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Real-time control of product performance parameters is a key for proactive quality control (QC), as it
can prevent the occurrence of potential quality problems in the earliest stage of manufacturing. It is rec-
ognized that dynamic product QC must be coordinated with the control of the process through which
the product is manufactured. The integrated product and process control (IPPC) design methodology
introduced recently is a proven approach to the simultaneous control of both the product quality and
the process performance. In this paper, a general IPPC design methodology for multi-input-multi-output
(MIMO) systems is introduced. A case study on polymeric coating curing shows that the resulting control
system is capable of effectively tracking the set-points of both the product and the process, and demon-
strating a satisfactory performance in rejecting disturbances, thereby ensuring achievement of desirable

product quality and process performance.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Product quality control (QC) is traditionally realized through
post-process quality inspection in most manufacturing systems.
In practice, after a quality problem is identified in the products,
a statistical analysis is usually conducted and the relevant process
operational settings are then adjusted to prevent the same type of
problems from reoccurrence. This type of QC, although necessary in
manufacturing, is reactive in nature as it “waits for” the appearance
of quality problems first. It is also ineffective since a significant time
lag may exist from problem identification, through solution deriva-
tion, to action taking. Note that during this time period, the same
type of quality problems can continuously appear in many prod-
ucts being manufactured. Furthermore, the derived solutions are
frequently heuristic in nature, which may lead to problem solving
not always effective.

In modern manufacturing, product quality standard becomes
increasingly high, which makes process operation more chal-
lenging. Thus, traditional inspection-based QC alone is no longer
sufficientin quality assurance. QC must be fundamentally proactive,
aiming at quality assurance starting from the earliest stage of prod-
uct manufacturing.In 1989, Wu et al. introduced a QC concept called
the New Generation Quality Control [1]. Its essential element is an
implementation of reliable real-time process control. Yabuki and
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MacGregor suggested a practical approach, called midcourse cor-
rection, to control the final product quality for a semi-batch reactor
[2]. Lou and Huang extended the idea and introduced an integrated
process and product dynamic modeling approach, which facilitates
simultaneous control of both process and product [3]. Recently, Xiao
etal.introduced a concept of integrated product and process control
(IPPC) and a target-oriented control system design methodology
[4].1tis shown that IPPCis an effective approach to realizing all-time
on-aim proactive product QC. However, the method is limited to
single-input-single-output (SISO) linear systems, while most man-
ufacturing systems are nonlinear and have multiple product quality
and process performance parameters.

In this paper, the IPPC concept by Xiao et al. is adopted, but the
IPPC system design methodology is extended for controlling multi-
input-multi-output (MIMO) product-process systems. A case study
will show that the resulting control system is capable of effectively
tracking the set-points of both the product and the process, and
demonstrating a satisfactory performance in rejecting disturbances
exerted on them, thereby ensuring both desirable product quality
and superior process performance.

2. Proactive quality control essential

The effectiveness of product QC, regardless of the approaches
and strategies used, is reflected by the satisfaction of the defined
quality criteria. If Q is the vector of quality indicators for product
P, then Q(P) is the vector of the assessed quality indicator values.
Let Q;(P) and Qy(P) be, respectively, the lowest and the highest
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Fig. 1. General scheme for IPP control [4].

acceptable values of the quality indicators. The product has a satis-
factory quality, if the following condition is satisfied:

Q. (P) =Q(P) = Qu(P) (1)

The above approach has been commonly used in post-process
quality inspection activities.

2.1. Dynamic QC

In IPPC control design, a key component is the dynamic char-
acterization of a product that is being manufactured. This requires
product dynamic modeling, in addition to usual process dynamic
modeling. The resulting models should generate the dynamic infor-
mation of the process outputs, Y.(t), and the product outputs, Yy(t),
which can be described as

Yc(t) = g(Xc(t), Uc(t), Zc(t), t) (2)
Yq(t) =f(Xqa(t), Ug(t), Zy(t), £) (3)

where X(t) is the process state vector; U.(t) is the process control
vector; Z(t) is the process disturbance vector; X,(t) is the product
state vector; Z(t) is the product disturbance vector; Uy(t) is the
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product control vector and, in reality, is the process output vector,
Y.(t). Eq. (3) can be rewritten as,

Y(t) = f(Xq(t), Yc(t), Z4(t), t) (4)

Extended from the static to the dynamic domain, the product
quality vector can be written as

Q(P, t) = h(Y (1), t) (5)

According to Eqgs. (2) and (3), the above equation can be further
written as,

Q(P, t) = h(Xq(t), Xc(t), Uc(t), Z4(t), Zc(t), £) (6)

Note that Q(P) in Eq. (1) quantifies the product quality at the ending
time (t.) of a product manufacturing process, i.e., Q(P, t.). Clearly, to
realize proactive QC, dynamic cause-effect relationships for the pro-
cess and the product should be established, and control strategies
should be developed.

2.2. IPPC scheme

The IPPC-SISO design by Xiao et al. [4] employs a cascade con-
trol scheme. As shown in Fig. 1, the inner loop of the system is for
process control, while the outer loop is for product control. The
integrated process and product (IPP) controller of the system is an
integration of a product controller and a process controller. The
product controller functions based on the error between its set-
point and the measured product controlled variable; it dynamically
adjusts the set-point to the process controller. The output of the IPP
controller is used to control the process through the process actu-
ator, and in turn the product being manufactured. This scheme is
general for a system with any number of inputs and outputs, and is
extended for IPPC of MIMO systems in this work.

Process Product
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Fig. 2. IPP control system design for MIMO systems.
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3. System design

Fig. 2 depicts a general IPPC-MIMO system structure, which
adopts the cascade control scheme. In this system, the process
system and the product system each are assumed to be satis-
factorily described by linear state-space models, and, further, full
state/output feedback control is assumed to be realizable [5,6]. In
the control system, each controller is composed of an integrator and
two gain matrices. Thus, the IPP control design is mainly the design
of all four gain matrices (K¢, , K, , K4, , and K,) based on the char-
acteristics of the process and the product, the control objective(s),
etc. A logic design of the system is to determine the gain matrices
for the inner loop first, and those for the outer loop later.

3.1. System modeling

The process and the product are described by the following lin-
ear models.

3.1.1. Process model
A linear process model is

Xc =AX:+B:U. (7)
Yc=CXc+DZ. (8)

where X; is the process state vector (n x 1); U. the process con-
trol vector (m x 1); Y. the process controlled (or output) vector
(m x 1); Ac the process system matrix (n x n); B. the process control
matrix (n x m); C. the process output coefficient matrix (m x n); D
the process disturbance coefficient matrix (m x k); Z. the process
disturbance vector (k x 1).

3.1.2. Product model
Similarly, a linear product system can be written as

Xq=AqX4+BqUyq (9)
Y =CyX +DyZy (10)

where X} is the product state vector (I x 1); Uy the product control
vector (m x 1), which is essentially the process output vector Y¢;
Y, the product controlled (or output) vector (m x 1); Ay the prod-
uct system matrix (I x I); By the product control matrix (I x m); Cy
the product output coefficient vector (m x I); D4 the product distur-
bance coefficient matrix (m x j); Z; the product disturbance vector

(Gx1).
3.2. Process control loop design

As shownin Fig. 2, the inner loop is a standard state-output feed-
back control system using a PI controller. With a standard integral
module, the design of this controller is essentially the determina-
tion of the two gain matrices, K, and K,.

Miron introduced a design method for parameter determination
for a state-output feedback control system [7], which is to trans-
form such a system to the one with state feedback. This approach
is adopted in this work; the detailed derivation of gain matrices for
the process controller is given in Appendix A. The final controller
gain matrices can be evaluated by the following equation.

-1
C. 0

(KC1 KCz) :K?(A B ) (11)
¢ D¢

Note that matrices Ac, B¢, and C. are given in the process system
model in Egs. (7) and (8). Matrix K? is a preferred system behavior
matrix. A method for determining K? is introduced later.

3.3. Process-embedded product control loop design

The design approach for the inner loop of the IPPC system is
applicable to the design of the outer loop, except that the designed
inner loop will be treated as a functional block that is placed in
series with the open product block. The product model can be
derived as

v, _ (Ac-TcKE 0 v, s Le\ 4o
X4 B, A; ) \ Xy (i} ¢

0
+ Z. (12)
B.D.
where
v Xe (13)
c= U,
¢4
P =K, (Im —Dc) (z ) (14)
c

A. B

C:<o 0) (15)
0

I‘c:< ) (16)
In

K? = (K¢, Cc+Kc,Ac Kc,Bc) (17)

Correspondingly, the system output model in Eq. (8) can be
rewritten as

Y. =2V :+DcZ (18)
where
2= (¢ 0) (19)

Note that vectors Y. and Uy are equivalent (see, Fig. 2). Thus, the
product output model in Eq. (10) becomes:

v,
Yo=(0 Cq) +DyZy (20)
Xa

The models in Egs. (12) and (20) can be rewritten more concisely
as follows, which is essentially a closed-loop-process-open-loop-
product model:

Xo =AoXo +BoU, + EoZ, (21)
Yo = CoXo + DoZ, (22)
where
v,
(%)
Yo=Y, (24)
Z,=2Z, (25)
U, = ¥ (26)
A - <Ac -T'K? 0 ) (27)
B2, Ag
B, = (F ) (28)
0
Co=(0 €y) (29)
D, =D, (30)
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0
E, = < ) (31)
B,D.

Similar to the process controller design, the product controller
can be designed for this process-integrated product system. The
detailed derivation of the product controller gain matrices is given
in Appendix B, with the final results as follows:

-1

C 0

P

(Kq, Kdz):Kd<A B) (32)
0 0

Note that the controller gain matrices are determined by the pre-
ferred system behavior matrix K?; a method for determining this
matrix is presented in the next section.

3.4. Preferred system behavior matrix determination

As shown in Appendix A, the closed-loop process system can be
derived as,

V.= (A - T KW + T PP

where the variables and parametric matrices are defined in Egs.
(13) through (17). The system'’s output model is given in Eq. (18).
Also, according to Appendix B, the closed-loop product system is
modeled as:

.pd = (Ad — FdKZ)'IId + Tdd)fjp + EdZC

Yd = -Qd.I’d -‘deZd

Note that the preferred system behavior matrices (K? and K%) con-
tained in Egs. (A6) and (B5) are the state gain matrices which can
be determined by a closed-loop pole placement method.

The pole placement for an MIMO system is considerably more
complicated than that for an SISO system. Miron [7] introduced a
general mathematical framework for determining a preferred gain
matrix for a state feedback MIMO control system (see Fig. 3); the
method is adopted in this work for selecting K? and KZ. To facili-
tate reader’s understanding, a 2 x 2 system is used to illustrate the
method below. A more general method should be referred to Miron
[7].

3.4.1. Control system state-space model
For a 2 x 2 process or product system stated in Eq. (7) or (9),
respectively, a general controllable pair (A, B) is

A:<a11 au) (33)
a1 a2
b
B=< 11 b12> (34)
ba1 ba
BRI ISy B
St R g g Iy g
L
| &3]
LA

Fig. 3. A standard state feedback control system.

According to Egs. (15) and (16), the controllable pair in an equiv-
alent state-feedback-only system is (A, I'), which is defined as

ap app bn bz

Ao ax ax by by (35)
0 0 0 0
0 0 0 0
0 0

r-|°° (36)
10
0 1

It is shown that this system has four state variables (n=4) and two
input variables (m=2).

3.4.2. Transformation matrix construction

To facilitate a pole placement, system matrices A and I need to
be transformed into a block-controllable form, which are denoted
as AB and I'B, respectively. This requires the development of a trans-
formation matrix denoted as T. In this regard, a controllability test
matrix denoted as C; must be constructed for the pair (A, I'), i.e.,

_ 00 b21 b22
G=1l100 o0 . (37
010 0

Note that since the system has four state variables (n=4), only the
first four columns in Eq. (37) are listed for use. Then, a selection
matrix, namely S, should be generated by constructinga 2 x 2 iden-
tity matrix (since m = 2) repeatedly until the column count reaches
4 (since n=4); this yields,

1010
S=< > (38)
0101

According to Miron [7], another matrix, denoted as F, should
be then constructed by rearranging the sequence of the first four
columns of C; so that all columns belonging to a particular input are
made together in a group (i.e., sub-matrix). The following two-step
procedure is described for constructing matrix F.

Step 1. Start from the first row of matrix S to identify the column
numbers of the elements with the value of 1 in that row.

Step 2. Use the column numbers obtained in Step 1 to collect the
columns in C; and then add these column elements as a sub-matrix
into the left most unfilled columns in matrix F.

The two-step procedure should be ended when all the rows
of matrix S are checked. The resulting matrix F should have the
following structure:

0 byy 0 by
0 b 0 b
P 21 22 (39)
10 00
00 10

The above matrix consists of two sub-matrices; the first two
columns (n; =2)form the first sub-matrix, which belongs to the first
system input, and the next two columns (1, =2) form the second
sub-matrix, which belongs to the second system input. Taking an
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inverse of matrix F yields:

0 0 1 0

f‘l bi _bi 0 0 nl Tows
ARRCENT

/s 0 0 01

f4 _ﬁ @ O 0 }’l2 TOws

B |B (40)

where
|B| = b11byy — b12byy (41)

Matrices A in Eq. (35) and F~! in Eq. (40) are used to construct
transformation matrix T in the following way. The n-th row in F-!
(i.e.,f>) is used to generate the first n; rows in T and the (n; +n;,)-th
row in F-! (i.e., f4) is used to generate the next n, rows in T. This
gives rise to the matrix in the following structure:

b B
B B
5 a,,by, —ayby,  anby —ayb, 1 0
- f}A | B 1B
4 b21 bn
- = — 0 0
ral | B B
ayby —ayby  ayby —ayb,, 0 1
B B

3.4.3. Block-controllable state matrix
Matrix T is used to transform the system matrices A in Eq. (35)
and I in Eq. (36) into the block-controllable form A8 and I'B below:

0 1.0 0
AE = TAT = __;___/_1;%_5_{1_2%_“/1%_ _ ABT BT
0 i 0 1 AP B0

AL AL AL AL

where the elements in the second and fourth rows can be readily
calculated, whose explicit form are omitted here.

0 0
10
ré-rr=t-----
0 0

0 1

(44)

3.4.4. Preferred state gain matrix calculation

The feedback matrix (KB) for the system in a block-controllable
form can be determined by assigning poles to each sub-system. As
shown in Eq. (43), there are two second-order sub-systems (see
ABT and ABIV). Assuming the expected characteristic polynomial
for each second-order system is s2 +&;s+&,, the preferred system

matrix should be:

0 11! 0 0
—HL 00
AB_ppgs |2 oy 00
o 01! 0 1
0 0 :-& -4 (45)

Substituting Egs. (43) and (44) into Eq. (45) and rearranging it
yield:

00 0 0 0 0
10 KB Al +& A, +& AL A3, (46)
00 0 0 0
01 A Al Ap+& A +&
According to Eq. (46), matrix K can be derived as follows:
K — <Agl +& A, +& AL A3, ) (47)
Al Al Al +& A +&
n, Tows
n, TOWs
(42)

The coefficients in the characteristic polynomial can be speci-
fied according to a preferred closed-loop dynamic response. In this

(43)

work, the ITAE (Integral of Time-weighted Absolute Error) criterion
is adopted. The objective function for choosing optimal controller
parameter setting is to minimize the ITAE, which is expressed as
[8]:

ITAE:/ tle(t)dt (48)
0

Note that the controller parameters set in this way will give
rise to a control system showing a relatively small overshoot
with little oscillation as a response to step changes. Accord-
ing to Miron [7], the characteristic polynomial corresponds to
a second-order system that minimizes the ITAE criterion is
s2+1.4s+1 (see Table 1, where the parameters of the polynomi-
als for a system with different orders are given as well). Thus,
two variables & and &, in matrix K8 should be 1.4 and 1,
respectively.
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Table 1
Transfer functions for minimum ITAE systems [7].

System with step input: T(s)=1/D(s)=1/(s" +ap_1s" ' +..-+a;s+1)

n a; Poles of T(s)

1 1,1 1

2 1,14,1 —0.7 £j0.7141

3 1, 1.75,2.15, 1 —0.7081, —0.521 +j1.068

4 1,2.1,34,2.7,1 —0.626 +j0.414, —0.424 £j1.263

5 1,2.8,5,5.5,34,1 —0.8955, —0.5758 +£j0.5.339, —0.3764 +j1.292

3.4.5. Reverse transformation

Since K? is designed for a system in a block-controllable form,
it should be transformed back to obtain the preferred state gain
matrix KP for the original system. According to Egs. (43) and (44),
the following relationship is evident:

A _ 'BKB — TAT ' —TI'K® = T(A — TKET)T"! (49)
If the following relationship is chosen,
K? = KPT, (50)

then the system in a block-controllable form becomes a coordinate
transformation of the original system, and the two systems have
the same poles.

3.4.6. Procedure for determining the preferred state gain matrix

For the given controllable pair (A, B) of the state-output-
feedback system shown in Egs. (33) and (34), the preferred state
gain matrix, KP, can be determined by following the procedure that
is given in Fig. 4.

3.5. IPP controller gain matrix determination procedure

With the derivation above, a simple procedure for identifying
the controller gain matrices is introduced below:

Step 1. Construct the process model in Egs. (7) and (8) and the
product model in Egs. (9) and (10).

Input system matrix A and control matrix
B, referred to Egs. (33) and (34)

l

Construct the controllable pair, (A,/7), of an equivalent
state-feedback-only system, according to Eqs. (35) and (36)

A

Construct transformation matrix 7 using Eq. (42)

!

Transform the system matrices A and /" into the block -
controllable form A, and /7, using Egs. (43) and (44)

Y

Obtain feedback matrix K, for the system in a block-
controllable form, according to Eq. (47)

I

Calculate the preferred state gain matrix K, using Eq. (50)

}

Output the preferred state gain matrix K,

Fig. 4. Procedure for determining the preferred state gain matrix.

Step 2. Use the obtained process and product model to calculate the
preferred state gain matrices K? and Kﬂ by following the five-step
procedure given in Fig. 4.

Step 3. Calculate matrices K¢, and K, for the process controller in
Eq. (11) and matrices K4, and Ky, for the product controller in Eq.
(32).

4. Case study on polymeric coating curing

The introduced IPPC design methodology is used to study an
automotive coating curing problem. The objective of the study is
to design an IPP control system so that the coating quality can be
dynamically controlled under various types of disturbances exerted
on the process-product system.

4.1. Process specification and system modeling

In automotive manufacturing, vehicle surface coating develop-
ment is one of the most sophisticated operations in terms of its
technical difficulty, energy and paint use efficiency, VOC emission
and waste reduction. Among these, the most challenging prob-
lem is how to ensure coating quality. In production, vehicle bodies,
when entering each baking oven, are covered by a thin layer of wet
polymeric film. These vehicles loaded on a conveyor need to travel
through the baking oven one by one at a constant speed for coating
curing.

Fig. 5 shows a sketch of a usual baking oven. The oven, usu-
ally 120-250 m long, is divided into a number of operational zones,
where the first one or two are designed as the radiation/convection
zones and the rest are the convection-only zones. Each zone has
different operational settings on wall temperature, convection air
temperature and air volumetric flow rates. When a vehicle body
travels through the oven, its panels are heated, which gives rise to
the removal of the solvent contained in the wet film through evapo-
ration, the change of the film thickness and topology, and the curing
of the film through crosslinking reactions. Within a pre-set curing
time, the curing process will be ended and the surface coating is

@ \>\>

(D]

In . s Out

[ .

-

(b) oo~

Oven
wall

Vehicle
body
Air

nozzles

70

a

Fig. 5. Automotive coating curing system: (a) sketch of the coating curing process,
and (b) illustration of the system parameters.
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expected to achieve its desired quality. A detailed curing process
description can be found in Lou and Huang [3].

According to Lou and Huang [3], Dickie et al. [9], and Peng [10],
the curing process and the coating quality development are gov-
erned by the following nonlinear models:

ar . a o7
At = pmComZm i1

where T, (K) is the convection air temperature, v;, (m/s) is the inlet
convection air velocity, T (K) is the panel temperature, a is the heat
transfer coefficient, and pp, (kg/m?), Gp,, (J/kg K) and Zy, (m) are the
density, the heat capacity, and the thickness of the metal substrate,
respectively.

dP PA
dt — v
where P (Pa) is the air pressure within the oven, A (m?) is the area

of the ventilation openings at the inlet and outlet of the oven, and
Vour (M/s) is the outlet convection air velocity.

(Ta=T) (51)

(Vin — Vour) (52)

%:gexp (—%)(1—)() (53)

where x (%) is the crosslinking conversion, E; (J/mol) is the reaction
activation energy, ¢ (1s1) is the reaction frequency factor, and R
is the gas constant (8.314 Pam?3/mol K).

% - m% (aP —exp (17.22 _ %) (O.2r)7> (54)
where r (%) is the percentage of the solvent residue in the coating
film, (%) is the weight percentage of vapor phase within the drying
air, B (kg/Pas) is the mass transfer coefficient, and mg (kg) is the
initial amount of solvent within the coating film.

The above nonlinear equations can be satisfactorily linearized
to a 2 x 2 state-space model shown below.

4.1.1. Curing process model

The process input variables are the convection air temperature
(Tq) and the inlet convection air velocity (v;,), and the process out-
put variables are the panel temperature (T), which is assumed to be
the polymeric film temperature, and the zone air pressure (P). The
process model becomes:

Xc =AcXc+B:U,

Y. =CXc+DcZ:

where

T

v (1) -
Tq

e () -
T

(1) -
z

- () -

By using the parameter values given by Lou and Huang [3], the
matrices have the following values:

-0.0023 0

Ac = (59)
0 —0.0025
0.023 0.04

B. = (60)
0 1.667

c—('° 61

c—<0 1) (61)
50

o~ (o 5) 62
0 2

Note that the disturbances to the oven operation is somehow
complicated than usual. The disturbance vector, Z., is modeled as
follows, where the practical intensity of the disturbances is adopted
from Lou and Huang [3]:

Z:=GZ:.+HZ. (63)

where

- 7T

Z.— | (64)
ZC
-0.1 0

G: = (65)
0 -0.1
01 0

H:.= (66)
0 0.1

4.1.2. Coating quality model

The process output variables (i.e., the panel temperature (or the
film temperature), T, and the oven pressure (or the pressure imme-
diately above the coating surface), P) are the product input variables.
The product output variables are the crosslinking conversion (x)
and the solvent residue in the film (r). Thus, the product model is
as follows, where the parameter values in the system matrices are
determined by using the data from Lou and Huang [3]:

X, =AqX4+ByUy

Yd = CdXd +DdZd

where

ZX
Zy= < ‘;’) (70)
Z4
—-0.0042 0
Aj= (71)
0 ~0.0126
8.9632x10 0
d= 4 = (72)
-2.3966 x 107* 1.892 x 10
C 1o (73)
17 \o 1

Dd=(2 O) (74)
0 1

According to practical operaiton in the industries, the distur-
bance vector, Z;, can be modeled as follows:

Zd :Gdzd-i-HdZd (75)
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where

~ zx

Z,= (jj) (76)
24
-0.1 0

G, = (77)
0 -0.01

. 0.05 0 78)

“\o o001

4.1.3. Coating quality specification

While there are many coating quality indicators with quality
specifications, two of them are selected in this study, i.e., the final
crosslinking conversion of at least 90% and the maximum solvent
residue of 3% in the coating when a vehicle leaves the curing oven.
Note that these coating quality requirements should be guaranteed
when the process operation and product manufacturing experience
severe disturbances.

4.2. Control system design

The cascade control featured IPPC scheme depicted in Fig. 2
is used to control this integrated oven-baking film-curing sys-
tem. The IPP controller is designed by following the IPP Controller
Gain Matrix Determination (or simply CGMD) procedure that is
described in an early section.

4.2.1. Process controller design
The gain matrices, K¢, and K,, can be determined through
implementing the CGMD procedure. They are

43.478 -1.043
o = (79)
0 0.6
60.770 —1.458
Ke, = (80)
0 0.838

4.2.2. Product controller design

The product controller should be designed in the same way
as that for the process controller design. However, this is com-
putationally more complicated, since the designed closed-loop
process control system acts as the “product actuator” of the product
system [4]. Therefore, a closed-loop-process-open-loop-product
model shown in Eqgs. (21) and (22) should be used in the product
controller design.

As the first step, the closed-loop-process-open-loop-product
model has the following state matrix Ag and the control matrix
By:

-0.0023 0 0.023  0.04 0 0
0 -0.0025 0 1.667 0 0
-43.339 1.040 -1.398 -0.0003 0 0
Ao = (81)
0 -0.60 0 -1.398 0 0
0.0001 0 0 0 -0.0042 0
-0.0002 0.0019 0 0 0 -0.0126
0 0
0 0
43.478 -1.043 (82)
0=
0 0.6
0 0
0 0

The preferred state gain matrix, I(Z, is also obtained through
executing the preferred state gain matrix design procedure (see,
Fig. 4). The resulting product gain matrices are

1.116 x 10* 0
Kd‘] = 3 2 (83)
1.413 x 10> 5.285 x 10

2.390 0 0.016 0.028 2.996 x 10* 0
o =
? 0.002 2.372 0

1.146 3.796 x 10% 1.405 x 10°
(84)

4.3. Control performance analysis

The effectiveness of using the IPP controller is demonstrated
through comparing the product and process performance with that
when only the process controller is used. In the study, various
disturbances with different magnitudes and occurrence times are
exerted on the process-product system in operation.

4.3.1. System performance under solely process control

Three types of disturbance combinations are considered. They
are () the process disturbances only, (b) the product disturbances
only, and (c) both the process and product disturbances. In each
case, a process controller with the control parameters in Egs. (79)
and (80) is used, but the product controller is disconnected (in the
open-loop mode). Each case is discussed below.

4.3.1.1. Process disturbances only. There are two types of distur-
bances: (i) ZI that affects the panel temperature (or the film
temperature), T, and (ii) Z¥ that affects the oven pressure, P (see
Fig. 6(a) and (b)). Fig. 6(c) and (d) show that the oven temperature
(T) and the oven pressure (P) are disturbed for a very short period
of time after the entering of the disturbances, and then returned to
the normal operation quickly. Because of this, the product dynamic
performance and thus the final coating quality, in terms of the
conversion percentage (x) and the solvent residue (r), are all well
acceptable (see Fig. 6(e) and (f)).

4.3.1.2. Product disturbances only. When the disturbances enter the
product system which is under open-loop control, the product
performance becomes questionable. Fig. 7(a) and (b) plot the dis-
turbances affecting the crosslinking conversion (x) and the solvent
residue (r). In this case, the process performance shown in Fig. 7(c)
and (d) are perfect. However, the product dynamics given in Fig. 7(e)
and (f) are disturbed several times, which makes the final coating
quality unacceptable, since the conversion (x) is below the mini-
mum acceptable percentage of 90% and the solvent residue (r) is
above the maximum acceptable percentage of 3%. This suggests
that the use of the process controller only is insufficient for product
quality control.

4.3.1.3. Both process and product disturbances appeared. When both
the process and product disturbances enter the entire system (see
Fig. 8(a) through (d)), the process dynamics is disturbed but is still
well acceptable. As stated before, the process output variables (i.e.,
the oven temperature (T) and the oven pressure (P)) are the input
variables of the product system (i.e., the film temperature (T) and
the air pressure just above the film (P)). The fluctuation of the film
temperature at the 900th s and that of the pressure at the 600th,
800th, and 1000th s cause the fluctuations of the product controlled
variables (i.e., the conversion (x) and the solvent residue (r)) in those
time instants. These fluctuations, plus the product disturbances
occurred at the 200th s (see Fig. 8(d)) and at the 300th, 500th, and
700ths (see Fig. 8(c)), all influence negatively the product quality
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(see the dynamic performance of x and rin Fig. 8(g) and (h)). Finally,
the coating quality is unacceptable, as the conversion percentage (x)
is only 84.4% and the solvent residue (r) is as high as 3.23%.

4.3.2. System performance under IPP control

The simulation results obtained in the last two cases reveal the
followings. (i) The product quality may be affected to some extent
when process disturbances enter the process system, even if the
process controller acts swiftly and effectively. (ii) When the prod-
uct disturbances enter the product system, the product quality can
be damaged, regardless of how perfect the process control is. (iii) If
both the process and product disturbances enter the entire system,
product quality can be even worse, no matter how well the process
controller can act. The product quality related problems summa-
rized above can be solved by employing the IPP controller. In this
study, all the process and product disturbances are considered as
the worst case scenario (see, Fig. 9(a)-(d)). As shown in Fig. 9(e) and
(f), the set-point of the oven temperature (T°P) and that of the pres-
sure (PP) of the process can be all dynamically adjusted; note that
the dotted curves of TP and PP are almost completely overlapped
with the solid curves of T and Pin the two figures, since the process
controller acts nearly perfectly. With the adjusted set-points of T

and P, the product controller performs also extremely well, show-
ing a very ideal dynamic behavior of the crosslinking conversion
(x) and the solvent residue (r) (see Fig. 9(g) and (h)); these guar-
antee the achievement of the quality requirement after the curing
operation (see x at 92.5% and r at 2.92%).

Another advantage of using the IPP controller is that the prod-
uct quality can be monitored and controlled throughout the entire
manufacturing process. This provides a unique opportunity for pro-
cess engineers/operators to identify potential quality problems so
that quick actions, if necessary, can be taken in the earliest time
during operation. Needless to say, such a unique opportunity does
not exist for the manufacturing using process control techniques
and post-process product quality inspection methods.

Note that the introduced model-based IPPC design approach
requires both the process model and the product model highly reli-
able. In many practical applications, however, the derived process
and/product models may show model mismatch in some opera-
tional regions. If that is the case, it is suggested to introduce a
reference model for the concerned process or product system. It
may be also desirable to introduce a system adaptation capacity
so that the models used in the IPPC system can be satisfactory. It
is worthwhile to note that the well-known internal model control
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(IMC) and model predictive control (MPC) design techniques can
also be readily integrated in the IPPC system synthesis. This can
make the resulting IPPC system more robust in handling model and
parametric uncertainties and more predictable in product quality
development.

5. Concluding remarks

Traditionally practiced product quality control is solely based
on the information obtained from post-production inspection.
While always necessary, it is fundamentally reactive as it acts
after off-specification and/or defects are identified in the final
products. A proactive way of product QC is to identify poten-
tial quality problems during product manufacturing and then
take immediate action(s) to prevent them from occurrence in the
final products. The proactive QC can be most effectively realized
through designing an integrated process and product control sys-
tem.

The IPP control system design methodology introduced in
this work is general and simple. It is applicable to any
multi-input-multi-output product-process system if it can be char-
acterized by linear models. Note that for a nonlinear system, many
techniques are available for linearizing a nonlinear model so that

the introduced design methodology can still be satisfactorily used.
The case study has demonstrated the efficacy of the design method-
ology, as it is shown that under the IPP control, the product quality
can be effectively controlled when the process system and the prod-
uct system experience various disturbances of any combinations.
A fundamental reason of quality assurance which is also a unique
feature of this proactive QC approach is that the set-points of the
process control loop are adjusted accordingly based on the prod-
uct dynamic information obtained during product manufacturing.
Therefore, the IPP control is an in-process, “all-time”, “on-aim”
proactive QC approach.

It must be pointed out that the use of IPP control is by no
means to replace post-process inspection-based QC. Although a
large number of quality problems can be effectively prevented
during manufacturing when under the IPP control, other quality
problems, which are not modeled, could appear in the final prod-
ucts. However, it is evident that IPPC can greatly reduce and simplify
the inspection-based QC activities.
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Appendix A. Derivation of the process controller gain
matrices

According to Fig. 2, the following relationships hold:
ec=YP_vY, (A1)
U =Kce —Kc,Xc (A2)

Taking derivative of Eq. (A2) and then substituting Egs. (7) and
(A1) into it yield,

Uc=—(Kc,Cc+Ke,Ac)Xc —Ke,BUc +Kc, YE —Kc,DZe  (A3)

where K¢, (m x m)and K, (m x n) are the controller gain matrices
to be determined.

By grouping Egs. (7) and (A3), an augmented system model can
be obtained, i.e.,

(XC> (AC BC ) <Xc)
U.) \—-(K;Cc+Kci,A) —Kc,B.) \Uc
0
+ (Y -D.Z.) (A4)
K.,

In the above model, the closed-loop stability and transient
response performance are governed by the n+m eigenvalues of the
closed-loop system matrix ((n+m) x (n+m)), which can be decom-
posed as

—(K¢,Cc +Kc,Ac) —K¢,B.

Ac B 0
= - (Kc,Cc+Ke,Ac K,Bc) (A5)
0 0 Im

With Eq. (A5), Eq. (A4) can be rewritten as
V= (Ac — TKP)¥, + T P (A6)

Note that variables and parametric matrices in the above equation
are defined in Eqgs. (13) through (17). Also note that the system out-
put model has shown in Eqgs. (18) and (19). According to Eq. (17),
the controller gain matrices can be evaluated by

-1
C. 0
(K, KCZ):K’C’( AZ Bc)

Appendix B. Derivation of the product controller gain
matrices

Let the overall system in Fig. 2 be controllable. Then the following
relationships hold:
e =YP_Y, (B1)
U, =Ky e, —Kq,X, (B2)

Taking derivative of Eq. (B2) and utilizing Eqgs. (21) and (B1)
gives,

U, = —(Kg,Co+Kq,A0)Xo — Kq,BoU, + Ky YF
—K4,DoZo — Ky, EoZc (B3)

where K4 (mxm)and Kg, (m x (n+m+1)) are the product con-
troller gain matrices.

By combining Eqs. (21) and (B3), the
product-process model is obtained below:

U,) \ —(K4Co+KgAs) —Kg,Bo) \Up
0 E
- < > (YP - DoZo) + ( ’ )zc (B4)
Kq, ~Kg,Eo

The closed-loop system model (i.e., Egs. (B4) and (22)) can be
rewritten as

augmented

Vy=(Ag— T4KOW+ Tq®P +E4Z, (B5)

Yd = Qd‘I’d +Dd2d (B6)

where
Xo

w, = ( ) (87)
U,

Y?
q)(sjp =Ky, (Im —Do) ( ) (B8)
[

A, B,

Ay = B9

, < - ) (B9)

0

ro- ( ) (810)
I'm

Kb = (Kq,Co+ Kg,Ao Kg,Bo ) (B11)
E,

E = (B12)
~K4,E,

2,= (co 0) (B13)

According to Eq. (B11), the controller gain matrices can be eval-
uated by:

-1
C 0
— KP o
(Kq, Kdz)_Kd<AO Bo>
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