Dynamic Analysis and Control
of a Roll Bending Process
Michael Halq and David E. Hardt

ABSTRACT: Recent rescarch has shown
that it is possible to automate the roll bend-
ing process using closed-loop control, which
continuously calculates the springback of the
metal workpicce. This means that one-pass
forming of arbitrary two-dimensional work-
piece shapes is now possible, subject 1o lim-
itations of the physical apparatus and the
controller. The identification of these limi-
tations is the subject of this paper. Toward
that end. dynamic models are developed tor
the individual components of the roll bend-
ing apparatus and for the process as a whole.
These models include the unigue nonlincar-
itics of the roll bending system and also re-
flect the differences in the bending applica-
tions, such as bending and straightening. The
process models are the basis for control anal-
ysis and design. An experimental roll bend-
ing apparatus is used to evaluate the system
models and to verity the control design. The
experimental results show that very good
system response is possible using a simple
controfler. The results also illustrate the main
limitation imposed on system response,
which is due to vibration of the workpicce.

Introduction

The three-roll pyramid roll bender shown
in Fig. I is a typical configuration for uni-
directional bending, which consists of a pair
of fixed outer rolls and a movable center roll.
Bidirectional bending is possible if the single
rolls are replaced by opposing roll pairs. One
or more of the rolls are driven, and friction
between the rolls and the workpicee pﬁrmils
the material to be rolled through the ma-
chine. As the workpicce moves, the position
of the center roll s adjusted 1o produce a
variable bend atong the lenpth of the work-
picce. This process can be used to form large
flat workpieces. e.g.. metal plates used in
boilers, or long thin workpieces, e.g.. alu-
minum extrusions. In the aluminum indus-
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try. roll bending is used tor straightening and
contour correction of extrusions as well as
fur forming. This operation is normally con-
trolled manually. and the accuracy of the fi-
nal product shape is dependent on the skill
of the operator.

The major obstacle preventing automation
of roll bending has been matenal springback.
In roll bending. the metal workpiece is plas-
tically deformed as the workpiece moves
through the machine. As the workpiece exits
the bending apparatus. the clastic stresses in
the metal are relaxed and the metal “springs
back.™ Thus, the metal does not obtain it
final shape antil the workpicee has exited the
machine. A method of calculating  the
springback while the workpiece is still loaded
was presented by Hardt et al. F1]. Hale and
Hurdt 2] and Lee and Stelson {3] have ex-
tended the approach in |1} to include the roll-
straightening process and have conducted
experiments that show that with a closed-
{oop comtroller, straightening ix nothing more
thun bending to zero curvature. The control
scheme presented in [1] works well in the
static or quasistatic case, but the productivity
gains possible with this closed-loop curva-
ture controller are limited by the assumption
that workpiece feed rate will he very stow.
This assumption was necessary to avoid un-
wanted oscillation and instability. In {1} and
{2). the feed rates are kept below 0.7 in./
sec. In [3}, the workpicce was actually
stepped through the bending device and the
forming was performed while the workpicce
was statiomuy. In order o increase the feed
nte and exploit the inherent speed advan-
tages of the roll bending process. it is nec-
essary to redesign the controller, The system
madels necessary for control system design
arc presented along with an experimental
evaluation of a proposed controller.
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Fig. 1. Pyramid three-roll bender
configuration.
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The closed-loop curvature control scheme
for the roll bending process is based on real-
time calculation of the materia! springhack.
As the wurkpiece is driven through the bend-
ing apparatus, the bending moment applied
to the workpiece increases from zero at the
input roll to a maximum at the center-roll
contact point and then decreases to zero at
the output roll. This loading scquence for a
single point on the workpiece can be traced
on the moment-curvature diagram (Fig. 2)
and on the machine diagram (Fig. 1y, At the
input roll. the workpicee has zeio moment
and, assuming an initially flat workpicee,
zero curvature {(point A). The moment and
curvature increase amd the workpicee de-
forms clastically umil the vield point is
reached (point B). As the moment increases
from point B to a maximum at poiat C. the
workpiece deforms plastically. The moment
and curvature decrease finearly as the work-
picte moves from maxinmum foading (point
C) to the output roll (point D), where the
moment is again zero but the curvature is
not hecause the workpicce has been plas-
tically deformed. The slope of the unloading
Tine in Fig. 2 is the same as the elastic load-
ing line. From Fig. 2. the resulting unloaded
curvature for cach point on the workpiece is
seen 1o be

Ko = K = My JdMAK) (1)

where K, is the unloaded curvature, K, the
loaded curvature, M, the maximum ap-
phied moment, and dAUR the stope of the
chastic loading line. Egquation (1) shows that
it is possible to caleufate the unloaded cur-
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vature of the workpiece while the workpiece
is in the loaded condition if the morent and
curvature at the contact point uader the cen-
ter roll are known together with the elastic
stope. This unloaded curvature mcasurement
is used as feedback in the closed-loop control
scheme for the roll bending system. A gen-
eral block diagram of the control scheme is
presented in Fig. 3. Changes in matcrial
properties, such as yicld point, which can
difler from workpiece to workpicce and even
along the same workpiece, are reflected in
the moment and curvature measurements and
compensated for automatically. This was
demonstrated for the quasistatic case in [1]~
[3] using an integral controller. The integral
controller was chosen to guarantee zero
steady-state error. The feasibility of the
closed-toop shape control scheme shown in
Fig. 3 was demonstrated. but system re-
sponse was very slow and bordered on in-
stability. The models proposed subscquently
provide the basis for 1 more complete con-
troller design.

Although the system dynamics for any
specific roll bending system will depend on
the particular configuration and hardware
under consideration, analysis of the bending
process reveals five system components that
are likely to contribute significantly to the
system dynamnics of any roll bending appa-
ratus. These five components are the work-
piece, the servo system. measurements and
filters, disturbances. and the system control-
ler. A model for each of these companents
is developed subsequentdy and verified with
an experimental apparatus.

The experimental bending apparatus con-
sists of two outer roll pairs and a center roll
pair mounted on a Bridgeport milling ma-
chine. The outer roll pairs are fixed to the
milling bed, which is driven by a servo-con-
trolled DC motor through a ballscrew. The
mavement of the outer rolls with respect to
the center roll provides the fonming action
needed. The center roll is mounted in and
driven by the milling spindle. The workpiece
is clamped between the pair of center rolls,
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and rotation of the spindie causes the work-
piece 10 move through the apparatus. The
loaded curvature is estimated using two lin-
car vanable differential  transformers
(LVDTs) mounted next to the center roll,
The LVDTs measure the displacement of the
workpicee. which can be used o caleulate
curvature. The displacement of the center roll
can also be used to calculate loaded curva-
ture {Eq. (D] and is less noisy but also less
atcurate than the LVDT measurement. The
maximum moment is calculated by multiply-
ing the forces on the outer roll pair by the
appropriate moment arms. The forces are
measured with a strain-gage force trans-
ducer. A complete description of the exper-
imental apparatus and details of the experi-
mental procedure and measurement methods
are given in [4].

Workpiece Model

As shown previously, it is ot necessary
to know anything about the plastic defor-
mation of the workpicee as it is being loaded
to calculate the unloaded curvature. It is nec-
essary only to know the maximum moment
and curvature at cach point along the work-
piece and the slope of the unloading path.
For modeling purposes however, it is nec-
essary to know how the workpiece deforms,
both elastically and plastically, as a function
of the center-roll position. For the woik piece
model, we assume that the workpicee ma-
terial is elastic perfectly plastic. If we turther
assume that the workpicce has a rectangular
cross section that is constant along the Iength,
then the relationship between moment and
curvature for the entire loading path can be
described, as shown in [5]. by

M = K(dM/dK), K < K,
M= 15M[1 - (K/Ky3l. K=K,
()

where M, and K| are the moment and cur-
vature at yield. The assumption of a rect-
angular cross section is made to simplify the
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Fig. 3. Closed-loop control block dingram.

mathematics as well as the experimental ap-
paratus but does not compromise the dy.
namic analysis.

The curvature of the point on the work-
picce at the center-roll contact point can be
cxpressed as a linear function of roll poasition
using the deflection equation of a beam un-
der three-point loading (sce [6]).

K = 3J1° {3y

where ¢ is the center-roll displacement and
L is the distance between the center- and
outer-roll axes. This rclmionshih is based on
linear beam theory but is a very good ap-
proximation well beyond yicld, as scen in
Fig. 4. Equation (3} is not dependent on ma-
terial propertics such as bending stitfness or
yield point and is, therefore. very useful for
a general model.

Substituting Egs. (2) and (3) into Eq. ()
yiclds the following relationship hetween
unioaded curvature and center-rol displace-
ment (assuming an itally Nat workpicee);

K, = 0.0, i<z,
1 &5
Ky=+5- =
Ik

where £, is the center-roll position at the vield
point of the workpiece. Equation (4) is the
desired workpicee model, which relates the
input (center-roll position) to the output (un-
toaded curvature). This equation applies to
the point on the workpiece that is in contact
with the center roll (point C in Fig. 2). This
peint corresponds to the maximum moment
and curvature, which means that the finai
curvature of the workpicce is set at this point.
Applying Eq. ¢4) to cach point on the work-
picce as it is rolled through the apparatus
provides a model of the workpicee curvature
as a function of the distance along the work-
picee.

Figue 4 is a plot of measured moment
scaled by the bending stitiness, loaded cur-
vature, and unloaded curvature versus roll
position for a }-in. ¥ bt 2024 aluminum
strip, respectively, The loaded curvinure was
measured with the LVDTys. Equations (2)-
{4) are also plotted using the bending stifl-
ness and yield point obtained by experimen-
tation. These plots show that the workpicce
maodel developed previously is a reasonable
approximation of the actual workpicce re-
spunse.

There are three important features to note
from the workpiece model. First, there is a
deadband region while the workpicce is
clastically londed. The significance of the
deadband region depends on the type of
bending and the bending stiffness of the
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Fig. 4. Aluminum workpicce model, Vin. X 1in.

workpiece. For very stifl workpicces. the
clastic region and. therefore. the deadband
region are very small. Flexible workpieces
have a much larger deadband region. Form-
ing circular shapes or bending workpicees
with curvatures in only onc direction in-
volves passing through the deadband region
only once; so the effect of the deadbhand will
be small. For bidirectional bending or for
straightening, the deadband region may
dominate the operating region for a partic-
ular workpiece.

The second important feature of the work-
piece model is the difference in response de-
pending on whether the workpicce is sta-
tionary or maoving through the rolls. For a
stationary or very slow moving workpicee,
hysteresis must be included in the medel. as
shown in Fig. 5. This is because the un-
loaded curvature does not change while the
workpicee is in the elastic loading state or
during unloading. If the workpicce is sta-
tionary, then only one point on the work-
picce at the center-roll contact point is being
formed. The center roll must load and un-
joad the workpicee to give this point a final
unloaded curvature. For a moving work-
piece, each point is loaded as it moves from
the infeed to the center roll and unloaded as
it moves from the center to the outfeed roll.
Therefore. the center roll docs not have to

Stationary
workpiece

Moving
workpiece

K

u
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Fig. 5. Workpiece hysteresis.

move through a full forming sequence but
merely moves to adjust the maximum form-
ing depth. There is no hysteresis because
cach movement of the center roll acts on the
new material being fed into the bending ap-
paratus. The unloading occurs as the mate-
rial moves from the center to the outfeed roll
and doces not depend on the center-roll move-
ment. Figure 5 shows that a moving work-
piece does not have hysteresis but still has a
deadband region.

The two cases shown in Fig. 5 are ex-
tremes. The stationary case assumes that a
full forming cycle is performed on a single
point of the workpiece. The moving case us-
sumes that cach movement of the center roll
is applied to a point of the workpicee that is
unaftected by all other points. Actual form-
ing will fall between these two cases. but
experiments show that the moving work-
picce model is adequate it the rolling speed
is such that the time required for a point on
the workpicce to move from the center to the
outfeed roll is greater than the rise time for
the servo system.

The third important feature to note about
the workpiece model is that time is not a
variable in the model. The unloaded curva-
ture is a function of center-roll position only.
This means that the workpiece can be thought
of as a nonlincar gain. This is, of course, an
approximation because the workpiece does
actually have mass, compliance, and damp-
ing, which afl attect the system dynamics.
In the workpicce model, thesce effects are as-
sumed to be negligible. This assumption
turns out to be a critical feature of the model.
which is valid only under cenain conditions.

Serve Model

Closed-loop control of the roll bender re-
quires automatic control of the center roll by

a servo system. At low frequencices. the servo
system can be modeled as a standard position
servo or velocity servo, depending on the
particular application. The choice of a po-
sition or velocity servo becomes very im-
portant in the control analysis. The transfer
function for a position servo is

< @y .

Z Tt 2w, + w,:, R
where z,. is the position command. w, the
natural frequency, and £ the damping ratio.
The transfer function for a velocity servo is

o= - (6)

I
3
i~
+

where 2 is the center-roll velocity. 2, the ve-
locity command., X the servo gain constant,
and 7 the system time constant. Notice that
this transfer function does not include the
effect of the external load. For the experi-
mental apparatas, the clastic load from bend-
ing is negligible because of the large redue-
tion from the ballscrew.

The servo-control system on the experi-
mental bending apparatus can be configured
as either a velocily servo or a position servo.
The velocity servo has a time constant of
0.042 scc. The servo gain constant K is ad-
justable but, for modeling purpos'cs‘ is as-
sumed to be 1.0 so that all of the system
gains are lumped into the controfler gain,
The position servo used in the experiments
is a critically damped second-order system
with a bandwidth of 3.7 Hz. '

Measurement and Filter Model

The transducers needed to measure maxi-
mum moment and loaded curvature will have
a very lurge bandwidth compared o the servo
system: so the dynamics of the measure-
ments can be ignored. The signals must be
filtered to climinate high-frequency noise
from the transducer signals and to reduce
signal aliasing. The amount of filtering nee-
essary and the break frequency of the filters
will vary depending on the quality of the
transducers, the required accuracy, the type
of bending, and the sampling frequency. In
any case, the filters can be modeled as a
combination of first- and second-order dif-
ferential equations, The filiers used on all of
the experimental gansducers are second-or-
der Butterworth fifters with a break fre-
quency of 130 Hz.

Disturbance Model

Initial curvature disturbances in the work-
picce can be modeled as a shift of the mo-
ment-curvature curve, as shown in {2] and
[4]. This shift is incorporated into the wark-
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picce model by changing the yicld point, as
shown in Fig. 6. The disturbance curvature
causes a change in the unloaded curvature
that is cqual to the disturbapce curvature.
This is shown as a direct addition in-Fig, 6.
The shift in the vield point is determined by
applying Eq. (3). This is modeted as an ad-
ditive termi in Fig. 6. which affects the input
10 the workpiece maodel. Equation (7) is the
madel for the workpiece including curvature
disturbance.

K, = K. Iyt
Kk - Mo — ) 9z 3
Tt WA - )
Ry Tzt (7

where K, is the curvature disturbance and 2,
is given by
2 = K13 (8)

Control

The models developed previously indicate
that the roll bending system is very similar
to a standard servo system. The servo is the
major component of the system and containg
most of the significant dynamics. However.
the details of the servo/workpiece interaction
introduce unigue dynamic effects, which re-
quire more detailed analysis than the stan-
‘dard servo control problem. In particular, the
deadband region and the presence of distur-
bances in the form of inital curvature are
unique propetties of the roll beading system.
Also. the required bandwidth depends on
both the spatial frequency of the desired in-
put curviture and the rolling speed.

The feasibility ol closed-loop control of
the roll bending operation has been demeon-
strated using rudimentary controt. The pur-
pose of the control analysis and cxpcrimc‘nts
described is to determine the wltimate limits
of the roll bending system response and the
practical factors unique to the roll bending
process that Himit the response. The control
objective is to detenmine what control scheme
or schemes can be used to attain this ultimate
response. To compare the various conirol
schemes. the following control criteria will
be used to evaluate system response: stabil-
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Fig. 7. Position-servo-based block diagram.

itv. steady-state error, bandwidth. and dis-
turbance rejection.

Control Analvyis

The break frequency of the filters is very
larae compared with the break frequency of
the position or velocity servor so the filter
dvnamics are negligible compared with the
serve dynamics. All of the following control
analvsis and design is done under the as-
sumption of negligible filter dynamics.

The only nonlincarity in the component
models derived previousdy is in the work-
picce madel. All other components are well
represented by linear models. The full non-
linear model is used for simulation purposes;
however, for analysis. much intormation can
be gained by using a lincarized model. Be-
cause the unloaded curvature is a nonlinear
function of roll pesition only, the simplest
lincarized model is a constant gain operating
on the roll position.

Using this model. consider the diflcience
between a roll bending system based on a
position servo and one hased on a velocity
servo when zero steady-state error is re-
quired for untoaded curvature. If the center
roll is controlled by a position servo. then a
change in servo position will result, through
interaction with the workpicce. in a change
in unloaded curvature if the system is past
the deadband region. This correlates well
with the workpicce model of a pure gain. It
however, the center rol} is controlled by a
velocity servo and the workpiece is a pure
gatn, then a step change in servo veloeity
should change the rate of change of untoaded
curviture. ‘This, in tact, docs oceur, but the

Velocity
servo

controller is still sensing unloaded curvature
and not rate of change of unloaded curva-
ture. This means that an integration has oc-
curred somewhere in the velocity servo in-
teraction with the workpiece. In other words,
because the unloaded curvature is a fuaction
of rolt position only and not roll velocity.
the workpicce operation on the servo veloc-
ity is actually a gain and an integration.
Therefore, the workpicce model must be
madified to include a free integrator as well
as a gain for a roll bepding system based on
a velocity servo.

Figures 7 and 8 are block diagrams of the
roll bending system hased on a position servo
and a velocity servo, respectively. The po-
sition servo block in g. 7 is drawn to em-
phasize the fact that the servo imtegrator is
within the servo loop and is not a free inte-
grator, which is necessary for zero steady-
state error. The workpicee model in Fig. 7
is operating dircctly on position and does not
contain an integrator. The workpiece model
in Fig. 8 does contain a free integrator, which
means that the system based on a velocity
servo has the required zero steady-state er-
ror. A free integrator could be included in
the controlier of the position-servo-bhased
system. but this would increase the order off
the system, degrude system response, and
decrease the relative stability of the system.
The roll bending system based on a velocity
serve for controlling the center roll appears
to have many advantages over the position-

servo-hased system. It has good inherent

steady -state error and stability properties. For
these reasons, the wll hending system based
o a0 position serva will be discarded at this

Workpiece model

Ku desired
+
i

Ts + 1

Fig. 8. Velacity-servo-based block diagram.
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point and the control analysis will be contin-
ued for the velocity-servo-based system only.

I the velocity servo handwidth is large
enough, it might be possible to achieve an
acceptable roll bending system bandwidth
using a simple proportional controlier at very
low gains. Betier system response could he

attained by adding a zero to the system and

drawing the poles to a position of higher
bandwidth and greater stability. as shown in
Fig. 9. Figure 9 was obtained from the s
plane using pole-zero mapping. A zero can
be added to the system either by including it
in the controller or by feeding back the rate
of change of output as well as the output.
Measuring the rate of change of the output
is the more attractive method because it is
tess affected by noise and also because the
trnsient response has less overshoot tor
similar systems.

For the roll bending system. the output is
unloaded curvature, which is calculated as
detailed previously: The rate of change of
unlvaded curvature is much more diflicult 1o
measure. It is possible, however, to obtain
a good approximation of the rate of change
of unloaded curvature by using center-roll
velocity, The relationship between roll po-
sition z and untoaded curvature K, is given
by Eq. (7). Taking the derivative of Eq. (7)
gives

ku = k:fs 1<yt oy

[t I Gl ) B

Xu = 2 = - = =+ Kl N )]
L Lz — 3‘3)3 !

=yt

The rate of change of unloaded curvature
depends on four variables: the roll position,
= roll velocity, 21 the curvature disturbance,
K, and rate of change of curvature distur-
bance: K. If the disturbances are small and
all higher-order terms are negligible, then
using only the following linear termis,

12p - s - .
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t t
2
i
1
H
oL : L PR :
0 10 15 20 25 30
Time (sec) E-01

Fig. 10. Simulated systen step response.

K, = 31" (10)

Natice that a controller using Eq. (10) as an
estimate of K, should provide slightly more
damping and greater stability in the dead-
band region than if the true K, were uscd.
This is because. although X, is zero in the
deadband region (if K, is zero), Eq. (1)
indicates a mate of change in unloaded cur-
vature proportional to the roll velocity.

If Eq. (10) is an accurate model of K, and
it the workpicce does actually perform an
integrating function on the center-rob veloe-
ity. then a control scheme that uses a pro-
portional controller and K, plus K, feedback
should result in a roll bending system that
has a root locus, as shown in Fig. 9. The
contro} scheme as described is quite attrac-
tive because, with proper placement of the
zero, the system will have very good stabil-
ity robustness, zetn steady-state ervor, high
handwidth, and good disturbance rejection.
Also, a wide range of second-order system
responses is possible by manipulation of the
gain and the zero {ocation.
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The roll bending system described previ-
ously was simulated using a fourth-order
Runge-Kutta integration technigue to model
the continuouns system. The discrete control-
ler used to implement the control action de-
rived previously is

U = GlK, joued — Ko = (G (K] 1D

where U is the controller output, G1 is the
controller gain, G2 is used to determine the
tocation of the zero. and K, is given by Eq.
{10). The discrete controller time step is as-
sumed to be 7 = 0.01 sec in the simulation.

The nonlincar workpicce model used in
the simulation is given by Eq. (7). Notice
that this equation models the loading dead-
band region but does not include any hys-
teresis. This means we only simulate a mov-
ing workpicee, but since we want to find the
maximum feed rate, the moving-workpicee
madel is adequate. Equation (7) must be cal-
ibrated for a specific workpicce since the
bending stiftness and the yield point are dif-
ferent for different materials and sworkpicce
shapes. For the simulations and experiments
shown subscquently. the workpiece modeled
is 4 J-in. % 1-in. aluminum strip. The cali-
hration Fictors used are tiken from the ex-
periment shown in Fig. 4. Figure 10 shows
the results of the simulation at several dit-
ferent pains and with the zero located be-
tween the open-loop poles. For the simula-
tions shown in Fig. 11, the zero location has
been moved to the Teft of both peles. as
shown in Fig. 9.

Experiments

There are several key assumptions in the
control analysis that need to be cxamined
experimentatly. First, the assumption that the
workpicce performs an integrating function
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in conjunction with a velocity servo is cru-
cial for zero error at steady state. The posi-
tion of the integrator in the control oop is
also important for the analysis of steady-state
error to disturbances. Furthennore, the in-
tegrating workpicce assamption is the basis
for choosing a velocity- rather than position-
servo-based svstem. If the workpicce model
is incorrect, then the control analysis is in-
valid. Second. the suggested controf scheme
uses g measurement of rate of change of un-
loaded curvature in the feedback signal. As
. mentioned carlier, K, cannot be micasured
directly. but is assumed to be propontional
to center-roll velocity . Since the K, feedback
is used to increase system damping and sta-
bility as well as to increase the system band-
width. if the assumption is incorrect, there
will be stability problems. The experimental
objectives are to verify these assumptions and
to determine the practical upper timits of the
roll bending system response.

There are many practical fuctors that limit
system performance. For the roll bending
system. possible Hmitations are imposed by
transducer bandwidth and noise. servo band-
width and power, and controtler design.
However, because the objective is to explore
the performance limits of the roll bending
the experiments are designed to
climinate. as far as possible. limitations im-
posed by the hardware. The results provide
some insight into the process limitations or
the maximum system performance that can
be attained given optimal condirions,

A shont description of the experimental
procedure is given subscquently. The details
of the experimental method are given in (4.
The tests were performed using 2024-T6 alu-
minam workpieces with a rectangular cross
section | in. wide and § in. thick. The wark-
picce length varied from 3 to 6 ft. The cx-
perimental procedure for forming a work-
picce follows:

procuss,

Load the workpicce in the bending appa-
ratus and start the control program.

® Mcasure the bending stiffness of the work-
picce. )

Turn on the center-roll drive motor to feed
the workpicee through the bending appa-
ratus.

* Begin real-ume control of the unloaded
curvature using the controb algorithin de-
veloped previously,

Figures 12-15 show the response of the
system to a step input of 0.01 in. ™', For all
tests shown, the workpiece feed rate is 13
in./see and the loaded curvature is calculated
from Eq. (3) using center-roll displacement.
Figure 12 shows the results of the first ex-
periment. The controller parmeters listed on
the plot are the same as for the simuiation
shown in Fig. 10. The results correspond
very well with the simulation. The controtier
wain was increased for the second test, and
the results, shown in Fig. 13, show u cor-
responding decrease in response time as ex-
pected. The small overshoot is due to error
in the loaded curvature measurement. The
system response s fust enough that a step
command results in a small “kink™ in the
region close to the center roll. The venter-
roll position. unlike the LVDTs, does not
accurately reflect rapid changes in curvature;
so the curvature measurement is in error until
the kink is past the forming region. A full
discussion of the measurement error is given
in {4},

Figures 12 and 13 verify the control anal-
ysis. In particular, the system has zero
steady-state crror and good  stability even
with the deadband nontinearity. Although
these tests demonstrate excellent systenr re-
sponse. Fig. 11 suggests that even better sys-
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fem response is possible if the zero location
is moved to the location shown in Fig. 9.
The results of the experiments conducted
with the new zero position are shown in Figs,
14 and 15. The deadband and rise time have
decreased in both tests, as expected from the
simulation. Again there is some overshoot,
which has been explained. but the error
quickly settles to zeroin Fig. 14, In Fig. 15,
though. the system does not reach a steady
state, but appears to be unstable. After the
transient response, the unloaded curvature
oscillates around the commanded curvatare.
Moreover, the oscillation appears to be at
two different frequencies. A higher-fre-
quency oscillation occurs between 6.6 and
1.0 sec, and a lower-frequency oscillation
occurs from 1.2 to 1.8 scc. This oscillation
is caused by the unmodeled dyvnamics of the
workpiece. The vibration of the workpiceee
on the outfeed side of the bending apparatus
causes *‘false readings™ on the force trans-
ducer, which are interpreted through the mo-

ment measurement as fluctuations in the un-
loaded  cunvature. The actual  workpicce
shows noosign of the indicated curvature
fluctuation, but. hecause it is indicated in the
measurements. the controller responds to the
apparent  disturbances.  This  experiment
shows that the workpiece dynamics, which
are not considered in the system model, be-
come significant as the system bandwidth is
increased. A simple dynamic model of the
workpicce can be used to explain the high-
and low-frequency vibration shown in | g,
15.

The dynamics of the portion of the work-
picce on the ocutfeed side of the bending ap-
paratus can be maodeled very simply as the
vibration of a cantilever beam. Because the
workpicce is a comtinuous beam, there will
be an infinite number of vibration modes and
frequencics.  However, the  fundamental
mode and matural frequency will be sutficien
to explain the experimental results shown.
The natural frequency of the fundamental
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mode {or a cantilever beam, using the Guler
beam moedel and assuming o unitorm rect-
angular heam, is given by

W, = S EEpL Y )
where w, is the natral frequeney. KT the
bending stiffness, p the materiad density, and
L. the Tength of the beam. Notice that the
mtwral frequency 18 a funetion of beam
length. This means that the natural fre-
guency of the seetion of the workpicee on
the outfeed side of the apparatus changes as
the workpicce is fed through the machine.
This explains why the oscillation frequency
changes. At the beginning of the experiment.
the overhanging workpicee is very short and
has a natural frequencey that is high compared
to the system bandwidth, Theretore. the os-
cillation of the moment measurement caused
by the workpicce vibration is suificiently at-
tenuated so that the vibtion has very linde
etlect onthe system. As the workpicee moves
through the apparatus, the natural frequency
of the overhanging portion decreases and, at
some point, the lower-frequency vibration
beconies significant and interferes with the
dynamics of the bending apparatus and con-
troller.

The experiments shown in Figs, 12-15
show that the system responds to changes in
the controller just as predicted by the conrol
theory and simulation. This verifies that the
rall bending system model contains al! the
significant dynaniies. except for workpiece
dynamics. As shown previously, the work-
picce dynamics become important as the
length of the overhanging workpiece in-
creases and as the roll bending systenm band-
width increases. The one unanswered ques-
tion is how the.closed-loop control system
will respond to initial curvature  distur-
bunces.

Iigtre 160 shows the disturbance response
of the roll hending system. The workpiece
used for this disturbance test is the same
workpicce that was formed in Fig. 14; sothe
workpiece has an initial curvature. Alter the
forming test. the workpicee was reinserted
into the bending apparatus and the disturb-
ance experiment was run using a zero com-
mand for unlvaded curvature. The controller
paramicters used were the same as in the
forming test.

The test shows that the unloaded curvature
initially decreases even though the system is
moving to reject the disturbance, because the
system still nwist move through the deadband
region. In Fig. 16, the workpiccee reaches the
vield point at about 0.4 sec and the system
settles to zero steady-state error in 1.0 sec.
Notice that this response appears much
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cleaner than the response shown in Fig. 14,
This is because the disturbance input is much
smoother than the step command.

The disturbance test demonstrates exeel-
lent disturbance response characteristics with
good transient response and zero steidy-state
error, This test also shows that the actual
system response is much closer to the pre-
dicted response if the system is not hampered
by the “kink effects™ caused by the step
command,

Conclusions

The experiments demonstrate that the roll
bending system models are an accurate rep-
resentation of the tow-order dynamics of the
roll bending process. The overall experi-
mental system response comesponds very
well with the simulated response, although
there are small differences. This is to be ¢x-
pected however, because the simulation is
based on fixed workpiece material properties
while the actual workpiece properties vary.
The material property variance is, in fact. a
_ primary motivation for this rescarch. be-
cause if the material properties are constant
and well defined. an open-loop control sys-
tem would work just as well and be much
simpler to implement than the closed-foop
controller presented in this research.

The primary assumptions. used to develop
the control scheme are that the workpiece
perdorms an integrating function when the
oll bending system is based on a velocity
servo and that the center-roll velocity is a
good approximation of the rate of change of
unloaded curvature. The experiments show
that the steady-state error in response 10 a
step input goes to zero, which indicates a
free intcgrator in the open-loop transfer
function and verifies the workpicce model.

The use of center-roll velocity feedback to
simulate K, feedback was also very success-
ful. as demonstrated by the experiments. The
system responded to the veloeity feedback in
exactly the same manner as would be ex-
pected with true K, feedback. This approx-
imation is somewhat less successful at higher
gains or as the system performance is pushed
to the limit because the error inherent in the
approximation becomes more significant. as
do all errors at higher gains.

The experiments also show that the un-
madeled higher-order dynamics. ~uch as
workpiece vibration, are significant except at
relatively low gains, The vibration prohlem
appears to be a rather severe process-retated
limitation on the maximum system response.
As noted carlier, there are many hardware-
related limitations. which can generally be
overcome by the use of more powerful hard-
wire. Higher-order dynanmics are physical
limitations of the particular process. In most

control system designs. these higher-order -

effects can safely be ignored because they
occur above a centain high frequency. The
controlter can be designed so that the system
bandwidth is always safely below this criti-
cal frequency. The higher-order cflects
caused by workpiece vibration do not oceur
at a constant {requency, because the natural
frequencies of the workpiece are a function
of beam length. This means-that the dynamic
behavior of the workpiece changes during
the bending operation. To safely ignore the
vibration effects, the system bandwidth must
be kept well below the lowest natural fre-
quency of the overhanging workpicce.
Therefore, the comtroller must be designed
for the worst case. This imposes severe re-
strictions on maximum system performance,
which cannot be removed by the use of better
hardware.
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faculty in 1976, he has pursucd rescarch in mod-
cling . mwasurement, and conttal of nanutaciiing
provesses. This work has concentiated primarily
on sheet metal forming and [usion welding pro-
cesses. and has lead to novel concepts for greatly
improving the perdormance of these operiions.
Hix resenrch imterests alva inchide controt of com-
posite material processing aod the manubactuging.
duesign integration problem. ‘
The sheet forming work has established the ha-
518 for in-process sensing and contral of the de-
~formation process and has bheen extended from
two- 1o three-dinensional forming work, It has
also encompassed real-time control of sheet form-
abifity as well as pant geomety control. The webd-
ing research bas concentriated on new methods for
sensing and conirol of both the geonsetric and ther
mal properties of a weld. Based on a true o sed-

loop control phitosophsy  the phy sieatiy coupled
nontinear, stochintic mtue of ackding i boing
teated in g comprehensive manner. Phis work has
led to sensing techniques for weld penetation,
adaptive control metheds for increased dJynamic
pertornmnce. and decoupling contral of @ muli-
variable welding process. These wesearch pro-
grams are spopsored by industn and goveriment
and currently imvolve the cfhns ol over HY grad-
pate assistants Beginning in 1979, this rescarch
has involved over 3 M.S. theses and 7 Ph.D.
Midents, s well as the effonts of several dozen
undergraduates. The work has also been docu-
mentert in over M technical papers and 1wo chap-
tees of 1 tatheoming book on basic mamnulactur-
ing.
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oped 4 new graduate-devel subject in the area of
control of manufacturing processes, and s pre-
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1987 CDC

The {EEE Conference on Decision and
Control (CDC) will be held December 9
11, 1987, at the Westin Century Plaza Hotel
in Los Angeles, California. The General
Chaimian of the conference is Professor
Williom S, Levine of the University of
Marvland. The Program Chairman is Pro-
fessor John Buillieul of Boston University.
The conference will include both contributed
and invited sessions in all aspects of the the-
ory and application of systems involving de-
cision, control. optimization, and adapta-
tion,

The plenary specches will feature two talks
on the Philosophy of Control and Systems
Engincering. On Wednesday., December 9,
Professor Stephen C. Jacobsen of the Uni-
versity of Utah Center for Biomedicat De-
" sign will speak on the design and cantrol of
“very complex mechanical systems. He will
highlight bis talk with personal thoughts and
historical observations on the control of de-
vices such as the to-degree-of-freedom Ualy
MIT dextrous robotic hand, which was de-
signed and built under his direction at the
center,

On Friday, December 11, Professor Jun
C. Willems of the Mathematics Institute,
University of Groningen, will speak about
“Paradigms and Puzzles in Modeling Dy-
namical Systems.”" This will be a talk deal-
ing with the speaker’s ideas on the mathe-
matical and phitosophical toundations of
system identification or modeling on the ba-
sis of observations.

We nrge vou to attend this premier controd

Avvrent TORS

conterenee held in the dy mamic and historic
setting of Los Angeles. The pictures here
illustrate a few of the many attractions of the
Los Angeles area. For further information.
contact the General Chaiman:

Prot. William Levine
Dept. of Electrical Engrg.
Unisersity of Mantand
College Park, MD 20742
Phone: (301) 454-6841
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Olbvera Street, the oldest street in Los An-
geles, has an authentie Old Mexico flavor
and s a UmastT see on a visit o Los

TS

Angeles.

Gritlith Park Observatory—""0n a clear
day vou e see forever.” and even ferther
with the aid of the high-powered teleseope

at the park.

The La Brea Tar Pits have models and ex-
hibits ol saber waoth tgers. mastadons, and

dire wolves.





