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Mathematical Model of Feed Drive Systems Consisting of AC Servo Motor and Linear Ball Guide
Ryuta SATO and Masaomi TSUTSUMI

This paper proposes a mathematical model of a feed drive system which consists of an AC servo motor and linear ball guides.
Structural and viscous damping of the mechanical system, Coulomb friction of the bearings and torque saturation characteristics of
the motor are introduced into the mathematical model. Identification method of the parameters for the proposed model is also
discussed. Various responses such as frequency response, step response, circular motion and corner tracking motion were simulated
by the proposed model. Experimental works were also carried out in order to compare with the simulation results. It was found that
the actual motor torque curves of the feed drive system were well expressed by the simulation model, and the shape and height of
quadrant glitches of the circular trajectory were simulated accurately. In addition, the relationship between the centripetal acceleration
of circular motion and the heights of quadrant glitch were investigated.

Key words: NC machine tool, feed drive system, mathematical model, torque saturation, quadrant glitch
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Fig.1 Current dynamic models of feed drive mechanism
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Fig.2 Experimental set-up
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Fig.3 Frequency response of experimental set-up (X-axis)
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Fig4 Measured and simulated motor torque curves under circular
motion (Feed rate: 6.0m/min, Radius: S0mm, X-axis)
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Fig.5 Proposed dynamic model of feed drive mechanism
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Fig.6 Comparison of simulation results of motor torque curve under
circular motion (Feed rate: 6.0m/min, Radius: 50mm, X-axis)

Table1 Parameters of proposed dynamic model

X Value
Parameter Unit

X-axis Y -axis
Inertia of motor and ball screw J,, kgm? | 128X%103 | 1.28x103 A
Mass of table and nut M, kg 50 330
Equivalent axial stiffness K, N/m 69 % 108 69 x 106
Lead of ball screw ! m 0.01 0.01
Viscous damping at bearings, ball-
sorew and nu{’ g & ¢, | Nms/rad 0.004 0.004
Coulomb's friction torque at -
bearings, ball-screw al?d nut T Nm 04 02
Viscous damping at linear ball |
guides ping ¢, Ns/m 100 100
Coulomb’s friction force at linear
ball guides o N 60 30
Internal damping coefficient 4 Ns/m 4200 5300
Motor torque T, Nm —
Rotational angle of motor o, rad —
Axial position of table X, m —

@ Calculated values @ Identified values (@ Variables

EZoND. B BNOMETT Y BENOZFIIT T
WINEL, ERVENTAVZBAITIE, EEEORtE T
TRAOBWEEEFRATE NI LN,

PEDZ Emn, =% by LEEORREIGEOR 5 %
VIal—va VARERETNETBIDILE, BEONETR
®EEPTCEBNRN ) BN E OB AU DM LB
BHOTRTEBRETHLENHD EVRD.

32 ETILORE

K 1@DET A2 LT, BEONEEE, BEEENnE
PIZAE U2 R ) & RMER S, BLOBEZHE RN —rat-
T FENCAE U BB M LY R R TN ERER LIZE
5 DETFNEHIRETD. M5 DETFTAOENRTA—F%
VIR T. R1IZBWT, BEL,HOR—AR LD — K]
FTIIRREHED HHET D, UL, ¥ittcy, ¢, o LEEN £,
SIFETREICL VRO D Z LRS-, EREENLRIET

AC Y —RE—REEBEGDURAZAVCEVREIROBZET IV

5. RIEDHIEZDWOTIIH TRAD. H7z, #HEHREAUTN

MO L iicFsND.

2z

J,6,+¢,0, + f, +iKa(i9m —x,J+-’—c,(iém —5:,]=Tm
2 2 2r \ 27
5
11, f, = ;. sgnl6) £ = f, senls)

M3X +cx + f, =Ka(it9m —x,j+c.

()T, EREBICAELIBENOETLE LTI —1 Yy
BREEZ D, 1220, RHDEFATIEE Y BREhE 4
KR BR—AOEE D IZTEEL TR,

WIS 11, 30 BNEFV % 0 BREIRICERIT S BN
DY —u BT LY AL SRR 21T o TV 5.
UL, EE#RA Y RAIE, ZA025 100um SA T ORI TIHEE
RIEREHE " ZRTZEPHOR TS, /3 DA L UL
BEBRAITo-EEDY ML ET— T L OMEsHES 2 HERE
BABIEHTRIE LIz & 25, IRBNOIRIEIL 10um AT TH o 7=,
WH-TZDL I RIEBTIEy — o VBB L AEEEEIT4A L
RWEEZ LN, AREKSEDY I 2L —a T, Z—n
VBN L A BEEHEIIER LW il B,

ZO—FT, EHEMEN Y BNLR—LR UL SIERBIER
FETHEERL LTB & EX N8P, HamIThs
P & R & OBHRIT TSR TV D ST 270,

T, V=T 22 E- XV WERTIE, EEENVE
NI REHE DS BB IR BE 525 Z L ARG X
TV L LAFRETET bORE & LT-HiE i,
R—AAConAly LEEAmME, R—ih CXFROBIM,
BLOTy heFy T Ty NORIED S EMATIEE O
FHERWERHE L& 24, QlEsn-EEEeE L&
L7=DT, & IZIHERMITREHEZBE L T2V, Zhd,
A= U EH- kD BRERTIE, RN—lia CoRWESIZE
73 8B O RRNEDS, EEMRN D BAOIZRBIMEIZ A
TREL DI ELID LD EEZOND.

BELEET VR > THEEOBREISE B L UM EE
DXEOFT—H ML I DY I 2 b— 3 B {Toln FORKE,
RIS ED Y I 2 L— 3 VRERIEK 1@DFT /ML D8
BEFEALRICHERE RS, F—F VIOV IaL—
aUREREE6 IR, XIE, K40 ABSEEKLTERR
LEbDTHD. KIORTEIID, YIal—ya fERITE
BRERE LI—HLTERY, BEONTHHE L SEBEHICAEL
DRMEEERTDHI LT, ARG ELE—F NI DRI %
Ial—alrTEDIENRDN.

4 NSA-BOREFX

41 Y—RE—2BLUTT

EEOH L REHE I L—Y g 500, R
=R T VT ERIERICET LT HRLERHSD. L, H
£ NC TABBMRIC— MRV 5TV B AC H—RE—H X
F—R T UTERRABTHST, 77v IRy 7 RAELT
EZ T,

FZTAETIE, HELVEENPTRAREN 277 v 7Ry
JAELTHRW, BTIRT7 ey 78R TH—RE—2B X
VT TEHETMET D, ZZTT 1T, XY arhbs7 7
AN END A ITERAEESTHY, 7o THRETIROI—
RATANE TN LT MVIEES Ty & 725,

MBI S Vol.71,N0.5,2005 635

NI | -El ectronic Library Service



The Japan Society for Precision Engineering

AC Y —RE-HEEBHENUEREROLRUEBROBFETIV

Tty — Biack bor] S0 —— |
ac 00X
T;s+1 Tref T, K- JyuS+cy
- filter Servo amplifier and .
Low-pass filter 2 tor armature fom Sgn(Bm)

Fig.7 Block diagram of servo motor and amplifier

Torque saturation
T,, 1 |T T, 1 ’ 1 |7,
of. 3 g ref, 3
Ts+1 Ts+1 T,s+1

Servo amplifier and
motor armature

(a) Without torque saturation (b) With torque saturation
Fig.8 Block diagram of servo amplifier and motor armature

Servo amplifier Motor armature

Table2 Parameters of servo motor and amplifier

Parameter Unit Value
Inertia of motor rotor (known parameter) Iy kgm? | 9.2x104
Viscous damping ¢y | Nmsfrad| 0.002
Coulomb’s friction torque fom Nm 0.13
Time constant of filter (known parameter) T, us 400
Time constant of servo amplifier T, us 650
Time constant of motor armature Ty us 650
Maximum motor torque T, max Nm +8.1

Vf: [rad/s]: Velocity command gain

[
\
L

> 3

[1/m): Position loop proportional gain K, [1/(rad/s)]: Velocity loop proportional gain DA [V]: DA converter constant
K,; [1/rad]: Velocity loop integral gain
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Fig.9 Comparison of velocity responses of servo motor
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ELOAEREE 0.05mys* OEB T2 — o VEE A RE LIRS
(2, 0.1mys’ AT OMGERE THEBRE & L < —& L, mMOInEE
0.2nvs* DMEENTY — v VAR RIE L-HEITE, 02m/s
DL EOMEE CEBREL —BE LTV 5D.

ZAUE, FCIMEED X 8T 03ms” BLE, Y ST 0.1m/s?
PLEiz3 8, ShoFRIZED 7 —a U BEHOKRE IR
INEL BT THD EEZBND. 228, FALIEE 0.05m/s
OMEHTRIE SN 7 —a VEEAE, 0.2 /s’ OES TR
EINTAE L AR TRINKRE 2EL 2o U EDZ D
B DIEELA L TN NS 78D £ 5 REBET VRS
A2 ET, TRTOFEER TRBEEOR I L THTHZ LA
TELbEEZ NS, L, BEANRDDIEELLET
INEL B EDFERERALNIZT BITITEL 2D T

5.3 a—ELES

FI3EE) & FRRIC R 2 BATES Ch D, =— T HEBIDE
B Ial—albaiTor. TOREZE14IIRT. K
@IET—THOYHFTH Y, K)IED L EDY #WDE—F b
NI OB THD. ¥Ialb—asit, M r7EMEEEL
75mA (K 8@) &BELEVES (X 8(b) IZ2WTT-T
W3, Ml4@ic kb l, M ramAEEELLBAICIE, ER
RREVIaL—aRERE TEHBIA L —ET 58, by
78R EEE LW EIZITEBN —E L TRy, £2K
14®)E A5 L, Y ShooEEN A KET HBEIC ML pgafn L
TWABZ ENbME., $bb, a—FEEE Tk vy faf
D BERERTDINLENHD Z EBDND.

PLED#ERNS, BRLAEETMILY, AT v 7IE, H
EE), BIXOa—FEEESEITo s EDEEE, | DOTT
JVTHIRBICRIATE D LV 2 5.

6. #

ARFRTIE, T—F MLy OfaffeE, BEONTRE, &
FEERICRIT DS L UBBEA 2 ZER LI EET VL, &
RGA—BOREFEIZOVWTERRL, AT v 7INE, BEEK
I, HEBB LN —THEESOERE IaL—Ya e
EiTofe. FORR, UTICRTZENHAL»E R

il

(1) EFMIEEONEEER L - CHBES V BRNR EIZE

COMMEN LB DTN TEEETIUL, T—F Lok
BEDORABBISEDOWM S 2L 2L —aryTED.

@ BELLEETFTMCLY, AT v 7I5%E, MiES), BLU=
—EEE A T o L EOEBE IR TE 5.
RELEETAVEMED & T, BRRLEBBRROBELRE

638 MBI HREE Vol.71,No.52005

HICRRITS 5 2 LS TE D, Ak, BERHORHEL ZDET L
{LORHE LUOHIBEREH~OBAELRLITETHD.

# F33

AFRDOBITI DT F2 ZTERETAV L, STHREERO
EE—BRIFEBHOELERT.

2 £ X B

1) EFFEME, WFE, 2, ERAS, RIFER, TRE, ulE
= :NC LEERIZIIT 2%V BERO F—FNFa—=2TIZH
THHE (B 1H) , KE TR, 60,8 (1994) 1097.

2) KREFEZRL, WP MARELBEROEERE, TERES
(1996) 82.

3) M. Ebrahimi and R. Whalley: Analysis, Modeling and Simulation of
Stiffness in Machine Tool Drives, Computers & Industrial Engineering, 38
(2000) 93.

4) PRETE], TR TR 0 - TRBEEER Lol I
2 b—3 g IR, Bl IIER, 63,2 (1999) 92.

5) E.-C. Park, H. Lim, and C.-H. Choi: Position Control of X-Y Table at
Velocity Reversal Using Presliding Friction Characteristics, IEEE
Transactions on Control Systems Technology, 11, 1 (2003) 24.

6) RMEMZ, METER, EFER, FNE TR oS HE
W& B TR ) OFREELICBET 2R, BB LFRE, 60, 3
(1994) 427.

7 HTEL, SEIEEE, PIFER, FRBE - TSR 28R
A=V aryDETMCLFE, VAT LHIEERFRRIGE,
14,3 (2001) 117.

8) FHEFNIR, AR, BIHMETT : v R MEE- AR ERDHIE O
72D GA 2L 37 4 — F7 4 U— N B ERE, BELYS
55, 69, 1(2003) 58

9) K. Erkorkmaz and Y. Altintas: High Speed CNC System Design. PartII,
International Journal of Machine Tools & Manufacture, 41 (2001) 1487.

10) FEEH, PILEW, BATE, HEHRE, RFE, KBES  NC TIEH
BOR—LRTRL VIREN Y — R RORERIIRIET TR, HE
T 423K, 65,8 (1999) 1190.

11) N.J. Krikelis and S.K. Barkas: Design of Tracking Systems Subject to
Actuator Saturation and Integrator Wind-up, International Journal of
Control, 39, 4 (1984) 667.

12) PRBARIRE © AL b e —AREIE, RILHR (1998) 109.

13) SARICER, P —  SFRIEA T — B RWT v F UL KT
v 7, BERESCE D, 120, 1 (2000) 120.

14) T (LBROEEOWE AT A —F D—REFIE, HELY
455, 60,2 (1994) 211.

15) MIFE, HEANER, BAE, MM, PERE, HITRN  ~— 2K
DFEEZIT 5 NC LIEERED R B 18) , METERE170,4
(2004) 578.

16) HiRSHE, )18 =, AFEIERE: TIREL » SRR OBIMINE (55 1 8D,
BAMIRESRIUE (CHR) |, 45,398(1979) 1143.

17) ZR%, WAEKE AC V=T % LENRVRNERAWET ) A—
ZALERYD (F28) , HEIYSEE 57,10(1991) 106.

18) P.R. Dahl: Solid Friction Damping of Mechanical Vibrations, AIAA
Journal, 14, 2 (1976) 1675.

19) /NRIEEH, SR, FERE, WEEE « 553 BEEOR, #iF,27,9
(1982) 690.

20) HHEA | HEEED ) RNICKT DA OIRIAHE, BB T RS
SAI(E L)L, 2004.

NI | -El ectronic Library Service



