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. . Engineering, for uncancelled zeros for all axes, matched dynamic responses across the whole frequency

National Chiao Tung University, range for all axes are achieved. Thus, contouring accuracy for multiaxis systems is guar-

Hsinchu, 300 Taiwan anteed for the basic feedback loops. In real applications, the modeling error is unavoid-

able and the degradation and limitations of the model-based PMFBC exist. Therefore, a
newly designed digital disturbance observer is proposed to be included in the proposed
PMFBC structure for each axis to compensate for undesirable nonlinearity and distur-

bances to maintain the matched dynamics among all axes for the PMFBC design. Fur-
thermore, the feedforward control loops zero phase error tracking controller are em-

ployed to reduce tracking errors. Experimental results on a three-axis CNC machining

center indicate that both contouring accuracy and tracking accuracy are achieved by
applying the present PMFBC desigfDOI: 10.1115/1.1789970

1 Introduction higher-order models and under high-speed operations. In fact, a

Generally. the performance of motion svstems is dominated atched position control design in the whole frequency range is
Y. P Y a'%F;ently needed for modern high-speed-high-precision manufac-

both tracking and contouring accuracy, with appropriate feedb in
and feedforwa_rd contr(_)l design for each axis. Poo et al. started t 8n this paper, the perfectly matched feedback corPIFBC)
work of analyzing relations between feedback controllers and Cqg'developed to achieve identical frequency responses for different
touring errord 1]. Later, feedforward control loops were discussed, o5 1y applying stable pole-zero cancellation and complementary
in motion systems because they efficiently reduce the servo lagsos for uncancelled zeros among axes. Moreover, the present
and passively decrease the contouring ef2or5]. In addition to  odel-hased design of PMFBC is sensitive to external disturbance
well-designed feedback and feedforward control loops, the croggid model uncertainty in real applications. Therefore, to ensure
coupled controlCCQ) structure, which considers the mutual dyperfectly matched dynamic characteristics among all axes of mul-
namic effects among all axes, was deVelOped to reduce the C@Bxis motion systems, the disturbance Obse(mB) was devel-
touring error by Korer{6]. Various improved CCC designs werepped to reduce effects of the undesirable influgiige-16. How-
then proposed7—10]. Moreover, Lo proposed the transformatiorever, since problems of digital implementation based on the
of the coordinates to obtain the moving basis to form a feedbagkntinuous-time DOB design exist, the digital disturbance ob-
controller for three-axis motion systerfii0]. Chiu and Tomizuka server(DDOB) structure is thus preferred. Since the discrete-time
[11] proposed a task-coordinated approach by considering all axgant models may be nonminimum phdd&,18, a new design
as first-order loops to obtain the feedback and the feedforwasigproach of DDOB is proposed in this paper for digital design and
control loops. Cheng et al12] incorporated a zero phase erroimplementation. The filteQ, which contains three parts to deal
tracking controllefZPETQ and a time-delay disturbance estimawith nonminimum phase nominal plants, includes: the stable pole-
tion scheme to cancel disturbances and potential nonlinearitigsyo cancellations, all-pass filter, and a general low-pass filter in
and to improve the overall system bandwidth for a single axibe DDOB design.
system. Yeh and Hs[b,13] proposed the integrated control struc- By applying the DDOB to the present PMFBC, the system
ture including the feedback, feedforward, and CCC to achieve th&dels thus become more reliable and robust. Moreover, feedfor-
best tracking and contouring precision for multiaxis systems. Wward control for all axes is then included to further improve track-
Although many advanced control algorithms and structurédg accuracy. In the same time, the resultant contouring perfor-
have been developed, the feedback controller design is still thR@nce is significantly improved. Experimental results on a CNC
most fundamental and crucial factor in obtaining desirable motigRachining center show that the perfectly matched feedback con-
accuracy. To improve contouring accuracy in general multiaxtsol achieves the desired matched dynamic properties among all
motion systems, feedback controllers should be designed a¥es. Moreover, the DDOB which significantly reduces the exter-
achieve matched dynamic characteristics among all axes. Apl disturbance gf‘fect is concluded to be required for implement-
though the design with direct curreftic) gains matched betweening the PMFBC in practice.
two axes has been applied to systems under low-speed operations,
such a design is not applicable to complex plants with usualg PMFBC Design
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Li(z hH=Kpi(z H-Pi(z"h (1)
As shown in Fig. 1 and Eq1), matching frequency responses of
the closed-loop position syste(z 1) implies that all the open-
7 - e K u a loop gainsL;(z" ') are identical. To achieve matcheq frequency
—_» P g responses among all axes, the feedback contriligfz 1y cor-

P responding to each axis is designed as

n

. ) M@ T
Kpi(z H=a(z})- B H B/M(z7Y) 2

Fig. 1 The position feedback control systems

Thus, the open-loop gaih;(z~ 1) becomes
r=[ryry---ry]7, r;, i=1,--,n: axial reference position com-

n
mand “1y_ 1 -1 Ty 1
. . L. Li(z7H)=z""a(z ") Bi"(z . 3
e=[e;e,--e,]", &, i=1;--,n: axial position error iz (z7) (]Hl i )) — O
. . T i . . .. .

Z:%Zl ;2 ;“} Z' ’ _i’ 2 Z)c(ltﬁg?g\;:g?:égsﬂ;ln wherea(z1) is the controller with a design freedom embedded
=lapaz " radyp || = ; o 1 . ;
Kp:diag{Kpl,sz, “Kond Kpr» 1= 1;-n: position feedback in the position feedback controllét,;(z™ ") to acrlluev?Ihe desired
controller of each axis stability and performance of the systenﬂs, 1B"(z™7) is con-

j#i

P=diag{P;,P,, +Pa}, Pj, i=1;+,n: controlled plant of each yolution of complementary zeros. By applying E@), the posi-

axis 1
tion feedback system transfer function of each be-
T=diag{T,,T,, -~ T}, T;, i=1,--,n: the position feedback comes y &)

system transfer function of each axis

The ith controlled axisP;(z™1) of the position loop is parti- 4 Li(z™h
tioned as follows: Ti(z )= 141,z ) 4)
T 3 z 2Bz Y)-BMz Y 1 Equation(4) shows that the transfer functions of all axg¢z 1),
Pi(z75)=Vi(z77)- 11 I "1_,1 i=1;--n are identical and thus the dynamic characteristics
: among all axes are perfectly matched. Although the matched dy-
where namic characteristics among all axes can be achieved by applying
Vi(z™Y): the velocity loop the present PMFBC as shown in E8), the order of controllers is
V(Z—l) polynomials of the velocity loop with all poles unavoidably enlarged. In practice, it is preferable to reduce the
B3z 1): polynomials of the velocity loop with acceptableorder of controllers by adopting a lower-order model.
stable zeros 2.1 Design Example. To illustrate the proposed approach
B{"(z"1): polynomials of the velocity loop with unacceptablefor perfectly matched design, feedback controllers are designed by
zeros(unstable and nearly unstable zgros applying the following velocity plants of a CNC machining center

The position loop gairi;(z™1) of each axis is obtained as  modeled as

—0.005& 1+0.042% 2+0.121% 3+ 0.0922*

Vy(zhH= 5
! 1-0.108% '-0.328& 2-0.170& *-0.125& *+0.022& ° ©)
. —0.001% '+0.044% 2+0.125% °+0.058& *
Vy(z )= -1 -2 -3 -4 -5 ®)
1-0.23&¢" *—0.3902 “—0.173& °—0.101Zz" "+ 0.161&
I
Three feedback controllers are designed as follows: 22x10 °—6.742x10 427 1—-1.383x 10 372
Case (i) mismatched desigrimismatchegl The proportional +3.744¢ 10 47 3+5.88< 10 42 4+3.323x 10~ 475
position controllers are designed to achieve a 0.707 damping ratio 46 5__7
for each axis - +1.666<10 "z 3.301x10 >z
P ~5.612x1073
Kpx=0.07
Kpy=0.1 2.2<107°-1.702<10 *z ' —4.45<10 %z 2
) _ _ —1.886x10 %z 3+2.976x 10 %z 4+2.441x 10 “z"°
Case(ii) dc gain matched desigmatched dc gain Feedback +8.421>< 1052 6—4.021X 10 52~ " — 5.840 10—52—8
controllers are designed so that the position feedback loops ag,,,
matched in the lower frequency range —1.486x10 3—8.904x10 4z 1
Kpx=0.07 wherea is simply chosen here to assure a suitable numerical order
K. —0.0694 for the controlled axes. Frequency responses of case@ii) are
py= -

shown in Figs. 2—4, respectively. As shown in Fig. 2, the mis-

Case(iii) PMFBC. Feedback controllers are designed by applylrfq1 atched design yields the worst contouring performance. Figure 3
the proposed method ows that the matched dc-gain design in ¢@ag@chieves similar

dynamic properties in the low frequency range corresponding to
a=2.2x10"° the slow motion speed. Moreover, PMFBC as shown in Fig. 4
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Fig. 2 Frequency responses of mismatched design, case (i) rad/sec

(solid: X axis; dashed: Y axis)
Fig. 5 Frequency responses of the original (solid ) and the re-
duced order (dashed) plant

achieves identical frequency responses among all axes and thus

provides the best contouring accuracy in all speed operations.
balanced realization to remove the least observable and control-

_ 2.2 Model Reduction. Although motion precision can be 3h1e modeg19]. We thereby reduce the model of the velocity
improved by applying the proposed PMFBC controllers, the pr lant from fifth order to third order

posed design algorithms also generally lead to higher-order con-

trollers. In practice, model reduction methods can be applied to . —0.00437948 1+ 0.04225802 2+ 0.09618655 3

the redundant modes of controlled plants. In this paper, we u¥g(z ~)=
P pap " 1-0.88944678 1+ 0.23980068 2— 0.19529895

™

1 vy —0.00141126 '+ 0.04402948 2+ 0.09340968 *
Z =
Y 1—-0.83356582 1 —0.04295967 2+ 0.032393392 °
: (©))
The perfectly matched feedback controllers are designed as fol-
lows:
-100 = ' 10* Case(iv) PMFBC with reduced-order plant model. Practical
rad/sec feedback controllers are designed by applying the proposed
method and the reduced order model

a=2.2x10"°

px

2.2x107°—7.0594< 10" %z 1—8.4038x 10" %z 2

+1000 s ” o +1.1262<10 3z 3-2.1513<10 4z *4+2.8438<10 %z °
! 10° * =
10 rad/sec —4.3794x 1073

Fig. 3 Frequency responses of matched dc-gain design, case K

(ii) (solid: X axis; dashed: Y axis) Py

2.2x10°5-2.3061x 10 *z 1—3.0718<10 %z 2
) . ' 1  +4.125% 10 4z73+1.3881x 10 %z *—1.5652< 10 °z°

-1.4112x10°3

-501- \ ) The frequency responses of the original and the reduced-order

plant in theX axis are shown in Fig. 5. Results indicate that the
100 . approximation is satisfactory up to 1000 rad/s. Also, as shown in

10’ 10° 10° '  Fig. 6, the frequency responses of the biaxial system are virtually
radisec matched up to the same frequency of around 1000 rad/s.

dB

3 DDOB Design

_500}- Theoretically, the perfectly matched feedback control provides
g contouring accuracy because of the matched dynamic properties
among all axes. In real applications, motion precision is easily
-1000 : . degraded by external disturbances and model uncertainty. Al-
1o’ 10 /s 10° ®°  though DOB was developed to degrade the external disturbance
effects, its implementation on computer-controlled processes is

Fig. 4 Frequency responses of PMFBC, case (iii) (solid: X not direct and approximation is required. Moreover, available

axis; dashed: Y axis) DDOB [14-14 cannot be directly applied to nonminimum phase

Journal of Dynamic Systems, Measurement, and Control SEPTEMBER 2004, Vol. 126 / 549

Downloaded From: http://dynamicsystems.asmedigitalcollection.asme.or g/ on 04/27/2014 Terms of Use: http://asme.org/terms



] N Ng(1—NnQ)

"~ b N,Q ND,Q " DT N,Q +ND,Q"
3 ] NQD,
D(1-N,Q)+ND,Q &
-100 : : N 1 Ng (1-NQ)
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@
é) 500} 1 (1-N,Q)+ BD”Q
1000 If the filter Q is designed such thal,(z 1)Q(z 1) =1, Eq.(9)
10’ 10° 10° 10 becomes
rad/sec
Fig. 6 Frequency responses of the PMFBC with the reduced- = &u— ¢
order plants D, Y
On the other hand, if the filterQ is designed such that
N,(z ) Q(z H)=0, Eq.(9) becomes

plant models which may exist in motion systems with discrete-
time modeld17,18. Therefore, a newly developed DDOB with a y= EUJF %d

simple finite impulse response disturbance estimator which can be D D

applied to nonminimum phase motion systems is proposed in this
paper, As the present PMFBC is implemented in real applicationgserefore, the filteQ is designed as
the DDOB is required to compensate for the undesired nonlieari-
ties, model uncertainties, and disturbances to maintain the _1 i . .
matched dynamic responses for all axes. Nn(z"9)Q(z" ") =1, in the lower frequency region
Consider the new DDOB system as shown in Fig. 7, where Nn(zfl)Q(zfl):ol in the higher frequency region
u, €, v. reference input, driving force and velocity output of (10)
controlled plant, respectively
~d, d: external disturbance and estimated disturbance, respgg-degrade external disturbances and reject measurement noise.
tively The design of the filte@ depends greatly on the nominal numera-
6: feedback signal tor N,,(z~1). It contains the following three stepd) stable pole-
¢,: measured noise zero cancellationg?) an all-pass filter, anB) an embedded low-

N(z™1), D(z %): numerator and denominator of plant, respecpass filter.
tively To obtain the stable pole-zero cancellation, the nominal nu-

Ng(z™1): structure of external disturbance meratorN,(z 1) is separated
N,(z' 1), Dn(z™Y): numerator and denominator of nominal
plant, respectively Na(z Y =Nz HNY(z Y

Q(z™Y): a low-pass filter
The velocity response of the controlled plant is derived as
where
N2(z™1): an acceptable polynomial with stable roots.
NH(z™1): an unacceptable polynomial with unstable and nearly

unstable roots.
Suppose the unacceptable polynomi&l(z™1) is represented

as
Ni(z YY=byz 14+ byz 2+ bz ™

v> :z‘m(blzm‘1+bzzm‘2+~-~bm):z‘"‘-Nﬁ(z)
Then, design of the filte® is

+

+ & Q(z hH= m -LPHz™Y) (11)

-1
Q(Zg) where[-T* denotes the complex conjugate operator and

N _ -(m-1 —(m-2
Fig. 7 The structure of the newly developed DDOB [Na(2)]* =(byz™ (™ Dt byz™ (M2 4+ by) (12)
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Fig. 8 The equivalent feedback loop system
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Equation(12) is stable and realizable, aftN:(z ™ 1)/[N!(2)]*} 0.4 .
forms a stable all-pass filter. The low-pass filter LPF() can be
designed such that
0.2 1
u,—1
Q(Zfl)-Nn(Zfl):%(—Z)-LPF(Zfl) 0 . . . . .
[Na(2)]* 0 500 1000 1500 2000 2500 3000 3500

Frequency (rad/sec)

possesses the desired frequency response as given {AGEq. ) ‘
The stability of the DDOB, as shown in Fig. 7, can be provedFig. 9 The designed frequency response of ~ Q(z™")N,(z™%)
by the following lemma

3.1 Lemma. Define the equivalent plarR as . s
0.00511975 0.02559877 1+ 0.0511975%

_,.  10.05119755 °+0.0255987Z *+0.00511975 °

R=Dn-5=Nn Q2 )= 1=5 91517429 1+ 3.16186245 — 1.159998%

—0.41974012 4+ 0.46329684 °

—0.11089379 °+0.00293275 *

and the equivalent feedback systé&has shown in Fig. 8. Then,
the DDOB as shown in Fig. 7 is internally stable if the equivalent

feedback syster§ is internally stable. Figure 9 shows the frequency respons@¢z })N,(z 1) for the
Proof: X axis with a bandwidth of 500 rad/s which is suitable for the
Since velocity loop around 100 Hz bandwidth.
(1) systemSis internally stable implies tha®(z %), R(z™ 1),

and[1/1+Q(z )R(z 1] are all stable, and 4 The Feedforward Control Design
(2) all subsystems of DDOB{N4,N,1D,N,,D,,Q}, are all ) o

stable, the DDOB is thus internally stable. Although perfectly matched dynamic characteristics among alll

According to the lemma, system stability directly depends oixes can be achieved by applying the PMFBC and the external
the filter @ and thus the low-pass filter LPE(Y) in filter Q must disturbance can be significantly reduced by applying the DDOB to

be designed to achieve both desired stability and frequency A¢hieve improved the contouring accuracy, the servo lag effect
sponses. However, as shown in E9), if should be minimized to improve the tracking accuracy of multi-

axis motion systems. Therefore, the common feedforward control-
ler for motion systems, the ZPETC proposed by Tomizuka can be
suitably employed2]. Consider the control systems with two de-
grees of freedom as shown in Fig. 10. The corresponding nhomen-
clature is listed later

No(z7H=N(z'Y) and D,z H=D(z}),

the velocity response is

re=[ri iz - rnl"s i, i=1:--,n: the filtered axial refer-
= EUJF Ng wd— @é ence position command
D D 1 1> F=diagF,,F,, - F.}, F;, i=1,--,n: the ZPETC designed

feedforward control for each axis
and the stability is dominated by the denominddqz ') and the ~ Suppose the position feedback loop transfer funcliga™?) is
filter Q(z™1). It implies that the design of the filt&d(z ') does represented as
not affect the stability of the DDOB if the filte®(z 1) is stable. 1 —di 1 —dipi -1\ pi o1
Furthermore, the equivalent plaRtin Fig. 8 also shows that the 1 (,-1)= ai(z ) _Z Bi(z ) _Z Ba(z )By(z )
design of filter Q may be invalid when the nominal plant model ra(z-4) Az Y A(z™h
N, /D, is significantly different from the real plaiN/D. (13)

3.2 Design Example. The nominal plantN, /D, is chosen Where
to be the reduced-order model of the velocity loop as shown inz %":di delay ofith axis position feedback loop
Eqgs.(7)—(8). Therefore, the DDOB is designed as Ai(zY): denominator ofth axis position feedback loop
Case (v) perfectly matched feedback control design with B;(z!): numerator ofith axis position feedback loop
DDOB (PMFBC+DDOB). To achieve stable system he fil@ris
designed as

0.00497194- 0.024859747 1
+0.04971949 2+ 0.04971949 3
+0.02485974 *+0.00497194 ° r

—1 -2 14 f - € K U a
1—2.94719898 1+ 3.23989221 —- » » P '
—1.20983152 3—0.4541163 *+0.52748002°
—0.14373367 ©+0.0088383% 7 Fig. 10 The two degrees-of-freedom control system

Qu(z™ 1) =
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BL(z 1): polynomials with acceptable zeros Contour

B, (z"Y): polynomials with unacceptable zeros 80
Note that the optimal ZPET({5] further improves tracking per-
formance. The designed feedforward controlgris in the fol- 70r
lowing form:
NP Bi(2) | [%A(zY
(z H= (K7 | 2 . !
Rz ( 2 @z (BL.(l)Z) BL(z 1) ) 50
o 40}
Design Example. The hybrid structure which combings) £ 30l
perfectly matched feedback contrdh) the optimal ZPETC, and %
(c) the DDOB, is designed to improve both tracking and contoury
ing accuracy in multi-axis motion systems. Because of model ur 201
certainty in the higher frequency region, the bandwidth is chose
around 500 rad/s in design.
Case(vi) hybrid structurghybrid). The feedforward controller
is designed with optimal ZPET(5] given as Or
-10} )
0.99518942" —6.40810118%+ 18.04061218°
—3.28244714%— 11.2545722%+ 1.29958907° -20 .
+1.11190478'+0.29919024- 0.27312898* %0 e 50
—0.07579595 2—0.00750972" 3+ 0.00980315* caxis (mm)
1 —0.00101342"°+0.00002189° Fig. 12 Experimental results for design with mismatched
F(z7 )= 1 gains case (i)

Figure 11 shows the frequency response of feedforward caracking accuracy can be improved by applying PMFBC and
trolled system. The figure indicates that unity-gain region fallBPETC, respectively, the proposed hybrid control structure is also
within [0, 785 rad/$ The hybrid control is obtained by adding therobust because of the inclusion of DDOB.
feedforward controller= to the PMFBC-DDOB. Because the
DDOB is designed under the frequency condition as shown in E§. Experimental Results
(10), the design of the optimal ZPETC depends heavily on the ) )
bandwidth ofQ(z Y)N,(z ). With the decrease in uncertainty >-1 Experimental Setup. The experimental setup of the
obtained by applying the feedback control, the optimal ZPETE.YNA 1007 CNC machining center is the same as in f2f]. A
can be designed to make the unity gain region cover the barfge-486 generated the main control commands and recorded the
width of Q(z" )N, (z"1) as shown in Figs. 9 and 11. principle signals |ncll_Jd|ng: the input command calculation for dif-

Basically, the proposed design by integrating PMFBC, DDO'ierent contours, the implementation of controller, and the control
and ZPETC are independent. The feedback loop of PMFBC for all
axes should be designed in the first step. Then, the DDOB is
designed for each axis so that the matched dynamic response 0 Contour

PMFBC can be well maintained. Finally, the feedforward contrc ' ! " i " T T
ZPETC is directly included. Thus, not only both contouring ant
60}
T T T T T T 50 L
1 1 . 40}
£
E
_os8 1 w»w 30} 1
g §
[ >
Sos 1 20} ]
=
&
= 0.4 4 10} i
0.2 1 or 1
0 . ) ) , , , -10 L ) L s L ) L
0 500 1000 1500 2000 2500 3000 3500 40 -30 -20 -10 0 10 20 30 40
Frequency (rad/sec) X-axis (mm)
Fig. 11 The frequency response of the feedforward controlled Fig. 13 Experimental results for matched dc-gain (case (i),
system dashed ) and PMFBC (case (iii), solid )
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Fig. 14 Experimental results for PMFBC
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Fig. 15 Experimental results for PMFBC +DDOB+ZPETC

(case (vi), solid)

Table 1 Experimental results with a high-speed circular com

Controller] Case (i) Case (ii) Case (iv) Case (v) Case (vi)

Mismatched| Matched PMFBC PMFBC PMFBC

DC gain +DDOB +DDOB

Performance +ZPETC

Contourmg etror | 0.131848 | 0.024243 | 0.024672 | 0.014465 | 0.004116
(RMS, mm;’)

Tracking error 1.02469 1.20283 1.110041 1.174985 | 0.005239
(RMS, mm)

Roundness 0.412357 | 0.098839 | 0.091662 | 0.035097 | 0.031962

(mm)
Table 2 Experimental results with a low-speed circular com

Controller| Case (i) Case (ii) Case (iv) Case (v) Case (vi)

Mismatched| Matched PMFBC PMFBC PMFBC

DC gain +DDOB +DDOB

Performance +ZPETC

Contouring error | 0.031189 | 0.032109 | 0.029129 | 0.001581 0.0016

(RMS, mm)

Tracking error 0.1724 0.204648 | 0.188983 | 0.152142 | 0.001869
(RMS, mm)

Roundness 0.109846 | 0.143246 | 0.132729 | 0.018544 | 0.019013

(mmm)
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inputs to the velocity loop. The machine feed system is driven lpmmand 5 and 0.6 m/min are shown in Figs. 12—-15 and sum-
scanning electron microscopy alternating current servo motorsarized in Tables 1 and 2, respectively. For linear commands with
The PC-486 interface utilized an AD/DA card to send and receiwdfferent speeds, tracking errors are shown in Fig. 16 and Tables 3
the control inputs and position outputs respectively at a sampliggid 4. All experimental results indicate that both the matched
period of 1 ms. dc-gains design and PMFBC design significantly reduces contour-
A circular contour command with a radius of 30 mm and gq error compared with the mismatched design as shown in Figs.
linear contour command with a 45 deg incline angle were applie® anq 13. Furthermore, results for PMFBC and its integration
with a high speed of 5 m/min and a low speed of 600 mm/Mifyit, the DDOB and the ZPETC are normalized to the results for
Note that 5 m/min is the highest speed of the DYNA CNC Maye matched dc-gains design as summarized in Figs. 17 and 18.
chining center, anc_i _that speeds of around 600 mm/min are CO%he merits of the proposed control structure by integrating PM-
mon for fine machining process. FBC, DDOB, and ZPETC can be clearly indicated as in Tables
5.2 Results and Discussions. Experimental results for the 1-4 as follows:
different control structures under different speed operations as thel. The proposed PMFBC design results in matched dynamic
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Fig. 16 Experimental results with linear commands (a) high speed, (b) low
speed (solid: PMFBC, dashed: matched dc-gain, dashdot: PMFBC  +DDOB
+ZPETC)

Table 3 Experimental results with a high-speed linear com

Controller| Case (i) Case (i1) Case (iv) Case (v) Case (vi)

Mismatched| Matched PMFBC PMFBC PMFBC

DC gain +DDOB +DDOB

Performance +ZPETC

Contouring error | 0.145338 | 0.009627 | 0.002725 | 0.002107 | 0.001998
(RMS, mm)

Tracking error 0.824483 | 0.963995 | 0.887487 0.93199 0.005302
(RMS, mm)

Table 4 Experimental results with a low-speed linear com

Controller| Case (i) Case (ii) Case (iv) Case (v) Case (vi)
Mismatched| Matched PMFBC PMFBC PMFBC

DC gain +DDOB +DDOB
Performance +ZPETC
Contouring error | 0.024047 | 0.009576 | 0.006900 | 0.001073 | 0.001068
(RMS, mm)
Tracking error 0.165731 | 0.196732 | 0.181819 | 0.146752 | 0.001694
(RMS, mm)
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Fig. 17 Normalized errors for circular commands

responses for all axes within a higher frequency range compar@dd Fig. 14 indicate that the contouring accuracy is then greatly
to matched dc-gain control. Therefore, experimental results @fiproved, especially in the case of low-speed operation where the
PMFBC also lead to meaningful reduction of contouring accuragyction becomes more dominant.
in '_l'_“f)?r m3°t'°3 ispe(:la\l)ly in the case of high-speed operation as3  \Matched dc-gain control and PMFBC generally improves
in Tables 3 and 4case iv. : : ; :
A . the contouring accuracy as in Tables 1tedse i). However, their
2. Note that the application of PMFB(Case iV does not ren- tiacking accuracy is merely improved. By including the feedfor-

der satisfactory improvement in circular contouring as in Tables A
and 2. Figure 13 shows that the nonlinear slip-stick phenomenYﬁ’l"i‘rd control ZPETC in the proposed PMFBC structure, both the

is still significant, because PMFBC is mainly a linear model-basétcking error and contouring error are thus further reducade
control design. By introducing the DDOB to compensate for thé). Note that applications of the ZPETC only does not render
undesirable properties, results as shown in Tables 1 dnds2 y  improvement in contouring accura¢y3].
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Fig. 18 Normalized errors for linear commands
6 Conclusion of the present design has also been proven by using a reduced-

. . rder model. Experimental results on a CNC machining center

oulsr:ypr;:gf;demlcsomfgﬁkr]i?}g f[)?;?oirrfgnrceesngzzzi;@oﬂg daexref“s I:?)W that the proposed control structure significantly improves
3 ! . th contouring and tracking performance for precise multi-axis

speed operations. The proposed PMFBC design leads to perfe étion systems under high-speed operations

matched frequency responses among all axes and thereby achieves y 9n-sp P ’

highly accurate contouring. Moreover, because the model-based

PMFBC design is sensitive to nonlinearity, external disturbances,

and plant uncertainty, a new DDOB was developed in this pap\&k led ¢

for nonminimum phase discrete-time systems. Furthermore, nowledgmen

have shown that the feedforward controller ZPETC can be di- This work was supported by the National Science Council, Re-

rectly applied to further reduce the tracking error. The feasibilitgublic of China, under Contract No. NSC 89-2212-E-009-018.
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