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Fig.1.1 Energy usage of manufacturing industry



i
10
s
12

L L7ans, MEISNTVWIHBEA=a—% kb &, EERK~DOFENR
HEODIR RIS ZER I 80— h W@%% S bR TEY, Z0iEn=
YTy R N =F NS L JHNREIC OV T TS DA TH Y, ERE

W®%@¢®%$kiﬁrém1w&w”m

Fo, THRICBTL2=XVFMEICHTL2EFEORMVMALL LT, THEED
BHEWELEHT L HETHD, THOBHO A2 2L BFERESATND.
ZhE, THNOKEERMICENHEZRET LI LICEY, BHERT—4 %
WELHLMNZT D2 & T, FRHESCRIEZ L OBNO LT %2 /o0 THIETIE

EEZDLDBGHATHDH. TR 251 FEhaofl L LT =2Z&EH CTlL, e&eco-F@ctory
EMLIE FABAEY YV a—vary B LTS, ZoREE, =xLrX%r (5
W32 TR224T2) THIT 5] BT 2] OD4ODORT v I THZRLF
fbkxEBT 20 THS. LirL, FHIT2) TRA(LT D] 27 v 7T,
THOHFMICENFEZRH T 5720 0EACFMMB»D D5 9 212, Foil
R T =2 %L, TONREHLDDIIZECEDMLELR->TVDHONH
WTH D, £z THIET 2] T8-S5 2T v 7 TlE, ZOHEEHHEIXEME

BB A VN — RO — X DEADIRESY, TROBRMBESST A 7 VE A LADOR
%kwotﬁmmménfwémw

Flo, APERMSLAEE LRICBIT 28 =2 Xk KOREAMIKBICET 2

L ZAIThbhiTWnd. ZiubiE, LCA(Life Cycle Assessment)?D 2> & 7 K
ICHESZAETRES LG AKRIZB T 23 vXF oy, P2 “ifbikE
EEHAWNIZFHMET 5 O Z V. 21X, Gutowski HITAPE TREICEBIT 5= X%
NEEZHNMEEHTZV O LFE LT, axe TRICBT 2= XL X 250
LTW5 ™, *72, Herrmann HITAEEY 7T 94 F =2 — 0 BEO X LF B IO
MLIRFEREEZFMT2ETLEZRELTEY, HALICL2EVLEEOENIC
wfﬁﬁbfwém.Lmbﬁﬁg,:n%%1&m&%%%4ﬁw&4A®@
Mg & W TR N E LS.

DX BRBARIE, AEBRBELTOLODETFALANEEN TS LV
L. DD, FRZAEERMOMEEZ KT TIEERICE T 58 =% L b ~DE
RIFFEFICEE-TEY, ZOMHBBHVHIR I LI, AEBL2EKTOHEE
BAHNRIC REREIHHFEIND. Lo LN s, TIEMBOBREIZH T 2
DAL, FESCHBHEESCHERXTEALTHWZONRBRTH Y, k7 HFEIC
I TAEREAR D BRBE 2 At SRIC BT 2 WP JEai &) 25 B AR LARES I L322 K-> TH
HBENTZOBRBEY & END. Rk 10 40513 BRSS! TAEMMC B3 2 #f
72 IZBl E A, TIEMMOBE~ORBIZOWTHENMTDALTWS., D
FERE LT, REBICET 28 21ESD LI, BEFMRG~=2 71, I@%
BLCAICOWTH LWIRENR SN, ZOHT, TV A 7 ViFOEEES



i
10
B
=

g L7zl & UC Bl T 28T & £ DE =RV FNRPEAMITRINTND.
B 1.2 T X212, TAEM TN T 217 2 BRoEE = 3 L X121%, JEtE
DFEENC L DEES O RAF L, EEBCMTIC LY Z{bT L&D
TRAXENHD., TNETOHBEZRLFOERTNAEK 1.2)ThobbaInbd &
T 5 &, MLoE#E X, BT 22, TR ERE S5 720K 1.2(c)
DX, FLEEROBHEENEHIBINEERE L TEZ XV OZER ER
L. —J, MAZEDLRW R ZAMTOM/NEOWAEH S EI R4 NT
(MQL ML) TiEXZ7 = AR TOHERANAEIZRY, K120 8 512, [H
ENOBNMEENHMESNDZ L LD, &5, MEROFELTEY, INTH
AR & BBREDELOFMIZMET 5 L 2 28 LWL HE (K 2(d) BiRES
i, REMRBREDEOLBIHER S BN TWS. 2o XHig, L
EREBIC BT 2 LWAE =X AT FIEOREN/BIRDODOLNTND LWV 5.

Y191 7 meR 191 2 L BERY ‘j#%&»%ﬁ
== X g = - BN TR - =5 I g
i T il 7 |
il T 1T
%F H# A ’ H# IREh A4S
‘ wm;WIﬁ KB

/\AAdq;i T v
VvV IEENLS k
el P

*%A I —=F FRT
UES i

fiF i) ey ] M ]
(a) (b) (c)

< >

1A 7 VERR >

A"

I
hn

SN
B /\AfA Nl s

i

Fig.1.2 Comparison of power consumption and reduction effects
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Fig.1.3 Frow chart of this study
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(a) External view (b) Structure of 5-axis (c) Structure of rotary axis (B- and C- axis)

Fig.2.1 Picture and sketch of 5-axis machining center for measurement tests
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Fig.2.2 Structure of feed drive systems

Table 2.1 Rated motor torque and output of each axis

Axis Rated motor torque Nm Rated motor output kW
XandY 9.55 3.0
V4 5.97 2.5
B 950 7.2
C 200 3.2
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Fig.2.4 Measured results of power consumption

at main breaker and servo amplifiers
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Fig.2.5 Measured results of power consumption with each velocity

18



F2F FYEBBRICEITDHEEENDBRIE LFTE

EV#E A 6000mm/min & LC X & YHiZE) Lz L EORERKREZ L
b0 &EK 2.6 I, 22T, K2.6a)TEE, OIXE—F MLY, ()IFTHE
BHTHD. WEBHIZONWTHRD E, Xih, YHiE bITHERFICKESEAN
HEINTWDLZ EXbnsd., £z, YHZEEN L EZOWEEEIN X LD
HLRELS o TS, Zhug, BIERSR L Lo <k Y #iho ET X #h23BREN 3
L (K21 BLOR22228R) ICh->TEBY, YH#IOIE) BSEEEENED Y
BENRRKEWNWEZDTHD. K.6bEHADE, YHIOET—X MR XEILD LK
Lo TWNDH T ENRDND.

Velocity mm/min
[*)) [*))
S S
S S
S o S

Time s
(a) Velocity
20
g 10}
Z. I
()
= 0
5 I
= ot
-20

1200
1000 |
800 |
600 1
400 1
200

Power W

(c) Power consumption
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Fig.2.9 Power consumption of Z-axis
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Fig.2.12 Measured results of power consumption of rotary axis with each velocity
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Fig.2.13 Power consumption and motor torque of B-axis during stops at each angle
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Fig.2.15 Influence of the angle of B-axis to the power consumption of C-axis
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Fig.2.16 Influence of acceleration-deceleration time
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Table 2.2 Comparison of energy consumption influenced by acceleration time

Acceleration time [ms] Motion time [s] Energy consumption [J]
1 8.02 4081
64 8.26 3592
128 8.64 3629
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Fig.2.17 Influence of position loop gain
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Table 2.3 Comparison of energy consumption influenced by position loop gain

Position loop gain [s™'] | Motion time [s] Energy consumption [J]
10 8.00 3407
60 8.01 3720
120 8.02 4081
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Fig.2.18 Schematic diagram of circular motion
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Fig.2.21 Work piece setting for cone frustum cutting motion

Table 2.4 Assumption cutting condition and setting condition

Tool type Square end mill
Tool diameter 10mm
Feed rate 600mm/min
Inclination angle 10deg
Half apex angle 15deg
Center offset 60mm
Diameter of bottom surface 90mm
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Fig.2.22 Velocity profile of each axis for cone frustum cutting motion
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Fig.2.23 Power consumption during cone-frustum cutting motion
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Fig.3.3 Energy consumption and torque per 1mm distance of X-and Y-axis
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Fig.3.4 Energy consumption and torque per 1mm distance of Z-axis
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Fig.3.5 Tool path patterns for X- and Y-axis motion
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Fig.3.6 Motion of X- and Y-axis test in tool path patterns
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Fig.3.11 Measured results of path 5
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Fig.3.13 Measured and estimated results of the energy consumption
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Fig.3.14 Tool path patterns including Z-axis motion

Table 3.1 Travel distance of each axis and motion time in tool path7 and 8

Tool path 7 8
Tool movement distance [mm] 1152.5 1152.5
Travel distance of X-axis [mm] 1050.0 50.0
Travel distance of Y-axis [mm] 50.0 1050.0
Travel distance of Z-axis plus direction [mm] 50.0 50.0
Travel distance of Z-axis minus direction [mm)] 50.0 50.0
Total travel distance of each axis [mm] 1200.0 1200.0
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Fig.3.15 Comparison of measured and estimated energy consumption
of tool path patterns including Z-axis motion
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Fig.3.16 Power consumption of tool path patterns including Z-axis motion
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(a) Tool path A (b) Tool path B (c) Tool path C

Fig. 3.17 Tool path generated by CAM

Table 3.2 Travel distance of each axis and motion time in tool paths

Tool path A B C
Tool movement distance [mm] 8156 3261 3168
Travel distance of X-axis [mm] 5050 2550 1435
Travel distance of Y-axis [mm] 50 50 2249
Travel distance of Z-axis plus direction [mm] 1943 693 0
Travel distance of Z-axis minus direction [mm] 1943 693 20
Total travel distance of each axis [mm] 8986 3986 3704
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Fig.3.18 Measured power consumption of each tool path generated by CAM
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Fig.3.19 Comparison of measured and estimated energy consumption
of the power consumption for tool path generated by CAM
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45
B EEIROEE = RLVFINEK

4.1. 3% =

B2 BECIE, B S TAEREM O BRERICE T HHEBE N ZRET L2 &
T, xR EEBRFICL > TEOHBENNENT L2 EEZHOENE L. ED
HE SR NT A —H I ORI OWVWTIEERELERARETHL L DD,
FOMRBER R EEZETT L EIFIREETCHD. LnLl, B EBEROBEEEDN
X, BEEN T ESCENE OB POR BRIk THRESE (LT DL
NPHREN, TOEEBLZHLNITSHZ LICED, 50 EREIROTHEEE ) HIE A
AEETHHLEBZZLND.

A=AV =T E— 22 AV EVRERIE, v =722 0K
EHIHE TAEBEBIE 22 0 Tid /e <, PR ES R R Yy N & o — e EKM, 8
RO A S & WS T EPER M CRIASKFEHINTWD Z Enn, ZOiEE
TR VX OEIBILAFER M 2EOHEE = R VXHBICEIRT 5 2 &AW 5.
LA L723 B, ZHETEDBRENRIZOWTIE, BEERENE D BRE) R O )|
5.2 80, WBEBMERDICET 2RI SZ < Thbh & izn ) %0 B
ROFEBRPHEEBE N RETREZOWTHE LT A S SR,

ZZTARMETIE, EBVEHRBROHEETRALFICERL, &Y BERIZBITD
HEZXLVXFONREHALNIZL, FHETRVXICHEELH X DRF %2 EHR
ICHET D EAABNET 5. 42 B CIEEBRICH W 1 6ok 0 BEE) R O FER
LE ORI LOHIEROBREICONTHHAT 5. 43 H T, %9 BEEROW
BT X NVXINZEZMEIT 572010, ZOXRVEBESHREZET LTI LiIckD,
FHIZB T HZ R VX HEILOEN FIELEZRAT L. 44 HIZBWT, HlHED &
Il XOWEREND, EVRBRICBTH2HEZ R VXN EH 50 &
THELBIT, EVIEE, BERNE, ISERENEE T RLXICE JIETREIC
DNTIERD., ZNHLOREND, SFEFTEEINDGZ LD THEZ XL
XFEBRELED BEROMES, HHIEORFHZ DN Z EnHifFIns.

54



F4F8 FYBHROHEIRILFINX

4.2. EBRIEE

4.2.1. EBRIEE DAL

KV EREROME TR AT L EZH L E L, BREROERESE N T 3L XL
FHICHBERIEFTRAFZHET L7012, 1 BHo% 0 BEEIR N D 72 5 FRE
FAWTHEEBENDONEEREZITo-. ZOEBREEIL, T—7VEEMERNITL
DEZFEIL, R—nVRUBENE ) =T E— a2 0 XD N TEX LGNS
o TWD ., EBRIEE O K A2 X 4.1 1277 . K 4.1(a) TR — 1R UBRE 084,
X 4.1b)iXV =T FE—XWHOLETHL., V=T E—X|ZiFaT7 L ADY ¥ 7
MEE—F &M L. £, EFBREBEOERMEEKEELR 41(B L RO)IZENLE
s, =R T T OHINTEL L H 500W ThD.

Coupling Table Linear guide Magnetic rod Table

Linear
guide

/ Y
Servo motor Nut Ball-screw Forcer

(a) Driven by ball screw (b) Driven by linear motor

Fig.4.1 Schematic of experimental apparatus

Table 4.1 Specification of experimental apparatus

(a) Driven by ball screw

Lead of ball screw Smm

Power output of servo amplifier 500W

Rated power output of servo motor 450W

Rated torque of servo motor 2.86Nm (3592N)
Maximum torque of servo motor 8.92Nm (11204N)
Rated speed of servo motor 1500rpm (0.125m/s)
Maximum speed of servo motor 3000rpm (0.3m/s)

(b) Driven by linear motor

Power output of servo amplifier 500W
Rated power output of linear motor 500W
Rated force of linear motor 51.9N
Maximum force of linear motor 234N
Rated speed of linear motor 4m/s
Maximum speed of linear motor 4m/s
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PC with DSP board
Torque/ Signal of angular displacement
Force
command Torque/Force command
and ) Driving voltage
sequence control input S
) ervo
Terminal box am Encoder
' p
Signal of | Servo/Linear

angular or displacement

Signal of motor
Command of break cancel ~ angular or displacement

Fig.4.2 Schematic of experimental apparatus

FEERMEE L, DSP R— FZ2E#H L7 PC S ML 7S EEE-IIHNESE
EZY—RT7 I ANTHZ & TH#EI SIS, DSP AA— RIZIX dSPACE oD
DS1104 ZffH L TEY, dSPACE #t> Y 7 v v =7 ZH\W\% Z & T MathWorks
#1440 MATLAB, Simulink TRl L7-HHZ A2 ZDOF FFHETE L. PC LITiT
HWEBIONMED 2EHD 7 4 — My ZHIEZPEE I, ZOHERIT, (&
Jo— T SR 2 Ee AR AR, s L — T R 2 BE IR S A L e — ik e b D T
%, AUFFETHOWTZREREE O Z B 4.2 (277,

R— R UBEIOHAIZIE, vY—FRE—XIIROffiFonize—%)xr a—
FIZE VB SNTABMICESWET 0 — Ry ZHIHREZHEEL, V=7%F
— BB OGEIIE, TR0 enic) =T a—FIl ko THR
SNDLENNESNT T 4 — Ry ZHIlRZMET L. £E—F M7 BIXOE
— AT ONWTUEL, =R T I oI SN E=FEELE > THET 5.

P—RE—F DTy a—F5EEROREFIEICHOWTHIT 5. A5 Cff A
L7 —ARE—FL20bit A 7 U A Z )L a—H &z, 1048576 pulse/rev
DRfRREEFRS. = a—F DO\ VAN &2 45 DSPAR— RIZh 7 b
AIREZR NV AEO ERBH Y, HIHEELZ 0 L L&, "D ETRE
-2.0x10° pulse 7> % 2.0x10° pulse ([T D ME R H DH. £ 2T, WRFEE + Iy iR T
ELHPH TSNV ZAEOREZLLTO L D IZRIE LT-.

KA MBE—7 S,,.=334mm %7 — 7 L0NEREN L 7= & & R —/13a Claliiz a4
Ruax 1%, "= LDY— K [=5mm £ RNMA.DEY R,.,=668rev EROBND.

R = Sm (4.1)

max l

R—=VRUPRRKA ba—27 5 Thlliz Lz & &0 v 24 PB,,, 73+2.0x10°
pulse LA F &2 v, X@4.2)EL Y PB,,., 1% 29940 pulse/rev LA FIZERET 5
VERNDH L. LoT, —REsdH=Y DV 24 PB,,, & 20480 pulse/rev & L7-.
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- 2.0x10°
=g —
Z DR, T — T NVEN O 5 fREE XB,i 1%, (4.3) LD 024 um RO S 7.
TR RREER O TND Z Enbns.
XB.,., = /
PBnum
V=T E—2MEBIOLAEICB T DY =T A7 — VO fREED R E T IEIZ DN T
MY 5. V=T 27— L0 HERE PIX2x10°m TH Y, &m%néE%ﬁ%
I T NVEREY 2 — 2 LD L 2 L& 128%10° pulse/m D4y fiREE T
—ART TN END. TV —ART Ot END, = a—F; HA»X
DR Epux 1%, V=727 —VOHERR P, V=TF—%DKEIEE VL0 &
ne, RMAHITEY E,=28 LEHEATE 5.

E_ < P

VLmaX

T, AMFETIEHREDMRELIGD 72D, HEEE VL % 0.5 m/s

EL, BArdH= OV AL PL,,, & 3584x10° pulse/m (ZERE L=, ZOW, 7
— T IVIENL DR TE LS BREE X2, 13, F(4.5)E 0 028 pm & 720, 7R 5 REE A 15

LTV ENDOND.

PB (4.2)

(4.3)

x72 (4.4)

X2 =—— (4.5)

4.2.2. % DR E

(A —/vda CBRE) D 354

A= R UBREIOSAICBIT 2 EBREBEOHE RO 7 1 v 7 X E K 4.3 12K
T. MO, K, INELV—THBI T A, K XERE L —TWE A v, Tk
FEN— T FEG K], Tpa 13 —ARE—FDORK M7 EZZNENRLTNS. £
72, DAC I DA Z#i3%, Enc.Positionl [T a—X D/ \)VAH T X THD. /8
AT BB T ENDMEFIT BRI o) 2 L CTHEMICER S, (L#E
R & EERER~ENENT 4 — Ry 7 3 d. EHERBERNOH TSN
T M IR EOMEERK MV Y T TERL, KM ZIZHT DL LTO B
VRS % DSP AR — R DA Effigs~b AN 1T %. DA EB#ERE, ANhsnlkes
VEANMEGE 105 LT T u VEBEEG~EHMLTDSP R— o+ 5. &
2L, ZO7FueZEEORE ZIE-10V »26+10V ICHIBBEND. A&7
T lEFCELDY =T I eGSO 10V ERK MLV ELT, AT

IZFYS 55 MV HESEY—ARE—XIZATITS.
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9 9]/‘6 f Ij”ef ];'ef 1—;6_]‘
ref t i " |
-0 «, )— > K, > —>| DAC >
A A + T
1
T,s
2 9 1 du

N

o @ e —a

Fig.4.3 Block diagram in case driven by ball screw

FENT A —=HOREFEZOWTHIAT L. BRIV Y T i ETEREICHND
NTWET—RE—FOMEEEEICREBINTODIMEE AW, BHAE o 13—
RE—ZICWMO TN TWnWH I a—XIZ X0 STz AL & (Al £

DEWRETH Y, P —RT T OHFEE LTHE VA PB,,, % 20480 Pulse/rev
EHRELTNDTD, a ODEBSEEITR(A.6) L D 3.07x10™ rad/pulse & L 7=.

27
PB

num

a = (4.6)

m%w—fQME4VKﬁum,EE»—f&W&%Vme@m]‘W»~
TREREM T, [S]OFXEFTIEZDODNWTHRDL. ZNoDF A 0%, EBREEED

L CRITERRMICIIEE L2, £7°, Hl#ERo 7 e v ZHKNBALE ﬁﬁwﬁﬂm’a%?:ﬁ&@
br&, HERERICAT v TROEERTEZ AN L TEREITo72. EOKE,
EN—T W75 A K, &RV — T RE R T, 2 A TSR AICEE L b X
T LINEN VAWFE L R D EER L. V4= EIX, BEMENSO—BHOTT
TWMEEICH LT, “HHOITEBEEN 1/4 DKEXIITRY, ZO%HEMHE~
WHRFTDEOBRIEEDZETHD. HENL—THHIT A K, % 0.162kgm/s, &
EN—TFE R T, % 025s & LTI E T AT v T IREN VAWE LR -T2,
INHOfEERNAZEE L. 3BV DOEERT v T EAN LIEKOY—FRE
— X DINE L, A — R — X AEENOHRE LT — TV, R
W& LT 44)lrnT. BFRITHEERSZ L, ERIIY—RNE—%OHER
KR RrLTWD. Bed@IicEd e, Y—RE—FDOINENENEFN 14 HEL X
STND I ENHERTED.
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---- Reference ---- Reference
15 - - Velocity 12 Displacement [
125} A ; 10}
2 10} Ot B g
g \V =
> 75 ¢t & 6
i AN 2
< O = g 4 /
L o,
> 251 I/ AN é 2
0 ol—V
_25 N N N N _2 f f f f f
-0.01 0 0.01 0.02 0.03 0.04 0 02 04 06 08 1
Time s Time s
(a) velocity step responses (b) position step responses
Fig.4.4 Comparison of the response to each input (ball screw)
Table 4.2 Control parameters in case of driven by ball screw
Parameters Unit Values
Position loop proportional gain K,, 5! 70
Velocity loop proportional gain K, kgm/s 0.162
Velocity loop integration time constant T, ] 0.25
Maximum torque Tax Nm 8.92
Time constant T, S 0.005
Transformation coefficient o rad/pulse 3.07x% 1()'4

DEIL, (MEN—T BT A DWREEAT o T, MLENL—T BT A OPTE
ZiE, T i TR AR » BRE R ORISR T 2898 DCREI N T
LT T NV~ v F U TEERW, 705t & Lz ek, M43 IR LZX DT,
T 4= RNy 7 HWEICAE DRI ZERBET D2-DICREELR T, D—KRr—/"A 7
ANVZEFFALTEY, TOREEILHE R OFMEICEEN 20 K O IZH TR
IR L 7.

DEDODFEZIOVRE LT NRTA—FE2R 42 TR T. £, WELTERT
A—=HEHWTNEAT v T AN T B0V —RE—XDIRE %K 4.4(b)IC
AT fitEh A AT — X OREERAENOHE LT — 7 VAN, BA R &
L7z, B 44b)ic ks e, 27y 7ROBEEICH L TA— Y a2 — MR <GB
L, 02U TO+SECEERTHEEEIZINER LTS Z ERNDN5.
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ref
Xref 1 F r,éf
—_— — — P> DACP>
TSS+1 max

& Enc.Position2

Fig.4.5 Block diagram in case driven by linear motor

QU =7 E—XEREDOHE

V=7 E—2WEOLEIZBIT2EZREEOHERO 7 vy 7K EZE 4.5 (T
AT K45 1ZBWT, K 3@ — TS A v, K TR E L — T A
v, Tyl — TR, Fu XV =7 F—FORKRMENERL TS, F
72, DAC % DA Z#igs. Enc.Position2 (Y =7 = a—XD/N)VAA T o Z &R
TNV RAITEZ LI SNDETIL o, ODEBREE N U CTEMICE BRI N,
ALEFE R & HERER~ENENT 4 — NNy 7 D, HWERERN S H )
SINTHENADOEERKHETITERL, mRHEIRT DR L L ToOHENIES
%Z DSP 7R — R DA Z#igi~E A1+ 5. DA BT, ANEN=T X IE
TR 10 LT e JEEE T ~ZEHB L TDSPAR— FbH N1 5.

OEINL, KRNI A=HDOPREFECONTHHAT S, T RHES) Foo (TFEBREIC
Ao Tna ) =7F—ZDMEREICRHBEINTWDHEE AW, ZHEK o)
EEBREEICRVMA IO TWD ) =T o ra—FIck it &z UL AL E
EBBENEBEO LR TH Y, b —RT T D4yE IV A PL,,,,=3584%10° pulse/m
DI, a, DEBLREIIHMA.7) LY 0.28x10  m/pulse & L 7.

1
PL

Oy = (4.7)

num

PN — T 7 A v K, [1s], SEL—TWFI 7 A > K, [kgm/s], HEL—
TREEER] T, [sTIE, R— AR UBEIOHE & RRICEREZ G K L CRITEEM
FICFEE L7z, £, SR 7 vy 780 O AL E IR 2 B0 BrE, o )
BRIZAT vy PIROFERRSTEAN L TEREZITo 2. 20K, HEL— T
FA v EHREL— TR 2 RTINS E T LN O AT v TIREN 1/4 K
WL HMEER L., EBROMSE, EEL— T WH 7 1 > K,,=10000 kgm/s, &
JV— T FE ] T,,=0.002778 s & L7z L ZZSEN VA E L o772, Thvb
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20 12
17.5 —-—- Reference
15 — VCIOCIty 10}
T 125 58-
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(a) velocity step responses (b) position step responses

Fig.4.6 Comparison of the response to each input (linear motor)

Table 4.3 Control parameters in case of driven by linear motor

Parameters Unit Values
Position loop proportional gain K,, 57! 13
Velocity loop proportional gain K, kgm/s 10000
Velocity loop integration time constant T, s 0.002778
Maximum torque Fax N 234
Time constant T, S 0.005
Transformation coefficient a; m/pulse 0.28x10-6

DEZBREN—T BT A BLIOBESRERE LTHWE., 20L& XD R %
X 4.6(a)lZ "7 . BEARITEHERS 2R L, ERITEEINEZ LTS, X 4.6(a)
LD e, 3 BYVDOHEERT v TS EAN LERKEOIRNENENEI 1/4 HEL
7o TWVWDH I ERERTE S,

DEIL, (fLEN—T BT A DWREZAT o T, ALEL—T BT A OPTE
I ET A~y F Uo7 EEHCTEHEL, 135 & Lz, 7od, K 45175
T, V== Htafnz BT 572D ER S ICRER T, D—K
0—/RAT 4 VA EAL, ZORERITHETIBFINHE L2V L 5 IZRITER
FIZFREE LT,

DEDHEIZIOVRE LK NRNTA =L 2R A3 TR T. FLRELTENT A
— 2 AW OMERAT v 7FINEEZK 4.6b)2T. K 4.6()2LDHE, R
T IRICEAL T DA BRI LT, A=V a—b2EULDHZ L oM
W CINFE L CTWA Z bbb,
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4.2.3. BN ORIEF L

AR TIEY =R T o TICEASNDLGE ), BIXOY—FRE—FFE7X) =7
FE—HICBWTHEBEINDGBENEZWEST 2720, 47T X277 AN
(K 4.7 FORGE S AB L OE—X8 17— 7 VE(K 4.7 £ ORE & B) TEE

BIAPE L. "= A ULBEOGEEE ) =7 —2BEi05A TEOH
EFATITIZEWR 2V, R— /LA UBEBOHAEOMAKEZ/RL TS, £
EEICIZA A T =05 ZF 200V OFBEN/HEBEINTND., TL—Inb
A SN DB A EEIRENMR TN D72, T T AN TOREIZIZ1E
NetiEE AW, —F, =28 N r—7 WV TIE MR EHEIREE L 72 D72,
BAOPEIX 2B AHHEEZRAHWSLZ L L., B2 7 7RoOERH % H
WCEEICAHRL, BEEFEH 7o —7 2T 1/1000 [ZFEE L THRIELZ. &
JEBLOEBROMERZTIX, v— AT 4V Z LT TENLT ) A RADOREL
B OHENE & 24TV, AD A% & i 2 72 DSP R — K& L C PC Lizqiek L 7=,
WEOY 7V v FEEET 10kHz, 27—/ 327 4 L Zi3Hh v bF 7 EE#H
1600Hz DX & /LE L L.

HESNZERBLOELE, RA)ZHAVWTENENFEIMENEZITH). 22
T, RA8)HT O TIIML AWM CTH 5. @F, RIERZ EZHMElT 2821,
SR EZEBREND 1 ]y T 20, KL TIXENOBRERELFMMTE 5
X9, BoRf%Z Ilms & Lz, ENE, =27 7 TIERXMA.9)D X H 1Tk
L. ®=Hr—7NE (WESB) THE2ENFHFEHNDZD, 2 00HE:SS
ko THlEENT=ENEZ R LADLDEDLZ L TXRUA10)D LS ICFFET L. X
4.10)F D Veims;, Irms; 3B E X Vems,, Irms, 1T E S B THWE 2 DOHIE s &
DN EREEBEOENMEZZNZN AT, £z, R4.9)E LV@.10)F D
cos QX NHETHY, A TIT M REESND 08D —EMEE L.

Linear guiclle Nut Ball-screw
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_ﬂmm.__ AN \\\E @ -
—HTH _H# [ | |
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ﬁ : Servo ‘D:@];
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A \ = L |
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Fig.4.7 Measurement points of power consumption
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1 ¢, 1 ¢
L =\ [ i@ de. ¥, = [ bo)fd (4.8)

PA = \/erms]rms 0059 (49)
Py = VimsitLimst +Vims2Lyms2) €080 (4.10)

4.3. BVFEHRICBITIHEZRIANFRNXORH

4.3.1. Y BEBYR DT T VAL

ABFIETIE, BV BEBROHBE=F VX Z, T L= LY—RT U TITRA
SNIc=F VT, V=R T T THAShSES, T L TEBICEASD =X
RO T, FETOMF =X 200l L. 250 BB O 4 5 T &
NDEF VT IEEMET D2 EEIATREECINETH D720, 150 BEEhHEE
EETMET D2 LTRSS — o VERBARICL = x v X 2R L.
&0 BRENRIE OB FE T T L 2K 4.8 IS8T, K 4.8(a) IR — VR LB D5,
X 4.8(b)XY =7 E—FEBOHREOET LV THD. R— /LA UBRBOSEITIE,
T =S L R— VR COEEE— A b, EEREEOEE M, BEHEEO
T I K, B ORI ¢, EENERDY 0 RINIZAE U D BEERT) £, &R ER I
¢, BROHIZE LR —LRC-T > A U2 EEER ~ V7 f, & TR R
o lEBEB LI 2BHERL LTETMELE. V=T - BEOHAEITII,
WERB RO M, 5 LOEBED D BNICAE U DR f & MR I ¢ & DA
EEE LI IHBERE LTET ML, HEERA D BN —1AL-T v K
FICAECDEE SV, ks —nrEBEgEE LTET VL,

I
op > X p—
Ka
Xt
[H @I— K
0, F
i L IPTN Balia \\\N >
Tm ) f;, Ct [
U RN
o € Jo <
(a) Driven by ball screw (b) Driven by linear motor

Fig.4.8 Dynamic model of feed drive mechanism
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ETFNDENTA—BDO— L5 R 44 1T, WHREEOEE M, B LR — L
NEDY—F 1E, EREEOHKPOBEMOETHL. TE—F LA —LRALD
BHEE — A 2 b, 2OWTH, B4 a2 in bR L. %35 A— % Ok
ZOWTHAT 2.

T—H LR NVRECOEEET—A ), ZR— AR COHEEE—A b, ®
—ZDOEMEE—=AL b Jy, BLOH TV 7 OEMEE A b S0 BH4.11)
EVHELLE, 22T, FEEE—AL FOEOWEHFIEZOWTHAT S,

Jp=Jg +Jy +J. (4.11)

R— LR COEMEE—A L b JIZONTIE, A= ULOh X e 7 E L0 AL
E&HE0 o UEEdEE— 2 v b J,=3.01x10"kgm*/mm TH Y, R—/1LRA LD
R LN I=T7T0mm THDHZ EnD, R@A2)ITE Y J=2.32x10" kgm* & KD 7.

Table 4.4 Parameters of dynamic models
(a) Driven by ball screw

Parameters Unit Values
Inertia of motor and ball-screw I Kgm2 5.65x10™*
Viscous coefficient of motor and ball-screw Ch Nms/rad 1.56x107
Coulomb’s friction torque fo Nm 0.072
Mass of table and linear guide M, kg 24.9
Viscous coefficient of table and linear guide ¢ Ns/m 31.9
Coulomb’s friction force fi N 89.9
Equivalent axial stiffness K, N/m 4.2x10’
Internal damping coefficient c Ns/rad 1000
Lead of ball-screw / m 5.0x107°
Motor torque T, Nm
Rotational angle of motor 0w Rad
Axial displacement of table X m

(b) Driven by linear motor

Parameters Unit Values
Mass of table and linear guide M, kg 26
Viscous coefficient of table and linear guide ¢ Ns/m 31.9
Coulomb’s friction force f: N 12.4
Motor force F Nm
Displacement of table X m
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']S = ‘]s]ls (412)

E—ZDOEME—A NIy BLOAy T TOEMEE—A N JZENE
nhza e Lz, BEXVEONEZKEEET— 2 NOMEER 4.50@)I27RT.
WEREBNM R D E & M X T — T NVEB M, V=T 74 FOEE&EM, v NOEE
M, BLOAMEEMZ 20 7hrblEL, £OA5E L72(R4.13)). FHEIC
AWK EE&DEA R 4.5(b)IT 7.

M, =Mp+M,+My+M, (4.13)

FECEE O T e KX AR — v Cosli ymEltt K, R—1rRltoRnlty
W D7 MHE Ko, By 7V 7 ORU 0 EIMEOHE MR E K., R—L
7V 7 oAl K, 7 o miltE K, &b, READIZRT L DI
HETS.

1 1 1 1 1 1

= + + +—+—
K, K, K,, K., K, K

(4.14)

s2a cal n

AR U oB EANE K, 13, R—A R U oR Ui Almm?), Yo 7%
E[N/mm?®], X OEABEEE Llmm]E »H5RA@I5)ICEVHELEZ. 22T, &
— LR U DR CHkEELR Ciaet Dfmm]k W R@.16)D X 5 1cH-. Yo7
% E 1% E=2.06x10° N/mm’®, HufFRIBERE L (IR — 1R Codih s L, L=385mm &
L7z, R —NRUCDOERTEEE 4.6(2)l2RT.

Table 4.5 Inertia and mass of each parts of ball screw drive mechanism

(a) Inertia

Parameters Unit Values
Inertia of rotary factor I kg 5.65x10™
Inertia of ball screw Js kg 2.32%10*
Inertia of motor Ju kg 3.33x10™
Inertia of coupling Je kg 8.61x10°®

(b) Mass

Parameters Unit Values
Equivalent mass M, kg 24.9
Mass of table My kg 10.6
Mass of linear-guide M, kg 3.2
Mass of nut M, kg 0.72
Mass of load M; kg 10.4
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LA 4.15
K, 1000L .15
A:%Df (4.16)

A= L oL Y EIYEDE T A K, 1%, 22 Cish £ D,[mm], HEEMELREL
GIN/mm?], Bt Y 7Rk Llmm], B L XA =R LD Y — F [[mm] & 2> 5HRKi(4.17)
DEIICHE L., BMMRE G IR — 1R CoEMEZHME L, 6G=78.5%X10°
[N/mm?’] & L7=.

Ks-za -
‘ 32-L l
By 7V 7 ORCYMEIEDETT FIRE Ko ix, 1y 7V 70REDIERE
B k[Nm/rad], BLVHR—=LRLDY — K [[mm] & 5X4.18)IC XV FHHE L.
By 7V 7 ORALYIFRERIEA X 7 7RO k=1.0x10" [Nm/rad]% 7=
2
K@=h{%} (4.18)
R—=N_T Y7 Ol K, 8 X0y o GmvE K,0x, hxae s
Lo, TNFN K,=6.25%10" [N/m], K,=3.53X10° [N/m]&&Fbhn/=. LED XD
ICHEB IO Z v 7 oG AHodmrmmite X v, Xd.14) % Fv T FEER
L 18 o S 7 WM A G L 7. A BB oo sl 5 e - & S Al O ) W & A 3R
4.6(b)IZ/RT.

4 2
—ﬂ%(;ﬁﬁj (4.17)

Table 4.6 Specification of experimental apparatus
(a) Parameters of ball-screw

Parameters Unit Values
Mass of ball-screw M, kg/m 3.35
Outside diameter of ball- screw D, m 0.025
Inside diameter of ball-screw D, m 0.0222
Length of ball screw L, m 0.77

(b) Stiffness of each parts

Parameters Unit Values
Equivalent axial stiffness K, N/m 4.2x10’
Axial stiffness of ball screw K, N/m 2.07X10%
Torsion stiffness of ball-screw K; N/m 1.23x10"
Torsion stiffness of coupling K. N/m 1.58x 10"
Axial stiffness of ball bearing K, N/m 6.25x10’
Axial stiffness of ball nut K, N/m 3.53 %108
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Table 4.7 Mass of each parts of linear motor

Parameters Unit Values
Equivalent mass M, kg 24.9
Mass of table My kg 10.6
Mass of linear-guide M, kg 3.2
Mass of load M; kg 10.4
Mass of forcer My kg 1.3
Mass of spacer M, kg 0.5

V=7 —2MBOLEICEB T A HEREBEAOE & M 1X, 7—7/VEE My,
=T HAROERE M, 74—V OEE My, AX—VEHE MEOANERE M %
HEAa T ENECEVREGL, REIDICEVEFHE L. FEEOMAR 4712
R

M, =Mp+M;+Mp+M;+M; (4.19)

4.3.2. TR NVXEROEH FIE
K BRERICHEET DK,

(1) KEitEEEEIC L DK L, []]

(2) 7—w BB X DK L))

Energy into servo amplifier

Loss of

B) Y—R7 ATk DKL, [J] servo amplifier

(4) T—HIZ X BHE% L, [J]

Energy
DPIDIZ KA L7z, into motor
%Y BRE RO RV XU ITE
49 IZRT o, Y—AT7T 7
BASNDIZFXALXDI L, ThT
NOBKEZLIWZ b O EE)IC
FHENDIZRLEXFLELTEZDLN
L., =R T7 U FITHEHEAEN D TR
IFIIZONWTIEY—RT 7 ASHES
(K 4.7 OJE R A)TOWEET D

Loss of motor

Coulombs friction loss

Viscous damping loss

Energy used for the motion

LEH NS, FEILOELR FIEIC Fig.4.9 Energy usage of feed drive system
DOWTHHT 5.
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(1) REMEEEERIZ X 24Kk

FEVEBR RIS K D RPTT) F. NN PEEEEALREL ¢ [Ns/m] & B BRE) {4 o> 5 B
x[m/s]ENHRME20D XD I2EKREND. Lo T, HEREMAN de [m]iES) L
T X FE. N T DM F L3R@2) TE I, THUAMHEERICL 2= 3L
FHREICRD., 22T, A=A ULEHOIXH W T D MEEERE
X, SHEEI 2T L 0T X M7 ERIE L CTEYT 5 2 & THEE
NOBRERFEEZRE L, ZORRE —RATHELT L LT —r VB
Nf MR c LERIELIEBRTHS. 20, EBEONITE ¢,
KEVERREL o, B L OKEZ I & R —L R U-F v FEICA U 2k ERE o
DIFRTHEENTZLOTHD. V=T F—ZREN O A TR TEEE O R
AT LEMBEEERERDRBNOATHL B0, HEEEN Y ZNITET
HRMAR R ¢, LRI &2 5.
F =cx (4.20)

c

L = [Fax=| ciar (4.21)

0

(2) 7 —wu VEEICK DK

FERIEE DS dx ZEB) - X7 —u VEE AT A LR
@d22)D X HiIcRIN, TNE27—m U BERICLLIZRAVFHERLRETSH. 7
—a VEEIZONWTH, A= VRUBEIOEAITIXEEEN Y ZNITET
HEET) B LK HER—ARU-Ty NEICELCLDLEE NV f,0
BATELDTHDL. V=T E— B0 LA IR MEEER & FikiC, 7—=
VEEE FITEBEN D BRNICEUDBEE LR ERD.

L, =] fdx=|, fdt (4.22)

B) Y—ART T THEINDLZ=RLF

=7 AL, =R T IR S T SRR R ERICE T S
A N—2 5, E—FBEEEL AR T DA = FE, AR A L
THHAEE, V—RT T OWHAEIT I 77 R EDILENL Y, FLLE
DHETLHZRXVXEHELYVRD L DIIIEFICHECTH S . Lo TRIFE
TRAMAD)ICRT LI, Ty TANHEE—FEH I —T NV TENE
NRE S NTZES) Py Poy DFE", Y—ART VT THEINTZZXLF L,
L7 F, BRI CE— 20T o ICBAESNDENITOWVWTIE, T
YT ADNT RIS L VB I ND T2, ZHET U SIHE T R LFIT
EEND.

t
La = J‘O (Rn - Pout)dt (423)
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4) T—HXHEK

T—FOEKE LT, —RIICIEEE, #HE, B IOWBEANZET 5
DD, BEIR R IT EBREE SR OBEEREL L HOE TSN D . A5
T, ETIEMSMICEY BRER RO RV XL RETT 2700, i
RHENLEL 72 HBBICOVWTIEEEET, T— % aA LOMEBEEII O
HE T 28O LEZEZEETHZ LI L. R—= LR UBEFHOEAIZIE, T
— X ORI Rp[ Q1 & B A 1D, R@2)D X D IZE—FHBR L, KD
5. EWIETET—X O VT B T, [Nm/Arms] & EFRIZHIE SN b v o nb
R@2)CEVEH L. V=T —4BEOEEICIE, RE.260D K 512
=7 E—XOMEEPL R, [QlEEBERMLOE—FHKERD S, BhITR
@2ND X 512, T—X OHESIEE F.[N/Arms]H L OVERICHIE S -HE D
F 756, R— 1 UBEOHA L REkIZ KD 7.

2
T
LmBzzRBAmmzzj;RB[——J dt (4.24)
TC
T
Arms = F (425)
F 2
LmLzzRLAmwzzngL(——j dt (4.26)
FC
F
f#ms==;;- (4.27)

4.4. XY EEIRIZBT 5 HEE = XV IE OFEAHE

441. BB FEBIUCEVEERC LD =R VFIRIDOEN

R— VR ULEBOSA L) =7 T —2BBOHAICE T 250 BEROHE =
FUFI L 2B H L. 250 81X 100 mm & L, %0 #EEE 1500, 4500, 7500
mm/min @ 3 @Y ([ZB L S TEHEE Y EE) L7z & X OEEEORERFRICD
WTCAR—= LR UBEEIOSEGIER 4.10 12, V =7 £ — X FEH0O 5 A5 1IK 4.11 2
TR, £, TOLEEXOEMEFIECBIT ARV FNLEZK 412 1ZR7T.
EIWZR =R UBEOSA, A2 =7 —2WE05E OfE R Z2#HE Z L ITR
LTW5. HHPoE, ZH—RT7 o FITHEASNTER2T RIVE, B, TREHIC
HEENCE DN =L ThHSD.
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K410 BEOKA4MN I LD &, AUEDHETIIAR—LRAUKEILZY Y =7
ETE—FEEEIDOIIFOD, T 7BILIORE—F TIIBAINDLGE NN/ ERD
ML, FER412000, T TITEASN D =X XN, R—/vi LB O3
BICERTY =T E—XBEIOHEDIE ) BN/hS N ERnbnd. 2k, R—
NRUBBIOLEIZIE, V=75 —2MBOHEICIIHFEELRNRT U v 7R
— R l-Fy NETELLIEBEBEIREVWZDTHL EEZDND.

TRALAFPNZONGFUZONTHD L, ELL0BENIETYH, y—AR7 7T
HEINDZRXNVXOEENENELRTIFEFIZRENWI RS, K412 5
MIZLDE, R—LRUMEBOLEIZIE, 2V #HE 1500 mm/min (238 CEH)IZ
b2 TR X, BASNTEZ R AT H LT 03%EFEFIT/NESL, 77
T 90% b DT R ALERHEHEINTND

—J5, EVEED 7500 mm/min & EmL< D L, T THEINDENIT 64%
ENEL 7Y GEEBNCKEL SN R AT 1T%ICHEM L TWD Z ERbnD.

L, TV TOBEEBNTEVHEEZICILTIRE—ETH Y, EHEEN
<725 2 & CHENCET HRFMAE 20, T v S TEFIICHE S
NDHZAXNVXOEEGNNSL DD THD.

K412 iMax2H5E, V=T 2BEO5AICEWTHA— /LR UREIOE
HBERBRIE, BVEEPRKRELIRDIIZONTT VI THEIND =X LVXOEIE
DINSL B2 ERbnd., LrLaelns, V=T 5— 28085, EosE
IZBWTHT U T THE SN D =RV XOEIEN 85%LL E L IEFICRE L, HEE)

LN Z XNV FOEERITHRKRKTH 1.6%THDH. MAINTZET RLX LiEH)
bz x X LDl (ZXALFER) OBALLADL L, R—/ CEEHE)
DGFEDIE D DBNRNB L NENZ D,

FMEBEEB L0 —e VEBICK D2 ERICOVWTA D L, N—r UlB#E DY
HDIZEIN, V=T E—ZBEOLE LR THIOEENRKRELRoTND.
IHI, R—/LRUBBIOHEAEICIE, HVEENEL 2D L EERBLOES
23 %2, 7500 mm/min TE- 72 & XI2F 13.1% & 250, V=T —XEEhon;
BT M EBBE R IIR R TS 0.5% L IEFIT/hI V. —F, E—FZHELKOEEIC
DNWTHADLE, R—=VRUBETIIRK2.7%THLHOIZX L, U =7F—% 5K
TR KTIT%E > TS,

P EDRERNS, EHL0BEFEICBWTHLY—RT7 7 THE IS xR
WERIEFICRE L, EEIIKLEL I RXLF, TE—XBILOEBEKXD
DLENEIINSWZ ERBH Nt F, A— R UBENTIY =7 F—%
BREh DG A ICIETFEE LR NWRT U IR — v U-F v M THE U DEENK
XV, BEREEROEE TR LFERE VDS, y—RT7 VI THEIND =
FNAXOEENY =7 F—ZWEI OGS T/hE .
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0

Time s
(c) Feed rate: 7500mm/min

Fig.4.10 Power consumption of feed drive system driven by ball screw
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(a) Feed rate: 1500mm/min

400 T " . r .

3001 —— Measured result at point A
200F - - - - Measured result at point B
100 Ju

0 s
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time s
(b) Feed rate: 4500mm/min

400 . r .

300 —— Measured result at point A -

200 F - - - - Measured result at point B -
100 ! %y
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(c) Feed rate: 7500mm/min

Fig.4.11 Power consumption of feed drive system driven by linear motor
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E,:315.71] (100.0 %) E,:237.4](100.0 %)

Amplifier Amplifier
loss: loss:
90.4 % 96.2 %

., Motor loss: 0.4 % L M?@ loss: 2"2 %Z)

1. Friction loss: 7.6 %  Friction loss: 0.5 %
Viscous damper loss: 1.9 %

E,:117J (0.3 %) E,;:2.57(1.1 %)

out*

Viscous damper loss: 0.0 %

(a) Feed rate: 1500mm/min

E,:136.9 ] (100.0 %) E.:97.21(100.0 %)
Aml.jliﬁer Amplifier
loss: . loss:
17:6% 93.0 %
. o
> Motor loss: 1.2 % Motor loss: 4.2 %
Friction loss: 10.2 % \Y Friction loss: 1.2 %
Viscous damper loss: 7.7 % Viscous damper loss: 0.2 %
E, 128171 (5.4 %) E, :131(1.3%)
(b) Feed rate: 4500mm/min
E,:133.0J (100.0 %) E,,:71.4 1 (100.0 %)
Amplifier Amplifier
loss: . loss:
63.8 % 86.5 %
» 570
Motor loss: 2.7 %
Friction loss: 10.5 % Motor loss: 9.7 %
Viscous damper %" Friction loss: 1.7 %
V4 loss: 13.1 % Viscous damper loss: 0.5 %
. 0
E,.39.0J(16.9 %) Eoui 1.1J (1.6 %)

(c) Feed rate: 7500mm/min

Ball screw Linear motor

Fig.4.12 Comparison of energy usage of feed drive system
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4.4.2. ERERN Y BRNOBEB N XAV IR KIETHE

U =T E—2WEDOGE, BENMGFET L2EBPEBERENL YV ZNOALTHY,
BB 0 BNICE T 2 BEAEOZLA, 260 B8RO x L FUL I HEE
Brbl-25Z EnTPHERIND., ZOZ LD, V=7 F—X2%0) BREIROEE)
RN D BRNZ 3D 7Y — A& T 5 2 &L CHREMREZ (LY, Zhth
DHBET X NVXEZREST D LT, BEERN VBT T 2 BEE ) 13150 BRE) %
DT TN KICB IIETHELTE L=

KTV —AORMEERTIRIESL LT, RMEMELREMNLLYEEZZNENR
48 \Z"T. Fl, U —ROEREAE 3 ICRT. K7V X% 4 5DF ¢
v P2 0.5ce TORE LI HAOEBERN Y BN OBEEREZ 25729, 100mm
DL EYHEZEZ T, EHERED ST L0 —FHNEZRE L.
ZINOEEVEEICBT L EHHEEREN L, EEL YR L OBFRE LT
BH L, FHREHTOE—FHNTIEHED YV ZRNOBEENLEFLNLEEZD
na. %70 —2&HIZ 1500mm/min LL_ECTEEDBBIEHICEL LD,
1500mm/min LA EOEEEIZ BT 2B HHE ) o2 b Ed — kA THEBIL, 2o %
KEVERR S, YWIR 27 —no U BEE L Uiz, HE LB & 0B 2K 4.13 (2,
# 4.9 | RO T REVERR SR LYV AR JRIENRSE S 99m’/s THDH U — 2 B &
FedE U725 502, REMEFRERAS 2042 Ns/m & e b K& < 725 T 5. HHENRE 2
BHEO170m’/s TH D7 U —A A% T L7286 ORMAREKIE 62.0Ns/m & 72 >
TEY, HBEREOKREIEFZ7) —2A0KBEKEORLTITREL 2N 2D
nob.

%V B EE & 1500, 3000, 4500, 6000, 7500mm/min 0 5 i W IZZ 2T, Sk #E
B LEZEAICBIT2EEC X LT Z2E 4.14)2, DL EDKHEKLEZE 4.14(b)
MHICRT. XK 4.14(a) T, BEHEOEWICEDIEEZ LV DY T
L0, b—RT AL DAWEE TRV EZBRVTHERLTWS., £72, (b)E—
A, (VEMEEEIC L AL, BLOW)Z —u v EEICE A HEKE L TRT.

Table 4.8 Characteristic of each grease

Grease Kinematic viscosity of | Worked penetration Grease type

base oil [m?/s]

A 170 275 Lithium-based
B 99 280 Urea-based
C 25 288 Urea-based
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35 i

30 | | —©— Grease A } PROAN
---A--- Grease B o7

25 | |—©— Grease C 2ad

Force N

0 1500 3000 4500 6000 7500
Velocity mm/min

Fig.4.13 Relationships between Friction force and velocity

Table 4.9 Friction characteristics of each grease

Grease type Viscous coefficient Coulomb’s friction
¢ [Ns/m] fIN]
A 62.0 13.2
B 204.2 11.4
C 5.9 14.0

B 414 LD &, BEEENHEDXLVXICEELZBLILTEY, 7V —
ABEEBELEZLAIC, COEEICZBODTHHEEDRIALINRLERELS 2oTW
L2 ERNbND. £, B 4.140b), OB LR@EHLD L, KEBEESY —a v
BEEIZ LD =RV FHERICHRT, E—FHEABKREINWIERDND., Z0OFE—
ZIRIL, 43FHOKM@20)I L2 ichbbbEn, K413 (2R LA EEC
BUIEEBNDEZRATLIZLIZEVRDEND. 01D, T—XERKOKE X
X, K7V —RIBTFHEBEBITOREZITERGFELTND., 202 Ens, Hbh
MOBNIZKRET L7V —RCLVEOBENZ/NSLTHZ LT, X0 EBER
DB X NVENRHEAIRETH D &N R 5.

o, B 414@ic k70— A 720X C 2RELESLS, £ #HE
4500mm/min fFIEIZEB W THE = R VX RN E > T s, [ 4.14(b)F L TV(e)
kb L, T—XHEKH 4.14b) D3 EE O LW T2 0lcxt LT, kitE
FEERIZ LA 414()FTHEEICHAI L TRELS D &b, ZOBRICE
ST, 7V —AAFLIECERELLELGEO =R VFHK AN E T 23 E DT
£ 5.
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(a) Energy consumption of linear motor (b) Motor loss
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(c) Viscous damping loss (d) Coulomb’s friction loss

Fig.4.14 Influence of friction characteristics to the energy consumption

of linear motor and each losses

ULEDRERNG, V=T F—ZEEI0OK Y BRERICEWNT, EEERNA Y ZANO
FEBRRMEDS, HBE =RV FICREREBREBLET LWL NE R £,
BEBSID/NSWT ) — A2 FEST H 2L, HRERXY HETEISEDL Z LI

LoT, V=7 —FEREORY BRERICI T 5 F = L FHITE O W REME DY &
2.
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443%Dmﬁ%wmﬁﬁﬁﬁ%%i*w¥K&ET%@

KV ERER OIS ERENTEE = R VX I KT TEE LR 5729, 1000mm/min
725 6000mm/min ~DEFE X T v 7T E R4 Lt&%@ﬁ%$ﬁéﬂmbt.:®
EEHIERIIAMERE R L ROV EERBERORE L, HELV—-TF A G, &
55, 183 B L U367s'D3WVICHRELZ. R— LR UBEBOHEIZEBIT L0
EEOMEZL, NI B INEEE %K 4.15(a),(b)F L O ()ICENEILRT.
@43@%;@@%@6& WEN—T A 2 RESTDHIEEEEAT v 7k
BEDREIIZR D, WHEWEHBEEBE D D RE IREBNIZR > TWD Z ERbh
5.

FEREN =TT A AZBNWT, EBIFE? O IEEOIRE NIRRT 2 0.1 Pk E
TOHBET ANV LEH =X LXTOLMEEZEH LM EER 41012577, 2
ZC, EEZ R LXOEM R, HEOEBICLIMEOER = R LXFOLELE
E %X 416 |23 T X REEDOER Z LiIcXKE2) 2 HWTHEB L, okt
LTEHELTWD., ZZTRUA2DTDO M1, 7—7NVEE L [RERROEMEE— A
VN ERWHEEREICHBREL-bDLERFH LE DRV

E:EAqu—KL) (4.27)

RA41052HDE, WEL—T A UNRKREL RDIZEEHZ X LFOLIEN
WMRKTLHZEDNLND. £, TRICHFVEE=ZRILEFLEREI RTINS, —
7, X 415@)I T X oIS, MEAL—T A U0 5557 EANEWEA, #HEDR
AL, ZOEE, 4102 LD EEHT R LXOE{LEIT455] TH
D, ZHANEYHE 1000mm/min TEB)L T\ L &OEBT R XL, HE
6000mm/min CiEH) L T2 & ZDEB =X /LF L DAETH L. HE 1000mm/min
2> 5 6000mm/min ([ZHET HHEAICIE, ZOEHT= R ALXTOEIHY TS5 ED
TRAXNRMELRY, EEIZHBESNL TS TR LX(X 920 K&, Th
FIMEICE ST 2= XV FOIENIT, BESE—XICI2BANEENLTND D
Thd. 61T, HEL—TFAURRELRY, HENMRBIIZZRDIZONT
BT R VXL BEORIAEML CTEBY, ZRICEYVHBERLETHLHRLT
WHZ ERNbND.

bz Enb, Lﬁ’ﬂE%ﬁ%ﬁDé&xn%»&%Wﬁ%é%vé*kﬁ%o#@

WEDIRBMMNE LWL ) REENL—T A U aRETH LT, MEOEKIC
JHEYEEEROEE RV EZHTE D LV D.
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Fig.4.15 Influence of velocity loop gain
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Fig.4.16 Influence of velocity loop gain

Table 4.10 Comparison of energy consumption on each velocity loop gain

Parameter Unit Valuse
G,(velocity loop gain) s 55 183 367
Energy consumption J 9.20 18.06 29.13
Kinetic energy J 4.55 13.18 25.83
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Y =
45 =] =

ARETHE, "=V RAUHBEBIOY =7 E— BB LD 1 #ix ) BKE RIS
075%%557‘7%@”[5"9‘_5 T, AN E e MTTRFERET D cE
EBIT, TOZXNAXNRNZEZMRLMNE Lz, UTFICHoRHRERT.

(1) EVEREROZRVFNLIZBNT, T—R7 7 THEINDLZRLEN
IR EL, EHFIKLEL INDIZ XY, E—FBIOEEALOHD
5 EIG T/ E .

Q) A—NRUEEFHOEE, V=7 F—XBBIO5G L0 b EEOREET D EHT
MENT=D, EVBERRAETRKERI VX EZLEL TS,

3) V=7F— &%%@ D BRENRICI VT, EEES D BN O BEEREN Y
TRNFICREREEZBRLIET D, BEHIONSIWI ) —R2RET
L THEZ XLV EHTE S,

4) FHREOBRICIVEEZ RV X 2 H/NET LRV RENFELET DI END,
WYk HEARET DI L THBED XL ZHIHTE 5.

) HEL—TTAUBNRES LD E, HEMNREINICRS Z L THEZXLYX
MW RT D70, HECIRBAAE LWL IRTSA VEARETHZ & THE
TRAXEHIWTED.

AETRLEHRITEAFEDREFICBIT 2R THY, 4%, ARMMEAT S
%“ﬁ@%%zﬁwﬁmowf%%E#é%mf%é.it BIHI ) A3 325 0 BREh
KETHEBZOWTEE S ETHRHATDH. ZOMRICESHTEY BKEIZO
ﬁ%i%»%%%ﬁ#é:&ﬁm%nﬁ,iﬁ R 2RI 58 = kL TR
WMF T 5.
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1) HEEPEE, BEE, KIRA—, TIIHR, 1 FEE, LibFE—: NC LIEH#
MIZBITDEVEERAD h—Z NV F a—=0 7 IZET DHFECE 4 &) :
ZHhT o — =7, KB T8, 63,3 (1997) pp.368.
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OEENRAE & UIHRGUSIKAFE L, ZORRIZOWTIHAE LI EEIE A H 72 6 72
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B, MRETT D Z L TUIHDINTRFIZ I 2 Ll &k 0 BRER O = p L RIS E I 5
DT D, F, HAMEBRERESZ0 OWE R VX ZEEE S L TR
5.

5.2. GIHIMTIERICKIT D= RAFINK L HEHFE

ABFZETIL, MLEFICHET 2 Bl L OED BEERO = 2L XN %2, K 5.1
DX RS, MRT I, ToFICATENDENE 1006 L, 77
BIORE—ZTOHEKE L TENNEE INTIE, RODBNE—FEHERD. Z
TCE—ZEE, FEEE) ) LEVEMEN) LTS, 2D, BIHINIZ
BAfR 72 < FEMhEIER &k v B O EE) O SO D HREREIRL L LT, HAR S
LENDDD. ARV OBNHNUIAIEN 1 E LTHHESINDEEZXD. &6
iz, ZoUHEIE I oW T Y, YIHI MV N EENCER T S 2 & TRAET S T
oy &, BIEIDMNED EIC/ER T2 2 & TRAETZEVEIRDICOIT O, K
HiTlX, £ NOE M FIECO N TRT.

Amplifier input :100%
<
Motor power
— >
Spindle motor power Feed motor power
N e Amplifier losses
and motor losses
Cutting power
< >
Spindle cutting power | Feed cutting power Machine drive losses
< > | < >

Fig.5.1 Energy usage of machine tool during cutting process
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5.2.1. E— X &/

AT, MLt oE—28) %, E@#OT—XE )XV EOE— 28
DEFETSH. 22T, E—XEHABIOCUHIE I ZRE BT A0 EE D T
fih &% BRE R DE—H L7 2OV TIE, FANUC H—R T A %AW CTiE
L7z. Z® FANUC V—ARTA Nk, £V —ARE—%, AL NLE—F Dk
AR Y — L Th Y, YA AERE, HE, MM IBEREKEET 4%
fL—AL, Pv—RALET—FOEEREE L TERRTHIENTE HHEEE
RO,

FEBRTIE, X@iht—%, Yo Y1, Y2F—%, Z#D Z1, 22 F—%D bV 7
Ba e, E b7 EAB X OREEEEDT — X 2R3 L. E— ¥ bV 7 T[Nm]
TR VY TuuNmiZxt 358 —k 7 — U T[%] THO IS0, K(S.1)
ko TRED., KEORKRRK ML ZIZOWNTIE, F 5.1 07T, Sl o] ds 8 E T
Al s L CRidk SN 5.

T=T,/100xT,, (5.1)

FHhE— Z B OFHEFIEICOWTERD . HIE L7 Fg v f88 TN E &
HIMTho2BHECEET22 87T, FHEM M2 T, INJZHE Lz, Rz
W EdR Lo T, [N]E EdhEESHEE Nmin'] & 2> 5R(5.2)1 L v TilhE— 2 8)
71 PqWIRE 5.

2rxNxT,,

P, =" " em
s 60 (5.2)

EVHEIOE—XEIZONTIE, ROLIHIIIRDT., £9, WEINZKED
fhoE—% VY T (T, T)[Nm]&, A—LRUCD Y — R [mm]H5HR(5.3)% A
T, K#hoE—2 M7 OHENHFAE T,(Tyy, Too) INIZFHHT 5. KO R — 1
RLDOYU— RIZHONWTIEERS2ITRT.

27z xT

_ x(y,2)
Ttv) =710 (5.3)

Table 5.1 Maximum torque Table 5.2 Lead of ball-screw
Axis Maximum torque [Nm] Axis Lead of ball-screw[mm]
X 35 X 16
Y1,Y2 35 Y1,Y2 16
71,72 32 71,72 12
Spindle 15.72
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P =
H T 60x10°

BEVEITROZEXVEIT—XE N A2 TR TR LEDED Z & T #i+—
2B PAAWIR KR E D (K(5.5)).

Pe=P. +P,+P. (5.5)

BEZIC, BT —X8 1 XVEoOE—XE &2 ARG L, 2T — X8 ) Py[W]
L7, ((5.6)

By =Fs+ P (5.6)

5.2.2. BIHIEY /)

AP TIE, BIHIEN D 2 EERICHE SN OEI Dol X v S+ 5. G L%
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GIHIEY 70%, GIHI Ry 2 TINml&k 0 R 5. GIHI S v 27 13 8IEI D88 D5 17 Rk 4y
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Dynamometer Charge amplifier Data recorder

Fig.5.2 Experimental equipment for cutting power measurement
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Work piece
( Medium carbon steel S50C )

Attachment

Attachment
Table

z

Element B

Element B

Element A

Element A

Fig.5.4 Geometry of milling force model
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L, TFINOERERILICEALNAEL, ToEAIITLERALNAL i, TE
PRER ETHERSGSND LTS,

elag (Z) =

tani

z (5.7)

0

o 5 ERERITIER T 20N ) OB TT B Sy dF, R IT MBS dF,., il
Fk sy dF, 13N ENRGS)THZOLND.

dF; (9’ Z)= [Kte +Ktc h(07 Z)]dZ
dF.(0,2)=[K,, +K,, h(0,z)|dz (5.8)
dF,(0,z)=[K,, +K,, h0,z)|dz

re

ae

22T, 0 FLREEMA TN NG (2=0) % y @2 5REHE Y ICHEIE LT
AEIZHY L, X TEESMAMORMNEST, UNERERZOEAREZRT. =6
2, RG8)ITUIHI A Z U N & WHIM & DEBIC L > TEL DS &, HEM O
HFAWIZ LS TALDRG EICHITTEZXTEY, FiEOUHIREE Ke, Ke,
Kiey BEDZTN% Kie, Koy, Kie ELTWD. F72 0O, z) 1TFEYVIARE S T,
K 55 ICR-T X512, WEHFEHLTWAURAOBIE, —DRTOEIIH D >
W OBBEMN LR BN D.

TEIZEY EEBHZITWARNSEE L TWD 0T, EEICIZTNHOEENE ko
a4 NEhfR & 7250, —HH7-VOED &S, D TEPRRICHESTHSIT/hEI NG
BEMELTEZDZENTES. TEAHEESCVOVIREZEE LWL E D%
GV IAAREZIIKGBIYYTRODLZENTE D,

h6,z)=S, sin ¥(6,z) (5.9)

f/

/J>‘<:
v
>

Fig.5.5 Uncut chip thickness in milling force model
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KGENITBNT, O, z) TzDOMEIZH DN AO T EEEEMAO (2T
LU0 AHBATHY, RBA0)LVKRED.

—o- tani
R

¥(0,z)=6-0 z (5.10)

lag
0

2(5.8) TR O 7=/ NOIHEI ) D BRI MRk 43 dF,, 8 J5 M5y dF,, #7 Wpk4y dF,
1%, RGADD X S22k Hmo xdhhm e TEE G RO z il hm, b & EA
RO y §T IS 52 LN TED.

dF, (6’, z) —sin¥ —cos¥ 0 )(dF.
dF,(0,z)|=| —cos¥ sin¥ 0 || dF, (5.11)
dF.(0,z) 0 0 —1)\dF,

F2, BUNERIERAT 298] bov 2k, R(5.12) L0 BIEI T OB T ARk Sy &
THEENORODDZENTES.
d7(0,z)=dF, R, (5.12)

Solz, BB TAREAICE T 208NN EICIEHT 2 9H 7 & 61
L2, FRERE(G13), R(5.14)70 5 EUNIIEI S L s kv 2 F oz sl o
UIHIEIRICI > TR T2 2 LickvRpDEZENTE .

FJ@ZLWZaFJQZLWﬂ=Fx@=Lm3 (5.13)

7(0)=[ar (5.14)

UEOHBEZTXRTOUNHNIZONTITY, T XTELEDLEASAZ LIS T
THAEERICERT 298 HH D VITUEI RV 2RDDZENTE D,

ZIT, A7 =Tz RINVIZELHUHIFERICOVWTIE~S. K 5.6 i3dH 5%
WL OGI K OBLER & gRHIM & DALERIRZ R L TE Y, ()T HEDL Y IAAL
D TEHORERIZHES TIRBIZKE L b L&D, (IEHICRFEIZ/NSL 2D
THEHIY OFPETHD. 22T, 6, 1 TWNNBEIF YV AR EED 5 B O
AE (=7 —Uf) %, 6, 1380 &> TURADHEIF 2 58T 5 B o
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Workpiece y
/ A

tooth path

(a) Up cut (b) Down cut
Fig.5.6 Engage angle and disengage angle
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4 Ry—R 5.15
Opus = Z _sint| S04 (5.15)
2 Ry
. 1 Rp—R
0, = A
2 Ry (5.16)
Oour=7

TEREHERANREO O L&, HEREZDOYINADBEHIICEAML THD0E S i
ROREXNTHET DI ENTED.

Oin "'elag(z)S 0 < eout'Hglag(Z) (0<Z$Ad) (5.17)

RGEANDENET UL, G H EgHIM T L s Z bz s. 22T, K
FO AT T EEGHEVALETHY, ZOHEEz=000bz=4, FTOZTN
FNOERERICBNTITH Z L2k, 2z SiFmOUHIEEZRD D Z R8T
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BIEI M A LW &ick b,
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OIHIE )X T BT 25 &, EVHEICRBIT DR DEF ThL EEZ BN
%. YIHIEY DB D RSy Pes [WIE, Ed#hic/EM -+ 2 UH] by & Tdhn)is
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GIHIED ) DA 5D T T ST Pexier, e [WID R E D (K(5.19)).

Fes (5.18)

F XV
P _ Sammyz) * Vx(y,2) (5.19)

ax(ey,ez) 60X103

BEVE GRS E R LADEDS Z LT, YIHIE D%V By Por 3R E D
(K(5.20)).

PCle)cx+Pcy+1)cz (520)

PLEIC K VRO 7= EEE ) Pes & 1250 fhik sy Pore i LEDLE DL Z T, HIH
#H PRk ED (H(5.21)).

P.=PFP+ Py (5.21)

5.2.3. BEREREIHE K

GIHIIN TR OIHIEY D & L CCid7Ze < i oo [a] #5558 B <0 16 0 i o> 37 3 5 B o
O D =R X %, KRB TIIEMEEBIRL Po[WIE LTERT 5.
PREREN R 1L, R(B.22)D L DI E—Z B ) Py [W]E UIHIE) /] P [W]EDZEE L
Tk o,

P, =Py — P (5.22)

PSR BN 18 2 28 B — & Bh ) Tdpk sy & GOHIEh ) Bl oy 0= L L THER TE S
N, FHOBFETVEHEETH L TYIal—vary THRHT 5. Tz
=y MIFHWE—XORENZOE E THRERE 2 52> TR, HOHE
BRETNL TR, Lo TEMONFET AL, B ST ICRT LI RE—FIH
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B OFT VI LTI, RFRTIIRDEELR 7 —a Vv EEET L E LT
W5, Ko TERLENFRET ANLRG2)OES RN THR, Ta vy
MEIIR 5.8 DX H I D,

T=J0+cO+f (5.23)

X 58 D7y Z7HEICH LT, B 5.9 OXOICHER IO GIEFR A AT
ML, EHHAELE 222 Efl V2 TINm]BAEIIEbET L E L. 22
— g VICHWERT A—H BFRK5.4(T7T .

T 1 1
[\ — > >
Js+c S
T ) T
NITTTITT :
£ oc S sgn(0)
Fig.5.7 Dynamic model of Fig.5.8 Block diagram of
spindle mechanism spindle mechanism

Table 5.3 List of parameters for spindle motor model

Parameter Symbol Unit
Inertia of motor J kgm®
Motor Torque T Nm
Viscous damping c Ns/rad
Coulomb’s friction torque f N
Rotational angle of motor 0 rad

Ts |
+ 1 1
—> Kvp =) Saturation > >

- I Tis+1 + - |Js+c S

1 fsgn<9)|¢-
Ti-=s

Fig.5.9 Block diagram of spindle unit
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Table 5.4 List of parameter in block diagram of spindle unit

Parameter Symbol Unit Values
Velocity loop proportional gain K, s 4.5
Velocity loop proportional time constant T; 1 11.13
Time constant of first-order lag filter T, 1 0.0031
Upper limit of saturartion Ly Nm 13.36
Lower limit of saturartion L; Nm -8.68
Inertia of motor J kgm® 0.00679
Viscous damping c Ns/rad 0.00043
Coulomb’s friction torque f Nm 0.00042
—— Rotational velocity
—— Angular acceleration

« = = = = = 18

3 2500 5000 = 16

_g 2000 4000 .

g 3500 3 £12

B 1500 3000 5 %10

3 2500 = = ¢

2 1000 2000 2 &

5 1500 .S = ©6

ED 500 1000 & 4

= 500 2 5

< 0 0 0

24 2.6 2.8 30 32 34 36 24 26 28 30 32 34 36
Time s Time s
(a) Rotational velocity and angular acceleration (b) Motor torque

Fig.5.10 Relationship between anglar accelartion and motor torque

FT, BHEE—A 2 MZOWTIE, F#h%E Ormp 2> 5 5000rpm F THLE L 72 K
DE—FZDOHMEL L E—F MV T EOFEENOGRIELTZbOZ V. K510
IZZDEEDOEFO@)AHEE - AIEE, b)T—% M7 O EMEEZENEN
R BB A AT X, My EEE OBFRIIRG22)DO LI bbb I,
£ D B KA 6 =2490[rad/s*] & & — & b V7 DEc KA Thoe £ 0, 1HPEE— 2

max

v b J=6.79%X107 & L7,
T =Jo (5.24)

max max
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THZLE L EHIRFOE—% M7 3RB.25)D L DRI N DN, il EH
FIZIEEE— A v Mok B8N cx, RG26)TEIND.

T=J0+cO+ f (5.25)

T=cO+f (5.26)

SFGEB T OEFREE & T — X b7 OBMRITIR(B.260)I 8T X 91T, & 2V
PR E e, IR D7 —oa VBT fO—RGBRATRETE 508, (EHER TI3H
FEE b OBRIZIERIE M E 2R3 720, EEL MLy BDBREOWE 2R
BRI CRIE 21T 9 2 & & L7z, FEfhiEEE E 6000 rpm, 8000 rpm, 10000 rpm
O3 CHANEHEH L LEOEME—F M7 EFRIEL, TORBEND
BonlHEELE bV OBRER SALIZRT. ZOMREE kA TEBL, 20
X 2 REERE, Uha s —a U BEDE LT,

F 7z, Eil bV I EERBHAEREIC NV o ERRfEIZ, EIERFIZIE Ry TRRAEC
Y 5. FEfhA 1000 rpm THEES S H721%, FISE, 2oL xoEiH v ol
ERERND, EREE FIREZRE L., BEJKRELR 512 1277,

WELV— T B 7 A v K, WEAL—THIREER T, BLO—KERLT 1L
X ORFESR T, F#h2S 1000 rpm £ TIEHT D L&D b7 B8 IOHEHEORE
2N, WEMETEDRY —FHT 2 X OICHITEERMICFEE L. ZOREMEE
X 513 (Z(a) b7, MEEL L TENLTIRT.

Torque Nm

500 700 900 1100
Velocity rad/s

Fig.5.11 Relationship between spindle motor torque and velocity
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Fig.5.12 Measured result of spindle motor torque at start and stop
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Fig.5.13 Comparison of simulated and measured results of spindle motor
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Fig.5.14 Comparison of simulated and measured results of cutting test

Table 5.5 Cutting condition for simulation

Cutting direction Down cut
Spindle speed [min™'] 1250
Axial depth of cut [mm)] 8
Feed speed [mm/min] 100
Radial depth of cut [mm] 1
Feed per tooth [mm] 0.04
Cutting speed [m/min] 39.27

5.24. TV 7THREB L E—F#H%K

T ENTZE IO, E—FEHE L THEDLNR NS T2 ENELT
TELIRE—FTOHRRELTHBESREEZEZOND., ZOT V7B LRE—
AL P WX, RG2HYD X HIC, 7o 7HeEE S Py [W]EE— X8/ Py [W]
EDFELLTHIETS.

P, =P, Py (5.27)

ZITTUTHEREE, TUTNTRET DAL v F o ZTHRISOHIEIBIE, JE
W OBENCHE DN 2BEREZZOND. —F, T—XHERICITMRELR, #4E
K, W EKLEND LD, TNENERODLZEITHEFICHETHLTZD, &
O TR 5.
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Fig.5.15 Schematic diagram of cutting experimental
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Fig.5.16 Measured results of cutting force
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Table 5.6 Cutting conditions (Experiment 1)

Machine tool NMV1500

Workpiece S50C

Tool ¢ 10 square end mill

(MITSUBISHI S-2MD) Helix angle[deg.] 30

Number of flutes 2

Cutting conditions Cutting pattern Down cut
Spindle speed [min™'] 1250
Axial depth of cut [mm)] 8.0
feed speed [mm/min] 100
Radial depth of cut [mm] 1.0, 0.75,0.5
Feed per tooth [mm] 0.04
cutting velocity [m/min] 39.27
material removal rate [mm?®/s] 13.3, 10, 6.67

B material removal rate 6.67 mm?/s
B material removal rate 10.0 mm?3/s
B material removal rate 13.3 mm3/s

removal volume [J/mm?]
o¢]

Energy per material

Amplifier ~ Amplifier losses Machine drive Cutting Energy
input motor losses losses

Fig.5.17 Energy consumption in different material removal rate
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Fig.5.18 Measured results (Removal rate Z, = 6.67mm”)
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Fig.5.19 Measured results (Removal rate Z; = 10.0mm’)
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Fig.5.20 Measured results (Removal rate Z, = 13.3mm’)

99



B5F IVFIIMIBCETAXEVEHRELD
FTHOHEIRILFINX

Amplifier input
152.8[J/mm?]:100[%]

Motor power

Amplifier losses
83.6[J/mm?3]:54.7[%]

Motor losses
69.2[J/mm?3]:45.3[%]

Machine drive losses
30.8[J/mm?3]:20.2[%]
Cutting power

52.7[J/mm?3]:34.5[%]

(a) Removal rate Z,, =13.3 mm?/s

Amplifier input
125.0[J/mm?]:100[ %]

Motor power

66.3[J/mm>]:53.0[%] Amplifier losses

Motor losses
58.7[J/mm?3]:46.9[%]

Machine drive losses
24.7[J/mm?]:19.8[%]

Cutting power
41.6[J/mm?3]:33.3[%]
(b) Removal rate Z, =10.0 mm?3/s

Amplifier input
94.1[J/mm?]:100[ %]

Motor power

49.0[J/mm?]:52.0[%] Amplifier losses

Motor losses
45.2[J/mm3]:48.0[%]

Machine drive losses
19.8[J/mm?]:21.2[%]

Cutting power
29.0[J/mm?]:31.0%

(c) Removal rate Z,, =6.67 mm>/s

Fig.5.21 Energy usage of machine tool during cutting process
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Table 5.7 Cutting conditions (Experiment 2)
Machine tool NMV1500
) Medium carbon steel
Workpiece
Ss50C
#10 square end mill
Tool
(MITSUBISHI Helix angle [deg.] 30
S-2MD)
Number of flutes 2
Cutting direction Down cut, Up cut
Spindle speed [min_l] 1250
Axial depth of cut [mm] 8.0
Cutting Radial depth of cut [mm] 1.25,1.0,0.5, 0.25, 0.125
conditions

Feed speed [mm/min]

80, 100, 200, 400, 800

Feed per tooth [mm)]

0.032, 0.04, 0.08, 0.16, 0.32

Cutting speed [m/min]

39.27

3
Material removal rate [mm /s]

13.3
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Fig.5.22 Measured results (Up cut, Radial depth of cut R, = 1.0mm)
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Fig.5.23 Measured results (Down cut, Radial depth of cut R, = 1.0mm)
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Fig.5.24 Difference of energy consumption by the cutting direction
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Fig.5.25 Difference of energy usages between up cut and down cut
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Fig.5.26 Direction of spindle rotation and feed motion
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Fig.5.27 Measured torques in different cutting direction
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Table A Cramp on AC/DC sensor

CT9692+3290-10 HIOKI E.E. Co.

Rated input current 200 A AC/DC
Max. allowable input Continuous 200 Arms
Band width DC to 20 kHz (-3dB)

Max. rated voltage to earth 600V AC/DC CAT III

Core diameter 33 mm

Basic accuracy at DC current | 20.00/200.0A : +1.3 % rdg. £0.10 A/ £0.5 A

Basic accuracy at AC current | 20.00/200.0A : +1.3 % rdg. £0.08 A/ £0.3 A

Table B Differential probe

9322  HIOKI E.E. Co.

Input type Balanced differential input

Voltage division ratio: 1/1000,

Output )
BNC terminal (DC/AC/RMS 3-mode selectable output)

+1% f.s. (1000V DC or less),

DC amplitude accuracy
+3% f.s. (2000 V DC or less) (f.s.=2000 VDC)

+1% f.s. (DC, 40Hz to 1kHz),

RMS amplitude accuracy
+4% f.s. (1 kHz to 100 kHz) (f.s.=1000 VAC)

H-L: 9 MQ, approx 10 pF (C at 100 kHz)

Input resistance, capacity
H-case, L-case: 4.5 MQ, approx 20 pF (C at 100 kHz)

Max. allowable input 2000V DC, 1000V AC (CAT II), 600V AC/DC (CAT III)

Max. rated voltage to earth | When using alligator clip: 1000V AC/DC (CAT II)
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Table C Dynamometer

9257B Kistler Co.

Measuring range +5kN
Sensitivity F,, F, 7.5 pc/N
Sensitivity F, 3.7 pc/N
Natural frequency F, F), 2.3 kHz
Natural frequency F, 3.5 kHz
Operating temperature range 0-70 deg.C

=

Fig. A Cramp on AC/DC sensor Fig.B Differential probe

Fig.C Dynamometer
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Fig.Z.3 Feed rate 1500mm/min
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Fig.Z.7 Feed rate 5000mm/min
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Table 2.2 Representative Physical Properties of Grease A (AFE-CA)

Item Representalive value Test method
Consistency enhancer Urea-based
Base oil high-grade synthetic oil
Base oil kinematic viscosity:mm?/s(40°C) 99 JIS K 2220 23
Worked penetrarion(25°C,60W) 280 JISK 22207
Mixing stability (100,000 W) 310 JIS K 2220 15
Dropping point °C 260 JISK 2220 8
Evaporation amount:mass% (99°C, 22h) 0.1 JISK 2220 10
Oil separation rate:mass% (100°C, 24h) 0.1 JISK 222011
Copper plate corrosion(B method, 100°C, 24h) Accepted JISK 22209
Low temperature torque: N-m (-20°C) Start 10 JISK 2220 18

(revolutions) 76

4-ball testing (burn-in load): N 1236 ASTM D2596
Service Temperature Range °C -40 to 180
Color Light yellowish brown

Table 2.1 Representative Physical Properties of Grease B (AFB-LF)

Item Representalive value | Test method
Consistency enhancer Lithium—based
Base oil refined mineral oil
Base oil kinematic viscosity:mm?/s(40°C) 170 JIS K 2220 23
Worked penetrarion(25°C,60W) 275 JISK 22207
Mixing stability (100,000 W) 345 JISK 2220 15
Dropping point °C 193 JISK 222038
Evaporation amount:mass% (99°C, 22h) 0.4 JIS K 2220 10
Oil separation rate:mass% (100°C, 24h) 0.6 JISK 222011
Copper plate corrosion(B method, 100°C, 24h) Accepted JISK 22209
Low temperature torque: N-m (-20°C) Start 139 JISK 2220 18

(revolutions) 51

4-ball testing (burn-in load): N 3089 ASTM D2596
Service Temperature Range °C -15 to 100
Color Yellowish brown
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Table 2.3 Representative Physical Properties of Grease C (AFC)

Item Representalive value Test method
Consistency enhancer Urea-based
Base oil high-grade synthetic oil
Base oil kinematic viscosity:mm?/s(40°C) 25 JIS K 2220 23
Worked penetrarion(25°C,60W) 288 JISK 22207
Mixing stability (100,000 W) 341 JISK 2220 15
Dropping point °C 269 JISK 22208
Evaporation amount:mass% (99°C, 22h) 0.2 JIS K 2220 10
Oil separation rate:mass% (100°C, 24h) 0.6 JISK 2220 11
Copper plate corrosion(B method, 100°C, 24h) Accepted JISK 22209
Low temperature torque: N-m (-20°C) Star 199 JISK 2220 18

(revolutions) 68

4-ball testing (burn-in load): N 3089 ASTM D2596
Service Temperature Range °C -54 to0 177
Color Brown
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Fig.D.1 Measured results ( Down cut, Radial depth of cut R, = 1.25 mm)
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Fig.E Measured results ( Up cut, Radial depth of cut R, =1.25 mm)
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Fig.F Measured results ( Down cut, Radial depth of cut R, = 0.5 mm)
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Fig.G Measured results ( Up cut, Radial depth of cut R, = 0.5 mm)
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Fig.H Measured results ( Down cut, Radial depth of cut R, = 0.25 mm)
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Fig.I Measured results ( Up cut, Radial depth of cut R; = 0.25 mm)
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Fig.J Measured results ( Down cut, Radial depth of cut R, =0.125 mm)
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Fig. K Measured results ( Up cut, Radial depth of cut R, = 0.125 mm)
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