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Fig.3-1 Relationship between the backlash and
the frictional force in the lead screw

21-



D, THEZMZ TNy 77y EBBRETIHETHD. £ER—1RCTIE, Ml
RO BMEIETBIC & 0 WIREAME T 2 BIREM 4 U B 2%, TEEAMTZ Lk vk
DI ERTESD., UL, & BB L ERIMERTE T, T
[ T R 1 ) BB I B 72, Ry 7 T v o & A ORI A RIS
WIRI- 5 2 LI L. ‘

Ny 2Ty EBEDNN N v—FL7OBBICH LD, AT LTy kb
BRL TV B0 ChD. Lo THBMIC TXNIE, FihomEE R R T EC
bB. FOLSREVRLE LT, WHESELSHEL BV #ERL LB %
FIVERSRUAD S, LALLM ERUERE, RSN S O RIER &

D. ZBRFHERCORMMMEILEFRESWEINTETNHODEO ) 2144
7, V— FEOMGTHHROR =V CICEH~IUE, 1/2BETHLDB®O  pre
R CIZW oo THE, 1/100000LLFCL W0 Z izt LIl ER Uk, KXk
MR TR TE 5008, %< O BRMALE TR 20, BEER 5T 5 IR
MEEED B B

3. 1. 2 %%%%ﬁﬁmiagomu%mmtﬁﬁmw%ﬁ@ﬁ%m&

PLED XS0 R Ua AW B oS, Smmisc i, B RO

CARBAY 7 Ty CILETH Y, WEAERORND BRI S
T, Ny 0T v EBEEANPEBIER L2V ERERENS, FEF420lms
AR E R TE DT EBEFE LV, LA LERDOXEY U E HW - e
Ny??y?%@%ﬁ%,%%wﬁﬁﬁmmmbfﬁkéﬁézkﬁf%&mkb,
IO &5 ISR B 2 & ASHE L.

AE T, EORCIKET 5 0L 5 R EMAREREME L, B - SHEC,
143 72 M % R FTRE /2 AL TV DM & LT, HSRBSERNLEE D o U MRS 2 1R85 5
PR LIA Y R U R 1L, MREHREERIC L2y 2 T v o WE, BREmE L,
ERENES ARSI & 2 MM B AR 2 L, SO OB EEFE T 5 &
T, FREZEETEETS

(1) 7= NOmERBRHIL, +57%8 5y 77y vERE - Fy MRS %,

BRSO R ML, BRI 21T 5 = & |

(2) MBI EHEKTHRICE, Sy 2Ty aBE UTHSRMIMEETERT 5

zL.

o0



(3) N2 Ty VBEHRFLSD, U - Ty MNEOBEAIDOEELZ TN
PREMLE I 21T S 2 &, |

ARETHE, EPHEEEREY R UEBORI L, F O ET 7 2 5 FEHE
DIEHAZDOWTERHT S, WIS, EESEERIC IV RBONEREE A L
WL, WEETVERT. SOICRFIEEZ AV T, MRERLEY QUE
WOR T HOMEZ R U ALERIEER 21T, EEOEREERELZH O MIT 5.
HERESRAULIE D R U OB RS T, BERLEEHED Ny 7 T v VB E M D
ENHDN, KEOFEBRTIE, TOHUL Wy 2Ty U BEHHTS.

3. 2 MEEER{ER Yl CHSHEBORE LK

3. 2. 1 F®m |

HBEEER LRV R UEEOFEILZR 3 — 2137”7, 20Ty FEICTF—7 1%
BiEL, 7y bTF—7 A ORI, EBHT (Piczoclectric Actuator, PEA) % Ut
TS, ThoDEBRTFEMMBEEL LT, £y FeT—TAOEHE L
LEBHZENTE, RO ENTAREL 2B,

(1) MEMEESE : AU -Fy MIOAY 2Ty VRRAERB LS, T
BRTORSEFHAMTS W3—2@) ) . +05 v s T 2RI B T
PT, RU -y MEOBBAREKL, ST AkmEich UESL, M
E AT R

(2) Nyo5vVBREEE: SKMEETOAY I Ty, HHVIZEANULE
DR SHEBHFEMTIL, M3-20) DL, NvrTvirlEL,
RUE Ty FRESEAE LIC LY, HERINEZ TR 5.

(3) WEBLBEHE : Nvr 5y aBELERERELSD, K3 —2 ()
DL, EEDEBHRTES v o - TMCIESE, F—7 VR -
A EROT 5. SO, T—7VOBENF I EEINIVER L.
LT, BENZLBEREXE TR,

CDESEEOBMEIC LY, B - SR SR B R ORE A BT TH 5.
K3 —27TiXk, 2@OFy FOBIZT—T7NAVREBEISNTWVWAR, M3 —30L
Sz, FoTAEFy FOREALELTH, L3 EEOBELERTECH D,
3 —3OREICKT BN 3 — 2 DEBEOR AL, F—TIAREARNOEEET

-23-



(a) Backlash generation and coarse
motion control of the table

(b) Backlash elimination

(¢) Fine motion control of the table

- Fig.3-2 Principle of the active lead screw

mechanism (ALSM)
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Fig.3-3 Another location of the table and nuts

for the ALSM

Table 3-1 Conparison of the ALSM with positioning
mechanisms with conventional lead screws
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" Photo.3-1 Overview of the ALSM

- Table 3-2 Profile of the lead screw

Trapezoidal lead screw

Thread angle
Major diameter
Minor diameter

30°
16mm
=13.5mm

Mean diameter
Moment of inertia

Lead

4mm
15mm

3.32X10° kgm?

Table 3-3 Properties of the motor

Rated torque
Moment of inertia

Motor damping coefficient
Motor frictional torque

Voltage constant
Torque constant
Motor resistance

4.02x 107 kgm
3.87 X 10° kgm?

1.872x10* Nms/rad

1

4.17 X10% Nm
194 x10"'Vs/rad
1.196 X 10'Nm/A

1.320)
1.0x10°H

Motor inductance
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Fig.3-7 Structure of table positioning system
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Fig.3-8 Control system
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Fig.3-12 Measurement of backlash
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Fig. 3-14 The relation between8,and backlash (II)

Table 3-4 System constants (I)

Jm | 3.87 x 10°kgm? Js | 3.32x10°kgm?
Cm |1.872x10"Nms/rad| C. |9.39 x10*Nms/rad
K. | 2.01x10Nm/rad M | 8.15kg

- dp {15mm L | 4mm

Rn| 1.32Q Lm|1.0x10°H
Ki]1.194 x10'Vs/rad K2|1.196 x10"Nm/A
Tmax | 4.17 ><10"2Nm fmax | 9.63N

Kvc| 3.0
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Fig.3-15 Static characteristics of the PEAs

(long range)

44



%4
Y A4
0.2V
w4l
A
v
iy
0.2V
w4

Y 2

45-

(short range)

NN NN

Input voltage to PEA driving amp.

Fig.3-16 Static characteristics of the PEAs

NN NN
AN TN
PN g™ N [

juswaosejdsia



10 60
I Gain - -
q O 19
» %" )
S0 T\ 0
£ o0| Phase 1-120 %
G ol 4-180 £
a0l s 1 ag
100 1000

Frequency Hz

(a) Frequency characteristic

-0.8|
-1 _ -
_2 ; | ! ! ;
-10 0 10 20
| Time ms

(b) Step response
(12.8kHz sampling)

Displacement um
=)
(o)

]
A

Fig.3-17 Dynamic characteristics of PEA (l)
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Table 3-5 System constants (ll)

M:
K
Kt

7.00kg

9.98 x 10°N/m
2.45 x10°N/m

va
Co

6.80x 107" m/V
5.95 x 10°Ns/m
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Fig.3-21 Static deviation after coarse positioning

Table 3-6 Parameters for coarse positioning

P-D controller
P | pic | Proportional gain | 2.81X10* V/m
D| a2 _Derivative time | 8.89X10 Vs/m
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Fig.3-23 Positioning resolution (20nm)

Table 3-7 Parameters for fine positioning

| PI-D controller
Pl | pir | Proportional gain | 2.47 X10* V/m

Pis 1.975 % 10° V/ms
Integral time

D | az | Derivativetime | 9.87X10Vs/m

Yif
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Fig.4-9 Motor current control system

Table 4-1 Parameters for current control
Pl controller |
S | Proportional gain | 8.06x107'V/A

» Pi_ 2.22x10° V/As
Integral time '
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Fig.4-13 Control system (coarse positioning)

Table 4-2 Parameters for coarse positioning
P-D controller
P |B..|Proportional gain| 1.481x10*V/m
Bi.:|Proportional gain| 1.679x10° V/m
D | a;| Derivative time | 1.086x102 Vs/m
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Fig.4-14 Coarse positioning
Table 4-3 System constants |
Fmax | 1138x10'N | Cs [1170x107* Nms/rad

Rm 2.32 Q
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Fig.4-16 Dynamic model including the surface plate

Table 4-4 Parameters for fine positiohing

PI-D controller

Pl | B,-| Proportional gain| 2.47x10*V/m
Py 8
4.94 x10° V
7| Integral time o4 x 0 s/m
D | ay| Derivativetime | 1.975x10%2Vs/m
T,| Time constant 2.00x10*s
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Table 4-5 Comparison of positioning time

Chapter 3 | Chapter 4
1st step 213ms 174ms
2nd step 10ms 20ms
3rd step 147ms 81ms

Total 369ms 275ms
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;é\ x : Table displacement

5 0s 0Os: Rotation angle of the
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| I L: Lead |

Fig.5-1 Relationship between table displacement and
rotation angle of the lead screw with backlash
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(a) Dynamic model of the nut and table

(b) Dynamic model of the lead screw

Fig.5-2 Dynamic model of the lead screw mechanism

o Nut
-
fo /]\ P ~
b_ N
‘Z‘Ts §
Screw dp N
| @) TONNRRL
L1777777/7/777

Fig.5-3 Forces and torque between the screw and nut
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- Table 5-1 Model parameters

Os

’Js

Cs

Ts

fm

Table displacement
Rotation angle of the
lead screw

Table mass

Lead screw moment of
inertia

Lead screw damping
coeff.

Mean diameter
Disturbance torque
Motor frictional torque

Im

Om

Motor current

Rotation angle of the
motor

Motor moment of inertia
Motor damping coeff.
Stiffness of the coupling
Voltage constant
Torque constant

Lead

Table driving force
Frictional force
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Fig.5-4 Block diagram of the observer
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Fig.5-5 Positioning characteristics

Table 5-2 Control parameters(l)

P-D controller

/31c0
Pici

Proportional gain
Proportional gain

2.47 X104 V/m
1.679 X105 V/m

d2c

Derivative time

6.91 X101 Vs/m
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Fig. 5-14 States of a screw and a nut in lead
screw mechanism
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Fig.5-15 Coarse and fine positioning with backlash
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Table 5-3 Control parameters(ll)

P-D controller

P |B1co |Proportional gain [1.975x 104 V/m
Pici |Proportional gain {1.679Xx10%° V/m

D |a2c |Derivative time 6.91 X101 Vs/m
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