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Design and Realization of Synchronized Motion

Controllers for CNC Rigid Tapping Procedures

Student : Chao-Fu Yeh Advisor : Dr. Pau-Lo Hsu

Department of Electrical and Control Engineering

National Chiao Tung University

ABSTRACT

Closed-loop control in both position and.velocity loops for induction motors
(IM) applying the indirect field oriented control scheme is implemented in this
study. For its rotor time constant which is an important parameter but cannot be
directly measured, a practical. auto-tuning strategy to estimate its value is
proposed in this Thesis. Furthermore, himitation of the motor speed due to the
back electromagnetic force is overcome by applying the field weakening control
to increase its maximum speed from 900 rpm to 4000 rpm as 110 V was provided.

In general CNC rigid tapping machines, performance of the spindle axis
implemented with an induction motor and the Z axis implemented with a servo
motor are not matching well in dynamic responses; thus, significant synchronized
motion error exists. Therefore, the tapping tool is broken easily and its machining
quality is seriously degraded due to the significant error. In this study, the
cross-coupled control (CCC) was applied to coordinate these two axes in tapping
machining procedures. When the tapping tool reaches the bottom of the hole,

maximum static friction will then deteriorate control performance. A nonlinear



friction compensator (NFC) is then proposed to generate a suitable compensated value
which is determined according to the nonlinear friction curve. Moreover, as the
machine vibration and other undesirable external disturbance and modeling error are
significant, a disturbance observer (DOB) is then applied to estimate and compensate
for the lumped disturbance. Thus, the taping precision is greatly improved by
applying the proposed advanced motion control. Results indicate that the
synchronized motion error is thus greatly reduced from 132 um to 4.4 um by applying
the proposed motion controller.

Finally, the newly proposed positional type CCC (P_type CCC) is developed in
this Thesis. This newly developed CCC control structure is easier to be implemented
on industrial motor drives with more tolerance in network delays. Consequently, the
proposed P_type CCC is more applicable ‘in high-speed-high-precision CNC rigid

tapping machines under real network implementation.

Keywords : Rigid tapping ~ induction motor ~ crass-coupled control
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FA e Lfrln s A B F 2B Ffro, x4 F B0 J45 5 (2-33) 0 A x

14



frigg 2 BRRER L H e § T W 2-8 2 AP BRI
AR P AR g b o R L I fro, 5T W 29 L
& 110 V F K e x SRRl P 0 R AT 3 L E 750 rpm - & 1
TRILH] 0 B L 900 rpm e ] 2-10 5 4 » BRI PR AR KT

#]3% 7] 4000 rpm -

lys A
Vi, N ;. d Lm
w,L_
T
; |
T 1 o,
Vqs > L i ﬂyr : A\ —_——
R3+ ° Rr+|—as i L JmS+ Bm
| L, as r
Ls ﬂr
Lm

w 2-7 »%éf” ;

E;_rﬂr
;ﬁ‘g
bi

U_ | ]

w;,

B 2-8  sspgpdld Tingid M G

15



----- SpeedFeedback
— SpeedReference

~
o

~

1500rpm)

o

-

y(pu, 1pu

\

Velocit

0 2000 4000 6000 8000 10000

samples

B 2-9 K 4 SRR R TR

I
----- SpeedFeedback
SpeedReference

\

~

1500rpm)

\

-

y(pu, 1pu

Velgcit
\

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

samples

B 2-10 4e » 55 g 6 it B SR
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$=% HREE PR
AR - 4R L PR B e e 3 D i
BXASEHP L ERA TS o
3.1 FApIAL P FI R (zero phase error tracking controller,
ZPETC)

Y(z?)
z") F—

v

R(z™) —»{ Zp(z™)

2" A(z™)B, (2) T = 2B, (z27")B,(2)
B,(z")B, (D)’ A(z™)

B 3-1 ZPETC A » 3 f?ﬂ

Z,(z7)=

lléf,ﬂrﬁﬁ}_\ ?P;\!:'/)J'i v AT A ?‘%}‘/ﬂ‘-’f"? I%!:.Ellj‘fl]?r Rt A e
® ARSI B RABER R R AL R

¥ Bl A i

T(z‘l): 77 .B(z‘l)_ z° -Ba(z'l)Bu(z’l)

Azt) Alz™) (3-1)

A(zfl):1+alz*l+azz’2+ ----- +a,z" o T E A(z‘l):éyf,%ﬁ;‘é 78 ;0
B(z‘1)=b0+blz‘l+b22‘2+ ~~~~~ +b,z™ > b, %0 >
z7% % d prueiE (d-step delay)

580

W

B( ) by +biz 7 +b3z2 +---+b3z7% > b2 0 > ¥ 2 Ba(z’l)‘% #

( Acceptable Polynomial ) » %_d B(z‘l) SIS T YRS AT F R

=V A T R
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Bu(z‘l):bg+bl“z‘l+b§z‘2+-~-+b:z"’ by #£0 > # ¥ Bu(z‘l)‘ ¥

3
>
pr
e
AN
e

7% (Unacceptable Polynomial ) » 2_d B(z’l) SN A AR R

]
5
AN
3

>

BLéTie 5 IE 5N o

HY p+g=m > Ft s A2 0 B P B L o i A Sl s

- B,(z%)-B,01) (3-2)

VR (o)
Rk e A Sfle—— ¢
R(z™)

1\2
V) g o)rfe) B@RE)_B)
RzY PSR T B
u u (3-3)
$ O AT A T B S R R ehdp 5 18 Pl A
4570 A FAEF i ’?f‘ﬁnmﬁ%%}@’k‘ﬁ%‘ o #RH T & BEprenX PRl ik
3?1’3)5%%""‘“’ (mOdeI) ’ «P}\ZPETC f% * __" ‘:’fjﬁx" 'ﬂ‘!:, y I;T] - [ET f o) wﬂl lbb T"? ﬁ'_—

TEAREL o AL PR R E PR A B iR R Tk
FlEHE Z it TR HHIAR S 2
MATLAB # # 0~22Hz M p ehg S5z iv 5 8k b4 s #imt &4

EwREiil* MATLAB (7 ARMAX ip ¢ 17 =8 BFae i

P (2%) = 0.114527 (1+1.12862 )(1—0.9359z )(1-0.66272 %) (3-0)
" 1-2.8109z % +3.2632 2 —1.9659z ° +0.51917 *

oIk SR B 5 0.9359 - 0.6627 7 —1.1286 0 & bk 4Rk o BIA

AN
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B,(z")=1+1.1286z"" (3-5)
B, (z!) =0.11452(1—0.93592 *)(1- 0.6627z %) (3-6)
8- (3-5) ~ (3-6)F » £ (3-2)F @ ZPETC %

2(1-2.8109z " +3.263z 2 —1.9659z° +0.51912 *)(1+1.12867)

3-7
0.11452(1—0.9359z *)(1-0.66272 *)(1+1.1286)° 3-7)

Z,(z") =

Bl 3-2 5 Z iz § Fax e » ZPETC % {5 g 5 Bk > & A 4 » ZPETC
W WEEMER NS 28Hz w E 4~ ZPETC 2 {8 »#E R A fe <t 2 3

186 Hz > * Ap =R ZEF 2 &

Bode Diagram
0 S e

|- N\ 1

0L System: sys |
Frequency (rad/sec): 181
0 Magnitude (dB): -3.06

Magnitude (dB)

-40 |- -

-90 -

-180 -

-270 |-

Phase (deg)

-360 |- -

-450 E- - P r s rrrrf P r s rrrrrE - P r r rrrrF P A s orrrref
0 1 2 3 4
10 10 10 10 10

Frequency (rad/sec)

(a) & % (BW =28Hz)
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Bode Diagram
0 St i o couy sy

| i
System: sys
Frequency (rad/sec): 1.17e+C
Magnitude (dB): -3.16

-10

-20

Magnitude (dB)

40 |- -

Phase (deg)
o
1

-1 e r r rrrrerf P r r rrrrrf c - rrreck

1 2 3 4

10 10 10 10 10
Frequency p(rad/sec)

(b) 4 »'ZPETC # (BW =186Hz)

B13-2 Zphi=% B ge e~ ZPETC %0 fs 29 & S0 b cnbidg 2 &

3.2 2z &4 ® (cross-coupled controller CCC)
2R 4Ly dEd Koren w74k N1[8] A& p ch¥ 3 Bkl & h

URSEE RS ELA S U U R IR ) TS SRS FE S EE R

SO B BB Bl B 8 s il B A A A A O R

A4y e PR B 2_t$ Koren and

[
R
Ef
o
T3
Bt
3
o=
=%
= &
= »
[y
g}\
1
TH

¢

o

N.

Lo * 1 ¥ — fBATEA R B E IR 4L 5 7 B &
FATE AR ACR 33 40 o L SIS T R E R TS EHIEE BRI R it

PR A R £ e F ©(ClCy) -
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pafr EmE L + U ¥ #I3R5%

~| i 1 ] 3B ﬂr .
____________________ -

A
I
|
] _H
1

| v ~ | |
|G Gl
| — |
| - ESE T
| IR B "l ERIE
_|_
I ¥ I
I - -t I
|G, Col
| L |
E, ) g e
i 7 25 >
Bl 3-3 FRHEIXMEHIEFHE
3.21 ® M= (Linear Contour)
d @] 3-4 ehE ST SRR T A B i BaEd e Lo
&=—-E,sind+E, cosd (3-8)
: \Y Y, : .
d %?smezvy;cos@:VX(V: A R) 0 TP N(3-8)% A
-EV, +EV Vv
g=—>2 7 Xz——yEx+\iEy
Vv Vv V (3-9)
24 33 B e
e=-CE +C/E, (3-10)

R (3-9)# X (310)T AT R F R AR B G L W e £ @

(Cx,Cy)/”\ B 5

. Vv
C, =sinfd=—>
Vv
\%
C, =cosf=—
\ (3-11)

RGP B BGEL N R F R B E R A B
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Esipdii A ARLZ BROFHFLIF 2 FomN PR RHFEL
WP EAC T B TR R L MP BT D AR S

j\EI'\':'-‘: WL P R A B 2L T Eéc,ig_f T

Y-axis

E,~E;X Y phiz ¥ 34
Esifp #3854
e b BGEA

3.22 # ¥ &

-~ BRABE B B C A F B FREZRI TR AR
ﬂ&&ﬁ%%?o@ﬁﬁgféﬁnmﬂ,?u&%*ﬁ% PR iR
FE B 35 A HETIESRREL £ 2 6 4 B X Y L e
2

1

’ P J1+K,,P

° LT K, P

)[—C (1+ prPy) C (1+ prpx) X

py'y ox M x

Pt B 36 ¢ T B A A T 2 MAGEL 2 B AL X Y

<E

e s v

(1+ S yxl_'_KPX X) (1"' pr yX:C P+ (1+ K ox xX:C PJ

[-c,t+k,p) c b+ prpx)ﬁrr}

(3-13)
22



® 3-5

®l 3-6
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Y (3-12)fe 5 (3-13)F
R 1
c_1+ l(l+ pr y)CC P (1+ pr xk:C J &o
(1+ pr yx1+ pr x) (3_14)

Yo

AP AP T ES BITHASN S o PAYE

- (1+ pr yx1+ pr x)

B:Cli+K, P, 2P, +(L+K,P )P, |

(3-15)

e Ve 2 MR T AT

1
(3-16)
5 V3R

(04
F(3-16) ¢ ¥ arde » 2R B AR HERAGEL PR E > AP
VA EC R ERBFLOT GRS S AR R o £

& =T X &,

B¢ T 3R e i o 8

-

R ™

T=
1+

3

la+K,,P, 2P, +(1+K,,P,)c?P,]
L+ K,,P L+ K, P)
(3-17)

R [=
I
@)

=CK
L—)(‘(S-l?)ﬂ » F Tfaﬂ‘g‘ﬁfw\ﬁ;%\lﬁ 7
a
C: &t f B

K gid o B M e 3 o

24



] gL A [VEE T ;h ‘Zx.ﬁz K m&tp'}; zgs@ , ff?éiliﬁ 4y )\ﬁ;_; ?%L"V?«K%***
HECH FHAHSETE G L el F P B BT B2 AP » 54 2 e[12]

L= IR B =

P (27) = 0.0026z * +0.005z * +0.0018z * +0.0022z * —0.0003z ° +0.0006z °
" 1-1.5957z +0.5804z 2 —0.3222° +0.3099z * +0.1701z° —0.207z° +0.11z™" - 0.04562°

P (27)= 0.0023z7* +0.003122 + 0.0015z° —0.0003z* — 0.00362° +0.0003z°
Y 1-1.5578z7 +0.3473z72 —0.1946z° +0.3141z* +0.1933z° - 0.102z° +0.1997z " —0.2001z ®

Kx=0.28
Kpy=0.2544
Cy=Cy=0.7071
A E K G PR ® 37 1m0 ERFEC L ¥ 82 CK P § 4o
3-8 #7o1  AF B %+ fw4p =# B (phase margin) % o FA P REE { BB T F

F LB OEEA T LR 4p AR 4] % (lead controller)[16]- 7 £ L% &) 3-8

AR R S 20° 0 Ak YA R 450 RS b R 5

4 =45-20+30 = 55° (3.18)
m
_1=SINdh _ 5 0994
1+sing, (3-19)

A St ) € ER T 0 3 E D FTau £ 2 AR4E 5 (gain crossover frequency)

1
—20log —= =-10db
Tz
=> @, = 200rad/s (3-20)
ﬁ’»w? LN T ;
T= 1 0.0157
Jaw, (3.21)
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ATILAR AR A B A
C—9 1+Ts 5 1+0.0157s

1+aTs  1+0.00156s (3-22)

#i& v A7 (z-domain)

15.73-14.76z7*
1-0.5146z77 (3-23)

C & ¥ Sicfodp tAR L) B oo 5 - $e ) 3-9 97 0 RS it T B RO

C(zY) =

TfAp B R AR PR o B R e B3R L 0 4o 3410 HrE o R

HE C 50 AT R Bk B o R i O B ik e

~

v § %k Sedw PR AL ¥ A1 £ (modeling error) 0 3 P F b i 5 53

PR T RE R ¥ K e
Bode Diagram
20 ¢ S A Bl B - Ay S
0 -
o
T 20 -
[¢3]
°©
2
€ -40 - -
S|
=
-60 |- -
-80°F r P rrrrrrf P r rrrrrcF P - r rrercf r 4 r rrrecE
0= LLE o o L oL L Lt L L L L LLuiLg o q L L L LLwE
-180 |- -
System: sys
2 3601 Phase Margin (deg): 45.5 |
Z Delay Margin (samples): 10.8
% 540 |- At frequency (rad/sec): 73.8 i
g Closed Loop Stable? Yes
-720 |- -
-900 E- r r r rorrrcef rr r rrrerE r_r r rrcrcE r 4 r rrreef
0 1 2 3 4
10 10 10 10 10

Frequency (rad/sec)

B 37 A Sk K o & S
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Magnitude (dB)

Phase (deg)

Magpnitude (dB)

Phase (deg)

° e |
|
-20 1~ System: sys -
Frequency (rad/sec): 203
240 L Magnitude (dB): -10.2 i
-60 - -
-80E r ot rorrrcef rr r rrrerE P r r rrcrcE - r rrrerck
0¢ T -
-180 -
System: sys
-360 |- Phase Margin (deg): 20 -
Delay Margin (samples): 3.14
-540 |- At frequency (rad/sec): 111 4
Closed Loop Stable? Yes
-720 |- -
-900 E- P r s rrrrf P~ rrrrrf - P r r rrrrF - e
0 1 2 3 4
10 10 10 10 10
Frequency(rad/sec)
— — & 4
B 3-8 &4 3 di CK(C=2)% 5 ¥ &
Bode Diagram
20 —
Cis pure gain
Cis lead controller
0 =
-20 — —
N . \
40 - ) ~— \‘H/ i
\\ “J‘
\
-60 |~ L .
System: sys
Phase Margin (deg): 41
.80 E- £ e - Delay Margin (samples): 3.55 3
0 = — - - At frequency (rad/sec): 202 -
o Closed Loop Stable? Yes
-180 ,
System: sys
Phase Margin (deg): 20 N
-360 ~ Delay Margin (samples): 3.14 \ .
At frequency (rad/sec): 111 \\
540 |- Closed Loop Stable? Yes N 4
-720 |- N
-900 E- ek P | £ ot
0 1 2 3
10 10 10 10
Frequency (rad/sec)
Bl 3-9 A H BRI

Bode Diagram
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o
2B

v

C is lead controller

===== Cis pure gain

400
g

Gl

350

WL

300

§ 3% iR [17-20] 0 Bilde

ig 17

2,

2

BHRE

250
D\
14

'

e

s

¥

/2
2
7

200
samples

R

¥ o

EX

2}

2

#

4

CEL RN 3t

150

100
» 2 ‘E;,j::?'_g J
o

e

EH&O@»%%%@%%

50

T ) ¥ — "
mmmmm—mm—==—=
LT
— e —————
—-—
R e
S
I|'|’|| ||||||||
llllllll -
-
gt
lll”“““?
;H““”IJ””V
llllllll ~
Aﬂ““”l lllll
lllllllll -
-
i —
——"
I
e
e
-
=IIloT—
lll”llHU
i
s==s
t f f f
< AN o AN <
S © S 3
s o S
>~
anwﬁwm

B4 R B R
Bfd TR L

£

wo

3.3 A A4 H# F B (nonlinear friction compensation, NFC)

PR T Bl ¥ AR SR -

331 B4 gy ing

F - fEho BB S G

Yo ie R A2 o

L4

[x)]

Sl BB 0T Rt o 2 0 02

IV

B oy
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ARG R R A ﬁ‘u{’b‘ TP“F"{?U*']% ¢h(non causal) - # ri*u{;m » fid

SEFEERARPABIT FEIrRDERGR T RZEF RED T

BR G TR e

332 MM A HFBRY

& model-based ehzb s pE F S 5N ¢ 5 & 5 B B A — B 2Ls M R

13

o

oo A R R

ﬁm

oo Aove ped i) o LY LB

343*
.7.;.,

o IR EI R RS 5 LSV HCR] T 2 e 4 TS O AT

b
&
S

73 IR R ORCA Sl B A BB bR e A H g e

\\Xr
A

B 5D 6B S ES NEE R o
- g EE R BACRI 1L ot Pkt RSl RN R

g R o 0 B R R R B i i e p R g

-

Foh P H R o WS RREAL R ER L G A B R LA R ko

VR P

2N

“,\
‘Er

G2 P R ER DT R o B3P TR AL L RFEAL
FEEPIIFHETAL > ERREINFEDI TG

Iq,act = Iq,ref ~ Lriction — ldisturbane (3'24)

;d“ ¢ Idlsturbaen“ }“K;J%fhﬁ ’ ifrictionf%' %;&%2‘24 ﬁj@ K" % w&'/% ‘A&m‘u'fr‘
—E— ° é’—’.ﬁ' 7 'JJ 4 rTJ' /Q'L‘ » F 'FB '&“%ﬂ‘idisturbane ’ rﬂﬁb*}kﬁkj %ii\‘??ﬁt;ilﬁl

do, .
dt = Kth,act

= Kt(iq,ref _ifriction) (3'25)

U ERERELET o SNGB25)F Ao g E o HEIL AR *

Ifrlctlo

TRAENAFERGL 0 LEERETERER BT HHT N

L
ref *

>

EHRAPRT DR B L B o S I 4o R 312 557 i 4
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RSP O B 2L R [6] ¢ K, B A Rk
d

< %- % :1~5rpm
< %= % ¢ 5~450rpm
< %= % -1~-5rpm
<>

F2 % . —5~-450rpm
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A - BREHRY BT Ed ML (least-square curve fitting) = % F 3
HEA > 2% - % s =2 R4 - et a 52 &2 % BRI

SRR o B 3-13 2 ¥ Z iR 2 bR B b R B 40T

*(1) —94w+3870.3 1< w<5rpm
i e (2) 0.0000056923w* +0.80188w +3651.59 5< @ < 450rpm
?NFC ) o (3) —29.117w — 2926.95 —1> @ >-5rpm
e (4) —0.003620> —0.63090 — 2859.2 ~5> @ >-450rpm
Friction Model
5000 ¢
‘ e K
4000 a SRE O —*
3000
2000
©
s
E 1000
5 ¥ Real Data
Z Cune Fitting
o
© 1000
-2000
-3000
-4000 i i i i i i
500 -400 -300 -200 -100 O 100 200 300 400 500

Speed(rpm)

B 3-13 ZLap AR 0 M
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7

b

xi,%iéiféi?%’ﬁ%%—ﬁ'ﬁﬁﬁﬂﬁﬁiﬁvﬁ PR RTEERALE L

T EASE o of] 3-14 47 0 Ao 2 A B F A R A EAEEY PR 5

g1 - ] P o fe 4o~ NFC {8 Bk chph F 0 > i L %) o

300

-
1
er“"
250 | ===== speed command rA"/
@

—— speed feedback without NFC 2%

rwssenees Speed feedback with NFC b
200 - speed feedback wi A

»
7
150 R

—~ e
S ‘f'f
S <
S 100 S P
(3] R
o 2o
n P
s
50 6
26
I’v .
.
225
0 2ttt

-50 i

~

0 i 1
0.79 0.795 0.8 _0.805 0.81 0.815  0.82 0.825 0.83 0.835 0.84
Time(sec)

B 3-14  4c~ NFC 153 B B 48 ¥

3.4 #EEBE (disturbance observer, DOB)

# o gLip| B (disturbance observer, DOB)[21]4% B £ 3+ * 3t %5 4 ¢k B 3B 6

SHEF R SRR Hr AR B - HAH RS S REEHFE > v T

YLk stk sLiEds B ELR T ko R %% 34 2 e modeling error 7 4
o A F R R AT AT BRI B HIEY - F 3-15 2 DOB syl

BAE o G E A R R ME R UR AE - URHE R RNk £
AR BRI TR T R R MG RI R iR 8 R F R~ e

RAIHIUR S HD 0 22 FLRELIARELFFRFEL P2l o
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W 3-14 3757 7 DOB ey dl] s sase i » 2 ¢

Oy - #R L

Oy - 5 R

iy | R IRA

d AR ek B g #
n B A hE R
d : RpDaEs R

J o T BEA PRI BER RHER

B i BiEsrf DA EHL AT Ak

K, @ #EE¥ &k

d
Oy iq,ref + Kt +£ Oy
Pl 4?74>£—> >
+ A_ a0 + Js+B
d
DOB g

B 3-15 DOB =# 41 %

PRENE 33 kTSRS 2 EER ¥

199 LBy —T 4T,
dt

= K, (i, +i,)

33
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B o i E i A8 5 B315Y oy, i, 5 d,BEXRI=I/K ¥ B=B/K, >

q,ref

A (3-26) 3 7 A 1t %

do,

dt

£ 1 * = » 2&35 % (forward-rectangular rule / Euler’s rule) ¥+ (3-27) ;% &4 i

Sl

+Baw, =i, +i, (3-27)

Ti_(a)m (k+1) -, (k))+Ba, (k) =i,(K)+i_ (k) (3-28)

& (k)2 (K) 5% 0 B Sk 5 A2 5

[c_om(kﬂ)}: A{‘f’m(k)}me(k)
kD) |7 L)

" (3-29)
@,
ky=C| "
-7 |
H
BT, T, T,
A=|1"F T| B=|7 |- C2@ 0]
0 1 0
HEERE
ok D] _ [, (0] » _
{iAL(kJrl)}—A{iAL(k)}+Ble(k)+L(y @,,(K)) (3-30)
H oo L—[I } s LR E AUk L acs B R A i B £ (A—LC) s ki
2

z—-a,+l, -a,
L, z-1
=2°+(,-a,-Dz+(a, -1, +a,l,) (3-31)

= (Z _ﬁ1)(z _ﬁz)

|zl -A+LC|=
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BT T

£ ay=lomst A, =2 S8 B R AN RA B R R
#w @
Z_ﬂl_ﬂ2+all+1
| - Bfe—antlh (3-32)
=
a;p

T L DOB thd B % 0 A0S 7 BRI R IER I B
B AR A 4 4o 2 F 5 d =1000sin 274 +9000 - B 3-16 4 W] A i B & 4
SRR FEARd AR 31T S B E T2 g AR R P
T3 E 5 2.34rpme #-F IEUE S ~ (8 > 4o ] 3-18 ¥R 0 i A @ * DOB
Mo ERFRRFEANERE B R THE L ¥ 270 rpme &
DOB z {4 » £ 4 F RNk > 4oB] 3-19 #77 » I 4o A 0 5 dr 4]+ 3f
e sk o T3 Z % A 155 rpmos4oB) 3-20 477 o gt vh 0 LR E 3-19 ¥ 12
FRER NP EZ 7 FIHLIRT - RFALSE =L NAZEFERE T

RERIEGR o CERE TR PIERETTRSF - R K At FRR

LEFLE oS E T ARSI I THEATRRE PR

4 torque ripple » F ek HET L £ 4 < 1,%[22] o
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400

350

300

speed(rpm)

N
[
o

200

150

N N

0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
Time(sec)

(@) # & & £

10500 ¢

10000

9500

9000

8500

8000

\ \

7500 ¢
0

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Time(sec)

(b) Tt s

 3-16 DOB § % chid & & £ & % 34
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speed(rpm)

speed(rpm)

400

350

300

250

speed command %

200

speed feedback without noise MWW

150

0.7 0.8 0.9 1 11 1.2 1.3 14 15 1.6 1.7

400

350

300

200

150

Time(sec)

B 3-17 5 Zgd 2 & FIHR i &

s

speed command W%W
speed feedback with noise but no DOB

S S S S SR S

0.7 08 0.9 1 11 12 13 14 15 16 17

Time(sec)

Bl 3-18 4v » F I FL{S ik BB
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11000 ¢

input noise
estimated noise by DOB
10500
8500 f ’hw o il M
W Wl
7500
7000 " :
0.5 1 15 2
Time(sec)
B1.3-19 1 B+ P

400

350 MM %
_ 300 / \
: /
g
T
Q
| / \
@ 250 / \\N

200 ’WM W‘”

b M speed command M
speed feedback with noise and DOB ¥
150 . .
0.7 08 0.9 1 1.1 1.2 13 14 15 1.6 1.7
Time(sec)

B 3-20 4c » DOB #F ¥ & g &
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AR LA REER PR 2 0 RAP L E PR
(ZPETC)™ 12 i¢ BERIAE & B T P 4p 235 18 © 2 R 48 & 24 B(CCC)¥ 11 1233
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# 5-1

Fol et gk b IEA

system V_type P_type
delay(ms)
0 10.9 10.9
1 11.2 17.0
2 11.5 21.1
3 12.0 24.0
4 12.6 26.2
5 13.2 28.0
6 14.0 29.5
7 14.9 30.8
8 15.8 32.0
9 16.7 33.0
10 17.6 33.9
11 18.5 35.2
12 19.4 37.1
13 20.2 38.8
14 21.1 40.5
15 22.0 42.0
16 unstable 43.4
17 unstable 44.8
18 unstable 46.1
19 unstable 47.3
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53 REEAY FEE

%52 59%5E 07 kiR T >V _type CCC - P_type CCC chd. ~ ¢

Boifd o A E Z dhb S e R0 A4 AR 0 250 B R R

B NP R ED S T EBHED OB R R g

ERFPHFLF S DT UFREFEEPFFR o B PRFLE

¥ 5ms pr V_type CCC @ 53 47 » v P_type CCC iv ‘a5 f& = -

|7

% 52 7 iEiat i s F#EE (um)
system V_type P_type
delay(ms)

0 288.9 288.8
1 289.1 292.1
2 291.4 293.4
3 293.2 295.9
4 303.4 299.2
5 unstable 301.7
6 unstable 305.6
7 unstable 309.9
8 unstable 3234
9 unstable 330.7

66




54 127 44 R%ES

BIS5 28 BdNGFe Ruc? &4 7 UF RIS B P_type
CCC thf 4 4 % 19.45um> # V_type CCC e + fr# 3% 4 5 14.88 um >
B H I 4pE o P_type CCC b= gL » 2 R AF3 &F %8 Eid
P R R OPREFR R 2 F o B 56 5 & V_type CCC ehsE 7 » #id
BB erB R i AP F TOSKHz S 324 5 14.88um > @ B~
AR F 3 KHZ a2 % 2 22.28 um » 4f 2% £ - P_type CCC £t 1§
A B ow o WBEAE K L LKHzo v 75 KHz g B i 1% 0 saad ek i £ o

R L < o

V type CCC |
P type CCC :

16

14

12

% 72 (um)

=
5

10

[ &

Time(sec)

Bl 5-5 P_type v V_type CCC el #5 % £
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25—

X:0.041 [ } o }F 22 3000H L
Y:22.28 H Ti BE R z
[ | — H{ 5 48 & 7500Hz
Ty
20
#
X004
Y:14.88

0.6 . 1.2
Time(sec)

Bl 5-6 V_typeCCCHEHT 4 B pF T chle #2385 4

Bl 5-7 % Edhibh = 18 (v 84 ~ P_type CCC %5 &4r 4| B2 E QR RVE -
RS i 2 8.0ume @ 4o Votype CCC #F & 474 % > A 4§ 4-13
S 0 Bk P #IEZ S 4.3 um s 4e ~ P_type CCC £ & fo4 Berra L rn ko £ -

B BRI s o
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140 :
120 e
100
£ =0
e
i - i 18 17 3 1
w60
T jin A P type CCC+NFC+DOB
40
X: 0.034 ‘
20 Y:13.05 G
0 J P s B A SN AAAIANINNA i At ntsn ™|
0 0.2 0.4 0.6 0.8 1 1.2
Time(sec)
() Operation-3 ek #5358 %
140 r
.
/7 X 1887
120 ‘ W/ Y:130.9
100
£ w0
4 |
% 60 - AR T E AE
T —— Jji A P type CCC+NFC+DOB
40
201- X 1.232
Y:8.011
-'% -
ol ¥ At b AR AN APNANAAN A
1.2 13 14 1.5 16 1.7 1.8 1.9 2 21 22
Time(sec)
(b) Operation 4 e #5324
B 5-7 EEdaib = 3408 40~ P_type CCC & £ 24 B B 1
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5.5 P_type CCC % R4 CNC % 7 %

AP type CCC F L& CNC W {+7c 7 + » B 5-8 L3V @ * chfls 5 > £
S3RAIE oo 2 FERR R FLATAPHSPORE R 7 L3
M6 - pitch 3 = 5 1mm > 4c 1 captd R 48 > B0 2 H4e 8] 5-9 771 > BATR 4]
BEHG BT > AP S HK T 4 P_typeCCC - £ 5-4 S z YR30 7
PTG B oAFTE G BRF > B fhidiE 4238 2000 rpm 12 {S B e R4
;rs%:g@ 10um > & * P_type CCC 5 » 4 f BH 5 aIFr 2 87 it hx b # 4
B v AREE RS D 10um oo RA A AR B A g T BT T B E
BEIBFOFRT > FUEEK L FHFEL TR A 6000 rrpm -+ s adF A 10um
VN rﬂlbﬁkirﬂ%ﬂzb%;i;\?ﬁ’!?%ﬁé% M FR T e h 0 Bk Adrd 55 A o
i AF E T F R AMEEAFI RGO IR T RS REE

AL 3 10um L poe

B 5-8 CNCisz7
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%53 CNC1 E®5EEz R

o35 ARES / R4530
fhe XY Z C
P E 3|50 SGDM-10AD SGDM-20AD | VE2.04(7.5HP)
5 fh A R e NS BESE(41R)
SGMGH- SGMGH- SVM-90M
B E A5
10ACABC 20ACA6C (B & Fi4)
s F (KW) 0.85 1.8 3.7
AT (A 7.1 16.7 17.87
e+ (N-m) 5.39 11.5 11.67
2 (rpm) 1500 1500 3000
B+ i (rpm) 3000 3000 12000
Py > E (R HiE)
&ﬁ%é Be sy B
Py > Zeh(oKEEHIE)

OENEEIES 2 EH
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> E(REHE)

LAk

> Zeh(RaE&iE)

(b)+: » P_type CCC %48 2

B 5-9 CNC xc 7 85841 % 4

% 5-4° CNC 1 B 2 §Vp122 % % (um)

A E i = P_type CCC P_type CCC
2 i it (rom) (Kpx=Kpy=30) (C'=8) (B354 C)
1000 8.68 8.12 7.27 (C'=15)
2000 13.56 11.36 8.30 (C"=20)
3000 14.45 12.45 7.63 (C'=22)
4000 16.46 13.22 7.98 (C'=23)
5000 14.51 12.11 7.19 (C"=25)
6000 16.74 14.26 8.34 (C'=28)
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455 CNC 1 E % %527 %% (um)

" E AT g E P_type CCC P_type CCC
3 i & (rpm) (Kpx=Kpy=30) (C’=8) AR EIHG C)
1000 9.22 7.96 6.8 (C'=15)
2000 12.73 10.88 8.54 (C"=20)
3000 13.84 12.26 7.63 (C'=22)
4000 15.44 13.64 7.74 (C"=23)
5000 14.76 12.88 6.48 (C'=25)
6000 16.50 13.52 8.83 (C"=28)

R -3 JESE VAR U W oS (8 -

E
A
>

[HEN
o
c
3

56 %

d 3 h— SLBRE B g F IRV type CCCor o sv i 27du o) P_type CCC %
o R A R B AT et e d AP R U R e AT O TR

TEF A B B R e Ik o AR 2 NS T 4o

1. fmes

Rt B eni R T >V _typefrP_type CCC eidd i »x % 4p Fe o

F_*

M F el ut EpF > V_type CCC fat & 16 ms Faf 47 0 2 P_type CCC iv

KPR T

2. FEE%
(@ PHA I F
4e » P_type CCC & | B end % #2384 5 8.0um >

hN
g * V_type CCC ¥ & 4| & e

o

Bum:BE L <3 & F F 5 P_type




CCCHAM M =B i m =B ik 2 Pl il R iR 5 o

B RAE Ok A o

(b) Rt &

7.

Bl phiiE T o H A O BH L E

B 0 g A fhiE ik A 6000 rpm R T 0 Rk B EE

V_type CCC 7 4 %t & Sms ¥ 2 47> & P_type CCC i

2SR P_type CCC «id 1§ » % F]Bof#p S i m e £ >
vt V_type CCC 45> # 3 2£ 2 3] 9 ms pF i ‘a4

e
SER T I F AR BB EL

#-P_type CCCoE e &R "Roe 7 toit ot P H L ¥

v
e FARIRGHE

# 10 um

'I‘,Z F\ o
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5% 2%

AHT AR R RS ENERZ EE PR S R E o 2
DEF RS RN RSV R ST R L F TS - o e\ ol TP ERZ
fRl MR EL P ARG RET CE R ASH BRI FIER

- ‘ﬁ))::ggzﬁé %._" °
M2 TE R Y 2 T 4T

1. RBRESEH+
(@) &+ ¥ ¥p &K
Ao WP - EES PR AR B P B A
FRAFIRTIHOE > RBES TN FREI S AT
% 50ms -
(b) 35 &4+
TR R kR TR e

e
T
>
4?7,
fery
s
)
S
I
&
(=i

£
AR RS E R AR KA Tl euE & 900 rpm 4% < T 4000 rpm o

2. 377 2 Fdh iR A el
(@) 4 CCC &It BphiFiL7 I
i % CCC frghaf ff -5 ghif-Z o rip » T8 » 48 0 T frdhps i A
B B e #E A T 6 182.1um e d 3 14.9um o H AT 0 p g dp o
Z $hig g gL 3 53.8um v CCC ¥ it ec L T 240um =%k #
¥ o
(b) #¢ o 28 1E 51 %
"0 1 CCC it fF K pA3h Bl | > 338 o) 4o~ NFC AF 7 24
MM B4 2 DOB 1] b 383E #s » £ CCC~ NFC 2 DOB #-5. +
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Pdoigid 132.1um ' 3 43um - L i 96.74% -
(C) 727 i &%
ffe fRenpE RN o -3 bz 7 i B 1T 300 rpm et o e~ 3 E S
£7#] B (CCC+NFC+DOB)2 15 » #* F#o3 £ % it d 40um 5 2 0.5

um p o TR e T AR 0 B REFLR T LR ] e

BB ED FFRAAR BEEFIB(V_type CCC)ZE 4> &% fa ¥
MR e B(P _type CCC) i@ HAF iF i ¥ 2cd =% & R A
BE AR P B S o B AT G on kg E o e ALH AR F R - SR
B P e AR F LARRKR V. typeCCC i - A2 P » V_type CCC

i eu B 5ms AT P type CCCFZE LT Oms &R RIFAE L - @
Bd EHF R CNCILy $5F AAEDEHR £ Eenfin™ > st i

fhig & 6000 rpm pFEC F R L ic L 3 10um M p o

b2 A A% % P_type CCC # .t CNC Bl 1oc 7 8 ¢ » i 3]
fode i ik o A K M- HAFHE i RSB RS LB B Y

- AF S R E I NFC 12 2 DOB ez *}#’ it R L sk  0F o
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