 ;
Jis S L
D
+ —
K
[ -
+ S +
T ;g) 1 1
> . - Hm
+ IS Om S
4.6: Control target (2-inertial system)
Il + DO, — 0,) + K(6,, — 6,) =T, (4.3)
J.0; + DO - 0,) + K6, - 6,) =0 (4.4)

TCTC, J, D, KZZFNZFNEET—A2 N, MMEERE, ez r
L, T, 6, 6 ML, i@, #ExZRL, IRATm, LIIZNZENE—2IE
B, AR RS, R @4.3), R@4)%2T TS AEH L CTEERBICT S
X 4.5, X@.6) %%,
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PHI7 )L a—X Rl (BE—ZT>a—X TRl L7z .

_ Oy(s) 11
Gupls) = Tim(s )S_(JM+JL S)

S+ Zs+ (J—1m+JiL)K
' z 's2+(ﬁ+i)Ds+( +i)K

(1
- Ju+J, s

5%+ 2L,w,5 + W2 w?
| ( w2 2w+ wg) (45)
PSRV 7o — X Rl GHIALIE R > TR L 72#%) -

GO

Gl = 7 5 (JM+JL )
{ (£ +1) s +K) }

(% L)Ds + (£ + £)K

— 2§rwrS + wy
o P e B

iz L,

& HIRDBERE

w, RO IRENE B
Lot RAHRDFE R
w, IR AR A R

THb, TTT, 7 FDsD1XHFHEIROE—7 X0 & mOEREOR 2
RET D, REIHDFET 2 DIFHIRD ¥ — 7 O 7 DIRBHIHI OMGHT 132
LBEWEEZBNS, TDD, KX TEEHHEDIZDITHFD s D 1 RIH%Z
HLTRRD K S ICEHT %,

2
Gupe(s) =( : 1)( “r ) @.7)

Ju+Jyp s \s?+2Lw,s + W?
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E—X2 MV EEME R Y O EES £ TOMLERMKIER 4.5 &
RUNDZHONTRXRDEL S ICREAT ST L ETE S,

1 1
G(S) - (JM+JL . ?)

(s2 + 20,0, + W2 w? )
w? §2 4+ 24wps + W?
2
w
13 u > (4.8)
8%+ 20,w,8 + w4

HlE 522 (4.8) Tadih L7zBIc, £— X2 LAIE Y Y OhiEE
ST A4— RN\w I E5E, M4T7070y IXERD, ENEX T ref, res
FFNTENBIRE, WEMHZ R, K47ICBNT, 71 )b X204 iR
HFEZ O TSRO EZ2RR T % 2 & T, HERIEZROLLEI T 1 > 7%
MEHEZEROLEE T AV KD T KELSTEZDT, HHOTZDITHEEHIH
ROGEMEZE 1) &35,

ref refi Ares res
Om '+ + + T 1 0} S0t 0.] O 1 a)(,,2 0r
— Kp —» - - ) 3 3 Lt P B
- UntJ)s @ sH2Cwstoy s S22 0,510,

4.7: Control block diagram (full-closed control)

CDEE, MERADSREAMERES & TO—RKIzEREEI,

w2

G(s) = §12 a (4.9)
S 82+ 2L,w,s + W2
LixB0DT, NMEHEEROLEIT A > 2 RKELT 5 E w, (O EREECTHilfE
A MREN S 2 FIREMED D B, NIETE DD D IERE R AIE X TOMmERBUE, X
RDK SRS,

G(s) = Ky 4.10
(5) = 83 + 24,w,8% + W2s + K2 (4.10)
7z, XM@Y ICs=jw2fRATBERNXERS,
. K,w;
G(jw) = (4.11)
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ERXEEHEEL, BEEN0LE2 wZ kDB E, w,>0XDHX 4.12) 2155
TEMNTES,

w = w, (4.12)

X (4.12) XD, MLEGIERDALEIC T > 12356 OHRENE BB O [ I
RIS E 7525 2 EWNDMB [51]. TDD, KILREBEBOHES) 2 HHd %
THEPRETH S,

422 ERFAEICEK BIREHDH]

T— 2 L ANLE Y D SRR S N AR CIREE L DA T 4 — R
Ny T B0 51EE LT, BIZIEK4.8[36) b B, E—FHE & AN E
YUY EEHRE SNSRI CEE L DR ERE L EET S L, K48 D
FEHIIRIC I 2 EHE T B 22 E X TORMILV— T DRI A D K 5
ICix%, Te2L, BHOTOENEBRN L THEPHIEEL, J,+J,=1¢&
L7z

G( ) b2S2+b1S+b0 1 a)ﬁ
s) = -
§3 4+ ars* +a;s + ag §? + 20,w,5 + W2
(4.13)
2
wwf (s2 + 20,w,S + wﬁ) & + 2Ly,
3+ ars? +a;s + ag 2+ 2£,0,8 + W2
_ bys(s + 24,w,) (4.14)

3+ ars?+a;s+ag
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_ gres
+ + m m
j» _ QKNI HL) ref Jas | gres g K}
) + + Tm + m Bm

4.8: Control block diagram of conventional method with vibration suppression

control using differential velocity feedback

X (4.13) DRRE ar~ay, by~bo XI55,

w’K,
ay = 2w+ = (4.15)
2 a 2Kv
o = o 4 Zerh (4.16)
Wy
a = WK, 4.17)
WK,
by = = (4.18)
2 a 2KV
b = Zerk (4.19)
a)a
by = WK, (4.20)

X (4.14) ORI TIE, BEROHERSS RHIRFFE 2 D T E T« — RN 7|
HROFENETEN S, X (4.9) DIEERK L IIXDENRR D70, (rE]
RN IR S T AR T 2 K IRERBO B Z M T 2 WV TE
A4

FDi, FEEEICHHUCT A Y K ZDTTE—Z MLZICT 4 — BNy
7 U CHRIRIEE 2T 5 2 EIdTERWVWEEZONS, K48DT I 2
L—2 g VEERZK 491079, R0, X4.8 DFETIRE)Z X - 72 < il
TETWVERL,

UL, RICGHERTEROGZERSZ 1] 1952 enTENE,
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b2S2 + blS + b()
§3 4+ ars? +a;s + ag

L30T, X @.13)EXRD LSBT B,

~ 1 4.21)

G §2 + 20w, s(s + 20,w,) 427
) §2 4 20,048 + W S(S + 2L,0,) + W2 (4.22)
aa a a*’a a
B Conventional system
(with vibration suppression control using differential speed feedback)
M Position Reference
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5 >
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] 1
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4.9: Comparison of simulation results of conventional method and proposed

method
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4.10: Control block diagram (semi-closed control)

+ T ~L
O Kt P
+ +
1
Tis

4.11: Control block diagram (full-closed control with anti-resonance vibration

suppression control)
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4.12: Frequency characteristics by simulation from the torque of the controlled

object to the motor velocity
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4.13: Operating waveform by simulation in semi-closed control
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4.14: Operating waveform by simulation in full-closed control (without anti-

resonance vibration suppression control)
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4.15: Operating waveform by simulation in full-closed control (with anti-

resonance vibration suppression control)
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4.16: Nyquist diagram by simulation without anti-resonance vibration suppres-

sion control

4.2.5 INTA—RRRE

4171, HHI7A 2% K =200, Ky =300, K, =500 &2 U 7zBRO 3
BV —7 /ERIV— T DF A FA MR TH 5, K4.17HDHE, &, KO
NEIC LB T A IEREL THmo T, HBIT AV K, 2 KRELTBE, RRIC
LEMDEE L TWB T b5,

K; =200 DEDY I 2 L— g M KBRHEISEIEZ X 4.181C, K/ = 300
DYEDY I 2 b—Y 3 VI K BRRISERIE 2K 4.191R9 . IRZICHREND
INEL7E>THED, K, =500 TR415DK51C%%5%, EHIC, K,=750F T
RELLTHIIRRDHE 2L LAV,

AHRRED, Ko l&, HEIBRERMILERETHRZEEND T LN D,
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4.17: Nyquist diagram by simulation with anti-resonance vibration suppression

control

84



Position [rev]

Torque [Nm]

i i
0.2 0.3

Time [s]

4.18: Time response waveform by simulation (K, = 200)
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4.19: Time response waveform by simulation (K, = 300)
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LTCRETFEROARMED MR T E 2,

%% 4.1: Experiment parameters

Parameters Physical quantity 2-inertial Ball screw
mechanism | mechanism
Setting value | Setting value
Position controller
K, proportional gain[1/s] 10 105
Velocity controller
K, proportional gain[1/s] 63 660
Velocity controller
T; integral time[ms] 30.00 7.62
Moment of
JilIu inertia ratio[ %] 3872 1032
Vibration suppression
Ky gain[%] 1000 1600

Coupling 2

§ Coupling 1

ST . e
=== B _—

Coupling 3 |t

Load Side Encoder

4.20: Experimental device : 2-inertial mechanism
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4.22: Frequency characteristic by experiment : 2-inertial mechanism
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B Conventional system (without anti-resonance vibration suppression control)
B Proposed system (with anti-resonance vibration suppression control)
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4.23: Experimental result : 2-inertial mechanism
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4.24: Frequency characteristic by experiment : Ball screw mechanism
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B Proposed system (with anti-resonance vibration suppression control)

B Conventional system (without anti-resonance vibration suppression control)
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4.25: Experimental result : Ball screw mechanism

AHEICRGET Ui, 7V 7u—X RlEoAZEiHEE LTHD, HilfH
DTN TR, RETBNNTA—RIE1DORTH B, 4 1 B TERLIH
BREOHZIMSd L 05740, NHY—RY VTICHAATB I ENTES
HEBROHZZ TS TE>TWb, £z, WNIA—REFTAVDATHD,
e GUERIIR, EH5IC, AR TG AREIHIHIERE, O P il

181,33 E PLHIENCATING B L 72> TV 5,

ZFDY, 13BN TZNHY—RT IR EN S 4 DOHIFIS
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NTZE LT3,

43 HIEREXYIcEB 7V O—X F§IE

AEITIE, BEERE—XIcEENEDya—2ZFHLEEI 70— R
HEcE NN IET Y a— 22 HH Lz 7))V 7 a—X RlcsE R Engn
B i eimiRE) O RIS DN THREETT B,

43.1 FIEXEROETIVE

FEROREEE 2T 5720, HilERNSE LT 426 IR X 9 KED)
BRI S, X 4.2610F, EREHFME L U C THK MRS HELR—LRAC AT A &
KR4620-940L Z kA=t 2[RRI AR £ — 2 SGMIV-02ADA21 TR
9 %, AJEERICIECERICE S O Z DT TeithIiE © ZHD 1T T %, afEEeH
BEIT % L, #MEZ D OFICED 7288 DAY 1 1Hz THREN S 5 25k E
ThHb, R—=IVRCATAEZRAy ) 7 OEA IR ERE, FEE0
WKL THomOOTHAEE Z, siPEIZD (Flexible Arm) ZHEHII %A
ELT, BED (Weight) &rJE)EH (Movable Part) D 2 E D 5 7% % BR
ERET B E, EHETGRERIER @.27) BXURK 4.28) &4 %,

Judy = Ty —K(xpy —x1) — Chy — xp) (4.27)

JiXp = K(xy —xp) + C(xpy — Xz) (4.28)

CDOEZE, JyBE—ZOMFEEE—X2F, R—LQUOBERE—X Y
k, AIERREMEZ R =)L CD V) — Ric X %oz E & U T T— Xl Hii
BUIEEE— XV FOMTH %, J, 13EBL 0 DEMEZR—)ILRCOY —FIC
K B od 2 L CE—XMICFMRAR L BT — AV FTh B, e, K
(FHMEE D DITIEBTH D, CIEHIERD OISR, Ty dFE—XMVIT
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H%o xy X Iy BIDZENTHY, x &I OB TH S, X (4.27) &K (4.28)
IOy JKTEET S EX 42702 SHEAN LR 5, X427 Tld, L%
DN 7Z EHICT 728, #IEIE D OREFREC=0%L Lz,

Fiz, K42707 0y ZKIEK 428 DX S ICFHHETE S, X 4.26 D%
WETIVTIE, Jy =145 X 10~%kgm?, J; =3.00 X 10°%kgm? TH O, AJEER
EBELOOENMMIFRREEL TS L, T—X2NCHE LS D OEEOF
BN T, Ty = 0.020 &5 %, EINCIZE—RIPAROEFNEL BRI T EHT
X5 [52] DT, K428 DR TRT K IICE—X MV ZIb 29 1h%5E 18
MICFELIRWEEZ BND, LIt >T, T=XM@ENMLA T =Nk
BE O fOREEOHEENNHETH D, L FICXBREEDOMPDPLETH
%o HA428ICHBNTE—Z MV Ty hS5BE D OIHEE 5, F TORERE
ZRDBE, XA kIxB,

2
IE'?fE (4.29)

122U, JufJy < 1 D SEAIREA A w, 3R TS,

w, = O+—) J_- (4.30)

X 4.27 D 2 FEEARNIOR T IR RIEE 4.29) D 5005 K 51K 4.29
D 2 FFEFRN O IR Tl TE %, X4.29 Tld, SAZEHICT 57281
K,/Jy % K, B\,

1 w
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4.26: Experimental device
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Acceleration
ick up

Position Motor: | —
reference + tor ue! +
K, !
_ Motor L _ _ T _ | position
velocityr—
|i,‘

4.27: Block diagram of the basic control system

4.28: Transformed block diagram
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Position Motor Motor . _ . _ Weight

5 T | L
reference + 1 velocn}i 1 posmonL o2 | posTon
4 s s ' S+aw? !

A

IAcceleration pick up
1
K;'l

4.29: Block diagram of the control system

432 MMEEBE714— RNV ITA D%
E LB DE

AFTIE, PR D OIREZ2ZE(L T 57201, K427DX S YT
W U T E RS DT 0 — RNy 7 L EEES 27 LIzESD 7 +— R
N T eRER U [53], REIREIC K DY) R A VETRRX 28T %,

AHHTFEIC K 2 IRE DO LETRENZERT 5720, K428DT7 0y 7
HICBWTIHEEESZAZ L, B DOMEE 5, LR UNMA xy —x, DIRAER
BE—HERDCT 4 — RNy 7 L TWVW5, T—XDMELHEDT —R
Ny 7 EEDETEIREED T ¢ — RNy V2R L TWB DT, HIfIROLE
{LNAIHETH %,

— RN FEZE ] OIS T IHEE )L — T OIMANC WL )L — T E RS % 2 &
V=T ORERTHEFIEZITS, EHIC, HEEOWM TIIEBEBEMAAET 5120
IZ, Mnesz ANTHE)V—TZRKT %, EEHARTIE, £<O5A, P
HARZHERCT 50, RETTIELLTOERIC B TR LR REARME 5 NS
728, K4.291R"9 K DI, HEIL—T % P HlfE & U CALERTEIROE H W
Ve A I

TOLE, MEETHLHBL D OMEE TOEERBICHENT, FriEAfER
WERKD XS5 %,
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i

K,
s+ Kst+ (7 + a)f) 5

K,K, K,
+( u +—Kf1a)f+Kva)f)Sz
Ti Tl' ’

K, K, K,K,
+ (T[wf + TiKﬂwf) s+ "Tiwf =0 (431)

1\ (4.31) DXHDREAD, FREBINEEEY (ZEEEEE, v =257, =2,
Y3 = 2,y4 = 2) WEBKICHN HREAZHL [49, 54] &, NENV—T T A
VK, HEIV—TREWEE T, IEET 4 — RN 775102 Ky BRTEHE
T4 =B IFAL Y K BRADE S 75w, & K, OBTIATE S,

2K,
T = —Y 4.32
© _ _0.00156K; 433
" w2 (K2 - 202) '
0.00156K° 0.250K3 2.00K,
Ky =— T+ L - 4.34
N TR 2] T (K —20]) K- 207 (439
oo _ 003K} 2000 100K 435)
2T (K2 - 20?) | K2 =202 K2 -2w? '
F7z, FMREEEIX 4.36) £7x 5,
1+ K¢
7= /2 (4.36)
K

p

—77, REBIEDLEEREOERZMHT 5 &, FMRrE i3I 4.37) D
XIICEKT T EETES[55]

r= WV % 4.37)
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Feim R OIRENE AL w DB TH UL, FEROINEEE & U THMRE
B ZHELTRK @.37) TEHE L K, OfER (4.32) B (4.35) 1S#EHT
HT LT, BINTA—EDEHETES, LML, X435 4.35) 15 43E
M SEOFENREL 2570, NHAY—RY >V TIHHPAL T LIFEHL <,
IR ORI RD BN D,

FEBURIE T DL

MH OHEFEERO CPU TIRIEHBEAM DA —N\—T 0 — R ED LN S, il
11, FHOHBNEE Lnized, AKEiITIE, X (4.33)~2 (4.35) O #7217
9o fREKETIE, FrEAREROREN R 256 TEHFMBFEHDFR U TH
MU AT TIEDHAF Clc iz 2 B8N D 5, AMEEZFIHL, X4.29 Dl
HROIE 2 T T 5 & T (4.33)~=K (4.35) DEHLZMGETT 5, €E—X F
IWINDBE D DRIOFEN NS NGE, MEILV—T7 A 2 2BE D ORE)
B E DB RELSTES, TOHE, IREEEDOT +— BNy Z{EF5ITH
LT, HENLV—TNI-PHIEITE PHIITE 7 A 2 MNZFE 117525 T DE
BRRN T PRI CEMZE 2 %, HE P HIEITORIE 7 1y 7 K%K 4.30 1
RS, XY, M 1-P I &OHEE P HIE TR C AT v TINE &5 B S 2 T
35,

Position Motor Motor Weight
reference + 1 velocity 1 position .2 position
i S s S+w?

- ) Eln
IAcceleration pick up
s

4.30: Block diagram of the system with P control

MEFETNEHELE D OME X TCOLEERRKICBO TR ME AR D XK S
IZ75 %,
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st K,sP+ (KpKv + wf + KﬂKvwf) 52

+ (K} + KpKyw)) s+ K,Kw! =0 (4.38)

1\ (4.37) L ERRICREIXIE DL e FEAREZ R 9 % &, kP E U3 (4.39)
DXIIEB,

Y3Y2Y1
= 4.
T K, (4.39)

X (4.39) MK (4.37) &E—E L, DOERDFRED D LEETEE 2 —HEE %
TemEZBEy =25 v=2,3=4,75%, ULHL, FERIZI-PHIEHD
GELETOINEDERD S22, v &y, ER UEEHV, ZEERED
HICy; 22 CEN RN R UIRE, X & TS E Cic
BHEXIC y;, ZIRDTc, TOMR, REEIEZ y1 =25,7, =2,y =3.83
ELTEV AR &, MEV—T T A VK, WHET 1 —RN\y 775 A
VK BIRUOHET 4 —FNXw I T AV Kpldw, &K, TG K, DBFE L
T (4400~ (4.42) THETE %,

T &, ELORENTN D, R (432)ZZD0XXHEHT 5,

0.00178K>
K= ———~

0.261K, 0.00178K>  1.00
= o o - X, (4.41)
0.0341K)2
Kp=-1+—T21 (4.42)
w}”
F iz, FMRFERII 4.43) &%,
19.15
T = Y3Y2Y1 _ (443)

K, K,
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4311C K, = 25157, w, = 62.8rad/s DIFHIC, 1-PHlEHFFE PHEKFOIE
D DALED ATy TIVERRT . X431 POFERSE v, = 2 & U7z 1-P il IO
ISETHO, WL y; =3.83 L L PHIEHROSETH S, miEIFIZITF—K
LTW3. Leh>7T, IPHIlRDT A2 K, K, Ky 21K (4.40)~3X (4.42)
THELITZ 2 AHEMED B %,

1.4
1.2r
_ 1F S -—‘5\‘,-\:".-:-‘:_:'_:'.'_'_':.:-_-_-..-4“ uuuuuuuu
— /l jx
2 0.8+ ! 7
g o/
= o6 ! f _
a B P control (y,;= 2)
S Y = I-P control (y,=2)
< 04 1§ 4
Ny = P control (y;=3.83)
0.2l / Sf - — Using approximation K,, Ky |
| Using approximation K,,, K1,K >
L e S F
0 0.05 01 015 02 025 03 035 04
Time [s]
4.31: Step response at w, = 62.8rad/s
TSRS DFESR

I (4.40)~3K (4.42) DIELKEE R R % 9, K, DUTNEE 2 it
95, K4321C w, = 62.8rad/s E LT K, ZAH LA 433) B&X
U 440) W ORIEEINBMEBIL—T T AV K, DT 5772133, MHDO
BERTEE (I-P KD THO, Aldy; =383 & LIZPHIHOEAETH S,
K, = 12557 L ECHIENLV—T 7 A~ K, ZIE—KT %, FkRIC, X4.331C
K,=251s" £ LT w ZEELIGAICR 4.33) BXUK @40) h5EE N
BOEN—TT AV K, DT T T 7%2RKT, w, =30rad/s L ETHENLV—T7 1>
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K, WEIE—53 3,

100 T T T T T T T T T T %
gﬁ |~ O:1-Pcontrol (y,=2) |
Q. A : P control (y, =3.83) .
S 50 -
= g ]
S 44 ]
@)

A () om0 -
| 1 01 1 1 1 1 1 1 1 ] 1 1 |

0 250 500

Velocity loop gain [1/s]
4.32: Position loop gain (K,) at w, = 62.8rad/s
100 T T T T T T T T T [ T T
g L A -
=S i o O: 1I-P control (y,= 2) i
o - A: Pcontrol (y=3.83) A
3

§ 50 i A i
+~ - 8 -
R7) B é & i
ch ok ®t 0 0nnnannagnaa a8 _|
i 1 1 1 1 1 1 1 1 1 ] 1 1 |

0 50 100

Mechanical resonance frequency [rad/s]

4.33: Position loop gain (K,) at K, = 251s™"

E BT Ky, DIEUEEZERT 5. K4.32 LRGMTX 4.35) BLUK (4.42)
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NOFBRENZHET A — RNV I T AV K DTS5 T 2K 434117, K, =
1255 ' DL ETHET — RN 77 A ¥ Ky MIEIE—ET %, FERIC, X (4.35)
BRUK @A) S5RBENBIHET 4 — RN I T AV K DTS5 T 72X 4.35
IR, w, =30rads L ETHET 4 — FNw I 7 A2 Kp DIZIE—HT 5,

[\

£

<

1))

-~

Q

3

ko)

(]

L

>

=

Q

@)
p—

q) -
)

T T T T T T

O: I-P control (y,= 2)
A: P control (v=3.83)

{5

T IRARRRAR

1 1 1 1 1

1 1

1 1

1 Ll ]
250 346 500
Velocity loop gain [1/s]

4.34: Velocity feedback gain (K ,) at w, = 62.8rad/s
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T T T T T

g i i i
S 2f o : O: I-P control (y,=2) -
§ i N . A:i P control (y,= 3.83) 1
yQ 1 1

b5 6 ! !

e | EAGREEEEE TR ¢ : -
B 05-nnnmmnnnmenne R N Y |
'S _ : . 222 Q |
S l l

(D] F 1 1

> _2 1 1 1 L 1 Lo 1 | 1 1

0 . 50 : 100
44 0 69.1

Mechanical resonance frequency [rad/s]

4.35: Velocity feedback gain (K ) at K, = 251s™

RABRIC Ky OGS 21389 %, X 4.361C w, = 62.8rad/s TK, ZZHE L
IGEDNERE T + — RNy 77 A Y Ky 723, RPOOIREEGTEMTH
D, Al PHENCHEDWGEUROBEETH S, K, = 50057 DL EOHIFHTIF
E—E9 %, FARRIC K, =251s DRI w, ZEHE L IGEOIEE T «— R
INY DAY K 2R 437 18R T w, = 30~50rad/s THHEE T +— K3y &
TAY K 3IFE—HT B,
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)
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T T T T T T
O: I-P control (y,= 2)

g :

5 0

s o A: P control (y;=3.83) |
g 0.02r--g - ,

% o 1

3 0

= i

.5-0.02

< L

5 s o

§_0.05+A L L. L L I L L ! L ! L
< 0 120 250 500
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4.36: Acceleration feedback gain (K,) at w, = 62.8rad/s

E 0.05 T T T T T T T T T T T =
S i R | O: I-P control (y,= 2)

= a "8, A P control (v,=3.83)
< r o A :

e 0 .
O | 1 O 0 5 A A A A A A a

L0.|_<) O 1 o o o o o o A
) | . . A Q..
=)

o i : ]
§—005 1 Al 1 1 1 1 E 1 1 1 | 1 1 H

< 0 50 62.8 100

Mechanical resonance frequency [rad/s]

4.37: Acceleration feedback gain (K,y) at K, = 251s™!

434, %435, X436, K437 205 L, Kn, Kp EEICIEEDEZED

%%,
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Bz, K, =1265", w, = 62.8rad/s ICBWVT, K 1ZK4.36 KD, ADfHE
b, TOLE, WEMEHOTAT Y THBICNT 588 D OfEZY I 2
L—23 9% EK438DFEMOKLIICED, HIREHIHITZ TV, 7
2L, MBItk LTHb, BEiEZ 1 L LTV, TORENS, K,
DFF 5 DA% RS % LXK 4.38 DARFRDO K 512750, EEREIDFELET 2,

—77, K, = 6285w, = 62.8rad/s ICBT, Ky EX436 K0, EDfEE
%, TOLE, WEMEHOTAT Y THEBCHTE2BL0OMMERZY I 2
L—23 9% EK439 DFEMOKL IR0, HalKREHIHITE 05, C
DIREEN D, K, DFFEDHZKEET % LXK 4.38 DFRFRO X 107D, FERdiR
LT %,

CAUE, D ERE TIREIZOIEILT & BT [56] 1ISAS B HLd—>
EEABNS,

Kfl:positive
mKfl:negative

0.81

0.6

Position [-]

0.41

0.2

0 0f5 { 1f5 é 2f5 3
Time [s]

4.38: Step response by simulation (K, = 12657}, w, = 62.8rad/s)
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T
Kfl:positive
mKfl:negative

1F [

0.81

0.6

Position [-]

0.4

0.21

0 0.5 1 1.5 2 2.5 3

Time [s]

4.39: Step response by simulation (K, = 62.8s7!, w, = 62.8rad/s)

I-P HIENC BT, K, K, K D3 DDT A NCDNTR (4.40)~1X (4.42)
IR E LI ED ATy TINEDRHEFERZK 4.31 OFAD SHR TR,
K, = 251s7!', w, = 62.8rad/s DI, = (4.33)~z (4.35) ITxf9 %0 (4.40)~
2 (4.42) DIEDFEAEIZ 4 1.4%, 57.1%, 2.3% TH B0 Ko lCDWVTIE, X (4.34)
W B2 (4.41) DFREDNRKENVC EDHEKTA—N—2 2 — FHHTED,
ELREED K <R —H, K, & KpliDWTiE, X (4.40) L2 (4.42) 231
RETBEEES%UNERD, K43112BNT, ELROROOSHRIE A —
N— 2 — FaL -PHEFRFOFEOBHRE IFIE—H L T\5B, DT b,
NBEEE T ¢ — RN 77 A ¥ Ky (3N 5 filiZe & 2 BISENDFENRE N
SZ, EUMBEHELWL, Lizh> T, R (4.40) & (4.42) IC K 200 E RS %,

REGEZ R T 2581, UTOX 51179,

L 74> Ky & K % 012 UTARRE GRS HIEISR D7 1 il 217 >
2. MBEFEE v & 7 v FOUEF RIS CBIIT 5 < & CIRBMIH L 72\
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R w, Z2WERT %o

3. WEINTVABK, LR LTz w, ZMHH L TIRERANS K, T, K1, Kp
TRET B,

4 TAUINTG VAN EDL S22 & T, MiE,/HEHERD N EIC TS T
mad, K 2T, EE LU TREED S K, T, K, Kp ZiET %,

433 INTA—RREE

HiffiCw, & K, DB LT/ T AV ERETER T LR L, K, 1da—
YIMEEICRET 2T D TEBMETH D, /ST A— 2 L@ ONE
HIERICHB T B EN—T 7 A ERICTH 5,

—7, w FNMHEY Y 77y TOH 72 5H% TEIT % < & TRz
KRET 2D, HEEAICK D ITNELECZAEEEDND S, AFiTIE, AifiTHR
L7238 (4.40) &2 (4.42) Z WG B OIS & REIHFIHITERED 0, DT HIC
KoTEDHEZEILTZ2hEYIal—y 3 VICTHERT %,

X 4.40 IC AT TIBICHT 586 O OMEZRT, 72720, MEGEIT
LLTHH, BENEZ 1 ELT05, EROFABERED S w, OFEMEHMK
WIGE, IREFNHIIRIEZ UV, —77, REOFEBEHED & w, OFREM
MEWIGE, REHIHERIRIENE &b, 206 BEI NS &4 —/N\—2a—Fh
MBEFIC TR > T3,

UL, FEEICIE, JE UICIE OBt MEDEBED E W ITIC 20% &9 N
% T 3 Vinntzed, BEMICIED 2IEE KM E TR EEONDS &
ABo
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0.8

|
L
g 0.6
o p—
~—
o v—
8
0.4
A~ No error
mor(setting value) = 0.5 * or(actual value)
0.2 or(setting value) = 1.1 * wr(actual value) |
mor(setting value) = 1.2 * wr(actual value)
0 1 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Time [s]

4.40: Step response by simulation (with setting error for w,)

4.3.4 EERIC K BHER
EREBONE

AITEE D BRI SR 2 FEBRIC CTHERR S %0 X1 4.41 13 U 7= S5 O R
XTH2, K441 OBEMHERIZIX 4.26 1CF# LTERTH O, Sk b e
DFEE IS HWET 7 =A% IsEY -y 77 7352065 ZED 1+
T, AR 2T 482A16 1 K D NBHEE(E 72 10 f5IC I8 Uz, HilE > oy
70%, K429 R E Lz ay 2 e L, EEY Y 77w Th sl E
BT Fa g EE T —RT VTICATI Ul MHERIE— ZICALE R DB 2
¥, HENIEDACHT 288 0 OMEZ L—YEMEHSTHIEL, Z0i%
TruJEEE L THESGE SRS N O—X88351CATIT 5,
WETF—=2ETFANT 7AW IRICT S 7{E LTz,
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Servo
Amplifier

Acceleration Pick Up

Flexible Arm

Power .
Moving Part

Ball Screw

| | —» Force

4.41: Configuration of experimental device

IEEZ « — FIN\y 7Ic X BHlR (BEE)

441 OFRBEEEICH LT, X @.33)~X @.36) XoRkdoNhsrT7 1 27%
L ThREE Y 7 7w TERICK D T 0 — BNy JHilllzlT5, ez
K, =251s7", w, = 69.1radfs & L7zDT, T, =0.009, K, = 6.2, K = 0.005,
Kp=-052TH%, TDLEDHEE D DLEN 2K 4.42 1CFHTRT, LHRD7:
DITHREHNHIHIE 2T TR WHEE DI E D DZNL G TR, HREINHIH|fE
ZITOIRWEEOFGEMIE K, = 25157, w, = 69.1rad/s, T;=0.009, K, =6.2,
Kn=0, Kn=0Tdh5%,
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g 20r
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Time [s]

4.42: Position of Load End by experiment

441 DFBEEE T, BE O ORENRAKT 2mm TH O, BE D OIRED
0.5mm ICIHET % F TIC3MWL 2B 2R EOEETH D, —/7, HZ—Ib
RCDFy M7 — 7 )VEERT ORI, €— 2 &M L 7 #E T 10% L
TTHO, HWENV—TOEDERCTHRICHHETE S, K442 KD, HEE
X274 VEIRZAWIEEGE, BEMEREEZORAIREAD 0.7mm 5
0.07mm & 1/10 IR L TH O, @mWIREHIHRIRZRL T\ a,

EET «— RNy 7Ic K BHIiR GELUER)
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S

Position [mm]

Approximate error [mm]

Time [s]

4.43: Position of the Load End with acceleration feedback (using approximate

expressions) by experiment
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