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Model Predictive Approach to Precision Contouring Control for Feed Drive Systems
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Abstract: Problem statement: High precision machining requires high capabibfymulti-axis feed
drive systems to follow specified contour accuratéithough each feed drive axis is controlled
independently in many industrial applications sashX-Y tables and Computer Numerical Control
(CNC) machines, machining precision is evaluate@togr components orthogonal to desired contour
curve. Contouring controller design is required fmecision machining, which should consider
disturbance and dynamics variation such as frictiomting force and workpiece mass change.
Approach: This study applied model predictive design to oanhg control systems. Model
predictive control utilized an explicit process mbdnd tracking error dynamics to predict the fatur
behavior of a plant and hence it is effective foegision machining in machine tool feed drives. To
improve the contouring performance, a new perfoigeaindex was proposed in which error
components orthogonal to the desired contour caree more important than tracking errors with
respect to each feed drive axis. Controller pararsetvere calculated in real time by solving an
optimization problemResults: The proposed controller was evaluated by compsiteulation for
circular and non-circular trajectories. Weightiractbrs of performance index terms were used as
tuning factors of the proposed controller. Simwalatiresults showed that a better contouring
performance can be obtained by choosing of the htigig factors in performance index items
appropriately.Conclusion/Recommendations. A model predictive contouring controller for biaki
feed drive systems was presented. Simulation sesldonstrated that the proposed approach can
significantly improve the contouring accuracy.
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INTRODUCTION each individual axis, by elimination of the senay|
phenomenon Masory (1986) proposed the feed forward
The ultimate goal in many industrial applications controller and Tomizuka (1987) proposed the zero
such as X-Y tables, Computer Numerical Controlphase error tracking control. The above approachges
(CNC) machines and industrial manipulators is tobe applied to reduce tracking errors for singles axi
reduce the contouring error as much as possittedp  decoupled motion applications effectively, however
high precision motion. Two main control approachesundesirable contour error appears when applied to
are used to improve the contouring performancemulti-axis contour-following tasks. In contour-
tracking control approach and contouring controlfollowing tasks, reduction of contour error is aaue of
approach. In tracking control approach, the dedi@tat much concern. To reduce contour error, researchers
control law of each drive control loop tries to imiize  have developed a variety of alternative control
the tracking error independent of other contropldn  approaches. By calculation of the contouring efirom
addition, any disturbance in one control loop isthe tracking error in biaxial contour-following fas
corrected only by this loop. The other control Isaxill Koren (1980) proposed the Cross Coupled Controller
not receive any information about that disturbaand (CCC). Hoet al (1999) decomposes the contouring
it will run as if the disturbed control loop is fttioning  error into the normal tracking error and the adimonc
normally. On the other hand, the contour error¢htd  tangential error, a dynamic decoupling procedure is
desired path are evaluated in real time and thesese then applied to the system dynamics. By transfaomat
are eliminated via feedback control in contouringof machine tool feed drive dynamics into a moviagkt
control systems. To improve the tracking accuraty i coordinate frame attached to the desired contohiy C
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and Tomizuka (2001) proposed the Task Coordinate MATERIALSAND METHODS
Frame (TCF) and Lo and Chung (1999) proposed the , L ) )
Tangential Contouring Controller (TCC) for biaxial Contouring error definition: Contouring error is
motion, The proposed controller is based on fefined as the sho_rtest distance betv_veen the actual
coordinate transformation between the X-Y frame and contour and the desired one. The relation betwhen t
Tangential-Contouring (T-C) frame defined along the€ontouring error and the tracking error in eachdfee
contour. Cheng and Lee (2005) proposed a real-tim@rive axis is shown in Fig. 1. Two coordinate frame
contour error estimation algorithm. Yet al (2002) are usedy,, whose axes X and correspond to feed-
proposed a new Cross-Coupled Path Precompensatiéi¢rive axes and it is fixed frame. The cuwaes the
(CCPP) algorithm for a Rapid Prototyping and de_swed contour curve of the point of a _machlne_q pa
Manufacturing (RPM) systems. To reduce the contouflriven by the feed drive system. The desired parsiof
error by optimization of controller parameters gsi the point of the machined part at time t and defiire
genetic algorithm, Tarngt al (1999) presented a cross- 2w iS I = [1, r2]". The actual position of the feed drive
coupled fuzzy federate control scheme. system is represented by x =,[x]" which also is
Predictive control refers to a class of model Hase defined in the fixed frame. The second coordinate
controllers that utilizes an explicit process model frameZz, is attached at r and its axes aremd b. The
predict the future response of a plant. Bouctieal axis k is in the tangential direction of ¢ at r and the
(1990) proposed using Generalized Predictive Controdirection of } is perpendicular to,| The tracking error
(GPC), which incorporates both reference previewin each feed drive axis is defined as follows:
action, as well as disturbance rejection into tames
control scheme. This formulation is also extendable & =[& §1=r-x 1)
include control law and tracking error constrairtbe ) .
and Chen (2001) proposed a cross-coupled genetalize  This error can be expressed with respeck tas
predictive control algorithm. This provides a condd  follows:
feedback-feed forward controller resulting in zeale -
cancelation of poles that do not correspond to the® = [& el=Rg.
reference models. They presented a new cost functioy, _| €08 - sirB )
in which synchronization errors are embedded. Susan sin@ cod
and Dumur (2005) proposed a hierarchical predictive
control architecture dedicated to axis feed drieés where,0 is the inclination o&,-%,,. Since it is difficult
machining centers. The considered performance indeto calculate the actual contouring error in readetifor
is a weighted sum of predicted tracking errors fram complex contour, the error componentigs only an
minimum prediction horizonN; to a maximum approximate value of the contouring errgy which is
horizon N, and future control signal increments overthe distance between the actual position x and the
the control horizon, nevertheless motion contraddzh  nearest point on the desired curve c.
only on the tracking ability of each axis in mukied
drive system does not always guarantee high pmtisi Yz
machining. N Reference
To improve the contouring performance in position
machine tool feed drive systems, this study presant
model predictive contouring controller design based Reference
coordinate transformation approach. The main trajectory
advantage of the proposed approach is to providg ea
adjustment of controller parameters by including
transformed error and input signals in the perforoea
index of model predictive control. The control ldas
been analytically derived by real time optimizatioh
the performance index so that the resulting control

system provides improved performance in terms of Actual Adtgal

tracking and contouring errors. In addition, the trajectory p'ozi?iin

proposed approach takes into account the dynamics o .
modeling errors, cutting forces and disturbance$ sis

friction. Fig. 1: Definitions of tracking and contouring es0

845



J. Computer Sci., 6 (8): 844-851, 2010

voltage to the motor of thd"idrive axis respectively.
DG-servo Relations among force torquer;, position x and angle

IR80FS B are represented as follows:
Ball
| screws fo2m POy 5)
I pi ’ I 2_‘_[
e
Y, SRNNN where, pis the pitch of the ball screw.
i .
| Model predictive control: A discrete time model
Linear describes the plant dynamics has been used toatstim
scales the output of the plant. The following transfer ¢tion
X 0 model is used to describe the biaxial feed drivstesy:
-d -1
Fig. 2: Typical biaxial feed drive system y, (K k=4 =249 B@)), u (k—-1)+ G )g( k),

A@™)

Modeling of biaxial feed drive system: A typical e (k)=Ag (k), A=1-d"
biaxial feed drive system as shown in Fig. 2 isdutse

demonstrate the improvement in the contour accuracyhere the index i (i = x, y) denotes the corresgd
by the proposed control system. Two DC servo motorsnotion axis of the biaxial feed drive systemjskthe
are used to drive the feed drive system, which ar@ormalized discrete time,(l) and wk) are the output
commonly used in industrial applications. Feed @riv and the control input of each feed drive axis
system is generally represented by the followingrespectively, d is the time delay in the processpas,

T(a™ (6)

decoupled second-order system: G(k) represents a random disturbance andgA,
Bi(g™), G(gY and T(g™) are polynomials for the"
MX +Cx =T, i i 0 i
_ feed drive axes in the delay operatpf. The predicted
M =diag{m}, 3 output of the plant is as follows:
C=diag{c}.i=x,y, ®)
f=[f,f]° B(a™") F
Yi(k+1) ==——"—u;(k +i =1)+ =-[y; (k) =¥, (K)] (7)
Ai(q ) C|

where, n(>0), g(>0) and fare the table mass, viscous
friction coefficient and driving force on the drieais i,
respectively. The symbol diagfadenotes a diagonal
matrix with the elements at the ' diagonal positions.
Two ball screws are used to convert angular maodion
the motors to linear motions of the table. The moto & =E +q B (8)
dynamics for driving the feed drive system are T T

described as follows:

The symbol * denotes estimatesisFa polynomial
that satisfies the following Diophantine equation:

The purpose of this controller is for the feedvdri

N6, +Z8,, + T=Kv, to follow the reference trajectory as closely assiue
0,=[60,,6,," and the following performance index has been
N:diag{ n} . 2= diag Z} , @) presented (Soeterboek, 1992):
K=diag{k},i=x.y 3= -w T G W) Ry Ty

=l L) VAV, 9= [R% (k+ Hy) e PY (ke BT

here, 6.0 nG0). 260, KGO) . ) W= [R(Dw (k+H, ). P} w (e B 9
Werev mis n> 1 Zz ) (> y T an Vi are te 0— n] u} _A_

rotational angle of the motor, motor inertia, visso U= U7,y e H == )

friction coefficient, torque-voltage conversion ioat u (k)= Qu u (k).

torque for driving the feed drive system and theuin Qui
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Where:

P, = A polynomial used to tune the servo
behavior of the control system

HmandH, = The minimum cost horizon and
prediction horizon respectively

Wi = The reference signal

Pi = A non-negative weighting factor to
adjust the control input

Qniand @; = Monic polynomials with no common

factors and can be used to obtain the

weighting factor for |{k)

Model predictive contouring controller: In the
previous performance index (9) as well as (Susantu a
Dumur, 2005), only the tracking errors with respiect
each feed drive axis are included. The error coraptn

orthogonal to the desired contour curves are more

important than tracking errors and hence the odhat
error component is included in

and tangential directions as follows:

H, Hp Hp Hp
J=pg, > € +p D, €+p, >, & +p. > ¢
i=Hm i=Hn iHn iH

[utj unJ ]T = RT [uxl uyl ]T

(10)

Where:
Pen aNdpg Weighting factors to adjust the
importance  of the  error
component in the orthogonal and
tangential directions, respectively
Weighting factors used to adjust
the control inputs in the normal
and tangential directions,
respectively

The ["control inputs in X, Y, N
and T directions, respectively

Pn andpy

Ugs Wi, Uy and

Minimization of the performance index (10) gives:

J [, 7T
|:ij:|:|: XX xy:| |: xxi| (11)
ij ny HW FW
1L, =MT[(p,S* +pC)G;G, + @,S +p,C I '0JM
I, =M'SC[(p, - P, )G.G,+ @,—p, )0 @M
y [Pt =Pen) GG, + 0, —p, )0 @] (12)

ny = MTSC[(pcl - pcn)G-I)—/Gx + (01 - pn)DT(D]M
1, =MT"[(p,C*+pS°)G;G,+ @,C +p,S P DM

847

the proposed
performance index with control inputs in the normalH,

r,=-MTo"((p,S +p,C)Qi, + ONU,)
+SC, —p, )0, +dNu, )
+G, ((PeS +PC)H U+ FE G+, +G,NU, — X))
+SCE, —Pen )(H, T,
+Fc +(, +G,NU, - y))]
r,=-MTo™((p,C*+p,S)Q0, + ONT, )
+SCp, —p, )Q0, + ONT,))
+G, ((p,C* +pS)(HU,+ EG+(,+G Nu - y)
+SCE, — P, )(HU,
+F.C +¢, +G,NT, — X ))]

(13)

Where:
xandy
M and N

Refer to the corresponding feed drive axi
Matrices that consist of plant parameters

with  dimensions H,-d,xH_ and
Ho—d, xn, +n, - H. respectively
= The control horizon:
" .
0 _ -
0 0
M= 0 , N = 0 0 (14)
0 0 1 Mo Mo,
0 - 0 g, %o : :
N ,hjxo hj'”H
70 0 gj,nG gj,07

where, j = HP—HC—a. G, H, and F are matrices as
follows:

r g 0 0 Hi(a+1)
i0 .
O Yo :

G = : ol H = Hij '

_gi(Hp—a—l) 9o Hi.HP

_ (15)

Fi(&+1)
R=| R

Fu,

which consist of the elements of the polynomialg, G
Him and F, respectively satisfying the following
Diophantine equations:
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Table 1: Biaxial feed drive system parameters

5o, +qm e mefr 10 (16)  pup.  0.005(m) B 0.05 (kgnf)
A A my 8.0 (kg) 3,2 0.31 (Nms rad)
m, 2.5 (kg) K.ke 1.4(NmV?Y)
1 N Ci, & 0.0 (NS rﬁl)
N AR S CLE LS (17)
e NITONVA
0] = A lower triangular matrix of dimension / N\ / '
(Hp—d))x(Hp—d)) % /
o) = A matrix of dimensionH,-d,) X ng, with > / \\
No = max (ng ,ng, ) N // / \ /
®andQ = Consist of the elements of the s 5 _5\ 5
polynomials® andQ respectively which % (mm)
satisfy the following Diophantine (@) (b)
equation: Fig. 3: Reference trajectories. (a) Circular angnon-
Q 0 circular
= +qt (18)
Qq Qi This model is obtained from continuous-time
model by using zero-order hold and sampliget
x andy are as follows: T =0.005 sec.
Two reference trajectories are used to simulate th
X" =[P (Y x(k+H,), . B( ) x(k H ), 19) proposed controller as follows:
y =R, (Y yk+ Ho)oo B vk H ) «  Circular reference trajectory
where, x and y are the reference trajectories iani x = Bsin (L 1) (mm)
Y directions respectively and,u,tuand c are given (10 (22)
by: T ,
=5 t
y cos% ) (mm)
G:[u(k_l) u(k_rb)]T . .
Q, T qQ ' « Non-circular reference trajectory
u=[uk-2),.,uk+r H-n-n ), Tt
‘ X = 5sin(—1t) (mm)
o2 U (20) e 3
A A X = 53in(gt) (mm)
¢ =[c(k),ctk=1)..] ,c(k)= 2K =¥ ()
T Circular and non-circular reference trajectories a
shown in Fig. 3a and b respectively.
RESULTS For the circular reference trajectory the actual

contouring error can be easily calculated by the

To verify the effectiveness of the proposedfollowing equation, although this equation is uded
controller, computer simulation has been condutted Verification only and not used to calculate thetoalter
circular and non-circular reference trajectoriehieT parameters:
parameters of the feed drive system are shown in
Table 1. The biaxial feed drive system is represeim e.=5-X+Vy

discrete time by the following polynomials:
Weighting  factors pc, P Pn and p; are

important tuning parameters for the proposed
contouring controllers and allow the designer to
adjust the importance of the performance indemser

848
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Fig. 4: Simulation results (circular trajectory). @)= 1; @ (b)
(b) pen=10 . . . . .
Fig. 6: Simulation results (circular trajectpry(a)
02 0.2

1 F— ] pe= pn () pi=10°p,

o (mim)

02 02
~ 05 j_ To verify the effectiveness of the proposed
g A A controller to follow non-circular trajectories eftevely,
5 s 05 the non-circular trajectory is used. For the nadar

0.4 04 trajectory, a minimization problem is solved ofiio

@ (mm)

calculate the magnitude of the actual contourimgreat

—~ N ~ ~ .
AYAAVEY BN AVAYEVEAY time % as follows:

- 50 20
E! T - . 2 2
5 50 20 \ec(th=n}ln\/{>g(tk)—li(t)} +Hx (t)-r ()} mm (25)
= 40 20
= . : Note that this error magnitude is used only for
ERN YW RN S e e ; .
o S0 — verification purpose. The Simulation results foe th
Tin(le )ts»ec:1 ) non-circular trajectory, where the weighting facfor
a

error components orthogonal to the desired contour

Fig. 5: Simulation results (non-circular trajectprya) curve is set to values same as those used in Faye4
=1; (b)pen= 10 shown in Fig. 5a and b.

Pon™ % TP ™ Figure 6a shows the simulation results for cincula

Simulation results for circular reference trajegtor reference trajectory, where equaled weighting acto
where the weighting factor for error components®'€ USed to adjust the control inputs in the ortinag
orthogonal to the desired contour cupgis set to one, 2d tangential directions. The improved results for
are shown in Fig. 4a. Since the error component§ontouring error are obtained in Fig. 6b by adpgsthe
orthogonal to the desired contour curves are mor&ONtol input weighting factor in the orthogonal
important than tracking errors with respect to efech d|rect|on to be_thousand times less than that m th
drive axis, a better contouring performance is ioeth ~ tangential direction. .

by increasing the weighting factor for error comgois Simulation results for non-circular reference
orthogonal to the desired contour curve. Figure 4Brajectory are shown in Fig. 7a and b, where therod
shows the simulation results for circular trajegtoase  input weighting factors are set to values samenaset
with pe, = 10. used in Fig. 6.
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Fig. 7: Simulation results (non-circular trajectory). (a)
Pt= P (b) pi= 107 py

DISCUSSION

The error components orthogonal to the desired

contour curves are more important than trackingrerr

(8): 844-851, 2010
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