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1.1 THEEMEVEHOBERER

1.1.1 IEHMOEE

TAEMERIC DWW T H AR TERKQIS) TIIRD LI ICERZLTWA. L LTEREO TIEY
Z, BIHI, #FEIZ2 Sl k- T, NEER, TOMOZRAX—%2FH L CAREREDZ D
brE, PTEOIRITIED BiIF oM. 72720, AP EREZ FCREFLEY, v 77Xy bR
By REIZE->THEHELEZYT5bDIFRL. BETHDH I LE2HICHmET L L EITE, £
B TR S WD b dh D) Y THEEEOBI L LT, Sk~ y=r 2t 2 0K
MEZH L1LIRT. v~ =072 23T ZOEIT 27200 TR R S & 5+
W& TAEY & TRICHANEEZ SE5EX VA INTWD. KL TH O TAEEH O
EU I, BRENES & B L IR TE S

Ram (supports the moving unit)
Saddle (supports the spindle)

_ Induction motor
_.-~7 or synchronous motor
g (for rotary cutting tools)

Spindle 1: ‘ g
Inverter
' Console (CNC)
Table e &=
(moving unit) 4.-0

T
>a

Synchronous motors

o o ), (for positioning)
Guide mechanism—

(supports the moving unit)

Bed (supports the total mass)

Figure 1.1 Schematic structure of a typical vertical machining center
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Acceleration
and
—>| deceleration Motion of X axis
after
interpolation

Acceleration Acceleration
Extraction and ; and
. Interpolation
prol\gl](r:am of contour 9 deceleration é P deceleration Motion of Y axis
& speed before after
interpolation interpolation

Acceleration
and
L—> deceleration Motion of Z axis
after
interpolation

Pre-process Basic process

Figure 1.2 Block diagram of numerical control (NC)
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FENC L > CE—F ~DOMEERSEZFHH TS, TIEEBXVE#OT 7 Fax—4 L LTH
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TEICERT 2 L O FHERICEHIMT 2EBEZ PWMEES & LT RT A ANEE (o o 3—H)
(CHT 5.

Torque command Voltage command
Position command Rotary velocity command (Current command) (PWM three-phase signals)
+50 PG + Velocity Current Inverter
- - 7< controller controller circuit

Position gain

Current loop

Velocity loop

Current feedback,
Position loop Rotor
phase

Three-phase current

Machinery
Encoder
@
Position feedback Velocity feedback

Motor

(a) Triple-loop structure consisting of current, velocity and position feedback loops

Position
gain
Velocity command
Command PG > Velocity
+ control

Machinery

Position feedback from the motor encoder
Motor

Detection of motion of motor-side

(b) Semi-closed control system

Position
gain

Velocity command

Command —+>§?_> PG > Velocity

control
- Machinery
External encoder
Position feedback from the external encoder Detection of motion of machinery side

(c) Full-closed control system

Figure 1.3 Block diagram of servo control
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1.1.4 IYEHMOEY B HEE

TARM O MRS IXX 1.4 (2R T8 Y, HOEEHEZ H2H@), ()&, B b2 o1
T DOE—Z R OPIZHHIOA A CTEEE) T 54 14 L7 N NI A4 7Ok (C), (d)& 7 H
5. TNENOEMAEF 1L.LIRT Y Yo HHT — 2 12 L iuE, TIEEIR %Y T,
AV NKRIATORMALFRIZ2WRE L > TN D.

P RNHIEAEE T TS5 e BACBUE S E D O FICERICEBESE L L] BX
W YR DN GLER OB EZ T 52 L] O 2 5BRRDHIND . KRin T TIIHEAETD
DELIITEKRET, 52 0NTHEERTORBEREZ EBET 5700 —RE—F D
W HEERET S.

P— R E—Z O FIEICE T DmIC A D AN FEZER O EREBLY; Tl i Tuy 5 Tk
ICHR S LTV D — R E O SR ER 2T 2.

(a) Bearings E (b)

P 4
Worm gear Roller gear

2N
PV mm
) AR )
| A—
-

_______________________________________________________________________________________________________

Magnet Plate \;, Sl Linear motor

Figure 1.4 Classification of feed drive system in machine tools:
(a) Mechanical section with reduction system (linear motion)
(b) Mechanical section with reduction system (rotary motion)
(c) Mechanical section by direct drive (linear motion)

(d) Mechanical section by direct drive (rotary motion)
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Table 1.1 Characteristics of reduction mechanism and direct drive system

Kind of drive system Description

Reduction mechanism Smaller motor available
Lower cost
Easy exchange of motors

Feed drive characteristics selectable by a lead of a ball screw

Direct drive system Easy to design compact machinery
No wearing element

Higher precision without backlash

115 TNARELTOY—REEEEDERER

1.1.6 205 1.1.9 O EI T — %O TR O 25 0 fih oo BEEH IS HEH S Ty 2 3 — A il i 2
B OEWRER 2 E BT 5. BRI —FRFORL v F o 7 JEER, £
Tra—FOEy NIRRT — FEAERER], ETI K ONEEEHIE O HIE R 2 & FA o R
TR O NDEERBNT 5.

BRSO TR O MEREZ R 2 B THIUE, A A v F v 7 TR E S0 4808 51X
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TEHEITAEPEM TH V RFEFHAICAI > TZDHFEERDEEND. ZOTDRENT 59 —&K
FIEEREOAERE S 3 X MBI A XOHIK O T CREMZERRE>TNSD.

116 NIT—RFORBRERA Vv FUITREREY
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B 1.5 ()i, FICHEBIEO Y U EREOI TIZHW G D TAEME O % D fiBRE) 2
HMENHNRNU—HFDIBITHD. 1.5 (D) N F A N[EFE OEER IR BRI BT 53
T—RA DAL v F U 7 E ERBIROBERE R L TW5D. KB 160 A(peak)(Z
T, F913 D A5 A(rms)D EEBIM A MR T D720, AA v F 2 ZJEERIE, ALEROEET
13 4 kHz, BABRHIE CIE 8 kHz, HIZEREE#E CTOMMBME TIZ 16 kHz 28 L T\ 5
T D NA T A ACEBET DHEITIE, EE M7 OREI LD BHIEOELEZES T 72

DICFEHRAA v F U 7T EYEZRATRELOEZICHESL. 2 LUK TIE PWM A A v F
7 JEW R 8 kHz, ELHIEE ] 62.5 ps Z_X— R & L7-BREN S AT A& EHREE LT, —=R
E— X ORI G IEEZRTT 5.

60

I s— S— ;
E | Rated current of an
2‘: 40 [N inverter meets a rated |
- i : output of a moter in
5 i h this range.
g 30 b i N B
3 Posmonmg i
E 20 |t b
8 Comounng

(general) | | e

h 4 L I

“["“F"‘]“"W"i""I“"ﬁ"‘i"“[‘“’i“f"i 0 10 20 a0 40
’ PWM fregquency kHz

(a) Power device to drive machine tool for (b) Relationship between PWM switching frequency

automotive power train line (max 160 A(peak)) and rated current, indicating a case for an inverter with

maximum current of 160 A(peak)

Figure 1.5 Power-electronics devices in inverters for machine tools
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Figure 1.6 Measurement results of continuous position deviation at 0.006 min™ with encoder

resolutions of (a) 22 bits, (b) 23 bits, (c) 24 bits and (d) 25 bits
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BHEDOZAF Iy 7 Lo VIER—D7D, SfEiEx EEMICH LSS5 B T/INEED N7
A NTE—Z Z BB T 256 OEIINEE 2 0E Lic., TO/MEER 1.7 IRT. HEED
12 RETIE =Y a— X3 fREE 24 bit, EHED 1/4 K E T 25 bit £ TREDRENS A Sz,
B, WEO/NEED KT A N[EE & O A Cix TVEREHE Y il o hnEosE L fGEHE
NEHEI 22 D720, MLERD MLy B LERAMER LD, ZO/ENL, T—X=x
va—XOogERIL LEEEH -V 27 bit HILIE 5 THY, ZO%HE THEEEE — X Ol
BLIRS BE 1% 1/1,000,000rev F2JE L 72> TN D, R—L 2P DY — K& —#%H)7 10mmirev & L
THETSHLE 100m 7220, R— LR Uiz HAVWEEBE AN R~y = 72 X TEAN
RAERET), HENAZMRF L7 ECOMBIEE L 7es. ELBRBEXVZHEBET Y =7TE—%
BICBWONERET VAT, V=T A7 — VO RAENIE VG 2 b 5 B & 72
STW5D.

4 ! ! ® 160 A (standard)
| | W 80 A (half)
| | 40 A (quarter)
e 3 - D S A e B S e
o | | ! !
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= i [ ] i
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Encoder resolusion bits

Figure 1.7 Rotary precision of motor at a constant speed with various encoder resolutions and

maximum current capacities of inverter

T a—XOEEET =X T EEEo@Ev 1 \EzdH7= 0 27bit, T OMOINTE#R A S D T 90
~100 bit TRV. ZOWNiRAEZF 1.2 IR

Table 1.2 Encorder data item and each data length

Item Data length (bits)
Rotation number 16
Rotary angle in a rotation 27
Electrical angle 4
Alarm information 8
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Additional information including temperature 16
CRC 20-30
Total 90 - 100

1.1.8 I a—FDEHENEM
Bk, E—Fra— X OBEEERIIIEEE (F—2BEOMRFEN) L aX ho#lR
INBERFTRICLDEENE A ENT VA, il 2 1F RS485 Tidfs kIl & 5243 ¥ D g
FRIZIX 18 IC/RTIMY 10m 22 5 & B > TIRBEFATREZREE IR T L T <. KL
TEREAR ClIim R T 50 miEVMRIEERBES LB & 72 5 T2 DR iE O [R S IX 2.5 Mbps 2/ & 72
5. L1I7THTCRLETD Y a—F T = OWREICHERFERIZO0us BETHY, Itk 1.3
(SR TALE T — & OFF RIS 5 RER 2 0 2 725 5, AL E M IS RE 9 BAiE 60-70 us & 72 5.

100
10 ~
") TN
8§ 25lcceotdraeo oo N
= .
] 1 -y
g T
5 TN
b "
5 01
=
[0
=
0.01
1 10 50 100 1000
Transmission distance m
Figure 1.8 Relationship between transfer distance and transfer rate by RS485
Table 1.3 Encoder delay elements and each delay time
Delay element in position encode Delay (us)
Data latch command recognition 8
A/D conversion 4
Calculation of positon data 8
Data transmission 40 - 50
Total 60 - 70
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Actual torque to
depress vibration
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| controller || controller Inverter \
i - ] i
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Figure 1.9 Illustraion of various delays between actual motion and torque generation
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Figure 1.10 Relation between CPU load and velocity loop gain at stability point V denotes velocity
control, C current control, Integ. integral element and Prop. denotes proportional element. The cycle

of current control of 62.5 us equivalent to 8 kHz of PWM switching
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Figure 1.11 Example of path error of the circle with radius 10mm federate 4000mm/min

1.2.2 MI 77— OEAEH
4 1.11 TR L7 H—RROREEN TAERMOE Y @il ORFEE, #RAITITIM LY — 27 ORE
DR—=RA L2 B0, EEOIMTT — 7120V — R A0 5N TS F T OMBCR DR ERE,
AR OIEE 2 SRR T 23828, FEE LX) HECRESL TR NboBiE
RN L O M TR THRELIMLHEE S PAEESIND. UL FICET—T O
Tl ZORER R E T
X 1.12 (PR 22 TAERERR TN T L7 U — 2 5l & 2 O Tk o 8 E 5% F % R~ 9.

AEH REETEH R THEMIR Opt-scope

. I &4
’JDI,,}_X ME A5052
= D=5 4Z 50mm X 50mm
CAMRL SR 0.1pm
IR @A (VYELRIA
R—ILITURIILR3
FEAEER L 20,000min-1
B RHEMT 2VRR 400mm/min
o w EvyI4—F 50um
Hn T BERS SESRE (£ 1)

FHSHAR

08
02
074
o1 um
064 04
0s 00 02
F 007 r
04 ] 01
22
034 02
A 4
024 03 o0 o1 oz 5 04 05 os o7 o8 05 lomm

T T G T T o 83 |E¥ﬂl§ | Sa:0.064um | Ra:0.054p.m|
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Figure 1.13 Work sample and measurement result with ultra-high-precision machine
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Figure 1.14 Influences of inductance decrease due to magnetic and inverter voltage saturation
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Figure 1.15 Direct drive system and its mechanical resonances

1.3.3 BEEBOFEORE
A= eV —REe—FZEFE LMK < O NC TAEEBIZ B CTE RS &
LTHEASATWS O EfRERRITL b7 70 & OBOE R & it L Tl Wk 2 £33
LT WA, ¥ 70 —X RV AT AOT — 7 I)VERER T, BEHOKEE{ECRS VT
2 A NE— gy LIRS BEROBBREES LI LIZENS . 7 — 7 L BRE) R O Uk
I A& SR LT B 72 012iE, B A ME— a3 OIEAEMREOBREE L OMHE T kOB R
METHH(K 1.16). £V — 7 HEOZALCUIHIA R OE B /e E 4 OFEEESEFISK LT
HEAR MR RA NE—Va CORMEENEEND. A= LR U R EB 25T
— 7 OVEREN R OFENTECR BT RS SIRESH, v X NE—v 2 VT LIEEBER O =%
BT —v &R TING 323,

T NVMEEOR A NE— a VOFERP ANy I Ty ERRIND T EIFEZ VMR
W, R—RLEE—F L EEMLEEEICELTE, A= lTy MR 5EN
ToND7DICHBRIIFEE T e XA M E—va VOFERITHEEE THDH. HEOHIX, #
WAVFW BN DO E LT, A=V UDOT — 7 IVERERICER Lo —RE—X D

-17-



of
k=110
Es

HF V7 ORES BEBIREUCER TS 2 &2 W LT d ¥ iy mic/ER 4 2 I a
Prem A NE—va U ERBBIRBERIZH S Z EEERMICRL, A MNE—Ya ET—7
VRN RICH T DO BIEER & LTl T & & LTV A, &bic, WIEERBEROE
SIFELT, R—=1RUDOF Y MIBITA2R—NLDOERAREMEINIBERLI LT A R
T—Va Y RRETHEVD ZERRE STV O ERKE 18 O KBRStk T ERIAR
FRNKEE L, R—/LOREEHE & AR —/VA S & OEMIRENET L2 EAr A ME—Y
2 NCHYS TS, 29 LA — VRIEOBEBEICH L TE, TOHmET LLMEIN TS
3040 = 8 DRERRFZE A F 2 7= T NC LM TIRIA < S5 C© % 2/ifE: & 3 21001,
RO Y = T ERE RSN Z A7 Bl & TEHENETTE 5 EABRMEES %
EThD.

Bearings

Encoder Motor  CouPling

|/
-

j”'m|\

Table Guideway

—
| [=
|

+T | ost motions

Ball screw Nut
Supporting brackets

How is a lost motion
generated in the Ind
ballscrew drive?

IIIl'llIIII
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Figure 1.18 Illustraiton of the four agenda for high precision control of feed drive systems
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TROBENREZ 2BMERE AL, B 70 —XF§lflL 7 v 7 a—X R§lf & 28555
JLTEETE., BELETA MU FICL o TEI Zu—X Nl E 707 o — X Rl
EDWIFIZBWT, 2 EHEROARMMGIEIT HIRB MR cE 52 LA FEEL BT, £
s —XRFRO~v =072 TOURIIN T2 % L, RKimtEkoB—~MEm Ea @2k T
XTI OWVWTHET 5.

6 & [fEfwl Tk, U EOETRARIZBREOENZIT, TOHEHMORLR L 4% OMEIC
DNTHRB,
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28 BEfANMZEELESEMZEREL BRGNS A —
R RFEIE

2.1 [ZC®HIZ

NC TAEEEM DI T4 OBk AL ~DERIGEFERLS 22> TE Y, LVHEIOHBET 7 F =
T—4 & LTRSS AW HE N TV D KARA R EEK (PMSM) o &t LR E) oo B 2]
TETESRoTWD. 13 HiTHIRAT2E Y, Sk ERE) 2 BT 5 72 D 1T ILE i il 45 %
DEISEALDMETH L. 2O /) I F VIR REERER T H PMSM IZxt L C, A
BRI 72 E OB EME A ZEE L, M EBICKH L TRE TEISE REBREIE N F
A—H OPEENRD LN TWD., £ 2 TRETIE, PMSM O &R EERE % A9 & L2 ER
B AR T XA =2 DREEERET L. SOICREBELEFIETRD LT A—=2%@EA L, (I
& HWEREREZANA A METE, ENMLICBWTHLERBEANER T2 2R,

2.2 i TIX PMSM OB il % & BRI 72 PMSM O FERRIE R C & 2 BIE S K OB A
FZHOWTIHERD. ZZTlE, eI A - lilr A A2z <, PTG I-P fl# £ T

AN L S D EIRGIE AT A —F EHAT L. 2.3 HiTIE, /I FTARFEEDS
PMSM O BRI 2 E 8 L BIRGIH AT A =X 2 RET D FEERETD. AF
P, T2 RERIC REFM, A N\—2DOWHNEEIZL LMK, E—FREDT-DD
BIDOA— NV 2— MilREZEL, 2O TROIGEENEHWERGIE T A —F 2K
L. BT, KM DA 27 2 0 ZADIKTEBE L, ERKGFCERT A %

T 5. 24 #iTlx, A2 PMSM IZBWTHRE LI EBIREIE AT A — 2 REEDH
Btz R L, NC LARMICE M L7z S B @B E M LAERTE D Z L amRT.

2.2 PMSM D & i #ll {5

221 HEROEK
AKETH D PMSM O K~ VHIEI O EFE R 2 K 2.1 12T, BEERELERCH LT, 2
— X BRAEE [ U7 RS RN dgEE R TH 5. defEERIC B T 5 EE AT
XQRDTHZLND., B FOERIIR2.1LICRT.

Va _ Ra +SLd —(l)Lq id 0
[vq] _[ wLy Ra+qu] [iq]+[a)e¢a] (2.1)
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dqIERERIZHE T 5 PMSM Ol 7 7w 7 K% X 2.2 12”9 . NC LAEH D% i o B
F— FE LT, MEROHIMEEHDHED 2 50nHY, FE— FTRRLEIH AT A —F
MHEIND. RS, @REEERENER S 2 mEl R X E R R OISEENHETH
5. AETIE, WFEERWIHIEZEZR T2 00BFHAIE T A - IREEEZHERT D,
i Z IR I 1T — 2 D@ EEE T, dEER OISE S BEICR D Z &1 Rno T, B
TTIE gD BIHREIFERICONWTOREZ L Z LT 5.

BICHIERICIE, BIREABVIAATHOEERSEZA v AA—2 I+ 5 Tlz, &l
BRI LR ERBRAGTET S, 2oL ZcE L2854 O qiho B it 5% o
AR 23 1R T. kyk TN ENFES A L ROHI A v E2RL, UFTEINAbLES
bETCERTA v S 2, PO LHIHEOBTHESICHT 2% ka(0<a<1) 28
A ANT A—2E LTEAL, alcXV I-PHI#END PILEI#E E T2 ZIZT 5. a=008
B P HIE, a=105B5T PIGI#EE 5. RETlIaZz Pl E LS. PIE LN H T R
— A EEATDHZ LT, PLEIE 1P HIEI L WD “FHIR -T2, Zoh b BB L LT,
EIGE BB R Z BT H LN TE S, 20 Pl RalTBFHIE L — 75 EBE O 55 1)
ICEAS TR FICOBRBNL 2, BIRIESITT 5 EEBROISENED HTEE UL ENIC
B L. B 2.4 (CETHIEEY & BN AT v 7INE OBGRZ R, B E 53
125uS Tl Pl Foa=1 (Pl ) OBEORYIO PWM A TOA— v o — F R RE L, #if
R N— AR EF LIS B R 2152 O EE LN 28, PLEEOE A (X il 48 & #1723 62.5uS
UUFIZ> THEMICHEM TR E D,

Table 2.1 Nomenclature for PMSM vector control

Symbol Description Unit
Uy Uy, Uy Armature voltage on each phase A%
Ly Ly Ly Armature current on each phase A
Vg, Vg Armature voltage on d-q axes \%
lq,iq Armature current on d-q axes A
Lg,Lg Inductance on d-q axes H
R, Armature resistance Ohm
@, Interlinkage magnetic flux of armature Wh
0 Electrical angular rad
w Electrical angular velocity rad/s
superscript * Command -

k; Integral gain of current controller V/As
ky Proportional gain of current controller VIA
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e Position ~ Velocity Current q
controller b ¢ controller controller . e
- - Vur Uy Uy
1 dg —w—]
to uvw
. %
ta Current
i; calculation o[ urren PWM
controller . Inverter
' Va
iq lg
Ly by Uy
w UVW LLL
to dq 7T
d/dt
E:I Encoder
e
@ @ @
Figure 2.2 Schematic block diagram of control system
ak,
+ N )
lq + k: + Vq 1 lq
) -t e TS
— s _T LqS + Ra
kp

Figure 2.3 Block diagram of current control system for g axis
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Currentloop : 125us Currentloop : 62.5us
"o "o
T = ] ~ 20 ; : A
il 0.5ms. 35%i0f max cufrent wl 0.5ms ¢5:%;0f max curfent
10)
I-P control
ltage ' max voltage
-5
I N S T S S N A o R T N T N
- Current -2076.0000 17000 1a.000 19.000 20000 21.000 -2076.000  17.000 1a.000 1a.000 20000 21000
Time (msec) Time: (msec)
- Voltage command
"o
o 0.5ms

Pl control rent cufrent

bltage a| f max voltage
-

[ I R A N N S R [ I N N N N S R
-00TG000 17000 1e0d 14000 2000d 21000 -O0TG000 17000 1e0d 18000 Zogod 21000
Time (msec) Time (msec)

Figure 2.4 Step response of current control system in case sampling period changed

222 PMSM M IEMRRAEHE

A U N=2 2K 5 TPMSM BB 2 556, @l B ERC S B A 2T 5 B
L EIRBIENA = O R #2822 MR EBICHR S SERH 5. Z0E
JERIFII B R 2 R 2 ET DIEMIENR L L THNLS.

SR T 72 ¥ OFREhHIEE O WE X, THEICEDbNT Y- 0%y &L T
EEE N BIREY, S—RE—Z OREERE LTI 300 min* FBREL FIZ/AR 5 2 RN KT
b5, WREREEEE - Th 5% 2.2 OREZfFoT— 4 054, 300 min o E
ai1305V(rms)7|<£f“f A =2 EE (DC 283 V) IZHATH/II W, ZDkd,

A FRRF O L E I L D EIEAIIEE L2 D LT 5.

—J, 23KV, BRI VROPIEERELSTLHLEEHEDBRELS 2D, BIER
BBRA N HEEOHIRICE VM LT < b, ZNEZBET 5 72OIIXERT A
VEIIEPI RENS LT LORERD L. BIRHIEROIGEMEITER S A R0 Pl FEE2KEL
T5EEND, MHINSTHEINEMIITNRD. £, PIREEBRTSA VXM L— A7
DORERIZH Y, PIFEERELS T2 LEBERTVAMLURWERT A /hE< b, LIEHK
WCTOEMLPOBRITEHRERUT CTHDLZ E2BET 5L, BEMMEEREL N5 E
WIREMEZ FBLT 572 0121E, EHAMRRE S OUHIER COEEEFORI b @ISE %
EHTEAEWRTA L EPIREBRDDOIVLENDD.

L ZATEMHETIX, ZOWNTHLIEEERINA =2 JAELELZEBL T 7
YT INTEGE , MO#DEEWMAICEILZT VT IALA L RT v T OB AT TEBY &
EMEITMER SN D . (rEROBMES O & E O ENEOEE TIE—RICEE Y 5 IRk
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WFA L CTHREMDHMER SNAVUXFEH EORBEIZRA Ly, —F, KimXhxg s LT
WhHum LoULLL R &2 BT EREMTICRE T, 77 v 7% 4E LzBRICERHIE O
WPRITEES) & 720, FORER, HEHACE S IETE Y ICHIAE © & 3N LI R G834 T
L. ZOEDEBEMTIZENWTE, EE7 7y 7EREIERNVIENEELR .

%72, PMSM TEERLIPRICK > TEDRREERBENRE D120, EREREKE <
2 BRSNS E KRR BICH D . RIS X 0 ROk & BR OB L, A
VEIHEADIKR TR EE T, BEEIC XD ERGIEROARLE/LE BRSSO
X, A F 72 AMET T HMBCEIRT A &2 EFERRF OB BN T 2 %3N
b5, ek, RETIE—RE—2NEHEEE LR WGEEEZRHT 5720, diERIE+5
INEWZ ED D, dgfiOFTHOBIRDS b 9 —F OO B A HEE KIE T dgiif T o 2
EEBE LN ET 5.

Table 2.2 Electromagnetic characteristics of the rotary motor

Description Value  Unit
Number of poles 8 -
Armature resistance (per phase) 0.32 Ohm
Inductance on q axis 2.19 mH
Rated current 10.82  A(rms)
Maximum current (Iax) 56.57  A(rms)
Inverter input voltage (AC) 200 V(rms)

Back EMF constant (terminal to terminal)  43.53  V/(rms)/kmin™

2.3 Hium%“ﬁ"lﬁg}} GIJEﬂEéEOD?

231 OrEBREICKZEREEH
o7t S 0B HIER (X 2.3) 2B\ T, BV —71mZERBEHGG)IEIXQR2)THA L
ns.

G( )_ kpS+ki s 29
S_L32+Rase (2.2)

Z D E I R DR TE GAEE, BV — TR B D JE R G () DN AE A4 JE I A o
THR/NDOALAASZ A A wp\ BT 27 A DL XD NSLK 2D 2L THD oA ¥
g BRI EDT— X ORFEEIZIZ10 WIRIEOAEN S D LR EEEBERE LT, FA4 UK
WEIABREE L LTW5. ZO5A,
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1 ’k wic+ki 1
p7pc i 2.3
|G(]wpc)| Lza)rz)c—}—RZ <\/2 (2.3)

arg G (jwpc) = tan™ [— a)i:]((;jkiq—kiwij) —TWpe = —T (2.4)
D2RAEW T Z ENOIERMAZZDERGEROZERIE 2D, 22T, A(2.3)& %A
To5L, KM ELND.

Lwpe + (RZ — 2k )wi. — 2k} > 0 (2.5)

K(2.4) L KBV O A B w, ZTHET 2 Z LT, BERk, k, DT ZRD D Z ENTE
D, TEREMIC K DR ESMIE, BRHEML, RA O IERMIZ K> TRE D, Pl Fall
ITEFE LRV, K22 DF—ZIZBWT, flHROL7ZREM % 62.5us, 31.25us& L72HE 0
ZEMRRZM 25 IR, FMBONPOER S A v %2R E LIS ICE R R XL E &
720, LEREN/NS L 2D EREBRBITISS 05,

08 7 =31.25us
—_— /
0.6 \

Lo ~
-
S T=62.5us
o 0.4
0 0.2 04 0.6 0.8 1
k; 106V/As

0.2

0

Figure 2.5 The stability limit of the current control system whose time delay is 62.5 ps and 31.25 pus

for the rotary motor specified by Table 2.2. The system is stable inside each line (gain margin 3 dB).

232 AUN—SHNWBEEOFHRICEL DRESFH
AT CIE e 72 & D RESRM A RO T2, 2 ORERMITEERFICH KM 22 L
D PMSM D IEBIERE DR B R SN TRV, 22T, BERSy B v A—20Y
B2 HIFNC LV BIR SN DB HOWTERMICERET 5. RN i b EER Sy~
DN —TIREBEBH )T QRE)D L 51Tk D.
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aLgkys? + (Lgk; + aRgky)s + Ryk;

Lqs? + (kp + Ra)se‘“ + k;
B Ai N AR Ko, RIELCEBHL TOWLDRNEEZT, ij=I;sinwgteT 5L, &
FEfE R IR0 L5125,

Vg = |H(ja)q)|1q sin(wqt + argH(jwq)) (2.7)
ZEMRIEIIREOSEEM L TOMEE LT, BRI, = Ina/20& 95, BERES O LIRIE
ZVpax & B3 < &, EBIEAAF LR WSEMEIT

Vinax = |H(jwg) |1, (2.8)
Th 5. HEHIC L B BEME T IR E B Vo ZH L THAN SN ED 5, IR & Vipax &
ITELL KR8 ZEHT S L,

Sk? + w2Tk3 + w2V;2ax(RE + L3 w2) + 2w2V;2ax(Raky — Lgk;) cos wyT

— 20gVi2Zax(Rak; + Lykyw?) sinw,t > 0
LD 2L, S=Viy —ELAwE T =V —a? 2202 Th 5. K9S, T (S <T)DFHF 5
WXV 2w (BEfxEde) ONMELISMIOMEE 72 5. F37, HlEROTIZRER 2
FIELRWGEEERD. K22DFMEZFFOHERE—ZIZB T, a=0.5, I; = In,/20&
L TH AR w, DI 2 2846 S 72 %8 OB L 22 WA X 2.6 12837,
WA, ALE DA w 2%t U CEIER B, 0 pax A F & 725 (BESFILZRV) fEIkE
Kb D, AEREw, & Zb ST L & O dREE(2.9) D EHEMRIE

H(s) =

(2.9)

2 2
{Vi2ax(ley + Ra)” — 213K — 2VidaxLgki} — 413V Zk? (ViZax — @21ZK3) = 0 (2.10)

&%, AR (2.10) 0 AR O SR TIIAT B O /4 JH I Bw o xt L CEEMME T, ZERE
TR A FIREIC 22 5. PI R AL S & EOEBHOLENDOT 2K 2.7 1273 T. PIEE
INEL T HE, BIEMAML2VEEAKRE L o TS,

FIEZ O ERMEZEB LSS, K27 0#EBIIr=0 LEHBAICHXTIEL 5.
5, BB 5 LT B LA WIS NS < 2D, ZABHRIE L EEE O]
FRICBNCTEELMLZ2NE D ICRBRAICROTEY, LIERFROZESLZOEICZR -
Tn5.
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(a) (b) (c) ///
2

< &
2 2
5 5 <
™ o~
= S // =
=1 Al 1
=3 ] / a
4 [ ) /
0 L . \ 0 L . . L 0
0 2 4 6 8 10 0 2 4 6 10 0 2 4 6 8 10
k; 105V/As k; 105V/As k; 105V/As
3 3
(d) (e)
< 2 < 2 Lt
~ I3l
Pan) (=]
— —
1 o1
o ==
0 i i i 0 i i
0 2 4 6 8 10 0 2 4 6 8 10
k; 10°V/As k; 10°V/As

Figure 2.6 (k;, k,,) where voltage saturation does not occur for the rotary motor specified by Table 2
(filled in gray). a = 0.5,1; = Inax/20.  (2) wg =8000m rad/s (S > 0,T > 0).

(b) wg =10278m rad/s (S =0,T > 0). (c) wg = 160007 rad/s (S <0,T > 0).

(d) w, = 205567 rad/s (S <0,T =0). (e) w, = 300007 rad/s (S <0,T < 0).

| S

k, 102 V/A
~~
~
R
Il
o

0 2 4 6 8 10
k; 108V/As

Figure 2.7 The stability limit for voltage saturation for the rotary motor specified by Table 2.2
(¢ =1,0.7,0.5,0, I; = Inax/20). Voltage saturation does not occur inside each line (a # 0) or above
the line (a = 0).

ZZETCTIEHE-FEEAERESICHMENTSG6 28 EL, 2 ToR—FEEHKkoETE
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Wk L CEIEAEMMNE X WM CRIERERBILT A » O&HHAZ RKRDT-. —F, BHFED
IW%W@MI$®%W??*i@ﬁ@%ﬁ@%%%ﬁfét@_%%mC%ﬁ@ﬂmﬁﬁ
B EEOEBEER SN EEN TS,

lq=zzhgmw¢+eo (2.11)
i

Bl IE, RIELO G RN ERE TSNS ZET 5L, TOERETO 7 —U =i
ERIEN(212) L 720,

4 1
ig =;IO (sinwt+§sin3wt+--->slo (2.12)
wIEFESIEX(Q213) 72 5.
= —10 (IH(]a))l sin(wt + argH(jw)) + = |H(3]a))| sin(Bwt + arg H(3jw)) + - ) (2.13)

K(2.13)DiE Y, FBIES OIEWE AKX, LV /NS < ThargHO B RIZ L 0 EIEFES B fafn
THGAENFREPICIIFET S, HLBEEOMTIZEBWNT, ERESNLEZBE IR WRY Z
DFEMHTROTETA VRETCEERESTHEIORZIIEAELR NI, KETRALE
Iop = Inax /2013 FRBRICEE SR D 1 > TH > T, MIEMIC L > CXBHRMEEZ AT L CEIR
TA L EBEIERERI LG, FHMICEAHOB X FREHAAIETHD.

233 EF—AHZREDLOLOERA—/1N\P 21— IR
N« HEFIER DO NA F A ALD T DITIE, Aifi E T TR L E S 27 TN
T, CTEDLRETISEERBVERTA VERSLERDH D, 2 2Tk, EFHIEROISEME
DIEE L L CEIRESICAT v G2 AN LI L EOBHRGIER O H E23 0 BEFE 2 v
HTEEL, TNWRRELERDTA V ERELET D, —FHT, AT v TIREDIND EDV K
Mzl T5L, =" a— P RE DD, RERKIZBIT LA =2 ONRU —FHA
EMOGEEECB AN LR#ET D0, T—FRKEila&E AT v T AN LI ED
FEROA =37 2 — MIRBRIIIC 10 WL FIZT 20BN & D, TR EFE A BE L 725
A, ZofFrXeu)TEENns.

-6 1
\/1—2A{wn+A2w,%-exp<—((71t\/__(2)>Sl—O (<1
Aw, — 1 A N 1 o —150 (=1
{ (Awy — )'eXp(—m>—E, w,—1>0((=1) (2.14)
1
(Ap, — 1)P1)p1-p2 1
\ {m} SE,AP1—1>O >1)
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=L,
¢= (Ra + kp)/zx/m’
A= akp/ki,

g = tan—l(Awm/1——(2 /(1 - A(a)n)),
P = ((_\/ﬁ)wn’
p=(¢+VZ=1)w,
Thd. £K220F—Z &ML, PIRZE(SELLZITA =" 2= R 10%E 25
M X 2.8 IZ/RT . FAHBRD EMTA— N 2 — FBR10% N E R D PIREREXLTH L,
TEBIIN TA— /ST 2 — A 10 %N &2 2B 2o TV D Z E R0 5.

0.7 o /

0.6 ~

./
X

.

—

0.1 0.2 0.3 0.4
k; 10°V/As
Figure 2.8 The lines where overshoot of step response is 10 % for the rotary motor specified by Table

2.2. The overshoot is less than 10 % above each line. « = 1,0.7,0.5, 0.

234 HKBEMICLIBERTAVOER

ARETIHEIHIIN TR O BB ERRE 2 B L LTV D78, ERERMIIICBIT 5 EVIEE
PERMENZ 72D, — T, PMSM DA X7 X ALX, WKEEMOEEE ST 5720 EIC
CAFLCEILL, BRENMEMTDE A F 7 X AFI/NEL 2D, LEER->T, BIRENE
L L THLEICE T 5720120, BIRMEICKF L TERT A b Al BICT o 0EERHD.
* 2.2 OFEZFFORIERE — X O LyOBKfMAEZ X 2.9 1287, 22T, EEICE—
By MVEHIIL, BEGERRQLDNHLEZRD. ERIKRELTA VE 7 70 AR
S o THY, MKEBRFOA X T X AN ) I T MEIZKIL T 24%EFLTWD.
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Figure 2.9 Magnetic saturation characteristics of the rotary motor specified by Table 2.2

KERI) M VH(2.4)IZFBNWT, R<KkywolqgETT DL, kykjoc Lyl 352 8T, ZEM
WﬁWU% Wm#atwfga@@m1_kwfzm.@f&@tfﬁ%%&mbﬁ
WEHDHZLENTED, TITC, AVEI AL AEL & LESHHCROI=BRTA V%
k ky, /I FEIC ﬁﬁéﬁk%ﬁﬁ@4/&&&/xﬁT¢%5&LT,%Mﬁ%@&%
DEBEWT A “kyk,2 L FD X HITT 5.
ki = ki X (Imax — 8ig)/Imax
ky = kp X (Imax — 6iq)/Imax
COLIICERTIA VERETAHIET, BEBEBICHTARERREZKFEBINMETEZLD
Ep BIRHIHRZ FIGET D52 LN TE, AMNPEbo 7256 THAE « 3B #7
BT —EE IR D.

(2.16)

(Y

S

235 FBHSHEMEZEZELE-ERHEHANASA—F2REE
2.3.1 MDD 233 HETHH LGSR R2.4), (2.5), (2.10), (2.14)%§ 7= L, PI % 0
PO 1ETOLAARETEZ, HEPIRIZBNTYEDL LRV FEHOKREMEE Z0 L X DOER
TAERDD., A=Y a— FEND ERYRERICITHEBERBRZRER S S Z L, K(2.14)
DEER L, LRI X D2 EREOX(2.4)F L (2.5), BIEAF L 72\ iElE 2 % 972(2.10)
TRINDIERLEDORZREDN, RODBHRTA »OFEMEH 25D, 512, & PILERIZBIT DAL
LERYRMALBELC, Bl Rdabl Dl XDk, k, N 2B RT A—2Th
%.
TOXICLTIROEERT A K LT, 234 HEHTHHLZMEKBAMOEELEEL
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oA —nR"T74 FRIOZHEAT L L, REMBICBWTCERTS A N KkED. ZOBRTSA
AL T, MLE - WERIERONA T A MR EBTE, SN TEmissEonsd 2 &
A 248N CHREET B.

2.4 IREFEER

241 [EEEE—4 TOREE

# 2.2 OFEE FEORIERE — % 2 H\W T 2.3 B CIRE LIZEBRHIE T A — X REEZBR
AET D, a=1& LT, L2 X2 2@, SEERES ML RVEKR, 4+ — v a—
h23 10 % & 72 5 iR 21X 2.10(@) 12T . 7272 L, HlfR O ZREIZr =625pusé Lz, 2
DEHRE— X OBFE, a=1& LT HLEREHIC & 2 2 E EIR A EER LRV Ekic 2T
GENTWAHID, PIHIEE L, ©7REIC X D2 LEFEENCTTE 22 FISEM & W7 A
VEBRNUTED. AT v FIREON S B BRI &R Dk ki, 2 E S (R (2.4),
(2B))DEREAT v TIRED A — /32—~ 10 % & 70 % #hfr & D43 R (¥ 2.10(a) D HLE)
LD, E, PIERZ 00D 1ETO0LAATEREIYE, £ PILFEIZBT LHKEMENTOL
L ENVROREEEZ 72y b5 &, XK 2100)D X 512720, N ICa=10HEI
H ENDRFRNREIZR > TWDZ ENTNnD.

Flo, E—F OWKETREZZE L C, BERIEKF CERTS A V2B IEILERH D.
(129 £Vs5=024THYV, ZNZEZXQRI)ARAL THEBIMEICIBIT HEBIRT A v 2R,
ZOXRICWRDT T A v EZBEOE—FIZHHA LT EDORT v FIRE A K 2111277, it
XA BIRESE CHEEL TS, EBRMEAZEILL T, RERERT A VERETET
WD ENRIND. B, BIRESEN NS NEEDOF— N a— FR10%E 0 HRE WV,
FERRIZRN D EIRITET—F HKREIRICH LTINS WD, T2 v RN—=Z DT —FKA
~OFEBIT T,

T, MKEMFMEEBE LI EOMR LR T 270012, M 211(d)OERT A &
m%%_hﬂxmr HALZEEORAT v 7IREE K 211@IICHEBR TR L. MKas %
BLIZGAICHART, FERESMEOAT v 7ISEDONDL ERN VRN EL 2o TnD 2 &
ﬁ%ﬂé.ik,mzn@®%ﬁ€4/ RIE &g = Inax CEAT 2 &, BHRHIERS AL E
Loz,
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T Overshoot=10 %
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0.4 Selected-{k-kyy) /)< :
\.’\/\ / No saturation
02 |
<
/ Stable (gain margin is 3 dB)
0 |
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300

(b)

250

200
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50

a

Figure 2.10 Parameter determination for the rotary motor specified by Table 2

(a) Selected (k;, kp,) for a =1  (b) Rising time vs. Pl ratio
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Figure 2.11 Step response at various values of current command for the rotary motor specified by
Table 2.2 (a) ig = Imax X 0.1. (b) ig = Imax X 0.2. (C) ig = Imax X 0.5. (d) iz = Ihax. Red dotted

line in (a) denotes step response when current gain setting on iz = Iy, is applied
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Table 2.3 Electromagnetic characteristics of the linear motor

Description Value Unit
Armature resistance (per phase) 0.33 Ohm
Inductance on q axis 4.70 mH
Rerated current 7.99 A(rms)
Maximum current (I;,.x) 70.71 A(rms)
Input voltage (AC) 200 V(rms)
1.5
(a) ~a=1

Selected (k;, k},)

k, 102V/A

== \/Oltage saturation limit
= Stability limit (gain margin is 3 dB)
Overshoot=10 %

0 0.2 0.4 0.6 0.8 1

k; 106V/As
300
(b)
250
2 200
o —— Mini |
c \ inimum value
= 150 \ \\
(@] \\ p
s o]
‘» \T
o’ 100
50
0
0 0.2 0.4 0.6 0.8 1

a

Figure 2.12 Parameter determination for the linear motor specified by Table 2.3
() Selected (k;, k) for @ =1,0.8,0.5 (b) Rising time vs. Pl ratio
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0 0.2 0.4 0.6 0.8 1
ly /Imax

Figure 2.13 Magnetic saturation characteristics for the linear motor specified by Table 2.3

1.5 1.5
(a) | | (b)
1k 1 F 7y
= Z | :
05 r I pax X 0.08 05 r | Tax X 0.16
D 1 0 1 \’ 1
0 1 2 3 4 0 1 2 3 4
t ms t ms
1.5 1.5
(c) (d)
1 F 1 F
HQ" _HQ"
05 r Tax X 0:64 05 | Liax
0 0
0 1 2 3 4 0 1 2 3 4
t ms t ms

Figure 2.14 Step response at various values of current command for linear motor specified by Table
2.3.(a) iy = Imax X 0.08. (b) i§ = Imay X 0.16. (C) i§ = Imax X 0.64. (d) i = Inax
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V2w;s + w?
Ky = k% (2.17)

72720, wy=48nrad/sk L, kKIFFHEHANT A =2 L LTHEHINTHOTA L THD. F
7o, PCEHERT P A#ESE L, RIS EZRET 200 LT 5. 241 HIZEBWT,
K22DFE—FTPIEZ0HLIETOIAATELEIYE, FPIRICBITLERAT v 7k
BEOSD ER VM OREEZRDZ. 20 L EOEEBIRHEANT A —Z BN TkEE
RAETCRKELS L EOHERIEROD v b A7 EEEZ RO T, BIRAT v FIE DAL
HERVEMIZH LT ey b5 L2150 5. b ER VKRN E L b &, AT
ROy AT EBERRELS 2o TV D, (L - HEEGIEROSMNELIENED B35 & K

HIZ @ dn L 22N L A3 545 2 & 2 REi TR
600

500

——
N\’%‘

400

300

200

Cut-off Frequency Hz

100

0 50 100 150 200 250 300
Rising Time us

Figure 2.15 Cut-off frequency vs. current step rising time for the rotary motor specified by Table 2.2
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T, AMHAZ Y RINERANWTT VI =T LT — 2 % 45 FEHHIZT —SINL L7e. fEkiElC
BUAZMTHOHEIL, T—XDO 27U 7L ThHD 6 REREMS (235 Hz) AERR
KThH 5. RFEETHE - HEHERONELMENEZ O LI2XY, HENEI R
REEE /e M LRSS S T,

+Y.

Figure 2.16 Ball bar measurements of FANUC ROBODRILL a-D14iMADS. The radius is 100 mm and
the feedrate is 4000 mm/min. Left: conventional method, right: proposed method. Error

magnification is magnified by 5000.

(a) ——> Machiningdirection

[
. —2.2um

Figure 2.17 Machining surface of FANUC ROBODRILL a-D14iMA5. Top: conventional method,
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bottom: proposed method. (a) Photograph of machining surface (b) Measurement result of

machining surface by laser microscope
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TOIIEMEHO X A V7 N T A4 7 — X OEMGIEZ LN FEET 5 2 E DR ERMAETH
5. Loy UFEEEO TEEMIC IS W T, BIHEE oA B> TRENRFEAETDH LV D
RERDH D, CORBEREFECI - THRIRTE L2 L, ZORRER, TERARFRET o 724
B R EHEH O NA T A A ATHE & 70 0 R BRI O @R AL N EH TE 5 2 & 2R,

32 FTAXRIAKBZBADARMFTTCORRBMGEDRELE

321 HIEIIL—TRETOREREIGERE
AT OIE, K31@rnT7ry Z7HE LTEBRIND T —RGHAZTHS.
EFRAR 3LITRT. ZORTHEL— TS M BEBAFEEDS I S D &R IR
mk%@%?wM$§ﬁﬁn5“X HEAL—TORETRYH L THEBL LT 2y 7 KA
3R T . WE L — FITITHIE S G D ET MR ZE OB LB E 2B 5. F7I2 DD £—
BWTIE, = a—Z W0 TIPS AR BT ™. 2ok D

R AR LI-REEIC
RERBIROLIET— RE28EL, BEWRLV—THNIC ) v F 7 A4NEERITHZLICL-T

B0

mJEE R EZMET 22 N TE S,

Table 3.1 Nomenclature for the control system

Symbol Description Unit

Vi, Vi, Vi Armature voltage on each phase 4

Iy Iy, Iy Armature current on each phase A

Va, Vg Armature voltage on d-q axes 4

Ig, Iy Armature current on d-q axes A
Rotary angle rad
Angular velocity rad/s

Cy Velocity controller -

P Plant -

d Disturbance torque Nm

Tm Motor torque Nm

s Laplace operator -

superscript *

Command
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S

%
9 * (‘)m lq

Position —~ Velocity Current
_:: controller ¥ | controller T controller . % %

A 4

ld Current PWM
"| controller

iy calculation

Inverter

w uvw |
m to dq

L @ @ 0
(a) Triple loop structure of servo control
d
w; + Tm + Wy,
— C, (s —0—1{P()

(b) Simplified block diagram of velocity control loop

Figure 3.1 Schematic block diagram of motor control system
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Cy(s) . P(s)Cy(s)
T+ PE)ICE) ™ TTHPG)CEH)

ZoOAXEBYEZFA LT, @HEHEROEEEICEZALV—TNHB TG TE 5. Hil#HR~D
NEEFEZT ¥ —7EFL LTEHEZ, BAERRILIOSEEFO 77— o f xRN+ 52 &
T, ARBUSEREOND. WFTIEZDOHTEIZONWTHE~NS . fmolizs T, j HHOHE
B 2 RO HRIE A O ERXEANEE B di) 2 52 5.
d;(t) = Asinw;t 3.2)

7212 LANELE S o AR o] = 2nfy Th L. Z OHNEL dj()IZ 57 2 8 B i35 R OIS EAE = %
Vi) =Tn(®) e ELS 2 EIZT DL, TORBEEMRDIZEL TO 7 —U &8 a;, bj IZLLTIZE 2
b,

T,, = (3.1)

1 (%

4 == yj(t) cos wjt dt 3.3)
JjJ-T;
1 (%

bj = — yj(t)sinwjtdt (34)
T ),

FNANEL 22 IE5XKIE & 40, T2 yi() b BRI THIT 5.

yj(t) = B; sin(w;t + ¢;) (3.5)
T AR oy, b B R LBV TR B 51,
1 (T
a; ZF]JTBj sin(wjt + @;) cos w;t dt (3.6)
-T;j
1"
b; =ijTBjsin(wjt+<pj)sina)jtdt (3.7)
=T

ROLEMITHD. ZOERDIE, ZARBOEZEEZMND 2L TEHITHATE T,

Tj
——f B; sm(w]t+<p])coswjtdt

= —f (sma)]t cos@; +cos wjtsmgoj)cos w;tdt

(3.8)
= | cosy; f cos wjt sin w;t dt + sing; f cos? w;tdt | = Bjsing;
7_‘]' -Tj =Tj
0 T;

J

b & [AERIZ
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1 ("
bj = F]fT B; Sin(wjt+ (pj) sinw;tdt
-Tj

= F]f (sin wjt cosg; +cos wjt singoj) sinw;t dt
-

5[

Tj Tj
=_1| coswjf sin? wjtdt+sin<pjf coswjtsinwjtdt) = Bj cos @;
] —Tj —Tj

(3.9)

T:

Tj 0

NnEHN5. A(3.8), (3.9 KV LATDOREMRNHELY 3L,

%=/#+¥ (3.10)

b
@; = tan"t2L (3.11)
4

Lo, BRI, o Motk L L CoRBRISEE ZhENnE 2 5.

322 RXROBEEBIFEIEOMER
ZF TR EE R B S ) B R o T — Y =R e, b0 ER EB Y OERY EE
Z 7208, BEHCR TOMMEHE CIIBERLIC > TRRENAE LS. 7 U U 7 EBIALIC
T, NEBB)DEM D & BMEEICE 2T
a; = lij B; sin(a)jt + (pj) cos w;t dt

T:
] Tj

ZB sm(a)JkAt+<pj)cos(wjkAt)At
]k 1

(3.12)
_5 At
—— sm(a)]kAt + (p]) cos(wjkAt)
E=
Bt N N
= cos@; ) cos(wjkAt) sin(w;kAt) + sing; » cos?(w;kAt)
ereL, Ma b 2 mBNIEHT Y AL 2 A7 TA(3.13)1C

21,

=|-2 313
I (3.13)

FOEEN DN ZT VIE L LTCLELNRW=, BB 2 5%e 7 — A8
b2 EBMHTIERL< 720, ZOHEXTILER S OMEREIIS LRV, Lib, 2T
SAtERDEDREBAEESICH LU TIEN=0IZR>TLEY & W) HEmRRENAET 5.
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WEIRE E CORIREBIGE %2155 HFikaiRR+ 5 5.
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1 (7
ajo = Ff B; sin(w;t + ;) cos w;t dt

jJ-t;
2n
1 (Y 30; 2n 2n
ajq =Ff o B; sm(a)]t+<pj 3 )cos(wjt+?> dt
J —Tj—mj

Ti*t3w; 21 2
a]2=—f B sin a)]t+<pj 3>cos(w]~t—?>dt

Z T, %BZ*E’E/\F%;& iﬂﬁ;ﬁﬁﬁ@/{f%%)f;?@% 5 ajo: dj1 = aj2 = qj ThsHZ k *éﬁ
%Ef%é:k@:ﬁ%ﬂ%bf,3ﬁwmxmwmﬁxﬁmm@ﬁ%%zé.

3(1] = ajo + ajl + ajz
1 (7
= F]f . B; sin(w;t + ¢;) cos w;t dt
T

- 3w 2 2m
—f B sin a)]t+<pj 3 )cos (a)jt+?> dt

Tj= 3w]

T+ 3w] 2 2
—f B sin a)Jt+<p] 3)cos(a)jt—?>dt

T]+

B; (T
= ij ] [sin(wjt + ¢;) cos w;t
~T;

. 2w 21
+ sin (wjt +@;+ ?) cos (a)jt + ?)

. 2m 2m
+ sin (wjt + ;- ?> cos (wjt - ?)] dt

Lleo TIkRAEHGS.
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B; (T
j .
aj = [Sln(w]t+(p]) coS (,l)]t
31 ),
2 2
+sin(wjt+¢j+?>cos<wjt+?> (3.18)

) 21 2T
+ sin (wjt + @ —?> cos ((ujt —?>] dt
FEEIC LT, RE)DO7—V ZEZKICHWTh, UFOETHELZENRTE 5.

. Ty
B] j

)i = o [sin(wjt + <pj) sinw;t
37} —Tj

21 21
+sin(wjt+(pj+—)sin w;t + ) (3.19)

3

, 2m\ . 2
+ sin (a)jt + ;- ?) sin (wjt - ?>] dt

T, N(18)DER /& X(3.12) & [k D Ffoe = THRFIHAICEIR X 5.

M
aj = 3—12 [sin(wjkAt + ¢;) cos(w,kAt)
2n 2T
+ sin (wjkAt + ¢+ ?) sin (a)jkAt + ?> (3.20)

. 2m\ | 2m
+ sin (wjkAt + ;- ?> sin (wjkAt - ?>] At

722 LA DORRIC M & T D A5 5 2 VW2 85T (3.21) 12 %% 7.

= [y .21

ZIZTmiEomTy > At AR TESEE L, <A THEWL., ZOLXEM=1ETH5Z 0
Tx5%. XE)TBWTE[.IJNEBENICHET 2. ALT EDODIZ0K = okat &<
N N T
sin(Gj,lc + <pj) cos Bjy,
2 2
+sin (ij +o; + ;) sin (ij + ?n)
(3.22)
2n 2w
+Sm<9]k+(p]—?)sm(9]k—?>

= (sin 0k cos @; + cos Oy sin (pj) cos B
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. 21 2m\ 2
+ [sm (ij + ?) cos @ + cos (ij + ?> sin (pj] cos <9jk + —)

3
. 2m 2m\ 21
+ [Sln (9]-k - ?) cos ¢j + cos (Hj - ?> sin (pj] cos (ij - ?)
, 2 2 21 2 27
= sin@j|cos* 0, + cos (ij + ?) + cos (9]- — ?>
3/2

) ] 2m\ | 2 2m\ | 2
+sing;j|cos 0 sin 8 + cos (ij + ?) sin (ij + ?> + cos (9]- - ?> sin <9jk - —)

3
0
3 .
=5 sing;
L7 >TKICHET 2N < 572X (3.20)2 F & #ix T
B;MAt
aj = —r—sing; (3.23)
j
ZZT
_ MAt

ThdHI EITERLT,
a; = mbB; sin @; (3.25)
[AERIZ L CTH(3.19)7 &

b;

B < 3 B;MAt
=3—Tjkzlzcosgojélt= 2T, cos ¢; = mBj cos @; (3.26)

R B, (314D TRIZ & - TR FHEOBERLICHE S 3B RIS T, B
(LAl & FRED RS B AT B B IS, OB 2T <M THRY >, 29 LTHLNDB,
LR B SR P EUS A AR Y B

1 2 2
B; = — a7 + ] (3.27)

b:
@; =tan™' = (3.28)
aj

32 1F L nEFCEHOKATH LS. ZoWMEZEEL LTEITT LD 7 n—%
33T, ZoOMEEEZFMAL THIREE—FZ RO ML, SRV —TRNIIRITTZ /) v
F7 4 NF a2 LIRBI OB MRIHT 5.
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Plant characteristics Response
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Figure 3.2 Schematic illustration of the proposed method to measure accurate frequency response
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A4

Sinusoidal signal is produced with an
initial phase

N

A4

The sinusoidal signal goes into the
velocity loop as torque disturbance

Vv

Torque command is collected as output
of the velocity loop

Measurement phase

Vv

Disturbance torque is collected as input
of the velocity loop

)

N
Three times of sweep are done?

Yes

Calculation of Fourier coefficients for
each frequency by the proposed formula

Calculation phase

End

Figure 3.3 Flowchart to obtain accurate frequency response by proposed process
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Bp sin(wyt + ¢ )IZxt T 25, S w07 — U T#Ha1£H(3.20) L ¥ (3.29) CRMTE 5.

a = ﬁz [Sin(a)pkAt + qbp) sin(a)jkAt)
T k=1
2w 21
+ sin (a)pkAt + ¢, + ?> sin ((ujkAt + ?> (3.29)

) 2m\ 2T
+ sin (a)pkAt + ¢, — ?> sin ((ujkAt — ?>] At

X(B2YIZEBWNT ... JNZ = AR OREM AR L v K (3.30)Ic72 %
sin(w, kAt + ¢;) cos(wjkAt)

. 2m\ 2
+ sin (a)pkAt + ¢, + ?) sin (wjkAt + ?)

) 2m\ 21
+ sin (a)pkAt +¢p — ?) sin (wjkAt - —)

3

1 1
= Egjn(kAt(a)p —wj)+¢,) + Esin(kAt(wp + )+ ¢p)

(3.30)
o sin(kat(wy — ) + 6,) + 5 sin(kat(w, + w,) + @, + )
o sin(kat(wy — ) + 6,) + 5 sin(kat(w, + w,) + @, )
= 2 sin(kdt(w, — ;) + 6,)
Txbb, X(3.29)1FX(B.3)E 5.
aj = ng_:,t M 2 sin(lkat(w, — w;) + ¢p) (3.31)

wp = wj +lo,D L X, a;iTN(B.32)DEZFFO.
a; = mbB; singj, wy = wj + lwg (3.32)
R Lad3 V7 ) 7 T, L I3REETHD. wp # wj + oD, MBY T
BMOBELEOLEITIEa =085, B, w, # w; +logD %A TMMRY & 7V B OBELLE T
< e, X@INTO sin EOMTARTHDIZD, M» ol dHiTa»0L725. F2X
(332) LY, ZOREETHIHVIRLMEENHAET HDOIFXEBI)DOFERBENT 255 THD.
wp = wj+lws, 1#0 (3.33)
w, NPTV IR LHER & L Coy D JAREICH N T 2 DIFEWIEICw, = w; + wg, 0) + 205, -+ T
HY, o TH VIR LS DHAE LW E o, D5RME1E(3.34)12 72@6
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0 < wy < wg (3.34)

— 07, PR DA HAR T TiE 7 — U =B O HIsin(kAt(wp, + w)) + ¢ ) DEBIFIET D728
A((3.35) DR AL T 2L ATV IR LHEE N RAET D,
wp+w; =lws, 1#0

P> TH O I LHEE D3FAE L W EE Blw, D&EITL= 10546

(3.35)
EZDHER(336)IC 5.

(3.36)

Ws

0<(1)p<7

ZORIZ X 3.4 127~

(a)Conventional method

° Aliasing Original

° :

> I

= Measurement
=3 | Frequency (Hz)
< . i

! 1100  f;/2 2900  f;

Aliasing frequency appears at f; = f; — f, = 4000 — 2900 = 1100 (Hz)

(b)Proposed method
® Original
3
= Lo Measurement
2| NoAliasing Frequency (Hz)
< 1 . i
| fs/2 J2

Only original frequency appears atf,, = 2900 (Hz)

Figure 3.4 Aliasing effect of conventional method (a) and proposed method (b), in case sampling

frequency is fs=4000 Hz, original signal frequency is 2900 Hz.
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N—T DR ERT. =T U TR TH D 1100 Hz (21X 7 4 v Z OFEITBLN T
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W X 350V T EB 4 kHz, /) v T T 4 v Z O FLJE RS 1100 Hz DA O
WEREL— 7 OB EREE 2R, VTP EERTH D 2900 HZ 121X 7 v X DR
FEHA TR, LLENS, BT D HFNTE T ANV ZOEEBEL T AN O Y T Vv T E
AN AN L 2R THRTE .

(a) Sampling 4 kHz, Filter frequency 2900 Hz (b) Sampling 4 kHz, Filter frequency 1100 Hz
No effect ™, . .
on 1100Hz . O
\", - No effédt
1100Hz ©N 2900le
2900HZ

Figure 3.5 Check of turn-up noise of aliasing effect of frequency characteristic of proposed method
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KRB LC, TE#BBICHWORDEEET — T V2 #EHT 5. T0# e 3.2 TR
. 3.6 1T AEE AL L OFHER OB E OBl R LT % . BB DD & — #1213 FANUC
AC SERVO MOTOR DiS 70/300-B, = =t— %% FANUC aiCZ & > ¥ 1024A, BREHEHE (X
FANUC AC SERVO AMPLIFIER «iSV40-B Z £k L, NC #£& & L T FANUC Series 31i
MODEL-B5 # T\ 5. stz & OISR 2N S Y, 7' — Mi i 6 1% 12 L THf
i L2 EBEsE e AT 5.

Table 3.2 Design specifications of an experimental setup

Specifications Value Unit
Load mass 131.2 kg
Load inertia 1.22 kg m?
Table diameter 022 m
Height 0.46 m
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Width 0.92 m
Number of poles 32 -

Rotor inertia of motor 0.018 kg m?
Resistance (per phase) 2.94 ohm
Inductance (q axis) 14.8 mH
Input voltage 200 |4
Rated current (rms) 4.3 A
Torque constant (rms) 9.1 Nm /A
Control cycle for velocity 250 us
loop

Control cycle for current 62.5 us
loop

Encoder resolution 3.6X10° pulse / rev

N DD motor

Bearing

S

; S
i Jigs (Weights) |
Table / .

(Supporting)

Figure 3.6 Experimental setup of the machine tool
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IEEE o CIREB ZWET 2 (BT XNz I E & o NP-3331IN20, A
7V AN = 086MBBA, N~ T 7 480M9BA, AD =1 /3—% DS-3204. AD =N
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RHFETHY, ZOLEZOBEHISEEZK 3.70)I27x7. 100 Hz 225 1 kHz 12207 TR
NEEHY, BT —7VICHEEL-WESL— FOEERNR NS, —F, K37 (©)iEX
FEr LT — 2 EHOBEHFMEEZALIRETHD. 20 L = OFEEEINE % K 3.7 (AR
. 1 kHz L EodHRIE, HHEICEEE o 2EE LG EICBHE L R>Tnd7d), =
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LTW5.
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Figure 3.7 Hammering tests of the machine tool

(a) Setup with an accelerometer on the front side of the motor; (b) Measurement result of frequency
response with the setup of (a); (c) Setup with an accelerometer on the back side of the motor; (d)
Measurement result of frequency response with the setup of (c) The frequency range is 10 Hz to 4

kHz. An arrow in (d) indicates the resonance mode derived from the rotary encoder.
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BT A — & 2 RET D . BIRHIE &2 AR T 5 & @V E RO IR — FRBEE L,
e 2R — RERR L THRWVIRBICR S 25 L TSNS, 22T, ZZTHRELE
HlAE /X Z A — & A L CE I HIE O R H b 2 i L 7RRE T, L — 7 o R HUR S

WCRATDEEZRET S (B Uﬁy§v47u7jyuow VAV~ A 7 HT v
7 UN-14, ;> a LA AV A Y B AD 22 8 — & PXle-1073. AD =2 >3 — X Sy fiR G
24 €y, 7Y 7 JEPEEL 20 kHz) .

RO AR EITIN 3.8@D L I ICEESE, FOLIIIYA 7073 THELZEEMEN
X 3.8(b) Td 5. X 3.8(C)ILFLREH 7 — V) ZEHIZ L DAY br /T A ThHD. X 3.8(c)H,
ot Eizmno TS HITK 3.8@)D 5 EERBICKS L TV, E—F0noR T 5HIHK
Thod. RAITRLTODEDITETE—FLUANDOHM N LAEL D HEW, ThbbRETHD. 3
kHz OAELEIINC fE > CTRE OB KNG E 5728, AU BFIIEM L 3 kHz TiER<l, %

NI HIRW 2 kHz FLE £ TOJRWER B S 28 A TV 5.
4000

()

Frequency Hz
N w
8 8
S o

8
o

0 5 10 15 20 25 30
Time s

(b)

Amplitude V
=)
o
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PSD dB/Hz
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Figure 3.8 Acoustic measurement during sweeping before tuning of notch filters
(a) sweeping frequency, (b) time series of measured data, (c) spectrogram (Color bar shows power

spectrum density. Arrows indicate noisy sound)
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Figure 3.9 Frequency responses of the velocity loop before tuning of notch filters measured by (a)
conventional method and (b) proposed method An arrow in (b) indicates the resonance mode at
3.3 kHz
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Figure 3.10 Frequency responses of the velocity loop after tuning of notch filters measured by (a)
conventional method and (b) proposed method
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Figure 3.11 Acoustic measurement during sweeping after tuning of notch filters (@) raw time series,

(b) spectrogram (Color bar shows power spectrum density. No noisy sound is shown.)
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Figure 3.12 Measurement results of continuous path control at the feedrate of 0.3 min™* (a) with

position gain of 50 s™* and velocity gain of 1200 a.u., (b) with position gain of 100 s™ and velocity

gain of 14000 a.u.
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Figure 4.1 Illustration of the lost motion in circular interpolation

L1 11 I T

Table 4.1 Design specifications of the experimental machine

Specifications Value Unit
Guideway Rolling

Table mass 280 kg
Length of ball screw (X axis) 0.780 m
Length of ball screw (Y axis) 1.045 m
Outer radius of ball screw 0.025 m
Screw read 0.012 m/rev
Axial stiffness of nut 2.1x10° N/m
Axial stiffness of ball screw 1.07 % 10® N/m
Torsional stiffness of ball screw 2.47 X107 N m/rad
Inertia of ball screw 1.18X10° kg m?
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Rotor inertia of motor 1.17x1073 kg m?
Maximum torque of motor 32 Nm
Bearings
Encoder Motor ~ Coupling Table Guideway
I T T L T T I
_ — L] Il
— 7 m <
'/ — 2 /&7 Al =7E7A) .
~~~~~~~~~~~~~~~~~~~ ===l IR 722 IRl =]
B | -

Ball screw Nut

Supporting brackets

(a) Schematic structure of the table drive system with a ball screw

orrr iy

(b) Setup of ball-bar measurement

Figure 4.2 Experimental setup  The specification is shown by Table 4.1.
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Figure 4.3 Varying elastic element in the feed drive system
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Guideways
Supporting

]

Figure 4.4 Characteristics of table drive systems with ball screws. Error bars represent the standard
deviations. (a) Relationship between lost motion and position of the table in the circular interpolation
of 100 mm of radius at the feed rate of 3000 mm/min, (b) Relationship between lost motion and feed
rate at two different points. Position A is the furthest edge from motor of X axis . Position B is the

center as show in (c).
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— 2O MV BALFWMEEAAIZE ST 06Nm Zo7-. ) bV s —ED FC, WEE
AERE—F NS IcoNTer R hE—Va UBRIERICEZ 5 Z L1, £—% - ffE
TER R BEBE LS U CIEREREDPHRIBICE L TS I 2B L THD,

(PR ME—Vvay) = (ANToFRER) X (GEEHAHEERE X (hy s Z2H)
DORFZERH 5 & THRIND. X 4.40)TliE, AT OIXRELIL 17 um/(Nmm) & BEL LS.

—F, MEHFOBENHIE, A—rhaloo R NE—va v &2 NEMEOLERE LTHR
25&ELT, UFToXU@DEEZD.

Ax = AAT (4.1)

MO dl 7 P IZ L TER SN D

_ G dy
LT32¢

Ge 3R — /LA U ORISR, d 3B THD. a3 FFEAMEECTHDL. ZnzX(4.1)

O RNTOIFRER AICHBRET 2L, A—ralol—FRpzfAuniulle.

(4.2)

1 px
K12TL' (4.3)
FRRICES L &, LRt ax, E— X - E/EH SR X ICE S D2 LN TS.
T THYREHERE L Tx=met B L, UToX(AHEES.

32x  py 16p,

A= — = 4.4
mmnGgd 2n ngGeld‘r‘x (4.4)

FEERAEE O R — /LR CIZ DWW TIE Ge = 79 GPa, E = 206 GPa, d, = 20 mm, p, = 12 mm/rev T

b5, BARMICEHET D & x Mk LT A= (1.54/m) x [um/(N m)] TH Y, BT oidae
0% 1.54/m [um/(Nmm) & 72 5. K 4.4@)705KRDZHER 17 um/(Nmm) LS L 0B L,
1.54/m =17 XY m=0.09 &£725. MENFORX@Y OMMER ThHNLITR X FE—T =

T 1710 LR LVE U as, RO TAEBBIE D izl VW T, $Fo & R&ERm A FE—
arnAELTNSD.

EREOEY, MBI ERREE L EEEO TR Tor 2 FE— g VI 4.4 OB T
=& L Z2o7. FRERBEOR—ILVRALRTHoTHR R NE—T 3 OMEKGNE
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432 EBRAAITLIBDZIIRILF—EBERORE

X 4.2(a) & RO EEZ L OT7T — 7 VBREIRICEWTIE, A— 1R L) v MHEE#H
TV DLEDICKRENFEET, Ry 7Ty Er A ME—va VOEREFE XISV,
A21EHOEmMN O HEETIE, e XA b= a3 VORKIZR =LA U BEHEOIXREROEE
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259 Fy MCBWTERIAABENEZ 454, R—/L O & OBAE R 2ZL+
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1 1 1 1
Erey(x) = El(}x2 -3 (K x)x? = - Kx? — S K x® (4.6)
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N '
Actual elastic energy
>
()]
1 . .
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w by ball wedging
ooz o N

Distance between table and motor

Figure 4.5 Schematic energy diagram at a reversal motion of the proposed model of the lost motion
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dT
dx

YR E—Z TV M E2 ST DB O L7 ZARICHE S INEEH RO AL, ITEEgI K
(4.10)& 72 5.

= R(3K,x — K,) (4.9)

AT

Ax ~ —————
g R(3K,x — K;) (4.10)

X102 7 A4 7 —RHAD 1 WETTELTD. K >K, THDZ &2 HWILITERERIC
@ANREsNn 5.

AT 1 1(1 L 3K )AT
*=RK, 3K, R\K K, x (4.11)
- gl

AT, ARE _REPEHEL Y BEWIEEEL 2 EIN RN L ERT. bbb X hE—
varThbirZElEET. K@U THLLZ2 L L, R— VA ULWEHROR A NE—T 3 v
X, NI EBHOLTREDLHEMEMEAAE COEMOIKGFT2HEICHBESND.

434 [@FREZROFAZSIVARMNE—L 3 VHER

R— LR UBERNAEL D0 A RE— 3 VT ERFER X O E R A2 R, 433
HOFm CIEEDOr A ME—T 3 VOERNRET WbE2ITo 7o, JRERITIZREIME K Kg 23
BEEmChIE, T—TNMEE MV BB LIRS TR AN E—Ya B THITAHZ &
TEZOHENTED. LU b TEEMICHAAENTZR—LRALICEBNT, E/IAL
BRI O T REHE K, OEZEFRIIRETH 5.

Z OMEE RIS 5720 — ik LI 3R ER OB GEZ2RET 5. K@) D, X
HREEICE Y R A hE—Y g VORESEX@.12)TEHRT 5.

Ax = (A + Bx)AT (4.12)

WELEIIZ A [m/(Nm)], B [(Nm)'i%, R D a 754 7 o A, b bIERERD ¥k
Thod. BELICHET 2V —RE—Z 0D IMEEMRE TOERE, ZORKBEEICHED b
NI BB LR A NE—2 3 U EBENEI X, AT, AX & T 5. [RERICEERE 2 125 L T xy,
AT, AX, &35, ZoLEXM@12I2k- T, UTFToBBEXE.13)%55.

_ Ax1 - sz A _ Axl B 4 13
= % AT, — x,AT,’ A, o (4.13)

P—RE—F 0O IMEEA A E TOERIT NC TI/EMBOBAITT — 7 VEEE LTHLZ &
WTEDH., BAME—Va VIR — A AN—ETHEIT 2 2 L3 TE, A7 —RE—X Ol
HARNOHDLZ LN TE L. T7bbR(A.13) DT X TOEFIXEHR O LIEEMNICGHIT 5 2 &
NTET, IFTRERICHYTIREABLIOB 2 —HITBFDH LN TE 5.
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Z o ECOEmMTIE, BEEBICE TV TRAEH L7223, R@4.11)0@.12) KRB EO
MBS L OEETORB THD Z LICEET 2. HEOHEEMAZ o7+ — PNy 7 iR 4 %
Bl HBTIE, BEBCEIEERIT ISV TIE R 2 BRI To[i] B AN EIEEE IR N o by 2 28 b & 3
+. KEOBREICBWTIE, BhEZEDES x N—EL RAELTD, 0 E— g il
Xepropli1137(4.14) TH X5 Z EMTE 5.

Xepropli] = (A + Bx)Tp[i]

435 RERBEMEZELDER
4 4.6(a)l L (4.5) TEREL TV OIEREMETH Y, X 4.6(b)IFH(4.12) TEHEL TV 5
RFRIETHD. X 46(0)IIREGE N BB K OHEEE 2RI RBL L7277y 7 KT
HY, T NREROEEGEF I -2 ) 2 a— b OMEFH LAV TV RNnE R
IR —XRERTHLZEICHEBRNLETHD. X 4.6 THEATLIRTOEREE 4.2 ITF
T EREHECETOME LAY T v a2 TEL 2 & TR EOMEZ1T
9. —J7, RETIMEE TITHEEREBRNASHENTD MV ES, BLOT—TALEIC
7%y hEMZTEETIIEREZEZHV T, R@.12)OFHEIC XL > TH LN 2 ML
BECMNEOMEEZITS . FHEBOBA»OREGES, BMABIEETCHY YT VE A LT
OHEFHREE L TEANREFES THS.

Table 4.2 Nomenclature for the block diagrams

(4.14)

Symbol Description Unit
Xemd Position command m
Xe, conv Conventional compensation Rad
Xe, prop Proposed compensation Rad
G Motor angle Rad
X Table position converted from motor angle
Xo Length offset of ball screw
Xps Length of ball screw as spring
Position controller (P controller)

\Y Velocity controller (P1 controller)

" Motor inertia kg m?
Tm Motor torque N m
R Conversion coefficient from rotation to translation (screw read) m/rad
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(a) xc,conv
L) 1| o I7 .
] JmS Ky 4
a)m
X0
(b) o Xbs +£-‘|-
X i R X,
cm J, s T t
T, a

(a) Conventional compensation method adds the position compensation to the position command to
correct the true position of the table in a semi-closed system, (b) Proposed compensation method uses
the feedback position to calculate the position compensation as elastic deformation of the lost motion,
correcting true position of the table. This system consists of a semi-closed loop using only feedback
from the rotary encoder.

Figure 4.6 Servo system with lost motion compensation. Symbol is defined in Table 4.2.
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Figure 4.7 Time series graphs of position feedback and compensation waveforms while the circular
interpolation of the radius of 50 mm at the feedrate of 2000 mm/min. (a) Position feedback, (b)

Conventional compensation, (c) Proposed compensation
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(a) No compensation (7.1 um), (b) Conventional compensation (3.8 um), (c) Proposed compensation
(3.4 um)

Figure 4.8 Ball bar measurements of the test machine in the circular interpolation of the radius of 100
mm at the feedrate of 2000 mm/min. Error is shown with 2 um/div. Values in parentheses indicate

circularities. An arrow shows the direction of motion at a point along each circle.

442 EBEEHICHIT SO/ MEDHEER

HANE—Ya 3T — T NVEEENR O EIC K o TELT 5. IREFIEORHEITT — 7 VAL
[, FEEWE, RVEENEELEGAICBNChERn A hE—V g VHEREBITE 51
WA MMECHD. WERTIHEEIIRE oM@ MEE LA X bE—va UHiEEITO 2
ENTERVWDY, BEFETIET I NVEBROMENLIG T 2R LHFEORS, BXIW
E—XDOREN I PO AERREZHETHILETRAMNE—a VOEBIIKIETE S,

HARMNE—Ya VOEBERPHLG5ETH, TOMENREFIECLI->THRETHD Z
EEHERT DI DDOERET o, EREBII Y EFMOR A NE—Y 3 VAL DL
BB EZ Te9 L, XMoo A M=y a it o k) e biz2wvw. 22T, £
BRAEE ORI THRIZAR — AN —JIEDO —BIOFEEN G, K (4.12)OF5% X #hloxh LT
IZA=180um/(Nm),B=0 & L CIr@IKFMEZRSL, YEHZX L TA=4.10 um/(N m), B =
239X10* (Nm)t L ED . KEOKMEEZEF L&D Y#FHOR A hE—2 3 2R
— =T TRIE LT

H£% 100 mm, 25V #FHEE 1000 mm/min TO MR EMEZ FEH L= & 2, MO . E
A Y #AFmICT o LARGRELZr A M E— a VORIERRAK 4.90@) 1277, JHER
HUIEAEMEME R 7 2 M E— g VREE & — B, BREBEZZERICHET L2 L
NTE L. EBRIZIEIR—AANA=FHINCB T 2MEDIXS2ENDH 572D, —FIDR—/L—

-81-



A= U OEEMEICERT A1 2 FE—3 3 » OREIC X 5 E ks ARG

WELT TIEZOORKERBELCRET S Z LT T& . KENRMRRE L TUIAR—L
N—HIEOREE R LTSRS DA, EH EITEEKE OFHREED DN ZRIEE TR
TA—BHEZRETHILETELODZZHWOTENTES.

X 4.9(b)i%, f£% 100 mm, 26V 3 EE 4000 mm/min O MBI EE 2 50 L 7= & i,
WMELEEL2RLAE LA MNE—varyThD., 7 A ME—Y a VHIEEBMEIC K
LTMEICL2EBITIZLEAERD LT, BEHMEOLEIIERIER IV TIEBEMNIC
BHETED. R—LRALZOLDITMENENT 2D TIER, BN L O KES % X
By 272008 — R COXEICHERAMERAETS, A Eoifttics U O s
FEAEEBLWEDEEZOLND.

B 4.9(c)lE, -2 100 mm T MMM EEZ FhE L7z & SIZEV REAEZ 2N HHIE L
TR ARNE—VaryThHD. RVREPRELSRDEBAMNE—Va B TWS. @R
TITHEBEEIHERL, R CICBT2HEZERERL WD EEZLNLD. T—7
IVERE R OB ENREOEBICK L TH, BEFIECLI-TrA M E—va U RiECE
DR TE D,

UEDOFERIZEY, R—1RCOT—T7NVERBERICEWTT — 7 VALE, FEfimE, %9
WENELEEAICBOTHLET AR X hE— 3 VHERTETHY, NC TIEMEMIC
FoRINDFEA OFMFICH L, EFERGVE AR MEEZFLTWDLZ EERLT.

2.0
18 |} (a)
16 F
14 F I
g— 12 F ¢
[
2 10 }
o
E o8 |
8
- 06 F + Measured lost motion
04 F
02 L m Compensation output
0.0

0 50 100 150 200 250 300 350 400 450 500

Distance between table and motor mm

-82-



A=V L OEEEICERKRT 2 2 2 hE—3 3 OB X 5 ks EEEURE fE S

3.0
25 F
E 20 i
[
:2
o]
e 15 F
D
S
10 F
05 F ¢ Measured lost motion
m Compensation output
00 'l 'l 'l
0 50 100 150 200
Movable load kg
2.5
(c)
20 F
E 15 } i
[
.0
©
E 10 }
2]
S
o5 | ¢ Measured lost motion
m Compensation output
00 1 1 1 1

0 2000 4000 6000 8000 10000
Feedrate mm/min

Figure 4.9 Experimental results to validate the robustness of the proposed method. Error bars
represent the standard deviations. (a) Relationship between lost motion and position of the table in
the circular interpolation of 100 mm of radius at the feedrate of 12000 mm/min, (b) Relationship
between lost motion and movable load on the table in the circular interpolation of 100 mm of radius
at the feedrate of 4000 mm/min, (c) Relationship between lost motion and feedrate in the circular
interpolation of 100 mm of radius
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(a) No compensation (42 um), (b) Conventional compensation (32 um), (c) Proposed
compensation (9.4 um)
Figure 4.10 Ball bar measurements of the double column machining center SDV 4221H in the
circular interpolation of the radius of 150 mm at the feedrate of 2000 mm/min. Error magnification is
x3000. Values in parentheses indicate circularities. An arrow shows the direction of motion at a point

along each circle.
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Figure 5.1 Two-mass model
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Figure 5.2 Cantilever model

5.2.3 ERENHIER
fEER D 260 EE ORISR TIE, K53 IR TLEAL—TOHRBERN KB THD I,
XH, y, Y, 0 0, TIXENEN, (0, MEfRES, T—4HE, HERS, hLr iR
P y IEmE G LD B2 ET, B 70— X RO ST — XML& yn, 7V
7 a—X FHEOGAEITAMOMME Y, Thd. [FEkIC, T—FEENGIEE TORERE
Po(s)iE, B 27 v —X NHIOLEA Py(s) = Us, 727 r—X Rl OEE, Pys) =P/ (s
Pn) ThH 5.

-89-



PV oD 2 MR E T AT K D RSB IR A

<
S,
3
S

<

K K,(s) | P, (s) 4= P, (5)

\4
v

Figure 5.3 Typical motor control system consists of position feedback loop (outer) and velocity

feedback loop (inner).
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Figure 5.4 Proposed semi-closed control. An inverse filter Fn(s) is applied for the position

reference y.
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Figure 5.5 Transfer function from motor to load.
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Figure 5.6 Motor position command compensation proportional to acceleration
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Figure 5.7 Proposed full-closed control Inverse filter F (s) is applied for the position control loop.

5.4  IRIEEER
541 EEREBME

FEBRBIIE—F, AMA T =Y ROPENLE T VXTI NI T ) 7 TREG LTI 218
PHERERKETHD (058). T—FIFAF—/L L7 22Nm T, E—F Ml 24 bit => 22—
A, AWNC 21 bit D= 2 —Z BRI 0 T BN TS, T —F OBHRHE R I A5 LA
L, A B OV EE I AE oo il 488 11 & 4R B S e~ 433 <, 2o B2 TE 5 X
IExEt L7, A T — 2 v WICIEMERL U7 L= 2 B L, AANELE T A Z R
TED.

F— X EZIERKTLIHzZ 5 1 kHz £ THHEL, Eﬁﬁ%@%ﬂib%.m59@):hw
7 06— 2 HE F TORMEEREE, X 5.9 (b) 1 Fv s o b ARTEE £ T
AT ERBREOREIZB N TE, E— X EFEETHARMICYTUTEL RN &b, |
NI BT — X HE FE COMLERE (X5.9 (@) & Mo hbAMEEF TCOEERE (K

5.9 (b)) TIHEHFEEIT T 5.

-94-



Y O 2 TR E T /T &2 B AR Bl i

Motor-side encoder
Load-side encoder Flexible coupling ® l

Viagnet

Figure 5.8 Experimental setup of two mass system
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Figure 5.9 Frequency response of experimental setup
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Table 5.1 Identified parameters of experimental setup

Term Value Unit
Motor inertia 0.00527 kg m?
Load inertia 0.0105 kg m2
Spring const. of coupling 2.00X 102 N m/rad
Damping const. of 0.27 N m/(rad/s)
coupling
Anti-resonance frequency 22 Hz
Resonance frequency 38 Hz
Damping factor 0.16
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EREBLE 20D L L TARETIZERY b,
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Figure 5.10 Bode diagram of velocity control loop ® / w* (dotted red line : open loop, solid blue

line : closed loop) and plant characteristics (dashed green line).
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Figure 5.11 Angular velocity, acceleration and jerk of reference
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Figure 5.12 Experimental result of semi-closed control: angular error of motor and load. Proposed

semi-closed control decreases load side positioning error, by allowing motor side positioning error.
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Figure 5.13 Experimental result of full-closed control: angular error of motor and load. Proposed
full-closed control decreases load side positioning error, by allowing motor side positioning error.

This result (full-closed control) is similar with the result of semi-closed control shown in Fig. 5.12.
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Figure 5.14 Disturbance step response  Proposed method decreases 22 Hz vibration.
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Figure 5.15 Experimental result of proposed control when filter frequency is perturbed from nominal

value.

Table 5.2 Change of inertia ratio in case of maximum work weight on typical high cycle machine and

high surface quality machine

Machine type High Cycle High Surface Quality
Without work piece 1 1
With maximum weight 1.249 1.116
( Weight kg) (120 kg) (50 kg)
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(b) Measurement result of machining surface by laser microscope
Figure 5.16 Stripes on workpiece by machining point vibration of machine tool: vibration
suppression enabled for (1) 30 Hz and (2) 60 Hz, and (3) disabled
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(a) D10.0 High-Feed ENDMILL (tool 40mm) (b) R3.0 BALLENDMILL (tool 15mm)
Fig E.1 Tool for rough cutting (a) and tool for finishing (b)
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(a) rough cutting (S2500) (b) finishing (S10000)
Fig E.2 Load variation during cutting rough cutting (a) and during finishing (b)
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