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1 Introduction rofitted with hydraulic cushions to give the presses additional
) ) flexibility compared with those equipped with pneumatic or nitro-
1.1 Challenges in Sheet Metal Forming. Sheet metal activated cushions. Hydraulic cushions give operators more capa-
stamping is an important manufacturing process because of fifity to control the blank holder force.
high speed and low cost for mass production. Figure 1 shows aa press with hydraulically computer-controlled blank holder is
schematic of a simplified stamping process. The basic componegégable of controlling the binder force to track a predetermined
are a punch, and a set of blank holders which may include draygriable blank holder force trajectory during forming. This type of
beads. The punch draws the blank to form the shape while thgntrol is referred to as “open-loop” or “machine” control. Pre-
blank holder controls the flow of metal into the die cavity. Somgious research showed that this kind of control can improve ma-
process variables are also showy:is the punch forcef:, is the  terial formability [3—6], reduce springbackl,2,7—12, and im-
blank holder force, andr, is the restraining force within the prove part consistendyl,?]. However, for a given materidl.e.,
blank. blank size, sheet thickness, and material properéesl tooling
The quality of stamped parts is critical to avoiding problems ifj.e., tooling shapge machine control cannot maintain its perfor-
assembly and in the final product performance. Two main consigrance with regard to changes in lubricatid,14.
erations regarding the quality of stamped parts are formability ) ) )
(e.g., wrinkling caused by excessive compression and tearingl-3 Process Control in Sheet Metal Forming. Presses with
caused by excessive tensjoand dimensional accuracge.g., ‘r‘nachlne 'f:ontrol can.be converted to ones Wlt.h “closed-loop” or
springback caused by elastic recovery addition, consistency ~Process control. Figure 2_shows a bI_ock diagram of process
(e.g., dimensional variations caused by lubrication or thickne§gntrol for sheet metal forming. In this figure, a measurable pro-
variationg in the stamping process significantly affects subs&€SS variable or control variable.g., the punch forgés made to
quent assembly in mass production. fc_)llow a referen_ce trajectorXe.g.,_a re_ference punch force-
New challenges emerge from the use of new materials. Fdisplacement trajectonzhrough manlpulatlon of the b.lank holder
example, the urgency for reduction of automobile weight to inforce. The process controller is designed to automatically generate

prove fuel economy forces manufacturing companies to choddl¢ necessary blank holder force commabel, Fp,.) for the ma-
lighter materiale.g., aluminumin place of steel. However, alu- chine controller to keep the difference between the measured and
minum is not as formable as steel and produces more springb&2g reference process variable as small as possible. Using feed-

[1,2]. Therefore, a major issue in manufacturing sheet metal coff@ck control for process controller design reproduces the refer-
ponents is the ability to consistently produce good péts., no ence process variable trajectory and reduces the sensitivity to

tearing, no wrinkling, and minimum spring-backom a given variations in system characteristi¢s.g., lubrication Note that

material(i.e., blank size, sheet thickness, and material propertie%Eparat'on of the process controller and the machine controller
and tooling(i.e., tooling shape

1.2 Control of Material Flow. The control of flow of ma-
terial into the die cavity is crucial to good part quality and con-
sistency, and the blank holder with or without drawbeads is used
to control the material flow. Two techniques to control material
flow have been investigated. One is by manipulating the blank
holder force during forming in a flat binder or in one with fixed
height drawbeads. The other is by controlling the drawbead pen-
etration which can be adjusted during forming.

Draw-In

Drawbead Flat Blank

It is worth pointing out that mechanical presses are being ret- Holder
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Model Uncertainty  Disturbance within the forming system such as small variations in blank size,
(e.g., blank material) (e.g., lubrication) . . . . .
sheet thickness, material properties, and tooling, while process

Reference

yoocess Machine Conirol Process Model |17 disturbance would include external input to the forming system

Trajectony [ =~ Fy, [ iy Ry | plnkHouer | gy such as lubrication. The other task is to develop a controller with

4”;31&[ TG Fixed Height high tracking performance through available controller design
Gt | Drawbeads | techniques.

This paper deals with modeling sheet metal forming in terms of
the process model, the model uncertainty, and the disturbance.
U-channel forming is used to demonstrate the approach.

Measurable Process Variable/Control Variable (e.g., Punch Force)

Fig. 2 Process control of sheet metal forming ] ) ]
1.5 Background in Modeling Sheet Metal Forming. Is-

sues in modeling for control of sheet metal forming have not been
properly addressed, especially, from a control point of view. A

may not be necessary and that the command generated by {8gfy| process model must satisfy two requirements:
process controller depends on how the block diagram is con-

structed. Hardt and Ferji3] have applied process control, using 1 The process model must be as simple as possible to simplify
either a previously determined optimal punch force trajectory orgocess controller design.

normalized average thickness trajectory as the reference proces? The process model must be accurate enough to capture the
variable trajectory, to cup forming. They showed that this strategparacteristic relationship between the blank holder force and the
could produce cups with “optimal” height regardless of initialpunch force. This requirement is necessary for computer simula-
binder force and friction conditions. Sim and Boyde] investi- tion to evaluate the performance of a designed process controller.
gated the same problem using finite element analysis. A simil . . .
approach using the draw-in as the control variable has been E%I?jtershe.te; (;rrletilhgortn“'!.nge dmﬁg-eﬁ{eﬁréhebeb;(ég'f .fnorF. ?I%?g
ported by Siegert et al16], Siegert et al[17], and Sunseri et al. wi without Fix 9 W in g

[10]. Another similar approach using the friction force as the co hase(fj on finite elemt_entblan?ly&s, Whl'ICh gre 'veryMcqlmpng anfl,
trol variable has been investigated by Siegert ef&]. erefore, are not suitable for controller design. Majlessi et al.

Controlling the drawbead penetration has also been applied%fa developed a piecewise linear model for controller design.

sheet metal forming. The steady state relationship between E) eir model, however, cannot be used in closed-loop simulation,

drawbead penetration, i.e., an alternate way to control mater gjcause it cannot capture changes in process dynamics with re-

o . : spect to changes in the blank holder force.
flow, and the drawbead restraining force was investigated by Dé?Characterization of the process model uncertainty and the dis-

meri [19]. The dynamic relationship between the drawbead peP'rbance which are related to lubrication and small variation in

etratillon and the drawbead restraining force, the so cal_led OPank size, sheet thickness, material properties and tooling has not
loop” control, has been reported by Cao and Boj2@|, Michler been investigated

et al.[21], and Hao et al.22]. “Closed-loop” control, to manipu-
late the drawbead penetration by making the punch force track a1.6 Objective. The purpose of this investigation is to de-
reference trajectory, has also been studied by Cao and Ba@te velop an approach for modeling sheet metal forming processes in
Michler et al.[21], and Hao et al[22]. Although this paper fo- order to lay the foundation for systematic design of appropriate
cuses on controlling the blank holder force as the mechanismggcess controllers. Modeling sheet metal forming includes pro-
control the material flow into the die cavity, the drawbead percess modeling and developing model uncertainty and process dis-
etration can also be used to realize similar effects. turbance. The process model describes the mathematical relation-
To successfully implement process control in sheet metal forrship between the blank holder force and the punch force. The
ing, two key issues, namely, process controller design and thdel uncertainty and process disturbance are related to different
reference process variable trajectory, must be addressed. Fautgication and small variation in blank size, sheet thickness, ma-
given materiali.e., blank size, sheet thickness, and material progerial properties and tooling shape due to die wear.
ertieg and tooling (i.e., part shapebut a different lubrication,  In this paper,u-channel forming is used to demonstrate the
consistency of part quality can be related to consistency in t@@proach. The punch force is used as the measurable process vari-
measured punch force trajectory. Consistency can be improvglgle, and the blank holder force is used to control the material
through the tracking performance of process control using a refew.
erence punch force trajectofg4]. At the same time, part quality =~ The process variable chosére., the punch fordefor process
can be related to an optimal reference punch force trajectory. Bebntrol may not be as good as other process varial@es, the
ter part quality can be achieved through selection of the refereng@w-in, the friction force, and the thickngsbklowever, the punch
punch force trajectory using a good process contrglidl. The force is easier to measure and monitor with existing facilities.
tracking performance of process control is important to part comMoreover, since the main interest is to develop a methodology for
sistency and part quality. Therefore, process controller desigrocess control, choosing the type of a process variable is not
must achieve a high tracking performance regardless of lubriagitical at this stage.
tion and small variations in blank size, sheet thickness, materialThe derivation of the process model is based on observations of
properties and tooling. the measured punch force trajectories for constant blank holder

1.4 Process Controller Design. In terms of control termi- {;rce tests and step-change blank holder force tests-trannel

nology, the closed-loop system, including the process model a gmslgg [%?']' -[Qgig;odcezﬁ dm?ﬁ:;x:lege nggﬁtigr?éogghez?on:i_es
the process controller, must have high performance of tracking tﬁ tep-ch P d i | P blank h Idj ;
reference punch force trajectory through manipulation of t f_step-change and continuously varying blank holder force
blank holder force regardless of the disturbance and the mo éa}jectorles.

uncertainty. To systematically develop a good process controller, . .
two tasks must be performed. One task is modeling sheet metal Modeling of Sheet Metal Forming

forming in terms of process model, model uncertainty, and pro- For the stamping process in Fig. 1 with the given lubrication,
cess disturbance. For a given mate(ia., blank size, sheet thick- blank size, sheet thickness, material properties and tooling, the
ness, and material propertjeand tooling(i.e., part shape a pro- manipulated input i€, the controlledmeasuregoutput isF,,

cess modeli.e., a mathematic relatigrshould be able to describe and the process model describes the characteristic relationship be-
the characteristic relationship between the blank holder force atveeen them. The variation of the friction force due to the variation
the punch force. Model uncertainty would include small variationsf the friction coefficient or lubrication is assumed to be a distur-
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. e L Fig. 4 Schematic response of F, to F, with a step change
bance, because it can be specified in terms of the variatiép pf 9 P P b P 9

which will be shown later. Figure 3 shows the block diagram of

the model of sheet metal forming whekg, is the disturbance,

P(0) is the process model, arttis the model parameter related towhenF, changes fronfy, to Fy, att,, F,, changes fronf ,; to
blank size, sheet thickness, material properties and tooling. ~ F,.,. Note thatF,.; and F,., are the theoretical punch force

2.1 Process Model. A process model describes the mathresPonses, described by E§), for constant blank holder forces,

ematical relationship betwed, andF . It is derived by assum- Fo1 andFt_,z, respectively.i N o
ing that the punch forcef,, is a function of the blank holder Integrating Eq.(2) from tg to t; and allowingt, to approach

force, Fy, and time,t. tg leads to

= oF
Fo=Fo(Fo.l W Fra(Frtd —Foa(Fotd =3 ¢ (Foo—Fo))  (8)

Because punch velocity() is constantt can be used instead of b t=tg
the punch displacemenx,, (i.e., x,=v-t). Differentiating Eq.

(1) with respect to time leads to a dynamic relationship betwed}Pte that the integral ofF, /9t approaches zero &g approaches

F, andFy,. t. because Eq(4) shows thatoF,/dt is finite. In addition,F,
=(Fp2—Fp1) 8(t—tg) becausd,, is defined as shown in Fig. 4.
aF, dF,. If the assumption thef,, approache§, is made, the follow-
Fp:WJF (9_Fbe (2) ing result can be obtained from E),
Experimental results fou-channel forming1,24] at constant 9Fp - IFpc ©)

blank holder force showed that the relationship betwEgrand JIFy  dFy

F, was similar to a first order system response for a step input. _— : :
p
Hence, for each constant valueR, the dynamic behavior df, prc?cuebsssfltrlrjwtcl)z?alEqSM) and(9) into Eq. (2) leads to the following

can be approximated by

. e 1 a(Fo) _  7Fpe, 10)
2% ==
== —Fp+ —Fy 3) PRy P r(Fy) " Ry T

Model parametersi.e., a(F,) and 7(F,)) can be obtained from
where « is the DC gain andr is the time constant. Botlr and 7 constant blank holder force experiments.

Fp

change when different values Bf, are used. Note that the proposed process model, @6), is based on two
In Eq. (2), F,=0 whenF, is constant. Therefore, combiningassumptions:
Egs.(2) and(3) yields: Assumption I: The punch force trajectory for constant blank
holder force can be mathematically described by ®gy.
9Fp 1 a(Fp) Assumption II: The punch force trajectory for step-change blank

ot (Fy) Fpt 7(Fp) Fo “) holder force can be mathematically described by &gy.
. . ) . These two assumptions are independent of any forming process.
wherea(Fy) is theDC gain andr(F,) is the time constant. Note Therefore, the process model for sheet metal forming described by
that both are assumed to be functions of the constant valbig of Eq. (10) applies to any sheet metal forming process as long as the
Therefore, substituting Ed4) into Eq. (2) leads to, for constant process satisfies these two assumptions.
blank holder force E,=0),
2.2 Model Uncertainty. Different blank size, sheet thick-
: 1 a(Fp) ness, material properties and tooling shapes will generate different
Fp=— 7(Fp) Fpt (Fp) Fp ®) punch force trajectories for the same applied blank holder force
trajectory[1]. Since model parametefise., a(Fp) and7(F,)) are

The predicted punch force response to constant blank holder fottstained using experimental data for constant blank holder force

can be obtained by solving E(p) and Eq.(6), different model parameters will be obtained from
different blank size, sheet thickness, material properties and tool-
t ing shapes. For example, different material yield point, thickness
Foe=a(Fp)-Fp-| 1—exp — (6) N9 shapes. pe, ma yleld point, '
pe 7(Fp) anisotropy and surface characteristics could all influence the

punch force trajectory for the same blank holder force trajectory,
nd in turn, influencex(Fy,) and 7(F,). Therefore,a(Fy) and
B,) depend on blank size, sheet thickness, material properties
%nd tooling shapes.
all-|n a forming operation, blank size, sheet thickness, material
properties and tooling shape are assumed to be constant but in fact

Experimental results fou-channel forming[1,24] at blank
holder forces with a step change showed an abrupt change in
punch force when a step change in the blank holder force
curred. The trend is schematically shown in Fig. 4. A mathem
cal relationship describing this response is given by:

Foa(Fpp,t), O<t<t vary from run to run. Sheet thickness may vary within a sheet, and
p—[ pellT bl s (7) between different sheets, though the variation could be small. Ma-
Fpea(Fp2,t),  test<ty terial properties may also vary in the same way and tooling wear
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may be small but unknown. All of these variations will caus&rom Eqgs.(13) and (14), the disturbance forcé, can be repre-

system characteristics to change slightly, but unpredictably. Thented by:

model uncertainty can then be specified in terms of variations in

a(Fy) and 7(Fp). Fo=— Fp (15)
Experimental result$14] showed that lubrication affects the Mo

punch force. Since lubrication is assumed to be a disturbance t ;

the system, it will have substantial influence By through its For a lubricant

effect onFy,. the blank holder force is constant, then [Etp) leads to represen-

The model uncertainty specified in terms of small variations il o of F4 as an unknown constant. Therefore, the unknown
a(Fp) and 7(Fp) describes the influence of small variations iryisi rbance forc&, can be modeled as a step function.

glank scii;e, sheet thiﬁknehss, material prlop.ertiehs. ar;)d toonngdShap%quation(lS) can also describe the influence of different lubri-
ue to die wear on the characteristic relationship betw&eand caion on the characteristic relationship betwggrandF, for the

Fp. The model uncertainty, however, does not describe the influs o material and tooling. Assuming that the variation part of the
ence of different material and tooling on the characteristic relg;tion coefficient is much smaller than the nominal value
tionship. Different material and tooling will lead to different '

a(F,) and 7(F,), which is not described by the model Fr1=mor-Fyp (16)
uncertainty. FLy= oy Fi 17

2.3 Disturbances. The disturbance in Fig. 3 is due mainlyWhere is the original nominal friction coefficient and, is
to variation in the friction force or the lubrication. Some friction h thMOl Th g.ﬁ betwee dF - b 02
data were used to develop a friction modske Appendix A the other one. The difference be A andr,, becomes
WhéCh is_use(i later tﬁ deri\I/(? a d_istur?}ancedT'?dtetIH heet metal AF,=F,—F.1=(mo— Mo Fp (18)

xperiments oru-channel forming showed that the sheet metal . . .

under the punch is almost motionless if the alignment of tooling hich can be represente_d by the _d|_sturbar1¥:@, in t_he_ blank )
proper. Therefore, the friction force under the punch is assumedg/der force, and assuming the original nominal friction coeffi-
have no influence on forming. The friction force at the puncfi€nt is valid,
corner can also be assumed to have no influence on the character- AF, = oy Fyg (19)
istic relationship betweeR,, andF, as will be shown later. The . . L
friction force on the blank holder shoulder is ignored because fferefore, the disturbance caused by different lubrication can be
will have an additive effect on the disturban¢gee Appendix B. represented by Eq15) where Au= o~ poy @nd uo becomes
Consequently, the disturbance is assumed to arise from the frs-
tion force between the sheet metal and the blank holder with or
without fixed height drawbeads. )

It is further assumed that the stamping process is a quasi-static Experiments
pseudo-steady process. Because of static equilibrium, the forces i
Fig. 1 are related by

Mo 1S assumed to be reasonably constant and
Ap is assumed to be constant but unknowBee Appendix A. If

g.l Experimental Setup. Figure 5 shows a schematic of the
forming simulator used to conduct the experiments. The forming
F,=2F,sing (11) simulator is a double action hydraulic press. Its digital control
. . ... system uses two PID controllers to make the punch displacement
fsolrnccee a%?h(él)ur;(élﬁchfr?;rdtlﬁgsfr?gﬁghne f(')nrglée;f?hgf t:r?df]”gg?r?and the blank holder force track some predefined trajectories in-
has no effecE[) on the char’acteristic relationshi betr\)/\lé and arviduglly. The predefined trajectories and the controller gair)s can
F S the friction T the blank h Idp h |§ .~ . be adjusted through the computer. Figure 6 shows the tooling for
p- >INCE the friction force on the blank holder Shoulder IS 19q,q \_channel forming. Material flow is controlled by a set of
nored,F, is equal to the friction force between the sheet metal ar!;aank holders with fixed height draw-beads. The tooling dimen-
the blank holde_r. . . sions are shown in Table 1. The experimental conditions are given
From a physical point of view, the blank holder force and thﬁ] Table 2. The servo loop update rate shows how quickly the

friction coefficient affect the blank restraining force or the frictio : I
force. Since only the blank holder with or without fixed heigh ervo control loop can be updated while the data sampling interval

drawbeads is used as the mechanism to control material flow,
Coulomb friction can be assumed and can be described by the
following equation — —

Fi=u-Fy (12) i i

whereu is the friction coefficient.

If the influence of friction is to be modeled as a disturbance,
must be specified in terms of the blank holder force. From E [ Load Unit
(11), similar blank holder restraining force trajectories will pro- Control Panel
duce similar punch force trajectories as long as the experimen D {:
conditions are the same. From Eg2), similar blank holder force
trajectories cannot ensure similar blank holder restraining for
trajectories because qf. Therefore, it is possible to specify the
influence ofu on F, in terms ofF,, .

The friction coefficient is the sum of a nominal valye;, and
a variation partAu. (See Appendix A.From Eq.(12), a variation
in w, or Au, causes a variation iR, , i.e. AF,:

AF,=Au-Fy (13)

Since the disturbance forde, in Fig. 3 is assumed to represent
the influence ofAx on F, , i.e. AF,, then 1

Workstation
Computer

Digital
Press Controller

AF,=puq-Fq (14) Fig. 5 Forming simulator
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Table 3 Parameters of blank holder force trajectories in ex-

r, Blank Hold periments
I3 ank Hoder Ty shape | Fin BN | By BN | Fig KN | 1, sec
ry Constant 10
T4 dy ’ 20
30
g ? Punch )
[
r 50
d, Td12 d, | Drawbead -
70
Fig. 6 Tooling for wu-channel forming Step Change 10 70 9
10 70 6
. . . 10 70 8
Table 1 Tooling dimensions  (mm) 10 70 9
ry | e | m3 | e | di | dy| ds | dy Ramp 10 70
2.50 | 6.35 | 6.35 | 6.35 | 50.0 | 8.0 [ 20.0 | 4.0 70 10
Half Sine 10 70
70 10
Table 2 Experimental conditions for the  u-channel forming
Punch velocity, v, 5 mm/sec 4 Results
Final punch displacement, z 50 mm
Servo loop update rate 2l 3790 Hz Figure 8 shows experimental punch force trajectories for con-
Data sampling interval, T, 0.01 sec stant blank holder force. Three tests were performed for each
Tubrication = .Dr constant blank holder force. As shown in the figure, the punch
Matorial N 6022 TI force generally increases as the blank holder force increases.
ateria - Higher blank holder force also produces higher variation in punch
Blank size 260 x 100 x 0.922 mm force. However, Eq(6) is a good approximation for the punch

force-punch penetration trajectories.
Fitting the experimental data for constant blank holder force to
Eq. (6) leads toa and 7, as shown by the “Curve-fitted data” in
Fig. 9. The “Curve-fitted data” forw and 7 vary slightly for each
shows how quickly the data can be acquired. Samples and tooli¥gjue of the blank holder force. Alse and 7 vary with the mag-
are cleaned by acetone to maintain the same lubrication conditidfde of the blank holder force. The variationdrfalls within the
during tests. range 0f(0.6—1.3 and in 7 within the range 0f2.0-3.6.

) ) ) Approximate polynomials for(F,) and 7(F}) (i.e., the solid
3.2 Blank Holder Force Trajectories. Figure 7 shows |ines in Fig. 9 are given by

typical blank holder force trajectories used in the experiments. L, 4 2
Time 0 is the instant when the punch touches the blank taisl a(F,)=1.5235-2.7474<10"°- F,+2.2717<10° " Fj,

the instant when a step change occurs. The time when a test is (20)
finished ist; and att=t; the punch displacement,, reaches the _ = -3 2

final displacementx,. The beginning and endplevels of blank 7(Fp)=1.5682+1.0794<10 7 Fp=3.7275¢10 = Fj

holder force for a variable blank holder force trajectory Big +3.6558< 10 5. FE (21)

and Fy, respectively, and-,; denotes the constant level for a ) )

constant blank holder force trajectory. Traject@tyis a constant These polynomials are used in the process ma¢Hel (10)) to
blank holder force, trajectory) is a blank holder force with a simulate and predict punch force trajectories for variable blank
step change, trajector§) is a ramp blank holder force, and tra-holder forces.

jectory(4) is a half sine blank holder force. Table 3 lists the actual

experimental trajectories used in this investigation.
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Fig. 10 Experimental and predicted punch force trajectories
for variable blank holder force with a step change
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Fig. 11 Experimental and predicted punch force trajectories
for continuously variable blank holder force
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Figure 10 shows experimental and predicted punch force trajec-
tories for variable blank holder force with a step change. The
predicted punch force trajectories are calculated using(Eg).
Figures 10a), 10(b), 10(c), and 1Qd) are for blank holder force
with a step change at 2, 6, 8 and 9 see., 10, 30, 40, and 45 mm
of x,, at a constant velocity af,=5 mm/seg¢ respectively. Figure
11 shows experimental and predicted punch force trajectories for
continuously variable blank holder force, ramp or half sine. Figure
11(a) is for the half sine down blank holder force, Fig.(filis for
the half sine up blank holder force, Fig. (tlis for the ramp
down blank holder force, and Fig. @) is for the ramp up blank
holder force. Figures 10 and 11 show a good correlation between
experimental and predicted punch force trajectories.

5 Discussion

The two assumptions used to develop the process niédgl
(10)) came from examining Adamson’s results farchannel
forming with flat blank holdef1], namely:

1 Punch force trajectories for constant blank holder force be-
have like the response of a first order model to a step input.
2 An abrupt change i, produces an abrupt changeFy .

In fact, these assumptions are independent of sheet metal forming
processes. Therefore, the derived process model is a general
model for any forming process which satisfies such assumptions.

A good correlation between simulation using the proposed pro-
cess model and experiments was obtained using a flat blank holder
[24]. The same good correlation was also obtained in this work
using a flat blank holder with fixed height drawbed&gs. 10
and 11. Therefore, the proposed process model is applicable
whether the flat blank holder or the fixed height drawbeads are
used.

Adamson[1] performed constant and step-change blank holder
force(i.e., trajectoriegl) and(2) in Fig. 7) experiments. Since the
process controller changes the blank holder force in real time, the
process modelEq. (10)) is evaluated using continuously varying
blank holder force(i.e., trajectorieg3) and(4) in Fig. 7). Figure
11 shows that the process model can be used for continuously
varying blank holder force trajectories. This means that this pro-
cess model can be used with confidence as the basis for computer
simulations and controller design.

A piecewise linearized model may be a special case of the
developed process modgtg. (10)) if the blank holder force tra-
jectory has the shape of a staircase. A model developed by Maj-
lessi et al.[23] had two components: a fifth order model for the
first half of punch travel and a seventh order model for the second
half of punch travel. This model is in fact a piecewise linearized
model. Hence, it could be a special case of the new process model
(Eg. (10)). The new process modéEq. (10)) is a first order non-
linear model that considers the effectfef on the model dynam-
ics (i.e., model parameters are functionskgf) and the effect of
jumps in the blank holder forcg.e., 9F ,./dFyFy, in Eq. (10)).

The process mod€Eq. (10)) is easy to implement because the
two unknowns«(Fp) and 7(F,), can be obtained from constant
blank holder force experiments. This model can predict the punch
force trajectory for a given blank holder force trajectory but it
cannot predict tearing, wrinkling, or dimensional accuracy.

The values of model parameterg(F,) and 7(F,), shown in
this paper differ from those presented in a previous publication
[24]. In this work, Al 6022-T4 is used whereas Al 6111-T4 was
used in the previous publication. Blank size and tooling dimen-
sions are also different. Fixed height drawbeads are used in this
study while a flat binder was used in the previous work.

Model uncertainty can be developed from variationsriit )
and 7(Fy). Figure 9 gives the ranges ef(F,) and 7(F}), (0.6—

1.3 and (2.0-3.6, and these ranges can be used to determine
model uncertainty.

The disturbance model is an unknown constant which applies
only for a constant blank holder force. For a staircase shape tra-
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jectory, the blank holder force is constant during each step and the 05
previous model can be applied for each stEp.is, therefore,
constant but indeterminate for each step. As a resyltcan be
modeled as a random sequence for a staircase blank holder force.
This means that a random sequence can be used as the disturbance
in the closed-loop simulation sindg,, for a digital controller, is

a staircase sequence.

The success of a proportional-plus-integral process controller in
eliminating the influence of lubricatioflL3] can be explained as
follows. A step function as the disturbance can capture the influ-
ence of different lubrication on the characteristic relationship be-
tweenF, andF,. In addition, a proportional-plus-integral con-
troller can intrinsically compensate for a step disturbance. 0 e + .

The sheet metal forming model, consisting of the process model % 35 45 S5 65 75 85
(Eg. (10)) and characteristics of the model uncertainty and the .
disturbance, can lay the foundation for process controller design. punch stroke
Stability of the closed-loop system must be insensitive to varia- ] o
tions in model parameters. The selection of the process controller Fig. 12 Effect of lubrication  [25]
configuration must depend on the dynamics of the disturbance.

For example, a process controller with an integral action can com-

pensate for the influence of a step disturbance. The performance, 0.20 1
of different controllers can be evaluated through simulation using 2

the process model. The derived process model is nonlinear, and2 ¢ 15
this suggests the need for nonlinear controller design for stamping«
process control.
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6 Conclusions

The model for control of sheet metal forming, as shown in Fig.
3, specifies parameters in the forming procésg., blank size,
sheet thickness, material properties, tooling shape, and lubrica- 0.00
tion) in terms of control terminologye.g., process model, model P
uncertainty, and disturbanceThe developed process modé&lq.

(10)), with the blank holder force as its input and the punch forcdgd: 13 Development of friction in drawing bare steel with neat
as its output, has the following features: mineral oil [28]. The abscissa represents draw length.

o
o
a

pe sy b e b g g iy

COEFFICIENT OF

1 It is a first-order nonlinear model that can be easily deter-
mined from constant blank holder force experiments.

2 It captures the effects of blank size, sheet thickness, mateffig¢tion coefficients[26]. The coefficient of friction was not con-
properties and tooling shape in sheet metal forming through th&ant but varied with the punch strok27]. Therefore, a nominal
parameterse and 7, which are experimentally determined andvalue (uq) is assumed to describe the typical friction behavior of
depend on blank size, sheet thickness, material properties antlibricant. Change in lubricant produces changegand u

tooling shape. may be a function of the punch stroke.
3 It captures the effects of the blank holder force on the pro- Schey and Watt§28] showed the development of friction in
cess dynamics becauaeand 7 are functions of-,. drawing bare steel with neat mineral ¢iig. 13. Results showed

. L . . that there was an offset between any two draws. The offset
Model uncertainty due to small variations in blank size, she€bamed to be constant during a test but to vary between tests.

thickness, material properties anq tpoling shape due to die WeRince, an unknown constafdy) is assumed to describe the
can be represented by small variations of the model parametﬁfget.

(i.e.,« and7) of the process model. For the open-loop system with according to the above observations, the coefficient of friction

a constant input, the characteristic behavior of the friction, due can be represented by the sum of the nominal valug énd
change inAy for identical lubricant or change in, for different fﬁé unknown %onstarm,u)):/ @

lubricant, can be modeled as a step disturbance input. The present
approach offers all necessary information for process controller m=potAu (22)

design. . . . . - .
. For a given lubricantu, describes the typical friction behavior
The process modeEq. (10)) was originally developed baseO'd ring a test and\u is related to the variation in friction behavior

on experiments without drawbeads, but this work shows thatd tween tests under the same conditions. For a given lubriggnt,

can also capture the characteristic behavior of fixed height draw- : :
beads. In addition, it can also adequately describe the respons%&i jr?l?r?:vt\)lmgggsl:t%mig Fig. 12andAx is reasonably constant

continuously varying blank holder force trajectories and, there-
fore, it can be used with confidence for controller design.

B Disturbance Due to the Friction Force on the Blank
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Appendixes Ho=73 In = (23)

A Friction Model for Sheet Metal Forming. Wang et al. wherepu,, is the friction coefficient on the blank holder shoulder,
[25] showed the effect of lubrication on the friction coefficient aF; is the blank restraining force or the friction force within the
the die corner(Fig. 12. Different lubricants produced different sheet metal between the blank holdé¥sjs the blank restraining
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force inside the gap between the punch and the blank holder, anld] Liu, Y. C., 1988, “The effect of Restraining Force on Shape Deviations in

R o Flanged Channels,” Trans. ASME, J. Eng. Mater. TechridlQ, pp. 389-394.
B is the contact ang|é25]' If the friction effect on the blank [8] Mickalich, M. K., and Wenner, M. L., 1988, “Calculation of Springback and

holder shoulder is ignoreds; equalsF, . its Variation in Channel Forming Operations,” SAE Technical Paper No.
Assuming that variation in, will cause variation inF; leads 880526.

to [9] Schmoeckel, D., and Beth, M., 1993, “Springback Reduction in Draw-
Bending Process of Sheet Metals,” CIRP Ané2, No. 1, pp. 339-342.

1 Fr [10] Sunseri, M., Karafillis, A. P., Cao, J., and Boyce, M. C., 1994, “Methods to

et App==In——1— (24) Obtain Net Shape in Aluminum Sheet Forming Using Active Binder Force

,8 Ff"" AFf Control,” AMD-Vol. 194, Mech. Mater. Process. Manufact., ASME, pp. 167—

. A 184.

A|SO, assuming small variations leads to [11] Ueda, M., Udno, K., and Kobayashi, M., 1981, “A Study of Springback in the

1 AF, Stretch Bending of Channels,” J. Mech. Work. Technb|.pp. 163—-179.

(25) [12] zhang, Z. T., and Lee, D., 1995, “Effect of Process Variables and Material
Properties on the Springback Behavior of 2D-Draw Bending Parts,” SAE
Technical Paper No. 950692.
The Coulomb friction between the sheet metal and the blanik3] Hardt, D. E., and Fenn, R. C., 1993, “Real-Time Control of Sheet Stability
holder, during Forming,” Trans. ASME, J. Eng. IndL15 pp. 299-308.
[14] Hsu, C.-W., Demeri, M. Y., and Ulsoy, A. G., 1999, “Improvement of Con-
Fi=u-Fy (26) sistency in Stamped Parts through Process Control,” 1999 TMS Annual Meet-
ing, San Diego, CaliforniaSheet Metal Forming Technolog®emeri, M. Y.,
AF; is represented by the disturbané&g,, which is variation in ed. pp. 53-76.
Fb: [15] Sim, H. B., and Boyce, M. C., 1992, “Finite Element Analyses of Real-Time
Stability Control in Sheet Forming Processes,” Trans. ASME, J. Eng. Mater.
AFi=u-Fq 27) Technol.,114 pp. 180-188.
[16] Siegert, K., Dannenmann, E., Wagner, S., and Galaiko, A., 1995, “Closed-
Substituting Eqs(26) and(27) into Eq. (25) leads to Loop Control System for Blank Holder Forces in Deep Drawing,” CIRP Ann.,
44, No. 1, pp. 251-254.
Fau=(—BAuwp)-Fy (28)  [17] Siegert, K., Wagner, S., and Ziegler, M., 1996, “Closed Loop Binder Force
L. System,” SAE Technical Paper No. 960824.
Therefore, the friction effect on the blank holder shoulder camisg] Siegert, K., Ziegler, M., and Wagner, S., 1997, “Closed Loop Control of the
be modeled as a disturbance. The effect is additive because if the Friction Force. Deep Drawing Process,” J. Mater. Process. Techfhlpp.
friction effect on the blank holder shoulder is considefeg, can 126-133.

[19] Demeri, M. Y., 1993, “Drawbeads in Sheet Metal Forming,” J. Mater. Eng.
be added td~,4. For constanfF, andAuy, Fy4; can be modeled Perform.,2, No. 6, pp. 863—866.

as a ramp function becaugeincreases as the punch penetration2g] cao, J., and Boyce, M. C., 1993, “Draw Bead Penetration as a Control Ele-
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