Contents lists available at ScienceDirect

Engineering

journal homepage: www.elsevier.com/locate/eng

FLSEVIER

Research
Intelligent Manufacturing—Article

ST RIR LI HS RENE SEIFF LI H SRR

a,b

’ 1)

a,b,x

* State Key Laboratory for Manufacturing Systems Engineering, Xi'an Jiaotong University, Xi’an 710054, China
® Collaborative Innovation Center of High-End Manufacturing Equipment, Xi’an Jiaotong University, Xi’an 710054, China

ARTICLE INFO HE
Article history: VRER L FLHELE RSN R 48 T A0 B2 3 Sk oRD 31 2 I B2 0 1 3G 1, B AR i 2

Received 27 March 2017

Revised 24 May 2017

Accepted 13 June 2017

Available online 26 September 2017

HFE, IR H 2R B OO REAT B AL BT, &k B JF R A i A I R ARRIE . KBk,
BN AFFERAR FALR O — B IS SRS 42 6 N ERI AR, e 1L 2 PR RS B RE L. AEARRT
Jor, BB R AL, BATESL TR T IR R B SR, IR EETE T B AR
AL ARG AR AR, TF R I BESRHE B IE S (MCM) ORI A8 & N HE (ATA) AR
IS . MCM Hy U {8 45 M B I DB IR A 2R B, AT K BE % Bl A5 A O R UL R 7 2R 8, HL T LBt

it 50 B, (AT HPLeR% CANN {0 S BR TR 0T LS SH U B 58, DL

gﬁ;é%§%%~ﬁ 0 HE4 BB R G I A A e FRAT L2 7 SE R 24 R 50 28 56 P B T 4R Hh S S 1 20
e .

%EM%%U ©3017 THE AUTHORS. Published by Elsevier LTD on behalf of the Chinese Academy of Engineering and

RS RHIEE I &%

Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND

(EL A= BRANATLE. KT AP license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

FEIE B ANIR 31475 1] AT A AR A 23 A R 22 S Lo 7
HIRRIER B o 8] 45 R K 59 3 A AT BRI B AL R . 27

1.5

TRIRZAT A IR KRG R I =M sh S FetE, )
SEBEHE AL E A FETARA[ 1] B T IX LB
PR ) b= A AR S B B S 2 Ak, LR IRBN )
—ANI AR . SR B A REEAT B AL B &
IR ) I [ A 4 i) M DAASE iy L DR 38 3] B 5 (1) 32 Bl A 2
IKF

LE B AR (EH T M D6 SUAbD R
TBCEAE A ik bR B, AFAEAERIG IS, oA
MFTENAS, XA 46 ) S . JERALE S &
R [4]. AEm/NLL (NMP) R GE[5]LA A 45 2
P (RHP) 22 s AT 2 bR K[ 2] 55 ) iU DDA OG . IR L

* Corresponding author.
E-mail address: whzhao@xjtu.edu.cn

FOEIRE TSP VR MR XA ) 8. SR 5 1
FERLASTERI[6,7]. PEBHEAYFEGI[8]. HEIR R HHEHI[9].
T AH 7R 22 PR BRI ) (ZPETC) [10]1F B4R 58 k1) 7 v,
g PE R ATEE (LQR) FIZR M — k& (LQG)
J7i% e APTREENIE, dEFAL RS RN KRG E A L,
T AR RTINS R AR B, B 5
T3 ok 4 v A i i (4]

2 R BITRBR AT T ) RIS HEAIRS), BAIEH 4
UREh4EH T BT T KBTI, ORI Rk LA
25 IR B I ey TR 1 7 TS T R R (12,131 ek
— LG T AR AL T TAE G0 B RN far i AR X 1 R I R

2095-8099/© 2017 THE AUTHORS. Published by Elsevier LTD on behalf of the Chinese Academy of Engineering and Higher Education Press Limited Company.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

: Engineering 2017, 3(5): 641-647

: Hui Liu, Jun Zhang, Wanhua Zhao. An Intelligent Non-Collocated Control Strategy for Ball-Screw Feed Drives with Dynamic Variations. Engineering,

http://dx.doi.org/10.1016/J.ENG.2017.04.007



2

Mi[14,15], NAEBEAFRERLAEIEML, AT 74
IR T3, IS I E G RN AZ ] [6,16] EHEFERI[17]
B REFERI[18]. AR ER AT BELE IR B2 SR (1 3R [R]
fr&Ge, I HAVFZ MO BEEMEE R [3,19] S IRIE,
ATEREA T EAERA KRG T, (BN AERILL RS A
JEEXTREL MR B REAT AT FUIR AR D

ASCAE IR T — AR RS 2 5,
LRI RS FERE T T IR BR AT LG 3K, SRR TF R
TR AR SRR T 2 (MCMD IR R 3 R i 4
S (ATA) AR sms, JR R T BA A
FIN B IR R AL B & g8, Horp, SRATTH— b
ST PARMBNE T EMINERE TR RGBT,
Jo . RZ SRS A A S R AT T B SR .

AR SCARAE I W TR AR 2 AL SCHRL 1] 32 HY 1 A Y
IEAR o AR SCHE Y I SR, AR ol A2 ot P 0 £ 908 0 2 AN
Beaipcng i as AL &, 2B Z 25 CHR 611 )8 K -

2. RIRLAHLE RGPV IREIL R Geiz |

WA TR =X (3M2S) RG]
BB, FRUIARRIAL R G PER, AKIZ AR

BFEHIPA SCHE i FERIALIE LR, Bshds (7] LLjt
IJTEESED FfRIRES (PP RHE 5D $SCE £ R
RAL, WF-x X —%F (RGth,)D. EAERAMFIHEHT,
WA IAME RS EAEA R ARFRAL, WF-x, (R%
hy) BE-x; (RGihy).

E225 H T 3M2S RS Z e W gk 20 (FRF), [4]3
25 th T 3M2S RS AE TARRES T BIWIAE 2 A7 P 3L 4R
) TARIRA . PR H S EUE 530 8: m,=100 kg,
m,=150kg, m;=50kg, k;,=5x10'N-m ', k,=2 x
10'N'm', ¢,=1%x10°N-ssm™', ¢,=4x10°N-s-m’',
Cmr =0 MEIHRATULER], X TRAEN (hy), W5
AHALESEAE0°~180° 2 [A]; X T-AERIALIG AL Chyys by,
WGAIALE RS 2, e S s b, RESSET
b EZR USSR RN B NMEAL R G hy, RS
& oy THEEI . MR /DAL R Gih, by, 52 G0 DA
Hl, g HIA e, BXARE® o 8u.

FRAE 3 R m AL TR, PT DL R Esh &8 (ARAR D
AL b 55 M4 Z 3 1) i 8 AR 9 A SRR A X 1) 2L A [R) A4
KFR. X NHAEIRE, e H—N R R s
HAE, WA BB RO Le sy (PDD 241 (14
4), BRI AR ORI E . (H2, EEAL T AR
XA BRAR R o B AT 4 TR TT BL S WA 12 B A [R]

— —~ —~ W, XA R . N, X TR R A AL
. . FRREFy-x55 BEIZAHE Gt FH T WA 3 342 ) A0 i iR
F, —ﬂwr- —\\N— i (155 Hz) BOHRah3m], 1k s 2l 15— 4k
—> m, m, m, e s o~ N
— — PeA (104 Hz)o RIS LB 35> (PID) %52
Y T S i g Iy vk £ TV AR AT
L NOSESN R, mo e L AL, kA S TS UL T 5 — R AR AR 1) B R S R 17
LS ) L R K Cpy Cy DcmziEfl‘Z B; X, X Dxﬁ% (% F17~E'l:‘ A N — N N N o
m, L1797, % (KIS, SN TITAARRAL R G H 45 . 12
o _100 — — —~
o e Magnitude ° %
Ef — — —Phase -100 ﬁ
§ oob===—=5-----c-oo S —200 *
= 10 102 108
Frequency (Hz)
—_ (a)
D 100 T - U
b n Magnitude [
E ______________ — — —Phase —-200 §
& 200 TR e Sl 400 &
= 10 102 108
Frequency (Hz)
@ —100 (b.)
S Magnitude |{—200 &
38 A P
E \\ — — —Phase -4 —400 ﬁ
S 200 L TN T -600 &
S 10 102 108

Frequency (Hz)

(c)

B2, SM2S R G MZEN N R E . C(ad hyys (DD By (€ hypo



SN, RO RS RN IR I LT —
G, TR RGERA ST AR M B 2328 Bk & A
PEHEIR T — R HIEOR, IZBORPE S I AR AL 4 1 s
L RSB IE N EMFEIL K RS, FEER, Lk
A TR B L BIRE R/ BRI
SAERY; BAEHIER B R AER . W R E 8 AR Ll
BELJE BRI [ SEIR a0 sk bridh4e 3Rz o H LR R £, TR 4,
] B R AR 67 P BB AL A1 (R 2k R A AN BRAE AR, T AR R A
F ] i LA AR A5 B0 5 4 A PR

) 6, 0,=6,=6,=
.. _ PRI
.
o H -
(a)
37 06 292 (x 107 m-N-)
104 Hz —¥ |‘% m
(b)
20 18 13 (x 107 m:N)

155 Hz

(c)
E3. NIfAZEE) () FIFTREERREL (b, o I TIEIRM., 0,, 6,H16,
A AR (KIS

PD N)—> m

K
o
— r
-— (] )—i m,
K,

E4. PDRIA7 3% ] S HAG AU R &, BOBIMERE: ke PUOTHY 2S5
re GEARE

_I'_

W
— 11—

Mode 1

1 ~o.-7
v,IF, v,/F,
2t
-3 L . . . .
-2 -1 0 1 2 3
Real (x 107%)

5. 3M2SIH RIS FEAE RN G R B R v,/ FRY, | FoZl
JEE ]

3

6 SR T RER A AT ik S IR E) R LIS K . MR R
BT AT RIVE AL, NS TR 2 AT (19 B M o8 42 1
WSS, MBI HLE B SRR AT . T, 0,
Rl 3 SR HE TN EE4E . B o Rs A B B T
CASRR 1) FOSREE: y, Mgy SR EDEIE CBhR2) [kl
PR RS RIS . A 2 B L e 28 PR T R s )
i, RGRFEIGLI, JFE AT LU A 5T A ek
O A AT b (ELRS, TRZEREAE TR (A
FR3) (0 3 30 4 0 B 42 M R DR T R At
K T e 5 B 0k O e LA 5 A 4 B 1 1
0. R RIS R R, IR ELR AR ik
MRS BHHRIE. B, RESBR PR
BIAEFI R R G, W ik SRR E AL, TRBRL AT 4 I
AR R BE RS e E S, P s Oh
(A AP @ B A0 0 T3 3915 P e
SEIR: OFE AR (AR 15 R R A AR (A
F3) BRI, JUREET Ak 2 05T Fizhd A
2R

(4174 48 T 75 % R Bk 44 KT 64 B8 1 Tk I° s
BRI MO . ERUR R, BB 2 AL
g itk = BRI SR B (FRFD SEFE. BB
b3 sk ey, B RO RIS S 3 S T b A
SRR e BB, FRIF, (F) 43454
FERE. (AR 7. R T 2 )
JFRAIBER i 20, IEh ik = FRFIONUREN A . I
6 42 32 9 2 o £ i e 0 L B G B 28 1 A A
LR .

P

|
!

(b)
BE7. () HBARFEE LK — BT (b) #5305,



4

3. 1RENEEM SRR

AT ES GHEB AL SBR[ PR M2 T &
G & T IRANAH L R IR ER 22 RL 25 OB A T i, FhiR
IR T ERAS I FREAE R (3 28R HEAT 0 A B

3.1 B

75 J8 B B A A K RIEVE, BATIA IR ERZZAL
MM E ARG HATCIE (SRR & L
Fer g s fe) $Boe MRS SH. RS TETT
B, RIS BN RGN =T KRG, WK
PR, 7 RGARANF RS AIRSI AL, 1 4LPF 45
TRERZZAT. BRAh & A A e 36 S sh L 15 7
FRGEBER A A il 1) S 0 TR Bk 22 AT 1) il 17 38 B RO iR 3 41
B T ARGCHITE AT BB A2 S AR Zh AL AR, X
T 2 e ARE Az 3h i 51k

K9 7S 1 BT H2 B = A1 AR e i SRS A 1 78 R
B, IZM Gl R ER AT IS IR R HR B XA
BB R TR (3 BB =T RS X
(1) ZAREEOPIRIN T RGUERENE, Rl 5%
AT ARG USATRE & RS0 N AR & 7 12

h
, , , __ _"alal
h a2a2 h a2c2 h a2c3 haZaZ 0 0 l'b h
’ ’ ' — a alal
hc2a2 hczcz hc203 - 0 thcZ hc2c3 A .(:, dz
b B " 0 et || (3)
c3a2 c3c2 c3c3 c3c2 c3c3 h sl
c3c
(D
T
_ halaZ
1 b
Ch R A g
bibl clel .
Wk ico| | haa
h

c3cl

A, Mo 39 BEEBCERAL AR Ryas B Percas -
NT RGBT ERRETFRE; h'pg, oo, . HIEERGEH

Subsystem C:
Sliding component
=
(] [w]
N

Subsystem A:
Rotary subsystem P
i

L

Subsystem B:
Axial subsystem
i
< L

E8. IRERLAT R B RGN =1 R GE .

JGBMAFRF: PN T RGAN FIH AR BT R 4B
f T AR AR AR B L s Ao e 20 S0l MR R AN SR R) 132 45 1
1R 55 28 1 [ EE AL

FERIRLZAL (B 1 RGN R T RGUER, R
T AR BB 5 FE AR G AR BR T R . I BT R G
N1 22 WA S 3 A L A%y A8 AT 2 OB R
Wigg Ty e X (D) RAREZR=AT RGN Prikth
IR AR s — BT

i (D) By (D)
HM(Ytable) = hMZl(l) hMZS(l)
s (D) By (D)

_ thl(Z)

[h

i Le [ by, (1) 2

=| 0 hyy |- h,, ) +hy, (1) +hg,,
L0 s hgs, i
{ hwm(l)]T
1 - .

+ k . } lSC

o tic @

! ! hgys

A, i NIRIREATHIME B L K e 0 Sl MR ) il
FNIEZAIBRIE : Y AEEE (NC) Bt EEIRKIERNY
frE, H, WRRIEL = Yoy, + L FAsMIEALE AL
WARSG, TR, ANSH AN T R 5. HilA T &
GBI T RS T e 1,239 5l dE K 6 b Fros (R AL bR
1,2803; R FRn 19y 53] Dy ¥ SR A6 W8 BE A7 B Ak ) AR b A1
RERLZATLAE MR B, B AL I AL AR T Aemoy S AL 1
FRIAAHR o

3.2. BB

FAT R @A R AT IR m i SRR, wT A
T 5 EMRMNEL M. BEERES VAT
DATIFRFIAE AL . 1078 Y 7 18 2 T & ) 22 A B 2

al
I c3
|'y' " Fa
b1 % c1 c2
77777
BE9. IR BLER I =N RGP R S . “ X d” RoRIEk
AINER NI



Magnitude (dB)

10 102 10°
Frequency (Hz)
(a)

Magnitude (dB)
|
@
o

10 102 10°
Frequency (Hz)
(c)

Magnitude (dB)
|
@
o

10 102 10°
Frequency (Hz)
(e)

|
a
o

Magnitude (dB)

bl LoL
a o a o
o O O o

102 10°
Frequency (Hz)
(b)

o
=1

|
a
o

Magnitude (dB)

bl LoL
a o a o
o O O o

102 10°
Frequency (Hz)
(d)

10°

N
=

|
a
o

Magnitude (dB)

Lk Lol
a o a o
o O O o

N
Q

102
Frequency (Hz)
®

E110. 8% B RS2 (Ve = 100~700 mm). (a) T, infl16, out; (b) F, infl16, out; (¢) T, infllx, out; (d) F, infllx, out; (e) 7, infllx; out; (f)

Fy infllx; out.

ERH T = B A sh A . AT i $edle w] LA
o, WTARB TG E, — SRR L2
SE ), T — SR RN 2 B 2 (N AR . A
=B FIE T LA E , BRI A S RAR 2 HL B R A
BTV PN

HATHT EUNFREAF SR BUSARFE,  IFH T Ak 2k
LALLM R G SR EARKIBNE . X T EfEA R AL
AL A R ZE A5 DL e A 25 R HL s 2R A I RN LAk 25
o, AR B R B R o A ORI TUAEAE RS AR L
Ao BRI, BRI/ o A2 AU Y08 il 45 325 ] 1) R 2
BT AR AR AL S AR [E 1288 7R T — SU S 1y 3%
PRAHDIARA . BT AR AN EAY, XA TG
B, USHAME L REER, M SR I 8
Ak, I BB AR K IR R I H R IR KA 2
HIARDL A o AR A b HAR R R W 5 Pt 45 B 5 &
G RS, JLARRAS BLAT ] 5 00 [ AR Bl A oG R
(20,217, ARSI, X — R FH EE,

4. B BEIREU I ISR A

AR T — A TR ER AT 325 IR B R S & RE
AR B I HING . P 1352 7RIS P RINE SR . SIS A
T R

KA EXAZEHINESE . A AR — A R AL
PEFEH g, 10 AN ER A — AR R AL (A7 B2 ] B . B

100
-80
z 200 -85 -200
-90 o
E 300 o5 )
c - _ [0)
:% 400 -100 250 3
9 -105 =
=500 -300 &
) -110 s
K 600 -115
- 120 350
700
20 60 100 1000 2000 3000 4000 5000
Frequency (Hz) Frequency (Hz)

B 11. BHENE R & B (Y = 100~700 mm).

0 T T T T T T
-©--Mode 1 ——Mode 3 -¥--Mode5 —&—Mode 6
-50[

-100f

-1501

Lag angle (°)

—2001

—2501

-300

100 200 300 400 500 600
Table position (mm)

BE12. B TAEGALE () HIFEIRAAIAL .

I3 ST T T AL RS PNy A e S e P [l i T 42
Pz B J B s A Rtk s 8 B S IS A B
W T LI m L ERERE . XU el R i 0 B A 5 T SR B
JEE RSN BT AP0 R A A ey o



Peak
filters

E13. & eIk R Aoyl eng. P Eefl;

FENIA B In—AMCM, RIEEIER 2 (Gp) ...
G FIMGIIEN 2 (Ghps ooor G MG, X FE
KN T MIEAE AL RGN SRR B GO EE 0, T R
i H R

ATA B ERBEMCME S H: MR 9650 N AL B A4 B
tEAEGE AL (O PN DA k€ b = E A ST IR R e
il 45 o

4.1, BARE B IE
MCM 2 I {7 5 U5 38 W B D0 S L 2, WA
3 4665 P TR A2 16 A 0 4 8 T L TR A 5
AT B THR P R R B (R 35 IR T IR
s e o A o [ 4 0 G TR A 14 D 58 T T B
B BT A, LG G g A S B
T A 2 A P B DB 5 LA WA R e ) R
W0 O TR X B 7 OB HO AR 2. MCMIfr I i
WRBIS (G HAT (3) HH[19]:

&, S(scosp, + @, sing,)
pr =1+21:Ki ~ ? (3

= s*+2Ems5 + @

b, SRR AR R m o BT AR DB AR I B
o NIRIIER; ENBHIEH; o NFEMINI; KoNHERE.

FEAN VAR YRS 258 A DU S50 LA #E,  F D&
HbrB. MSEBRMEERE, X (3D XM AT
TWAMEIE: TREFABEMMEE. H14R0 TEEEGA
) R 1 1) H R s X S PR R T P A R i . 45 SRR
B, IR 5 AR 2R R ) T B0 3 a0 5 18 i)
SE A, IO I B R I8 B4 il M e AT iR B 1 1 e
Ui, FREE,

W OLH B BRI IES B (G, #FIEMCMA,
HHE (4) FR[6]:

o2 2
sT+28,05+ 0,

an :H —

2 2
a8 28,05+ o,

4>

PI: LLBIFR Y-

8 ;
gL Original mode Modified mode
w/ variation :
4 T //////
" ) NN
Stability 222N NN
2 margint AR \
VoA
] A \ \
g o Vo
g ........................................ toe / ....... I] .......................
|/ /
5 /7 i Open-loop
2 7/ / .
y , / gaint
ol
af =
—6r Peak filter
_glL i )
-5 0 5 10

Real
E14. W (EDER AR B IERCR, Hoh, w/ variation/Z 18 K AEE L

SefL BT B DE R OB o R &,
e, M L

4.2. BHE B &N R

TAICE 7RIS, FAB IR 40T fa A2 4R
U W SRR A S BRI AR AN, U PR R
Gial R o MR G K EA R E M. BT ik
EIEE LS D72 (3) TRET A s 22 R A BUR P, (% 52 fR
SLIRAE R BURI . B R BNR R AT KB RGBS
e B S AL B AR ARk, 7E IL U B ATA .
ATA e A 4G O g TAE G E MR & BA 1
WA ASREPE, X A2 AR 90 1IF A% 28 B S 56 43 A T 45 2]
B O HEERA ST REE %, Wik AL
TRl iR P A s ) 2%

WE N T &M (ANN) SRSZILATA; AR 44
N B AE A BT R S5, AL B LMo A
HuAZ ) B I RE A, S EOR T3 T ANNRFR
ATAWZE K, BA=)E: BB E2REE, 3B
“EREHE. MEHRANZRTEGHME; HiHE
MCMHIEH T TAE G B IR AR S5 SEULH R



Layer 1

A“ 4~ “ e’

NAEN DA
\VAY4

AU

E15. 3T ANNFTHE H [ ATAZE ) .

HOM LA R K73 o] F T B2 82 Ay H 2 7 e %
& (BP) BRI T-UIZRMI%% .

Layer 2 Layer 3

1

épn

Pt

é’nfdm

5. BERIAFLIE

FRATTHTH& H 10 42 1) S WS e 2 FH T — A SR 10 78 Bk
AL IRB R GE, ZWRB) R G K 5 AL E A KB
B, XESH [P ELBBRLEIE. £14H T H
FRFZ)ABAIM & PSR e, FIHRENRE, RIE
BT AR E AR B s R R . BT DAL g (E
JEVE AR H AR, M STE BRI IES AR (n=m =
D B HAER. BTS2, MCME ST AN SRR IR
F3PIAIALFFTH B SBIEHR . 7S A ] 5 () A M 428 1) 25
KHAFAE, Fsshizhitkaes R, FEH RISk
ANN. fEXFEHT, A § k-t ANNRKATA 3 2
F T AR IR D A5 S 40, DG PR 23 11 S B AH A7 AAR
SIS BRAEE AR A

1A 1745 W T 43 il AE A% G PIDA% il A1 T 32t (1)
BN, R R IS Bl 0 PR SRR ZE T B R
RIAEFRATHE H 4% 1) T 1% 22 LU PIDAR IR B 5 /N
B, IX e 4T Ab A HMC M B 39 0 [5] 26 184 25 BT s Sk
(o EITSHRAE T XM (RMS) 525 J HARAK () EL %
YEPIDFEHI N, RMSR % B i 7 HRsh 8 in, 4
TAE GBI BNRER LA I, RIEREFH T REMA
g . HPIDZHURE I &K ARX PG . X X — K
HH BTt g4 ) g 2 b PIDF i) B AT B /NI RMS % 22 il
FENEIAR AL IX gt ORI LA IR AIE T LA $R A8 ) 5K
0 FLAG A R R

6. 451
AR SN VR Bk 24 KT ik 44 R 30 42 ) 0 A 1R Pk AT T

RGBS, $2t 7 — A HMCMAIE g ATAZH S AH
7 325 ] SRS o A T s 45 A P WL 0 I 4 A B e DB

K1 MRS SEE (Ve =115 mm)

Mode Natural frequency (Hz) Damping ratio  Phase (°)
1 49 0.120 —-135
2 95 0.170 —-155
3 130 0.090 -260
4 1030 0.003 —-198
5 1529 0.010 =31

40

PID wio FFC
n K i
0 PID w/ FFC 7 |

20 : . . .

w/o FFC

05 . . ‘ .
5 w/ FFC
g € 0 ]
o E

-05¢ ) . . b

0 0.2 014 0.6 0.8 1.0
Time (s)

B 16. PIDF il A BB S AR 7 (Ve = 115 mm), i, w/FFCHg

Tz, Miw/ o FFCHE LRI Mz .

Response
(mm)
N
o

Error
(mm)
o

o 40 : , : :
8 _ MCM wio FFC
SE 20t e ]
2 E MCM wi FFC 7
g 0 " ]
5 : ‘ : ‘
s w/o FFC
5E 0 |
o E
5 . ‘ . ‘
02 T T T T
5T o w/FFC |
o E
02 s - ‘ s
0 02 04 06 08 1.0

Time (s)

B 17. MCM il (I ER BRI N AR 22 (Y= 115 mm).

0.6

—— PID

051 —&— MCM +ATA

04r

031

RMS error (mm)

02r

G o o

0.1

0 100 200 300 400
Table position (mm)

E]18. RMSi% % L #5 .

Peas, IR v & 2h SO AL R AL R g8, HaE b T
FEGE . ATALE FJANNAE 91 i S BUaGfE 4%, S
R IR AR ISR, DARIN EESS KB R G SR



1, HOGT P H R SRS B A R AT R AT T B
Bk

D¢

ATHEASTERARM SRS EHE ST H
(51235009) [P 5.

Compliance with ethics guidelines

Hui Liu, Jun Zhang, and Wanhua Zhao declare that they
have no conflict of interest or financial conflicts to disclose.

References

[1] Liu H, Lu D, Zhang J, Zhao W. Receptance coupling of multi-subsystem con-
nected via a wedge mechanism with application in the position-dependent
dynamics of ballscrew drives. ] Sound Vib 2016;376:166-81.

[2] Chodavarapu PA, Spong MW. On noncollocated control of a single flexible
link. In: Proceedings of the IEEE International Conference on Robotics and
Automation; 1996 Apr 22-28; Minneapolis, USA. Piscataway: IEEE; 1996. p.
1101-6.

[3] Buhr C, Franchek MA, Bernhard R]. Non-collocated adaptive-passive vibration
control. ] Sound Vib 1997;206(3):371-98.

[4] Kim SM, Oh JE. A modal filter approach to non-collocated vibration control of
structures. ] Sound Vib 2013;332(9):2207-21.

[5] Spector VA, Flashner H. Modeling and design implications of noncollocated
control in flexible systems. ] Dyn Sys Meas Control 1990;112(2):186-93.

[6] Wu S, Lian S, Chen S. Vibration control of a flexible beam driven by a ball-
screw stage with adaptive notch filters and a line enhancer. ] Sound Vib

2015;348:71-87.

[7] Mahmood IA, Moheimani SOR, Bhikkaji B. Precise tip positioning of a flexible
manipulator using resonant control. [IEEE/ASME Transactions Mechatronics
2008;13(2):180-6.

[8] Lee YS, Elliott SJ. Active position control of a flexible smart beam using inter-
nal model control. ] Sound Vib 2001;242(5):767-91.

[9] Yang B, Mote CD. Active vibration control of the axially moving string in the S
domain. ] Appl Mech 1991;58(1):161-85.

[10] Torfs D, de Schutter J, Swevers J. Extended bandwidth zero phase error
tracking control of non-minimal phase systems. ] Dyn Sys Meas Control
1992;114(3):347-51.

[11] Han JH, Rew KH, Lee I. An experimental study of active vibration control of
composite structures with a piezo-ceramic actuator and a piezo-film sensor.
Smart Mater Struct 1997;6(5):549.

[12] Altintas Y, Verl A, Brecher C, Uriarte L, Pritschow G. Machine tool feed drives.
CIRP Ann Manuf Technol 2011;60(2):779-96.

[13] Gordon DJ, Erkorkmaz K. Accurate control of ball screw drives using pole-
placement vibration damping and a novel trajectory prefilter. Precis Eng
2013; 37(2):308-22.

[14] Hanifzadegan M, Nagamune R. Tracking and structural vibration control of
flexible ball-screw drives with dynamic variations. IEEE/ASME Transactions
Mechatronics 2015;20(1):133-42.

[15] Zhou Y, Peng F, Li B. Adaptive notch filter control for the torsion vibration in
lead-screw feed drive system based on neural network. In: Proceedings of the
Intelligent Robotics and Applications, First International Conference, ICIRA
2008; 2008 Oct 15-17; Wuhan, China. Berlin: Springer; 2008. p. 803-12.

[16] Beauduin T, Fujimoto H, Terada Y. Adaptive vibration suppression perfect
tracking control for linear time-varying systems with application to ball-
screw feed drives. In: Proceedings of the International Workshop on Ad-
vanced Motion Control; 2016 Apr 22-24; Auckland, New Zealand. Piscataway:
IEEE; 2016. p. 245-50.

[17] Itoh K, Iwasaki M, Matsui N. Robust fast and precise positioning of ball screw-
driven table system on machine stand. In: Proceedings of the International
Workshop on Advanced Motion Control; 2004 Mar 28; Kawasaki, Japan. Pis-
cataway: IEEE; 2004. p. 511-5.

[18] Fernandez-Gauna B, Ansoategui I, Etxeberria-Agiriano I, Grafia M. Rein-
forcement learning of ball screw feed drive controllers. Eng Appl Artif Intel
2014;30(1):107-17.

[19] Yabui S, Okuyama A, Atsumi T, Odai M. Development of optimized adaptive
feed-forward cancellation with damping function for head positioning sys-
tem in hard disk drives. ] Adv Mech Design Sys Manuf 2013;7(1):39-51.

[20] He ], Fu ZF. Modal analysis. Oxford: Butterworth-Heinemann; 2001.

[21] Imregun M, Ewins DJ. Complex modes—Origins and limits. In: Proceedings of
the 13th International Modal Analysis Conference; 1995 Feb 13-16; Nashville,
USA. Bellingham: SPIE Press; 1995. p. 2460.



