Control of a Non-Orthogonal
Reconfigurable Machine Tool

Computerized control systems for machine tools must generate coordinated movements of
the separately driven axes of motion in order to trace accurately a predetermined path of
the cutting tool relative to the workpiece. However, since the dynamic properties of the
individual machine axes are not exactly equal, undesired contour errors are generated.
The contour error is defined as the distance between the predetermined and actual path of
the cutting tool. The cross-coupling controller (CCC) strategy was introduced to effec-

Reuven Katz tively decrease the contour errors in conventional, orthogonal machine tools. This paper,
however, deals with a new class of machines that have non-orthogonal axes of motion and
John Yook called reconfigurable machine tools (RMTs). These machines may be included in large-
scale reconfigurable machining systems (RMSs). When the axes of the machine are non-
Yoram Koren orthogonal, the movement between the axes is tightly coupled and the importance of

coordinated movement among the axes becomes even greater. In the case of a non-
orthogonal RMT, in addition to the contour error, another machining error called in-
depth error is also generated due to the non-orthogonal nature of the machine. The focus
of this study is on the conceptual design of a new type of cross-coupling controller for a
non-orthogonal machine tool that decreases both the contour and the in-depth machining
errors. Various types of cross-coupling controllers, symmetric and non-symmetric, with
and without feedforward, are suggested and studied. The stability of the control system is
investigated, and simulation is used to compare the different types of controllers. We show
that by using cross-coupling controllers the reduction of machining errors are signifi-
cantly reduced in comparison with the conventional de-coupled controller. Furthermore, it
is shown that the non-symmetric cross-coupling feedforward (NS-CC-FF) controller dem-
onstrates the best results and is the leading concept for non-orthogonal machine
tools. [DOI: 10.1115/1.1771692

1 Introduction cutting tool relative to the workpied®]. To reduce the contouring
aerror, which is defined as the distance between the predetermined

for producina medium and hiah volume machined parts: dedicatg d the actual path, there have been two main control strategies.
P 9 9 parts. e first approach is to use feedforward control in order to reduce

machining systemsDMSg and flexible manufacturing SYSteMS, ia tracking errorg6,7] however, they are limited when non-

(FMSs that include CNC machines. The DMS is an ideal solut|0|’i1near cuts are requirefB]. The other approach is to use cross-

when the part design is fixed and mass production is reqUiredct8upling control[8—11] in which axial-feedback information is

reducde cost.t_t_On the othter hﬁf‘dﬁ th% FMS is 'ds.‘}l wthen t_heth \ared between the moving axes. The cross-coupling controller is
qm:ed quanti |e? are no lso Igt a?t Tr?ny rtno ||cta lons InK Uf$ed in addition to the conventional axial servo controller. At each
part design are foreseen. In contrast 1o these two extremes, KoLgiy,,jing time, the cross-coupling controller calculates the current
.[1'2] describes an innovative approach_of customized rT1anUfa(:t%'ntour error and generates a command that moves the tool to-
ing called reconfigurable manufacturing systefRMS). The \ar4 the closest point on the desired tool path. This control strat-
main advantage of this new approach is the customized flexibilifgy, of the cross-coupling controlléECC) effectively decreases
in the system to produce a “part family” with lower investmenty o -ontour error
cost than FMS. A typical RMS includes both conventional CNC ' agyanced control methods have been applied to further im-
machines and a new type of machine called the ReconfiguraBl, e the control properties of the original cross-coupling control-
Machine Tool[3]. The Engineering Research Cent&RC) for o (cCC). An optimal CCC is suggested [11], to improve the
Reconfigurable Machining SystentBMS) at the University of congroller performance when high contouring speeds were re-
Michigan with its industrial partners has designed an experimeniglired. Another method to overcome the same problem for higher
Reconfigurable Machine TodRMT) [4]. This machine allows coniour feedrates is addressed 12], which uses adaptive feed-
ERC researchers to validate many of the new concepts and Mgte control strategy to improve the controller performance. The
chine tool design methodologies that have been already developggst trend of cross-coupling controller improvement is the appli-
in the center. There are many types of RMTs. This paper descrikggion of fuzzy logic as ifi13,14. All these methods, however, do
an arch-type non-orthogonal multi-axis RMT machine as showjy; \ork for machines with non-orthogonal axes.
in Figure 1, and Figure 2. The economic justification of RMTs is gyface cut(e.g., a circular cut in th&-Y plane on a 3-axis
given in section 2 of this paper. , orthogonal milling machine requires a motion of two ates.,X
A contouring motion requires that the cutting tool moves alongnq v). However, surface cuts in the non-orthogonal RN&Be
a desired trajectory. Typically, computerized control systems f@fgre 3 require simultaneous motion of all three axes. Therefore,
machine tools generate coordinated movements of the separajglyqgition to the contour error, this motion creates another error,
driven axes of motion in order to trace a predetermined path of tigieq the in-depth error, which is in tt& direction. This error
affects the surface finish quality of the workpiece. While contour-
Contributed by the Dynamic Systems, Measurement, and Control DivisioA®f T ing, the tool tip of the RMT has not only to follow the predeter-
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Currently manufacturing industries have two primary metho
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standard CCC algorithms cannot be directly applied. In oth
words, the RMT control design problem requires a new contr
approach that is able to correct simultaneously two types of ct
ting errors. This problem has not been addressed in the literatL

In this paper, we describe three types of controllers aimed
reducing the contour and in-depth error simultaneously. First v
investigate a symmetrical cross-couplit®CQ controller, which
unfortunately does not show good performance in reducing bc
errors. The poor performance is due to the conflicting demands
reducing the two errors and the lack of information sharing b
tween the two pairs of axdX-Y andY-2), which are responsible
for error compensation. To overcome this problem, the requir
motion information of one pair of axes is fed forward to the othe
This idea results in two new controller types, symmetrical cros
coupling feedforwardS-CC-FB controller and non-symmetrical
cross-coupling feedforwardNS-CC-FF controller. Finally, the
influence of the reconfigurable angular position of the cutting to:
on system stability is investigated.

2 Machine Characteristics and the Control Problem

In this section we explain the economic advantage of the RM
and develop the mathematical representation of the contour er
and the in-depth error.

a Machine Characteristics. Typical CNC machine tools
are built as general-purpose machines. The part to be machit
has to be adapted to a given machine by utilizing process planni
methodologies. This design process may create a capital wa:
Since the CNC machine is designed at the outset to machine ¢
part (within a given envelope it must be built with general flex-
ibility, but not all this flexibility is utilized for machining a spe-
cific part. The concept of RMTs reverses this design order: The
machine is designed around a known part family. This design
process creates a less complex, although less flexible machine, but ) - o
a machine that contains all the functionality and flexibility needegrection (upward and in the positiveZ direction (downward.

to produce a certain part family. The RMT may contain, for exfVhen milling a nonlinear contou.g., a circle on the inclined
b P y Y t1P|_rface of the RMT, we may expect to get the traditional contour

ample, a smaller .numbe.r (.)f. axes, which r.educ.es.cost and % ror. This error is measured on the workpiece surf&c8plan

hances the machine reliability. Therefore, in principle, a RM[g|ative to the predetermined required pzfth of thettool.pHovevever,
with customized flexibility would be less expensive than a comp our machine, we get additional cutting error at the same time.
parable CNC that has general flexibility. This error is created due to the fluctuations in the depth of cut as

A conceptual example of a RMT designed to machine a pa#ésult of the combined motion in thé and Z-axis and therefore
with inclined surfaces of 45 deg is shown in Fig. 1. If a converwe call it “in-depth error.” This combined motion is required in
tional CNC is used to machine this inclined surface, a 4- or 5-axsder to move the tool up and down along the inclined surface.
machine is needed. In this example, however, only three axes Efgure 4 describes three systems of coordinate&Zis the ma-
needed on a new type of 3-axis non-orthogonal machine to§ine tool non-orthogonal system of coordinates where the table
Nevertheless, one may argue that it's not economical to build as
product non-orthogonal machine tools for 45 deg. Therefore, we
developed a 3-axis non-orthogonal machine in which the angle *
the Z-axis is adjustable during reconfiguration periods, as shov __
in Fig. 2. The simple adjusting mechanism is not servo-controlle
and does not have the requirements of a regular moving axis
motion.

The designed RMT may be reconfigured into six angular pos 8
tions of the spindle axis, betweenl5 and 60 deg with steps of 15 | |
deg. The main axes of the machine a@xis (table drive hori- &
zontal motion, Y-axis (column drive vertical motionand Z-axis =%
(spindle drive inclined motionas in Fig. 1. The two extreme
positions of the machine spindle axis15 and 60 degare shown
in Fig. 3. TheXYZmachine axes comprise a non-orthogonal sy:
tem of coordinates, except for the case when the spindle is ir
horizontal position. Two orthogonal auxiliary systems of coordi %
nates are used to describe the machi®&ZandXY Z', whereSis
an axis parallel to the part surface andis an axis perpendicular
to both X and Y-axis.

The machine is designed to drill and mill on an inclined surfac
in such a way that the tool is perpendicular to the surface.
milling at least two axes of motion participate in the cut. Fo
example, the upward motion on the inclined surface inSfaxis
direction requires that the machine drive move in the posive Fig. 2 Arch Type RMT

Fig. 1 Schematic view of a Reconfigurable Machine Tool
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| 7 g =—CEx+Cy-Ey

. Ex
Where, C, =sin(¢)— ?

Ey
cog ¢)— 22
e a— 1)

Since 6 varies between 30° and 105°, the singularity®yj does
not need to be considered.

In-depth Error : The in-depth error is typical to the character-
istics of our non-orthogonal machine. In order to cut the work-
piece at a predetermined depth, the combined motion of loth
andZ-axis must be controlled. As a result of the position errors of
the servomotor drives due to the external disturbances on each
axis the in-depth error is generated. This error may affect signifi-
cantly the quality of the surface finish. The in-depth error is de-
scribed in Figure & Equation(2) describes the linear relation
between the error components in theand Z directions. It is
important to understand that this error is not only time dependent
but also depends on the machine reconfiguration angular position.
For each angle of spindle axis positioning, the controller will ap-
ply different value ofC,, in equation(2).

£,=—C,y Ey+Cyr E,

C

~

where
Fig. 3 Reconfigurable position of Z-axis. The inclined angle
can be changed from —15 deg to 60 deg C,y=cog0)

C,~1 v

. . . . . ) It is important to notice that the position error ¥faxis E, ap-
moves inX direction,Y is the motion along the column aZds in pears on both Eqg1) and (2). This implies tight coupling be-

the direction of the spindle and the cutting toBZis an auxil- -t een the contour error and the in-depth error. The RMT control-
iary orthogonal system of coordinates wh&s the direction of !Sr should decrease both errors effectively.

the inclined surface of the workpiece, which is perpendicular
the tool axis.XYZ is another auxiliary orthogonal system of

. , i _
coordinates wher&' is horizontal. 3 Controllers Design

b Contouring and In-Depth Errors. To overcome the | traditional orthogonal CNC machines, the cross-coupling
combined error, we designed a special cross-coupling controllgpntrol strategy effectively reduces the error between the prede-
In the present paper, we would like to explain some aspects of #@mined tool path and the actual tool path. In a two-axis contour-
controller design. This design of a new cross-coupling controllgig system, thex-axis servodrive receives two inputs: one a tra-
for the 3-axes of motion gives insight to the system behavigfitional input from anX-axis servo controller that reducgs (the
under external disturbances. . o axial position error along thX direction and another input from

Contourlng Error : The Contourlng error Is deSCI’Ibe(_i IN Manythe Cross.coup"ng controller to redue%( (the X Component of
paperde.g.,[8—14]]. A general non-linear curve approximated bythe contour errgr Similarly, the Y-axis plant receives two inputs.
an instantaneous circle on which a contour error is defined @fe additional inputs to each axis are used to decrease the contour
given by Lo[15]. Figure %@ shows the contour and the *“in depth” error in the normal direction represented dyin Fig. 5.
errors. Figure Bshoyvs t_he contour error qfapurved contour. The The objective of this paper is to suggest a suitable cross-
contour error equation in the RMT machine is coupling control strategy for both the contour and in-depth errors.

Three controllers are examined: a symmetric cross-coupliig
CO) controller, the symmetric cross-coupling controller with ad-
ditional feedforward (S-CC-FB, and a non-symmetric cross-

sttem of Coordinates coupling controller with feedforwardNS-CC-FB.

a Controllers Structures. The detailed structure of the

" three controllers is illustrated in Fig. 6. The basic structure is to
Y Ll mach;;}gltool 1 have two standard cross-couplif@C) controllers, one for the
S IRPEINERS contour error in theXY-subsystem with a gai@, and the other for
system of coordinates 0 in_depth error in th¥Zsubsystem with a gai6, . Section 4b
XSZ - auxiliary orthogonal includes a discussion on the values@f and G, . The in-depth
coordinates cross-coupling controller has the same basic control structure as
e S 5 X (table, spindle, surface) the contour cross-coupling controller. In addition, a feedforward
’ term may be used to inform thgaxis about the additionad-axis
XYZ'- auxiliary orthogonal input caused by the contour cross-coupling controller. “Knowing”
coordinates this information in advance, thg-axis can compensate for the
movement of theY-axis in order to reduce the in-depth error.
Z The differences among the three proposed controllers(aréhe
presence or absence of a feedforward téimthe S-CC control-
Fig. 4 Systems of coordinates ler, the K;; block does not exigt and (b) a difference in the
Journal of Dynamic Systems, Measurement, and Control JUNE 2004, Vol. 126 / 399
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Er=-Co Ex+ CsEs
Erx Es= Eysin(0)

g, = E,- E,cos(0) z

Fig. 5 Comparison between axial error and tracing error

direction of the controlling errofin the NS-CC-FF controlleC,, depth cross-coupling controller between thfeand Z-axis. The
is zerg. If the feedforward term existd; in Figure 6 can be contour cross-coupling controller decreases the contour error by

expressed as follows coupling theX and Y-axis movements yvhile the in-depth cross-
) coupling controller compensates the in-depth error by coupling
_ DCgainH,) the Y andZ-axis movements. Th¥-axis receives one output from
Kis=cog6): DCgair(H,) () each cross-coupling controlle,, andU,, . As briefly explained

) S ] ) in the previous sectiort),, andU,, may be in conflict with each
The tracing error estimation gaing,,, C,y, C,y, C,;are given other and the resulting control action does not necessarily de-
in Equations(1) and(2). crease both the contour and the in-depth error. This is the main
The symmetric cross-coupling-CQ controller uses the contour drawback of the SCC controller and it will be further investigated
cross-coupling controller between theand Y-axis and the in- in the stability section.
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l a. Characteristic Equations of S-CC, S-CC-FF, and NS-
Px

Xr A Ex Kpx Hx CC-FF Controllers. For the linear systemX=A-X+B-U, Y
=C-X+D-U, the transfer function fromU to Y, which is
- | C(sl-A) "B+ D, should be examined for the stability of the sys-
| Crx contour tem. However, ifC andD are BIBO matrix, thengl-A) !B can
=EL T cross-coupled be used for the stability analysis. Since theandD matrices for
Gr e P
_ | controlfer the contour and in-depth error of the RMT are bounded time vary-
- LCW J ing gain matrices, the stability of each axis can be used for the
O + Y "S— stability analysis of the entire system. For S-CC controller the
"5‘ u [ | positions of each axis are given as follows
O M+ Koy —HE— 2 W Py
R N P:(Crzx'Gr+pr)'HxX_Crx'Cry'Gr~HxE
E | | X X1 r X1 y
L = £z Gz Uz LE‘@ ‘In depth” , ,
| = }— cross-coupled _(Cly -G +Cy- G, Kpy) - Hy Cix-Cry-G,-Hy
L _I controller Py= Y, Yo~ 2 Ex
B C;yC,rG,-Hy £
Zr ¥ Ez Koz + Hz ‘[—P Pz Y, z
2
Fig. 6 The diagram of the Symmetric Cross-Coupled Feed- p _(Cer Gt Kp) sz — CZV'CZZ'GZ'HZE ()
Forward (S-CC-FF) controller. In the S-CC controller, the feed- z Z, ' Z, Y
forward block, K, does not exist. In the Non-Symmetric con-
troller (NS-CC-FF), C,, is zero. where

X1=1+(Ch- G +Kpy) - Hy

The symmetric cross-coupling feedforwa®-CC-FF control-
ler has the same structure as the S-CC controller, but includes an Yl:1+(cr2y' Gr+C§y- G,+Kpy) - Hy
additional feedforward term. This feedforward term gives the
Z-axis information about the movement of theaxis. In other
words, when an output from the contour cross-coupling controller
is applied to ther-axis, this additional input is fed to th&axis in ] o -
order to reduce the in-depth error from that additional input thhe notationsP,, Py, P, indicate the positions of th&; Y,
Y-axis. Even though the S-CC-FF controller improves the perfoé-axis, respectivelyX; , Y., Z, are the reference signals for each
mance of the system by adding a feedforward term, the confl@xis, andE,, E,, E, are the errors E,=X,—P,). For the
between the cross-coupling controllers still exists. Again, th8-CC-FF controller the positions are
characteristic will be discussed in more detail in the stability sec-
tion. This is the motivation for introducing the next controller. (CvaGr+ Kpx) - Hy Cix-Cry- G- Hy

The non-symmetric cross-coupling feedforwaiidS-CC-FB Py= X Xy — X y
controller is suggested in order to remove the coupling between 2 2
the cross-coupling controllers. Even though the in-depth error de-

Z,=1+(C%,;G,+K,,)-H,

pends on the performance of tifendZ-axis, this error is always (Cf- G +CZ-G,+Kpy) - Hy Cix-Cry-Gi-Hy
parallel to theZ-axis movement. Using this characteristic we con- "y~ Y, Yi— Y, x
vert the controller to a mast€Y)-slave(Z) operation in which the

controller moves only th&-axis to decrease the in-depth error. C,y Crrr Gy-Hy

Namely, the coupling between the contour cross-coupling control- N Y, E,

ler and the in-depth cross-coupling controller is removed in the
NS-CC-FF controller. Thereforé&/-axis servo drive receives only 5
one output from the cross-coupling controllers. As will be shown :(CZZ' GZ+KP2)'HZZ _ Crx Cry- G -Kyi-H, E
later this controller has the best performance. Z, ' Zy X

_ (Czy' sz' Gx+ Cr2y Gr' Kff) ‘H;

. : Ey ©)
4 Controllers Stability Analysis Z,
The RMT system has tightly coupled axes and contains time-h
varying sinusoidal parameters. In order to simplify the stabilitV ere
analysis, the following assumption was mad&E<p, wheree,
E, p are contour error, axial error, and radius of curvature, respec- Xp=1+(Ch- G+ Ko - Hy
tively [15]. With this assumption, for the stability analysis, we can
approximate the sinusoidal gains by linear terms. Furthermore, in Y :1+(C2 .G,+C2,.G,+K.)-H
order to eliminate the complexity with time-varying parameters in 2 voTr Ty mE e ey
the stability analysis, we analyze the linearized contouring system )
since the cross-controller gain§,y, C,,, C,, andC,, are con- Z,=1+(C5 G, +Kpy) - H,
stants in this case. The analysis below shows that there are
bounded stability regions, and the controller parameters must lete that in equation§t) and(5), P, contains a term that depends
selected to satisfy certain constraints in order for the system to e E, as a disturbance. For the NS-CC-FF controller the axial
stable. positions are

Journal of Dynamic Systems, Measurement, and Control JUNE 2004, Vol. 126 / 401
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5 (C4-G+ pr)-HXX _ CiCry-Gy-H, c Stable Region

. X3 ' X3 y o X10° With T,= 10 maoc, W, = 10, 6= 60 cogree
:(CVZV'GF+KPY)'HYY _Crx'cry'Gr'Hy
y Y3 r Y3 X

=] :(C§Z.GZ+KPZ)‘HZZ _ Cr><'cry'Gr'Kff'HzE

z 23 r 23 X
C?%.G,-Ks-H
oy TZS ff zEy (6)
where

X3=1+(C%- G, +Kp,) - Hy
Y3=1+(C5 G, +Kpy) - H,

Z3=1+(CZ,;G,+K,,)-H,

The following is a summary of observations related to the char
acteristic equations of the three proposed controllers.

X1=Xo=Xs a. Ts=10 msec

Y=Y, Stable Region
with Ty =1 msec, W= 10, 6 = 60 degres

i
21222223 e_X 10

Namely, the characteristic equation of #exis, is the same in all
three controllers. However, the characteristic equations ofYthe 5t
and Z-axis depend on the type of controller used. In order tc
simplify the analysis the stability analysis is done for a given
stable servo controllers for each axis and we investigate the st
bility of the system due to the cross-coupling controlléss,and ;“
G,, only. 3

b Stable Region of the Cross-Coupling Controllers. The
characteristic equations obtained in the previous section depel
not only on the variable gairC’s, but also on the RMT configu-

ration angleg. Furthermore, the characteristic equation Yoxith T
the S-CC and S-CC-FF controllers exhibit coupling between th \
contour and in-depth cross-coupling controllers. In order to sim o} ¢ %
plify the analysisPI controller forG, andP controller forG, are . . . . . . . . .
used o 40 80 120 160
Wp
G, =Wp+ Wi Ts
P z-1 b. T,=1 msec
G,=W, where Wp, W, and W, are gains (7) Fig. 7 Stable region for the parameters of the cross-coupled

Numeric values of the parameters used in this study to descrff)oemro"ers

the servo controllers and the plants are presented in appendix A.
Utilizing these values, the characteristic equation can be ex-
pressed in terms oNVp, W,, W5, C's, and 6. First, the configu- 3. For higherd values, Line 2 moves to the right while Line 1

ration of the RMT system is fixed #&=60°, and the characteris- and Line 3 are not affected. However, Line 2 can never cross
tic equation is calculated as function W, W,, W, andC'’s. Line 3 by only varyingé. The meaning of this observation is
Using the Routh-Jury criteria, the stable regiond\gf, W, , and that horizontal spindle position represents better stability of
W, are obtained as a function @fs, and the smallest intersection the system.

of the stable regions with respect @s values was obtained. In 4. The stability region becomes smaller with increasing sam-
addition, two sampling periods were consideregs 10 msec and pling period.

Ts=1 msec. One typical stability plot faV,=10 and6=60°, is
shown in Fig. 7. The stability analysis results may be summariz
as follows:

edThe system with the NS-CC-FF controller has the largest stable

region forWp, W,, and W;. This is due to the fact that the

conflict between the cross-coupling controllers has been removed

1. The stable region for S-CC and S-CC-FF controllers is &y decreasing the in-depth error Eyaxis movement only. The
area bounded by three lindas shown in Fig. ¥ Line 1, conflict between the cross-coupling controller in S-CC and
Line 2, and Line 3 while the stable region for NS-CC-FFS-CC-FF controller can be seen in the transfer function shown in
controller is the area bounded by Line 1 and Line 3. Egs.(4) and(5). The subsystem for the contour error, which con-

2. For higher values of the gaW,, Line 2 moved to the left sists ofX andY-axis only, should contain only variables related to
while Line 1 and Line 3 were not affected by varyig,. It the X and Y-axis such as,, Ey, X,, andY,. However, this
means that a higher value of the proportional controller gasubsystem contains also &) term. ThisE, term will act as a
W, , will reduce the stability region. disturbance to the contour subsystem.
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Fig. 8 The simplified RMT axial model

Similarly, the subsystem for the in-depth error, which consist$S-CC-FF controller is not affected by the disturbancé&iaxis,
of Y andZ-axis only, should be composed of terms related to thehile the contour error plot of S-CC-FF has an abrupt jump. Simi-
Y and Z-axis. Again, the in-depth subsystem containsEgrterm larly, for the in-depth error, the NS-CC-FF controller shows better
which will act as a disturbance to this subsystem. Unlike the trangerformance than the S-CC controller as may be seen in Fig. 11-
fer function of theZ-axis in Eq.(4), the one in Eq(5) contains a To summarize the results, we may conclude that all simulation
feedforward termK;;. This K¢; reduces the disturbance to theresults shows that the performance of the NS-CC-FF controller is
system resulting in a better performance for the S-CC-FF than theperior in all circumstances, as was expected at the design stage.
S-CC controller. Considering the transfer functions for the NS- .
CC-FF controller shown in Eg6), the subsystem for the contour6 ~Conclusions
error contains only terms related to theand Y-axis and the  The conceptual design process of crossed-coupling controllers
subsystem for the in-depth error contains a feedforward #ym that was described in the paper allows insight and better under-
that compensates the disturbance term. In other words, the distanding of the RMT controller problem. Some machining pro-
bance term from the contour cross-coupling controller to the igesses that traditionally require four or 5 degrees-of-freedom us-
depth cross-coupling controller was removed using the feedfor-
ward term. Also the disturbance term from the in-depth cross-

coupling controller to the contour cross-coupling controller wa 0.045
removed by correcting the in-depth error by only moving the oodo} /7
Z-axis. Overall, the performance of the system using NS-CC-F 0.035+ / Decoupled
controller is expected to be the best among the proposed contr ) H
lers, and the simulation results support this analysis. oosof [
Contour Emor g gos|- |

5 Simulation Results foml o oook i

. i . . . : H All Three Proposed:

The simplified RMT axial model that was used in the simula 0.015H! *S-CC
tion is shown in Fig. §the parameters for each axis can be fount 0010_,’ / :ﬁggg'le:
in appendix A. The cross-coupling controller parameters wer¢ B H
chosen such that the system will operate within the stable regi 0.005
defined in the previous section. These parameters are not the 0
timal since optimization of the controller, was not a goal of this -0.005 L L L L L L
paper. For comparison purposes, all cross-coupling controller p 0 1 2 3 4 5 6 7
rameters are kept the same throughout the simulation. The desi Time, sec.
tool path is a circular motion on the inclinettS plane, and the @
response of each controller to a disturbance is compared. 0.015
Figures 9, 10 and 11 describe simulation results. Figuee 9-

shows results of a contour error in a circular cut on $yglane. 0.010F Decoupled and:
Without disturbances all three proposed CC control(drat con- 0.005} *NS-CC-FF
verge into one line on the figurgive better results than the de- 0
coupled control. Figure 8 shows the results of in-depth error jn-pepth Error
control without disturbances. In this case it is clear that the syn [mwm]  -0.005f
metrical CC controllefS-CQ has poor performance. Figure &0- 0010}
and 10b show simulation results with a step disturbance in thi
Y-axis direction(along the column of the machinérhe trends of 0.0151 .
the results are similar to those of Fig. 9. In the presence of distL -0.020F ":,S'CC
bance acting on th&-axis, the performance difference betweer 0025k
S-CC-FF and NS-CC-FF controllers is insignificant as shown i ’ -
Fig. 10. Figure 11a and 11b show simulation results due to a -0.030 1 2 é "1 5 '6 7
step disturbance in th&-axis direction(along the spindle axis Time, sec.
Figure 11a shows that for a contour error all three CC controllers ®

operate better than the decoupled control, but the NS-CC-FF con-
troller presents the best performance. The contour error of the Fig. 9 Simulation results without any disturbance
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Fig. 11 Simulation results with a step disturbance in the

Fig. 10 Simulation results with a step disturbance in the Z-axis

Y-axis

three CC controllers. The symmetric cross-coupligCO con-

ing an orthogonal CNC machine, may be performed by a nel?
machine-type—the reconfigurable machine t@®MT) that has
just three-degrees of freedom. The disadvantage of the RMT C(g?? . . . !
figuration is that when contour cuts are needed in¢tk@plane, a Pance(such as a cutting for¢ds applied to theZ-axis. Only the
new type of error—the in-depth error—may occur. This error, i
not controlled properly, may severely affect the surface finish
the machined surfaces. To reduce the effect of the in-depth er
we introduced three types of cross-coupling controllers and fou
that all three are stable for a reasonable range of parameters.
increase of the reconfiguration andler tool-positioning angle
increases the contour and in-depth errors and decreases the reafd:r)ﬁMTs'
of stability.

Furthermore, we also found that all three types of Crosécknowledgment

roller does not adequately solve the in-depth error problem-an
error that is typical to non-orthogonal RMTs. The S-CC-FF con-
ller is marginally acceptable, but has problems when a distur-

NS-CC-FF controller reduces significantly both the contour and
e in-depth errors. Furthermore, the stability analysis shows that
NS-CC-FF controller is stable for a wider range of parameters

n the other controllers are. Our main conclusion is, therefore,

tRat the NS-CC-FF controller best fits the arch-type RMT. Never-
theless, we cannot state that it is a general conclusion for all types

coupling(CC) controllers reduce significantly the contour and in- The authors gratefully acknowledge the financial support of the
depth errors. It was shown that for the control of the nonorthogbSF Engineering Research Center for Reconfigurable Machining

nal arch-type RMT, the nonsymmetric cross-coupling feedystemgNSF grant EEC95-9212%t the University of Michigan
forward (NS-CC-FF controller has the best performance of thend the valuable input from the Center’s industrial partners.

Appendix—Simulation Parameters

X-axis data
NX=1/10; gear box ratio
MX =1000; mass of tablgKg]
LX=10; lead of the screwmm/reV|
JIX=0.0008; lead screw inertigKg-m?]
K_ampX=20; amplifier gain
Amp_maxX=200; amplifier maximum voltage
Amp_min X= —200; amplifier minimum voltage
K_tachX=0.001; tachometer gaifvolts/rad/seg]
K _encoderX= 1000; encoder gaifpulses/rey
K_pulse2mmX= LX/K _encoderX; encoder pulses to position conversion
DAC_maxXx=10; DAC maximum voltage
DAC_minX=—10; DAC minimum voltage
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DAC_bhitX=16; number of bits used to convert digital signal to analog voltage

KitX=0.1; motor torque constafiN-m/A]

KvX=0.1; voltage constar(t=back-emf constan{ V/(rad/seg|
JmX=0.0004; motor rotor inertifKg-m?]

LaX=0; armature inductandgenry| negligible;

RaX=0.5; armature resistan¢®hm]|

BmX=0; viscous-friction coefficienfN-m/(rad/se¢] negligible;
PGainX=4.2; servo controller P gain

|GainX=21; servo controller | gain

DGainX=0; servo controller D gain

Y-axis data X-axis data
Z-axis datas X-axis data
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