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Abstract

Abstract

The high-end CNC machine tools are significant parts to the manufacturing
industry, the cornerstone to achieve advanced and modernized manufacturing and
the key procedure for high precision techniques and national defense modernization.
Full-closed loop servo drive system, as the most important control link and actuator
of the high-end machine tools, its position control error directly affects the
machining accuracy of the machine tools. So it is of great significance to conduct
more detailed research on the control error compensation strategy of the full-closed
loop servo drive system, thus pushing forward the nationalization of high-end CNC
machine tools and to improve the autonomy of high-end manufacturing equipment.
In this dissertation, originated from the abovementioned backgrounds, we take the
full-closed loop servo drive system as the research object, and the key technologies
of the following four aspects are researched to compensate for the position control
error: (1) Study on vibration suppression of control loop in the full-closed loop and
improvement of full-closed loop stabilization in the servo drive system; (2) Study
on the decrease of speed control error that is induced by position control error, and
modification on speed /rotation angle estimation methods; (3) Study on suppression
of contour error that is induced by nonlinearity factors, analysis of the influence of
backlash on contour error, and optimization of quadrant error compensation
strategies. And (4) Consideration of numerical/ servo system communication delay,
modifying the gain margin of position control loop under high feeding rate.
Detailed contents of the dissertation are in the following:

For methods in position loop control, since to the inherent elastic link in the
position loop control, vibration is easily induced, the full closed-loop is studied in
detail in this dissertation due to its superior performance in position control, the
vibration suppression methods based on full-closed loop is studied in this
dissertation. First, originating from the mechanical parts and electrical control parts
of the servo drive system, the model of full-closed loop position control system is
established. Based on this, the transfer function of the full-closed loop control is
derived, reasons that why the full-closed loop control is more easily to induce the
position vibration than the semi-closed loop control is analyzed by frequency
analysis. Next, by introducing the shaft position information to the potion control,
the high gain margin of semi closed-loop control and high control precision of the
full-closed loop are combined to construct the dual-position loop control. Finally, in
order to solve the resonant frequency variation under different servo drive systems,
the filter is introduced in the feedback loop to realize a feedback control method
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that can choose the resonant frequency, which improves the feasibility and
simplicity of dual position loop control.

For speed estimation method, aimed at the issues of mechanical noise or torque
disturbance that is exist during low speed and fine processing. The speed/ angle
estimation methods are studied in detail. The speed loop and the current loop, as the
inner loops of the tri-closed loop system, their performances directly determine the
position loop control. The speed estimation error will rise servo speed control error
under the low speed condition, the drawbacks of two different traditional estimation
methods are analyzed, in this dissertation and an effective method that can
accurately estimate the speed and angle information from positon feedback is
proposed. First, by combining kinetic equations, position signal reconstruction
algorithm, that is based on polynomial fitting is established, and the issues about
algorithm execute efficiency is solved by derivation of polynomial coefficients
using the least square method, also, the proposed methods provide optimized
solutions to solve the rotation angle estimation amplification during speed zero
crossing. Then, the delivery form of rotation angle sampling in the digital control is
analyzed, by establishing the speed observer based on the dual sampling rate, the
estimated speed can be smoother. In order to make the estimated speed convergence
to its real value faster and decrease the complexity of the design of observer
parameters, the discretization equation of linear reduced-order observer is
established, by using the zero-pole configuration methods, the reasonable observer
parameters are derived.

In this dissertation, the generation mechanism of transient backlash error (a
typical contour error) in the full-closed loop is studied in detail, and it is aroused by
multiple nonlinear factors (backlash, friction and deformation). First, the simplified
model of full-closed loop servo shaft is established, on this basis, the mechanism of
transient backlash error in linear machining and circular machining is demonstrated,
and analytical expression of the transient backlash magnitude is derived. Noticing
the fact that the backlash meshing process can be regarded as an integral process,
with the help of speed reference compensation method, the amplitude of
compensation signal and its duration is combined with the backlash width, and an
adaptive transient backlash compensation strategy based on torque feedforward
signal is proposed. The proposed compensation method doesn’t need to measure the
backlash in advance, and the compensation value can be generated automatically.
Its structure is simple, effective and easy and fast to implement, it can decrease the
delay time and transient backlash error caused by backlash, and considers both the
issues of system accuracy and stability caused by the existence of backlash.

An in-depth study on the delay issue of the fully closed-loop CNC system is
conducted in this dissertation. For high speed feeding occasions, since the
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Abstract

modernized numerical system usually adopts concept of the CNC is responsible for
computation and the servo driver is responsible for the execution, there is inevitable
communication delay between the two during the bus data interaction. In order to
avoid the overshot and control accuracy deterioration caused by communication
delay, the delay issues in full-closed loop control are studied in detail. First, based
on the dual-position feedback control structure, the servo driver system model, that
integrates the communication delay, is established, and by adopting the frequency
root locus analysis method, the influence from communication delay to system
stability is analyzed, and it points out the significance of delay compensation. For a
better communication delay compensation, the Smith Predictor is researched and
designed accordingly, and problems of model mismatch in application of Smith
Predictor are analyzed, on its basis, the model error sources are summarized. Finally,
the communication disturbance observation compensation is solved by combining
the disturbance observer theory, the problems of model mismatch in communication
delay is solved, thus the feasibility and simplicity of the delay compensation is
improved.

Keywords: servo drive system; full-closed loop; oscillation suppression; speed
observer; transient backlash error; communication delay compensation
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Fig. 2-4 Equivalent model of full-closed loop system
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=lims-=(-—— 4 3 2
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Table 2-1 Main parameters of feed system

SR AL TR ZHE
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Fig. 2-6 Bode diagram of motor speed and electromagnetic torque
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Fig. 2-7 Open loop Bode diagram of semi-closed loop control
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Fig. 2-8 Open loop Bode diagram of full-closed loop control
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Fig. 2-9 Comparison of simulation waveform of positioning performance using semi/full closed
loop control when kp=750rad/s/mm
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Fig. 2-12 Block diagram of dual position feedback control
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Fig.2-15 Three-axis machining center
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Table 2-2 Main parameters of the three-axis machining center

e ZHE
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TR 53 3 50nm

SR &

TAEG B & 3*2.89x10-3kg ‘m?
LA E 1) % 3.9kW
LML B 1 2.89%10°3 kg-m?
HI ML A % A 15N-m

HE B 2500r/min

o
10*
I (Hz)

Kl 2-16 Y % Chirp $14ii 4%
Fig. 2-16 Y-axis Chirp sweep result
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Table 2-3 Positioning error in different position control modes

ENLIEE 25mm 80mm
e P A E A 1R 22 (um) 1.95~2.05 4.30~4.40
4 P PA B AL 1R 22 (Um) -0.05~0.05 -0.05~0.05
AT AR e g ] E L% ZE (um) - -0.05~0.05 -0.2~-0.10

I DL ESeIe r DLE Y, A PR R 4 P 2R 2 1 0 AT 3k 4 e 54
I DA £ = e s £ 3 B S ol e R VAT bl e e w S S A 7 P =R VA D R
i SR B E A R 22 AT AR RIE IR — AN RK R o S P IR R B AL B
WREMAFAE, RIS UL DR 22 0 AT RO RE DL, R v {57 B € A7 iR 22t 2 ILRE
PUPE RS L, B P E R 22 LT Jo ik Y SR AT A2
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d2e do
J d_2 =Tt0ta| + BE (3'20)
Xf 3 (3-20) i 73 JT FE P AT
T
6 =c, +Ct -+ttt 3-21
Y (3-21)

XA, T N ELER A RREERT, cov oo NEEL W LLERE A B AL B /i 1A
B AR, e (3-21) A1 (3-16) AT 45

C,=2a,C, =b, T;’\‘]a' =C (3-22)

RN, 2 04005 IR P R TR BRI (1) 2 FO WL IR A AR R I ol b, H
WUt 1) & Bl FEAE LG B0 A SR e 1Y), IR i =X (3-16) A B8 AR 407 1) 3% 530 4% ##y
P EEE . SR, TEHNLIE 7 I, sl o I F G R S U1 o7 1), B
BB AR RS T, MR 2 O R s R 2. e, K(3-21)
A B-16)ENFAEF R R, A ORI t=0 B 2 RN T, » A4 K (3-21) 7]
LSBT A

*

0 =c, +cft+%t2 (3-23)

X (3-21) MK (3-23),  LL to Mt i I AH R AL B X A, T, 77 2 t
FIE), 0 T, e 2 te A, R EALRIGERE oM IER, T, 5 t X R LLH
K 3-11 #R.
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Fig. 3-11 Relationship of applied torque T
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do

T* *
=t .t +¢ =2c-t +b
dt t=t,

(3-25)

*

* * T
C, +C b+t =a+hbt +ct
J
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Fig. 3-12 Block diagram of reduced-order multi-samping rate observer
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Fig. 3-13 Execution sequence chart of reduced-order multi-samping rate observer
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3.3.2.1 B iR MM 28 % 1t

TEAE G i O 28, R B A Fr R AL B RS &, MEESHHE
R AL TR B RAE (T1>To). F—MIBESXIAN, T
2 ) A T 0 1 A BT ERE S U 2% P e N DR R g 22 A o E T AT A R
P EE R, RESFEBONNEEMMENIKS) . AT %R, WEE 5
PR BN W BN T, 507 EAE 5 MBI OR R — 80, XA AL BE AR IE AL
N 25 e R T B ) i) S SRR PR AT, T LB G T ) S X L B A B RS, S
PUOULIAE N =15 5 MR ER . DRt, DURAFERS(A] To Bt S (3X(3-10)), H
RABHBORE v IR R

X, (K +1 AL AL x(k B!
{1( )}z L { 1( )}+ ly (3-26)
XK+ ] |A AL |[%K)] |B
AL | Al 171, T?2/23
Al = Af Af] 01 T,/J
L 21 22 O O 1
) (3-27)
g | T/2
B! = B_;} T,/J
2
L 0

X, x=[00 TL]" WIRSZE, u= [T VBN EBEME, 5 O(C, A) Nk
(det(0)=T:3J)), 454 30(3-26). (3-10), Wl 2% AT DLEEHE RS HRE 40 -

K[k +1] = AR[K]+ B'u[k]+ L*(y[k]- Y[K]) (3-28)
A, y[KIEE s A B AR R AR I = (M SE PR AL BAS 5, YIk] = CRIK] 2o~ HOUL il 2%
BRI T HALE, C=[100]F1 LY M 2546 4 .

N TSR S E AN ) B T ERE S A e R AR AL THE, XERA 2
SRAEFAS 6 W 2% (3-28) 3k 47 E B it , BIFEREANL B AL IS5 5 B % T,
SR POV 258 568 WL I % 22 AT R OE , AERFAN 2 2 5 ] Ts K FH R GBI R GRS A
AT, nE 3-14, SEEFALIERAS TR LR

A°’X[n]+B°u[n]+L°(y[n]-C°X[n]), n=0

A ) 3-29
X[n+1] {Asi[n]+Bsu[n], n=12,..,N-1 o

) | T/
s Bl 7
, B {§} T./3 |
2 0

-53-



W ZRVE M RS T 2 1 S

7(3-29) o 1) A= B WL I & 7T LASE BT A RPIR S AR S I, (B2, 2 SEBs
NI, e A EAEREAS To I 2 #R AT UL b 7 B AR SR AR AR B D, DA A
I TP AT RO o SR BB LI 2% mT ALE AT 28O I AL B9 & A5 5 1 2 i
BN AT, a0(3-26), FEFIILIN AR B R G EECRES TN

X,[n+1]= A’ X,[n]+B’u[n] (3-30)
T BT A ) S A R R R K, WIS ET AT
X,[n+1]=A° X,[n]+ B u[n]+ K*(A® x,[n] - A’ X,[n]) (3-31)

H TR ZRIERAE n=0 B2 TAE, RELE xo AXRME, KILH x[0]&
e A12x2[0], [AIHS 3 UL B R 22 Ax,[0] = x,[0]-%X,[0], =X(3-26)7] LAE A:

A,X%,[0]=x,[1] —x,[0] - B,u[0] (3-32)
A%, [0]=%,[1] - (Ax,[0]+ %,[0] + B,u[0]) (3-33)
4545 310(3-32). :(3-33), A (3-31) [ LLE AN
X, [1] = Ay, X,[01+ B,ul0] + L (x,[1] - X, [1]) (3-34)
H130(3-31) £ (3-34), AT LUK 22 RAEFERT WL 28 KI5 -
) {xl[n +1], n=0
X[n+1]=+. s s
x,[n]+ A X,[n]+Buln], n=12,.,N-1
A%, [n]+Bju[n]+ K {x,[n+1] . (3-35)
Y, & S S n =
Rln+ll=1 &I+ ADGnl+BUNDY,
FH 7X(3-35) AT LA 3] 22 SR A [ Bz 1 00 0] 2% S AL 1 4 1] 3-14 o
RIS FREI ] AT(T))
Tcl_»- iz[n+1]§2[n] (2<:: _

B 3-14 25 SRAF 5 [ i 00 0 45 it 22 1]
Fig. 3-14 Block diagram of reduced-order multi-sampling rate observer
3322 MMBREMDITRESHERE
A6 5 T AU 00 45 16 2 0k LI & PR B A T E AR, BRIk
T B A UL 1% 22 B vE UL 8 ) PR RE X LR A A 2 TS U 2T U s 1
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A, e=[x,-%,].

A I 348 B 2 SR A B B WL s £ U0 S A A R s A L, R DA Y 3(3-36) SR i
WG R R, RAATT BLRIR N

f[(z —z)=[z21- A3 VAL -KAY)
i=1

|

(3-37)

A, zi RORPTECE 1 e BT, — AT ST B D9 B A7 5 DA Y AR — X L AR A
i (3-37), AT LA AR () TC B AR A B 2% 0 2 R 8 K, ] 3-15 (a)
Fri7m, {E To = 25*Ts B, DA77 56 200Hz, BHJE Z %k 0.707 b UL 45 14 5 47 & 11,
b A, I #S P LR RERR E . FIRT I 3-15 (b)RT AR I, BEAEFE &
ESHAILE Cn#eahE 3D HEe, W2 m] LLgEREa e
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(a) Pole distribution changes with speed (b) Pole distribution changes with inertia

Kl 3-15 XU A R B WL 00 85 4 A 328
Fig. 3-15 Movement of the poles in design

3.4 HREAMGMWHZAERESRAFEITHRELINIIE
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3-1 fimn. Lo, WAL ABMARKLITEL S, FARWsN2E KA DSP
TMS320F28335 4485 fr,  HUML o [ IF 22 25 A5 166 B S 50 2% RLVEE R AL B A%
S . N T G AIE BT ER T VR AR A FE R AT B AR AR A N R AT, B R
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Fig. 3-16 Experiment platform
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Table 3-1 Specification of platform
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Fig. 3-17 Processed signals of binary Hall sensors.
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ZRIFEm, A 2 H I RAL IR (AR

A, AT RAEE A E AN IR, RS EHIERN, Xt
BT 3T R 2 WA A 7% (Least sugare polynominal fitting, LSPF)
553 TP R SR T B A A TV IR N ROR, i 3-18 FToR .
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Fig. 3-18 waveform of phase currents and rotor position at startup with different position
estimation methods
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M 3-19 SZEG P FE AT LLE W, H 1 18 8 53 0 Y A o) e o e 1) TS [ 5 i
TR Z AT AN, HFe A T 2 DR 357 R 07 M) 38 0 sl /s - Ik 2 368 i Bl S % ok
N, BRI —ANERMEAE TR A KA A, e AL 77 m 5 2k
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Fig. 3-20 The speed estimation performances by average speed method, Luenberger
observer and proposed dual-sampling-rate observer

#* 3-2 =MITIEER
Table 3-2 Comparison of the three methods.

ik 7 S B W I A (rpm) 177 % 2 (rpm)
50 300 1000 3000 50 300 1000 3000
SV 35 4.88 6.73 50.03 219.7 215 2.01 7.90 99.51
A& 25 W 25 95 518.88 11.36 43.52 2512 170.5 30.22 11.78 8.20
RURAE VLI 2 55 16.73 1399 397 272 379 560 265 7.3
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EARBUANTE, JUAE B LN AR AR B By, Wk S v [A) B iR 72 2 HH IE EL R A0 R
75 S 17) [6) B e 5 B 21, B 25 I Iv) B) B R ZE MR E S Bl e K, Hia(4-26)4 . X
] [R] B PG 5 S, Tk S B ) [ B i Z2 S TV 2R WL, L2 I ][] B i 225 AN A S
AR B BT AR AR, R UL RR A 2R I 45 e i ) B iR 22

1 X (4-26) ] LUK I, BRIk 385 S5 1o ) B i 22 () i 4B AN A 5 e 1) ) B ) 5
b AR, MHESELKGMA 0 Krsda v Mg K. B 5w E B 22 1 iE
fH &, SRR TERE by BELRHE A v DLR B LM 0 AR QTR K &

Q) S I R BGRB8 B2 b S0, RS 1) [A) B % 22 I R A &, B8R

b) B v B, BRSSO (R BR AR 22 TR &, IR, T H, e f77F
— AR B KAE: &, (v— 0) =bsing;

C) ELMIMWIM 0 AR, BEZS B Im) 18] B 22 R E &, 2R 1), 2 E 2
7w X HEE Y ESR, &% T 0, SEhrb, BHfFAIRRS —ENFLE
FEBRAR 2%

4.3.2 [RFLRETERAS K [E 8] BRixZE £ IR

(1) f2[A)iR%E
GRS G S I 1A R, P 4-5 Bz fal A £ A sk s 28 10 DT 3 A 32 R K0

G.(s) = Kaky (4-27)
stk k
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R s = jofUN(4-27), 0T LLAG 2] fAih (0 i ATORIAR B3R, 0 30 DN
Kk,

M =G (jo))=—2L——— 4-28
(a)) | c(Ja))| \/W ( )
#(w) = £G, (jw) = —arctan(——) (4-29)

k,k

ap
AH AT N 2R B B () 2% 71 A7) A e D3 JE A A A1, — RO BRAEL . AT CAIE BA i 401 e
R T DL N

M =cos¢ (4-30)

BEAT BRI T, XY F A B 5 4 IE 5% A5 5
X,emg (t) = Rcos(awt — @) (4-31)
X,emg (1) = Rsin(ot — @) (4-32)

A, RNVIIE A NS MAETE o N THETHENHES, MERELSES
HIRTEE FAAL BN -6 -
W5 30 (4-28) 5 (4-29) Ze H B4 ) i el ) e 0 5 A Ay o7 o K, W RAAS XY
ol ) A5 L A 0 )
X, (t) = Rcos g cos(wt) (4-33)
X, (t) = Rcos gsin(mt) (4-34)
ALK IL, A I8 S A BRI, ] IR [x,, (1), X, (O AR 2 — N3, H
FAER =Rcosg . fallREFAR R 54525 F12 R Z )k Z & N A 1R 2
&, =R -R=Rcos¢—R (4-35)
HE X (4-28) T LAE H, AREFAE RSN TRAEERE R, MEES
IR 0B8R, RIBWIAL /N, RIIRE & BBWIAL K G50 T A ik
FIAS AT D) .
(2 T30 2 A A B 285 e 1) i) Bt i 22
XF T SEBR AR ARl AERESS TT M) AR, ARSI BE N IR RIS A AT R, AN
15 B ik iz shi 5 . B aN(4-33) i LAf3 th, t=0/F, X Hli2htr{Ei v Rcosg,
RF T A, R X RS T 1) e R e, AR EE A 2(4-9), X HlrH
BL 2 3 S5 1] 18] B2 ) 3k 2 AT A ey BA S AR 43 J7 R i ik
k.k,R[sin(et, — @) +sin ¢ — at, cos ¢]
w
b A AR S K7 B 6 2 N X g = RCOS(oot — @) 5 S [ [R] G A i F2 b TAE & (W)
W) LB N X, =Rcosg . KT FE(4-36) R LATT 545 31 I 1 (8] B8 51 N 0 ¥ fe s

b= j; kK, [Rcos(wt —¢) - Rcos g]dt = (4-36)
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SR, = FERET 2 (4-36) ISR R I BRI L B B AT AR . iy #E T
fiR, TILAKT R (4-36)BEAT R BN BRI . BT R A E e, CEP 1 R B A s TA)D
TR/, Pk, TEt, = 0PI IE R 5% R BRI N BB AL . s 22 Bh 8
MR 22, FE, (F7RER AR FER AT REfRI B, FH =B R R I RIE R R
IERZRE . XFE, X (4-36)F] LA

2 2
kakpa) 3 n)

+ t2]=b
6,k )+ 2k +o
J5 2 (4-37) 0] 505 R — o0 = IR 7 FE AR AETE K
at’+at’?+at +a, =0 (4-38)
Sk )+
ﬁqji alzkakp; a2:3; 3320; a4:—6bWo
KA 72 (4-38), AT LATHSH S 1 [B) iR 5| A2 1 3 i B I

L1 &—N®C+WAN®
"k k 6 2C

C_3/A+\/A2-2916
2

A=54+27a’a,
Bl [E] R ms Sk fe b, X AL E R IF AL, Dbt 2], X Bk bRy

k.k,R[ (4-37)

1] (4-39)

Ho

X, (t,) = Rcos¢ (4-40)
48X (4-34), t, B Z, Y HhAskR N
X, (t,) = Rcosgsin at, (4-41)

PRI, t 2, ARG BB AR BR N [X, (t,), X, (8)], 1AL B -5 A5 Ak (B 7
N
&,=4X2 (L) + X2 (t,) —R, = Rcos g, [1+sin?(at,) 1] (4-42)
A R RS 1212 .
SR I [ B MG A S5, v () B 4 5 M K 28 9 2, I v ) B 5 A ) R iR 22
WARBEE AT 0, KRG SEBR R IR SO SR IR B . Bk, A]
FH I N A 7E S [7) [8) RGPS 5 s 200 ¢, 5 e 1] T B 51 2 R 8 JBR R 22 0k B b K, TR AEL A

-76-



54 F BRI R R 2 AL T B M SR

&y o

B DA _E R 0T DAAS . B AS S v ) B i 22 & B PE B i LA AR R R AL, 7E
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e=X5 (t,) + X (t,) —R = R[\/cos2 ¢+ cos’ gsin®(wt,) —1] (4-43)
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IR AE 23 0 1 A 7 (4-26) 5 (4-42) 45 o RIEX A AR T4, DLENUR
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Fig. 4-6 System block diagram of full-closed loop servo axis backlash compensator
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KH: vemd() A E TG 255, B S0 I ) [B] BRAMERS, B dE 215 5 ] LA
FIRN Vemd = Kpe(t); ka RnALBNBEM AL BN, ARFEARIA ka=1.

9 I S e ) BB 51 S R S B TR, T AR BE R S 5 I K E 5
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EHOR B . BRIk, AT LA AR I R) [R] BR A A TR], T8RS 48 245 5 U A 55 T A

{%%‘ chd ~ C(t)o

— T L

sl|— weEEE | N
o) . . e : N
£ N
= : : . : \\
o 00— : L
m N Rt
ol \\ // : ‘."'- 2‘
Loglni i PR W

RN - :
-10 ; ; ;
0 45 00 135 180 225 270 315 360

FABEC)
K 4-7 HEAANGE SRR ARG T 50 B 25

Fig. 4-7 Two components of the speed loop input signal: compensation signal and position
controller output
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Fig. 4-8 Block diagram of backlash compensator based on torque feedforward
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o E LA
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Fig. 4-9 Servo axis response waveform under circular trajectory
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Fig. 4-10 Flow chart of backlash compensation method based on torque feedforward

MR & 4-10 BURUAR B AT &0, 7R 3R B 7] 1] i s X A) bk 545 5 B[R i, 38
i Al iR 3R B 50, AT LAERELAN ] 4-9 P i as by o d IS ZI 0 B R S A FL TR
N fav by ey ido S5 TN(4-54)RT A, 78 B[] (] B MG 25 S5 1] Hi 30 ) R, 3 ey A8
BRI Pl TTRLE, ~fi, =iy ~[iy |, 2R i B0 ip 58 i B i
PR SN2 B TRD S R 4 R R I SRR RS A, AT BRI IR AS S m] TR B AR 22 . 455
Kl 4-9 PR E, AMEE S i Al BARIR N

-82-



54 F BRI R R 2 AL T B M SR

i,—i, if0>0Hx =0
i, =41y —i, ifO<0HX =0 (4-58)
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AT 38 T 7 35 R B A e [ [A] B R 22 M AT 2R I8 S A B
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Table 4-1 Simulation parameters of two-axis servo system

SRR IEXIED
2 R R Dy, Jy/kg.m? 0.0049,0.0066
}imlﬂfﬁﬁmﬁbx, y/mm 0.01,0.01
WL AL 31 E Kya, kya 0.7958,0.7958
LT 77 0 Kxm, Kym/NL AL 0.8574,1.6818
r B 45 1] 45 18 7% 22 £l kwp, kyp 750,750
THE IR ) 2% 38 28 R Ekwp, Kyvp 40,28
T FEE 45 ) 28 AR 40 2 Bk, Kyvi 142870,98109

T AL H T WA R E RGNS H THE S X R B G e B
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Fig. 4-11 Linear feed simulation when X-axis has backlash
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Fig. 4-13 Position response of X axis in circle simulation
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Table 4-2 Main parameters of single-axis full-closed loop feed platform

B5E T2 (KW) 1
A E B (A) 5.5
HE B FE (N-m) 3.2
05 5 3 (r/min) 2500
B & (kg-m?) 3.11x104
2 17] [8] B AL (um) 80
i 25 B 1 ok P £ 217 cts
22 KT FE (mm) 20mm
FEMR 53 HE (nm) 100
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Table 4-3 Main parameters of three-axis machining center CNC
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SRR S e
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&30k 7 o A 2% A7 %L 23 23
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Fig 4-17 Torque compensation signal identification
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Fig. 4-18 Position control response waveform of single-axis feed platform without
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Fig. 4-20 The influence of backlash value on compensation method based on torque
feedforward

4.5.2.2 BIHERSKEE IR EMME I

DR B G 1D 50 B 3 R R U100 B S e 1) TR B R 2 AN T VR I AME R, A
BEAT AN FIMEAR A0 T B 25 e 1) B AME X B S 36 . A7 B 45 8 B, IR
PLURPUZH: (1)IESZIRMEA 20mm 5% N 0.1Hz; (2)IE5ZMRME A 50mm i N
0.1Hz; (3)1E 3% & 1E v 20mm % Jy 0.5Hz; (4) 1F 3% 1E 8 v 50mm % Jy 0.5Hz.
g, AMEITIE Y 4.4.1 7 b T IA IR T T A S 1) B RN DT
M TR AL 4.4.2 715 H BT A 1 3 T A R R A ) B S B I 1) R 2 A ME Y
LA ZE R 4-21 (@) (D) () (d)Frow, FIES, SALEIRA RO RS R

-903-



Iea [1) B2 R 2 32 7 2 R 7 L R AR

T —

o BRERIRE(mm)

Ly RN N A e = A VATLS'S

N /J(?Z .

[ amea|
—fﬁﬂﬂ)iu

\
|
T
I
I
I
i
1
[

WK 4-4.

2T T

60 T
40
20

ol
20k

(a) iz E F54 20sin(2nx0.1t)ymm
(a) Position command 2OSin(2n><0 It)mm

20 50
AFTE (s)

(b) £ B 84 50sin(2nx0.1t) mm
(b) Position command 50s1n(2n><0 1t) mm

8 10
i E (s)

(c) i E 54 20sin(2nx0.5t)mm
(c) Position command 20sin(27x0.5t)mm

Kl 4-21 B3 [ [E] BRI

Fig. 4-21 Single-axis backlash

M — ! *METT FMEE TV — 1 NERIRES
3 T T ‘ T T T 60 T T ] T o
20t ‘ — M ESE] a0l ! —%i%i
— =~ | — IF&y
10 SR | = 2 ; ]
of E o
S& I
100 5 ‘[
-20r 1 - I
3 [
8 16
i
05
0
05

I E] (s)
(d) 1 454 50sin(2nx0.5t)mm
(d) Position command 50sin(27x0.5t) mm
o SEIG

compensation experiment

R A-4 PIRPAME T IR AME R BRI IR ZE 0T B

Table 4-4 Comparison of tracking error of two compensation methods

M () ——— ﬁﬁﬂﬁﬁ%ﬁ%\(um)‘

FME T — AME T
20sin(2mx0.1t) -23.2~+21.2 -6.9~+5.9
50sin(2X0.1t) -26.1~+24.9 -7.4~+9.0
20sin(2w%0.5t) -40.2~+37.9 -8.6~+7.98
50sin(2%0.5t) -43.8~+43.7 -12.2~+13.1
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Table 4-5 Main parameters of measuring device

SRR ZHUE
IS 73 #8% (um) 0.1
BRI AL IR A5 K5 B (um) 0.5
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1 25 4 (um) 1
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Fig. 4-23 Roundness test of backlash compensation method based on torque feedforward under
circular trajectory
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Fig. 5-1 Control structure diagram of feed system
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Fig. 5-2 Block diagram of position control loop
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Fig. 5-3 Full-closed loop servo drive system model with communication delay
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Fig. 5-4 Simplified model of full-closed loop servo drive system with communication delay
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Fig. 5-5 Comparison of Pade approximation and first-order inertial link approximation
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Table 5-1 Main parameters of full-closed loop servo drive system
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Fig. 5-6 System root locus diagrams with different delay times
M1 &l 5-6 o AN [F] S I s [0) i) 2% Ge AR s B mT DR H S I I () B A7 7
DN RGFREE AR . BARE), AERFETRDER R, RARIRRE WS, AR
SE WAL B a5 R BN . FIE AT W, SE I IR AR AE 2 T BUR KA B A A

-102 -



555 & ST SR AL &S 7 B4 ) 3 THE IR+ 32T 7%

AT BRAR, PR 1) o2 B 34 1) 5

B 5-7 J9AN[FJSE I B Te) i, A [ B A1 o e 1, 4 AL B 4% ) A oz
BN A FR o AT L R AT DLW A HY S SiE I A T A 0 2 5 ORI o7 B
M S B R B R TN (RD A 3G O, A AR KA BRI e, W) & H DA B A R A
PR ALl LR, Oy 7 RIS A5 AL B3 1% 6 RS e g is
17, FLEAE N AR E NS EE . BN E A 23 2 8RR A DR
IER GRS EIBAT, (A5l AR b Ar B 48 B R Z M 0, JCHAE iy ik 45l I
JENM . Iy 1 AEORIIE R GeAe € 1 RIS 3 v A2 B A MO BG 2, 75 ZEX AE I 24
TREAT M

P EIRS
TCAEHY
1ms3E i
2MSIERS
3MSLERS

I 18] [100ms/#4]
B 5-7 AN [ 2 B I 8] T 8 5 2 AR S g 7
Fig. 5-7 Positioning response under different delay time
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Fig. 5-8 Smith predictor schematic
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Fig. 5-9 Schematic diagram of communication delay compensation method for full closed loop
position control based on Smith predictive compensator
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Fig. 5-11 Block diagrams of time-delay systems and systems with disturbances
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Fig. 5-12 ND estimation schematic

U Y
M@—» C(s) s) » G(s)e™" » Y (s)
- =X(s)e™”
X(s)
BRI
BRIE S
X(s)=X(s)e™ G(s) ‘U(s) ~U(s)e™
+
4 X(s)e™

] 5-13 CDOB i It %M % Jit 7 [&]
Fig. 5-13 CDOB delay compensation schematic

5.4.2 &R BN VLIS ORI
B, K I B 3

-107 -



W ZRVE M RS T 2 1 S

| D (V)
dﬂEf(t) _{d‘net (t)}
208 R 28 B BT AL N B SR B — B CDOB, K W 2% $t sl Bl o — B £ Tl
AR —F CDOB. —# s T EERER A
—f CDOB 3\

(5-23)

Ay (1) =0 (5-24)
—}r CDOB £ X

d'net (t) =0 (5_25)

PRI, AR & U RE (5-18) il 4hr 7 R (5-19) AH b7 H A% #e oy
Xt | [ A Bl x(®) b ] e
d”Et(t) B 02><n E dnet(t) ’ o2><1 U() ( ) )
b= 0 5-27
YO ~[c olle[ N (t)} 527

£E—Fr A1 —Fr CDOB # 45 p: E A F A, Hr—F CDOB HfE E
[N

o0 o
E—_O 0| (5-28)
—r CDOB 1, B E MERIEEXA
.
E—_O 1 (5-29)

H b #4i& CDOB, HoRa& 7 18 K 7 B Rk U
K(t) { A BH X(t) } b } X
5 = - + ut) +k(y(t) - y() (5-30)
l:dnet (t):l Oan E dnet (t) _02><1

yo) =[c o] Ax(t) (5-31)
_dnet (t)

FEIXH, ko O #5182k & . CDOB A LLf#E ] Gopinath ) 772K
Hyi&, f£—Fr CDOB MfEHL N, fhiih#) ND FHEAUT (gnet &£ CDOB I
A Y18 VB A IR A LE AR D«

—Fr CDOB HJ&RIEE AN

D..(s) = sf—gt D,..(s) (5-32)
net

—Fr CDOB Mt i B N

- 108 -



555 & ST SR AL &S 7 B4 ) 3 THE IR+ 32T 7%

P=0. (5-39)
[ CDOB (&L N
- k
D -1 D 5-34
net(s) 52+k23+k1 net (S) ( )
[ CDOB Itk AL E N
—k, + j k.2 -4k
P, P, = —2 J 5 2 ! (5-35)

W,  ARREIER A 1 H IR AR, 0, RN REIE B AR 1B e R 5L

M4 ke *ﬂ ko I R~ N
k, = a)nzmb (5-36)
Ky =28 con @, (5-37)
CDOB % AL B KL B S M 8 8 B s & Rt UIH R . I LB 3 35 %5
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