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Modeling and Experimental Analysis for Worktable Dynamic
Characteristics of CNC Gear Hobbing Machine
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Abstract: To reveal the dynamic characteristics of worktable axle of CNC gear hobbing machine
due to interrupted cutting, the servo control system of the worktable is analyzed. According to
electromechanical principle and mechanical dynamic principle, every component model of the
servo control system is constructed to derive an overall servo control system model of the rotary
table. Considering the nonlinear Stribeck friction factor, a simulation model of the worktable
servo system is established by Simulink. The effects of different position and speed command
frequency variation on the dynamic response of the workpiece axis servo system are discussed and
the servo dynamic characteristics reflecting the location and speed of the worktable axle are

obtained. When the servo system of the rotary table runs at low speed, the “flat top” exists in
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the position tracking, and the “dead zone” exists in the speed tracking. The position and speed

following rate of the servo system of the rotary worktable decrease with the increasing given

command frequency, especially when the instruction frequency increases to 31 Hz, the following

rate is less than 10%. The model accuracy is verified by online test of the worktable, the

experimental response curves coincide with the simulated ones well at the same command frequency.

Keywords: CNC gear hobbing machine; dynamic characteristics; servo model; permanent magnet

synchronous motor

B R U HIL SR 1A R T Y A 1R AR L IR [l
TAE & 2Rt HL 2 BV 4 R Bas 2l 1 d 2 B,
TR UG 580 T LA K S B v R L ORG E A BR s
Hil s I TR R e RS LR
R AR 2 Ho fm) i i 45 3% 40 00 s A R PR 47 v T 3R
B AR DRk f] IR 3R G A N Bl A S B0
120 S s AT

B S 08 1 48 3R G b i SRR AR 2 BHUF N
BEAT T AT 3 SRR A X R 8 R G o S
PEFEAT T A A RE . SCHR L3 ] AR IR 47 L R B T
Tl IR B Bh F G 0 A A R AR, O A AR 0 B S 8
SR UL 2 B0 Ak o ) IR Pk BE A B M . SCRR(4-5 18
ST T SR AR Y (0 B R AL , Lo AT TR BR 22 6T
1) 28 Ao 40 A o [R) ISP ST T — i 25 FREE IR L HE AR R
5 W 5 T ) e R o R R S 2 Al IR A £ 1 4 1
RGMIRL, SCHRL6 o0 A T B4 fa] IR 2 45 3R G0 VR Bk
KT AL St R BRI B2 O /e T T 25 A NI
JEE T o] 2 ) S

T K B A2 AR AR e HIL CPMISMD g i) JIR 42 i) 7 12
WF5E 7 10 > SCHKL7-9 176 LA F JF B 45 R & 52
T X TAEG WSS IR,

FEBFEHLIR [0 5% T AE 65 fa) i A5 R S0 2 s VR
PR HILA] IR 2 1 5 e A T 1 BE 9 SR EE D A
Fh ] IR 22 6 A 7R 5 o S 5008 0 T LR TR VR $5 AL T
A 5 PR S 7 £ A A R R

AR S RO R HLIE T AR A IR R e 45
AR HE AT S 43 A BRI 5T MR 4R 52 U el A i ML 4
il J AN MLAR 30 77 2 SR B, g ST T ik ek e 8 s o A
TR R 22 ) R ERL AL 1 B 2 AR TR A Bl 2R 4 ) B
T, DT X 32 3t ) IR PR AL 5 4% 2 B 1Y 8 A R R A 7
AT Ak s flE 57 T B IR ML TR & 6 I &R G0 1 42 A
R, A R JE G T £ ] R ) 7 3 2 R g
17 THFFE, B AE R ECE LR M 5 TAE & fal ik il 45 &
e (BT RS B0 Ak 5 415 B8 ik TR R s Sk SRS
LB Ik U & A BA R RS G s TR
QSRR B LR ToE i

http: // zkxb. xjtu. edu. cn

1 B e IL Al A% 3 R G il

ASCHF YKXM3132CNC3 $#: % #i AL R Xt
AR AT R | A% G 0 LA A% 3l 20 R A i
] i H AL 30 Aok s s s A A B B Sh TR A e 2 L o i
HATWE &) GCN-1 VR th & AR R g i1
S A 5T

WEHL TS REWME 1 iR xR 5% H
= 22 2 AR AR R Sh AL A S 0 S e A A% h L SR B T
Lk

114

O ) Tna (o) 43531 Sy 5 T Av) T v LA A6 i RLER S 00 (o0 Sy T4
il H A AR5 Z R0 K 43 500 Ay 0 s ) 0 ORI AT (9 S B T o T
1 F B ML A R 5 B 5 T A T 5 B R 5 K
Ko 43500 T 4R 11 4 040 5% W B 3 805 Ko 258 ACHL AR W1 18
FHm B 43k TAE £ e 5 43 T R R A BELJE R AR
Bl 1 B R U B A AL A

L1 3% i fR) AR FE AL 3h = ol JR 32

7 B2 G T K G TR] A5 58 U AR IR AL AL A 42
) 7 95 A R A e R A R S AL ] IR L AL AR UL
Shy LU AL HONS IR R AL A 4 o 5k ok S B X 28
T AT AR AL ST L Sh AL B A A
R JL AR

(1) 22 Y H AL 9 380 Ik 75 2 R A fl T 00 36 14 B
Ko IR S e AR 7 ST L VA R /NG R 17 8
BB =AM LR AT R A E L,
e AL R T LA | i E L — D SE Y
By N\ R I ELRE G 4 57 R0 A 78 A S (W] i




12

. B SR — 2 E R (A 2
DRG0 R R R e R 2 18] SOH A RS
FT LRSI ) £ AR i RS,

(2) HH T 7528 Uk M AL v o 7 45 17 36 R0 i, 3 1)
e B a7 P HA SR T o 3 1 TR AR AT TR R (D
A S B AR R A P A AR R TR R, X R
— ke BV 2 i 4 A0 45 TR R B B AR L R R L
PERY

(3) LA HE 6] 20 Wy s AL g 491, A7 = A E TS84
A 3 AR YE N iz 3 R G R HL B E .
RO AN pE A 0 B i R R . B R W —
VAR RGeS 20 v s AL B B 5

SR SR U 32 I L B AL A B E AR R R — A B
Ll R G I 20 B RS AR AT R SRR
B E A R B XL 2T s B Ak
PMSM ¢ i fri] iz 3 AL » 25 B %

(1) 2 W kLo AR T

(2) AN T 10 37 R R T 401 6 5

(3 FEF 1A BLJE Be 4 A RE AR A BELCAE T 5

(4) S i Sl 2 1E 5% Y 7T LUAE S Hh A2 Ik A i )
4] R L B ALAE 9 AH T e A6 5 3R (doq A bR ) T Y
Hp R

o~

BS
X Y q
wr
€ N B O
As
B
Y& o
z
A F,
C d

A B Gy ABLCHIZEAUIIZ s A-X B Y. .CZ 2 A B.CHIZ
2 RPN AL T AR AL SR

d-q He bR FRE T LR R O AR
U, = R, + pp, + Prwdu (D
U, = R.iy+ ppas — Prw. ¢, (2)
AH .U, U, Hd.qgBiEsi i, Nd.qBHIR;R,
N E T 0, N T AHEE P HHRXTEL
Tl %y
¢y = L, (3)
Yo = Lyig + ¢y (4
K Lo L, R d g Bl s o Sy KOG A 358 18 Dl s
Yk i 2 FEAE o= Liics

http: // zkxb. xjtu. edu. cn

R, A — R VR A L AR 5 3 2 T AR T vk S e 4 A 3
e R TT
Td — Pm(sljdl.qubqlld) (5)
Td — Pm[gbfllq + (Ld - Lq)idiq:l (6)
PUIS 707 2

T, = K@i, = K.i, = T\ + Bw, + Jpw, (7
K. p HDE T O WFETREE K, iR
L

T, 5i, ##.% i,=0,H

Td - Pxxl[¢fi(1 + (14:/ 7 I‘q)idiq:l (8)
T‘[ — Ptrl[¢fiq + (Ld - L‘I)idifx'] — Pmsb[iq (9)
Pde - Pn1Pn1¢[i(1 (10)

B R G R A AL TN BRI B . A L =L, =
L. ARETT N
:—RSI. 7Pmcur¢vf+%

i, il ’ 5 (1D
. _PuTy  Bo. T, K  Bo. T
“r Y 7T T

(12)

B

i& fP"‘S[}f Uq
i, L La 1, La
] M
@ P.P.yi B |le T,
J T J
(13)

7 52 it A i FL BIL A 52 B 9K S H B b, — R
P A B JAE LU 9980 4 52 FR R BR0 5 T K BN L B
Fh K- LRI BB R BN K A4S B K 22 i 4]
i L AL A A% 126 e ROHE 1] AR PR 3 s

T1(5 )

lm(s)'_ " +Uq(s T | i) DK + % 1 wi(s)
- of = Lis+R, t Jys+By

Kl 3 PMSM f% i bR £HE

PMSM ¥ 4% i iR 2l
Rs + K.K

oo KK/, .
Go () = 75 ]MLi(s + ot
B R.+K.K. B K K, \ !
s s e r D t u 14
FOsET LT ) an
é\
__ BR,+ BK.K.+ KK,
aQp — K‘KC (15)
- ]mRS+{<KI,<KO+BLi 16




4 DT 7 - I N S S 3 $o51E
Jul
as = K K. 17
i . B 0.(s)
N 1
GD(S) ag.s‘z +Q1S+0(() (]8) J
1.2 THEAEENDS N2
VU T T — A B TR o ff i 8 P
Sy e B AL 30 G5 HLRE R LI 1. 45 L s s PRI IR
EZEBERMT 1.3 THHBERARRSENESER
g — 1T< S L S 48 ) £ R o ALK TR T L £ 3
T‘ - . Z 55 I T AT 6 AL« T A5 ) T i s 1 TR
Rt & ol . Gl A A 5 PR
0 = 0.+ 20 = T+ L) = Lo
1
K (K—l+ KI)

MR A% 3 R SR AL, n] 51 7 A

Z d*  Z K
KM(t?M(z‘)*EﬁL(Z)):]I dZ(KeL(t))+ZT(Z)I
d? do. ()
T(S):(]5+J1)@01(f)+81 thl J
(20)
# = 2o) #EATH A AR 4, 15

Ky (v — fe,xm -7 ﬁe],(\g)sz +§T<s>l

T(s) = (J,+J0.(s)s" + B (s

@D
MG 2D, iR R GE L 3 R B
SN (91‘(5) _
G(s) = MO

-1
Ku(E1 420 4 5505 + B+ ZKy)

(22)
Js R TR B sh i AR
4 K
Js = F.]]JF?J 2 + J( (23)
K (22) A A8 IE Ny
N KM 2 BI N Z ! —
Gu (o) = (s + ot 5K
Bois 42805+ 0) (24)
_ (ZKu\"* ./ KBi \'”
“’“*<sz) ’ *<4ZJZKM)

K cwn S IR RO TCRHLE [ AR s € S B 3R
TR . =24 g, B R R AL T AR AL
A% sl 2 B IR G R

http: // zkxb. xjtu. edu. cn

Lis HUBER B T B S U0 s Bo: HEBEBILIE s K, JEE 3
Kp:uﬁﬂtlﬁﬂfuﬁ%@(;&:E\‘i{imf;ﬂ‘]ﬂrkﬂ%ﬁ(
Pl 5 R AL A i A £ AR R G

)zl 24, AT RE AL T BoE R
Gt 1) IR AR R0 A% 336 bR B A

2
G(s) = K,(K/Z)w;

sCars® a1 s+ a0) (8% + 2805 + w2
(25)

2 P HE KSR AR

2.1 fFE

FRAE 1 3C 43 B m] i, Bz R 4 WL TAE & 48 3 3
Sral LAfRIAL B A i T Ty AT RN B E A
ROt AR Js B R *RI{#%E/Jﬁﬁkﬂﬂﬁfimﬁ
b AR AU, B A IR R 48 . AR A R A
Matalab ¥t 5] IR A% 7Y 33F 47 78 26 {5 E . H: Simulink ’fﬁ
HAERIDLE 6,

SRR T A Al e O o A R ) TR A
P M AR Ak 2 g8k AT 3R 09 PID 4581 7 i, i)
Ml R G S HOMEE I S50 3= 1 P, 35 56 0 B 36
BN T T M R4S AR R A
JEE PRI | AR FE R I b il 5 45 M) Stribeck T 25
FE4E ) 3Rk




%12 B 55— R B IR DL AR & sh A Re e @B ) vk B OSL 5 i 5
IE TP S, o B B R A7 AL X BR 42
&2 k1 AR A Sk
RS o 12 I T
PID v, 3 v, 3
I 2
N 5 Jn/kg e m? 0. 001 37 K 100
8RR I e | w
& Y B./N+ (m/s) ! 0.01 K,/V s+ rad! 6
d d I
_@ E it R,/W 1. 05 K,/V s «rad! 2
KRG ) 2
g rm L./H 0.37 Ji/kg + m 0.299 4
K./V+A! 0.01 B./N -« (m/s)™! 8
@ @ K, 5 i 72
2] g
T : K,/Nem=+A! 11 F./N e+ m 15
J,stb |s]
)?_E‘ ey K./Veserad™! 1.18 F.,/N+m 20
B K, 1.5 o/N + ms+ rad”’ 2.0
e 2 s 7 7 () K 50 a 0. 001
K; 0.01

1
oy
i1

(o) A2 i A7) i R B B ABE 75
B 6 B O HL T R AR i R 48 Simulink iy BT Y

F(t) = F.sgn(@) +d +

(stFc)exp(f <i> )sgn(@) (26)

0.
X Fo R PEAREERE T) 50 S JhW BEHE R B FL i
FEPE ST 30, Ml A Stribeck 3 FEE ., LAYy & 7
JIt 7 o 2 BT 76 O [ 1 JBE J2 i B3 JBE 482 ) i 5 o B 2
[B] 1) & &, B Stribeck pli4k
i AFES HIESL WAL EF S f(0) = Asin(w 2m0)
ESHEEME 1 PR G ESGRWE S iR,

FhT T 4 A P A A R Be  S7 B BR A A F

¥4 BEHE IF, “\//
A6 P O,

o é

e

Pl 7 SO BRI Stribeck il £k

http: // zkxb. xjtu. edu. cn

TE: L ALK, (K, (Kuh PID 25 B R
SREE .

iy

=
BB 5

1
—ooorm
chouo

—_

=RV =NV )

WEE/mes | RE/m

_IQOQSIﬂ 1.5 2.0 2.5 3.0 35 40 45 5.0
i 1)/

& 8 IE 5% o ' HI e JiE B 17 0

2.2 KIGHR

i PID {9 S 508 e 2 el i A48 4 19 1E
AR SR B R E 9 iR, Y IE %1
SRR N 3 Hz B A0 B R0 3 ) B (5 5 R BE 15
SR BN s Y I 5K 48 A M SR IG K A0 B R
PR R TR 25 R s 4R MR L T2 31 Hz B, BRBE
TR PR I 11 2 2 ) 7 3 R R (XS R B

SR E WA 10 Pron . %S5 B TV L A8 i
KEFPUL2A B B B & 80 GCON-1 BRI R (B 4
M T E RSV E)  8d wFARFER A C 4

i 20 > ! N \ ~ \
710 N VL \ ' “| ] Vo VA
v ' t\
E 0 ', \I : |‘ ,1 |‘ I’ “| ‘1 \‘ ', \|
# -10 ! Y H \ dAYS Y H ) ;o\ /
:}f'sg -20 i - J 7, v v [
. 1.0 1.5 2.0 2.5 3.0
/s
(a)w=3 Hz




0.0 0.1 02 03 04 0.5 0.6 0.7 0.8
BFIEl/ s

(c)w=15 Hz

200 N A L L A L H
0.00 0.05 0.10 0.15 0.‘20 0.25 0.30 0.35 0.40
i 8] /'s

(Dw=31 Hz

L9 TR B3 14 oz RIS B 7 L 485 2R

574 T 1) A A O 0 RS S A 3 1) gl 28 e AR 2
SR TR S B IR I 288 r/min, B N T
32 W B AE IS TAFR A D 9 r/min. X T
2l L ML TE AR X 28 IR N LA R B0 9 1/ min  iE
{60 1 r/min B 1E 52 5 B2 98 4 380 5 56 25 21 4 5]
11 frR .

10 %

WAL C Al s 0 3 5

http: // zkxb. xjtu. edu. cn

10.51

10.01

9.5f

9.0

i/ r - min "

8.5

8.0f

N S S S S S S —
0 200 400 600 800 1000 1200 1400 1600 1800 2000

i 18]/ ms
(a)w=3 Hz

7'50 200 400 600 800 1000 1200 1400 1600 1800 2000
i 18]/ ms
(b)w=4 Hz
1057 —IHLHE
K b e
10.0
‘=
= 9.5k}, NI AN
.El i ',“ ’1\‘ :\I ,l'\l :I', ,,"‘ :\‘ 0 ,"I |’|| ,n‘ 1 ,I‘I n :"‘
N 9.0‘ i ] [, \ TEEEEEN g
ﬁ . sl A L AEW VW .
8.0
7.5 1 1 1 1 1 1 1 1 1 J
0 100 200 300 400 500 600 700 800 900 1000
it 18]/ ms
(0)w=15 Hz
1057 —ir4it
S s 6
10.0
T,S 9.5
g
9.0 \ \
~N
pi]
& 85
8.0F
7.5 1 1 1 1 1 1 1 1 1 ]
0 100 200 300 400 500 600 700 800 900 1000
i 7]/ ms
(d)w=31 Hz
F11 RT3 T A ol A R o 5 0 45
MRS I ZE R0 LUK B : 2 o O 3 Hz I, T A4

SEPREE AT DIAR G R 1S 4 5235 2 o O 4 Hz I,
Il L R ) R (EL AT BT T B 5 2 0 M OREN 15 Hz L 5K
o 2 AL 1) R B 2SR S R A5 2 o B RE 31 Hz s




12

HUEE)™ 56 — R B R G LT A 15 3 2 Re Pk B 5 1k B SE 8 4 i 7

TAF S PRl s B 2 A REBRBE S S e, SLEe it —
ISR T AL 9 f 07 BRI BT (A ) R AR

3 45 i

AR SCE o % H A VR A LA Al 5 e P Y S
AT LA BT 73 A2 T A A v ML ) O 4 ) i A7
WF5E L T T RO TR L TR £ 0 AR i 4 ) AR
GRCARRL 2B i Matlab B0 A9 3 245 07 2
RIS 96 G 0 45 2R v JBE B ST M S R IR
PLTAE B SR . FE 20Tk B 1 46 R 1% 52 44 711 IE
Bt S Sh e TR A AL B A Tl e A £ A il 2 4 AR
SRV SRR AL P i T BB AR G . D5 Ah L BR A
PR IL A Al A 42 0 DL L AR SO A TR A 3 T
BAHEPUR R SCEm B TR 1k IS & 28 BA R IR ES
3 P B0 AR IO A, B AR I A T A

S 2Lk

[1] YU C]J, HUANG X D, FANG C G. Research on dy-
namic characteristics of NC rotary table considering
leakage factors of its hydrostatic guideway [J]. Pro-
ceedings of the Institution of Mechanical Engineers:
Part C  Journal of Mechanical Engineering Science,
2012, 226(C11): 2674-2685.

(2] Embde, ok, A, & KEVEEER H§PLIGR 2 3

LA [1]. i K% %M A RF D, 2011, 42
(10): 3066-3072.
WANG Shilong, YANG Yong, ZHOU Jie, et al.
Modeling of thermal error compensation of large-scale
numerical control gear hobbing machine [J]. Journal
of Central South University (Science and Technolo-
gy), 2011, 42(10) . 3066-3072.

[3] YOUNKIN G W. Modeling machine tool feed servo
drives using simulation techniques to predict perform-
ance [J]. IEEE Transactions on Industry Applica-
tions, 1991, 27(2) . 268-274.

(4] MEEFY, Bgvh, SRIER, 55, @m0k B o4 Ik

EB R ZERE S [J]. MU AR 24, 2001, 37(6):
76-81.
MEI Xuesong, TAO Tao, DI Zhengchen, et al. Study
of the friction error for high-speed high precision table
[J]. Chinese Journal of Mechanical Engineering,
2001, 37(6) . 76-81.

(5] BRothe. MM, B, XY TAEG BEEREFME T
B RRGE (1], P4 scil R %M, 2011, 45(1): 69-
73.

CHEN Guangsheng, MEI Xuesong, TAO Tao. Com-

pensation of friction error for X-Y table [J]. Journal of

http: // zkxb. xjtu. edu. cn

Xi’an Jiaotong University, 2011, 45(1);: 69-73.

[6] KIM M S, CHUNG S C. Integrated design methodol-
ogy of ball-screw driven servomechanisms with discrete
controllers: part I Modeling and performance analy-
sis [J]. Mechatronics, 2006, 16(8): 491-502.

[7] PANDILOV Z, MILECKI A, NOWAK A, et al. Vir-
tual modelling and simulation of a CNC machine feed
drive system [J]. Transactions of FAMENA, 2016,
39(4): 37-54.

[8] PANDILOV Z, VLADIMIR D. Analytical determina-
tion of the CNC machines high-speed feed drives posi-
tion loop gain [J]. Applied Mechanics and Materials,
2015, 555 505-510.

[9] ERKORKMAZ K, ALTINTAS Y. High speed CNC
system design: part III High speed tracking and con-
touring control of feed drives [J]. International Jour-
nal of Machine Tools & Manufacture, 2001, 41(11);
1637-1658.

[10] KAMAT S, JUNNURI R K. Model predictive control
approaches for permanent magnet synchronous motor
in virtual environment [C] // 2016 IEEE ICPEICES.
Piscataway, NJ, USA: IEEE, 2016; 4581-4592.

(1] BBk KR 25 d Zh AL AA) IR 2R 42 A 3 o7 396 42 ) 3w
WFge [D]. K4 . KEMT KRS, 2013, 10-27.

[12] F¥%. Sk i shE il & orse (D] W% W
BEAEIM KR, 2005 39-61.

[13] MORA A, ORELLANA A, JULIET J. Model predic-
tive torque control for torque ripple compensation in
variable-speed PMSMs [J]. IEEE Transactions on In-
dustrial Electronics, 2016, 63(7) . 4584-4592.

[14] PNFRBA, BEAL . bR &, 55, JKRE A AL B pl ki 45
WEREW G EMR J] Pt 5, 201003):
122-124.

SUN  Huanyang, HUANG  Xiaotiao, HONG
Rongjing, et al. Simulation research on vector control
system of permanent magnet synchronous motor [J]
Machinery Design & Manufacture, 2010(3); 122-124.

[15] FUENTES E J, SILVA C A, YUZ J L Predictive
speed control of a two-mass system driven by a perma-
nent magnet synchronous motor [J]. IEEE Transac-
tions on Industrial Electronics, 2012, 59 (7). 2840-
2848.

[16] LUKICHEV D V, DEMIDOVA G L. PID-type fuzzy
adaptive control for two-mass servo-drive system: De-
sign, simulation and experiment [C] // International
Conference on Power Drives Systems (ICPDS). Pisca-
taway, NJ, USA. IEEE, 2016 1-5.

CREEEE 75 D)




