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in Resin Transfer Molding
Two recent advances in controlling flow progression in RTM are the sequential l
control and the optimal feedback control. Both methods have powerful features as w
limitations. However, they complement each other very well. In this paper we propo
integrated control scheme combining both of them. In this paper the theory of the se
tial logic control and the optimal control for flow progression manipulation in RTM
reviewed first. An integrated control approach is then proposed. Simulation results
that the control authority of the system is considerably expanded by the combinati
the two. The integrated switching and feedback controller gives excellent performan
mold filling even in the presence of wide variations of the preform properties.
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1 Introduction
Resin transfer molding~RTM! is a high performance net-shap

manufacturing process for polymer composite parts, especial
aircraft and automobile industries. It is particularly suitable
producing large and geometrically complex parts. However
present, part fabrication by RTM is a very expensive proposit
due to the typically long process development time, limiting t
potential use of the process@1#. RTM consists of the following
steps:~a! preform fabrication,~b! preform placement inside th
mold, ~c! mold filling by resin injection,~d! curing, and finally~e!
demolding of the finished part. The inherent variations of the p
cess make it difficult to predict what happens inside the m
during the filling and curing stages and therefore what the pr
erties of the resulting part will be. Both filling and curing a
critical steps, though successful mold filling without dry spots
the first step to having a defect free part.

Ideally, the resin flow should progress so that the last part of
mold to be filled is near the vents, and the preform is wetted
completely without leaving any dry spots. The flow pattern in t
mold depends on such parameters as preform porosity and pe
ability, and resin viscosity. These properties are required as in
parameters for the physical models used to simulate mold fill
However, the permeability and porosity cannot be estimated
curately beforehand as compaction, preform preparation, etc
affect their values. A common problem is the edge effect ca
racetracking which makes the resin flow faster along the edge
the preform. These random, unpredictable variations in the
form properties make it extremely difficult to predict resin flo
progression accurately, which in turn makes it difficult to des
an effective injection and venting scheme without trial and c
rection cycles~see Bickerton@2# and references therein!.

The trial and correction cycles result in a long and expens
process development, and the high cost of manufacturing w
RTM. Cost reduction will be realized if the manufacturing proce
is automated to provide uniformly high quality parts at a rap
rate. Control strategy development for mold filling in RTM is
key step toward automation. The control strategy should acc
plish such tasks as driving the flow front to an optimal profi
avoiding the formation of voids and weld lines, and reducing
process time while keeping the control effort and the neces
hardware expenditure at a reasonable level.

Since gate and vent location is an important issue for RT
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there have been efforts to find the optimum gate/vent locatio
Some of these are aimed at finding the best vent locations to a
void formation @3–5#, while others concentrate on finding opt
mum gate locations to produce minimum part warpage, dim
sional instability, filling pressure etc.@6–8#.

There have been studies on controlling the flow progressio
RTM by using neural networks. Smith and Dagli have trained
back-propagation neural network for the process control of
injection molding process@9#. Souder and Woll have developed
back-propagation neural network to model the injection mold
processes and identify defects, and suggested that the neura
work models can serve as a basis for adaptive control@10#. Choi
and co-workers have used neural networks to model the injec
molding process, and developed an adaptive optimization sch
to find optimal process parameters@11#. Demirci and Coulter have
shown that the actual flow front profile in RTM can be driven
reach a previously determined desired profile by manipulating
injection flow rate through the neural network based cont
schemes, but the controllability is lost when the flow front a
vances to a distance greater than half of the mold width@12–16#.
The neural network controller is further extended in Lafferty a
Pitchumani@17# and Nielsen and Pitchumani@18# by integrating
with the fuzzy logic. Kranbuehl and co-workers have utilized t
frequency dependent electromagnetic sensor~FDEMS! system for
monitoring resin properties for quality assurance and for inte
gent control of the progress@19#. Mychajluk and Manoochehri
have developed a model to calculate the process set point va
that correspond to minimum cycle time in RTM while maintai
ing a constraint such as void minimization@20#. Yu and Young
have considered the problem of determining optimal process
rameters that will result in a short cycle time and a suitable p
quality, and have utilized generic algorithms~GAs! @21#.

Most of the studies on controlling the flow front shape a
based on neural networks. The training of the networks is usu
done by using hundreds or even thousands of simulated diffe
scenarios as the training set, since conducting a large numb
RTM experiments to gather real data is not feasible. Theref
these neural networks suffer from the same limitations as the m
filling simulations do. Moreover, as we have shown later in S
tion 2, the number of possible scenarios grows exponentially
the complexity of the mold increases. This makes it impractica
train the network even on the cases that are known to be poss

To overcome these limitations, Berker et al.@22# have proposed
a nonlinear optimal feedback control algorithm for controlling t
flow front based on real time sensing and system estimation.
control objective is to drive the flow pattern toward a predet

e

01 by ASME Transactions of the ASME



o

f

s

n

o
p

r

l

t

t
a
n

n

l

B

n
c

r

R

e
o

.

re
of

e-

a-
e
u-
ns

.
s
a-
ll
s.
n

nt
-
ly
of

ce-
ng
w
e-
he
mined shape. A local adaptive model of the transfer function fr
the inlet conditions to the flow front location was proposed a
was estimated by using the lineal flow sensor signals. In this c
trol scheme, a performance index is defined based on the di
ence between the flow front set points and the actual flow fron
measured by the sensors, and the control input is determined
to minimize the performance index.

Another class of research is aimed at developing switching c
trols by opening or closing gates and vents. Based on the se
information, different injection ports are switched on or off. Th
approach can decrease the cycle time and the injection pressu
‘‘sequential multiple port’’ resin injection method for decreasin
mold filling time and void formation was proposed in Chan a
Morgan @23#, and was illustrated for one dimensional flow. A
extension of this methodology, called the sequential logic cont
was proposed by the authors in Berker, Barooah, and Sun@24#.

In this paper, we propose to combine the sequential logic c
trol and the optimal feedback control to take advantages of b
A comparison of the two control schemes show that they com
ment each other very well; the strength of one is the weaknes
the other. This motivates the integration of the two cont
schemes. Combining the two control schemes will incur ad
tional cost to the eventually automated injection equipment. T
cost will be offset in two ways. First, the mold design and fab
cation that may otherwise need a lot more vents and gates wi
simplified. Second, feedback control offers another dimension
quality assurance that can potentially save an expensive comp
part from being wasted. Furthermore, it should be pointed out
because of the rapid advances in computer and high tech indu
the cost of implementing even a large dimensional feedback c
trol system is not significant at all when compared with the cos
manufacturing a sophisticated mold and complex composite p

The outline of the paper is as follows: In the first two sectio
Sections 2 and 3, sequential logic control~SLC! and feedback
control are briefly discussed. In Section 4, we propose an i
grated control structure consisting of both these control schem
The performance of the proposed integrated control methodo
is examined through simulations. These results are discusse
Section 4. The paper concludes in Section 5.

2 Sequential Logic Control „SLC…

Sequential logic control~SLC! consists of a series of decision
regarding closing vents and opening gates upon arrival of the fl
at their locations. The foundation of the control algorithm is bu
on a proper, preferably optimized, vent and gate configuration
a given mold. Automatic gates, automatic vents, and vent-to-g
converters are used for implementing the control logic. These
hardware elements used for automating the injection and ven
process. The methodology is examined in detail in Berker,
rooah, and Sun@24#. Here it is briefly explained, and the pros an
cons are examined.

SLC was initially derived from studies of mold filling scheme
for long and narrow molds, where the aspect ratio of length
width is large. To extend the sequential logic to two-dimensio
mold geometries, where the flow pattern can be complex, the
cept of sub-domains is utilized. A complex mold is divided in
simpler regions, called sub-domains. A sub-domain can eithe
a channel or a block. Achannelcan be simply defined as a regio
inside the mold, demarcated by physical boundaries of the m
or the rigid inserts, or by imaginary lines. The flow front in
channel does not bifurcate to more than one sub-flow front.
gions where the width and length dimensions are comparable
called blocks. In general, any sub-domain which cannot be a
proximated by a channel is a block. Note that channels or blo
need not be rectangular. When several sub-domains are view
channels, SLC can be applied to each channel individually. H
ever, SLC has difficulty in dealing with blocks with a small num
ber of gates and vents.
Journal of Manufacturing Science and Engineering
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Consider a rectangular mold with two inserts shown in Fig
1~A!, hereafter referred to as mold A. The mold is divided into
four sub-domains marked as 1, 2, 3 and 4. The first three a
channels. We consider two extreme scenarios with the help
simulations for the mold having no vents:~a! when there is no
racetracking anywhere, and~b! when there is racetracking along
all edges of the mold. By examining the location of the voids
formed in the channels, we decide the placement of control el
ments including gates, vents and vent-to-gate converters.

Note that the placement of gates and vents is a large optimiz
tion problem itself. SLC does not address this issue explicitly. Th
approach based on the studies of ‘‘extreme scenarios’’ helps int
itively place the gates and vents. This placement is by no mea
the best or optimal.

The results of applying SLC to this mold are shown in Figs
1~B! and ~C!, when there is no racetracking and when there i
racetracking on all edges, respectively. As seen from the simul
tion results, the sequential logic control is able to successfully fi
the mold without entrapping any voids in both of these case
More examples of SLC applications in other complex molds ca
be found in Berker, Barooah, and Sun@24#.

Limitations of SLC. We have applied SLC to complex 2-D
molds by dividing the molds into channels, where the placeme
of gates and vents, and the control logic are fairly intuitive. How
ever, no general guidelines have been found for molds with tru
2-D flow. The placement of gates and vents based on a study
two extreme cases clearly cannot cover many other possible s
narios. For example, what happens if the resin racetracks alo
some edges but not along others? The resulting complex flo
front due to asymmetric racetracking, in general, does not r
semble the flow fronts of the two extreme cases considered in t

Fig. 1 Mold A: „A… channels and placement of control ele-
ments, „B… mold filling with SLC for no racetracking, „C… mold
filling for racetracking
MAY 2001, Vol. 123 Õ 241
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design stage. The controller cannot work well when there are w
variations in the preform properties inside the mold. This h
sensitivity to parameter variation is a limitation of SLC.

To study the limitation of the sequential logic control, we ha
reconsidered mold A with different racetracking. Thirteen case
asymmetric racetracking were examined through simulation. S
could successfully fill only three. It is evident that SLC cann
handle all possible variations with a given placement of gates
vents@24#.

If an SLC controller is to be designed by considering all po
sible extreme cases, we have to conduct a large number of s
lations. There are a total of ten edges in mold A along wh
racetracking can occur~excluding the very short ones!. Since all
the channels and blocks are of different shapes and sizes,
tracking along each edge creates a unique scenario. The
number of unique cases of racetracking is given byN5210

51024. This formula only considers yes/no racetracking along
edge, and does not consider the degree of racetracking, or
possible parameter variations such as that of porosity and
viscosity, which will increase the number of possible cases e
further. It is not feasible to simulate all these cases in orde
design a gate and vent configuration for SLC.

The SLC controller makes a decision based on discrete sen
and does not take into account the shape of the flow front. H
ever, in a general 2-D mold, the shape of the flow front becom
very important, and cannot be deduced by looking at signals f
only a few discrete point sensors. This brings us to another li
tation of SLC. It only decides to open or close a gate or a ve
Opening a gate, even though it has a large effect on the flow f
progression, is not always enough to control the shape. To co
the shape of the flow front, the gate pressures have to be adju
appropriately. The inability of SLC to change the flow front to
desired shape was the motivation for developing a feedback
trol @22#, which is described briefly in the next section.

3 Feedback Control of RTM
Feedback control of RTM aims at controlling the flow front

the mold by adjusting the inlet conditions. The controller regula
the actual flow pattern toward a predetermined shape. An im
tant element of this control is sensing the flow front. Lineal se
sors have been developed for this purpose@25#. Lineal sensors
consist of a pair of closely placed conductive wires, and can
placed in the mold to determine the location of the flow front.
local adaptive model of the transfer function from the inlet co
ditions to the flow front sensors have been developed and on
estimation algorithms have been applied to update the lo
model. A performance index is defined based on the differe
between the flow front set points and the actual flow front
measured by the sensors. The control input is determined by m
mizing the performance index. The basics of this control strat
are discussed in the following section. A more complete desc
tion can be found in Berker, Barooah, Yoon, and Sun@22#.

Resin flow in RTM is governed by the conservation law of t
mass as well as Darcy’s law for viscous flow through poro
media. Darcy’s law is stated as

V~x!52
K

m
¹P~x!, (1)

whereV(x) is the volume averaged Darcy velocity of the fluid,K
is the preform permeability tensor,P(x) is the pressure field andm
is the resin viscosity. The analytical solution of Eq.~1! for the
complex boundary conditions is not available. With poorly know
permeability of the preform as well as variations inm, combined
with the computational burden of solving for the equation, ev
well developed finite element codes cannot provide a reliable
dictive model for real time control. Moreover, in order to contr
the flow front shape by manipulating the gate pressure or fl
rate, we need a model that relates the inlet condition~inputs! to
the flow front sensor~output!.
242 Õ Vol. 123, MAY 2001
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To this end, we have proposed the following model for 2
flow in RTM:

sk115sk1CkukDt, (2)

wheresk is an31 vector representing the flow front, consisting
measurements fromn lineal sensors,uk is a m31 vector of m
control inputs,Ck is the n3m system model coefficient matrix
evaluated at thekth sample step, andDt is the time interval:Dt
5t(k11)2t(k). Evaluation ofCk can be done on-line either b
a least square estimation method or by a perturbation method@22#.
Equation~2! represents the general expression of local models
multiple input and multiple output liquid injection molding sys
tems. This model forms the basis for feedback control formu
tion. The reader is referred to Barooah, Berker, and Sun@25#;
Barooah@26# for more discussions on how to design and imp
ment a set of lineal sensors for measuring the resin flow front
function of time.

Let sk11(re f ) denote the sensor signal vector representing
desired flow front pattern at the sensor locations at the (k11)th

time step, and letek11 be the difference between the actual sen
signals sk11 and the desiredsk11(re f ) , i.e., ek115sk11
2sk11(re f ) . From Eq.~2!, we obtain a state equation forek11 .

ek115ek1CkukDt1sk~re f !2sk11~re f ![fk~ek ,uk!. (3)

A performance indexJk11 can be defined asJk5ek11
T ek11 .

Minimizing Jk11 with respect touk will minimize the norm of the
tracking errorek11 in the next time step. The optimality conditio
is ]J/]uk50, which yields the optimaluk* as

uk* 52~Ck
TCk!

21~sk2sk11~re f !!. (4)

A more general control formulation with range and rate saturat
of actuators can be found in Berker, Barooah, Yoon, and Sun@22#.

Figure 2 shows a rectangular mold with two injection ports a
two lineal sensors placed in it. The permeability values of
preform linearly decrease from the top to the bottom of the mo
At a constant injection pressure at both gates, the flow front n
rally takes a skew shape, as shown in the same figure. The co
objective here is to change the flow front to a straight ‘‘vertica
line. Figure 3 shows the resulting flow front shapes with optim
feedback control.

The estimated coefficientsCk with the least squares method fo
the first gate are depicted in Fig. 4. The optimal injection valu
are depicted in Fig. 5. Since the permeability values are lo
along the first gate compared to the second gate in Fig. 2, the

Fig. 2 Uncontrolled flow front

Fig. 3 The flow front under the optimal feedback control
Transactions of the ASME
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progresses more slowly along the first sensor. In order to keep
flow front along both the sensors at the same rate, the injectio
the first injection gate reaches the upper limit while the sec
gate reaches the lower limit.

At the beginning of filling, the control is able to alter the flo
front in the desired manner. As the flow front progresses furt
away from the injection ports, the controller’s ability to affect th
flow reduces and the natural slanted flow front shape takes o
The ‘‘controllability’’ is lost when the distance between the gat
and the flow front is between 0.5 and 0.6 m. The error between
desired and the actual location of the flow on the sensors is
picted in Fig. 6. It is interesting to point out that the rising trend
the error indicates the loss of ‘‘controllability.’’

Limitations of Feedback Control. It is evident from the
above discussions that feedback control is effective in relativ
small regions of the mold. In order to have ‘‘controllability’’ dur
ing the entire mold filling, there must be sufficient number
gates distributed over the mold area and the feedback contr
has to be reconfigured with different gates and vents in differ
stages of filling.

Fig. 4 The system transfer function coefficients as a function
of time. Top: the coefficients of G1, Bottom: the coefficients of
G2.

Fig. 5 The optimal injection pressures of the controller. u1:
pressure at G1, u2: pressure at G2.
Journal of Manufacturing Science and Engineering
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A Summary. Table 1 summarizes the comparison of t
relative strengths and weaknesses of SLC and feedback con
The first three points in the table are already discussed in prev
sections. The fourth one, namely ‘‘sensitivity to parameter va
tion’’ is a measure of the robustness of the control, i.e., how w
the control works when the permeability and other parame
vary spatially inside the mold. Since feedback control estima
the system properties on-line, it is able to track the system par
eters in real time and take appropriate control action. SLC, h
ever, is based on a predesigned gate and vent locations. Henc
effectiveness of SLC is dependent on the system behavior b
close to that in the examined scenarios. Table 1 clearly indic
that these two control strategies complement each other well

4 Integrated Switching and Feedback Control
The discussion in the previous section leads to the conclu

that there is much to be gained from combining SLC and feedb
control. The integrated controller will involve two levels of dec
sion making. First, it carries out switching commands of open
or closing gates and vents. Then, it has to adjust the injec
pressures at the gates according to a feedback control. This
trol structure is called theintegrated switching and feedback con
trol. The block diagram in Fig. 7 illustrates the main concept
the control method. The control approach and the associate
sues are further illustrated with the help of an example in
following.

Application of the Integrated Controller to Mold Filling.
In this section, we demonstrate the ability of the integra
switching and feedback control through simulated experiments
mold A. The simulations were done with the help of the fin
element program LIMS and Matlab.

The mold is divided into five sub-regions: block 1, channels
2 and 3, and block 2 as shown in Fig. 8. It is seen from simu
tions that for an injection starting at the left, the speed of re
flow in the three channels are not equal due to the different s
of the channels; and in the presence of non-uniform racetrac

Fig. 6 The tracking error is kÀs k ,ref i as a function of time

Table 1 Comparison of the optimal feedback control and SLC
MAY 2001, Vol. 123 Õ 243
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along the edges of the inserts, they can be widely different. A
result, the flow fronts in the three channels arrive in the last reg
at different times, sometimes causing flow from one channe
get into another channel. This makes the resulting flow fro
shape extremely complex, especially in block 2. In such a sit
tion it is virtually impossible to predict what will be the last poin
to fill in that region in order to locate a vent there.

Hence we decided to control the mold filling with the help
the feedback controller such that the flow fronts in the chann
arrive at block 2 at the same time. Then, block 2 can be filled
opening a gate at its bottom left corner and driving the flow fro
to a vent placed at the top right corner.

The gates, vents and vent-to-gate converters, and lineal sen
in the mold are also shown in Fig. 8.G1, G2 and G3 denote
gates. VGC1, VGC2 and VGC3 denote vent-to-gate convert
V1 andV2 denote vents.S1 thoughS6 are six lineal sensors. The
flow chart of the control system is shown in Fig. 9. First we inje
from G1. When all three converters detect resin arrival,G1 is
closed, the vents of VGC1-3 are closed, and injection continue
VGC1-3 initially at the nominal pressure. The nominal pressure
half the maximum available pressure (Pmax553105 Pa).

The injection pressure at VGC1-3 is regulated by a feedb
controller to make the average flow front location in the thr
channels the same. WhenS1, S2 andS3 signal that the channels
are fully filled, VGC1-3 are closed, andG2 is opened by the
controller. G3 is also opened when the flow front in the regio
has advanced sufficiently towardsV1. This decision is based on
the reading of at least 0.1 m fromS5. G3 was incorporated to dea
with severe recetracking cases when injection from onlyG2 is not

Fig. 7 The block diagram of the integrated switching and feed-
back control

Fig. 8 Top: the sub-domains of mold A. Bottom: location of
control elements and lineal sensors in mold A.
244 Õ Vol. 123, MAY 2001
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enough to avoid dry-spots in block 2. Injection fromG2 andG3
continues at maximum pressure till the three lineal sensorsS4, S5
andS6 in the last block are saturated and resin is detected atV1.
This indicates complete filling of block 2. After a 10 second del
to allow air to escape, injection is stopped.

The detection of resin atV1 does not always mean comple
filling of block 2 since recetracking might occur to create dr
spots near the vent. That is why the lineal sensors are place
that region to sense the presence of voids.V2 is closed by the
switching controller upon resin arrival and after the reading fro
S2 shows the flow front is sufficiently close to the end of chan
2.

The converters VGC1-3 can be expected to mostly affect th
corresponding channels only, i.e., VGC2 in the middle chan
does not affect the flow front in the top and the bottom chann
and vice versa. This assumption makesCk diagonal. Since we
have only one gate per channel, the pressure of the gate w
only affect the average location of the flow front in the corr
sponding channel.

The objective of the feedback control is simply to create
average flow front across these channels to form a straight
perpendicular to the top and bottom edges of the mold. The
point of the average flow front is determined byak5mean(sk
1CkukDt) whereDt510s is the control time interval.

The estimation ofCk is done using a least squares method. N
that estimation can be done at the speed of data acquisitio
sufficient computational power is available. However, the act
tors to control injection pressures have a finite rise time, a
hence it is not possible to update the control actions at a h
speed.

Fig. 9 Flow chart of the integrated control logic for mold filling
in mold A
Transactions of the ASME
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Example 1. We first apply the controller to the mold withou
racetracking. The controlled flow pattern is shown in Fig. 10. T
flow front pattern shows that the control was able to accomp
the objective.

The time history of the control is shown in Fig. 11, and t
estimated values ofCk are shown in Fig. 12. The feedback contr
loop was active for less than half of the total filling time. At oth
times, switching dictated the injection process. Due to unifo
properties of the preform and no racetracking, the flow in all th
channels behaved similarly. This indicates that the flow fr
would gradually take on a ‘‘vertical’’ straight line shape eve
without control. Hence, the feedback controller did not have
expend much effort as shown in Fig. 11. The injection pressure
VGC1-3 for the most part were close to the nominal press
values. Figure 13 shows the values of the tracking error a
function of time.

The difference between the predicted flow front by the syst
model of Eq.~2!, and that simulated by LIMSsk

LIMS is shown in
Fig. 14. The error is defined asek5isk

LIMS2(sk21
1Ck21uk21Dt)i . The magnitude of the error was always le
than 4.5 cm.

Example 2. When racetracking is introduced along the edg
located in the top half of the mold, the fluid can move faster in
top half than in the bottom half. Since the controller is designed

Fig. 10 The flow front contours for controlled mold filling
simulation in mold A with the integrated switching and feed-
back control

Fig. 11 The time history of the control for mold A by the inte-
grated controller. The first plot shows the pressures at gates
G1, G2 and G3. The second plot shows the operation of the
vents. The third plot shows the pressures at the three vent-to-
gate converters regulated by the feedback control. A negative
pressure indicates that a converter is kept open as a vent. A
zero pressure indicates that the injection gate of the converter
is closed.
Journal of Manufacturing Science and Engineering
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drive the flow front from the bottom to the top right corner in th
last region, this tendency of the flow is opposite to the cont
objective. The ability of the controller will be seriously tested.

Eighteen cases of racetracking with different number and lo
tion of the edges involved are studied. The performance of
controller for these cases is summarized in Table 2. The edge
numbered as shown in Fig. 15.Nn f in Table 2 is the number of
nodes of the meshes for the mold that were not filled after fill
was stopped. A largerNn f indicates a bigger void entrapment an
a smallerNn f indicates a smaller void entrapment. A zeroNn f
means a completely successful mold filling. The total number
nodes in the mesh was 1741. The mesh size is 12.5312.5 mm2.
As seen from the table, the integrated switching and control
proach was successful in filling the mold for most of these cas
Note also that cases 4 and 18 in the table takes very long to fill
mold completely so thatNn f goes zero due to the numerical alg
rithm used in the finite element code. In practice, it may not ta
as long.

Fig. 12 The real-time estimated system coefficients when the
feedback control loop was active. Since Ck is diagonal, only
the three diagonal terms are shown.

Fig. 13 The tracking error of the feedback control in channels
1 to 3
MAY 2001, Vol. 123 Õ 245
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5 Conclusions
We have presented an integrated switching and feedback

trol approach for regulating the resin flow progression during
mold filling stage of RTM. The integrated control has the adva
tages of both the switching control and the feedback control,

Fig. 14 The error in predicting the flow front with the pro-
posed system model

Fig. 15 The numbered edges of mold A

Table 2 Performance of the integrated controller in the non-
uniform racetracking cases
246 Õ Vol. 123, MAY 2001
on-
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nd

has much larger control authority than the feedback control alo
and has a better ability for flow front shape control than t
switching control. It has been shown through simulations that
proposed integrated control is quite effective in successfully
ing a mold with a complex geometry as well as a wide range
variations of system properties. Integration of two control stra
gies incurs additional cost. However, the cost of implementin
feedback controller is not significant thanks to the rapid adva
of computer and high tech industry. The value of such an in
grated system will ultimately be justified by the savings one m
gain in fabricating less complicated molds and reducing the wa
in the actual manufacturing process.
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