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Fig.2-1 Model of Ultra Precision Positioning Apparatus
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Table 2-1 Static characteristics of global servo

Definition Symbol Value

Mass of the table M 8.975 kg

Moment of inertia J  × 
  ∙

Motor

amplifier gain
 3

Damping Coeff.

bettween screw nut
  × 

  ∙

Frictional torque  
 

  × 
 ∙

   × 
 ∙
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Fig.2-2 Cutting force of the Ultra precision Cutting Unit
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그리고 에 해 안 탄 힌지 가공편 고 하여Paros Weisbord

노치 연힌지 과 같 초 계를 하 다Fig.2-3 .

Fig.2-3 Modelling of Ultra Precision stage

Table 2-2 Performance of PSt 150/7/40 VS12 PZT

Type
Max. stroke



length L



Resonance

frequency


PSt 150/7/40

VS12
55/40 46 20
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Fig.2-4 Deformation of FEM model for micro stage

Table 2-3 Material properties

Material

Young's

modulus

()

Poisson's

ratio

Mass

density

()

Limit stress

()

Tension Compression

Duralumin 7,1800 0.336 × 482.5 403.5
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Fig.2-5 Displacement at maximum load of work 1800N

Fig.2-6 Von-Mises stress distribution of FEM model for micro stage(Load at works)
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Fig.2-7 Von-Mises stress distribution of FEM model for micro stage

(Displacement at work)
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Fig.2-8 Single linear spring model

Fig.2-9 Truss bar type motion guide
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(15)~(21)

Fig.2-10 A two-dimensinal structure with piezo electric actuator
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Table 2-4 Static characteristics of micro servo

Definition Symbol Value

Mass of the table m 

Damping coeff. of the PZT

compo.
 ∙

Spring coeff.of the PZT compo.   × 

PZT capacitance C ×
 

Load resisitance

of PZT
R 

PZT amplifier gain  10

PZT gain  0.78×107 N/v
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Fig.3-1 Schematic diagram of Heterodyne interferometer
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Fig.3-2 Schematic diagram of Michelson interferometer
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Fig.3-4 Miniaturized Homodyne(single frequency) interferometer
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Fig.3-5 Linear Measurement of Laser interferometer

Fig.3-6 Angular Measurement of Laser interferometer
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(23)

Fig.3-7 Composition of optical fiber laser and environment compensator
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   (3-7)

Fig.3-8 The straightness measuring mean of ECTS
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Fig.3-9 Beam components in the orthogonal reference system of the interferometer
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Frequency stability vs time  

(measured against ML10 Gold reference laser - sample rate 1Hz)
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Fig.3-10 Frequency stability of Optical Fiber laser(Environment compensation)
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Fig.3-11 Zero point Drift and Temperature over time

Table 3-1 RCU10 performance
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Input resolutions 10 nm to 5 um (digital input)

Output resolutions
Digital 10 nm to 5 um

Analogue 20, 40 and 100 um

Accuracy
±1 ppm (Refractive index compensation only)

±2 ppm (With 10ppm/deg C material compensation)

Maximum velocity
5 m/s Resolutions >400 nm,

0.2 m/s at 10 nm resolution

Compensation update rate 100 us

Delay through compensator <2 us (digital input - digital output)

Output update rate

(digital)(Selectable)

20 MHz (50ns)(minimum edge-edge separation)

10 MHz (100ns), 5 MHz (200ns), 2.5 MHz (400ns)

Output update rate (analogue) 10 MHz (100ns)

Input bandwidth(Selectable) 20 / 10 / 5 / 2.5 MHz

Table 3-2 Air sensor performance

Accuracy
± 0.2 °C

(Within 13 months of calibration)

Measurement range 0 °C 50 °C–

Resolution 1/128 °C

Update rate 1 Hz

Voltage Range 4.5 to 5.5 Volts

Current 20 mA (max)

Table 3-3 Material sensor performance

Accuracy
± 0.1 °C

(Within 13 months of calibration)

Measurement range 0 °C 50 °C–

Resolution 1/128 °C

Update rate 1 Hz

Voltage Range 4.5 to 5.5 Volts

Current 20 mA (max)
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달함수 알고리1
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Fig.4-1 Block diagram of a piezo electric actuator
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Fig.4-2 Block diagram of a piezo electric actuator

 

  








 

 


 ···

















 

(24)



- 39 -

압 동 히스 리시스2
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Fig.4-3 Hysteresis modeling of PZT
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압 동 역 히스 리시스3

Fig.4-4 Model of inverse hysteresis
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Fig.4-5 Inverse hysteresis modeling of PZT
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상지연 보상4

Fig.4-6 Phase comparison of open loop, inverse and

inverse model+lead compensator
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Fig.4-7 Frequency Response of Lead Compensator(close loop)
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Table 4-1 Control parameters of PID controller Micro servo

Table 4-2 Step response of Micro servo

Definition Symbol micro servo

Proportional gain β 0.01

Integral gain γ 800

Differential gain α 5×10
-7

Sampling time T 0.0002 s

Definition micro servo

Steady-state error 0

Maximum overshot[%] 0.1(10%)

Rise Time[s] 0.005

Setting Time[s] 0.0075
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UMAC-High Performance Controller
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(a) Straightness control (b) Micro stage

(c) Configuration of the experimental device

Fig.5-1 experimental device of Error Compensation Tool-holder Stage
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Table 5-1 Material properties of micro stage

Material
E

(kg/mm
2)


ρ

(kg/mm
3)

Nodes

/Elements

Stage

Aluminum 7,000 0.32 2.70E-06

3810 / 2724Copper 9,800 0.3 8.60E-06

Steel 19,000 0.26 7.8 e-6

AE0505D16(PZT) 4,400 0.34 2.50E-06 234 / 120

Mild steel (Tool Holder zig) 21,000 0.26 7.80E-06 1672 / 1740

Tungsten (Tool Holder) 68,730 0.22 1.48E-06 606 / 436

Diamond(Bite Tip) 114,550 0.2 3.50E-06 54 / 42

Table 5-2 Composition of experimental equipment

ITEM Model name Reference column

Piezoelectrics actuator PI-300 Max. stroke 40~50㎛

PZT controller PI-Posi 150-3-A 3-Axis controller

Displacement sensor Renishaw RLE10 Resolution : 10nm

A/D, D/A Board
UMAC-High

Performance Controller
D/A, A/D 32channel

Environment compensator Renishaw RCU10 Resolution : 10nm to 5nm
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에러보상 한 어프 그램 계2

Fig.5-2 Block diagram of Piezoelectric Actuator Control
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Fig.5-3 Block diagram of Micro-stage Control
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±㎚
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(a) Response of Inverse Hysteresis model (b) Error of Inverse hysteresis model

Fig.5-4 Tracking error of inverse hysteresis model
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(a) Response of PID controller (b) Error of PID controller

Fig.5-5 Tracking error of using PID controller

(a) Response of Inverse hysteresis model&PID (b) Error of Inverse hysteresis model&PID

Fig.5-6 Tracking error of inverse hysteresis model and PID controller
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초 밀 에러보상실험 결과3

0 200 400 600 800 1000

0.0

0.1

0.2

0.3

0.4

0.5

0.6

D
is

p
la

c
e
m

e
n
t(

㎛
)

Time(ms)

±10 nm

D
is

p
la

c
e
m

e
n
t(

㎛
)

Time(sec)

0 200 400 600 800

0.1

0.2

0.3

0.4

0.5

0.6

0
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APPENDIX A: Cutting Force in Turning
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Cutting Force in Turning

Effect element of Cutting Force in Turning※

- Material of workpiece

- Material of cutting tool

- Geometrical shape of cutting tool

- Cutting oil

Fm
(Main cutting force)

Fa
(Feed cutting force )

Fr
(Thrust cutting force )

Depth(t) Dia.(f)

N

Feed(f)

3 Component Cutting Force※

Main Cutting Force Component (F☑ m)

Fm = Ks × t × F (kg)

Feed Cutting Force Component (F☑ a)

Fa = 0.2 × Fm [kg]

Thrust Cutting Force Component (F☑ r)

Fr = 0.3 × Fm [kg]

Ks : Specific cutting resistance, t : cutting depth(mm),

f = F/N [mm/rev], F : feed (mm/min)

Total Power Consumption☑
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N = Nl + Ne + Nf

Nl = Loss power, Ne = Effective cutting power, Nf = Feed power

Cutting Speed☑

V = ( × D × N ) / 1,000 [m/min]π

V : cutting speed (m/min), D : Diameter of workpiece (mm), N : rpm

Feed per Revolution☑

f = / N [mm/rev]ℓ

f : feed (mm/rev), : cutting depth per minute (mm/min)ℓ

. Cutting Time☑

T = L / [min]ℓ

T : Cutting time( min), L : Workpiece length (mm)

Cutting Power☑

Ne = ( t × f × V × Ks ) / ( 6120 × ) [kw]η

He = ( Ne / 0.75 ) [Hp]

t : Cutting depth (mm), Ne : Cutting power [kw],

Ks : Specific cutting resistance(kg/ ), H㎟ e : Cutting power (Hp),

: Mechanical efficiency (0.7~0.8)η

Feed according to workpiece diameter※
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80 rpm ( V = 150 M/min )

D(Φ) M/min Ks t f t f t f t f t f

600 151 238 5 0.07 4 0.08 3 0.11 2 0.16 1 0.33

550 138 238 5 0.07 4 0.09 3 0.12 2 0.18 1 0.35

500 126 238 5 0.08 4 0.10 3 0.13 2 0.20 1 0.39

450 113 238 5 0.09 4 0.11 3 0.14 2 0.22 1 0.43

400 100 238 5 0.10 4 0.12 3 0.16 2 0.24 1 0.49

350 88 238 5 0.11 4 0.14 3 0.19 2 0.28 1 0.56

300 75 238 5 0.13 4 0.16 3 0.22 2 0.33 1 0.65

270 68 238 5 0.14 4 0.18 3 0.24 2 0.36 1 0.72

240 60 238 5 0.16 4 0.20 3 0.27 2 0.41 1 0.81

210 53 238 5 0.19 4 0.23 3 0.31 2 0.46 1 0.93

180 45 238 5 0.22 4 0.27 3 0.36 2 0.54 1 1.08

150 38 238 5 0.26 4 0.33 3 0.43 2 0.65 1 1.30

120 30 238 5 0.33 4 0.41 3 0.54 2 0.81 1 1.63

90 23 238 5 0.43 4 0.54 3 0.72 2 1.08 1 2.17

60 15 238 5 0.65 4 0.81 3 1.08 2 1.63 1 3.25

30 8 238 5 1.30 4 1.63 3 2.17 2 3.25 1 6.50

160 - 600 rpm

D( )Φ M/min Ks t f t f t f t f t f

600 1130 238 5 0.10 4 0.13 3 0.17 2 0.25 1 0.50

550 1036 238 5 0.11 4 0.14 3 0.18 2 0.27 1 0.55

500 942 238 5 0.12 4 0.15 3 0.20 2 0.30 1 0.60

450 848 238 5 0.13 4 0.17 3 0.22 2 0.33 1 0.67

400 754 238 5 0.15 4 0.19 3 0.25 2 0.38 1 0.75

350 659 238 5 0.17 4 0.21 3 0.29 2 0.43 1 0.86

300 565 238 5 0.20 4 0.25 3 0.33 2 0.50 1 1.00

270 509 238 5 0.22 4 0.28 3 0.37 2 0.56 1 1.11

240 452 238 5 0.25 4 0.31 3 0.42 2 0.63 1 1.25

210 396 238 5 0.29 4 0.36 3 0.48 2 0.71 1 1.43

180 339 238 5 0.33 4 0.42 3 0.56 2 0.83 1 1.67

150 283 238 5 0.40 4 0.50 3 0.67 2 1.00 1 2.00

120 226 238 5 0.50 4 0.63 3 0.83 2 1.25 1 2.50

90 170 238 5 0.67 4 0.83 3 1.11 2 1.67 1 3.33

60 113 238 5 1.00 4 1.25 3 1.67 2 2.50 1 5.00

30 57 238 5 2.00 4 2.50 3 3.33 2 5.00 1 10.0
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1500 rpm

D(Φ) M/min Ks t f t f t f t f t f

600 2826 238 5 0.03 4 0.04 3 0.05 2 0.08 1 0.15

550 2591 238 5 0.03 4 0.04 3 0.05 2 0.08 1 0.16

500 2355 238 5 0.04 4 0.05 3 0.06 2 0.09 1 0.18

450 2120 238 5 0.04 4 0.05 3 0.07 2 0.10 1 0.20

400 1884 238 5 0.05 4 0.06 3 0.08 2 0.11 1 0.23

350 1649 238 5 0.05 4 0.06 3 0.09 2 0.13 1 0.26

300 1413 238 5 0.06 4 0.08 3 0.10 2 0.15 1 0.30

270 1272 238 5 0.07 4 0.08 3 0.11 2 0.17 1 0.33

240 1130 238 5 0.08 4 0.09 3 0.13 2 0.19 1 0.38

210 989 238 5 0.09 4 0.11 3 0.14 2 0.21 1 0.43

180 848 238 5 0.10 4 0.13 3 0.17 2 0.25 1 0.50

150 707 238 5 0.12 4 0.15 3 0.20 2 0.30 1 0.60

120 565 238 5 0.15 4 0.19 3 0.25 2 0.38 1 0.75

90 424 238 5 0.20 4 0.25 3 0.33 2 0.50 1 1.00

60 283 238 5 0.30 4 0.38 3 0.50 2 0.75 1 1.50

30 141 238 5 0.60 4 0.75 3 1.00 2 1.50 1 3.00

3000 rpm

D(Φ) M/min Ks t f t f t f t f t f

600 5652 238 5 0.01 4 0.02 3 0.02 2 0.03 1 0.07

550 5181 238 5 0.01 4 0.02 3 0.02 2 0.04 1 0.07

500 4710 238 5 0.02 4 0.02 3 0.03 2 0.04 1 0.08

450 4239 238 5 0.02 4 0.02 3 0.03 2 0.05 1 0.09

400 3768 238 5 0.02 4 0.03 3 0.03 2 0.05 1 0.10

350 3297 238 5 0.02 4 0.03 3 0.04 2 0.06 1 0.12

300 2826 238 5 0.03 4 0.03 3 0.05 2 0.07 1 0.14

270 2543 238 5 0.03 4 0.04 3 0.05 2 0.08 1 0.15

240 2261 238 5 0.03 4 0.04 3 0.06 2 0.09 1 0.17

210 1978 238 5 0.04 4 0.05 3 0.06 2 0.10 1 0.19

180 1696 238 5 0.05 4 0.06 3 0.08 2 0.11 1 0.23

150 1413 238 5 0.05 4 0.07 3 0.09 2 0.14 1 0.27

120 1130 238 5 0.07 4 0.09 3 0.11 2 0.17 1 0.34

90 848 238 5 0.09 4 0.11 3 0.15 2 0.23 1 0.45

60 565 238 5 0.14 4 0.17 3 0.23 2 0.34 1 0.68

30 283 238 5 0.27 4 0.34 3 0.45 2 0.68 1 1.36
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Cutting Torque (SM45C)※

No. D V N T ( Kg.m ) Depth = 1.0 mm

1 600 150 80 7.1 14.3 21.4 28.6 35.7 42.8 50.0 57.1 64.3 71.4

2 550 150 87 6.5 13.1 19.6 26.2 32.7 39.3 45.8 52.4 58.9 65.5

3 500 150 95 6.0 11.9 17.9 23.8 29.8 35.7 41.7 47.6 53.6 59.5

4 450 150 106 5.4 10.7 16.1 21.4 26.8 32.1 37.5 42.8 48.2 53.6

5 400 150 119 4.8 9.5 14.3 19.0 23.8 28.6 33.3 38.1 42.8 47.6

6 350 150 136 4.2 8.3 12.5 16.7 20.8 25.0 29.2 33.3 37.5 41.7

7 300 150 159 3.6 7.1 10.7 14.3 17.9 21.4 25.0 28.6 32.1 35.7

8 250 150 191 3.0 6.0 8.9 11.9 14.9 17.9 20.8 23.8 26.8 29.8

9 200 150 239 2.4 4.8 7.1 9.5 11.9 14.3 16.7 19.0 21.4 23.8

10 150 150 318 1.8 3.6 5.4 7.1 8.9 10.7 12.5 14.3 16.1 17.9

11 100 150 477 1.2 2.4 3.6 4.8 6.0 7.1 8.3 9.5 10.7 11.9

12 50 150 955 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0

13 16 150 2984 0.2 0.4 0.6 0.8 1.0 1.1 1.3 1.5 1.7 1.9

Feed 1.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Area 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

No. D V N T ( Kg.m ) Depth = 2.0 mm

1 600 150 80 14.3 28.6 42.8 57.1 71.4 85.7 100.0 114.2 128.5 142.8

2 550 150 87 13.1 26.2 39.3 52.4 65.5 78.5 91.6 104.7 117.8 130.9

3 500 150 95 11.9 23.8 35.7 47.6 59.5 71.4 83.3 95.2 107.1 119.0

4 450 150 106 10.7 21.4 32.1 42.8 53.6 64.3 75.0 85.7 96.4 107.1

5 400 150 119 9.5 19.0 28.6 38.1 47.6 57.1 66.6 76.2 85.7 95.2

6 350 150 136 8.3 16.7 25.0 33.3 41.7 50.0 58.3 66.6 75.0 83.3

7 300 150 159 7.1 14.3 21.4 28.6 35.7 42.8 50.0 57.1 64.3 71.4

8 250 150 191 6.0 11.9 17.9 23.8 29.8 35.7 41.7 47.6 53.6 59.5

9 200 150 239 4.8 9.5 14.3 19.0 23.8 28.6 33.3 38.1 42.8 47.6

10 150 150 318 3.6 7.1 10.7 14.3 17.9 21.4 25.0 28.6 32.1 35.7

11 100 150 477 2.4 4.8 7.1 9.5 11.9 14.3 16.7 19.0 21.4 23.8

12 50 150 955 1.2 2.4 3.6 4.8 6.0 7.1 8.3 9.5 10.7 11.9

13 16 150 2984 0.4 0.8 1.1 1.5 1.9 2.3 2.7 3.0 3.4 3.8

Feed 2.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Area 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
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